N

N

Absence of nuclear receptors LXRs impairs immune
response to androgen deprivation and leads to prostate
neoplasia
Laura Bousset, Amandine Septier, Julien Bunay, Allison Voisin, Rachel
Guiton, Christelle Damon-Soubeyrant, Yoan Renaud, Angélique de Haze,
Vincent Sapin, Anne Fogli, et al.

» To cite this version:

Laura Bousset, Amandine Septier, Julien Bunay, Allison Voisin, Rachel Guiton, et al.. Absence

of nuclear receptors LXRs impairs immune response to androgen deprivation and leads to prostate
neoplasia. PLoS Biology, 2020, 18 (12), pp.e3000948. 10.1371/journal.pbio.3000948 . hal-03252478

HAL Id: hal-03252478
https://uca.hal.science/hal-03252478

Submitted on 7 Jun 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://uca.hal.science/hal-03252478
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

PLOS BIOLOGY

RESEARCH ARTICLE

Absence of nuclear receptors LXRs impairs
immune response to androgen deprivation
and leads to prostate neoplasia

Laura Bousset® "2, Amandine Septier ', Julio Bunay®'2, Allison Voisin’,
Rachel Guiton', Christelle Damon-Soubeyrant', Yoan Renaud', Angélique De Haze',

Vincent Sapin®", Anne Fogli', Amandine Rambur'?, Cyrille De Joussineau®'?,

Ayhan Kocer'?, Amalia Trousson "2, Joélle Henry-Berger', Marcus Horing®?,
Gerhard Liebisch®?, Silke Matysik®, Jean-Marc A. Lobaccaro 2, Laurent Morel® 2,

Silvere Baron)'2*

. 1 Université Clermont Auvergne, GReD, CNRS UMR 6293, INSERM U1103, Clermont-Ferrand, France,
2 Centre de Recherche en Nutrition Humaine d’Auvergne, Clermont-Ferrand, France, 3 Institute of Clinical
Chemistry and Laboratory Medicine, Regensburg University Hospital, Regensburg, Germany

Check for
updates

* silvere.baron@uca.fr

& Abstract

OPEN ACCESS

Citation: Bousset L, Septier A, Bunay J, Voisin A, Chronic inflammation is now a well-known precursor for cancer development. Infectious

Guiton R, Damon-Soubeyrant G, et al. (2020) prostatitis are the most common causes of prostate inflammation, but emerging evidence

.Absence of nuclear receptors LXRs 'mpairs points the role of metabolic disorders as a potential source of cancer-related inflammation.

immune response to androgen deprivation and ) o

leads to prostate neoplasia. PLoS Biol 18(12): Although the widely used treatment for prostate cancer based on androgen deprivation ther-

€3000948. https:/doi.org/10.1371/journal. apy (ADT) effectively decreases tumor size, it also causes profound alterations in immune

pbi0.3000948 tumor microenvironment within the prostate. Here, we demonstrate that prostates of a

Academic Editor: Pascal Meier, Institute of Cancer ~ mouse model invalidated for nuclear receptors liver X receptors (LXRs), crucial lipid metab-

Research, Chester Beatty Laboratories, London, olism and inflammation integrators, respond in an unexpected way to androgen deprivation.

UNITED KINGDOM . . - . .
Indeed, we observed profound alterations in immune cells composition, which was associ-

Received: December 10, 2019 ated with chronic inflammation of the prostate. This was explained by the recruitment of

Accepted: November 12, 2020 phagocytosis-deficient macrophages leading to aberrant hyporesponse to castration. This

Published: December 7, 2020 phenotypic alteration was sufficient to allow prostatic neoplasia. Altogether, these data sug-

est that ADT and inflammation resulting from metabolic alterations interact to promote

Copyright: © 2020 Bousset et al. This is an open 9 . ) o 9 . P L

access article distributed under the terms of the aberrant proliferation of epithelial prostate cells and development of neoplasia. This raises

Creative Commons Attribution License, which the question of the benefit of ADT for patients with metabolic disorders.

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: RNA sequencing data

are available through the NCBI Gene Expression

Omnibus database with accession number Introduction

GSE134137. RNA sequencing used for analyzes

are aggregated in S2 Data. It is becoming increasingly clear that inflammation contributes to prostate cancer. This is

. . . supported by studies of genetically engineered mouse models, which demonstrate that
Funding: This work was supported by institutional h icinfl X fth lead to devel ¢ lasi
support from Centre National de la Recherche chronic inflammation of the prostate can lead to development of neoplasia [1,2]. In most
Scientifique (https:/www.cnrs fr/), Institut National ~ Cases, prostate inflammation can be the result of bacterial or viral infections [3]. However,
de la Santé et de la Recherche Médicale (https:// emerging evidence suggests that obesity as well as metabolic syndrome are also associated

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000948 December 7, 2020 1/25


https://orcid.org/0000-0002-5339-3173
https://orcid.org/0000-0002-5431-7439
https://orcid.org/0000-0002-1953-952X
https://orcid.org/0000-0002-7452-315X
https://orcid.org/0000-0002-2488-2760
https://orcid.org/0000-0001-6587-9501
https://orcid.org/0000-0002-3651-392X
https://orcid.org/0000-0003-4886-0811
https://orcid.org/0000-0001-9890-2392
https://orcid.org/0000-0003-0005-1919
https://orcid.org/0000-0002-4524-3087
https://doi.org/10.1371/journal.pbio.3000948
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pbio.3000948&domain=pdf&date_stamp=2020-12-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pbio.3000948&domain=pdf&date_stamp=2020-12-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pbio.3000948&domain=pdf&date_stamp=2020-12-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pbio.3000948&domain=pdf&date_stamp=2020-12-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pbio.3000948&domain=pdf&date_stamp=2020-12-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pbio.3000948&domain=pdf&date_stamp=2020-12-21
https://doi.org/10.1371/journal.pbio.3000948
https://doi.org/10.1371/journal.pbio.3000948
http://creativecommons.org/licenses/by/4.0/
https://www.cnrs.fr/
https://www.inserm.fr/

PLOS BIOLOGY

Liver X Receptors and androgen deprivation in prostate

www.inserm.fr/), Université Clermont Auvergne
(https://www.uca.fr/), and by grants from ERFD
(https://www.europe-en-france.gouv.fr/fr/) and
AURA region (https://www.auvergnerhonealpes.fr/)
(CPER/FEDER DEFI EPICURE AV001826/
AV0010859), ARTP (Assaciation de Recherche sur
les Tumeurs Prostatiques, http://www.iartp.org/),
EDC-CaP Plan Cancer 2014-2019 (https://www.e-
cancer.fr/Plan-cancer/) INCa (Institut National du
cancer, https://www.e-cancer.fr/) and CAP/
TransCAP project INCa, CLARA (Canceropole Lyon
Auvergne Rhone Alpes, https://www.canceropole-
clara.com/), AURA region. LB was funded by ERFD
and AURA region (CPER/FEDER DEFI EPICURE
AV0010836). The funders had no role in study
design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

Abbreviations: ADT, androgen deprivation therapy;
AGC, automated gain control; AP-1, activator
protein 1; APC, antigen-presenting cells; APOE,
apolipoprotein; AR, androgen receptor; ARG,
androgen-responsive genes; CE, cholesteryl esters;
CFSE, carboxyfluorescein succinimidy! ester;
COX2, cyclooxygenase-2; FASN, fatty acid
synthase; FC, free cholesterol; FIA, flow injection
analysis; FTMS, Fourier Transform Mass
Spectrometry; GSEA, Gene Set Enrichment
Analyzes; iNOS, inducible nitric oxide synthase; IT,
injection time; logFC, log2 Fold Change; LXR, liver
X receptor; mCRPC, metastatic Castration-
Resistant Prostate Cancer; MS, mass
spectrometer; NF-kB, nuclear factor kappa B; OPN,
osteopontin; PCa, prostate cancer; RARa, retinoic
acid receptor alpha; RT-qPCR, quantitative reverse
transcription PCR; SPP1, secreted phosphoprotein
1.

with systemic inflammation, a concept called metaflammation [4]. Consistent with this
idea, mice fed a high-fat diet present systemic low-grade inflammation, and nuclear factor
kappa B (NF-kB)-dependent chronic prostate inflammation [5]. In human, chronic
inflammation of the prostate is characterized by infiltration of mostly CD4" T cells (70%
to 80%), B cells (10% to 15%), and macrophages [6]. A review of the literature suggests an
association between an inflammatory state and prostate cancer development in patients,
but there is still no evidence of causal relationship [7]. In support of this idea, a meta-anal-
ysis found a correlation between the presence of metabolic syndrome and a worse out-
come of prostate cancer, but only observed a weak association with prostate cancer
incidence [8]. Consistent with this, a recent study in metastatic Castration-Resistant Pros-
tate Cancer (mCRPC) patients, identified a high-risk prognostic group based on criteria of
metabolic syndrome and inflammation, which was associated with decreased progression-
free and overall survival [9]. This is further supported by a prospective study that demon-
strated an increased risk of high-grade and advanced prostate cancer in patients with met-
abolic syndrome [10]. Altogether, these data suggest that obesity and metabolic syndrome
could be associated with cancer initiation and progression, through stimulation of inflam-
mation. However, the links between lipid metabolism, cytokines, and inflammation-
related factors released by immune cells and tumorigenesis within the prostate are poorly
understood.

Nuclear receptors liver X receptors (LXRs) are integrators of lipid metabolism and inflam-
mation response [11]. They were first described for their role in pathophysiology of atheroscle-
rosis as endogenous inhibitors of atherosclerosis by limiting lipid overload in macrophages
[12]. Effectively, these transcription factors control expression of cholesterol and lipid metabo-
lism related genes, such as cholesterol efflux cassette transporters ABCA1 and ABCG1/5/8,
fatty acid synthase (FASN), or apolipoprotein (APOE). Most importantly, LXRs also negatively
regulate inflammatory response by down-regulating pro-inflammatory cytokines coding genes
expression, especially in macrophages [13-15]. However, reciprocal interactions of lipid
metabolism and inflammation mediated by LXRs has not been extensively analyzed in the con-
text of prostate cancer.

Classically, prostate cancer is treated by androgen deprivation therapy (ADT) to induce
tumor regression. If it is now well known that ADT induces apoptosis of prostate tumor cells
and adjacent normal cells, thus allowing tumor regression, ADT can also affect tumor immune
microenvironment. Many studies show an increasing infiltration of immune cells in prostate
tumors in response to androgen deprivation [16-18]. Moreover, an elevated infiltration of
macrophages after ADT is associated with an increased risk of biochemical recurrence [17,18].
However, the relationship between ADT-induced immune cells infiltration, prostate inflam-
mation, and cancer initiation has not been evaluated. More generally, this raises the question
of an aberrant response of the immune microenvironment to ADT, in the context of metabolic
alteration and its potential role as a paracrine stimulator of epithelial tumorigenesis and tumor
recurrence.

In the present study, we investigated prostate response to androgen deprivation in a
mouse model invalidated for LXRs. We demonstrate that castration induces chronic inflam-
mation of LXRs-null prostates. This is associated with recruitment of macrophages defective
for apoptotic cells clearance, which in turn allows production of inflammatory cytokines.
Among them, we show that osteopontin (OPN) induces proliferation of epithelial cells in a
paracrine manner. As a result, chronic inflammation observed in LXRs-null prostates stim-
ulates the proliferation rate of epithelial cells, which progressively form neoplastic precan-
cerous lesions.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000948 December 7, 2020

2/25


https://doi.org/10.1371/journal.pbio.3000948
https://www.inserm.fr/
https://www.uca.fr/
https://www.europe-en-france.gouv.fr/fr/
https://www.auvergnerhonealpes.fr/
http://www.iartp.org/
https://www.e-cancer.fr/Plan-cancer/
https://www.e-cancer.fr/Plan-cancer/
https://www.e-cancer.fr/
https://www.canceropole-clara.com/
https://www.canceropole-clara.com/

PLOS BIOLOGY

Liver X Receptors and androgen deprivation in prostate

Results

Invalidation of nuclear receptors LXRs impairs regression of prostate in
response to androgen deprivation

To evaluate how LXRs invalidation can affect response to androgen deprivation, we performed
1-month castration on LXRs-null mice in comparison with LXRs-sufficient mice. Consistent
with previously published data [19], we found no difference of whole prostate weight and macro-
scopic aspect between LXR-sufficient (noted as CW) and LXR-null groups (noted as LXR DKO),
in the absence of metabolic stress (Fig 1A and 1B). As expected, we observed a drastic reduction
in whole prostate weight of CW mice in response to 1-month castration. Regression of the highly
androgen-sensitive seminal vesicles further confirmed efficacy of castration (Figs 1A and 1B and
S1). Interestingly though, LXR DKO prostates were 2-fold heavier than CW, following 1-month
castration (Fig 1A and 1B). This suggested hyposensitivity of LXR knock-out mice to androgen
deprivation. To identify the underpinnings of this hyporesponse to castration, androgen receptor
(AR) expression was analyzed by immunohistological detection. AR was expressed in epithelial
cells as well as some stromal cells and presented the expected relocalization from nuclei to cyto-
plasm in the absence of androgens, independent of LXRs status (Fig 1C). Likewise, Ar mRNA
accumulation was increased in response to castration but did not differ between LXR DKO and
CW prostates in castrated or sham-operated conditions (Fig 1D). Expression of direct AR target
genes Fkbp5, Mme, and Pbsn was strongly down-regulated in response to castration both in CW
and LXR DKO prostate (Fig 1E). However, despite this strong effect of castration, AR target
genes exhibited a similar expression pattern whatever the genotype. This suggested that aberrant
response to castration in LXR DKO prostates was not associated with aberrant AR signaling. To
further evaluate this hypothesis, we performed RNA sequencing analysis of the 4 different models
and identified an androgen-responsive genes signature (ARG signature) as genes differentially
expressed in response to androgen deprivation in CW prostates (S2 and S3 Datas). Interestingly,
modulation of expression of the ARG signature was equivalent in CW and LXR DKO prostates
in response to 1-month castration (Fig 1E). Principal component analysis relying on the ARG sig-
nature confirmed that castrated mice clustered separately from sham-operated mice, indepen-
dently of LXRs status (Fig 1F). Therefore, we concluded that the milder regression in LXR DKO-
castrated mice occurred independently of the androgen signaling pathway.

Androgen deprivation induces immune cells infiltration mostly composed
of F4/80" macrophages

To further understand hyporesponse to castration in LXR DKO mice, we performed hematox-
ylin eosin staining of tissue sections. Interestingly, we observed an increased number of mono-
nuclear cells in the stromal compartment in response to castration, both in CW and LXR
DKO prostates (Fig 2A). However, this was further increased in LXR DKO prostates and was
accompanied by the presence of eosinophilic cells. This suggested immune cells infiltration.
Consistent with this hypothesis, immunohistological detection of CD45 pan-leukocyte marker
confirmed increased immune cells infiltration in response to castration in LXR DKO mice,
compared with CW (Fig 2B). Estimation of immune cells infiltration within the prostates was
further refined by flow cytometry. In these analyses, CD45" leukocytes represented more than
19% of live cells in LXR DKO castrated prostates (6-fold increase compared to sham-operated
LXR DKO), whereas this proportion was reduced to 5% in CW castrated prostates (2.6-fold
increase compared to sham-operated CW) (Figs 2C and S2). These data showed that LXR
DKO mice presented a massive increase in immune cells infiltration in response to androgen
deprivation, which was associated with hyporesponse to castration compared to CW mice.
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Fig 1. LXR deficiency impairs response to androgen deprivation in an androgen-independent manner. (A and B) Whole prostate
weight analysis and (B) macroscopic observation of VP, LP, DP, and AP prostate lobes of 1-month Cx or Sh male CW and LXR DKO
mice reveal a marked difference in response to castration in the absence of LXRs. (C) Immunohistochemical detection of AR showing
nuclear to cytoplasmic relocalization following 1-month castration. (D and E) RT-qPCR analysis of mRNAs encoding Ar (D) and its
target genes Fkbp5, Mme, and Pbsn (E). (F) RNA sequencing analysis of ARG demonstrates no difference in gene expression changes in
response to 1-month castration between LXR DKO and CW prostates. (G) Principal component analysis based on ARG expression
confirms distinct clustering of Cx mice from Sh mice. Groups are composed of at least 4 animals. Bars represent mean + SEM. Statistical
analyses were performed via Mann-Whitney test. *p < 0.05, **p < 0.01, ***p < 0.001 and ns. Scale bars, 100 pm; insets, 20 um. For
numerical raw data, please see S1 Data. For supporting dataset, please see S2 Data. AP, anterior; ARG, androgen responsive genes; Cx,
castrated; CW, control wild-type; DP, dorsal; LP, lateral; LXR, liver X receptor; LXR DKO, LXR alpha and beta double knock-out; ns,
nonsignificant; RT-qPCR, quantitative reverse transcription PCR; Sh, sham-operated; VP, ventral.

https://doi.org/10.1371/journal.pbio.3000948.9001

To gain insight into the relative contribution of LXR in prostate epithelium versus stroma,
we developed a model of conditional LXRaf ablation within prostate epithelial cells (Lxra
ey Interestingly, these mice presented no signs of excessive immune cells infiltration in
response to 1 month of castration (S3A Fig). Moreover, epithelial ablation of LXR did not
induce obvious histological alterations or differential regression in response to castration (S2C
and S3B Figs). This demonstrated that the differential response to castration observed in LXR
DKO prostates compared to CW prostates was not the result of a cell-autonomous effect of
LXR within epithelial cells, but rather involved LXR function in immune cells. To better char-
acterize the immune infiltration in castrated LXR DKO prostates, we made use of RNA
sequencing data. Gene Set Enrichment Analyses (GSEA) identified regulation of leukocyte
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Fig 2. Androgen deprivation-induced immune infiltration in LXR-null prostates is composed of a majority of F4/80"
macrophages. (A) Hematoxylin and eosin staining of prostates from 1-month Cx or Sh male CW and LXR DKO mice. Arrowheads
indicate immune cells infiltration. (B) Immunohistological staining of the pan-leucocytes marker CD45 in 1-month Cx or Sh CW and
LXR DKO prostates. (C) Flow cytometry analysis of CD45+ leucocytes representation in whole prostates. (D) Gene ontology analysis of
RNA sequencing reveals enrichment in regulation of leukocyte migration gene set, after 1 month of castration in LXR DKO mice. (E)
Castration of LXR DKO mice induces a marked increase in infiltration of T4 lymphocytes, B cells, MPs, and MOs in comparison to CW
mice. CD45" immune cells were defined as: CD4+ T4 lymphocytes, CD19+ B cells, CD11b* Ly6C™ Ly6G~ F4/80* SCC'*™ MOs, CD11b*
Ly6C™ Ly6G~ F4/80~ and CD11b~ CD11c” F4/80" other MPs, and CD11b* Ly6C™ Ly6G" neutro. (F and G) Immunohistological
staining (F) and flow cytometry analysis (G) of F4/80" MOs representation in 1-month Cx or Sh CW and LXR DKO prostates. Groups
are composed of at least 4 animals. Bars represent mean + SEM. Statistical analyses were performed via Mann-Whitney test. *p < 0.05,
**p < 0.01, ***p < 0.001 and ns. Scale bars, 100 pm; insets, 20 um. For numerical raw data, please see S1 Data. For supporting dataset,
please see S2-54 Datas. For flow cytometry raw data, please see S1 FlowCytometry RawDataFCS. Cx, castrated; CW, control wild-type;
LXR, liver X receptor; LXR DKO, LXR alpha and beta double knock-out; MOs, macrophages; MPs, mononuclear phagocytes; neutro,
neutrophils; ns, nonsignificant; Sh, sham-operated.

https://doi.org/10.1371/journal.pbio.3000948.9002

migration as one of the most significantly deregulated gene sets in response to castration in
LXR DKO prostates (Figs 2D and S4). To further characterize the immune infiltrate, we per-
formed flow cytometry analyses on different immune populations. These showed that both
lymphoid and myeloid cells were recruited in response to androgen deprivation, specifically in
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LXR-null mice (Fig 2E and S4 Data). Indeed, we found an increase in CD4" T4 cells, in CD19"
B cells, and particularly in CD11b" or F4/80" mononuclear phagocytes and F4/80*/CD11b"
macrophages. This indicated that androgen deprivation had a prominent effect on phagocytes
recruitment in the absence of LXRs. Besides, neutrophils recruitment in response to castration
was equivalent in CW and LXR DKO prostates (Fig 2E). We further analyzed the localization
of F4/80" cells by immunohistochemistry. They were mostly present in the stromal compart-
ment and fibromuscular layer surrounding acini even though some rare cells were found in
epithelia (Fig 2F, arrowheads). Flow cytometry analysis confirmed that F4/80" cells were spe-
cifically deregulated in LXR DKO castrated prostates to represent up to 7% of live cells within
the tissue (Fig 2G). Altogether, these data indicated that androgen deprivation in LXR DKO
mice resulted in a massive immune cells infiltration mostly composed of F4/80" macrophages.

Androgen deprivation promotes cholesterol accumulation in the prostate

As LXRs nuclear receptors are important regulators of cholesterol homeostasis within the cell,
particularly in macrophages, we then evaluated the cholesterol content of CW and LXR DKO
prostates. Castration induced accumulation of cholesteryl esters (CE) in CW prostates (Fig 3A
and S5 Data). Consistent with a role of LXR in regulation of cholesterol homeostasis in pros-
tate [19], this phenomenon was dramatically increased in LXR DKO prostates (almost 8-fold
compared to CW), which also accumulated free cholesterol following androgen deprivation
(Fig 3A and S5 Data). Detailed analysis of CE species (Fig 3B and S5 Data) showed a dramatic
increase in cholesteryl palmitate (CE16:0), oleate (CE18:1), and linoleate (CE18:2) in LXR
DKO prostates following castration. Deregulation of cholesterol homeostasis was further con-
firmed by Oil-red-O staining showing a large accumulation of lipids both in the epithelium
and stroma (Fig 3C).

Altogether, these data show that castration induces cholesterol accumulation in the pros-
tate. This phenomenon is dramatically amplified by ablation of LXR and may be involved in
immune infiltration.

Castration-induced apoptotic prostate cells are not effectively eliminated
in LXR-null mice

Macrophages play an important role in clearance of apoptotic cells. As androgen deprivation
induces apoptosis of androgen-sensitive prostate cells [20,21], we then asked if LXR-deficient
macrophages were able to eliminate these apoptotic cells. To evaluate the phagocytosis of apo-
ptotic cells, we performed co-immunohistological detection of F4/80 and cleaved caspase 3 as
a marker of apoptosis. In CW mice, apoptotic prostatic cells colocalized with F4/80" macro-
phages after 1 week of castration, as well as in sham-operated mice (Fig 4A). This indicated
that in basal condition, F4/80" cells were efficient to clear apoptotic cells through phagocytosis.
However, F4/80" and cleaved caspase 3 double-positive cells were not observed in LXR DKO
prostates after 1-week castration or sham operation (Fig 4A). This suggested that LXR-defi-
cient macrophages were not recruited to apoptotic cells and may have impaired phagocytosis
abilities. To evaluate this hypothesis, we performed an in vivo phagocytosis assay as described
in Fig 4B. Prostates from CW or LXR DKO mice were dissected, and cells were dissociated
before labeling with carboxyfluorescein succinimidyl ester (CFSE) cell tracker. Labeled cells
from CW or LXR DKO mice were injected in the peritoneal cavity of mice of the correspond-
ing genotype and incubated for 1 hour (Fig 4B). Peritoneal fluid was then collected, and mac-
rophages were immunodetected with an antigen-presenting cell (APC)-labeled F4/80
antibody, before flow cytometry analysis. Most of cell tracker-labeled prostate cells were
phagocytized by F4/80" cells in control wild-type mice, whereas half of them were not in LXR
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Fig 3. Cholesterol accumulation is associated with response to androgen deprivation in LXR DKO prostates. (A) Accumulation of CE and FC in the
prostates of CW and LXR DKO mice following 1-month castration. (B) Heatmap showing accumulation of 18 species of CE in the prostates of CW and LXR
DKO mice following 1-month castration. (C) Lipid accumulation analyzed by Oil-red-O staining in LXR DKO prostates following 1-month castration. For
supporting dataset, please see S5 Data. CE, cholesteryl esters; CW, control wild-type; Cx, castrated; FC, free cholesterol; LXR DKO, LXR alpha and beta double
knock-out; ns, nonsignificant; ORO, Oil Red Oj; Sh, sham-operated.

https://doi.org/10.1371/journal.pbio.3000948.9003

DKO mice (Fig 4C). This was reflected by the phagocytic index, which was dramatically
decreased when LXRs were invalidated (Figs 4D and S5). Altogether, these data indicate that
F4/80" macrophages are involved in clearance of castration-induced apoptotic prostate cells, a
process that seems impaired in LXR-deficient mice.

Phagocytosis-deficient macrophages infiltration is associated with chronic
inflammation of LXR-null prostate

To further evaluate the impact of phagocytosis-deficient macrophages accumulation, we per-
formed further GSEA analyses using “hallmarks” gene sets. This revealed significant positive
enrichment of immunity-related gene sets as well as an expected significant negative enrich-
ment of androgen response and protein secretion gene sets in LXR DKO prostates in response
to 1-month castration compared to sham operation (Fig 5A and S5 and S6 Datas). Interest-
ingly, inflammatory response was one of the most positively enriched gene sets (Fig 5B). Con-
sistent with this, analysis of a curated inflammatory gene signature in RNA sequencing data
showed a marked up-regulation, which was restricted to LXR DKO castrated prostates (Fig
5C). Increased expression of major inflammatory cytokines Il1b, Il6, and Tnf was confirmed
by quantitative reverse transcription PCR (RT-qPCR) (Fig 5D). This was further confirmed by
multiplex assays, which showed increased production of inflammatory cytokines in response
to 1-month castration in LXR DKO prostates (Fig 5E). The origin of inflammatory signature
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Fig 4. LXR-deficient mice present defective castration-induced apoptotic prostate cells clearance. (A)
Immunohistological detection of macrophages marker F4/80" and cleaved caspase 3-positive apoptotic cells in
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cleaved caspase 3-positive apoptotic cells in LXR DKO mice in contrary to CW mice. (B) In vivo phagocytosis assay.
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abdominal cavity of receiver mice and incubated for 1 hour. Abdomens of receiver mice were washed, and the
collected fluid was analyzed by flow cytometry. (C and D) Flow cytometry analysis (C) of phagocytosed CFSE-labeled
prostate cells by F4/80" cells. Phagocytic index (D) shows a dramatic decrease of phagocytosis capacities of LXR DKO
F4/80" cells. Groups are composed of at least 4 animals. Bars represent mean + SEM. Statistical analyses were
performed via Mann-Whitney test. *p < 0.05, **p < 0.01, ***p < 0.001 and ns. Scale bars, 50 um; insets, 10 um. For
numerical raw data, please see S1 Data. CFSE, carboxyfluorescein succinimidyl ester; CW, control wild-type; Cx,
castrated; LXR, liver X receptor; LXR DKO, LXR alpha and beta double knock-out; ns, nonsignificant; Sh, sham-
operated.

https://doi.org/10.1371/journal.phio.3000948.9004
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analyses were performed via Mann-Whitney test. *p < 0.05, **p < 0.01, ***p < 0.001 and ns. For numerical raw data, please see S1 Data. For supporting
dataset, please see S2-S6 Datas. CW, control wild-type; Cx, castrated; LXR, liver X receptor; GSEA, Gene Set Enrichment Analyses; LXR DKO, LXR alpha and
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https://doi.org/10.1371/journal.pbio.3000948.g005

could result from LXR-deficient macrophages as well as myeloid and lymphoid infiltration
(Fig 2E). Altogether, these results demonstrated that impaired phagocytosis of apoptotic cells
induced by androgen deprivation was correlated with the development of chronic inflamma-
tion of the prostate.

Osteopontin inflammatory cytokine produced by LXR-deficient
macrophages stimulates proliferation of epithelial prostatic cells
Given the central role of cytokine-mediated dialog between immune cells and adjacent epi-

thelial cells to maintain tissue homeostasis, we characterized cytokine function in chronic
inflammation observed in the context of androgen deprivation. GSEA analysis with gene
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ontology (GO) terms showed a significant positive enrichment of cytokine activity in LXR
DKO castrated compared to sham-operated mice (Fig 6A). Extraction of gene expression
from our RNA sequencing data demonstrated that a set of cytokines coding genes present
in the AmiGO cytokine activity gene set (GO:0005125) were specifically increased in
1-month castrated LXR DKO prostates (Fig 6B and S7 Data). Interestingly, secreted phos-
phoprotein 1 (SPP1), which encodes the OPN cytokine, was the most deregulated (by Log
Fold change) in LXR DKO compared to sham-operated mice (Fig 6C and 6D). This was
consistent with data from the literature, showing that LXRs can indirectly down-regulate
SPP1 expression through activator protein 1 (AP-1) [22,23]. OPN deregulation was further
confirmed by RT-qPCR analysis of Spp1 gene expression (Fig 5E) and western blot analysis
(Fig 6F). Immunohistochemical detection of OPN revealed that this cytokine was mostly
produced by stromal cells and some cells localized within the myofibrillar layer surrounding
acini (Fig 6G). To asses if stromal secretion of OPN could influence the epithelial compart-
ment, we treated human benign epithelial prostatic P69 cells with increasing amounts of
human recombinant OPN for 24 hours. Interestingly, OPN stimulated proliferation of non-
tumor prostatic cells in a dose-dependent manner (Fig 6H). According to OPN status in
prostate cancer as a bad prognosis marker [24], SPP1 expression has been found overex-
pressed between non-tumoral, primary site and metastasis localization (S6A Fig). More-
over, SPP1 expression in human datasets correlated with inflammatory cytokine signature
of LXR DKO mice identified in Fig 4C (Figs 61 and S4A). To further investigated OPN sig-
naling pathway in LXR DKO mice, we analyzed expression of integrin genes encoded cog-
nate OPN-receptors (S6B Fig) as well as OPN target genes identified in mammary
carcinoma cells [25]. Thus, we identified 3 clusters of genes differentially deregulated
between wild-type and DKO mice that could represent a potential significant OPN-signa-
ture driving epithelial cell proliferation (Fig 6] and S8 Data). Together, these observations
suggested that the inflammatory cytokine osteopontin produced in the context of chronic
inflammation induced hyperproliferation of adjacent epithelial cells.

Androgen deprivation-induced chronic inflammation promotes
hyperproliferation of epithelial cells and emergence of prostate neoplasia

To further evaluate a potential role of inflammatory cytokines in modulating proliferation
of epithelial cells in vivo, we analyzed the expression of proliferation markers by RT-qPCR
(Fig 7A). This showed a dramatic increase in expression of CyclinB2, CyclinE2, and Ki67 fol-
lowing 1 month of castration in LXR DKO mice, whereas castration had little to no impact
in CW prostates (Fig 7A). Immunohistochemical detection of Ki67 further confirmed a spe-
cific increase in proliferation rate in response to 1 month of castration in LXR DKO but not
CW mice (Fig 7B and 7C). Hyperproliferative cells were mostly epithelial cells as confirmed
by colocalization of Ki67 proliferation with the epithelial cell marker CK8 (Fig 7D). Among
pathways deregulated by castration in LXR DKO mice, GO analysis showed altered IL6/
JAK/STATS3 signaling (Fig 5A). IL6/JAK/STATS3 axis is known to drive proliferation in
prostate cancer cells [26]. Thus, we wondered if STAT3 signaling could be up-regulated.
Detailed analysis of the JAK/STAT pathway showed that JAK3 and STAT3 were the most
up-regulated in response to 1-month castration in LXR DKO prostates (Fig 7E). We further
confirmed a large increase in phospho-STAT3 nuclear staining in epithelial cells of LXR
DKO castrated prostates (Fig 7F). Subsequently, to determine if hyperproliferation of epi-
thelial cells could initiate tumor development, we performed 3- and 6-month castrations in
CW and LXR DKO mice. Although long-term castration had little to no impact in CW
mice, it resulted in the development of Ki67" hyperproliferative, neoplastic lesions in LXR
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triplicates + SEM. Statistical analyses were performed via Kruskal-Wallistest. *p < 0.05, **p < 0.01, ***p < 0.001 and ns. For numerical
raw data, please see S1 Data. For raw immunoblots, please see S1 Blots. For supporting dataset, please see 52, S7 and S8 Datas. Cx,
castrated; GO, gene ontology; hrOPN, human recombinant osteopontin; LXR, liver X receptor; LXR DKO, LXR alpha and beta double
knock-out; ns, nonsignificant; OPN, osteopontin; Sh, sham-operated; RT-qPCR, quantitative reverse transcription PCR; SPP1, secreted
phosphoprotein 1; TCGA, The Cancer Genome Atlas.

https://doi.org/10.1371/journal.pbio.3000948.g006

DKO mice (Fig 7G). Altogether, these data showed that chronic inflammation resulting
from aberrant accumulation of phagocytosis-deficient macrophages in LXR DKO prostates
was associated with STAT3 signaling deregulation and could result in epithelial neoplasia.
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Discussion

Cancer-related inflammation can contribute to both cancer initiation and progression. While
chronic inflammation is a well-known risk factor for some cancers like colon, liver, or lung,
the causal relationship for prostate cancer is more debated. Here, we show that chronic inflam-
mation can be the result of impaired apoptotic cells clearance by macrophages in response to
androgen deprivation in mice deficient for LXRs, key sensors of cholesterol homeostasis. We
further show that this state of chronic inflammation, through the cytokine OPN, can cause
aberrant proliferation of prostate epithelial cells and, eventually, tumor initiation. This robust
pro-inflammatory effect of castration, associated with blunted prostate regression, is mostly
observed in mice deficient for LXRs. This suggests a strong interaction between deregulation
of cholesterol metabolism and the effects of androgen deprivation, the mainstay of treatment,
since the demonstration by Huggins and Hodges of the androgen dependence of the prostate
and the efficacy of castration to induce tumor regression [27].

This interaction could be the result of a more or less direct effect of LXRs ablation on AR sta-
bility and/or activity. However, our data show no difference in expression or localization of AR
within the prostate of LXR DKO mice compared with CW mice. Moreover, validated AR target
genes as well as androgen-responsive genes (defined by our RNA sequencing analyses) respond
in a similar manner to castration, independently of LXR status. In contrast, we demonstrate
that castration in LXR DKO prostates is associated with robust recruitment of immune cells, in
particular macrophages. Interestingly, some studies in patients highlighted that androgen depri-
vation not only induced regression of prostate gland but also caused profound alterations in
immune microenvironment. Indeed, ADT induces prostate cancer infiltration by immune cells,
predominantly characterized as CD3", CD4", and CD8" T cells and CD68" macrophages [16-
18,28]. How these cells are recruited is unclear. One hypothesis is that androgens/AR signaling
could directly modulate both innate and adaptive immune systems. Indeed, AR is expressed by
macrophages, and multiple studies have demonstrated involvement of androgens/AR signaling
in regulation of cytokine production and inflammation [29