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Abstract

Benign prostatic hyperplasia (BPH) is ostensibly linked to autoimmune (Al) diseases, but whether
the prostate is a target of systemic inflammation associated with Al conditions is unknown.
Prostatic inflammation is linked to fibrosis, hyperplasia, and reduced responses to BPH-related
medical therapies. This study was conducted to determine if Al disease correlates with BPH
diagnosis and whether systemic targeting of an inflammatory mediator limits prostatic
inflammation and hyperplasia. Patient medical records (n=112,152) were evaluated to determine
BPH prevalence among different Al diseases. Inflammatory cells from human BPH tissues were
analyzed by single-cell (sc)RNA-seq and the tumor necrosis factor (TNF)a-antagonist etanercept
was tested in two murine models of prostatic enlargement. BPH prevalence was significantly
higher among patients with Al disease compared to unaffected individuals. However, Al patients
treated with TNFa-antagonists had a significantly reduced incidence of BPH. Data from scRNA-
seq identified macrophages as a dominant source of TNFa and in vitro assays confirmed that TNFa
stimulates BPH-derived fibroblast proliferation. In the Al patient cohort and murine models,
systemic treatment with TNFa-antagonists decreased prostatic epithelial proliferation,
macrophage infiltration, and epithelial NFkB activation compared to control tissues. These studies
are the first to show that patients with Al diseases have a heightened susceptibility to BPH and
that the TNFa-signaling axis is important for BPH pathogenesis. Macrophage-secreted TNFo may
mechanistically drive BPH via chronic activation of the signaling axis and NFkB. TNFa blockade
appears to be a promising new pharmacological approach to target inflammation and suppress

BPH.
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Introduction

The vast majority of men develop histological benign prostatic hyperplasia (BPH) and
nearly half exhibit moderate to severe clinical symptoms before age 80 (1, 2). The precise
mechanisms underlying the pathogenesis of BPH and how it contributes to lower urinary tract
symptoms (LUTS) are not well understood. The only definitive risk factors for developing BPH
are male sex and increasing age, but BPH has been linked to decreased systemic androgen:estrogen
ratios, obesity, type 2 diabetes, metabolic syndrome, and inflammation (3-9). There is a paucity of
studies investigating possible genetic determinants of BPH, although, more recently, there has
been greater interest in this area (10-12). The medical therapeutic options used for men with LUTS
related to BPH are limited (e.g. alpha-adrenergic antagonists and 5a-reductase inhibitors [SARIS]
(13)) and have not changed significantly for two decades. Due to therapeutic resistance or disease
progression, over 100,000 men undergo surgical procedures for BPH each year in the United States
(14). A nonsurgical, targeted approach for medical treatment of these BPH cases is needed.

Chronic inflammation in the prostate can contribute to prostatic hyperplasia, fibrosis, and
failure to respond to therapy in BPH (13, 15-17). CD45+ leukocytes are known to comprise a
significant percentage of cells in BPH tissues, with macrophages and T cells as major populations
(18). CD68+ macrophages accumulate in BPH tissues and aid in stromal cell proliferation (19).
Whether BPH is a component of a systemic inflammatory process is not known. BPH has been
suggested to have characteristics of autoimmune (Al) inflammatory conditions (20, 21), consistent
with our observations of an inflammatory gene expression signature including activation of AP-1
stress factors associated with severely symptomatic BPH that was refractory to medical therapy
and required surgical intervention (22). BPH is associated with a number of common pro-

inflammatory comorbidities (4-8), suggesting that a systemic pro-inflammatory environment may
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promote hyperplasia and/or exacerbate symptoms. Although there is no perfect animal model to
study human BPH, some, such as non-obese diabetic (NOD) mice, recapitulate the association of
chronic prostatic inflammation with prostatic hyperplasia, similar to the observations in human
disease (23).

Al conditions such as rheumatoid arthritis (RA) and systemic lupus erythematosus are
associated with systemic inflammation and can involve multiple organ sites; however, the prostate
has not been recognized as a target organ of these inflammatory processes. Interestingly, Al
diseases have similar co-morbidities to BPH, including obesity, type 2 diabetes, and metabolic
syndrome (24-27), and some Al conditions are also comorbidities of other Al diseases, such as
psoriasis and inflammatory bowel disease (28). The earliest and most widely used therapeutics for
targeting a specific biological pathway in Al conditions are tumor necrosis factor (TNF)a-
antagonists, which limit the inflammatory properties of this cytokine (29). Al diseases are
significantly more prevalent in women compared to men, potentially highlighting an
immunosuppressive role of androgens in protecting against Al diseases (30-32). Recent single-cell
mRNA-sequencing (SCRNA-seq) studies in Al diseases have identified a variety of immune cell
populations including monocytes/macrophages, T cells, and B cells in diseased tissues (33-35).
Notably, ligand-receptor pair interaction analyses highlight the impact of macrophage-secreted
TNFa on stromal cells in Crohn’s disease (35). It is clear that TNFa ligand-receptor signaling is
important within Al diseases, but the contribution of this cytokine to the development or
progression of BPH in this patient population has not been studied.

To understand the underlying processes which drive BPH pathogenesis, we investigated
whether BPH prevalence is increased among men with Al conditions and tested whether TNFa-

antagonists suppress prostatic inflammation in BPH. Patient medical records and human prostate
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tissues were used to support repurposing of approved therapeutics. The results suggest that TNFa-
antagonists are a valid therapeutic for reducing BPH incidence and decreasing localized

inflammation within the prostate.
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Results
BPH prevalence is elevated in specific autoimmune inflammatory conditions

This study received institutional review board (IRB) approval. A retrospective evaluation
of the NorthShore University HealthSystem Enterprise Data Warehouse was conducted to
determine whether patients with autoimmune (Al) disease had an elevated risk of BPH diagnosis.
Male patients over the age of 40 who had a NorthShore office visit between 01/01/2010-
12/31/2012 were included (n=112,152). Patients with a diagnosis of prostate cancer were excluded
from evaluation. Records were searched for diagnoses of BPH and a range of Al conditions, most
commonly psoriasis, RA, and ulcerative colitis. The cohort included 101,383 (90.4%) men with
no history of Al and 10,769 (9.6%) men with a diagnosis of one or more Al conditions (Figure
1A). To determine whether treatment for Al diseases affected BPH diagnosis in this population,
patients with an Al disease diagnosis were further divided into those who had a diagnosis of Al
disease prior to a BPH diagnosis or those who had a diagnosis of Al disease after a BPH diagnosis
(Figure 1A). Results from a chi-square test indicate that the baseline prevalence of BPH was 20.3%
in patients with no history of Al disease, but patients with diagnosed Al conditions had a
significantly increased BPH prevalence of 30.6% (p<0.001; Figure 1B-C; Table S1). The most
marked increases in BPH prevalence were associated with RA (38.0%), type 1 diabetes (32.0%),
lupus (30.7%), ulcerative colitis (30.2%), and Crohn’s disease (27.4%), while other diseases, such
as multiple sclerosis (21.6%), showed little change from baseline (Figure 1D; Table S1).

In the subset of men who were diagnosed with their Al condition prior to BPH diagnosis,
the BPH incidence was 19.4%, similar to the baseline BPH prevalence (p=0.037; Figure 1E; Table
S1). This suggests that treatment of Al disorders significantly diminishes subsequent BPH

diagnoses, although there were some disease-specific variations in BPH incidence with treatment
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(Figure 1F; Table S1). Nearly all Al conditions in this group had a significantly lower incidence
of BPH compared to the baseline in patients without Al disease, with the exception of RA patients
who remained at a significantly elevated rate of BPH diagnosis compared to control patients
(23.2%; p=0.007). However, this BPH incidence was reduced from the BPH prevalence in all RA

patients (38.0%; Figure 1D, F).

Patients treated with TNFa-antagonists for autoimmune conditions have decreased BPH
diagnoses

Using the complete patient population from Figure 1, patient age and the use of common
therapeutics, specifically methotrexate and TNFa-antagonists, were modeled as predictors of BPH
diagnosis using multivariable logistic regression. Subjects over the age of 60 were significantly
more likely (odds ratio=8.18, p<0.001) to have BPH than those under age 60 (Table 1). This
analysis indicated that treatment with specific therapeutics, namely TNFa-antagonists but not
methotrexate, significantly decreased (odds ratio=0.79, p=0.033) the likelihood of a BPH
diagnosis compared to patients not taking these drugs (Table 1). This effect was independent of
age. Further, the median time for any BPH patient that progressed to surgery from the time of
diagnosis was 616 days (n=1,685). The median time for BPH patients to progress from diagnosis
to BPH-specific surgeries was 728 days in individuals receiving methotrexate (n=15, p=0.75)
versus no methotrexate or 1,115 days in patients taking TNFa-antagonist therapy (n=7, p=0.15)
versus no TNFa-antagonists (Table S2). The increase in the time of progression to BPH-related
surgeries for patients taking TNFa-antagonists did not reach significance due to the smaller
number of treated patients who progressed to surgery, although this is suggestive that TNFa-

antagonist treatment may prolong the time course of BPH patients toward a surgical endpoint.
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ScCRNA-seq of CD45+ cells from human BPH tissues implicate T cells and macrophages as key
sources of TNF

The decrease in BPH incidence after treatment with systemic anti-inflammatory agents that
target TNFa suggests a role for inflammation in BPH pathogenesis. Therefore, ScRNA-seq studies
were pursued to characterize inflammatory cells within prostate tissues from patients with
informed consent, per the IRB-approved NorthShore Tissue Biorepository. As prostate size
increases with BPH, immune cell density also increases (p=0.0021; Figure 2A-B). To evaluate the
TNFa-producing and TNFa-responding inflammatory cell types within human BPH tissues, we
conducted scRNA-seq analysis on CD45+ cells isolated from two groups. The first group
represented limited prostatic growth and included cells from the transition zone of smaller (<40
grams, n=10) prostates, whereas the second group represented prostatic enlargement using large
(>90 grams, n=4) prostates (Figures 2C; S1). Prostate tissues were isolated from age-matched
(p=0.32) and body mass index (BMI)-matched (p=0.13) patients (Figure S2A-B). Patients with
larger prostates exhibited significantly higher International Prostate Symptom Scores (IPSS)
compared to patients with smaller prostates (p=0.0007; Figure S2C-D).

Unsupervised clustering analysis of scRNA-seq data allowed for the identification of
various cell populations using differential gene expression and cell surface protein expression
using CITE-seq (36). T cells (CD3+ and CD4+ or CD8+) and macrophages (CD11b+) comprised
the dominant immune cell populations but B cells (CD19+), mast cells, NK cells, and plasma cells
were also identified (Figures 2D-E; S2E). Although no significant differences in overall immune
subpopulations were noted when comparing large versus small tissues (Figure S2F), several of the

most significantly altered pathways between large and small samples included pathways related to
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Al conditions (Table S3). The percentage of CD11b+ myeloid cells, CD19+ B cells, and CD4+ or
CD8+ T cells from the original digested samples by flow cytometry analysis were correlated with
the percentage of these cell types based on cluster identification in the SCRNA-seq analysis. Linear
regression identified significant correlations for myeloid cells, B cells, and CD8+ T cells,
indicating that the cell types identified by sScRNA-seq were representative of the CD45+ population
in the digested human tissues (Figure S3). Cells with the highest expression of TNF were within
the T cell and macrophage compartments, and macrophages (highlighted as CD68+) also
expressed high levels of TNFa receptors 1 and 2, TNFRSF1A and TNFRSF1B, respectively
(Figures 2F, S4). Macrophage cluster 0 had significantly higher expression of TNF (fold-
change=1.364, p<0.0001) and TNFRSF1A (fold-change=1.325, p<0.0001), while cluster 9 had
significantly higher expression of TNFRSF1A (fold-change=1.706, p<0.0001), compared to all
other clusters (Figure S4). Since BPH macrophages had elevated expression of genes for both

expression and response to TNFa, we focused on these cells.

TNFa-antagonist treatment causes prostatic regression and reduces prostatic epithelial NFxB in
Pb-PRL mice

To assess the impact of TNFa-antagonists on BPH and prostatic inflammation, two mouse
models of prostatic enlargement were utilized: a transgenic mouse model with prostate-specific
expression of the hormone prolactin (probasin-prolactin [Pb-PRL]) that exhibits prostatic
enlargement associated with extensive interstitial inflammation (37, 38) as well as a spontaneous
model of autoimmune inflammation-associated prostatic hyperplastic growth (the NOD mouse)

(23).
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Pb-PRL mice have been shown to develop prostatic hyperplasia with associated interstitial
inflammation (37, 38). Aged Pb-PRL mice (20-22 months) were treated with 4 mg/kg TNFa-
antagonist etanercept or PBS control twice weekly for 12 weeks (n=6 in control group, n=5 in
treated group). The dosing regimen of etanercept was sufficient to block intraprostatic TNFa
signaling (39). Ventral prostate volume was monitored by ultrasound every four weeks using high-
resolution, high-frequency ultrasound (40). Ventral prostate volume trended downward after eight
weeks and was reduced over 30% after 12 weeks of treatment (p=0.0365; Figure 3A). Histological
evaluation of prostate tissues following etanercept treatment indicated significantly diminished
epithelial cell proliferation via Ki67 immunohistochemistry (IHC) staining compared to control
tissues (p=0.032; Figure 3B-C). Evaluation of Pb-PRL prostate tissues of etanercept-treated versus
control mice did not yield significant differences for either macrophage infiltration as a percentage
of immune cells or epithelial NFxB activation via phospho-p65 staining (p=0.782 and p=0.547,

respectively; Figure S5).

TNFa-antagonist treatment reduces prostate hyperplasia, inflammation, and epithelial NFkB in
NOD mice

We recently reported that NOD mice have inflammation-associated prostatic hyperplasia
(23). Therefore, these mice were used as a model to understand the consequence of TNFa blockade
on hyperplastic expansion. Animals were treated with 4 mg/kg etanercept or vehicle control twice
weekly for five weeks, starting at 25 weeks, as indicated in Figure 4A. Diabetic status was
evaluated at the time of first and last treatment, although our previously published work indicated
that regions of inflammation, rather than diabetic status, primarily impacts prostatic hyperplasia in

NOD mice (23). Therefore, diabetic and non-diabetic animals were pooled for analysis of
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treatment groups. Quantitation of Ki67 IHC staining indicated a reduction in epithelial
proliferation in etanercept-treated versus control mice (p=0.005; Figure 4B-C), consistent with the
Pb-PRL model. Evaluation of prostatic macrophages via F4/80 staining demonstrated a significant
decrease in the percentage of macrophages among total immune cells in etanercept-treated versus
control mice (p=0.002; Figure 4D-E). Furthermore, etanercept treatment caused a reduction in
epithelial NFkB activity, as demonstrated by a significant reduction in epithelial phospho-p65
staining (p<0.0001; Figure 4F-G). These data provide an association between the inflammatory
cytokine TNFa with epithelial proliferation and NF«B signaling in the prostate. The differences
between the Pb-PRL and NOD models could reflect differences in age at treatment or the nature
of the model, since NOD is a spontaneous inflammatory model and Pb-PRL is an androgen-driven

transgenic with unknown contributions of inflammatory status on androgenic stimulation.

TNFa stimulates fibroblast proliferation but not epithelial cell proliferation in vitro

Fibroblasts are an essential component of the prostate microenvironment during
organogenesis and in BPH pathogenesis (41). Since TNFa-antagonist treatment significantly
reduces epithelial proliferation in two independent mouse models, we tested whether TNFa
directly influences epithelial and fibroblast cell growth in vitro. Importantly, treatment of two
human benign prostatic epithelial cell lines elicited no changes in cell growth response to 1 or
10ng/mL TNFa (Figure S6A-B). In contrast, similar treatment with TNFa in a human benign
prostatic stromal cell line enhanced cell proliferation (p<0.0001; Figure S6C). TNFa also directly
stimulated the proliferation of primary human prostatic fibroblast cultures from two different
patients (p<0.0001; Figure 5A). Furthermore, treatment of primary BPH fibroblasts with

conditioned medium from M1- or M2-polarized THP-1 cells demonstrated that macrophage-
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secreted factors stimulate fibroblast growth (Figure 5B). The addition of a TNFa neutralizing
antibody indicated that macrophage-stimulated growth can be TNFa-dependent (p=0.0011 and
p=0.0148 for M1 and M2, respectively, in patient 376), although this may be patient-specific
(Figure 5B). Since epithelial cell proliferation was not directly affected by TNFa treatment in vitro,
these data are consistent with the long-standing idea that prostate expansion in BPH has a

significant stromal input in vivo.

TNFa-antagonist treatment in human patients decreases inflammation and epithelial proliferation
in the prostate

To better understand the impact of TNFa-antagonist treatment on human prostate tissues,
we performed a retrospective study using de-identified human prostate tissues collected through
the NorthShore Urologic Disease Biorepository. The biorepository provided transition zone tissues
from patients taking TNFa-antagonists who also underwent surgery for prostatic diseases (n=5).
Age- and BMI-matched patient samples were used as controls (n=4; Figure S7A-B). All of the
patients in both the treated and control groups had a RALP due to cancer, but also had a clinical
diagnosis of BPH. No significant changes in prostate volumes or IPSS were observed in treated
patients compared to controls (Figure S7C-D). Benign tissue regions from patients treated with
TNFa-antagonists had significantly less epithelial Ki67 staining compared to tissues from control
patients (p=0.007; Figure 6A-B). In general, the inflammatory process appeared to be lower in
tissues from treated patients, and quantitative evaluation of CD68+ cells via IHC indicated that
TNFa-antagonist treatment significantly reduced the percentage of CD68+ macrophages out of
total immune cells compared to controls (p<0.0001; Figure 6C-D). Tissues from TNFa-antagonist

treated patients also had significantly diminished epithelial NFkB activity compared to tissues
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from control patients, as demonstrated by phospho-p65 staining (p<0.0001; Figure 6E-F).
Together, these data suggest that epithelial hyperplasia in BPH may be promoted by inflammation-

derived TNFa and that this can be abrogated by systemic treatment with TNFa-antagonists.
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Discussion

The present results suggest a new biological indication for the use of TNFa-antagonists, a
well-tolerated class of drugs commonly used to treat Al disease, as a mechanism to alter the
pathogenesis of BPH. These agents, but not methotrexate, reduce BPH incidence in patients with
Al diseases. In animal models, TNFa-antagonists reduce both the establishment of epithelial
hyperplasia and, in aged mice, prostate size. A number of trials using NSAIDs to relieve BPH
symptoms have shown some positive effects, but limited long-term efficacy (42, 43). The present
data strongly suggest that appropriate targeting of specific molecular signals may be more
clinically effective than broad-spectrum agents. There are many immunomodulatory drugs in
development or already being prescribed for Al diseases that could be tested for their activity in
BPH.

These studies strengthen the link between prostate inflammation and the development of
BPH. NF«B activation has been shown to be increased in BPH samples progressing to disease-
specific surgery and was associated with increased expression of Sa-reductase 2, increased
androgen receptor expression, and increased cellular proliferation in vitro (44, 45), and TNFo may
drive this paradigm. Inflammation can directly affect molecular pathways associated with growth
and resistance to 5ARI therapies (44, 45). Furthermore, natural remedies such as saw palmetto and
beta-sitosterol have also been suggested to reduce NF«B activity (46, 47), indicating that NFxB
activation may be involved in driving and/or supporting hyperplastic growth.

The immunosuppressive function of androgens has been reported in numerous studies (32).
The contributing role(s) of the androgen receptor in BPH is not fully understood, and the
involvement of androgen receptor signaling in prostatic inflammation may contribute to this

complexity (48, 49). Reduced circulating androgen levels in aging men might contribute to
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increased inflammation in BPH, but whether the increase in inflammation is in response to a
stimulus (e.g. wound repair) or is autoimmune-mediated remains to be determined. It is also
possible that TNFa secreted by inflammatory cells alters prostatic androgen/estrogen levels since
this cytokine is known to stimulate aromatase activity; TNFa-antagonist treatment in RA decreases
aromatase action and increases synovial androgen levels (50).

Since BPH patients have one or more of a variety of histological features, including stromal
nodules, glandular nodules, and/or fibrosis, this disease is more likely a combination of conditions
(51). Recent molecular profiling studies have provided a basis for at least two BPH subtypes (12).
As in prostate development, it has long been clear that paracrine interactions between stromal and
epithelial tissues are important in BPH (41). Appreciating an additional role for immune cells in
this intercellular conversation increases the perceived complexity of these interactions but opens
new therapeutic targets and will be critical to elucidating mechanisms by which TNFa or other
signaling pathways drive hyperplasia and/or fibrosis. Whether inflammation drives a specific
subtype of BPH is not clear, but it is certainly possible that inflammatory factors influence many
features of BPH, including hyperplasia and collagen deposition (52-54).

The use of scRNA-seq analyses in both characterizing the cell types present in and
providing a molecular understanding of diseases have been extremely useful in moving biological
studies forward. Evaluation of cell populations from synovial tissue in RA patients indicate that
while different cell types may express either TNF or TNFRSF1A (TNFR1), only monocytes
expressed high levels of both of these genes (33). Furthermore, inflammatory monocytes in
ulcerative colitis and Crohn’s disease express TNF but may also aid in anti-TNFa therapy
resistance (34, 35). Even though it is clear that TNFa signaling is important in Al conditions and

BPH, numerous cell types and/or inflammatory pathways can be explored for therapeutic potential
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using these scRNA-seq datasets. Each Al disease is distinct, with different immune cell activation
states, stromal cell populations, and levels of systemic inflammation. Whether the inflammatory
cell populations in BPH closely mirror those of an individual Al disease remains to be determined
(33-35, 55).

Due to the retrospective nature of these studies, there are several limitations. While this
population represents a large cohort of men with BPH, the subset of patients undergoing treatment
for Al disease with a concomitant diagnosis of BPH and/or have progressed to surgery for prostatic
disease was quite small. The samples used were dependent on the surgical procedure and the
prostate biorepository has tissues from less than 800 patients. Expanding the patient population
will determine the capacity for TNFa-antagonists to reduce surgical endpoints for BPH as well as
discern if there are associations with Al disease treatment and BPH diagnoses across racial and
ethnic groups. Another limitation of these studies is that the specific cell types that contribute to
BPH through direct versus indirect responses to TNFa have yet to be determined in vivo. Obvious
limitations using in vitro assays, including a lack of complexity compared to the in vivo BPH
microenvironment, warrant further investigation of TNFa function in the prostate. Additionally,
no true murine model for BPH exists, so the NOD and Pb-PRL mouse models used for these
studies lack some aspects of human disease (such as fibrosis and the influence of
androgen:estrogen ratios) and may limit the translational potential of future mechanistic studies.
Finally, since the occurrence of a prostatectomy in men taking TNFa-antagonists is rare, so
scRNA-seq studies to-date have not been able to directly evaluate the impact of these drugs on the
prostate’s inflammatory milieu and proliferative prostatic cell types.

It is likely these drugs would be most beneficial to patients with chronic prostatic

inflammation, so it would also be useful to detect intraprostatic inflammation through non-invasive
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imaging procedures (56, 57) or to be able to determine the risk of development of BPH through
personalized medicine and genetic risk scores (11). Further evaluation of human BPH tissues will
determine if the presence of inflammatory macrophages or other identified cell signatures could
contribute to anti-TNFa therapy resistance (35). The effect of TNFa in stromal versus glandular
BPH nodules also remains to be determined. Importantly, these antagonists are already widely
used and future work will determine whether short-term treatments (to limit the side effects of
systemic anti-inflammatory agents) or potentially combination with current BPH therapies are
beneficial. Such studies will provide a basis for additional urological evaluation via earlier
monitoring and therapeutic intervention in men with Al diseases. Tailoring the Al disease
treatment strategy to include limiting BPH incidence could add therapeutic benefit for men. Such
a strategy could both enhance patient quality of life and decrease the need for BPH surgical

endpoints in these patients.
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Materials and Methods
The study design for each experiment is included within respective subsections.

Enterprise Database Warehouse Human Subjects Study

A retrospective evaluation of patients was conducted for 112,152 males with office visits
at NorthShore University HealthSystem between 01/01/2010 and 12/31/2012. A preliminary
analysis determined that an expanded dataset should be used for final analysis. Patients under 40
years of age or with a diagnosis of prostate cancer were excluded from the study. Records were
searched for patient diagnoses of BPH or any Al conditions (Table S1). Baseline BPH incidence
rates were identified with a Chi-square test. Chi-square tests were utilized to compare the
proportion of men with BPH by autoimmune condition to the proportion of men with BPH and no
Al condition, as well as to compare the proportion of BPH diagnoses in men being treated for an
Al condition to the proportion of men with BPH and no Al condition. Predictors of BPH diagnosis
were tested using multivariable logistic regression models and predictors were determined a priori.
For men who underwent surgery for BPH, median days to surgery by medication use were
compared using the Mann-Whitney U test. Statistical significance was established throughout at
p<0.05. Statistical analyses were conducted using SAS version 9.4 (SAS Institute Inc, Cary, NC).

Isolation of CD45+ cells from human tissues

Human prostate tissues were procured with the IRB-approved NorthShore Urologic
Disease Biorepository and Database with informed consent and de-identified clinical annotation.
Small prostate tissues were obtained from patients undergoing robotic-assisted laparoscopic
prostatectomy (RALP) for prostate cancer, International Prostate Symptom Score (IPSS) of <15,
Gleason 6-7, and estimated prostate volume of <40 grams by imaging with transrectal ultrasound

(TRUS), CT scan, or MRI. Large prostate tissues were obtained from patients undergoing either


https://doi.org/10.1101/2021.03.11.434972
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.11.434972; this version posted March 12, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

RALP for prostate cancer (Gleason 6-7) or simple prostatectomy for BPH and had an estimated
prostate size of >90 grams. The transition zone (TZ) was dissected and separated for formalin-
fixed paraffin-embedded (FFPE) histology or digested and prepared for fluorescence activated cell
sorting (FACS). Tissues were minced, then digested while shaking at 37°C for 2 hours in 200
U/mL Collagenase | (Gibco) + 1 mg/mL DNase | (Roche) + 1% antibiotic/antimycotic solution in
Hank’s Balanced Salt Solution. Digestion solution was replaced with TrypLE express dissociation
reagent (Gibco) and allowed to shake at 37°C for 5-10 minutes. Digested samples were neutralized
in RPMI + 10% FBS, then mechanically disrupted by pipetting repeatedly. Samples were passed
through a 100um cell strainer, then washed. Red blood cells were lysed in a hypotonic buffer, then
cells were stained with Zombie Violet (Biolegend) and blocked with Human TruStain FcX
blocking antibody (Biolegend). CD45-PE [clone HI30], EpCAM-APC [clone 9C4], and CD200-
PE/Cy7 [clone OX-104] antibodies (Biolegend) were added to stain samples in preparation for
FACS on a BD FACSAria Il. Approximately 100,000 viable CD45+CD200-EpCAM- cells were
sorted for downstream analysis.

scRNA-seq of CD45+ cells

FACS-isolated cells were spun down and washed at least twice prior to loading onto the
10X Chromium System (10X Genomics), with Single Cell 3’ Library & Gel Bead Kit, v3.0
reagents. Cells from three small and three large tissues were stained with TotalSeq-B Antibodies
(Biolegend) for CITE-seq analysis. Antibodies for CD3 [clone UCHT1], CD4 [clone RPA-T4],
CDS8 [clone RPA-T8], CD19 [clone HIB19], and CD11b [clone ICRF44] were used following the
manufacturer’s instructions prior to loading into the Chromium System. Cells were loaded for
downstream evaluation of 5,000 cells/sample and cDNA amplification and library preparation

were conducted according to the manufacturer’s instructions. Libraries were sent to the Purdue
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Genomics Core Facility for post-library construction quality control, quantification, and
sequencing. A high sensitivity DNA chip was run on an Agilent Bioanalyzer (Agilent) per the
recommendation of 10x Genomics. Additional quality control was performed by running a
denatured DNA pico chip (Agilent) followed by an AMPure cleanup (Beckman Coulter). Final
library quantification was completed using a Kapa kit (KAPA Biosystems) prior to sequencing.
Sequencing was conducted using a NovaSeq S4 flow cell on a NovaSeq 6000 system (lllumina)
with 2x150 base-pair reads at a depth of 50,000 reads/cell. Libraries generated from cell surface
protein labeling with TotalSeqg-B antibodies were sequenced at a depth of 5,000 reads/cell.

Data processing and quality control

Sequencing reads from the Chromium system were de-multiplexed and processed using
the CellRanger pipeline v3.0.0 (10x Genomics). CellRanger mkfastq was run to generate FASTQ
files where dual indices were ignored, barcode mismatch allowance was set to 0, and the flag “—
use-bases-mask=Y26n*,I8n*n*,Y98n"” was set. CellRanger count was then used for alignment,
filtering, barcode counting, and unique molecular identifier (UMI) counting. All reads were
aligned to the ENSEMBL human genome version GrCh38 using the STAR aligner v2.5.4 (58).
CellRanger was run with the expected cells set to 5,000.

R version 3.5.1 and Bioconductor version 3.8 were used in all statistical analyses. Cells
that had fewer than 1,000 or greater than 10,000 observed genes were discarded. Cells were also
removed if greater than 22% of all reads mapped to mitochondrial genes. A summary of the data
produced by the scRNA-seq analyses, including the run metrics, is shown in Table S4.

Unsupervised clustering and identification of marker genes

All scRNA-seq data were uploaded to GEO and are available with accession number

GSE164695. Seurat version 3.1.3 was used for data normalization and cell clustering based on
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differential gene expression (59, 60). Data were normalized using scTransform (61) v.0.3.1 and
cell cycle-related genes were used to produce a cell cycle score for each cell. Cell cycle scores,
mitochondrial reads, and UMI counts were used to regress out heterogeneity from these variables
by scaling the data. These “corrected” data, after permutation and selection of the first 30 principal
components based on principal component analysis (PCA) scores, were used for downstream
analysis. Unsupervised clustering was performed in Seurat, which uses graph-based approaches to
first construct K-nearest neighbor graphs (K = 30) and identifies clusters by iteratively forming
communities of cells to optimize the modularity function. The number of clusters were determined
using the Louvain method (62) for community detection, as implemented in Seurat with a
resolution of 0.2. The correct resolution to use was determined both visually through plots and
heat maps as well as using clustering trees via the clustree (63) R package v 0.4.3, selecting a
resolution that provides stable clusters. P-values were corrected for multiple testing using the
Benjamini-Hochberg method (64). Biomarkers were considered statistically significant at a 1%
false discovery rate (FDR) using the Wilcoxon rank sum test (65). Differentially expressed genes
between small and large sample groups were identified using the edgeR (66, 67) Bioconductor
package, v 3.31 with an FDR cutoff of 5%.

Animal Studies

Male non-obese diabetic (NOD) mice were purchased from Jackson Laboratory (Bar
Harbor, ME; Stock Number: 001976) and maintained in a barrier animal facility at NorthShore
University HealthSystem. All studies were conducted according to US federal and state regulations
and approved by the NorthShore Institutional Animal Care and use Committee (IACUC). Mice
age 25 weeks were injected with 4 mg/kg TNFa antagonist etanercept (Enbrel®; n=12) or vehicle

(PBS, n=8) twice weekly by intra-peritoneal injection for five weeks. Mice were randomly
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assigned to groups using block stratification. Diabetic status was tested using a glucometer, as
previously described (23), at the time of first injection and last injection. Mice were harvested at
30 weeks.

Pb-PRL transgenic mice were from Dr. Kindblom, Sahlgrenska University Hospital. All
studies were performed in accordance with the National Institute of Health Guidelines for the Care
and Use of Laboratory Animals and approved by the Roswell Park Institutional Animal Care and
Use Committee (#1308M). Male Pb-PRL mice (20-22 months) were treated with 4 mg/kg TNF
ligand trap, etanercept (Enbrel®, n = 5), or with vehicle (PBS, n = 6) twice a week by intra-
peritoneal injection for 12 weeks. The ventral prostate volume was measured every four weeks
using high-resolution, high-frequency ultrasound, as described in (40). Data is presented as mean
+/- SEM, normalized to pre-treatment volume (151 +/-10 mm?). One animal in the PBS group was
removed from the analysis for week 12 due to rapid prostate swelling, determined on necropsy to
likely have arisen from a hemorrhage. Thus, data indicate n=5 for each group at week 12. In both
animal models, urogenital tract tissues were harvested and formalin-fixed, paraffin-embedded
(FFPE) in preparation for histology.

Immunohistochemistry

Tissue sections of 5um thickness were mounted on slides and prepared for
immunohistochemistry (IHC) staining as previously described (23). Detailed information on
antibodies used for staining in human and mouse tissues is included in Table S5. Quantitation of
Ki67+ or phospho-p65+ cells was performed within the epithelial cell compartment and F4/80+
(mouse) or CD68+ (human) macrophages were evaluated within the immune cell compartment.
All human and mouse IHC quantitation was completed by S.C. by counting the indicated number

of fields under the 40x objective for a random subset of samples and included tissues from three
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or more patients/animals per stain. In figures, the sample numbers in one panel do not necessarily
correspond to the numbers in another panel.
Cell Culture

THP-1 cells were purchased and authenticated from ATCC (STRB0424) and used within
20 passages of acquisition. BHPrE-1, NHPrE-1, and BHPrS-1 cell lines were isolated and cultured
as benign epithelial and stromal prostatic cell models, as described (68, 69). Authentication of
BHPrE-1 (STRA3426), NHPrE-1 (STRA3441), and BHPrS-1 (STRB0418) cells was completed
by ATCC and all experiments were conducted within 20 passages of testing.

THP-1 cells were cultured exactly as indicated by ATCC and were polarized as described
previously (70). Briefly, THP-1 cells were differentiated for 24 hours with PMA, followed by M1
polarization with LPS + IFNy for 24 hours or M2 polarization with IL-4 + IL-13 for 72 hours.
After polarization was complete, serum free medium was added to M1 or M2 macrophages and
incubated for 24 hours. Conditioned medium was then harvested, filtered, and stored at -80°C until
it was used for growth assays.

Isolation of primary fibroblasts from de-identified BPH patient tissues 012 and 376 was
completed as previously described (71). Briefly, freshly isolated human prostate transition zone
tissue was obtained after simple prostatectomy followed by mechanical and enzymatic digestion.
Fibroblasts were cultured and used for all assays prior to passage 12.

For crystal violet growth assays, cells were allowed to adhere to 96-well plates prior to
indicated treatments. Human recombinant TNFa was purchased from Peprotech and TNFa-
neutralizing antibody (P300A) was pre-incubated at 40 pg/mL with 50% macrophage conditioned

medium for 4-6 hours. Cells were grown in low serum (0.1%) with treatment conditions for up to
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six days and cells fixed with 4% paraformaldehyde. Cells were stained with crystal violet and
washed, then stain solubilized in 10% acetic acid to obtain relative absorbance values.

Statistical Analysis

Statistical significance of in vitro assays was completed using a two-way analysis of
variance (ANOVA), patient characteristics were compared using a student’s t-test, and immune
cell compartments were correlated using linear regression using Prism software version 7.05
(GraphPad). A mixed effects model was used for IHC quantitation evaluation using SAS 9.4 (Cary,
NC). A p-value of less than 0.05 was considered significant. In data figures, significance is

indicated by *=p<0.05, **=p<0.01, ***=p<0.001, and ***=p<0.0001.
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Supplementary Materials

Figure S1. Fluorescence activated cell sorting strategy for CD45+ scRNA-seq analysis.

Figure S2. Additional data relating to SSRNA-seq data and patient characteristics.

Figure S3. Estimated proportions of immune cell types by scRNA-seq analysis represent immune
cell proportions by flow cytometry.

Figure S4. Expression level of TNF, TNFRSF1A, and TNFRSF1B in BPH leukocytes.

Figure S5. TNFa-antagonist treatment in Pb-PRL mice does not significantly alter macrophage
infiltration or epithelial NFxB activity.

Figure S6. TNF promotes stromal, but not epithelial, cell growth.

Figure S7. Characteristics of TNFa-antagonist treated or control patients.

Table S1. Proportion of men with BPH by autoimmune disease status.

Table S2. Median Days for Progression to Surgery for BPH Patients.

Table S3. Most significantly altered pathways in CD45+ cells from large versus small human BPH
tissues.

Table S4. Run metrics for sScRNA-seq of BPH associated CD45+ leukocytes.

Table S5. Antibodies used for IHC in human and mouse tissues.
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Figure 1. Men with autoimmune disease have increased BPH prevalence. Chi-square tests
were utilized to compare the proportion of BPH diagnoses in men with an Al condition versus men
with no Al condition. A) Flow chart indicating the breakdown of patients into groups based on the
presence of Al disease diagnosis (9.6% with and 90.4% without Al disease diagnosis). Patients
with Al disease diagnosis were further separated into groups based on whether Al disease

diagnosis occurred prior to or after BPH diagnosis. B) BPH prevalence in patients without Al
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disease is 20.3%. C) BPH prevalence in patients with Al disease is 30.6%. D) Graph indicates the
significant increase in BPH prevalence in patients with different Al diseases compared to patients
without Al disease. E) The BPH incidence in patients previously diagnosed with Al conditions,
when patients may have been treated for these conditions, is 19.4%. F) Graph indicates the
significant changes in BPH incidence in patients diagnosed with different Al diseases prior to
BPH diagnosis compared to the baseline BPH prevalence of 20.3%. 2 indicates a significantly
higher BPH incidence than the 20.3% reference, although this is decreased from 38.0% prevalence

in all RA patients (D).
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Figure 2. Analysis of CD45+ cells from human BPH tissues indicate macrophages express
high levels of TNF and TNF receptors. A) CD45 IHC in human prostate transition zone from
small or large prostates. B) Human prostate transition zone from small or large prostates were
digested, stained, and analyzed by flow cytometry. Graph indicates % CD45+ cells, gated on viable
cells. C) Schematic representing the setup for scRNA-seq studies of human BPH leukocytes
(CD45+ cells). A total of 10 small and 4 large prostate transition zone tissues were digested and
CD45+EpCAM-CD200- cells sorted by FACS (72). scRNA-seq was conducted using the 10X
Chromium system, aiming for 5000 cells/sample at a depth of 50,000 reads/cell. D-F) scRNA-seq
of BPH associated leukocytes. D) Uniform manifold approximation and projection (UMAP) plot
of 69,850 individual cells, demonstrating dominant T cell and macrophage populations. E) Dot
plot of the top 4 marker genes from each cluster ranked by fold-change. Gene names are shown on
the x-axis and clusters on the y-axis. The size of the dots corresponds to the percentage of cells in
a given cluster that express the marker gene. The color of the dots represents the mean
logz(counts+1) of each gene in the corresponding cluster. F) Feature plots highlighting gene
expression of CD68, TNF, TNFRSF1A (TNFR1), and TNFRSF1B (TNFR2). 2 indicates a small

contaminating epithelial population as cluster 12.
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Figure 3. TNFa-antagonist treatment reduces prostate size and epithelial proliferation in Pb-
PRL mice. Pb-PRL mice (20-22 months) were treated with 4 mg/kg etanercept or PBS vehicle for
12 weeks. A) Volume of ventral prostate by ultrasound every four weeks during the 12-week
treatment with etanercept or PBS vehicle control. Measurements are normalized to pre-treatment
volume (151 +/- 10 mm?®), and the plot indicates the mean +/- SEM. One control mouse was
removed from the 12-week evaluation. Linear model analysis revealed a significant difference
based on treatment (p<0.0001) and Bonferroni correction determined a reduction in ventral
prostate volume compared to PBS-treated mice at 12 weeks (p=0.0365; n=5 per group). B)
Representative images of Ki67 staining in control or etanercept treated mice. C) Quantitation of
IHC staining for epithelial Ki67 in control or etanercept treated mice, indicated as the percent Ki67
positive epithelial cells per field of view. Data indicate the mean +/- SEM of the percent positive

cells in at least three prostate tissue fields for each animal. Comparison of control and etanercept-
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treated groups for statistical purposes were conducted using a mixed effects model. Scale bars =

20um.
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Figure 4. TNFa-antagonist treatment reduces prostatic epithelial proliferation, macrophage

infiltration, and NFkB activity in NOD mice. A) Diagram representing the timeline of treatment
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in NOD mice. Mice were treated twice per week for 5 weeks with 4 mg/kg etanercept or PBS
vehicle, indicated with black arrows. At the end of the 5-week treatment period, tissues were
harvested for analysis. B) Representative images of Ki67 staining in control or etanercept-treated
mice. C) Graph indicating the quantitative summary of Ki76 IHC as the percent of positive
epithelial cells per field. D) Representative images of F4/80+ staining in control or etanercept-
treated mice. E) Quantitative summary of IHC staining for F4/80+ cells, represented as the portion
of all immune cells in each field. F) Representative images of phospho-p65 staining in control or
etanercept-treated mice. G) Data presented indicate the percentage of phospho-p65 positive
epithelial cells counted per field of view. C, E, G) Data indicate the mean +/- SEM of the percent
positive cells in the indicated number of prostate tissue fields for each animal (n=3 per group).
Comparison of control and etanercept-treated groups for statistical purposes were conducted using

a mixed effects model and asterisks indicate the significance of the treatment. Scale bars = 20um.
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Figure 5. Macrophage-derived TNFa promotes prostate fibroblast cell growth. Primary
prostate fibroblasts from two BPH tissues (patients 376 and 012) were subjected to indicated
treatments. Crystal violet growth assays were performed in low serum conditions (0.5%) over six
days. A) Fibroblast cultures were grown in the presence or absence of 1 or 10 ng/mL recombinant
TNFa. Asterisks indicate significant differences compared to control samples, determined by two-
way ANOVA with multiple comparisons test. B) Fibroblast cultures were grown in the presence
of 50% M1 or M2 macrophage conditioned medium (generated from THP-1 cells) +/- 40 pg/mL
TNFa neutralizing antibody. Points indicate the mean +/- SEM of at least five technical replicates
and graphs are representative of three independent experiments. Asterisks indicate significant

differences compared to the paired conditioned medium condition without anti-TNFa
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neutralization, using a two-way ANOVA with post-hoc multiple comparisons test. N.s.=not

significant
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Figure 6. Patients treated with TNFa-antagonists have decreased prostatic epithelial
proliferation, macrophage infiltration, and NFkB activation. Human transition zone tissues
from patients taking TNFa-antagonists at the time of radical prostatectomy or matched controls
were used for histological evaluation. A) Representative images of IHC staining for Ki67 in control

or treated patients. B) Quantitation of IHC staining for epithelial Ki67 in control or treated patients,
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indicated as the percent Ki67+ epithelial cells per field. C) Representative images of IHC staining
for CD68 in control or treated patients. D) IHC quantitation indicating the abundance of CD68+
macrophages, represented as the portion of all immune cells per field. E) Representative images
of phospho-p65 staining via IHC in control or treated patients. F) Data represents the quantitation
of IHC staining for epithelial phospho-p65 staining in control or treated patients, represented as
the percent positive epithelial cells per field. B, D, F) Data indicate the mean +/- SEM of the
percent positive cells per field, where individual points indicate separate fields for each patient.
Comparison of control and TNFa-antagonist treated groups were conducted using a mixed effects

model asterisks indicate the significance of the treatment. Scale bars = 20um.
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Table 1. Modeling predictors of BPH diagnosis indicate that treatment of patients with TNF-
antagonists is protective for BPH. Multivariable logistic regression models were constructed to
identify predictors of BPH diagnosis. Predictors were determined a priori: age over 60 years,

methotrexate, and TNFa-antagonists. These studies included all 112,152 patients in the cohort.

Predictors of BPH Diagnosis N (%) Odds Ratio 95% CI P-Value
Age 60+ 52,393 (46.7) 8.18 7.89-8.49 <0.001
Medication
Methotrexate 708 (0.63) 1.58 1.32-1.90 <0.001
TNFa-antagonists 730 (0.65) 0.79 0.64-0.98 0.033
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