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Abstract

Stromal-epithelial interactions are critical to the morphogenesis, differentiation, and homeostasis
of the prostate, but the molecular identity and anatomy of discrete stromal cell types is poorly
understood. Using single cell RNA-sequencing, we identified and validated the /in situlocalization
of three smooth muscle subtypes (prostate smooth muscle, pericytes, and vascular smooth muscle)
and two novel fibroblast subtypes in human prostate. Peri-epithelial fibroblasts (APOD+) wrap
around epithelial structures while interstitial fibroblasts (C7+) are interspersed in extracellular
matrix. In contrast, the mouse displayed three fibroblast subtypes with distinct proximal-distal
and lobe specific distribution patterns. Statistical analysis of mouse and human fibroblasts showed
transcriptional correlation between mouse prostate (C3+) and urethral (Lgr5+) fibroblasts and

the human interstitial fibroblast subtype. Both urethral fibroblasts (Lgr5+) and ductal fibroblasts
(Wnt2+) in the mouse contribute to a proximal Whnt/Tgfb signaling niche that is absent in human
prostate. Instead, human peri-epithelial fibroblasts express secreted WNT inhibitors SFRPsand
DKK1, which could serve as a buffer against stromal WNT ligands by creating a localized
signaling niche around individual prostate glands. We also identified proximal-distal fibroblast
density differences in human prostate that could amplify stromal signaling around proximal
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prostate ducts. In human Benign Prostatic Hyperplasia, fibroblast subtypes upregulate critical
immunoregulatory pathways and show distinct distributions in stromal and glandular phenotypes.
A detailed taxonomy of leukocytes in BPH reveals an influx of myeloid dendritic cells, T cells
and B cells, resembling a mucosal inflammatory disorder. A receptor-ligand interaction analysis
of all cell types revealed a central role for fibroblasts in growth factor, morphogen and chemokine
signaling to endothelia, epithelia, and leukocytes. These data are foundational to the development
of new therapeutic targets in benign prostatic hyperplasia.

Keywords

Prostate; prostatic urethra; stroma; fibroblast; smooth muscle; single cell RNA sequencing; benign
prostatic hyperplasia

Introduction

Stromal signaling is essential at all stages of prostate development and homeostasis. The
highly inductive urogenital sinus mesenchyme (UGM), composed primarily of fibroblastic
cells, instructs prostate budding and differentiation during fetal development [1]. Stromal
signaling niches high in Tgfp [2] and Wnt [3] signaling have been described as maintaining
quiescence of epithelium in the urethra-proximal region of adult mouse prostate. We
previously characterized heterogeneity in epithelia of proximal prostate [4], but it is

unclear whether discrete fibroblast subtypes are responsible for localized signaling niches in
proximal and distal regions.

The mouse prostate has multiple lobes while the human prostate is comprised of zones
enclosed by a capsule [5]. The restriction of Benign Prostatic Hyperplasia (BPH) to the
peri-urethral transition zone led McNeal to propose that the unique stroma in this region
undergoes an ‘embryonic reawakening’ to drive epithelial hyperplasia [6]. Although studies
in mouse prostate suggest a unique proximal niche, a similar niche in human prostate has not
been described.

BPH is characterized by discrete histologic phenotypes comprised of mixed epithelia and
stroma (glandular nodules) or predominantly stromal cells (stromal nodules) [6]. Early
studies speculated that stromal nodules form first and then recruit epithelial structures [7],
but the cellular composition and molecular alterations underlying these unique phenotypes
are unknown.

To generate an atlas of stromal cell types in normal human prostate, single cell RNA-
sequencing (scRNA-seq) with subsequent /n situ validation of cellular subtype location was
performed on specimens from healthy young organ donors. Cells from mouse prostate and
urethra were also profiled by scRNA-seq to determine orthologous fibroblasts that traverse
the putative stem cell niche in the urethra and proximal prostate.

Chronic inflammation in BPH is associated with higher prostate volume, higher risk of
urinary retention and higher risk of symptomatic progression [8-11]. Here, we provide an
objective taxonomy of immune/inflammatory cell types in BPH. Receptor-ligand interaction
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analyses of all cell types reveal actionable interactions between fibroblasts, epithelia,
endothelia, and leukocytes. The identification of orthologous stromal cell types in human
and mouse prostate and new targetable cellular interactions in BPH are critical to modelling
prostate homeostasis and disease.

Materials and methods

Human tissue processing

Prostate specimens were obtained from organ donors whose families were consented at the
Southwest Transplant Alliance under IRB STU 112014-033. Organ donors with BPH were
excluded from the control cohort. BPH specimens were obtained from patients undergoing
simple prostatectomy at UT Southwestern Medical Center (Table S1). Fresh human tissue
samples were dissected into portions for digestion of fresh tissue or fixation in 10% formalin
(Fisher Scientific, Waltham, MA, USA). To obtain single cells, a 4 h enzymatic digestion at
37 °C was performed as described previously [12].

Mouse tissue handling and processing

All animal work described in this manuscript was approved by the UT Southwestern
Institutional Animal Care and Use Committee. Male C57BL/6J mice (8—12 weeks of age)
were obtained from the UT Southwestern Mouse Breeding core or Jackson laboratories
(Bar Harbor, ME, USA, #000664). Dissected mouse tissues were fixed overnight in 10%
formalin (Fisher Scientific) and paraffin embedded or digested into single cells as described
previously [4].

Single cell RNA-Sequencing

Single cells were loaded into the 10x Genomics (Pleasanton, CA, USA) chromium
controller. Single cell data were analyzed as previously described [4,12]. Sequencing metrics
for all human and mouse samples are provided in Table S1. The bulk and scRNA-seq

data from human and mouse prostate tissues were deposited into the GEO SuperSeries
GSE172357 and GSE173096. Analyzed data from scRNA-seq experiments can be found at
http://strandlab.net/sc.data. Code used for the single cell analysis is publicly accessible [13].

Immunohistochemistry and immunofluorescence

Immunohistochemistry and immunofluorescence were performed as described previously
[4]. For primary and secondary antibody information see supplementary material, Table S2.

RNA in situ hybridization

RNA /n situhybridization was performed on paraffin sections of human and mouse tissue
using the RNAscope 2.5 HD Assay kit from Advanced Cell Diagnostics (Newark, CA,
USA) following the manufacturer’s instructions. For RNAscope probe information see
supplementary material, Table S2.
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Fibroblast to smooth muscle ratio calculation

Results

Fibroblasts and smooth muscle cells were fluorescently labeled with antibodies to decorin
and desmin, respectively. Three magnified images each from the proximal and distal regions
were obtained from transverse sections of individual prostates (n=4). Fibroblast and smooth
muscle cell densities were calculated as percentages of the image area covered by labeled
pixels. Fibroblast to smooth muscle ratio for each inset was obtained by dividing fibroblast
density by smooth muscle density. Average of three insets were obtained for proximal and
distal regions of each prostate.

Data and software availability: To increase rigor, reproducibility, and transparency,

raw RNA-seq data generated as part of this study were deposited into the GUDMAP
consortium database and are fully accessible at https://doi.org/10.25548/17-DRBC. The bulk
and scRNA-seq data from human and mouse prostate tissues were deposited into the GEO
SuperSeries GSE172357 and GSE173096. Analyzed data from human and mouse scRNA-
seq experiments can be explored at http://strandlab.net/sc.data, where gene expression can be
investigated in the cell type clusters identified in this study.

For an extended description of methods see Supplementary materials and methods.

Molecular identification and localization of stromal cell subtypes in normal human prostate

We set out to build a hierarchical taxonomy of prostate stroma and map the spatial
distribution of individual cell types in situ. First, major epithelial, immune, and stromal
lineages were identified from 3 normal prostate SSRNA-seq datasets (Figure 1A,
supplementary material, Table S1). To reveal heterogeneity in fibromuscular stroma,
fibroblast and smooth muscle cells were subsetted for re-clustering (Figure 1B). Three
muscle and two novel fibroblast subtypes were identified and found to localize to distinct
anatomical regions.

We looked at differentially expressed genes for each fibromuscular stromal cluster to
identify marker genes for /n situ validation (supplementary material, Table S3). In the
muscle lineage, we identified a vascular smooth muscle cluster that highly expresses
MCAM and BCAM (Figure 1C, supplementary material, Table S3). We validated the
vascular smooth muscle cluster /n s/t by immunostaining for MCAM to show vascular
smooth muscle localization around large blood vessels in prostate (Figure 1D). Pericytes are
characterized by high expression of THY1 and RGS5 (Figure 1C, supplementary material,
Table S3) and can be visualized around small diameter blood vessels by staining with a
THY1 antibody (Figure 1E). Prostate smooth muscle cells highly express DES and ACTG2
(Figure 1C, supplementary material, Table S3) and are distributed in muscle bundles around
prostate glands (Figure 1D,E).

We discovered two novel fibroblast clusters in prostate that could be validated /n situ. \We
identified a ‘peri-epithelial’ fibroblast cluster, marked by expression of APOD, PTGDS,
PTGSZand MMP2 (Figure 1C, supplementary material, Table S3). APOD+ fibroblasts
(termed ‘peri-epithelial” fibroblasts, or peFibs) lie in a narrow band adjacent to the
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epithelium of urethra, ejaculatory ducts, and prostate glands (Figure 1F-J, supplementary
material, Figure S1B). We identified another fibroblast marked by expression of C7, CCK,
PCOLCEZand GSN (Figure 1C, supplementary material, Table S3). C7+ fibroblasts (termed
‘interstitial fibroblasts, or iFib) localized to interstitial spaces between prostate glands.
Interstitial fibroblasts are widely distributed throughout all prostate anatomical zones but not
around ejaculatory ducts (Figure 1K-O, supplementary material, Figure S1C).

Gene sets related to the cyclooxygenase pathway, regulation of lipoprotein metabolic
process and positive regulation of fibroblast growth factor production were enriched in
peFibs. In iFibs, gene sets related to mast cell cytokine production, transforming growth
factor beta 3 production and regulation of antigen processing and presentation were among
the top 20 significantly enriched gene sets (supplementary material, Figure S1D,E and Table
S3).

Distinct spatial localization of fibroblast subtypes in mouse prostate and urethra

The molecular identity of stromal fibroblasts that maintain the relatively quiescent and
castration-resistant proximal epithelial compartment is of particular clinical relevance in
benign and malignant disease [4]. We analyzed 5,617 fibromuscular stromal cells from
prostate and urethra (from n=4 mice each) (supplementary material, Table S1). We observed
a smooth muscle population and three distinct fibroblast populations (Figure 2A). We
observed a novel ‘urethral’ fibroblast cluster with cells largely coming from urethra samples.
A ‘prostate’ fibroblast cluster was largely comprised of cells from prostate samples. ‘Ductal’
fibroblasts were also largely from prostate samples although a small contribution came

from urethra samples (Figure 2B). All three fibroblast clusters expressed varying degrees

of Decorin (Dcr) mRNA with low expression of ActaZ (Figure 2C). Mouse prostate and
urethral fibroblast clusters show the highest correlation to human interstitial fibroblasts
while none of the three mouse fibroblasts correlate strongly with human peri-epithelial
fibroblasts (Figure 2D).

‘Prostate’ fibroblasts are marked by expression of C3, Ebf1, Gpx3, Sultiel and Igfl
(Figure 2C, supplementary material, Table S4) and were enriched for gene sets involved in
estrogen catabolic process, complement-dependent cytotoxicity and prostate gland stromal
morphogenesis (Figure 2E, supplementary material, Table S4). C3+ prostate fibroblasts
localize to loose matrix between glands in distal prostate lobes. C3+ prostate fibroblasts
were largely absent from the proximal ducts and peri-urethral region (Figure 2F-J,
supplementary material, Figure S2H-J).

‘Urethral’ fibroblasts highly express Lgr5, Apoe, Osr1, Sfrp2 and Mfap4 (Figure 2C,
supplementary material, Table S4) and gene sets involved in lipid transport, canonical
Whnt signaling in wound healing and regulation of heparan sulfate proteoglycan binding
(Figure 2E, supplementary material, Table S4). /n situhybridization with an Lgr5 probe
showed urethral fibroblasts enriched around proximal ducts (Figure 2K-0, supplementary
material, Figure S2K-M). The distribution of Lgr5+ urethral fibroblasts in the ventral lobe
is interesting in light of the unique secretory profile and gene expression pattern in ventral
prostate [14].
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‘Ductal’ fibroblasts were marked by expression of Wnt2, Rorb, Wifl, Ifitm1 and Srd5a2
(Figure 2C, supplementary material, Table S4). Ductal fibroblasts were enriched for gene
sets involved in canonical Wnt signaling, inositol biosynthetic process, mesenchymal
stem cell differentiation and sequestering of BMP in extracellular matrix (Figure 2E,
supplementary material, Table S4). Wnt2+ ductal fibroblasts were preferentially localized
around proximal prostate ducts and ejaculatory ducts and also present in proximal and
intermediate segments of the anterior prostate lobe (Figure 2P-T, supplementary material,
Figure S2N-P).

Fibroblast distribution and signaling niches in mouse and human prostate

Studies in mouse have shown that proximal prostate ducts are relatively quiescent and
resistant to castration due to paracrine Tgff3 and Wnt signaling from local stroma [2,3]. In
human prostate, we did not observe a unique proximal-enriched fibroblast in the transition
zone. Instead, the two fibroblasts distributed in distinct layers relative to epithelial structures
and this was observed throughout the prostate and prostatic urethra (Figure 3A). In contrast,
mouse fibroblast subtypes had distinct proximal-distal and lobe-specific distribution patterns
(Figure 3B). Ductal and urethral fibroblasts were discretely localized in the proximal region
and show differential expression of several Wnt pathway genes. Sfrp2, Wnt10a, Wni2,
Whnt6, Wifl and Fzd1 were upregulated in ductal fibroblasts while urethral fibroblasts
showed high expression of Wntba, Wht4, Lgr5and Sfrp2 (supplementary material, Figure
S3A). Ductal fibroblasts had the highest expression of Wnt ligands followed by urethral
fibroblasts (supplementary material, Figure S3B). Previous studies have shown that Wnt
signaling upregulates Tgfp ligands in mouse prostate stromal cells, which act to maintain
dormancy of proximal epithelia [2,3]. 7gfb2is upregulated in urethral fibroblasts while
ductal fibroblasts have higher expression of Bmp2, Bmp4 and Bmp7 (supplementary
material, Figure S3C).

In the human, secreted WNT inhibitors SFRPI, SFRP2, SFRP4and DKKI were found to
be upregulated in peri-epithelial fibroblasts (supplementary material, Figure S4A and Table
S3). TGFBI1 expression was also upregulated in peri-epithelial fibroblasts (supplementary
material, Figure S4B and Table S3). To test for the existence of a proximal WNT and TGFp
signaling niche in human prostate, we performed bulk RNA sequencing on flow sorted
fibroblasts from proximal transition zone (TZ) and distal peripheral zone (PZ) of normal
human prostate (supplementary material, Figure S4C and Table S5).

The modest differences in WNT and TGF pathway genes expression between fibroblasts
from proximal and distal regions (supplementary material, Figure S4) led us to speculate
that fibroblast density differences could be maintaining a proximal-distal signaling gradient
(rather than discrete urethral and ductal fibroblasts like in the mouse). The ratio of
fibroblasts (DCN+) to smooth muscle (DES+) was consistently higher in proximal compared
to distal regions of normal prostate due to the increased density of interstitial fibroblasts
(Figure 3C-E, Figure 1K,L). In hyperplastic prostates, fibroblasts predominate in stromal
nodules, while the stromal composition of glandular nodules had a greater proportion of
smooth muscle cells and resembled distal prostate (supplementary material, Figure S5A,B).
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Changes in fibroblast distribution and gene expression in BPH

We calculated the composition of fibromuscular stromal sub-types across discrete stromal
and glandular phenotypes. The proportion of interstitial fibroblasts was consistently higher
than peri-epithelial fibroblasts in BPH (Figure 4A,B).

In BPH interstitial fibroblasts, we observed upregulation of AR, CXCL13and the MHC
Class Il molecules HLA-DRA and HLA-DPAI while /L6, CXCL8, RSPOS3, and FGF2
were downregulated. Peri-epithelial fibroblasts in BPH showed upregulation of VEGFA
and L/Fas well as the extracellular matrix related genes COL8A1, CCN2and ELN

while SFRP4, FZD10and HGFwere downregulated. Prostate smooth muscle cells in BPH
displayed reduced expression of normal smooth muscle genes such as DESand SMTN
and upregulated myofibroblast marker TA/C[15]. Pericytes in BPH displayed reduced
expression of normal marker genes such as KCNJ8and increased expression of collagen
genes including COL4A2, COL4A1, COL6A3and COL5AZ2. Vascular smooth muscle cells
displayed reduced expression of the normal marker ADRAZA and increased expression of
LBHand ACTGZ2 (Figure 4C, supplementary material, Table S6).

APOD+ peri-epithelial and C7+ interstitial fibroblasts were present in glandular nodules
with similar localization as observed in normal prostate. C7+ interstitial fibroblasts were
highly enriched in stromal nodules while APOD+ peri-epithelial fibroblasts were largely
absent from these regions (Figure 4D-1).

PAGEA4, a tissue-specific regulator of WNT/beta catenin signaling [16], was significantly
enriched in fibroblasts in the BPH scRNA-seq dataset (supplementary material, Table S6).
To validate the single cell data, we performed RT-gPCR on sorted fibroblasts from normal
and BPH specimens, which showed increased PAGE4 mRNA expression in BPH samples.
Immunohistochemistry with an antibody to PAGE4 also demonstrated high expression in
both glandular and stromal nodules (supplementary material, Figure S5C-I).

A total of 2,343 gene sets were found upregulated in common from analysis of interstitial
and peri-epithelial fibroblasts in BPH (supplementary material, Table S6). Upregulated gene
sets include those involved in Leukocyte chemotaxis, Regulation of T cell response to tumor
cell, and Regulation of TGFp activation. Interstitial fibroblasts and peri-epithelial fibroblasts
upregulated 190 and 1,214 unique gene sets, respectively. Examples of pathways enriched

in peri-epithelial fibroblasts included Complement activation and Regulation of leukocyte
adhesion to arteriolar endothelial cells. Examples of pathways enriched in interstitial
fibroblasts included WNT protein secretion and Antigen processing and presentation (Figure
4)).

Fibroblast interactions with endothelia and epithelia

We queried the CellPhoneDB database of receptor ligand interactions to obtain a map
of mechanistic interactions between cell types in prostate, which could serve as a map
for finding new druggable targets in BPH (Figure 5A, supplementary material, Table
S7). Interstitial and peri-epithelial fibroblasts had the largest number of interactions
with endothelial cells. Interstitial fibroblasts produced COL4A4, which is predicted to
bind integrin complexes a1p1 and a2p1 on endothelial cells. Different matrix-integrin
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interactions, including COL27A1-a1p1 and LAMC1-a2p1, are predicted between peri-
epithelial fibroblasts and endothelial cells. In addition, both fibroblast types secrete the
angiogenic factors VEGFA and FGF2, which are predicted to bind to FLT1 (VEGFR1)

and FGFRL, respectively (Figure 5B, supplementary material, Table S7). Moreover, VEGFA
was significantly enriched in peri-epithelial fibroblasts in BPH, which could explain the
increased angiogenesis observed in BPH [17] (supplementary material, Table S6).

Epithelial-fibroblast interactions such as Wnt/beta catenin and Bmp signaling are critical for
prostate development and homeostasis [18,19]. Interstitial fibroblasts produce WNT4, which
is predicted to bind to FZD1 receptors on epithelial cells. Peri-epithelial fibroblasts express
a different morphogen, BMP7, predicted to interact with the Protein Tyrosine Phosphatase
Receptor PTPRK. In addition, peri-epithelial fibroblasts express NRG1, which interacts
with EGFR and ERBB3 receptors on epithelial cells. Another morphogen secreted by both
fibroblasts is WNT2, which is predicted to interact with FZD1 receptors on epithelial cells.
Both fibroblasts secrete several well-known growth factors including FGF2, IGF1, FGF7
and HGF, which signal to cognate receptor tyrosine kinases on epithelial cells. In contrast to
previous reports, many of these growth factors are decreased in BPH, which suggests they
play a role in normal homeostasis. Fibroblasts also secrete several matrix proteins including
FN1, LAMC1, TNC and COL1A1, which are predicted ligands for integrin complexes

on epithelial cells (Figure 5C,D, supplementary material, Table S7). FN1 is significantly
increased in BPH peri-epithelial fibroblasts whereas COL1AL is increased in both fibroblast
subtypes in BPH (supplementary material, Table S6, Figure 5E).

Immune cell subtypes and interactions with prostate fibroblasts

Chronic inflammation in BPH is associated with higher prostate volume, higher risk

of urinary retention and higher risk of symptomatic progression [8-11], but a detailed
taxonomy of infiltrating leukocytes is lacking. Using sSCRNA-seq data from BPH samples,
we hierarchically classified leukocytes under lymphoid, myeloid, and granulocytic lineages
(Figure 6A). BPH samples were predominantly comprised of lymphoid and myeloid cells
with a smaller proportion of granulocytic cells (Figure 6B). Using CellPhoneDB, we found
that interstitial and peri-epithelial fibroblasts had more significant interactions with myeloid
cells compared to granulocytes and lymphoid cells (Figure 5A, supplementary material,
Table S7). The T cell chemoattractant CXCL12, secreted by both fibroblasts, could be a
key player in BPH inflammation as it is predicted to interact with CXCR3 and CXCR4 on
lymphoid cells [20]. In addition, TGFB1, TGFB3, MDK, CSF1, CSF3 and MIF are secreted
by fibroblasts and predicted to interact with TGFp receptors on myeloid cells (Figure 6C,
supplementary material, Table S7).

In order to create a more detailed taxonomy of the leukocytic infiltrate based on
transcriptional identities rather than individual markers, we used a well annotated SCRNA-
seq study from the lung as a reference for leukocyte identification [21] (Figure 6D and
supplementary material, Figure S6A, Table S8). Within the lymphoid lineage, we identified
CD4 and CD8 naive and memory/effector subtypes, B cells, Natural Killer T, Natural

Killer, Proliferating NK/T, plasma and plasmacytoid dendritic cells. Detailed receptor-ligand
interactions for immune subtypes showed that CXCL13, which is significantly enriched in
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interstitial fibroblasts in BPH (supplementary material, Table S6, Figure 4C), can recruit
B cells through the CXCRS5 receptor [22] (supplementary material, Figure S7A, Table S7).
Within the lymphoid lineage, CD4+ and CD8+ T cells were skewed towards high IFNy
expression (Figure S7B,C), a type 1 polarization profile of chronic inflammation that is
implicated in mucosal immune disorders such as Crohn’s disease [23]. Mast cells are the
predominant granulocytes identified in the prostate and were consistently present across all
BPH tissue regions. In the myeloid lineage, we identified several dendritic cell subtypes as
well as classical and nonclassical monocytes. Myeloid dendritic cells are the predominant
myeloid cell type in BPH samples (Figure S6). Our data suggest dendritic cells may be a
key component of the immune response in BPH and could represent an underappreciated
therapeutic opportunity.

Discussion

Our study provides the first comparative atlas of human and mouse prostate fibroblasts

at the single cell level. Using a single cell transcriptomic approach combined with spatial
validation and functional prediction, we identified two novel fibroblast subtypes in human
prostate. We extended stromal cell characterization in mouse prostate [24] by including

the urethra, which enabled the identification of two spatially and molecularly distinct
proximal fibroblast populations (Wnt2+ ductal and Lgr5+ urethral) in addition to distal
prostate fibroblasts marked by C3expression. We provide an overview of alterations in
fibroblast organization and gene expression in BPH and a detailed taxonomy of infiltrating
immune cells. Predicted receptor-ligand interactions establish a central role for fibroblasts in
coordinating signals to endothelia, epithelia, and immune cells.

We found two distinct layers of fibroblasts in human prostate. APOD+ peri-epithelial
fibroblasts are in close apposition to prostate, urethral and ejaculatory duct epithelium.
Peri-epithelial fibroblasts express a distinct signaling program from interstitial fibroblasts,
which could be driven by their proximity to epithelial cells. Several genes expressed in
peri-glandular fibroblasts, including APOD [25-27], IL6[28], CXCL8[29,30], SOD3[31]
and PTGS2[32,33] (supplementary material, Table S3) are associated with inflammation,
cellular stress, aging and senescence. These data suggest a potential protective role for
peri-epithelial fibroblasts in managing cellular stress in epithelia of the prostate, urethra,
and ejaculatory ducts. C7+ interstitial fibroblasts appear to carry out conventional fibroblast
roles through expression of the WNT signaling regulator RSP0O3, matrix proteins such as
FBLNI, GSN, MFAP4 and growth factors such as /GF1and FGFZ2. These data provide
cell type-specific context for previous observations of growth factor expression in prostate
fibroblasts [34,35]. Although growth factor expression in general was decreased per cell
(supplementary material, Table S6), the proportional increase in fibroblasts in BPH versus
normal could explain the overall gain of growth factor expression seen in previous bulk
tissue experiments.

We identified two proximal fibroblast populations in the mouse after profiling both the
prostate and urethra. Lgr5+ urethral fibroblasts are abundant around the urethra and
proximal ducts and extend into the ventral prostate (Figure 3B). Wnt2+ ductal fibroblasts are
much fewer in number and predominantly localize around the ejaculatory ducts, proximal
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prostate ducts, and the anterior prostate. Wnt2expression in the adult mirrors developmental
Whnt2, which is highly expressed around anterior prostate buds and the Wolffian ducts
(ejaculatory duct precursors). Wnt2+ ductal fibroblasts are the major source of Wnt and
R-spondins in the prostate and urethra and appear to represent a specialized stromal
compartment encasing the anterior prostate and ejaculatory ducts that are situated in close
proximity. Lgr5+ urethral fibroblasts selectively express 7gfb2, Wnt4and Whtba, which are
expressed at low levels in ductal and prostate fibroblasts. Since the proximal Wnt niche was
described based on Wnt5aand Tgfb2[3] expression, the Lgr5+ urethral fibroblast cluster
appears to be the predominant cell type in this niche.

C3+ prostate fibroblasts, present in the sparse matrix around mouse prostate glands,
represent a more conventional fibroblast, with expression of extracellular matrix proteins
like Col3a1, Gsn, Mfap5and Lum (supplementary material, Table S4). Similar to human
C7+ interstitial fibroblasts, C3+ prostate fibroblasts are interspersed in the spaces between
prostate glands. Indeed, the C3+ prostate and Lgr5+ urethral fibroblasts correlated most
strongly with human interstitial fibroblasts. Peri-epithelial fibroblasts appear to have no
anatomical or molecular equivalent in mouse prostate. For mouse studies, our data suggest
that C3+ prostate fibroblasts are likely the best candidate for modeling the role of human
interstitial fibroblasts in prostate homeostasis and disease.

A proximal-specific fibroblast in human prostate was not identified. Bulk RNA-sequencing
of all fibroblasts in the proximal versus distal region revealed a handful of WNT ligand
genes that are differentially expressed between the proximal and distal region. We speculate
that the increased density of interstitial fibroblasts observed in the proximal region could
create a proximal-distal signaling gradient important for maintaining quiescence of proximal
ducts. We did observe a significant enrichment of secreted Wnt pathway inhibitors,

SFRP1, SFRP2, SFRP4and DKKI1, in APOD+ peri-epithelial fibroblasts compared to

C7+ interstitial fibroblasts (supplementary material, Table S3). Higher expression of

WNT pathway inhibitors in peri-epithelial fibroblasts, which lie in close proximity to
epithelial cells, could result in a localized WNT signaling gradient by blocking activity

of WNT ligands emanating from interstitial fibroblasts (Figure 5E). The higher density of
interstitial fibroblasts in the transition zone compared to the peripheral zone could create an
environment conducive to the emergence of BPH and prostate cancer in discrete anatomical
locations.

BPH fibroblasts showed increased expression of immunomodulatory gene programs.
Interstitial fibroblasts displayed increased expression of the chemokine CXCL13
(supplementary material, Table S6), which is a key regulator of B cell recruitment

[22]. Previous studies have suggested that stromal cells in BPH can act as antigen
presenting cells (APCs) [36], and also actively recruit immune cells through expression
of chemoattractants such as CCL2, a chemokine that was significantly enriched in

BPH fibroblasts (supplementary material, Table S6). The expression of MHC Class Il
molecule, HLA-DRA, is increased in BPH interstitial fibroblasts and could participate
in antigen presentation or cytokine production [37] (Figure 6E). These data suggest an
immunomodulatory role for stromal fibroblasts in BPH. Of note, we did not observe
evidence of a ‘myofibroblast’ (as defined by co-expression of decorin in fibroblasts and
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alpha actin in smooth muscle) in either homeostasis or BPH and suggest this phenotype
could be in large part an artifact of cell culture conditions.

Chronic inflammation has long been implicated in BPH progression [8-11], but the lack

of an objective classification of infiltrating leukocytes has hindered a comprehensive
categorization of the type of inflammatory/immune disorder that BPH represents. While
our data confirm that stromal cells can act as antigen presenting cells through increased
expression of MHC Class Il molecules, the most striking feature of our leukocyte
taxonomy was the abundance of myeloid-derived dendritic cells, which are professional
antigen presenting cells that control the polarization of T cells [23]. The common
expression of markers such as CD68 and CD163 in both macrophages and myeloid derived
dendritic cells likely led to the mischaracterization of dendritic cells as macrophages in
immunohistochemical studies [11,38]. It has been suggested previously that stromal antigen
presentation and IL6/IL8 expression regulate Ty1-polarization of CD4+ T helper cells,
making BPH an immune inflammatory disease [39]. Our data actually demonstrate reduced
stromal IL6 and CXCL8/IL8 expression in BPH (supplementary material, Table S6), but
high expression of IFN<y in both CD4+ and CD8+ T cells (Figure S7B,C). The Type |
polarization of T cells and the abundance of dendritic and B cells are reminiscent of chronic
mucosal immune disorders such as Crohn’s disease and could represent a unique therapeutic
opportunity. Weaknesses of these data include the fact that the BPH samples used are

from late-stage disease and may not represent the initial inflammatory response to prostate
growth. This could explain the relatively high abundance of myeloid versus lymphoid cell
types compared to previous studies. In addition, while we validated some of the SCRNA-seq
data by immunohistochemistry, the differences between RNA and protein expression can be
pronounced for certain genes and further validation of these data are needed.

Together, our cell type-specific data provide new insights into the etiology of human

BPH by identifying key interactions of specialized fibroblasts with the surrounding
microenvironment. By creating a cellular atlas of orthologous fibroblasts in the mouse
prostate, we enable the means to test the role of cell type specific genes in prostate disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Identification and validation of fibromuscular stroma subtypesin the human prostate.
(A) Clustering of major cell lineages in normal human prostate samples (n=3 prostate

donors). (B) Subsetted fibromuscular stroma from normal human prostate samples (n=3
prostate donors). (C) Dot plot of selected differentially expressed marker genes across each
fibromuscular stromal subtype. (D) Section through prostate tissue labeled with fluorescent
antibodies to the prostate smooth muscle marker DES (in green), vascular smooth muscle
marker MCAM (in red) and basal epithelial marker KRT5 (in white). (E) Section through
prostate tissue labeled with fluorescent antibodies to the prostate smooth muscle marker
DES (in green), Pericyte marker THY1 (in red) and basal epithelial marker KRT5 (in white).
DAPI (in blue) labeled nuclei. (F) Section through prostate tissue from organ donor labeled
with probes to the peri-epithelial fibroblast marker APOD (in brown). Magnified images of
distinct anatomical locations from (F) corresponding to (G) Urethra, (H) Transition zone, (1)
Central zone and (J) Peripheral zone. (K) Section through prostate tissue from organ donor
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labeled with probes to the interstitial fibroblast marker C7 (in brown). Magnified images of
distinct anatomical locations from (K) corresponding to (L) Urethra, (M) Transition zone,
(N) Central zone and (O) Peripheral zone. Black arrowheads indicate individual fibroblasts.
Grey scale bar represents 2000 microns. Black scale bar represents 100 microns. See also
supplementary material, Figure S1.
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Figure 2. I dentification and validation of fibromuscular stroma subtypesin the mouse prostate

and prostatic urethra.

(A) Clustering of subsetted fibromuscular stroma from adult mouse prostates (n=4 mice)
and prostatic urethras (n=4 mice). (B) Subsetted fibromuscular stroma from adult mice
displaying contribution from prostate and prostatic urethra samples. (C) Dot plot of
selected differentially expressed marker genes across each fiboromuscular stromal subtype.
(D) Pearson correlation of human (genes converted to mouse orthologs) and mouse
fibromuscular stromal subtypes. Correlation coefficients are globally scaled between 1 and
-1. (E) Quantitative Set Analysis for Gene Expression (QUSAGE) performed on mouse
fibroblast subtypes. Selected significantly upregulated gene sets (false discovery rate < 0.05)
displayed with log2 fold-change values. (F) Sagittal section through adult mouse lower
urinary tract labeled with probes to the prostate fibroblast marker C3. (G-J) Magnified
regions corresponding to distinct anatomical locations in (F). (K) Sagittal section through
adult mouse lower urinary tract labeled with probes to the urethral fibroblast marker Lgr5.
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(L-O) Magnified regions corresponding to distinct anatomical locations in (K). (P) Sagittal
section through adult mouse lower urinary tract labeled with probes to the ductal fibroblast
marker Wnt2. (Q-T) Magnified regions corresponding to distinct anatomical locations

in (P). Black arrowheads indicate individual fibroblasts. Grey scale bar represents 1000
microns. Black scale bar represents 50 microns. See also supplementary material, Figure S2.
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Figure 3. Fibroblast density and distribution in the prostate.
(A) Hlustration depicting stromal subtypes in the human prostate. (B) Illustration depicting

distribution of mouse stromal subtypes across the prostate lobes and prostatic urethra. (C)
Whole mount section through a young normal prostate labeled with antibodies to Desmin
(in green, labels prostate smooth muscle), Decorin (in red, labels fibroblasts) and Keratin 5
(in white, labels basal epithelial cells). DAPI (in blue) labeled nuclei. Magnified insets from
(C) correspond to the proximal region (C”) and the distal region (C”) of the prostate. (D)
Red channel corresponding to Decorin immunostaining isolated from image (C) to visualize
fibroblast density differences. (E) Fibroblast to smooth muscle ratio in the proximal and
distal region from four donor prostates. See also supplementary material, Figure S3, S4.

J Pathol. Author manuscript; available in PMC 2022 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

A Sub Prostate Fil B Fil Stroma in BPH C Gene expression changes in BPH
Stroma from Normal and BPH Stromal_6frm—— o )
Stromal_5= 1
‘ siromal 4l Donor pSM
Stromal_3fz 2 BPH Pericytes| . o Average
= ) Expression
Stromal_ IDonor Pericytes .o 0
3|Peri-epithelial Stromal_1 BPH vSM . 2
o~ | i Glandular_6b[ s ——
| | fibroblast - .o -
o | S Glandular_6a s ——— DO"O7VSM 5 1‘
o B ercent
s . Glandular_5= 1 BPH peFib Expressed
> A o Glandular_4f= 3 Donor peFib{ ® 0
al Glandular_3[ ]
r B BPH iFib]
3 roblasts Glandular_2| N
Glandular 1 . Donor iib
L = 5 5 2 04 06 08
UMAP 1 BPeri-epithelial Fibroblasts @ Interstitial Fibroblasts
e BYSM mPericytes @Prostate SM

o

ast -

Peri-epithelial fibroblasts

(7}

Interstitial fibroblasts

2000 ym

S

J Gene sets significantly up
in BPH versus Donor (FDR < 0.05)

Peri-epithelial
fibroblasts
e Complement activation lectin pathway
e Regulation of leukocyte adhesion to
arterial endothelial cell

Glandular nodule (Gl)

%p‘ g 4 \ 7 "‘:

Interstitial
fibroblasts

e WNT Protein secretion
4—190 o Antigen processing and presentation of endogeneous
peptide antigen

® Protein folding in endoplasmic reticulum

® Regulation of Mast cell cytokine production
o Cellular response to UV-B

o Cellular response to laminar fluid shear stress

® Positive regulation of steroid metabolic process

e Positive regulation of Natural Killer cell chemotaxis
o DNA damage response detection of DNA damage
e Regulation of vascular permeability

Shared pathways
o Heat Acclimation
e Regulation of TRAIL activated apoptotic signaling pathway
© De novo protein folding
 Positive regulation of tumor necrosis factor mediated signaling pathway
e Leukocyte chemotaxis involved in inflammatory response
e Regulation of T cell mediated response to tumor cell
e Regulation of transforming growth factor beta activation

Figure 4. Fibroblastsin human benign prostatic hyperplasia (BPH).
(A) Subsetted fibromuscular stroma from normal human prostate samples (n=3 prostate

donors) and BPH samples (n=6 BPH patients). (B) Fibromuscular stromal composition

of glandular (n=6) and stromal samples (n=6) from six BPH patients. (C) Dot plot of
selected differentially regulated genes (padj < 0.05) in BPH versus normal. (D) Section
through BPH tissue labeled with probes to the peri-epithelial fibroblast marker APOD (in
brown). Magnified images of distinct histologic phenotypes from (D) corresponding to (E)
glandular nodule and (F) stromal nodule. Black arrowheads indicate APOD+ fibroblasts

in the peri-epithelial compartment. (G) Section through BPH tissue labeled with probes

to the interstitial fibroblast marker C7 (in brown). Magnified images of distinct histologic
phenotypes from (G) corresponding to (H) glandular nodule and (1) stromal nodule. Grey
scale bar represents 2000 microns. Black scale bar represents 50 microns. Black dotted
lines outline stromal nodules. (J) Quantitative Set Analysis for Gene Expression (QUSAGE)
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performed for each fibroblast subtype comparing donor (normal) and BPH (diseased).
Significant gene sets (false discovery rate < 0.05) were subsetted to obtain unique and shared
gene sets upregulated by the fibroblast subtypes in BPH. See also supplementary material,
Figure S5.
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Figure 5. Human fibroblast interactions with endothelial and epithelial cells.
(A) Heatmap of predicted interactions from CellPhoneDB. (B) Dot plot of predicted

interactions between fibroblast subtypes and endothelial cells. (C) Dot plot of predicted
interactions from fibroblasts to epithelial cells. (D) Dot plot of predicted interactions from
epithelial cells to fibroblasts. (E) IHlustration depicting signals from fibroblasts to epithelial
and endothelial cells. Up and down arrows indicate genes upregulated or downregulated
respectively in the fibroblast subtype in BPH.
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C Fibroblast to immune interactions
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Figure 6. Immune subtypes and interactions with fibroblastsin BPH.
(A) Subsetted leukocytes from normal human prostate samples (n=3 prostate donors) and

BPH samples (n=6 BPH patients) with major immune lineages identified. (B) Immune
composition of glandular (n=6) and stromal samples (n=6) from six BPH patients. (C) Dot
plot of predicted interactions from fibroblasts to immune cells. (D) Immune subtypes in
the prostate identified using Travaglini et a/[21]. (E) lllustration depicting signals from
fibroblasts to immune cells. Up arrows indicate genes upregulated in the fibroblast subtype
in BPH. See also supplementary material, Figures S6, S7.
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