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ARTICLE INFO ABSTRACT
Keywords: Germ cell tumors (GCT) are the most common solid tumors in young men of age 15 - 40. In previous studies, we
Cfancer-associated fibroblasts profiled the interaction of GCT cells with cells of the tumor microenvironment (TM), which showed that espe-
Fibroblasts cially the 3D interaction of fibroblasts (FB) or macrophages with GCT cells influenced the growth behavior and
Germ cell tumors . . . .

. . cisplatin response as well as the transcriptome and secretome of the tumor cells, suggesting that the crosstalk of
Microenvironment

Extracellular matrix
DNA methylation

these cells with GCT cells is crucial for tumor progression and therapy outcome.
In this study, we shed light on the mechanisms of activation of cancer-associated fibroblasts (CAF) in the GCT

Secretome setting and their effects on GCT cells lines and the monocyte cell line THP-1. Ex vivo cultures of GCT-derived CAF
were established and characterized molecularly and epigenetically by performing DNA methylation arrays, RNA

sequencing, and mass spectrometry-based secretome analysis.

We demonstrated that the activation state of CAF is influenced by their former prevailing tumor environment
in which they have resided. Hereby, we postulate that seminoma (SE) and embryonal carcinoma (EC) activate
CAF, while teratoma (TER) play only a minor role in CAF formation. In turn, CAF influence proliferation and the
expression of cisplatin sensitivity-related factors in GCT cells lines as well as polarization of in vitro-induced

macrophages by the identified effector molecules IGFBP1, LGALS3BP, LYVE1, and PTX3.

Our data suggests that the vital interaction of CAF with GCT cells and with macrophages has a huge influence
on shaping the extracellular matrix as well as on recruitment of immune cells to the TM. In conclusion, thera-
peutically interfering with CAF and / or macrophages in addition to the standard therapy might slow-down

progression of GCT and re-shaping of the TM to a tumor-promoting environment.

Significance: The interaction of CAF with GCT and macrophages considerably influences the microenviron-
ment. Thus, therapeutically interfering with CAF might slow-down progression of GCT and re-shaping of the

microenvironment to a tumor-promoting environment.
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Introduction
Testicular germ cell tumors

Testicular germ cell tumors (GCT) remain the most prominent solid
tumor form in adolescent and young men between the ages 14 and 44
years [1]. GCT are predominantly removed by surgery (orchiectomy)
followed by chemo- and / or radiotherapy based on histology, tumor
stage and serum markers [2]. Because of good therapy response, the
5-year overall survival rate is ~ 95 %, yet the development of (cisplatin)
therapy resistance is still a challenging issue for clinicians [1,2]. Based
on the patient’s age and the presence of a precursor lesion, the germ cell
neoplasia in situ (GCNIS), most GCT are allocated to the GCT subtype II
[1]. Approximately 60 % of these tumor are on histological and mo-
lecular level classified as seminoma (SE), whereas the other 40 % are
diagnosed as non-seminomas (NS) or mixed tumors [2]. SE show his-
tological, molecular and epigenetic similarities to primordial germ cells
and GCNIS, e.g. they appear roundish in shape with a clear cytoplasm,
harbour low levels of global DNA metyhlation and express pluripotency
factors, like POU5F1 (OCT3/4), NANOG, SOX17, and PRAME [3]. In
contrast, embryonal carcinomas (EC) are described as the pluripotent
stem cell population of NS with elevated expression of SOX2 instead of
SOX17 [3]. Due to their pluri- to totipotent nature, EC are able to
differentiate into all three germ layers and extraembryonic tissues,
giving rise to teratoma (TER), yolk-sac tumors (YST), and choriocarci-
noma (CC) [2].

Cancer-associated fibroblasts

Not only the intrinsic pro-tumoral features of tumor cells are in the
focus of research, now also the surrounding cells of the tumor micro-
environment (TM) are intensively studied. In 1858, fibroblasts (FB) were
firstly described by Virchow et al. as stromal cells, but were also found
55 years later in the tumor surroundings of osteochondrosarcoma by
Tytler et al. [4,5]. FB are responsible for the homeostasis of the con-
nective tissue and the wound healing process as they are one of the main
source of extracellular matrix (ECM) molecules, like collagen, elastin,
and fibrillin as well as their degrading counterpart enzymes, like met-
alloproteinases [6,7]. In the TM context, FB are irreversible activated to
cancer-associated fibroblasts (CAF) leading to an imbalance in ECM /
enzyme secretion and, depending on literature, to a tumor promoting or
suppressing milieu [8]. CAF originate from different resident or
recruited precursor cells (epithelial, endothelial, mesothelial, smooth
muscle, and mesenchymal stem cells, adipocytes, pericytes, and FB) and
intertumoral CAF subtypes are as divers as the tumor entities theirselves
[8]. Based on expression profiles, up to nine distinct CAF subtypes could
be observed in different tumor entities [8,9].

The role of FB in GCT

The microenvironment has a considerable influence on the plasticity
of GCT [3,10]. In vitro differentiation of the SE cell line TCam-2 with
conditioned medium (CM) of murine FB (+FGF4) induced the direct
differentiation into the extra-embryonal mixed NS (CC, YST) lineage,
while an EC intermediate step was skipped [11]. In contrast, TCam-2
cells were reprogrammed in vivo into an EC upon contact with the
microenvironment of the murine flank, which was accompanied by
upregulation of typical EC / pluripotency factors and downregulation of
SE-specific factors [12]. Reprogramming of SE to EC could also be
retraced in vivo in SE tissues [13]. Additionally, presence of occult
FOXA2" and beta-hCG" cells in SE tissues suggests the ability to
differentiate into the extraembryonic lineage (i.e. YST and CC), puta-
tively triggered by the signals from the microenvironment [14-16].
Previously, we analyzed the reciprocal interaction of GCT and TM cells
in a broader perspective and demonstrated that FB upregulated genes
associated with ‘morphogenesis’, ‘cell-cell communication’, ‘immune
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response’, ‘inflammation’, and ‘cell adhesion’ after the 3D-co-cultiva-
tion with GCT cells (TCam-2 (SE), 2102EP (EC), JAR (CC), GCT72
(YST)), suggesting an involvment of GCT cells in the activation of FB to
CAF [17]. Vice versa, 3D-co-cultivation of GCT cells and FB strongly
induced expression of genes linked to ‘organization of the ECM’ and
‘integrin-cell surface interaction’ in the GCT cells, highlighting the in-
fluence of FB on the tumor cells [17]. Moreover, the treatment of GCT
cell lines with FB CM reduced the cisplatin sensitivity and elevated
expression of factors involved in DNA repair and cisplatin cell efflux, and
repressed apoptosis inducing factors, demonstrating that FB might in-
fluence the outcome of the cisplatin-based standard therapy of GCT
[17].

CAF and macrophages

The TM comprises of highly complex orchestrated cell interactions
occuring likewise between non-cancerous cells. CAF modulate the im-
mune landscape by their direct or indirect influence on innate or
adaptive immune cells [18,19]. Macrophages, as one abundant immune
cell type, play an essential role in testicular homeostasis and normal
spermatogenesis at early stages in human development, and their
composition and characterstics in the testis change with age [20-22]. In
GCT, macrophages may contribute to metastasis and they can be
recruited, activated and polarized by CAF [18,19,23]. Further, the
immunosuppresive influence of CAF from different tumor entities on
macrophages has been demonstrated, e.g. the CM from murine mam-
mary gland tumor-, human colorectal cancer-, hepatocellular carci-
noma-, and oral squamous cell cancer-derived CAF and the co-culture
with triple-negative breast cancer-, neuroblastoma-, and non-small cell
lung cancer-derived CAF stimulated the anti-inflammatory phenotype of
bone marrow-derived macrophages (BMDM), peripheral blood mono-
nuclear cells (PBMC) or THP-1 monocyte cells by inducing expression of
polarization markers, like CD163, CD206, ARG1, and reducing expres-
sion of NOS2, IL1B, and IL6 [24-30].

Thus, CAF considerably influence tumor and immune cells, but testis
CAF and their impact on GCT and machrophage biology were not
analyzed in detail, yet. Therefore, we characterized primary SE-, EC-,
and TER-dervied CAF cultures regarding their DNA methylome, tran-
scriptome, and secretome. Further, we analyzed the triangular interac-
tion between GCT, CAF, and macrophages, by 1) testing the influence of
GCT-CAF on the proliferation and gene expression of cisplatin
sensitivity-related factors of GCT cells lines and 2) analysing the impact
of GCT-CAF on the polarization status of macrophages.

Results
Derivation and quality control of GCT-derived CAF

We established 12 GCT-derived CAF monocultures from freshly
dissected GCT tumors (SE, n = 6; EC, n = 3; TER, n = 3) to study their
DNA methylome, transcriptome, and proteome (Fig. 1A, B). All CAF
cultures showed a FB-typical morphology with an elongated cell shape
and fibers (Fig. 1C). To confirm the purity of the CAF cultures and
exclude presence of cells of GCT origin, we tested for expression of
common GCT, endothelial cell, and FB marker genes as well as the
isochromosome i(12p) status (12p gain). The CAF populations highly
expressed FB markers (ACTA2, FAP, S100A4, VIM) and were negative
for other cell type-specific marker genes (PRAME (SE), SOX2 (EQ),
GATA3 (CC), FOXA2 (YST), PECAM1 (endothelial cells)) (Fig. 1D). No
12p gain was detected and negative OCT3/4 as well as NANOG immu-
nofluorescence stainings confirmed the purity of the CAF cultures
(Fig. 1E, F).

Analysis of the CAF DNA methylation landscape

To evaluate, if the DNA methylation landscape is different between
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the three GCT-associated CAF subtypes and non-malignant FB (nFB), we
analyzed the DNA methylome by 850k arrays. The overall DNA
methylation (5mC) status of SE-, EC-, TER-CAF and nFB clustered
differently in a principial component analysis (PCA) (Fig. 2A). Here, the
calculated average 5mC content revealed that nFB and TER-CAF were
identical (both 46.6 %), whereas SE- and EC-CAF showed a higher
genome-wide methylation (54.2 % and 56.8 %) (Fig. 2B). Next,
compared to nFB, we identified 80 differentially methylated CpG di-
nucleotides in SE-CAF (42 with increased 5mC (hypermeth.), 38 with
decreased 5mC (hypometh.)), 81 in EC->CAF (43 hypermeth., 38
hypometh.) and only 15 in TER-CAF (6 hypermeth., 9 hypometh.) (fold
change (FC) in 5mC > 8 / < -8, p-value (p) < 0.05) (Fig. 2C; Data S1A).
Mostly, changes in 5mC were detected within the ‘gene body‘ and in
‘open sea‘ context (Fig. 2D).

Analysis of the CAF transcriptome

To identify differences on transcriptome level between CAF and nFB,
we performed RNAseq (nFB, n = 5; SE-CAF, n = 6; EC-CAF, n = 3; TER-
CAF, n = 3). Hierarchical clustering revealed high similarities on RNA
level between SE- and EC-CAF (Fig. 3A). Compared to nFB, SE- and EC-
CAF showed considerable changes in gene expression, while TER-CAF
showed the least changes (upregulated: 1340 (SE-CAF), 1192 (EC-
CAF), 975 (TE-CAF); downregulated: 1202, 1075, 364; logFC > 2 / < -2;
p < 0.05, false discovery rate (FDR) corrected) (Fig. 3B; Data S1B). 473
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genes were commonly upregulated and 258 downregulated in SE-, EC-,
and TER-CAF (Fig. 3C). By performing a DAVID-based gene function
analysis, we identified signaling pathways individually or commonly
altered in the different CAF groups compared to nFB (Fig. 3D). In all
three CAF subtypes, genes involved in the ‘structural tissue organisa-
tion’, like ‘cell adhesion’ and ‘ECM organisation’ (Fig. 3D, orange), and
genes associated with the ‘inflammatory immune response’ were
increased in expression (Fig. 3D, khaki). Additionally, we observed an
increased expression of genes associated with the ‘activation of ion
channels’, and ‘signaling pathways’, like the ‘BMP pathway’ in SE-CAF
(Fig. 3D, light and dark blue). In contrast, TER-CAF showed increased
expression of genes involved in the ‘development and differentiation’ of
all three germ layers, like the heart, lung, and teeth (Fig. 3D, pink).

Analysis of the CAF secretome

After analysing the DNA methylation and transcriptional landscape,
we screened for proteins secreted by CAF compared to nFB using liquid-
chromatography coupled to mass spectrometry (LC-MS) analysis (Data
S1C). We found 44 proteins commonly secreted by SE- and EC-CAF, of
which 12 were also secreted by TER-CAF (Fig. 3E). By using the STRING
algorithm, we predicted interaction of the secreted proteins and iden-
tified the underlying molecular and biological functions (Fig. 3F). These
factors, secreted by SE- and EC-CAF, were involved in ‘ECM binding’
(Fig. 3F, orange), ‘regulation of immune system processes’ (Fig 3F,
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Fig. 1. (A) Graphical overview of the work flow from sample generation over characterization of GCT-CAF and correlation of high throughput data to the functional
analysis. (B) Clinical patient data of the tumors of origin of the CAF cultures. (C) Exemplary brightfield pictures of morphological representation of control nFB, SE-,
EC-, and TER-CAF. Scale bar = 250 pm. (D) qRT-PCR gene expression analysis of marker genes indicative for the different GCT entities (SE = PRAME, EC = SOX2, CC
= GATA3, YST = FOXA2), endothelial cells (PECAM1) and FB (ACTA2, FAP, S100A4, VIM) in GCT cell lines, HUVEC endothelial cells, nFB and the different CAF
cultures. Standard deviation (SD) is based on technical triplicates (TCam-2, 2102EP, JAR, GCT72, and HUVEC) or biological replicates (nFB, and SE- / EC- / TER-
CAF). GAPDH and ACTB were used as housekeepers and for data normalization. (E) gPCR-based strategy to identify a i(12p) gain in nFB and CAF cultures with
positive and negative patient samples provided by and according to Fichtner et al. [98]. SD is based on biological replicates. (F) Immunofluorescence stainings of
OCT3/4 and NANOG in 2102EP (EC) as positive control and exemplary one EC-CAF. As negative controls, stainings with the secondary antibody only were per-

formed. Cell nuclei were stained by DAPI. Scale bars = 500 pm.
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Fig. 2. (A) PCA and (B) violin plot of global DNA methylation data of nFB (n = 5) and GCT-CAF (SE-CAF = 6; EC-CAF = 3; TER-CAF = 3) representing the single
replicate and average values. (C) Volcano plots of the differentially methylated CpG dinucleotides in GCT-CAF vs. nFB (FC > 2 / < -2, p < 0.05, FDR corrected). (D)
Distribution of differentially methylated CpG dinucleotides across genomic regions (left) and CpG island context (right) (FC > 2 / < -2; p < 0.05, FDR corrected).

khaki) and ‘(endo- / exo-) peptidase activity’ (Fig. 3F, light blue).

Correlation of DNA methylome, transcriptome and secretome data

Next, we focused on differentially methylated CpG dinucleotides
within annotated genes and at least 3 CpG dinucleotides queried by the
850k array. Further, only CpG dinucleotides showing a change of at least
50 % in the genomic regions or directly in CpG islands compared to the
control group were analyzed (Data S1A). By correlating these corre-
sponding annotated genes to changes in gene expression detected by
RNAseq (Data S1B), we identified factors upregulated (logFC > 2) and
hypomethylated (Ratio < -2) or downregulated (logFC < -2) and
hypermethylated (ratio > 2) in GCT-CAF versus nFB (Fig. 3G; Data S1D).
Again, most differences were found in SE- and EC-CAF (upregulated /
hypomethylated: 46 / 36; downregulated / hypermethylated: 76 / 75),
while only few differentially methylated / expressed factors were found
in TER-CAF (upregulated / hypomethylated: 11; downregulated /
hypermethylated: 17) (Fig. 3G, Data S1D).

When identifying factors correlating in gene expression, protein
secretion and DNA methylation in SE- and EC-CAF compared to nFB, we
found two proteins, LGALS3BP and LYVEL. Previous studies highlighted
their potential as biomarkes and therapeutic targets in various cancer
entities, such as lung cancer, melanoma, neuroblastoma and others
[31-41]. We further included the secreted proteins IGFBP1 and PTX3
into the following analyses. IGFBP1 was previously described as a
diagnostic and prognostic marker in gastro-intestinal and colorectal
cancer, while PTX3 has been shown to influence inflammatory processes
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[42-44]. Subsequently, the identified candidates, IGFBP1, LGALS3BP,
LYVE]1, and PTX3, showed an increased gene expression and secretion in
CAF (especially SE- and EC-CAF) versus nFB (Fig. 4A, B; Data S1A - D).
We validated increased expression of IGFBP1, LGALS3BP, and LYVEI in
CAF versus nFB by qRT-PCR analysis in all SE- (n = 6), EC- (n = 3), and
TER-CAF (n = 3) cultures, while PTX3 expression was only elevated in
TER-CAF (Fig. 4C). Additionally, increased amounts of LGALS3BP in the
supernatants of GCT-CAF versus nFB were validated by an ELISA (n = 3
each) (Fig. 4D).

The role of LGALS3BP, LYVEI1, and IGFBP1 in cell proliferation and
cisplatin sensitivity

Since all factors are secreted by CAF to the surrounding microenvi-
ronment, we asked, which effects will be provoked in GCT cells lines
treated with recombinant proteins of LGALS3BP, LYVEL, or IGFBP1. As
previously described, treatment of GCT cell lines with CM from nFB and
endothelial cells, and ECM factors, like collagen I / IV and fibronectin,
reduced the cell death rate, induced the expression of cisplatin
resistance-associated factors upon cisplatin treatment, and stimulated
the adhesive as well as migratory capacity of GCT cells lines [17]. Thus,
upon treatment with recombinant proteins, we checked for alterations in
cell proliferation and expression of cisplatin resistance factors, which
can be categorized in pre-, on-, post-, and off-target based on Galluzzi
et al. [45]. Here, pre-target resistance mechanisms are referring to
mechanisms resulting in diminished cisplatin levels in the cell, while
on-target resistance mechanisms relate to enhanced DNA repair
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including hierarchical clustering of a total of 5542 genes, as (B) volcano plots and as (C) Venn diagrams demonstrating commonly and individually expressed genes.
(D) DAVID-based functional annotation analysis of RNAseq data (log(FC) > 2 / < -2, p < 0.05, FDR corrected), green indicating the significance of gene involvment
via DAVID. (E) A Venn diagram illustrates commonly and individually secreted proteins significantly increased in the different CAF cultures compared to nFB as
detected by LC-MS analysis (all p < 0.05, FDR corrected). (F) STRING-based protein interaction prediction and color-coded functional enrichment analysis of proteins
commonly secreted by GCT-CAF compared to nFB. (G) Correlation of changes in DNA methylation to alterations in gene expression, R indicating the Pearson

correlation coefficient, and p showing the significance of correlation.

mechanisms upon formation of cisplatin-induced DNA-adducts.
Post-target resistance mechanisms were described to interfere with
apoptosis induction in cisplatin-treated cells. Lastly, other mechanisms
not directly linked to cisplatin, but influencing cisplatin efficacy were
categorized as off-target resistance mechanisms. Previously, in GCT cells
cultured in nFB CM, we demonstrated an increased expression of MRP2
(pre-target), ERCC2 (on-target), TP53, BCL2, BCLXL (post-targets), and
ERBB2 (off-target), which was accompanied by a reduced cisplatin
sensitivity [17]. Here, we treated the SE tumor cell line TCam-2 and the
EC cell lines 2102EP, NCCIT, and NT2/D1 over 10 days (d) with 10 or
100 ng / mL LGALS3BP, LYVE], or IGFBP1, which reduced the prolif-
eration of EC cells after 8 and 10 d significantly, whereas the effect on
TCam-2 was negligible (Fig. 4E). Furthermore, the 10 d treatment with
recombinant proteins induced the expression of cisplatin resistance
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factors in TCam-2. Here, LGALS3BP lead to an global induction of pre-,
on-, post-, and off-targets, but the induction levels caused by LYVE1 or
IGFBP1 just slightly reached the threshold (FC > 1.5) (Fig. 4F). In EC
cells, predominantly the expression of post- and off-target factors was
elevated (TP53, BCL2, BCLXL, ERBB2) by daily addition of LGALS3BP,
LYVEL], or IGFBP1 (Fig. 4F).

The influence of GCT-CAF on the immune landscape

The TM is a collection of various cell types and earlier studies showed
the infliction of CAF in the recruitment of immnue cells, the response to
immunotherapy, and the polarization status of macrophages in a tu-
moral context [18,19]. Further, we showed that GCT CM affected dif-
ferentiation of macrophages [17]. Thus, we asked how GCT-CAF affect
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LGALS3BP secretion in nFB and CAF via ELISA, dots indicate the biological replicates (n = 3 / subgroup). (E) Cell proliferation assay of TCam-2 (SE) and 2102EP,
NCCIT, NT2/D1 (EC) treated daily with recombinant proteins (LGALS3BP, LYVE1, IGFBP1; 10 - 100 ng / mL) over 10 d. SE-related SD is based on technical
triplicates; EC-related SD is based on biological triplicates (each in technical triplicates). (F) qRT-PCR analysis of expression of cisplatin resistance-associated factors
in TCam-2 (SE) and 2102EP, NCCIT, NT2/D1 (EC) treated daily with recombinant proteins (LGALS3BP, LYVE1, IGFBP1; 10 - 100 ng / mL) over 10 d SE-related SD is
based on technical triplicates; EC-related SD is based on biological triplicates (each in technical triplicates). GAPDH and ACTB were used as housekeepers and for data

normalization. Dashed lines indicate the threshold of a FC > 1.5 / < -1.5.

polarization of macrophages. Therefore, following a differentiation
protocol by Genin et al., we polarized the monocyte cell line THP-1 into
the THP-1-MO-macrophages (Fig. 5A) [17,46]. Subsequently, the mac-
rophages were cultivated with the CM from nFB, SE- or EC-CAF or
treated with 10 - 100 ng / mL LGALS3BP, LYVE1 or PTX3 (Fig. 5A).
Afterwards, we screened for the effect on macrophage polarization by
analyzing expression of corresponding marker genes known for the
M1 TNY (cpgo, CXCL10, IL6, IL10, IL12B, MERTK, TNFa,) and
M2™4M13 (ANG1, ARG1, CCL1, CCL17, CCL22, CDHI1, CDH2, CD86,
CD163, CD206, CXCR4, FAP, FN1, IL4,0SMA, SNAIL, IL8, TGFB1 /2 / 3,
TNFSF14, TWIST1, VEGFA) classification (Fig. 5A - C) [17,46,47]. In
comparison to cultivation in standard medium, we observed an
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increased gene expression of CCL1, CCL17, CD206, FAP, IL6, MERTK,
SNAI1, VEGFA, and TNFSF14 and reduced expression of ACTA2 / aSMA,
CCL22, (CD80, CXCL10, CXCR4, TGFB2, and TNFa in
THP-1-MO-macrophages upon cultivation in CM of nFB, SE- or EC-CAF
(n = 3 each) (Fig. 5B; Fig. S1). For further analysis, we focused on the
most considerably altered genes after cultivation in SE / EC-CAF CM
compared to nFB CM (Fig. 5B, arrows; Fig. S1). The treatment with re-
combinant proteins (LGALS3BP, LYVE1l, PTX3) led to similar de-
regulations in expression as cultivation in CM, with CCLI showing the
strongest induction, whereas IGFBP1 treatment had negligible effects on
the expression of macrophages markers (Fig. 5C; Fig. S2A, B). (Fig. 5C;
Fig. S2A, B). In parallel, expression of CCL17, CD206, FAP, SNAII,
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Fig. 5. (A) Experimental setup of this analysis. THP-1 monocytes were differentiated into MO macrophages by PMA. Afterwards, macrophages were cultivated in CM

or treated with recombinant proteins, subsequently expression of M1PS/TFNY

and M2™*™13 marker genes was analyzed by qRT-PCR. (B) Heatmap of gene expression

levels (FC to control) of THP-1-MO-macrophages cultivated in nFB, SE- / EC-CAF CM (n = 3 / each) or (C) treated with recombinant proteins (LGALS3BP, LYVEI,
PTX3; 10 - 100 ng / mL) over 72 h. GAPDH and ACTB were used as housekeepers and for data normalization. Average overall expression intensities were used for

clustering. Arrows highlight genes used for futher analysis.

VEGFA, and TNFSF14 was elevated (Fig. 5C; Fig. S2). Furthermore,
expression of CXCL10 (most prominently), ACTA2 / aSMA, ANGI,
ARG1, CCL22, CD163, CD80, IL6, IL8, IL10, IL12B, and TNFa was
considerably reduced upon application of the recombinant proteins
compared to the untreated controls (Fig. 5C; Fig. S2). Generally, upon
recombinant protein treatment, especially with LGALS3BP or LYVE1, we
observed an induction of mainly M2IILI3 (4150 referred to as M2)
macrophage-associated genes (Fig. 5C, blue), whereas all M1PS/TFNY
(also referred to as M1) macrophage markers were downregulated in
expression (Fig. 5B, yellow).

LGALS3BP, LYVE1, and PTX3 expression as putative indicators of CAF
infiltration

Finally, we correlated the gene expression status of IGFBPI,
LGALS3BP, LYVE1, and PTX3 to the level of CAF and macrophage
infiltration in TCGA tumor samples including the GCT cohort by
TIMER2.0. High Spearman correlation values indicated a positive cor-
relation between LGALS3BP, LYVE1, and PTX3 expression and CAF or
macrophage infiltration in different tumor entities (Fig. S3A; red boxes).
Only a weak correlation of IGFBP1 expression to CAF or macrophage
infiltration was found (Fig. S3A; red boxes). Using the expression of
IGFBP1, LGALS3BP, LYVE]1, or PTX3 as indicators of the purity of a cell
population demonstrated only a moderate to weak purity (Rho = 0.2 /
-0.021 / 0.313 / 0.396) of the GCT cohort, indicative of non-tumoral
subpopulations (Fig. S3B, purity). A positive correlation between
LGALS3BP, LYVE], or PTX3 expression and CAF infiltration was found
(Rho = 0.643 / 0.596 / 0.594) (Fig. S3B; xCell). Expression of IGFBPI,
LYVEI or PTX3 did not correlate (Rho = -0.01 / 0.046 / 0.03), while
expression of LGALS3BP correlated weakly with macrophage infiltration
(Rho = 0.296) (Fig. S3B; xCell). Thus, high expression of LGALS3BP,
LYVEI, or PTX3 can be associated predominantly with a CAF subpop-
ulation specifically in the GCT cohort (and other tumor entities) with the
potential of high LGALS3BP expression to be a dual predictor for CAF
and macrophage infiltration (Fig. S3A, B).

Discussion

In this study, we characterized patient-derived testis CAF on a
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molecular and epigenetic level. Furthermore, we analyzed the influence
of CAF on proliferation and expression of cisplatin sensitivity-related
factors in GCT cells lines.

By morphology, expression of FB markers genes and absence of
expression of GCT and endothelial marker genes as well as absence of
the GCT-typical i(12p), we confirmed the purity of our CAF populations,
allowing to draw reliable conclusions from our analyses.

Subsequently, we profiled the DNA methylation, transcriptome and
secretome landscape of the different GCT-related CAF populations.
Throughout all analyses, TER-CAF were quite similar to the control nFB,
while SE- and EC-CAF showed significant changes in all analyzed pa-
rameters (+7.6 / +8.2 % in 5mC; +1340 / +1192 genes upregulated;
-1202 / -1075 genes downregulated; +108 / +45 proteins secreted).
Thus, FB are mainly activated to CAF upon contact with the latent
pluripotent SE and pluripotent EC GCT entities, while the interaction
with TER, which mostly consist of terminally differentiated cells of all
three germ layers, do not influence the FB cell fate considerably. In
conclusion, the effects caused by CAF formation on tumor cells, as found
in this study, need to be considered in the clinical setting only upon the
diagnosis of SE or EC, but might be less important in TER. To identify
specific factors secreted from tumor cells and putatively involved in
activating CAF, we re-analyzed previously published secretome data of
SE, EC, YST and CC cell lines and identified seven commonly secreted
proteins (IGF2R, DSG2, GNS, LDLR, PLOD3, PROCR, TYRO3) [17].
Treatment of nFB (MPAF) with recombinant proteins of DSG2, GNS and
PLOD3 (or in combination) upregulated the expression of known CAF
activation markers (ACTA2, CXCL12, FAP, IL6, IL8, PDGFRA, PDPN), but
also of specific GCT-CAF marker genes identified in this study (e.g.
LGALS3BP) (Fig. S4). Thus, analyzing the potential of these
GCT-secreted factors to activate CAF is a good starting point for future
studies.

Generally, CAF are known to arise from various precursor cells, such
as resident or recruited FB, epithelial or endothelial cells, pericytes,
adipocytes or mesenchymal stem cells by activation, differentiation, or
dedifferentiation [48]. We noticed high expression levels (AMHR2, CLU,
GATA4, KRT18, NR5A1, PTGDS, and WT1) and also elevated secretion
(CLU, PTGDS) of common Sertoli cell (SC) markers predominantly in SE-
and EC-CAF, when compared to nFB (Data S1B, C). It is postulated that
FB can transform into SC-like cells in vitro by overexpressing GATA4 and
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NR5A1 (and DMRTI1, SOX9, and WTI1), raising the question, if this
reprogramming event could have happened in our CAF cultures, too [49,
50]. We postulate that the disruption of the seminiferous tubules during
tumor progression led to an interaction between nFB / CAF and the
intra-tubular microenvironment (SC and germ cells), inducing expres-
sion of some SC marker genes, which might be indicative of a (partial)
reprogramming to SC-like cells [51-53]. Nevertheless, this hypothesis
needs further proof in future studies.

In previous studies, various CAF subtypes were defined in different
tumor entities based on transcriptional profiles [54-61]. We asked, if
GCT-CAF show similarities to one or more of these CAF subtypes.
Therefore, we compared the sets of genes upregulated in SE-, EC- and
TER-CAF to the defined CAF subtypes (Fig. S4B). Most of the factors
found in SE-, EC- and TER-CAF matched with factors identified for the
iCAF and CAF2 subtypes (Fig. S4B). Particularly iCAF are postulated to
trigger inflammatory response cascades in tumor cells, while the CAF2
subtype, initially defined in head and neck cancer, includes various
signaling molecules involved in the AKT, MAPK, and JAK-STAT pathway
[54-56]. So, GCT-CAF commonly share features of both, the iCAF and
the CAF2 subtype, suggesting a pro-inflammatory role in and stimula-
tion of related signaling pathways in GCT.

In CAF, molecular processes mainly associated with ‘ECM organi-
zation’ as well as ‘cytokine-cytokine receptor’ and ‘immune cell inter-
action’ were upregulated on RNA and protein level, suggesting that CAF
interact with the TM and immune cells, which is reflected by the results
gathered in this study (Fig. 6). Furthermore, by correlating DNA
methylation, transcriptome and secretome data to each other, we
identified IGFBP1, LGALS3BP, LYVE1 and PTX3 as putative effector
molecules of CAF. Translation of the IGFBP1 protein is known to posi-
tively correlate with tumor grading in lung cancer and upper gastroin-
testinal cancer, while in vitro overexpression of IGFBP1 reduced
proliferation and invasiveness in colorectal cancer [43,62,63].
LGALS3BP has been demonstrated to be a reliable tumor marker and
targetable by antibody-drug conjugates in glioblastoma and is involved
in development of methotraxate resistance in CC cell lines [41,64].
LYVEL is detectable in lymphatic vessels and is a potential biomarker in
lung cancer tissue [65]. Strong expression of PTX3 has been associated
with a high tumor staging and poor survival of patients with glioblas-
toma, and PTX3 has been shown to contribute to migration and polar-
ization of macrophages in microglia [66].

In line with previous descriptions regarding the role of IGFBPI,
LGALS3BP, and LYVEI] in different tumor entitites, we showed a reduced
cell proliferation after treatment with these proteins, confirming the
previous observations [41,43,62-65]. Additionally, application of
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related recombinant proteins induced expression of cisplatin resistance
factors, defined by Galluzzi et al., in GCT cell lines, i.e. pre-, on-, post-
and off-target factors in SE cells, and mainly post- and off-target factors
in EC cells [45]. Thus, besides influencing methotraxate resistance in CC
cells, LGALS3BP further seems to be involved in influencing the
expression levels of cisplatin sensitivity-related factors in GCT cells
lines. Commonly in SE and EC cells, LGALS3BP induced expression of
the post-factors TP53, BCL2 and BCLXL as well as the off-target factor
ERBB2 (HER2), so molecules involved in mediating the DNA repair
response (TP53), apoptosis (TP53, BCL2, BCLXL) and pro-survival sig-
nals via PI3K and MAPK signaling (ERBB2) [67-76]. As mentioned
previously, we demonstrated that IGFR2 is commonly detectable in GCT
cells lines (SE, EC, YST, CC), so IGFBP1 secreted by CAF may modulate
IGF signaling by binding to IGF molecules, which in turn bind to IGFR2
on GCT cell lines [17]. In our RNAseq data, we found upregulation of
IGF1 / 2 (and other IGF-binding proteins) in CAF, further suggesting an
important role of IGF signaling in the interaction of CAF and GCT (Fig. 6;
Data S1B).

Furthermore, recombinant proteins of IGFBP1, LGALS3BP and PTX3
(as well as CAF CM) influenced polarization of M0O-macrophages by
upregulating M1PFNY. and mainly M2™4™13.ass0ciated marker
genes, demonstrating that GCT-CAF do not only influence the tumor
cells, but also development of macrophages surrounding GCT cells,
confirming previous studies [18,19,23]. Based on in vitro research data,
the M1"PS"NY gtatus has been linked to pro-inflammatory signaling,
while the M2™4/™13 status has been associated with anti-inflammatory
and pro-tumoral stimuli [46]. However, in vivo, stratifying macro-
phages into M1- or M2-macrophages is hardly possible, since macro-
phages show features of both states in parallel, and polarization is rather
a dynamic than static process [77]. Nevertheless, several polarization
marker genes were up- or downregulated during CM cultivation (CAF
versus nFB) or upon stimulation with LGALS3BP, LYVE1 or PTX3. Most
prominently, CCL1, CCL17, CD206, FAP, SNAI1 and VEGFA were
strongly upregulated in MO-macrophages. CCL1 and CCL17 are cyto-
kines functioning as a chemoattractants for immune cells, like mono-
cytes, NK cells, as well as T- and B cells [78-80]. CD206 (MRC1I) is a
membrane receptor mediating endocytosis of glycoproteins by macro-
phages, and FAP (fibroblast-activation protein) is a membrane gelati-
nase / serine protease postulated to regulate FB growth,
epithelial-mesenchymal interactions and ECM re-modelling during tis-
sue repair and carcinogenesis [81]. SNAIl is involved in
epithelial-mesenchymal-transition (EMT) by promoting repression of
E-Cadherin, as well as triggering tumor growth and metastasis in breast
carcinoma cells, while VEGFA is a mitogen promoting angiogenesis,

IGFBP1  LYVE1

LGALS3BP PTX3

IGFR2

Immune cell recruit.
ECM shaping
Migration
Growth

Fig. 6. Summary of the reciprocal interaction between the newly characterized GCT derived CAF with macrophages and GCT cells in vitro. CAF: cancer-associated

fibroblasts, ECM: extracellular matrix, GCT: germ cell tumor.
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vascularization, cell growth, migration, and inhibiting apoptosis
[82-87]. Taken together, these molecules, induced in expression in
macrophages upon stimulation by secreted factors from CAF, in turn are
able to stimulate and influence CAF and GCT cells regarding growth,
migration, tumor progression and recruitment of immune cells (Fig. 6).

However, the commonly identified factors secreted by CAF had only
mediocre effects on tumor cells with regard to factors driving cisplatin
resistance or on macrophage polarization. However, one factor alone
might not be sufficient to induce these phenotypical changes. There are
further known circumstances that could influence the phenotype of the
different cell types within a tumor. As such, (1) the stiffness of the ECM,
as a physical factor, might influence the drug sensitivity and transfer of
secreted factors, (2) the metabolism of the different cell types could
affect the pH state within the TM, (3) protein sialylation might regulate
cell fate decisions, (4) therapeutic approaches can also alter the secre-
tome of tumor and TM cells, and (5) the motion of tumor and non-
malignant cells during growth and progression affects the spatial dis-
tribution of cells [88-93].

Finally, we demonstrated that measuring the expression levels of
LGALS3BP, LYVEI, and PTX3 might be used as indicators of CAF infil-
tration in GCT.

In summary, GCT, especially SE and EC, activate FB to CAF, while
TER play only a minor role in CAF formation. CAF activated by GCT
influence in turn proliferation and expression of cisplatin resistance
factors as well as organization of the ECM in GCT cells, putatively
involving IGF signaling (Fig. 6). Additionally, CAF influence macro-
phage polarization (Fig. 6). Thus, the vital interaction between GCT
cells, CAF and macrophages is pivotal for shaping the TM / ECM, acti-
vating CAF, polarizing macrophages, and triggering GCT progression
and response to a cisplatin-based therapy (Fig. 6). In conclusion, ther-
apeutically interfering with CAF (IGF signaling) and / or macrophages in
addition to the standard therapy might slow-down further progression of
the GCT disease and re-shaping of the TM. Alterations in the CAF pop-
ulation under therapy may be monitored by measuring LGALS3BP,
LYVEI, and PTX3 expression.

Experimental procedures
Ethical statement

The ethic committee of the Medical Faculty of the Heinrich Heine
University (HHU-D) raised no concern using tumor tissues for ex vivo
cultivation and CAF isolation (vote 2021-1746) or cell lines (vote
2019-412). Each patient consented by signing the consent information
and the approval of the ethic committee —HHU-D using tumor material
for biobanking and research is available (vote 4601).

Cell culture

The utilized GCT cell lines (TCam-2 (SE); 2102EP, NCCIT, NT2/D1
(EC)), JAR (CC), GCT72 (YST) monocytes (THP-1) and primary nFB
(MPAF, LB-C18m, iLB-C1-30m, LB-C35m, LB-C2-36m) were cultivated
as published previously [94]. Briefly, the cells were once washed with
PBS, dissociated with 0.05 % trypsin-EDTA and cultivated as mentioned
in Table S1A. For authentication, short-tandem-repeat (STR) profiles
were analyzed and are available upon request. All cell lines are regularly
checked for mycoplasma contamination by a PCR-based strategy from
supernatants. MPAF FB were treated daily with 100 ng / mL recombi-
nant proteins of DSG2 (R&D systems, 947-DM), GNS (R&D systems,
2484-SUC), and PLOD3 (Thermo Fisher Scientific, 16193142) for 3
d and isolated 24 h after the last protein application.

CAF isolation and cultivation

Freshly dissected ex vivo tumor samples were cut into approximately
1 x 1 mm® pieces with a scalpel, further disaggregated with a glass
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Pasteur pipette and cultivated in RPMI medium (1 % penicillin /
streptomycin (P / S), 1 % l-glutamine, 10 % fetal calf serum (FCS) at 37
°Cand 5 % CO». As soon as the first cells attached, cultivation conditions
were switched to FB medium (DMEM with 10 % FCS,1 %P /S, 1 % 1-
glutamine, 1 % non-essential amino acids and 100 mM
B-mercaptoethanol).

Conditioned medium

For production of CM, 1.5 x 10 nFB or CAF cells per 145 cm? dish
were irradiated with 10 Gy (Gulmay, RS225) and cultivated at 37 °C, 5
% CO». Supernatants were collected daily over 72 h. CM was stored at
—80 °C.

Proliferation assay

For TCam-2, 1300 cells and for EC cells, 2650 cells per well of a 24-
well plate were seeded, treated daily with recombinant protein
LGALS3BP (2226-GAB), LYVE1 (2089-LY) or IGFBP1 (871-B1-025) (all
R&D Systems) and counted in technical triplicates over 10 d using a
Neubauer counting chamber.

Macrophages polarization and treatment

THP-1 cells were in vitro differentiated into THP-1-MO-macrophages
by adding 150 nM phorbol 12-myristate 13-acetate (PMA) (Sigma-
Aldrich, P1585) as described by Genin et al. [46]. Briefly, after 24 h
incubation with PMA, a subsequent 24 h incubation step with freshly
added RPMI (1 % P /S, 1 % l-glutamine, 10 % FCS) was performed. This
polarization state can be confirmed by marker expression analysis via
qRT-PCR of the genes CD68, CD71, and CD36 (data not shown). Then,
THP-1-MO-macrophages were cultivated in70 % CM / 30 % RPMI +
supplements medium or treated with recombinant IGFBP1
(871-B1-025), LGALS3BP (2226-GAB), LYVE1 (2089-LY) or PTX3 (10,
292-TS). Subsequently, the polarization status was analyzed over 72 h
via qRT-PCR analysis.

DNA isolation

DNA was isolated from cell pellets via phenol-chloroform-extraction
as described previously [95]. Briefly, after pelleting cells by centrifu-
gation, 300 uL extraction buffer (100 mM NaCl, 10 mM Tris-HCI (pH 8),
25 mM EDTA (pH 8)), 40 uL SDS (10 %), RNase A (final concentration of
0.1 mg / mL)) were added and incubated for 10 min at room tempera-
ture (RT). Following, samples were incubated with 12.5 uL proteinase K
(10 mg / mL) for 5 min at RT. Then 360 uL PCI were added, homoge-
nized for 10 min, and centrifuged for 20 min at 10,000 x g and 4 °C. For
precipitation, 1 : 10 of and 3 x the supernatant’s volume of 3 M sodium
acetate (pH 5.2) and 100 % EtOH were added, respectively. DNA was
washed twice with 70 % EtOH (12,000 rpm at RT), airdried, and dis-
solved in TE buffer (PanReac Applichem, A8569) for 1 h at 55 °C. Purity
and concentration were determined by Nanodrop 2000 and measuring
the 260 / 280 nm and 260 / 230 nm ratios (Thermo Fisher Scientific,
ND-2000).

Illumina 850k DNA methylation assay

DNA methylation profiling was performed as described previously
[96]. Briefly, 100 - 500 ng DNA were used for bisulfite conversion with
the ‘EZ DNA Methylation Kit’ (Zymo Research). Afterwards, the ‘DNA
Clean & Concentrator-5' (Zymo Research) and the ‘Infinium HD FFPE
DNA Restore Kit’ (Illumina) were used to clean and restore the con-
verted DNA. Finally, the ‘Infinium 850k MethylationEPIC BeadChip’
(850k array; Illumina) was used to evaluate the methylation status of
850,000 CpG sites on an ‘iScan’ device (Illumina).
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RNA isolation and cDNA preparation

RNA was isolated using the ‘RNeasy Mini Kit’ according to the
manufacture’s protocol (Qiagen, 74104). Purity and concentration were
determined by the Nanodrop 2000 measuring the 260 / 280 nm and 260
/ 230 nm ratios (Thermo Fisher Scientific, ND-2000). 1 ug RNA was
transcribed via the C1000 cycler to cDNA as previously published
(BioRad, 1845385) [97].

q(RT-)PCR analyses

For gene expression analysis and determination of the isochromo-
some status, 7.74 ng cDNA and 3.68 ng genomic DNA per replicate was
used, respectively. qRT-PCR has been performed as published previously
measuring the gene expression levels in triplicates via the CFX384
detection system (BioRad, 1855484) [97]. GAPDH and ACTB were used
as housekeepers and for data normalization. For determination of the
isochromosome status, a qPCR strategy was used exactly as published by
Fichtner et al. [98]. All oligonucleotide sequences are given in
Table S1B.

RNA sequencing

For transcriptome analyses, mRNA samples (nFB (n = 5) and CAF
cultures (SE-CAF = 6, EC-CAF = 3, TER-CAF =3)) were quantified
(Qubit RNA HS Assay, Thermo Fisher Scientific), and quality was
determined by capillary electrophoresis using the ‘Fragment Analyzer’,
and the ‘Total RNA Standard Sensitivity Assay’ (Agilent Technologies).
RNA samples with an integrity number of > 9 were used. The library
preparation was performed according to the manufacturer’s protocol
using the ‘VAHTS™ Stranded mRNA-Seq Library Prep Kit’ for Illumina.
Briefly, 500 ng total RNA were used as input for mRNA capturing,
fragmentation, the synthesis of cDNA, adapter ligation and library
amplification. Bead purified libraries were normalized and finally
sequenced on the NextSeq2000 system (Illumina) with a read setup of 1
x 100 bp. The *BCL Convert Tool’ (version 3.8.4) was used to convert
the bcl files to fastq files as well for adapter trimming and demulti-
plexing. For statistical data analyses on fastq files were conducted with
’CLC Genomics Workbench’ (version 22.0.2, Qiagen). The reads of all
probes were adapter trimmed (Illumina TruSeq) and quality trimmed
(using the default parameters: bases below Q13 were trimmed from the
end of the reads, ambiguous nucleotides maximal 2). Mapping was done
against the Homo sapiens (hg38; GRCh38.88;May 25, 2017) genome
sequence. After grouping of samples, the statistical differential expres-
sion was determined using the 'CLC Differential Expression for RNA-
Seq’ tool (version 2.6, Qiagen). The resulting data were corrected for
multiple testing by FDR. p < 0.05 was considered significant. RNAseq
and basic statistical bioinformatics have been performed at the ‘Core
Facility: Genomics & Transcriptomics’ of the HHU-D.

Secretome analysis via mass spectrometry

For secretome analysis, two confluent T75 flasks of nFB or CAF were
seeded in a 145 cm? dish. The supernatants were discarded after 24 h,
cells were washed 7 x with 25 mL PBS, and 10 mL serum-free medium
was added and collected after 24 h for analysis [17]. LC-MS analysis has
been performed at the ‘Core Facility: Molecular Proteomics Laboratory’
of the HHU-D with the following protocol:

Proteins from CM were prepared for LC-MS analysis essentially as
described in detail earlier [99,100]. Briefly, 10 mL of CM were centri-
fuged (1000 x g, 4 °C, 5 min) and after sterile-filtration (pore size: 0.2 pm
Acrodisc MS syringe filter, Pall) of the supernatant, proteins precipitated
by adding 2.5 mL 50 % (w / v) trichloroacetic acid and N-laur-
oylsarcosine sodium salt up to a final concentration of 0.1 % (w / V).
Precipitated proteins were pelleted, washed with acetone, briefly dried
and resuspend in 50 pL resolubilization buffer (30 mM Tris base, 2 M
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thiourea, 7 M urea, 4 % (w / v) CHAPS (pH 8.5) in water). After protein
concentration determination using the 660 nm assay (Pierce, Thermo
Scientific), 2 pg protein per sample were shorty stacked in a poly-
acrylamide gel, stained with Coomassie brilliant blue, and protein
containing bands excised from the gel. Gel bands were de-stained, pro-
teins reduced with dithiothreitol, alkylated with iodoacetamide and
after addition washing steps and vacuum-drying digested with trypsin
overnight. Resulting peptides were dried in a vacuum concentrator and
1 / 3rd of the sample subjected to LC-MS analysis in 0.1 % (v / v) tri-
fluoroacetic acid in water. First, peptides were separated on an Ultimate
3000 rapid liquid separation system (RSLC, Thermo Fisher Scientific) as
described [101]. Briefly, peptides were trapped on a trap column
(Acclaim PepMap100 C18, 2 cm length, 3 um particle size, 100 A pore
size, 75 pm inner diameter, Thermo Fisher Scientific) and separated
using a 2 h gradient on a C18 material (Acclaim pepMapRSLC, 25 cm
length, 2 pm particle size, 100 A pore size, 75 pm inner diameter,
Thermo Fisher Scientific). Second, eluting peptides were injected into a
Fusion Lumos (Thermo Fisher Scientific) mass spectrometer, operated in
positive mode, via a nano source electrospray interface (spray voltage:
1.5 kV). Data was acquired in data-independent mode: After a survey
scan in the orbitrap analyzer (resolution: 60,000, scan range 380-985 m
/ z, maximum injection time 100 ms, automatic gain control target: 400,
000, profile mode), precursors were isolated in 2 x 30 slightly over-
lapping 10 m / z windows in the mass range from 385 to 981 m / z,
fragmented by higher-energy collisional dissociation (collision energy
30 %) and analyzed in the orbitrap (resolution: 15,000, scan range
145-1450 m / z, maximum injection time 40 ms, automatic gain control
target: 100,000, centroid mode). The loop count was 30. Protein iden-
tification and quantification from LC-MS data was carried out with
’DiaNN 1.8.1° with standard parameters unless stated otherwise. A
spectral library was predicted from protein entries from the "MaxQuant
2.1.0.0’ contamination list and 81,837 Homo sapiens entries downloaded
from the *UniProt KB’ proteome section on 12th January 2023. Methi-
onine oxidation was included as variable modification in the search.
Only proteins were considered showing a g-value on PSM und protein
group level of < 0.01 and only proteins which were identified with at
least two different peptides were included in the analysis.

ELISA

The ‘Human LGALS3BP ELISA Kit’ (Proteintech, KEO0155) was used
according to the manufacture’s protocol. Supernatant from nFB, SE-, EC-
, and TER-CAF (each n = 3) were collected after 24 h incubation and
immediately proceeded. The supernatant was diluted with the corre-
sponding sample diluent from the kit (1 : 500) and a total of 100 uL of
supernatant dilution was added per well and incubated for 2 h at 37 °C.
Afterwards, the wells were washed and 100 uL of 1x detection antibody
solution was added for 1 h at 37 °C. Every washing step included the
discarding of the supernatant and repeated addition (4 x) of 300 uL 1 x
wash buffer per well. Then, after another washing step, 100 uL x
streptavidin-HRP solution was added for 40 min at 37 °C followed by a
washing step. 100 uL / well of TMB substrate solution was added,
incubated for 20 min at RT and protected from light. Immediately, 100
uL / well of stop solution was added, mixed gently and the absorbance
was measured at 450 nm and 655 nm (as background control) by the
iMark microplate absorbance reader (BioRad, 168-1130). Each biolog-
ical replicate was measured as technical duplicate.

Immunofluorescence staining

For immunofluorescence staining, cells were fixed with 3.7 %
formaldehyde for 30 min at RT, washed 3 x with PBS, permeabilized
with 0.5 % triton in PBS for 5 min at RT and washed again. Cells were
blocked with 1.5 % BSA, incubated with first antibody over night at 4 °C
and then incubated for 1 h with secondary antibody (see Table S1C for
antibodies). DAPI was used as nuclear staining control. As experimental
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control, cells were incubated with the secondary antibody only.
Online tools

The graphical overview was generated with the help of https://bio
icons.com. For PCA, data was analyzed by using ‘PCAGO’ (htt
ps://pcago.bioinf.uni-jena.de). For generating violin and volcano
plots, ‘pandas’, ‘seaborn’, and ‘matplotlib’ were applied in ‘Python’
[102-105]. Venn diagrams were generated by ‘InteractiVenn’ (htt
p://www.interactivenn.net). The ‘DAVID’ algorithm (https://david.nc
iferf.gov) including the categories ‘KEGG-pathway’, ‘GOTERM_BP_DIR-
ECT, ‘GOTERM_MF _DIRECT’ (FDR < 0.05) were used to predict the
molecular functions of the deregulated genes [106]. Dot plots were
visualized with ‘ImageGP’ (http://www.ehbio.com/ImageGP/) [107].
Protein-protein-interactions were predicted by the ‘STRING’ algorithm
(https://string-db.org) [108]. Heatmaps of gene expression to cell
infiltration correlations are based on the ‘TIMER2.0’ database (http://
timer.cistrome.org) with the algorithms EPIC, MCPCOUNTER, xCell,
TIDE, TIMER, CIBERSORT, QUANTISEQ [109]. For the estimated cell
infiltration, the gene signatures calculated by Aran et al. (xCell) based on
various transcriptome data (ENCODE, FANTOMS, and HPCA for FB; and
BLUEPRINT, FANTOMS5, HPCA, and IRIS for macrophages) were used
for analysis [110]. For CAF subtyping, a literature-based analysis was
performed to identify putative subtype-specific marker genes [54-57,
59-61,111]. For comparison, only previously described CAF subtypes
with at least nine known markers were included. The absolute number of
commonly found genes was summarized for further graphical illustra-
tion, while referring to the absolute number of previously observed CAF
marker for a better comparability.

Statistical analyses

Significant differences between analysis groups were determined by
applying a two-tailed Student’s t-test after determining the equality of
two variances by means of F-test and are indicated by asterisk (* p <
0.05, ** p < 0.01, *** p < 0.001).
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