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Intracellular Osteopontin Promotes the Release of TNFa by
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Neuroendocrine prostate cancer (NEPC) is an aggressive
form of prostate cancer that emerges as tumors become resis-
tant to hormone therapies or, rarely, arises de novo in
treatment-naive patients. The urgent need for effective thera-
pies against NEPC is hampered by the limited knowledge of the
biology governing this lethal disease. Based on our prior ob-
servations in the transgenic adenocarcinoma of the mouse
prostate (TRAMP) spontaneous prostate cancer model, in
which the genetic depletion of either mast cells (MC) or the
matricellular protein osteopontin (OPN) increases NEPC fre-
quency, we tested the hypothesis that MCs can restrain NEPC
through OPN production, using in vitro co-cultures between
murine or human tumor cell lines and MCs, and in vivo ex-
periments. We unveiled a role for the intracellular isoform of
OPN, so far neglected compared with the secreted isoform.

Introduction

Prostate cancer is still one of the leading cancer-related causes
of death among men (1). Advanced and metastatic tumors are
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Mechanistically, we unraveled that the intracellular isoform of
OPN promotes TNFa production in MCs via the TLR2/TLR4-
MyD88 axis, specifically triggered by the encounter with NEPC
cells. We found that MC-derived TNFa, in turn, hampered the
growth of NEPC. We then identified the protein syndecan-1
(SDC1) as the NEPC-specific TLR2/TLR4 ligand that triggered
this pathway. Interrogating published single-cell RNA-
sequencing data, we validated this mechanism in a different
mouse model. Translational relevance of the results was pro-
vided by in silico analyses of available human NEPC datasets
and by immunofluorescence on patient-derived adenocarci-
noma and NEPC lesions. Overall, our results show that MCs
actively inhibit NEPC, paving the way for innovative MC-based
therapies for this fatal tumor. We also highlight SDC1 as a
potential biomarker for incipient NEPC.

treated with androgen deprivation therapy (ADT), but its efficacy
is limited, as tumors become castration resistant (CRPC). An-
drogen receptor pathway inhibitors (ARPI), such as enzalutamide,
can be an option for treating CRPC. However, prognosis remains
dismal due to existing or acquired resistance. Therapeutic resis-
tance to ADT/ARPI relies on cellular plasticity that, in a relevant
fraction of patients, gives rise to tumors endowed with neuroen-
docrine features, defined as treatment-related neuroendocrine
prostate cancer (t-NEPGC; ref. 2). This fatal prostate cancer variant
can occur “de novo” in untreated patients, but this is a rare oc-
currence (3). Treatment-related and de novo NEPC share a com-
mon transcriptional profile (3), suggesting that, regardless of their
origin, common pathways exist in the two conditions. Investi-
gating such common pathways can provide insights toward the
identification of new therapeutic targets.

The paucity of distinct genomic aberrations and the dysre-
gulation of epigenetic and transcription factors in NEPC suggest
that the tumor microenvironment can govern its development
(4). MCs are innate immune cells endowed with diverse immu-
nomodulatory properties, capable of exerting both positive and
negative effects on cancer progression (5). The impact of MCs on
tumor development varies depending on the tumor type, signals
originating from the tumor microenvironment, and the inter-
actions of MCs with other immune cells (5). We have previously
shown that MCs accumulate within prostate adenocarcinoma
favoring its growth, by providing MMP9 at the initial stages (6),
and by inhibiting the antitumor immune response (7). Con-
versely, we found that MCs are excluded from NEPC in both
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mouse and human tumor samples (6) and that the genetic or
pharmacological inhibition of MCs increases NEPC incidence in
the TRAMP mouse model (8). Likewise, in TRAMP mice ren-
dered knockout for the protein osteopontin (OPN), we observed
an increase in NEPC frequency (9), which prompted us to hy-
pothesize that MCs can protect from NEPC by producing OPN.

OPN is a nonstructural extracellular matrix protein with critical
roles in the cross-talk between cancer cells and the tumor micro-
environment, being involved in proliferation, invasion, and metas-
tasis (10). OPN exists in two main isoforms, one secreted (sOPN) by
the cell and one retained into the cytoplasm (1OPN), resulting from
an alternative translation initiation site of the same transcript (11).
Despite intense investigation of the role of sOPN in the immune
system and tumor biology, the activity of iOPN is less well char-
acterized and, so far, to our knowledge, it is totally unexplored in
MCs and in prostate cancer (12). Of note, iOPN has been identified
as an adaptor protein, able to bind MyD88 (13, 14) and to either
stimulate or inhibit the signaling downstream of several toll-like
receptors (TLR), namely, TLR2, TLR4, and TLR9, depending on the
cell type and on the specific TLR engaged (13-16).

In this study, we uncovered a role for MC-produced iOPN in
enhancing TLR2/TLR4 signaling and leading to increased TNFa
production, which subsequently restrains the growth of NEPC.
Furthermore, we identified syndecan-1 (SDC1) as the specific
molecule expressed by NEPC cells, which was responsible for trig-
gering TNFa production in MCs. These findings can be exploited to
design innovative MC-based immunotherapy for the treatment of
NEPC and suggest SDC1 as a biomarker for the detection of
emerging NEPC.

Materials and Methods

Mice and treatments

TRAMP mice on the C57BL6/] background (C57BL/6-
tgN(TRAMP)8247Ng; RRID:IMSR_JAX:003135) were kindly pro-
vided by Dr. Vincenzo Bronte (Verona University Hospital, Italy),
under agreement with Dr. Norman Michael Greenberg (formerly at
Fred Hutchinson Cancer Research Center, Seattle, WA, USA). They
were maintained heterozygous and screened as described previously
(17). Because TRAMP mice are paired in heterozygosity, half of the
progeny do not carry the oncogene and are therefore wild-type
C57BL6 mice (hereafter named WT mice). OPN knockout
B6.12956(Cg)-Spp1tm1Blh/] (OPN/~; RRID: IMSR_JAX:004936)
mice were purchased from The Jackson Laboratories and crossed
more than 12 generations with TRAMP mice, in order to obtain
congenic B6.tgN (TRAMP)8247Ng Sppl<tm1Blh>/] (OPN~/~"TRAMP).
Mice deficient in MCs [C57BL/6-KitW-sh/W-sh (Kit"*"; ref. 18)]
were purchased from The Jackson Laboratories and crossed more
than 12 generations with TRAMP mice, to obtain MC-deficient
B6.tgN (TRAMP) 8247Ng KitW-sh/W-sh mice (Kit"*"-TRAMP).
Mice deficient for Sparc on a mixed 129SV/C57BL/6 background
(RRID:IMSR_JAX:003728; ref. 19) were provided by C. Howe (The
Wistar Institute, Philadelphia, PA, USA). They were crossed to
C57BL/6 for 12 generations (Charles River Laboratories; RRID:
SCR_003792) and then crossed more than 12 generations with
TRAMP mice [B6.tgN (TRAMP)8247Ng Sparc<tmlHwe>
Ptprc<a>/J] to generate SPARC™'~ TRAMP mice.

Male TRAMP"~, OPN ™/~ TRAMP*~, Kit"*"TRAMP*'~, and
SPARC™'~ TRAMP*'~ mice were used for experiments. WT mice
were used as bone marrow donors for the preparation of MCs (as
described in “Bone marrow-derived MC differentiation in vitro”).
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Experiments were performed in male TRAMP",
OPN™/"TRAMP*'~ or Kit"*"-TRAMP*'~ mice. Surgical castration
was executed in 20-week-old TRAMP mice, under anesthesia with
ketamine (100 mg/kg; Imalgene, Boeringher Ingheilm) and xilazine
(5 mg/kg; Rompun, Bayer). Carprofene (5 mg/kg; Norocarp, Nor-
brook) was given as analgesic after recovery postanesthesia. For
reconstitution experiments, 5 x 10° bone marrow-derived MCs
(BMMC), obtained as described in “Bone marrow-derived MC
differentiation in vitro,” were injected intraperitoneally (i.p.) into 8-
week-old Kit"V*"-TRAMP mice. All experimental mice were fol-
lowed until 25 to 30 weeks of age and then euthanized to collect
prostates for histologic evaluation. Animal housing and experi-
mentation were performed in accordance with Italian law (D.1gs 26/
2014), and in vivo experiments were approved by the Italian Min-
istry of Health (project 74312.35, authorization number 185/
2021-PR).

Bone marrow-derived MC differentiation in vitro

BMMCs were obtained by in vitro differentiation of bone marrow
cells obtained by flushing femora and tibiae of WT, OPN—'—,
MyD887/7, or TNFa '~ mice. Bones of MyD887/7 mice were
kindly provided by Prof. Luigina Romani, from the University of
Perugia. The bone marrow flushing of TNFa '~ mice (B6;129S-
Tnftm1Gkl/], purchased from The Jackson Laboratories) had been
previously collected and stored in our lab at —180°C in a freezing
medium containing 10% of DMSO (Sigma Aldrich) and 90% of fetal
bovine serum (FBS; Gibco). Bone marrow precursors were cultured
in vitro in RPMI-1640 (Gibco) supplemented with 20% FBS, 200-U/
m penicillin (Cambrex), 150-U/mL streptomycin, 10-mmol/L
Hepes, 10-mmol/L sodium pyruvate, 2-mmol/L L-glutamine, and 5-
mmol/L B-mercaptoethanol (all Gibco), in the presence of 20 ng/mL
of IL3 (Peprotech, cat. n. AF-213-13), and SCF (Peprotech, cat. n.
AF-250-03). After 4 weeks of culture, BMMCs were monitored for
FceRI and c-Kit expression by flow cytometry and used if purity was
more than 95% (Supplementary Fig. S1). Except when it is specifi-
cally indicated that MC/9 or HMCI1 cell lines were used, BMMCs
were used for all in vitro and in vivo experiments, and for brevity we
always define them as MCs.

Cell lines and in vitro experiments

T1525, T23, and ST4787 cell lines were isolated in our laboratory
from TRAMP mice and have been previously characterized (6, 20).
TC566 and TC411K cells were isolated from NEPC arising in two
different TRAMP mice subjected to surgical castration. Briefly, the
tumors were digested with 1-mg/mL collagenase I (Gibco) for
2 hours at 37°C, and recovered cells were plated to establish the new
cell lines. TC566 and TC411K cells were characterized for expres-
sion NEPC of markers as shown below. No other authentication
method was performed. The human cell lines 22Rv1 (ATCC cat. n.
CRL-2505, RRID: CVCL_1045, purchased in 2018), LASCPC-01
(ATCC cat. n. CRL-3356, RRID: CVCL_UEL17, purchased in 2022),
and NCI-H660 (ATCC cat. n. CRL-5813, RRID: CVCL_1576, pur-
chased in 2021) cells were purchased from ATCC and not further
authenticated. Murine tumor cells were cultured in DMEM (Gibco)
supplemented with 10% FBS (Gibco), 200-U/mL penicillin (Cam-
brex), 150-U/mL streptomycin, 10-mmol/L Hepes, 10-mmol/L so-
dium pyruvate, nonessential amino acid mixture, and 2-mmol/L
L-glutamine (all Gibco). 22Rv1 cells were cultured in RPMI-1640
(Gibco) supplemented with 10% FBS (Gibco), 200-U/mL penicillin
(Cambrex), 150-U/mL streptomycin, 10-mmol/L sodium pyruvate,
2-mmol/L L-glutamine (all Gibco), and 2.5 g/L of D-(+)-glucose
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(Sigma Aldrich). Human NEPC cells (LASCPC-01 and NCI-H660)
were cultured in modified Hites medium composed of RPMI-1640
(Gibco) supplemented with 5% FBS (Gibco), 200-U/mL penicillin
(Cambrex), 150-U/mL streptomycin, 4-mmol/L L-glutamine (both
Gibco), 5-pg/mL insulin, 10-nmol/L hydrocortisone, 0.01-mg/mL
transferrin, 30-nmol/L sodium selenite, and 10-nmol/L B-estradiol
(all Sigma Aldrich).

The murine MC/9 MC cell line (ATCC cat. n. CRL-8306, RRID:
CVCL_0408; ref. 21) was purchased from ATCC. The human
HMCI cell line (RRID: CVCL_0003; ref. 22) was kindly provided by
Dr. Juan Rivera (NIH, Bethesda, MD, USA). MC/9 cells were cul-
tured in DMEM (Gibco) supplemented with 10% FBS (Gibco), 200-
U/mL penicillin (Cambrex), 150-U/mL streptomycin, 10-mmol/L
Hepes, 10-mmol/L sodium pyruvate, nonessential amino acid
mixture 2-mmol/L L-glutamine, and 5-mmol/L B-mercaptoethanol
(all Gibco), in the presence of 20 ng/mL of IL3 (Peprotech, cat. n.
AF-213-13). HMC1 cells were cultured in RPMI-1640 (Gibco)
supplemented with 10% FBS (Gibco), 200-U/mL penicillin (Cam-
brex), 150-U/mL streptomycin, and 10-mmol/L sodium pyruvate
(all Gibco).

All cell lines were routinely tested for Mycoplasma using the
MicoAlert Mycoplasma Detection Kit (Lonza, cat n. LT07-118). For
experiments, all cells were used within a maximum of five passages
since thawing.

For in vitro experiments, tumor cells and MCs were plated in six-
well or 12-well plates (50,000 or 100,000 cells/well, respectively),
either alone or in co-culture at a 1:1 ratio, for 4 days. In dedicated
experiments, six-well transwell plates (0.4-um pore size) were used
to divide cancer cells (seeded in the bottom of the well) and MCs
(seeded in the top chamber). When indicated, a neutralizing
monoclonal antibody against TNFa (10 pg/mL, rat anti-mouse,
clone V1gq, purified from hybridoma cells as indicated in Supple-
mentary Table S1, which lists all the antibodies used in this study),
recombinant TNFa (20, 50, or 100 ng/mL; Peprotech, cat n. AF-315-
01A), recombinant IL1B (20, 50, or 100 ng/mL; Peprotech, cat n.
AF-211-11B), an inhibitor of NF-xB (BAY 11-7082, 10 pmol/L;
Merk, cat n. B5556), an inhibitor of MEK (PD98059, 10 pmol/L;
Merk, cat n. 513001), an inhibitor of TLR4 (TAK-242, 100 nmol/L;
Calbiochem, cat n. 243984-11-4) or an inhibitor of TLR2 (TL2-C29,
50 pg/mL; InvivoGen, cat n. inh-c29) were added. In murine co-
cultures, tumor cell growth was evaluated by trypan blue count, as
they grow in adhesion and were thus distinguished by MCs that
grow in suspension. In human co-cultures, tumor cell growth was
evaluated by flow cytometry count.

Histopathological evaluation of mouse prostates

TRAMP prostate lesions were scored according to histopatho-
logical and immunophenotypical analyses as previously described
(7, 23). Formalin-fixed paraffin-embedded (FFPE) prostate samples
were cut into 5-pum sections. For histopathology, slides were
deparaffined, rehydrated, stained with hematoxylin and eosin
(BioOptica), and then evaluated by a board-certified pathologist (C.
Tripodo). On serial slides, immunofluorescence for adenocarcinoma
(CK8) and NEPC (SYP) markers were performed (see “Immuno-
fluorescence and immunohistochemistry”). Prostate lesions were
classified as follows: (i) high-grade intraepithelial neoplasia
(HGPIN): high-grade prostatic intraepithelial neoplasia, character-
ized by CK8 expression; (ii) ADENO: adenocarcinoma character-
ized by CK8 positive atypical cells forming distorted/ill-defined
glands within the stroma; and (iii) NEPC: composed of sheets and
nests of medium-sized to large cells with high nuclear to
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cytoplasmic ratio and/or anaplastic morphology. Cells were im-
munoreactive for SYP and either negative (in case of pure small-cell
NEPC) or positive for CK8 (in case of tumors with mixed adeno-
carcinoma and NEPC features; ref. 24). When NEPC areas and
ADENO lesions were present in different lobes, the tumor was
classified as NEPC.

Human prostate cancer samples

FFPE human prostatectomies, from patients either untreated or
who underwent neoadjuvant ADT, were obtained from ASST Valle
Olona, Busto Arsizio (VA), Italy (Protocol number 0046679/18),
and from the European Institute of Oncology, Milan, Italy, re-
spectively (authorization number UID 2133). All samples were
collected in accordance with the Helsinki Declaration; informed
written consent was not obtained because according to institutional
rules, it was not necessary for these analyses. Samples collected post-
ADT were scored as NEPC based on the expression of SYP and
CgA, as shown in ref. 23; in this study in particular we analyzed
samples from #PT1, PT2, PT4, PT6, PT13, and PT14 of ref. 23.
Tissue collection, fixation, and processing were performed accord-
ing to standardized protocols as part of routine clinical activity.
Immunofluorescence and immunohistochemistry performed in this
study, are described below (see “Immunofluorescence and immu-
nohistochemistry”) and were approved by the Institutional Review
Boards of ASST Valle Olona and European Institute of Oncology
(Protocol number 0046679/18 and UID 2133, respectively).

Lentiviral vectors and viral supernatant preparation

Lentiviral vectors containing the sequences encoding either for
mouse OPNf or iOPN were obtained by cloning the OPNf sequence
(from pUC57-Sppl plasmid, DBA Italia) or the iOPN sequence
(kindly provided to our laboratory by Prof. Mari L. Shinohara, Duke
University School of Medicine, Durham, NC, USA) into the lenti-
viral backbone pLVX-EFla-IRES-ZsGreenl (Takarabio, cat. n.
631982). The empty pLVX-EF1a-IRES-ZsGreenl vector was used as
control.

The production of lentiviral particles was performed using a
third-generation packaging system involving the transfection of
293T producer cells. 5 x 10° cells were seeded in 150 mm plates
using Iscove’s IMDM (Lonza) with 10% FBS and, the day after, a
co-transfection using CaCl, was carried out with three packaging
plasmids: pMDLg/pRRE (quantity used 16.25 ug), pRSV-REV
(quantity used 6.25 pg), pMD2-VSV-G (quantity used 8.75 pg),
and the plasmid with the gene of interest (OPNf or iOPN;
quantity used 25 pug). After 24 hours, the supernatant was re-
moved, and a fresh medium was added. The next day super-
natants containing viral particles were collected, centrifuged at
1,500 rpm for 5 minutes to exclude residual cells, and passed
through a 0.45 pm filter.

Overexpression of OPNf and iOPN in MC/9 cells

In 12-well plates, 5 X 10° MC/9 cells were seeded and incubated
with viral supernatants (0.75 mL of viral supernatant in 2 mL of
total medium). After 24 hours, the medium was changed and, 4 days
later, the percentage of infected cells was assessed by evaluating
ZsGreenl positivity by flow cytometry. After in vitro expansion,
ZsGreenl" cells were sorted by FACS to obtain a pure population.
Immunofluorescence and ELISA for OPN were performed to con-
firm the expression of the protein.
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Flow cytometry

For surface staining of tumor cells or MCs, single-cell suspen-
sions were incubated with the desired antibodies for 15 minutes at
4°C and then washed in PBS supplemented with 2% FBS. For in-
tracellular detection of TNFa, brefeldin A (5 pg/mL; Sigma Aldrich
cat. n. B7651) was added for 4 hours, and then, cells were stained
with surface antibodies to CD49f and CD45 to distinguish cancer
cells and MC populations, respectively. Cells were then fixed with IC
Fixation Buffer and permeabilized with Permeabilization Buffer
according to the Intracellular Fixation & Permeabilization Set pro-
tocol (Thermo Fisher Scientific, cat. n. 88-8824). Finally, the samples
were stained with anti-TNFa for 20 minutes at 4°C. All samples
were acquired with a BD LSRII Fortessa instrument and analyzed
with the Flow]o software (version 10.10.0). All the antibodies used
in flow cytometry are listed in Supplementary Table S1.

Cytospin

Cells were suspended at 10°/100 pL in PBS. Glass slides were
mounted with a paper pad and cuvettes with a metal holder, loaded
with 100 pL of cell suspension, and then spun for 2 minutes at
2,000 rpm with a cytocentrifuge. After detaching of cuvettes and
filters, slides were dried overnight and then fixed for 15 minutes
with PBS containing 4% paraformaldehyde. After permeabilization
for 10 minutes with PBS containing 0.1% Triton X-100 (Sigma
Aldrich), sections were incubated with 0.1-mol/L glycine (Sigma
Aldrich) for 5 minutes at room temperature. Then, sections were
blocked with PBS containing Tween-20 (0.1%, Sigma Aldrich) or,
for MCs and MC/9, with PBS containing 10% FBS and 5-ug/mL FC
blocking (Anti-Mouse CD16/CD32 monoclonal antibody, Invi-
trogen, cat. n. 14-0161-86), and we followed the protocol described
below for the immunofluorescence.

Immunofluorescence and immunohistochemistry

All primary and secondary antibodies used for immunofluores-
cence are listed in Supplementary Table S1.

For the detection of OPN in MCs and MC/9 in vitro, we added
wheat germ agglutinin (WGA) in the medium for 15 minutes at
37°C before proceeding to cytospins and immunofluorescence
staining. Then, after the blocking, slides derived from cytospins
were stained with primary antibody for 1.5 hours at room tem-
perature and, after washing with PBS, staining was revealed using a
specific secondary antibody for 30 minutes at room temperature.
Nuclei were highlighted with 4',6-diamidino-2-phenylindole (DAPI;
ThermoFisher, cat. n. D1306) for 10 minutes at room temperature.
Cover glasses were mounted using ProLong Gold antifade reagent
(Invitrogen, cat. n. P36934). Fluorescent images were acquired with
a confocal laser-scanning microscope Leica TCS SP8 x (Leica
Microsystems) equipped with a pulsed super-continuum White
Light Laser (470-670 nm; 1 nm tuning step size). Laser lines were
495 nm for FITC and Alexa 488, and 556 nm for Alexa 555. De-
tection ranges were 501 to 556 nm and 569 to 630 nm, respectively.
Images were acquired in the scan format 1,024 x 1,024 pixels using
an HC PL APO 62X/1.40 CS2 oil immersion objective and a pinhole
set to 1 airy unit. Data were analyzed using the software Leica LASX
rel.1.1 (Leica Microsystems). Images were mounted using the
Image] 2 (RRID: SCR003070), software.

For the detection of CKS8, SYP, TRY, OPN, TNFa, and SDCI1,
FFPE sections (5 pm) of murine and human tumor samples were
de-paraffined and rehydrated. For double detection of CK8/SYP,
TRY/TNFa, or TRY/OPN in murine samples and for the detection
of SDC1 and CGA, antigen retrieval was performed utilizing the
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Novocastra Epitope Retrieval Solution pH 9 (Novocastra, Leica
Biosystem) and autoclaving at 95°C for 15 minutes. For the double
detection of TRY/TNFa in human samples, antigen retrieval was
performed utilizing the Novocastra Epitope Retrieval Solution pH 6
(Novocastra, Leica Biosystem) and autoclaving at 95°C for 15 min-
utes. For the double detection of TRY and OPN in human samples,
antigen retrieval was performed utilizing the Novocastra Epitope
Retrieval Solution pH 6 (Novocastra, Leica Biosystem) in a ther-
mostatic bath at 98°C for 30 minutes.

Sections were brought to room temperature and washed with
PBS. Then, sections were blocked with PBS containing Tween-20
(0.1%, Sigma Aldrich) and 5% BSA (Sigma Aldrich) or, for eval-
uation of OPN in human samples, with 0.4% casein in PBS
(Novocastra, Leica Biosystem). Sections were incubated with OPN
and TRY primary antibodies for 1.5 hours at room temperature,
with CgA primary antibody for 3 hours, and with CK8, SYP,
TNFa, or SDCI1 primary antibodies overnight at 4°C. When nec-
essary, secondary antibodies were added for 30 minutes at room
temperature. Nuclei were highlighted with DAPI (ThermoFisher,
cat. n. D1306) for 10 minutes at room temperature. Cover glasses
were mounted using ProLong Gold antifade reagent (Invitrogen,
cat. n. P36934). Images were acquired with a Leica DM4 B mi-
croscope equipped with a Leica DFC450 C digital camera, utilizing
the LAS X software. Images were mounted using the Image] 2
software. The quantification of TRY/TNFa cells in murine tumor
samples was performed with the Image] 2 software. For the
quantification of TRY/TNFa cells in human samples, whole slide
images were acquired using a NanoZoomer S60 Digital slide
scanner (Hamamatsu Photonics K.K.) with a 20x/0.75 NA dry
objective. The signal intensity quantification analysis was com-
pleted in QuPath (v0.4.2; RRID: SCR018257): nuclei segmentation
on the DAPI channel was achieved using the StarDist extension
with an in-house trained deep-learning model; then, the cyto-
plasmic cell area was segmented considering a 3-pm-thick band
around each nucleus; a custom classifier was trained to identify
tryptase-positive cells that were then considered for the subse-
quent analyses. Tables containing the mean intensity values in the
cytoplasmic compartment of each cell for each stained marker
were extracted from QuPath and further analyzed using RStudio
(v2023.03.0).

For the evaluation of infiltrating MCs in mouse and human tu-
mor samples, FFPE sections (5 pm) sections were stained with to-
luidine blue (BioOptica).

ELISA

OPN in culture supernatants was detected using the DuoSet
ELISA Kit (R&D System, cat. n. DY441) according to the manu-
facturer’s protocol. Optical densities were determined on a micro-
plate reader Tecan Spark (Tecan; RRID: SCR_021897).

Multiple immunoassay

Custom ProcartaPlex Multiplex Immunoassay (ThermoFisher
Scientific) plates were used to evaluate a pool of 19 murine cytokines
and chemokines in supernatants derived from co-cultures between
cancer cells and MCs. Samples were incubated in a 96-well plate
with polystyrene magnetic beads coated with small molecule-
specific antibodies and then exposed to detection antibodies. Sam-
ples were incubated with streptavidin-PE and a reading buffer was
added. The plate was red in a Luminex reader (Bio-Plex-200, Bio-
Rad, RRID: SCR_018026). The concentration of each analyte

CANCER IMMUNOLOGY RESEARCH

20z 1990100 L1 U0 Jasn auipn o AusioAun Aq Jpd-z6.20-€2-119/08.LL8YE/L b | LI6/Z LIPd-ajole/saljounwwLIBouEd/B10"S|euInolioee/:d)y WO pepeojumoq



bounded to its specific magnetic bead corresponds to the mean
fluorescent intensity of the reporter signal.

Western blot

Cells were lysed on ice for 30 minutes using RIPA buffer (25-
mmol/L Tris-HCI pH 7.4, 150-mmol/L NaCl, 1% NP40, 0.5% DOC,
0.1% SDS, I-mmol/L  NazVOy,, I-mmol/L  phenyl-
methylsulfonylfluoride) with phosphatase (PhosSTOP, Roche, cat.
n. 4906845001) and protease (cOmplete, Roche cat. n. 11836153001)
inhibitor cocktails. Lysates were then centrifuged at 13,000 rpm for
20 minutes and the supernatants were stored at —80°C. Proteins
were quantified through Pierce BCA Protein Assay Kit (Thermo-
fisher, cat. n. 23225), and optical density was evaluated using a Spark
Multimode microplate reader (RRID: SCR_021897). Lysates (25—
30 ng/sample) were run on NuPAGE Bis-Tris gels (4%-12% poly-
acrylamide; Invitrogen, Thermo Fisher Scientific) and transferred
on polyvinylidene difluoride (PVDF) membrane (GE Healthcare).
The membrane was blocked in TBS with 0.1% Tween® 20 detergent
(20-mmol/L Tris-base pH 7.6, 150-mmol/L NaCl, 0.1% Tween-20)
containing 5% BSA for 1 hour at room temperature. Then, the
membrane was incubated overnight at 4°C with the desired primary
antibody. After washing, the membrane was incubated with horse-
radish peroxidase (HRP)-conjugated secondary antibody for 1 hour
at room temperature. All primary and secondary antibodies used for
western blot are listed in Supplementary Table S1. Staining was
revealed with Western BLoT Hyper HRP Substrate (Takara, cat. n.
T7103A) or ECL Star Enhanced Chemiluminescent Substrate
(Euroclone, cat. n. EMP001005) and either developed on an X-ray
film or acquired with the Azure 600 Western Blot Imaging System
(Azure Biosystems, Cat. n. AZI600, RRID: SCR_023780). Digital
quantification of staining intensity was performed with the Image]J
software and reported as normalized intensities relative to internal
control (B-actin or vinculin).

Immunoprecipitation

For 30 minutes, 7 x 10° WT or OPN "/~ MCs were stimulated
with lipopolysaccharide (1 pg/mL; Sigma cat. n. 14130) + lipo-
teichoic acid (10 pg/mL; InvivoGen Cat. n. tlrl-pslta). Then, cells
were lysed with 400 pL of RIPA lysis buffer containing 50-mmol/L
NaF, 1-mmol/L phenylmethylsulfonylfluoride, 1-mmol/L Na;VOy,,
and a protease inhibitor cocktail (Sigma Aldrich). Cellular extracts
were pre-cleared with 5 pL of prewashed protein A/G-agarose beads
(Pierce Classic Magnetic IP/Co-IP Kit Cat. n. 88804) for 10 minutes
at room temperature and then incubated with 7 uL of rabbit anti-
MyD88 (Cell Signaling, clone D80F5 cat. n. 4283, RRID:
AB_10547882) at 4°C for 18 hours on a rotator; 50 uL of 50% slurry
of prewashed protein A/G-agarose beads was then added to each
sample, followed by incubation for an additional 1 hour at room
temperature. The samples were washed four times in lysis buffer,
solubilized in Laemmli buffer, and subjected to Western blot ana-
lyses. Images were acquired using the Odyssey CLx (LI-COR Bio-
sciences, RRID: SCR_014579). Antibodies used are listed in
Supplementary Table S1.

siRNA transient transfection

ST4787 cells were seeded in six-well plates and transfected with
10 pmol/L of mouse siRNA (ThermoFisher Scientific) specific for
Cdi4, Sdcl, Anxa2, Hspa2, or a negative control (scramble; Ther-
moFisher Scientific) using Lipofectamine RNAIMAX Transfection
reagent (ThermoFisher Scientific, cat. n. 13778075) according to the
manufacturer protocol. After 72 hours, ST4787 cells were recovered
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and tested by flow cytometry or western blot for CD14, SDCI,
ANXA2, and HSPA2 protein expression. Two different sequences of
siRNA were used to perform the silencing of every gene. All the assay
IDs for the siRNA are listed in Supplementary Table S2.

Real-time PCR

Total RNA from cells was extracted using the Quick-RNA
microprep kit (Zymo Research, cat n. R1051), and its purity and
yield were assessed using a NanoDrop 2000c spectrophotometer
(ThermoFisher Scientific); 500 ng of RNA were reverse transcribed
using the High-Capacity cDNA Reverse Transcription Kit (Ther-
moFisher Scientific, cat n. 4368814). Real-time PCR was per-
formed in a total volume of 20 uL using the Tagman Fast
Universal PCR Master Mix no Amperase UNG (ThermoFisher
Scientific, cat. n. 4352042), 20 ng of cDNA, and specific Tagman
probes. To evaluate the expression of the 29 genes candidate for
binding to TLR2/TLR4 we used Custom TaqMan Array Plates
(ThermoFisher Scientific, cat. n. 4413259; custom configuration
3 x 32), performing the experiment according to the manufac-
turer’s protocol. All the assays were run on a QuantStudio 3 in-
strument (RRID: SCR_018712). Values were normalized to internal
control (Gapdh) using the 2*-ACT method. All probes used are listed
in Supplementary Table S2.

Microarray analysis on mouse NEPC

We collected adenocarcinoma (n = 7) or incipient NEPC (n = 7)
samples from TRAMP or SPARC™'"TRAMP mice, respectively.
The latter are prone to NEPC differentiation, as we previously de-
scribed (23). Total RNA was extracted using Qiazol reagent (Qiagen
cat. n. 79306) and purified with the RNeasy kit (Qiagen cat. n.
74104) on a QIAcube automated station (Qiagen) according to the
manufacturer’s instructions. The quantity and quality of the
extracted RNA were determined with the 4200 TapeStation system
(Agilent, RRID:SCR_019398) and Qubit Fluorometer (Thermo-
Fisher, RRID:SCR_020553), respectively. The Clariom S assay
(Affymetrix) was used for gene expression profiling. Raw data were
preprocessed using the sst-RMA algorithm implemented in the
Transcriptome Analysis Console software (Thermo Fisher, RRID:
SCR_018718) and analyzed using the R software (R Core Team).
Data were deposited in the Gene Expression Omnibus (GEO) da-
tabase (GSE242811).

Analyses of human and mouse datasets

Median normalized RNA-sequencing (RNA-seq) data of the hu-
man Beltran data set, including 34 CRPC and 15 NEPC samples (25)
were downloaded from c-BioPortal (26, 27) and imported into R
software (R Core Team). The z-scores data were filtered for the genes
composing the MC signature (Hpgds, Atp8b4, Stxbp6, Rab27b,
Bmp2k, Adrb2, Stxbp6, Enpp3, 113, Crisp3, and Cmal; ref. 7), and the
gene mean was calculated for every sample. Boxplot representation of
the mean expression of the MC gene signature in CRPC-ADENO and
CRPC-NEPC classes was performed and the adjusted P value between
the two groups was calculated using the Wilcoxon-Mann-Whitney
test with Benjamini & Hochberg (FDR) correction. Class comparison
between CRPC and NEPC samples (25), was performed with the
limma R package (28), and consequently, gene set enrichment analysis
(GSEA) was performed with the fGSEA R package with HALLMARK
gene set, based on the normalized enrichment scale.

The RNA-seq data from the Labrecque dataset (29) and the met-
adata containing the association between the samples and the five
phenotypic groups (ARPC, AR"/NE~; AMPC, AR'/NE"; ARLPC,
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Figure 1.

OPN-proficient MCs are able to restrain NEPC in mice. A, Immunofluorescence for DAPI (cyan), WGA (blue), and OPN (red) on WT and OPN™/~ MCs. Images
were acquired with a confocal microscope. B, Quantification of A as a percentage of OPN-positive cells in each field. The histogram depicts the mean + SD of
biological replicates (represented by dots; n = 9 per group). Unpaired t test was used: ****, P < 0.0001. C, Representative immunofluorescence for DAPI (blue),
OPN (red), and TRY (green) on prostates of a TRAMP mouse and of Kit"*"-TRAMP mice reconstituted either with WT or OPN™/~ MCs. D, Representative
immunofluorescence for DAPI (blue), OPN (red), and TRY (green) on a human prostate adenocarcinoma sample. (Continued on the following page.)

AR°Y/NE~; DNPC, AR"/NE~; and SNPC, AR"/NE*) were down-  and imported into R software (R Core Team) in which a unique gene
loaded from the GEO repository (https://www.ncbi.nlm.nih.gov/geo/)  expression matrix for every sample was constructed. Then, the gene
at GSE126078. For every sample, the RNA-seq data were downloaded  expression matrix was filtered for all the samples and for our gene of
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(Continued.) E, Percentage of prostate lesions scored as high-grade prostate intraepithelial neoplasia (HGPIN), adenocarcinoma (ADENO), or NEPC in 25-30-
week-old TRAMP (n = 15), Kit"*"-TRAMP (n = 15), or OPN~/~TRAMP mice (n = 17). Where indicated Kit"/*"-TRAMP mice were reconstituted i.p. with 5 x 10° WT
(n=19) or OPN™/~ (n = 18) MCs at the age of 8 weeks. Numbers within bars represent the percentage of mice with the indicated histology. Fisher exact test was
used for the analysis of contingency between different groups. P values are reported as: **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Where the P value is not

indicated, the comparison between groups is not statistically significant.

interest (Sdcl). Boxplots were performed using R software and ana-
lyzed using one-way ANOVA.

To perform the single-cell RNA-sequencing analysis, we utilized
the publicly available data published by Han and colleagues obtained
from the TPPRC mouse model (30). Cell Ranger ARC 1.0.1 output
data was retrieved from the National Genomics Data Center under
the accession code OMIX001928. We followed the normalization and
filtering methods described by Han and colleagues to ensure the in-
clusion of low-count cell types, such as immune cells. Following
clustering, we identified and excluded cluster 0, which exhibited low-
quality cells, as evidenced by a high percentage of mitochondrial
genes and a low gene count. Subsequently, we conducted clustering
on the cells that passed the filtering criteria, employing the Leiden
algorithm with a resolution parameter set to 0.4, resulting in the
identification of 20 distinct clusters. To annotate cell types, we eval-
uated the expression of known marker genes. We identified differ-
entially expressed genes in each cluster using the Wilcoxon rank-sum
test; P values were then corrected with the Benjamini-Hochberg
procedure. In the dotplots, the color of the dot represents the stan-
dardized mean expression of the gene in the cluster and the size of the
dot indicates the fraction of cells expressing the gene in the cluster.

We also analyzed two data sets generated in the lab from TRAMP
mice, comparing the transcriptome of adenocarcinoma with that of
full-grown NEPC (data set generated in ref. 6 and available at GEO
under the accession number GSE29958) or of incipient NEPC lesions
(Clariom S microarray analysis generated in this study; GSE242811).
Heatmap representations were performed using R software (R Core
Team) and class comparisons with the limma R package. The Met-
aCore software (Clarivate Analytics, Philadelphia) was used for
pathway analyses. P value was corrected with the Benjamini—
Hochberg method; genes were considered significant with FDR <0.05.

Statistical analyses and reproducibility

Statistical analyses were performed with GraphPad Prism9
software (GraphPad Software, La Jolla, CA, USA, RRID:
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SCR_002798). All in vitro experiments were performed at least two
times. Pools of all the biological replicates from all the indepen-
dent experiments were performed and shown in histograms; sta-
tistical analysis was run considering all the samples. Histograms
report means + SD of all biological replicates, which are repre-
sented by dots. Data were analyzed using One-way ANOVA with
posthoc Tukey’s test for multiple comparisons, or the Wilcoxon
Mann-Whitney test, as indicated. For ethical reasons, the number
of animals used for in vivo studies was the minimum necessary to
ensure the significance of the results. The sample size is indicated
in figure legends and was defined to obtain an effect size of 0.4
with 80% power and an error of 5% (a = 0.05). We used the Fisher
test for comparison of categorical variables indicating the phe-
notype of tumor lesions. In all statistical comparisons, differences
were considered significant when P <0.05, and P values were re-
ported as follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P <
0.0001. Where the P value is not indicated, the comparison be-
tween groups is not statistically significant.

Data availability

The data underlying the gene expression profiles of NEPC and
adenocarcinoma samples from TRAMP mice are openly available in
the GEO database (GSE242811). All other data generated in the
study are available in the manuscript and its supplementary files or
from the corresponding author upon reasonable request.

Results

OPN-expressing MCs limit the frequency of NEPC in vivo

Our previous work suggested that MCs can restrain the growth of
NEPC by producing OPN (6, 8, 9). To test this hypothesis, we first
checked OPN expression in primary cultures of MCs obtained
in vitro from the bone marrow of wild-type C57BL/6 or OPN-
deficient mice (hereafter named as WT MCs or OPN~/~ MCs, re-
spectively), confirming by immunofluorescence the presence of
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Figure 2.

iOPN mediates the inhibitory function of MCs against NEPC. A, Murine adenocarcinoma (T1525 and T23; n = 6 per group) and NEPC (ST4787, TC566, and TC4T1K;
n = 4 per group) cells (50,000/well) were cultured either alone or with either WT or OPN™/~ MCs (tumor cell:MC ratio 1:1). After 4 days the growth rate of cancer
cells was evaluated through trypan blue count. Cancer cells and MCs could be distinguished thanks to their growth in adhesion or suspension, respectively. B,
Human adenocarcinoma (22Rv1; n = 6 per group) and NEPC (LASCPC-01, n = 3 per group and NCI-H660, n = 6 per group) cells (100,000/well), were cultured
either alone with the human MC cell line HMCI for 4 days (tumor cell:MC ratio 1:1). The growth rate of cancer cells was evaluated through flow cytometry. Cancer
cells and MCs could be distinguished thanks to the selective expression of CD49f and c-Kit respectively, (gating strategy in Supplementary Fig. S4D). C,
Secretion of OPN by Supplementary Fig. S4D). C, Secretion of OPN by MCs and prostate cancer cells measured by ELISA in culture supernatants (n = 3 per
group). D, Murine ST4787 NEPC cells were cultured either alone or with MCs (tumor cell:MC ratio 1:1; n = 4 per group). Where indicated cells were seeded in a

0.4 umol/L transwell system (TW). Tumor cell growth was evaluated as in A.

OPN in the former (Fig. 1A and B; Supplementary Fig. S2A and
S2B). Then, we examined MC infiltration in untreated prostate
tumors, finding that, consistent with our previous publications
(6-8), MCs highly infiltrated adenocarcinoma, whereas their count
dropped in NEPC, both in TRAMP and human tumors (Supple-
mentary Fig. S3A). Therefore, we checked OPN expression in vivo
in MCs infiltrating prostate adenocarcinoma lesions in TRAMP
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(Continued on the following page.)

mice (Fig. 1C) and in MC-deficient Kit"*"-TRAMP mice that were
previously reconstituted with either WT or OPN™'~ MCs. Both
TRAMP mice and Kit"*"-TRAMP mice reconstituted with WT
MCs exhibited a positive staining for OPN in prostate-infiltrating
MCs, identified as tryptase (TRY) positive cells (Fig. 1C). We also
confirmed OPN expression in MCs infiltrating human prostate
adenocarcinoma (Fig. 1D).
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(Continued.) E, Immunofluorescence for DAPI (cyan), WGA (blue), and OPN (red) in MC/9, MC/9-CTR, MC9-OPNf, and MC/9-iOPN cells. Images were acquired
with a confocal microscope. F, Western blot for OPN in cell lysates from MC/9, MC/9-CTR, MC9-OPNf, and MC/9-iOPN cells. The western blot was validated
twice. G, Quantification of F (n = 2 per group). H, Murine ST4787 NEPC cells were cultured either alone or with MC/9-CTR, MC/9-OPNf, or MC/9-iOPN (tumor
cell:MC ratio 1:1; n = 6 per group). Tumor cell proliferation was evaluated as in A to D, G, and H, All in vitro experiments were performed at least two times. Pools
of all the biological replicates from all the independent experiments were performed and shown in histograms; statistical analysis was run considering all the
samples. All histograms depict mean + SD of biological replicates (represented by dots). One-way ANOVA followed by Tukey’s multiple comparison test was
used: *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Where the P value is not indicated, the comparison between groups is not statistically significant.

Then, we compared tumor growth between cohorts of 30-week-
old TRAMP, Kit"*"“TRAMP, OPN '~ TRAMP mice, and Kit"'*"-
TRAMP mice reconstituted at 8 weeks of age with WT or OPN ™/~
MCs (Fig. 1E). The i.p. reconstitution procedure allows efficient
migration and survival of MCs at the tumor site (6, 7). Indeed,
toluidine blue staining confirmed the repopulation of MCs within
the prostate lesions, as well as their persistence until 30 weeks of age,
in Kit"*"TRAMP mice reconstituted with either WT or OPN~/~
MCs (Supplementary Fig. S3B). We also verified that MCs were
properly infiltrating the prostates of OPN/"TRAMP mice as well
(Supplementary Fig. S3B). The majority of TRAMP mice developed
prostatic lesions defined as HGPIN (7% of mice) or adenocarcinoma
(ADENO, 73% of mice), and only a small percentage (20%) showed
evidence of NEPC. Confirming our previous work, histopathological
evaluation of prostate lesions showed that the genetic ablation of
MCs or OPN significantly raised the frequency of NEPC compared
with TRAMP mice (53%, 59%, and 20% of mice, respectively in
Kit"*"-TRAMP, OPN ~/~"TRAMP, and TRAMP mice). The adoptive
transfer of WT MCs significantly reduced the frequency of NEPC in
Kit"W*"-TRAMP mice, which turned out to be even lower than that
of untreated age-matched control TRAMP mice (5% and 20% in
Kit"V*"_TRAMP and TRAMP mice, respectively). On the contrary,
the adoptive transfer of OPN~/~ MCs induced only a slight re-
duction of NEPC frequency (33% of NEPC), which did not reach
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the levels found in Kit"V*"-TRAMP mice reconstituted with WT
MCs. Indeed, the rate of NEPC was 53% in Kit"*"-TRAMP mice,
and was reduced to 5% and 33% in Kit"*""TRAMP mice that re-
ceived WT or OPN '~ MCs, respectively (Fig. 1E). Therefore, WT
MCs proved to have a superior ability than OPN™'~ MCs in
inhibiting NEPC growth in TRAMP mice. These results indicate
that OPN mediates at least part of the protective role of MCs against
NEPC development in vivo.

iOPN restrains the growth of NEPC cells in vitro in a cell-cell
contact fashion

To dissect the molecular effects of MC-derived OPN on NEPC
growth, we evaluated the growth of different TRAMP-derived ad-
enocarcinoma (T1525 and T23; ref. 6) or NEPC cells (ST4787,
TC566, and TC411K; ref. 20; Supplementary Fig. S4A), when cul-
tured in the presence of either WT or OPN ™'~ MCs. We found that,
regardless of OPN expression, MCs did not significantly influence
the growth of either the T1525 or T23 adenocarcinoma cells
(Fig. 2A). In contrast, WT MCs, but not OPN ™/~ MCs, significantly
decreased the growth of ST4787, TC566, and TC411K NEPC cells
(Fig. 2A). We then repeated these experiments with a panel of
human adenocarcinoma (22Rv1) and NEPC (LASCPC-01 and NCI-
H660) cell lines, co-cultured with the human MC line HMC1 (22),
which expresses OPN (Supplementary Fig. S4B and S4C). Also in
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Figure 3.

iOPN regulates the TLR pathway in MCs. A, Pathways significantly downregulated in NEPC tumors vs. adenocarcinoma of TRAMP mice (dataset that we
generated in ref. 6) identified by the MetaCore software. B, RNA-seq normalized data (z-scores) of castration-resistant prostate adenocarcinoma (CRPC-Adeno)
and NEPC (CRPC-NEPC) samples from the human Beltran Data set (25) were downloaded from c-BioPortal and filtered for the genes composing a MC signature
that we previously generated (7). The boxplot represents the mean expression of the MC signature in CRPC-Adeno and CRPC-NEPC. The adjusted P value
between the two groups was calculated using the Wilcoxon-Mann-Whitney test with Benjamini & Hochberg (FDR) correction. C, GSEA performed on the Beltran
data set of human CRPC-Adeno and CRPC-NEPC tumor samples. The heatmap shows the significantly enriched upregulated (red) and downregulated (blue)
pathways in NEPC, based on normalized enrichment scale. The box specifies the enriched genes in the downregulated (Continued on the following page.)
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Figure 3.

(Continued.) hallmark pathway “IL6_JAK_STAT3_signaling.” D, Flow cytometry evaluation of TLR2 and TLR4 in WT and OPN~/~ MCs. E, ST4787 cells (50,000/
well) were co-cultured with WT, OPN~/~, or MyD88~/~ MCs (tumor:MC ratio 1:1; n = 11 per group). Tumor cell growth rate was evaluated by trypan blue count. F,
Immunoprecipitation for MyD88 in WT and OPN™/~ MCs after stimulation with LTA (10 pg/mL) and lipopolysaccharide (1 pg/mL) for 30 minutes.
Immunoprecipitated samples were then subjected to western blot for OPN. Immunoprecipitation was validated twice. G, Western blot for phosphorylated (p)P65
and pERK1/2 evaluation in WT or OPN~/~ MCs, either unstimulated or after co-culture with ST4787 or T23 (ratio 1:1) for 15 minutes. The western blot was
validated twice. H, Western blot for phosphorylated (p) P65 in WT MCs, either unstimulated or co-cultured with ST4787 or T23 cells (ratio 1:1) for 15 minutes.
Where indicated, a specific inhibitor of either TLR2 (TL2-C29, 50 ug/mL) or TLR4 (TAK-242,100 nmol/L) was added. The western blot was validated twice (n =
2). 1, Quantification of H. All in vitro experiments were performed at least two times. Pools of all the biological replicates from all the independent experiments
were performed and shown in histograms; statistical analysis was run considering all the samples. All histograms depict mean + SD of biological replicates
(represented by dots). One-way ANOVA followed by Tukey’s multiple comparison test was used for the analysis of significance between samples. P values are
reported as: *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Where the P value is not indicated, the comparison between groups is not statistically
significant.

this human setting, we found that OPN-expressing MCs did not an empty vector were used as a negative control (CTR). Immuno-
affect the growth of 22Rv1 adenocarcinoma cells, but significantly  fluorescence to detect iOPN (Fig. 2E; Supplementary Fig. S5A)
reduced the growth of both LASCPC-01 and NCI-H660 NEPC cells  revealed that similar percentages of MC/9-OPNf and MC/9-iOPN
(Fig. 2B; Supplementary Fig. S4D). cells were positive (Supplementary Fig. S5B), but western blot per-

These data confirmed that MC-derived OPN can reduce NEPC  formed on cell lysates indicated that the levels of iOPN were ap-
cell growth. As the two translational OPN isoforms, secreted proximately six times higher in MC/9-iOPN cells compared with
(sOPN) and intracellular (iOPN), can exert different functions (31, = MC/9-OPNf cells (Fig. 2F and G). Furthermore, ELISA showed that
32), we decided to investigate which one was relevant for this MC ~ MC/9-OPNf cells released high amounts of sOPN in their super-
function. Despite staining positive for OPN (Fig. 1A), MCs re- natants (Supplementary Fig. S4F). We also detected a tiny amount
leased a small amount of sOPN compared with tumor cells of sOPN in the supernatant of MC/9-iOPN cells (Supplementary
(Fig. 2C). This prompted us to hypothesize a protective role of  Fig. S4F). This could be due to the forced overexpression of the
iOPN expressed by MCs against NEPC. To exclude the role of protein by the lentiviral expression system that results in a passive
sOPN in blocking NEPC progression, we repeated the described release in the extracellular space of an abnormal quantity of OPN.
co-culture experiments segregating the two cell types by a trans-  Next, we co-cultured ST4787 NEPC cells with MC/9-CTR, MC/9-
well system. The presence of the transwell abrogated the effect of =~ OPNf, or MC/9-iOPN to assess their influence on cancer cell
MCs in reducing ST4787 growth (Fig. 2D), indicating that contact ~ growth. MC/9-CTR cells, which do not express endogenous OPN,
between MCs and tumor cells was necessary to restrain NEPC cell  did not inhibit, but rather fostered, the proliferation of ST4787 cells,
growth and excluding the involvement of the secreted form of likely as a possible side effect of the lentiviral infection (Fig. 2H).
OPN in this function. This differed from WT MCs, which endogenously have OPN

To prove the relevance of the intracellular isoform of OPN, we  (Fig.1A; Supplementary Fig. S2A and S2B) and restrained NEPC
took advantage of the murine immortalized MC cell line MC/9 (21),  cell growth (Fig. 2A). Yet, the fact that MC/9-CTR cells, devoid of
which does not express endogenous OPN (Fig. 2E-G; Supple- endogenous OPN, did not inhibit NEPC cells reinforced our hy-
mentary Figs. S4E and S4F and S5A and S5B). We used lentiviruses ~ pothesis of active involvement of OPN in this function of MCs.
to overexpress in MC/9 cells either the full-length OPN transcript ~Moreover, forcing iOPN expression in MC/9 cells was sufficient to
(OPNf, able to give the production of both sOPN and iOPN) or a  confer on them the ability to significantly suppress the growth of
shorter transcript encoding only for iOPN. MC/9 cells infected with ~ ST4787 NEPC cells, in comparison to the MC/9-CTR co-culture

AACRJournals.org Cancer Immunol Res; 12(9) September 2024

157

20z 1990100 L1 U0 Jasn auipn o AusioAun Aq Jpd-z6.20-€2-119/08.LL8YE/L b | LI6/Z LIPd-ajole/saljounwwLIBouEd/B10"S|euInolioee/:d)y WO pepeojumoq


https://aacrjournals.org/

Sulsenti et al.

A B
ST4787
ST4787 + WT MCs ST4787
100 100 100
ST4787 + OPN-- MCs
80 80 1 80
ST4787 + MyD88~~ MCs % 3 %
193 S 60 < 60 S 60
E, 40 240 'g 40
3 3 5

T23 + WT MCs 0 »0 | I -

T23 + OPN- MCs Max (5.48 pg/mL) o o .

T23 + MyD88~ MCs L Min (0 pg/mL) 0107 10° 10* 10° 0102 10° 10¢ 10° 0102 10° 10¢ 10°
=329 PE-A:IL1R1 APC-A: CD120a PE-A: CD120b
2z8C¢C ST4787 count ST4787 count D cell count

15 - - 1.5+ st
L] E
Ll E
E o
o 8 1.0 o . g 1.0+ §
s [ Ry o :
= € 0 ° € g O .
5 3 3 . :
3 ° °
3 305 RN $ 0.54
0.0  — 0.0 T
~ =5 =5 =5 N~ — — — (s} (] ~ ©
 E E E B E E E F 2 B Z
b 2 22 5 5 5 B SR ~
- 5 2 2 F Db S
8 8 e 8 8 g Q 5
o Qo ~ © © - = b
~— ~— Qo w e © <
; T2 o 3
= T 2 E E Z %
+ o+ = T 7k
5 B o ~ o~ F
S S 8 ® N~
¥ <3 9~ N N ©
5 b oo 5 E
RO b o 5

E 22Rv1 count LASCPC-01 count F ST4787 count

2.0 - 15 - 18 - .

16 4 ] .
.

15 4 14 4,

£ £ 10 % 2 12 A 3

[ [ [ .

= £ . = 10 4 "

5 10 - 3 5 .

= = . S 08 A% 5. bt

8 8 05 1 = 3 06 A .

05 1 04

0.2 -

0.0 - 0.0 T T 0.0 T T . . .
~— —_ —_ —_ - —_ — —_ ~ %) © 173 »
> - - - o -] - - [oe}
€ E E E 6 E E E 8 S £ € ¢
d ® ®» > i ® ® ® P | :

c c c O c c c n = © % T
o o o O o o o + T w
a4 L 2 << a4 v Qo + » o) =
© ] ~ 1 © © — ~ o =
L w ®© L w ®© Q= + +
z zZz L z z L £ 5 <
EE £ EE Z S8 B b
— — (/)] < N~
+ o+ + o+ + <
- = f - = t ~ B B
> > - o o - © %)
€ £ 2 3 o 8 2
VI VI - %) <
ol N Y o o e =
N O O 4]
a @ Q
< < @
i) ] <<
-

Figure 4.
MC-derived TNFa specifically inhibits the growth of NEPC cells by inducing apoptosis. A, Murine NEPC (ST4787) or adenocarcinoma (T23) cells (50,000/well) were cultured either
alone or in the presence of WT, OPN /= or MyD88 /= MCs (tumor cell:MC ratio 1:1; n = 3 per group) for 4 days. The heatmap reports (Continued on the following page.)
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(Continued.) the evaluation of IL1B, TNFa, and CCL3 as measured utilizing a multiple immunoassay kit (ProcartaPlex by Thermo Fisher). B, Flow cytometry evaluation of ILIR, and
TNFRs (CD120a and CD120b) on ST4787 cells. C, ST4787 NEPC cells were treated with different concentrations (20, 50, or 100 ng/mL) of recombinant (r) IL1p or TNFa (n = 9 per
group). Tumor cell proliferation was evaluated through trypan blue count after 4 days. D, T23 (adenocarcinoma) or ST4787 (NEPC) cells were treated with 50 ng/mL of rTNFa and
analyzed as in C (n = 4 per group). E, Human adenocarcinoma (22Rv1; n = 3 per group) and NEPC (LASCPC-01; n = 6 per group) cells were treated with different concentrations
(20, 50, or 100 ng/mL) of rTNFa and analyzed as in C. F, ST4787 cells (50,000/well) were cultured either alone or with WT, OPN™ -, or TNFa ™/~ MCs (tumor cell:MC ratio 1.1).
Where indicated, a blocking antibody against TNFa (@TNFa; Vg clone, 10 ug/mL) was added. Tumor cell proliferation was analyzed as in C. N = 9 per group. G, Western blot
analysis for cleaved-caspase-3 evaluation in ST4787 cells either unstimulated or co-cultured with WT, OPN~~, or TNFa ™/~ MCs (ratio 11) for 15 minutes. The western blot was
validated twice. H, Evaluation of TNFa production by intracellular flow cytometry in WT, OPN™/~, or MyD88’/ ~ MCs, either unstimulated or cultured for 16 hours with ST787 or
T23 cells (MC:tumor cell ratio 1:1; n = 6 per group). Gating strategy is reported in Supplementary Fig. S7D. I, WT MCs were cultured either alone or in the presence of ST4787 cells
(MC:tumor cell ratio 11, n = 3 per group). Where indicated, an inhibitor of either NF-kB (BAY-11-7082, 10 umol/L) or ERK1/2 (PD98059, 10 umol/L; this compound inhibits MEK,
which is upstream ERK1/2) pathway was added. After 16 hours, TNFa production by MC/9 was evaluated by flow cytometry as in H. Histogram reports the relative fluorescence
intensity (RFI; ratio of the mean fluorescence intensity of the stained sample and of the fluorescence minus one control). J, MC/9-CTR, MC/9-OPNf, and MC/9-iOPN cells were
cultured either alone or with ST4787 cells (MC:tumor cell ratio 11; n = 4 per group). After 16 hours, TNFa production by MC/9 was evaluated by flow cytometry as in H. Histogram
reports the RFI (ratio of the mean fluorescence intensity of the stained sample and of the fluorescence minus one control), normalized to control condition (MC/9-CTR+ST4787
cells). € to F and H to J, All in vitro experiments were performed at least two times. Pools of all the biological replicates from all the independent experiments were performed and
shown in histograms; statistical analysis was run considering all the samples. All histograms depict mean + SD of biological replicates (represented by dots). One-way ANOVA
followed by Tukey’s multiple comparison test (C, E, F, H, I, and J) or Mann-Whitney test (D) was used for the analysis of significance between samples. P values are reported as: *,
P < 0.05; *, P < 001, ** P < 0.007; ***, P < 0.0001. Where the P value is not indicated, the comparison between groups is not statistically significant.
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condition (Fig. 2H). The proliferation of tumor cells in the
ST4787+MC/9-iOPN condition was consistently but not signifi-
cantly reduced if compared with ST4787 alone (Fig. 2H). MC/9-
OPNf cells partially reduced ST4787 growth when compared with
MC/9-CTR. This was not surprising to us as OPNf can lead the
production of both sOPN and iOPN. The same experiment per-
formed co-culturing MC/9 cells with T23 adenocarcinoma cells
showed a trend of increased proliferation of T23 cells after co-
culture, regardless of their contact with MC/9-CTR, MC/9-OPNf, or
MC/9-iOPN (Supplementary Fig. S5C). These results indicated that
restoring iOPN expression in MC/9 cells enabled them to specifi-
cally inhibit the growth of NEPC cells. These data prompted us to
exclude sOPN and enforced the hypothesis of a protective role of
MC-derived iOPN against NEPC.

iOPN mediates the TLR/MyD88 signaling pathway in MCs to
restrain NEPC growth

We then investigated the mechanism by which MC-produced
iOPN restrains NEPC growth, knowing that iOPN is an adaptor
protein binding to MyD88, which can positively or negatively
control the activation of signaling pathways downstream of TLR2,
TLR4, and TLRY, and the consequent secretion of cytokines (13-15,
33). TLR2 and TLR4 are expressed on the cell membrane, whereas
TLR9 is located within the cell (34). As we demonstrated the need
for MCs to be in contact with NEPC cells to inhibit their growth,
our focus was directed toward TLR2 and TLR4, and we did not
consider analyzing TLRY, as it can be activated solely by soluble
factors, mainly CpG DNA motifs. To interrogate gene expression
profiles that we generated from adenocarcinoma or NEPC occurring
in TRAMP mice (6), we performed a GSEA, which showed that
TLR2/TLR4 signaling pathways were significantly downregulated in
NEPC tumors compared with adenocarcinoma (Fig. 3A). We then
analyzed a human data set that included patients with CRPC or
NEPC (25), and we found that an in-house generated MC gene
signature (7) was downregulated in NEPC (Fig. 3B). Furthermore,
by applying GSEA to the same data set, we found that the hallmark
pathway “IL6_JAK_STAT3_signaling,” which includes genes like
TIr2 and Myd88 was significantly downregulated in human NEPC
(Fig. 3C).

These results showing the anti-correlation of MCs and the
TLR2/TLR4 pathways in NEPC strongly reinforced the hypothesis
that MCs could restrain NEPC growth via TLR/MyD88/iOPN-
mediated functions. It has been described that MCs can express
TLRs on their surface (35); consistent with this, we found that
BMMCs expressed high levels of both TLR2 and TLR4 (Fig. 3D).
Furthermore, in a new set of in vitro co-culture experiments we
showed that, like OPN~/~ MCs, MCs generated from the bone
marrow of MyD887/7 mice (MyD887/7 MCs) did not block
ST4787 NEPC cell growth (Fig. 3E). By immunoprecipitation we
also demonstrated that iOPN and MyD88 interact in MCs
(Fig. 3F). We finally corroborated our hypothesis by testing by
western blot analyses the activation of the two main signal
transduction pathways activated downstream of TLR2/TLR4,
namely, the NF-kB and the ERK1/2 MAPK pathways. Results
showed that the levels of phosphorylated P65, which we tested as a
readout for NF-«kB activation, were specifically increased in WT
MCs after co-culture with ST4787 NEPC cells, at levels more than
triple compared with those in WT MCs cultured with T23 ade-
nocarcinoma cells. This effect was lost in OPN '~ MCs (Fig. 3G;
Supplementary Fig. S6). Conversely, we found that the phos-
phorylation of ERK1/2 was triggered at comparable levels in both

1160 Cancer Immunol Res; 12(9) September 2024

WT and OPN ™/~ MCs after co-culture with either NEPC or ad-
enocarcinoma cells (Fig. 3G; Supplementary Fig. S6). Further-
more, as NF-«B signaling can be elicited by both TLR2 and TLR4
stimulation, we performed a western blot for phosphorylated P65
in MCs co-cultured with ST4787 cells in the presence of a specific
inhibitor for either TLR2 (TL2-C29) or TLR4 (TAK-242). Results
showed that both TL2-C29 and TAK-242 reduced the levels of
phosphorylated P65, albeit the latter with a stronger effect
(Fig. 3H and I). Therefore, these data suggest that the encounter
with NEPC cells stimulates the activation of both TLR2 and TLR4
downstream pathways in WT MCs.

iOPN controls the release of TNFa by MCs to restrain NEPC
growth in vitro

The data so far suggest that upon encountering NEPC cells,
iOPN-expressing MCs are prompted to activate the TLR2/TLR4-
MyD88 signaling pathway leading to the release of cytokine(s) that
in turn affect tumor growth. The absence of OPN or MyD88 in MCs
could alter cytokine release and therefore explain the failure of
OPN ™'~ and MyD88™/~ MCs in blocking NEPC cell proliferation.
To investigate this hypothesis, we performed a multiplex immu-
noassay to analyze the secretion of a panel of cytokines/chemokines
produced as a consequence of TLR2/TLR4 activation (Supplemen-
tary Fig. S7A) in supernatants harvested from NEPC (ST4787) or
adenocarcinoma (T23) cells cultured either alone or with WT,
OPN ™/~ or MyD88 '~ MCs. We found that IL1§ and TNFa were
highly produced in the co-culture between ST4787 cells and WT
MCs, but not when ST4787 were cultured either alone or in the
presence of OPN '~ or MyD88 '~ MCs (Fig. 4A). These cytokines
were not detected when MCs were cultured with T23 cells, sug-
gesting that their production by WT MCs could be specifically
triggered by NEPC cells (Fig. 4A). T23 cells stimulated different
pathways in MCs, as we could specifically detect CCL3 in T23-MC
co-cultures, regardless of whether MCs were sufficient or deficient
for MyD88 or OPN (Fig. 4A).

Given these results, we therefore supposed that TNFa and IL1}
might have an antiproliferative role against NEPC. However, we
found that ST4787 NEPC cells were negative for ILIRI receptor,
although they expressed both CD120a (TNFR1) and CD120b
(TNFR2) on their surface (Fig. 4B). Accordingly, recombinant
TNFa, but not recombinant IL1{, was able to suppress the growth of
ST4787 cells, in a dose-dependent fashion (Fig. 4C). Moreover, the
same amount of rTNFa did not reduce the growth of T23 adeno-
carcinoma cells (Fig. 4D), even through these cells express TNFa
receptors (Supplementary Fig. S7B). To further demonstrate that
TNFa specifically inhibits the growth of NEPC but not of prostate
adenocarcinoma, we repeated these experiments with the human
LASCPC-01 NEPC cell line, which we showed expresses the
CD120b receptor (Supplementary Fig. S7C), and the 22Rv1l ade-
nocarcinoma cell line, which was negative for both CD120a and
CD120b (Supplementary Fig. S7C). The results showed that
recombinant TNFa significantly inhibited the growth of LASCPC-
01 NEPC cells (Fig. 4E), and did not affect the proliferation of
22Rv1 adenocarcinoma cells.

Results indicated that TNFa is produced in the cultures between
WT MCs and NEPC cells and that recombinant TNFa can spe-
cifically affect NEPC growth. To prove that MCs are the actual
source of TNFa in our setting, we utilized TNFa™'~ MCs for co-
culture experiments with tumor cells. In contrast to WT MCs, but
similar to OPN™/~ MCs, TNFa '~ MCs did not hamper the
growth of ST4787 NEPC cells (Fig. 4F) nor did induce the
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Figure 5.

MC-infiltrating prostates of TRAMP mice and human patients with focal incipient t-NEPC area express TNFa. A, Representative immunofluorescence for DAPI
(blue), TNFa (red), and TRY (green) on tumor lesions from TRAMP mice subjected to surgical castration, showing either a TNFa-negative (top row) or a TNFa-
positive MC (bottom row). B, Quantification of TNFa positive MCs in tumor samples from castrated TRAMP mice stained as in A (n = 4 ADENO and n = 3 focal
NEPC). C, Representative immunofluorescence for DAPI (blue), TRY (red), and TNFa (green) on tumor samples collected from patients who received neo-
adjuvant ADT, showing either a TNFa-negative or a TNFa-positive MC. D, Quantification of TNFa positive MCs in human tumor samples, pretreated with
neoadjuvant ADT, stained as in C (n = 2 ADENO and n = 4 focal NEPC). In B and D, the violin plots depict the median + SD of biological replicates (represented
by dots). Unpaired t test was used for statistical analysis: *, P < 0.05. Where the P value is not indicated, the comparison between groups is not statistically
significant. E, Percentage of prostate lesions, scored as HGPIN, adenocarcinoma (ADENO), or NEPC in 25-30-week-old Kit"*"-TRAMP mice reconstituted i.p.
with 5 x 10® TNFa ™/~ MCs (n =16) at the age of 8 weeks. Control cohorts of TRAMP (n = 15) and Kit™Ws"- TRAMP (n = 15) mice are the same as shown in Fig. 1E.
Numbers within bars represent the percentage of mice with the indicated histology. Fisher exact test was used for the analysis of contingency between different
groups. P values are reported as: *, P < 0.05; **, P < 0.07; **, P < 0.001; ****, P < 0.0001.
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Figure 6.

SDCl is the NEPC cell-specific ligand that stimulates TNFa secretion by MCs. A, Flow cytometry evaluation of CD14 and SDC1 in T23 (adenocarcinoma) and
ST4787 (NEPC) cells. B, HSPA2 and ANXAZ2 evaluation by western blot in T23 and ST4787 cells. C, ST4787 were silenced with two different siRNA specific for
Cd14 (ST4787-siCD14-1 and ST4787-siCD14-2), Sdcl (ST4787-siSDCI-1and ST4787-siSDC1-2), Hspa2 (ST4787-siHSPA2-1 and ST4787-siHSPA2-2), Anxa2 (ST4787-
SIANXA2-1and ST4787-siANXA2-2), or for a scramble control (ST4787-scramble). After 72 hours of transfection, ST4787 scramble or silenced cells were cultured
either alone or with WT or OPN™/~ MCs (tumor cell:MC ratio 1:1; n = 6 per group). The growth rate of cancer cells was evaluated through trypan blue count.
Cancer cells and MCs could be distinguished, thanks to their growth in adhesion or suspension, respectively. D, ST4787 scramble or silenced cells were cultured
with WT or OPN™/~ MCs (ratio 1:1; n = 5 per group). After 16 hours the percentage of TNFa positive MCs was evaluated by flow cytometry, as in Fig. 4H. All
in vitro experiments were performed at least two times. Pools of all the biological replicates from all the independent experiments were performed and shown in
histograms; statistical analysis was run considering all the samples. All histograms depict mean + SD of biological replicates (represented by dots). One-way
ANOVA followed by Tukey’s multiple comparison test (D) or Mann-Whitney test (C) was used for the analysis of significance between samples. P values are
reported as: *, P < 0.05; **, P < 0.01; ***, P < 0.001. Where the P value is not indicated, the comparison between groups is not statistically significant. E, Flow
cytometry evaluation of SDC1 in adenocarcinoma (22Rv1 human) and NEPC (TC411K murine, NCI-H660 human) cells. F, (Continued on the following page.)
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Figure 6.

(Continued.) Analyses on the s.c. RNA seq data set of the TPPRC mouse NEPC model (30). Interrogating the data set, we retrieved 20 different clusters of cells.
The dot plot graph shows the expression of genes associated with adenocarcinoma, NEPC, MCs, and other genes of interest (Sdcl, Cdi4, TNfa, Tir2, and Tir4). Dot
size indicates the percentage of cells expressing the gene and dot color indicates the level of gene expression. The UMAPs show the distribution of cells across
time of tumor development (top UMAP) and the distribution of the 20 different clusters (bottom UMAP).

cleavage of caspase-3 in ST4787 cells (Fig. 4G), which we measured
as a readout for TNF-mediated apoptotic cell death (36). Further-
more, adding a TNFa-specific neutralizing antibody in the co-culture
of ST4787 cells and WT MCs, the growth rate of NEPC cells was
restored (Fig. 4F). To further confirm that the TNFa found in the co-
cultures (Fig. 4A) was exclusively produced by MCs, we relied on
flow cytometry, which allowed us to distinguish ST4787 and MC
populations thanks to the selective expression of CD49f and CD45,
respectively (Supplementary Fig. S7D). We confirmed that contact
with NEPC cells specifically triggered TNFa production in MCs, and
only if MCs were competent for OPN or MyD88 (Fig. 4H). We also
repeated this experiment by co-culturing WT MCs with ST4787 cells
and adding a specific inhibitor for either NF-kB (BAY-11-7082) or
ERK1/2 (PD98059). Results showed that only specific inhibition of
NF-kB blunted TNFa production (Fig. 4I), therefore pointing to a
specific involvement of NF-«B in the TLR/iOPN signaling pathway
that leads to TNFa production in MCs after contact with NEPC cells.

Finally, we wanted to determine if iOPN is sufficient to trigger
MCs to release TNFa after contact with NEPC cells. Therefore, we
evaluated by flow cytometry the production of TNFa by MC/9-CTR,
MC/9-OPNf, or MC/9-iOPN, either alone or co-cultured with
ST4787 NEPC cells (Fig. 4]). Consistent with our hypothesis, the
highest levels of TNFa were detected in MC/9-iOPN cells stimulated
with ST4787 cells, although we did see some background TNFa
production in all the conditions. These results indicated that re-
storing iOPN in MC/9 cells was sufficient to confer on them the
ability to upregulate the production of TNFa after encountering
ST4787 cells (Fig. 4]).

AACRJournals.org

TNFa is expressed by MCs infiltrating murine and human NEPC
and restrains NEPC in vivo

Results collected thus far in vitro indicated that the TLR/MyD88/
iOPN axis plays a crucial role in controlling MC release of TNFa
upon specific encounter with NEPC cells, thereby restraining their
growth. Nevertheless, our findings also indicated that MCs are ab-
sent (Fig. 3B; ref. 8) and that TNFa is downregulated in fully de-
veloped NEPC (Fig. 3C) in patients.

Thus, we hypothesized that, in vivo, MCs are still present during
the initial phases of NEPC development, when they start to produce
TNFa in an effort to control NEPC outgrowth. To prove this hy-
pothesis, we modeled a setting of incipient NEPC in TRAMP mice
subjected to surgical castration, a condition that, as we have pre-
viously described (23), mimics ADT and induces the emergence of
focal NEPC areas within adenocarcinoma (see Supplementary Fig.
S8 for H&E staining of representative adenocarcinoma and focal
NEPC lesions in prostates from TRAMP mice). Immunofluores-
cence showed the presence of TNFa-expressing MCs in TRAMP
tumors (Fig. 5A, showing representative images of prostate lesions
with TNFa-negative and TNFa-positive MCs). The number of
TNFa-positive MCs was significantly higher in tumors displaying
focal NEPC areas, when compared with mice bearing solely ade-
nocarcinoma lesions (Fig. 5B). To increase the translational rele-
vance of these results, we retrieved prostatectomies of six patients
who had undergone neoadjuvant ADT. We had characterized the
histopathologic features of these tumors in a previous publication
(23), showing the presence of incipient NEPC areas in four of these
samples, whereas the others had only adenocarcinoma lesions (23).
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Figure 7.

SDC1 expression levels are low in adenocarcinoma and increase in t-NEPC incipient areas in both murine and human prostates. A, Boxplots showing Sdc7
expression in the five phenotypic groups (ARPC, AR*/NE™; AMPC, AR*/NE*; ARLPC, AR"/NE~; DNPC, AR~/NE~; and SNPC, AR/NE") derived from the RNA-
seq data of the Labrecque human prostate cancer dataset (29). The RNA-seq data and the metadata containing the association between the samples and the
phenotypic groups were downloaded from the GEO repository and the gene expression matrix was filtered for the 98 samples and for our gene of interest
(SdcD). The adjusted P value between the groups was calculated using the One-way ANOVA. B, Immunofluorescence for DAPI (blue), CGA (green), and SDCI
(red) in adenocarcinoma (ADENO) and in focal t-NEPC areas of TRAMP mice, either untreated or subjected to surgical castration, respectively. C, Immuno-
fluorescence for DAPI (blue), CGA (green), and SDC1 (red) in adenocarcinoma (ADENO) and in focal t-NEPC areas from patients either untreated or who
received neoadjuvant ADT, respectively.
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As observed in mice, even in these patient specimens, immunoflu-
orescence (Fig. 5C, showing representative images of a TNFa-
negative and a TNFa-positive MC in human prostates) revealed a
trend of increased accumulation of TNFa-expressing MCs in tu-
mors with focal NEPC areas (Fig. 5D). This last result however
should be confirmed in a large patient cohort in future studies.

Besides finding a significant increase of TNFa-positive MCs in
tumors characterized by incipient NEPC lesions, immunofluores-
cence analyses identified some scattered TNFa-positive MCs also in
adenocarcinoma samples, both in mice and in patients. This might
be attributed to the potential interaction of MCs with TLR ligands
expressed by other stromal cells within the tumor microenviron-
ment, and not by NEPC cells. Nevertheless, these data underscored
that MCs secreting TNFa specifically accumulate in emerging NEPC
tumors (Fig. 5B and D).

To finally prove the protective role of MC-derived TNFa against
NEPC in vivo, we reconstituted 8-week-old Kit"'*-TRAMP mice
with TNFa ™/~ MCs, and we sacrificed them at 25 to 30 weeks of age
for histopathological evaluation. The persistence of TNFa '~ MCs
in the collected tumor lesions was verified by toluidine blue staining
(Supplementary Fig. S3B). In this cohort of mice, the frequency of
NEPC was comparable to that observed in untreated, MC-deficient,
Kit"V*". TRAMP mice, thus confirming in vivo that MCs can inhibit
the growth of NEPC by producing TNFa (Fig. 5E).

SDC1 on NEPC triggers MC release of TNFa

Finally, we sought to discover which NEPC-derived stimulus
activates the TLR2/TLR4 pathway in MCs, promoting the release of
TNFa. To this aim, we compared the transcriptomes of TRAMP-
derived adenocarcinoma and incipient NEPC lesions, in order to
find which genes were upregulated in the latter (List 1, Supple-
mentary Table S3; Supplementary Fig. S9A). Then, interrogating a
ligand-receptor pairs repository (LewisLabUCSD; ref. 37), we gen-
erated a list of cell-surface ligands for TLR2 and/or TLR4, conserved
between mice and humans (List 2, Supplementary Table S3; Sup-
plementary Fig. S9A). The 29 genes shared between List 1 and List 2
represented the final list of possible NEPC-specific surface ligands
for TLR2/TLR4 (List 3, Supplementary Table S3; Supplementary
Fig. S9A).

We measured transcript levels of these putative ligands in our cell
lines by a high-throughput customized Tagman assay, which
showed that four out of the 29 genes were upregulated in ST4787
NEPC cells compared with T23 adenocarcinoma cells (Supple-
mentary Table S4). We then further validated the upregulation of
these molecules (namely, CD14, SDC1, HSPA2, and ANXA2) in
ST4787 NEPC cells by real-time PCR (Supplementary Fig. S9B),
flow cytometry (Fig. 6A), and western blot (Fig. 6B; Supplementary
Fig. S9C).

To understand which of these four molecules was able to trigger
the production of TNFa in MCs, and consequently inhibit the
growth of NEPC cells, we individually silenced each of them in
ST4787 cells with two different siRNA (Supplementary Fig. SOD-F),
before co-culture with MCs. The silencing of either the Sdcl
(encoding for the Syndecan-1 protein) or the CdI4 transcript
abolished the suppressive activity of WT MCs against ST4787 cell
growth, with consistent results among the two different siRNA used
(Fig. 6C). Moreover, ST4787 cells silenced for SDC1 proliferated
even more in the presence of MCs, regardless of whether they
had OPN or not (Fig. 6C). This is probably due to an off-target
side effect of the siRNA or of the silencing procedure. In contrast,
the silencing of other ligands showed no, partial effect, or even
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contrasting results between the two different sequences of siRNA
used (Fig. 6C). Silencing of either SDC1 or CD14 in ST4787 cells
was also sufficient to abolish their ability to stimulate TNFa pro-
duction by MCs upon co-culture (Fig. 6D; Supplementary
Fig. S9G).

These results suggested a potential relevance of both NEPC-
expressed SDC1 and CD14 in the cross-talk with MCs. To verify the
applicability of this hypothesis across various NEPC models, we
evaluated the presence of the two molecules in additional murine
and NEPC cell lines, namely, TC411K and NCI-H660, as well as in
human 22Rv1 adenocarcinoma cells. Results showed that, besides
ST4787 cells, SDC1 was expressed by other murine and human
NEPC cells (TC411K and NCI-H660) but not by human prostate
adenocarcinoma cells (22Rvl; Fig. 6E). Conversely, none of the
newly examined cell lines was positive for CD14, except for a tiny
positivity observed in TC411K (Supplementary Fig. SOH). These
data support the broad relevance of SDC1, but not of CD14, across
different NEPC models.

Because we confirmed that TNFa-expressing MCs accumulated
in incipient NEPC rather than in fully developed NEPC (Fig. 5B
and D), we hypothesized that also SDCI1, responsible for the acti-
vation of the TLR/MyD88/iOPN/TNFa pathway in MCs, needed to
be expressed in the same time frame by NEPC cells. To prove this
hypothesis, we analyzed a publicly available single-cell (sc) RNA-seq
data set, generated in the TPPRC mouse model (inducible triple
knockout for Tp53, Rb1, and Pten, driven by a luminal cell-specific,
tamoxifen-inducible, Cre recombinase), which recapitulates all the
transition stages of NEPC development (30). This data set com-
prehensively analyzed all the cells, comprising tumor and stromal,
freshly isolated from the tumors at different time points (from
2 weeks to 6 months) after tamoxifen administration and conse-
quent tumor development. Deconvolution of the scRNA-seq data
identified 20 different clusters of cells along the different stages of
NEPC development (Fig. 6F). Superimposing gene signatures spe-
cific for adenocarcinoma, NEPC, or MCs, we found that clusters 8
and 14 comprised adenocarcinoma cells. Clusters 11, 13, 3, and 15
were representative of cells in transition from adenocarcinoma to
NEPC, because they concomitantly expressed adenocarcinoma and
NEPC markers, albeit the levels of these markers were different in
each of these clusters. Clusters 11 and 13 were also characterized by
a high number of cells overexpressing Sdcl, which was also
expressed by some cells in cluster 3. Conversely, in clusters 11, 13, 3,
and 15, Cd14 was expressed at low levels and only by a very small
number of cells. We also associated cluster 17 with fully developed
NEPC cells. Cluster 7 identified MCs, also expressing high levels of
Tir2 and Tnf, and of Tir4, albeit at a lower extent. In addition, we
observed that this latter cluster co-existed with cluster 11, since
2.5 months of tumor development. Then, from 3.5 months, clusters
7, 3, and 15 seemed to be simultaneously present. Cluster 17, rep-
resentative of the final stage of NEPC outgrowth, emerged at
6 months of tumor development, when cluster 7 faded (Fig. 6F).

This analysis suggests that the SDC1-TLR2/TLR4 interaction
between incipient NEPC and MC that leads to TNFa production,
can occur also in a different prostate cancer model, thus confirming
the wide-ranging significance of the mechanism that we unveiled.
Further, these data contributed to the use excluding the relevance of
CD14 across different NEPC models.

SDC1 is expressed in mouse and human incipient NEPC
As a result of our demonstration of SDC1 consistent expres-
sion in various murine and human NEPC cells and models
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(Fig. 6A-E and F), we decided to pursue further investigation of
the transmembrane heparan sulfate proteoglycan SDCI1 as the
possible NEPC-specific ligand that activates the iOPN/MyD88/
TNFa pathway in MCs. To increase the translational relevance of
our results, we interrogated a human dataset that includes mCRPC
specimens from patients who received ADT, and that, through ex-
tensive transcriptomic and immunohistochemistry analyses, clas-
sifies tumors into five different phenotypes, ranging from
adenocarcinoma (ARPC, AR'/NE™) to fully developed NEPC
(SNPC, AR/NE"), passing through intermediate stages (AMPC,
AR'NE*; ARLPC, AR®Y/NE~; DNPC, AR"NE~; ref. 29). Accord-
ing to our hypothesis, we found that SdcI was upregulated in one of
the intermediate, incipient, NEPC stages but was finally down-
regulated at the final stage of NEPC outgrowth (Fig. 7A). Further
translational relevance of our results came from the detection of the
SDC1 protein in incipient NEPC areas of tumor samples from
castrated TRAMP mice (Fig. 7B) and from patients who underwent
neoadjuvant ADT (Fig. 7C) but not in murine or human adeno-
carcinoma lesions (Fig. 7B and C).

In conclusion, our study indicates that MCs can inhibit NEPC
outgrowth through the release of TNFa in response to SDCI, a
specific stimulus expressed by incipient NEPC cells. The underlying
mechanism reveals a role of iOPN in MCs, in which it binds to
MyD88 to stimulate TLR2 and/or TLR4 signaling and consequent
TNFa production. These results pave the way for new therapeutic
strategies against NEPC aimed either to stimulate MC function
toward TNFa production or to provide local delivery of TNFa. We
also highlight SDC1 as a new potential biomarker for the detection
of incipient NEPC.

Discussion

NEPC is a fatal disease that evolves from prostate adenocarci-
noma relapsing to hormone therapies (t-NEPC), or, more rarely, is
found at first diagnosis in untreated patients (de novo NEPC). Still,
the urgent need for effective drugs for NEPC is hampered by the
limited knowledge of the molecular mechanisms that regulate its
growth.

Our study uncovers a mechanism involving MCs and the SDC1/
TLR/MyD88/iOPN/TNFa axis that restrains the development of
NEPC. It is known that MCs can exert pro- or antitumorigenic
functions depending on tumor type and interactions with other cells
in the tumor microenvironment (5). Yet, our findings are in line
with previous literature showing the cytotoxic effects of MC-derived
TNFa (38) and the association of TNFa-positive MCs to favorable
prognosis in nasopharyngeal cancer (39). Our data showing that
MCs restrain NEPC are also consistent with articles that suggest that
intratumoral MCs can protect against prostate cancer recurrence
(40, 41). Indeed, peri- or intra-tumor localization seems to deter-
mine the function of MCs in prostate cancer, as other studies in-
dicate that peri-tumoral MCs can support tumor development and
metastasis formation (42, 43). Yet, none of these cited articles spe-
cifically addressed the role of MCs in NEPC.

We also unveil a function of iOPN in MCs, in which iOPN can
bind MyD88 promoting TLR2 and/or TLR4 signaling and con-
sequent TNFa production. Our results are consistent with exist-
ing literature that shows that iOPN can stimulate TLR2 signaling
in macrophages during fungal infections (16). However, it is
noteworthy that in macrophages, iOPN can also inhibit the TLR4
pathway, thereby restricting inflammatory responses (33), and
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restraining the production of pro-inflammatory cytokines ultimately
impeding the progression of liver cancer (14). Finally, iOPN can
promote or inhibit TLR9 signaling in plasmacytoid dendritic cells or
in malignant B cells, respectively (13, 15). However, we opted to
exclude the involvement of TLR9 in the mechanism outlined in this
manuscript, because TLR9 is an intracellular receptor activated by
soluble ligands, and we showed with transwell experiments that
MCs inhibited NEPC growth solely through direct contact. Indeed,
our data point out the involvement of both TLR2 and TLR4 in the
cross-talk between MCs and tumor cells that leads to TNFa pro-
duction by MCs. We will dissect in future studies the relative
contribution of TLR2 and TLR4 in this context. Future investiga-
tions are also required to define whether iOPN exerts additional
functions in MCs, besides those described in this manuscript.

Furthermore, our experiments revealed that reconstitution with
OPN /= MCs, albeit not as efficient as WT MCs, can partially re-
duce the rate of NEPC in mice. This evidence lets us hypothesize
that MCs can count also on OPN-independent mechanisms to re-
strain NEPC. Given that OPN /= MCs do not affect NEPC growth
in vitro, such additional MC functions are likely to be exerted
through the recruitment/activation of other cells within the tumor
microenvironment, and will be the subject of future studies as a
follow-up of this manuscript.

Our findings showing that OPN is protective against NEPC seem
at odds with previous studies reporting the harmful role of OPN in
prostate cancer (44, 45). However, those studies addressed the role
of tumor-derived, and secreted, OPN, whereas we specifically in-
vestigated MC-derived intracellular OPN. Nevertheless, our data are
consistent with a previous publication that showed a protective role
of host-derived OPN in prostate cancer, unveiling that, in TRAMP
mice and in a TRAMP-derived transplantable model, sOPN can
recruit NK cells to defeat tumor growth (46). However, despite
using OPN-deficient TRAMP mice, as we did here, that study did
not directly address the adenocarcinoma or NEPC histotype of tu-
mors developed in the absence of OPN (46).

We show here that TNFa produced by MCs can specifically target
and restrain NEPC cells while sparing prostate adenocarcinoma.
Furthermore, in this work, we found that MCs selectively produce
TNFa in response to SDCI1 expressed by NEPC cells, in vitro, and in
incipient NEPC areas in mouse and patient-derived specimens.
Nevertheless, as shown both here and in our previous publications (6,
8), while MCs are enriched in prostate adenocarcinoma, they drop in
fully developed NEPC. Similarly, the key molecules involved in the
network that we unveiled in this study (TNFa and SDC1) are upre-
gulated at the stage of incipient NEPC or during the first steps of
NEPC development but lost in fully developed NEPC. Based on
these observations, we propose that the effectiveness of MCs
against NEPC is limited to the initial and intermediate phases of
NEPC development. Within this specific time frame, MCs actively
oppose NEPC growth. However, when NEPC progresses toward
full outgrowth, we postulate that MCs need to be either excluded,
inhibited, or even eliminated due to microenvironmental modifi-
cations occurring during the process. Understanding these hypo-
thetical mechanisms of NEPC escape from MCs will be the focus
of future investigations.

Our findings have implications for the development of thera-
peutic strategies for NEPC patients. We propose that the adoptive
transfer of MCs following ADT/ARPI could be a promising ap-
proach to mitigate the occurrence of t-NEPC. Furthermore, the
foreseen in-depth investigation into the mechanisms governing MC
clearance in NEPC becomes of paramount importance, as it could
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provide insights into how to restore MC homing or enhance their
activity at the tumor site. However, when evaluating all these
strategies, it becomes essential to give careful consideration to avoid
inadvertently fostering residual adenocarcinoma, as we are aware
that MCs can promote its growth (6, 7).

A more powerful approach could consist of the administration of
TLR2 and/or TLR4 agonists as adjuvant immunotherapy in patients
receiving ADT/ARPI treatment, to specifically trigger TNFa release
by tumor-infiltrating MCs. Interestingly, previous research proved
that the synthetic agonist Pam;CSK, can activate TLR2 on MCs,
thereby hampering tumor growth in a mouse model of melanoma
(47). However, whereas immunotherapy with agonists of TLR7,
TLR8, TLRY, and TLR3 has been extensively investigated in patients,
a tiny number of clinical studies have been reported for TLR2 ag-
onists. An exception is represented by Bacille Calmette-Guérin, a
living mycobacteria that can activate TLR2 and TLR4, which is
standard of care therapy for high-risk bladder cancer patients, ad-
ministered as adjuvant after the surgical removal of the tumor (48).
Furthermore, phase 2 clinical trials assessing the effectiveness of two
different TLR2 agonists, namely CBLB612 and ISA-20, as potential
cancer therapies have been carried out (study identifiers
NCT02778763 and NCT02821494, respectively). However, the
outcomes of these trials have not been disclosed yet, and informa-
tion about potential toxicity or side effects remains unavailable.
Furthermore, when evaluating the effect of this kind of immuno-
therapy, it should be kept in mind that the outcome could be
influenced by the fact that several types of immune cells and even
tumor cells can express TLR2 and TLR4.

Alternatively, our results highlight that TNFa administration holds
promise as a valuable therapeutic approach for NEPC. Nevertheless,
the systemic delivery of TNFa is linked to considerable toxicity (49),
making it unsuitable for current clinical use. To overcome this limi-
tation, the development of a NEPC-specific targeted delivery system
for TNFa could represent a potential opportunity to reduce systemic
toxicity while enhancing the efficacy of TNFa treatment.

Finally, our identification of SDC1 as selectively over-expressed
by incipient NEPC may suggest a possible role for SDC1 as a
biomarker for the detection of incipient NEPC. Even if we did not
find any published study that specifically addresses SDC1 expression
in NEPC, our data are in accordance with literature showing that in
prostate cancer patients SDCI is upregulated in tumors with a high
Gleason score (4 + 5; refs. 50, 51) and following ADT (52). Fur-
thermore, it has to be noticed that SDCI was found highly expressed
in soft-tissue metastasis but not in bone metastasis in prostate
cancer patients (53). This result is interesting considering that
NEPC preferentially develops in visceral metastases (24). It is also
worth mentioning that SDCI expression in tissues and/or levels of
circulating SDCI1 have already been proposed as prognostic bio-
markers, correlating with poor prognosis, relapse, and chemother-
apy resistance in prostate cancer patients (50, 53-55). Nevertheless,
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