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Abstract

Background

Lower urinary tract symptoms (LUTS) are a costly and pervasive medical problem for mil-
lions of aging men. Recent studies have showed that peri-urethral tissue fibrosis is an
untreated pathobiology contributing to LUTS. Fibrosis results from excessive extracellular
matrix deposition which increases transition zone and peri-urethral tissue stiffness and com-
promises prostatic urethral flexibility and compliance, producing urinary obstructive symp-
toms. Inflammatory cells, including neutrophils, macrophages, and T-lymphocytes, secrete
a medley of pro-fibrotic proteins into the prostatic microenvironment, including IFNy, TNFa,
CXC-type chemokines, and interleukins, all of which have been implicated in inflammation-
mediated fibrosis. Among these, IL-4 and IL-13 are of particular interest because they share
a common signaling axis that, as shown here for the first time, promotes the expression and
maintenance of IL-4, IL-13, their cognate receptors, and ECM components by prostate fibro-
blasts, even in the absence of immune cells. Based on studies presented here, we hypothe-
size that the IL-4/IL-13 axis promotes prostate fibroblast activation to ECM-secreting cells.

Methods

N1 or SFT1 immortalized prostate stromal fibroblasts were cultured and treated, short- or
long-term, with pro-fibrotic proteins including IL-4, IL-13, TGF-B, TNF-a, IFNy, with or with-
out prior pre-treatment with antagonists or inhibitors. Protein expression was assessed by
immunohistochemistry, immunofluorescence, ELISA, immunoblot, or Sircoll assays. Tran-
script expression levels were determined by gRT-PCR. Intact cells were counted using
WST assays.

Results

IL-4Ra, IL-13Ra1, and collagen are concurrently up-regulated in human peri-urethral pros-
tate tissues from men with LUTS. IL-4 and IL-13 induce their own expression as well as that
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of their cognate receptors, IL-4Ra and IL-13Ra1. Low concentrations of IL-4 or IL-13 act as
cytokines to promote prostate fibroblast proliferation, but higher (>40ng/ml) concentrations
repress cellular proliferation. Both IL-4 and IL-13 robustly and specifically promote collagen
transcript and protein expression by prostate stromal fibroblasts in a JAK/STAT-dependent
manner. Moreover, IL-4 and IL-13-mediated JAK/STAT signaling is coupled to activation of
the IL-4Ra receptor.

Conclusions

Taken together, these studies show that IL-4 and IL-13 signal through the IL-4Ra receptor
to activate JAK/STAT signaling, thereby promoting their own expression, that of their cog-
nate receptors, and collagens. These finding suggest that the IL-4/IL-13 signaling axis is a
powerful, but therapeutically targetable, pro-fibrotic mechanism in the lower urinary tract.

Introduction

Lower urinary tract symptoms (LUTS) are a costly and potentially critical medical problem for
millions of aging men. This spectrum disorder encompasses symptoms such as weak stream,
nocturia, incomplete emptying and intermittent urination, all of which are indicative of lower
urinary tract dysfunction (LUTD). If left untreated or treated ineffectively, LUTD can progress
to bladder dysfunction, which can lead to urinary retention, recurrent UTI, bladder calculi,
and, eventually, renal impairment [1-4]. LUTD is often, although not always, concomitant
with BPH—a proliferative but nonmalignant enlargement of the prostate. Surgical ablation of
prostate tissue and medical approaches including 5o.-reductase inhibitors, o-adrenergic recep-
tor antagonists, and PDES5 inhibitors improve urinary flow, but such treatments are not effec-
tive for all men, can produce adverse effects that result in discontinuation of the therapeutic
regimen, and do not abrogate the risk for disease progression [1, 5]. The latter point bears
attention, as recent work evaluating Medical Therapy of Prostatic Symptoms (MTOPS) transi-
tion zone biopsies showed that high collagen levels consistent with fibrotic changes in tissue
architecture were significantly higher in peri-urethral tissues from men whose LUTS pro-
gressed under 5o-reductase inhibitor and o-adrenergic receptor antagonist combination
therapy.

Previous work by the Marberger group reported that inflammatory infiltrate in transure-
thral (TUR) prostate tissues from men demonstrating clinical progression of LUTS comprised
~70% CD4+ (helper) T cells and ~15% macrophages [6]. They also reported that the secretory
pattern of these CD4+ T-helper cells was consistent with that of both T-helper Type 1 (Th1)
cells, which secrete IFNy and IL-2, and Type 2 (Th2) cells, which secrete IL-4 and IL-13 [6, 7].
All of these inflammatory mediators are pro-fibrotic proteins [6-8]. Torrko et al. reported that
high levels of infiltrating CD4+ T-helper cells (p = .002) and CD68+ macrophages (p = .01) in
transition zone prostate biopsies sampled as part of the MTOPS study were significantly asso-
ciated with clinical BPH progression in that study [9]. Taken together, these studies show that
Th2 cells and macrophages are highly prevalent in peri-urethral prostate tissues of men who
demonstrate progressive LUTS.

Other studies have shown that peri-urethral tissue fibrosis is an untreated pathobiology
contributing to LUTD [10-15]. Fibrosis results from excessive extracellular matrix (ECM)
deposition which increases transition zone and peri-urethral tissue stiffness and compromises
prostatic urethral flexibility and compliance, producing urinary obstructive symptoms and
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LUTD. Fibrosis is consequent to chronic or unresolved inflammation associated with aging,
metabolic syndrome, or urinary tract infection. Inflammatory cells, including neutrophils,
macrophages, and Th2 cells, secrete a medley of pro-fibrotic proteins into the prostatic micro-
environment, including some of those described above: IFNy, TNFo, CXC-type chemokines,
and interleukins [6-8]. Together, these studies suggest that high levels of T-cell and macro-
phage inflammatory infiltrate are coincident with elevated prostate stromal collagen secretion
in the periurethral region of the prostate in men suffering from progressive LUTS.

Among the inflammatory mediators secreted by Th2 cells, IL-4 and IL-13 are of particular
interest because they share a common JAK/STATG6 signaling axis that promotes fibrillar colla-
gen secretion and accumulation in multiple organ systems (reviewed in [16], most notably in
the lung [17, 18], the kidney [19, 20], and the liver [17, 21]. Based on the studies described
above, we hypothesized that IL-4 and IL-13 may contribute to peri-urethral prostate ECM
accumulation and voiding dysfunction in the lower urinary tract. The studies reported here
show that IL-4 and IL-13 promote their own expression, that of their cognate receptors, and
ECM components, even in the absence of immune cells. These studies suggest that the IL-4/
IL-13 signaling axis is a powerful, but therapeutically targetable, pro-fibrotic mechanism in the
lower urinary tract.

Results

IL-4Ra and IL-13Ral are up-regulated in peri-urethral prostate with high
collagen content

We have previously shown that high levels of collagen accumulation are associated with peri-
urethral prostatic tissue fibrosis and lower urinary tracts symptoms (LUTS) [10, 22]. To deter-
mine whether collagen levels correlated with IL-4 and/or IL-13 receptor levels, peri-urethral
tissue sections from 6 patients, 3 previously characterized with low 4.4-6.5% collagen content
(patient specimens 1, 2, 3, Fig 1) and 3 with high 10.4-17.5% collagen content (patient speci-
mens 4, 5, 6, Fig 1) [10] were subjected to immunohistochemistry to examine IL-4Ra, IL-
13Ral and IL-13Ro2 expression levels (S1 Fig). IL-4Ra. (p < .01) (Fig 1A-1D) and IL-13Rol
(p < .01) (Fig 1E-1H) expression levels were significantly higher in tissues with high compared
to low collagen content. Expression levels for the decoy receptor, IL-13Ra2, were heterogenous
across the 6 patient sample set. These data show that IL-4Ro and IL-13Ra1 are significantly
up-regulated concurrent with high collagen content in peri-urethral prostate tissues.

Low doses of IL-4 and IL-13 enhance cellular proliferation

IL-4 and IL-13 can act as cytokines to promote the proliferation of T-lymphocytes and multi-
ple other cell types [23]. To determine whether these interleukins promoted fibroblast prolifer-
ation, N1 and SFT1 prostate fibroblasts and primary lung fibroblasts (HLF) (for comparison)
were cultured in serum-free defined media supplemented with vehicle or increasing doses of
human recombinant IL-4 and/or IL-13 (1-100 ng/ml) for 24 hours. These studies showed that
both IL-4 (Fig 2A) and IL-13 (Fig 2B) significantly promoted prostate fibroblast proliferation
at low concentrations, with maximal proliferation of 1.3-1.5X over untreated cells observed at
20 ng/ml (S2 Fig). Higher interleukin doses repressed proliferation. Interestingly, primary
human lung fibroblasts achieved maximal proliferation of 2X at higher levels of IL-4 or IL-13
(40ng/ml, Fig 2A and 2B) (S2 Fig). Moreover, primary lung fibroblasts promoted maximal lev-
els of cellular proliferation over a wide IL-13 concentration range spanning 40-80ng/ml (Fig
2B) (S2 Fig). These studies show that low, potentially physiological, levels of IL-4 or IL-13 pro-
moted low-level proliferation of prostate fibroblasts, and that prostate fibroblasts were less
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Patient Specimen

1 2 3 4 5 6
P<.05 % Collagen| 4.8 4.4 6.4 10.4 16.3 17.5
IL13Ra2| 2+ 0/1+ 0/1+ 2+ 3+ 0/1+

IL13Ra1 2+ 2+ 0/1+ 3+ 3+ 2+

P<.01 IL4Ra| O/1+  0/1+ 2+ 3+ 2+ 2+
Control no primary 0/1+

Control no seconda 0/1+

IL13Ra1

Patient Specimen 2 Patient Specimen 4

Fig 1. IL-4Ra and IL-13Ral are up-regulated in peri-urethral prostate with high collagen content. Tissue sections of peri-urethral prostate tissues
from 6 patients were deparaffinized and assessed for collagen content using Masson’s Trichrome Stain [10] or for IL-4R, IL-13Ral, and IL-13Ra2
protein expression by immunohistochemistry. Tissues from patients 4, 5 and 6 demonstrated significantly higher collagen contents than those from
patients 1, 2 and 3 (p < .05) and significantly higher IL13Ral (p < .01) and IL4Ra (p < .01) protein expression levels. IL-4Ra: staining is shown for
patients 2 (A, B) and 4 (C, D), and IL-13Rol staining also for patients 2 (E, F) and 4 (G, DH. Panels B, D, F and H show the ImmunoRatio analysis of
panels A, C, E and G, respectively, where green indicates incomplete/weak (0, 1+) and red indicates complete/strong (2+, 3+) staining (S1 Fig).

https://doi.org/10.1371/journal.pone.0275064.g001

responsive to the stimulatory effect of IL-4 and IL-13 compared to primary human lung
fibroblasts.

To test the specificity of the IL-4/IL-13 induced proliferative response, cells were pre-
treated with increasing doses of antibody against the IL-4Ro. or IL-13Ral receptor, then stimu-
lated with the concentration of IL-4 or IL-13 that produced the highest proliferative response.
IL-4 failure to induce proliferation above basal levels (1-fold proliferation) was observed using
400 ng anti-IL-4Ra (Fig 2C) (S2 Fig), whereas IL-13 failure to induce proliferation above basal
levels (1-fold proliferation) was observed using 40 ng anti-IL-13Ral (Fig 2D) (S2 Fig). These
data suggest that IL-4 solicits a stronger, or perhaps more sustained, proliferative response
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Fig 2. Low doses of IL-4 and IL-13 enhance cellular proliferation. A, B. N1 and SFT1 prostate fibroblasts and HLF primary lung fibroblasts
were cultured in serum-free defined media supplemented with vehicle or increasing doses (1-100 ng) of human recombinant IL-4 (A) or IL-13
(B) for 24 hours. Proliferation was assessed by WST assay. Average cell numbers and standard deviations were calculated. Both IL-4 (A) and IL-13
(B) maximally stimulated the proliferation of N-1 and SFT-1 cells at a concentration of 20 ng/ml and of HLF cells at 40 ng/ml. These
concentrations of IL-4 and IL-13, respectively, were therefore chosen for subsequent studies using N1, SFT-1, or HLF cells. Statistically (p < .05)
increased proliferation levels compared to control are indicated as * in corresponding colors. C, D. N1 and SFT1 prostate fibroblasts and HLF
primary lung fibroblasts were cultured in serum-free defined media, pre-treated for 2 hr with increasing doses of anti-IL-4Ra (10-1000 ng) (C) or
IL-13Ral (5-50 ng) (D) antibodies, then cultured for 24 hr in the presence of 20 (N1, SFT-1 cells) or 40 (HLF cells) ng/ml IL-4 or IL-13,
respectively. IL-4 failure to induce proliferation above basal levels (1-fold proliferation) was observed using 400 ng anti-IL-4Rowt (C), whereas IL-
13 failure to induce proliferation above basal levels (1-fold proliferation) was observed using 40 ng anti-IL-13Ral (D). These concentrations of
anti-IL-4Ro and anti-IL-13Rol, respectively, were therefore chosen for subsequent studies using N1, SFT-1, or HLF cells (S2 Fig). Statistically (p
< .05) decreased proliferation levels compared to control are indicated as * in corresponding colors.

https://doi.org/10.1371/journal.pone.0275064.9002

than IL-13, as 10X higher IL-4Ro: than IL-13Ral antibody levels were required to repress this
response. Alternatively, this result may be due to differences in ligand/receptor affinities.

IL-4 and IL-13 induce self- expression in prostate fibroblasts

The IL-4/IL-13 signaling axis up-regulates and activates the STAT6 and GATA-3 transcription
factors, which then promote their own expression as well as that of the IL-4 and IL-13 interleu-
kins and their cognate receptors, IL-4Ro and IL-13Ral in immune cells (reviewed in [24]).
Therefore, we investigated whether IL-4 and/or IL-13 promoted their own secretion by pros-
tate fibroblasts. For these experiments, N1 or SFT1 prostate fibroblasts were cultured in
serum-free media supplemented with vehicle or 20ng/ml IL-4, IL-13, IEN-y, TNFa, or 4ng/ml
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TGEF-B, for 24 hours with or without 2 hr pre-treatment with 400 ng/ml IL-4Ra: or 40 ng/ml
IL-13Rol antibodies, then switched to fresh serum-free media and incubated for another 24
hrs. Conditioned media was collected and interrogated by ELISA for IL-4 or IL-13 protein
secretion. These studies showed that IL-4 induced its own secretion in both N1 and SFT 1
cells, and that this effect was ablated upon pretreatment with IL-4Ro antibody (Fig 3A and
3C). Parallel studies showed that IL-13 also induced its own secretion in N1 and SFT1 cells,
which was ablated upon pre-treatment with IL-13Rol antibody (Fig 3B and 3D). IL-4 and IL-
13 induced their own expression at levels significantly higher than that achieved by IFN-y,
TNFo, or TGF (Fig 3) (S3 Fig). Taken together, these data show that IL-4 and IL-13 can
induce their own production by prostate fibroblasts. Moreover, whereas IL-4 induction was
fairly specific, IL-13 induction was promoted by itself as well as other pro-fibrotics.

IL-4 and IL-13 up-regulate collagen expression

IL-4 and IL-13 are pro-fibrotic proteins that can promote the secretion of ECM proteins [25].
We therefore investigated whether IL-4 and/or IL-13 could induce the expression of the
COL1A1 gene, which encodes 2 of the 3 strands of the collage 1 protein trimer, in prostate
fibroblasts. As seen in Fig 4A, IL-4 and IL-13 significantly increased COL1A1 gene expression
to levels 3-4x higher than vehicle-treated N1 and SFT1 cells (p < .0001). TGF-B induced higher
COL1A1 expression than IL-4 or IL-13, to levels 4-5x higher than vehicle-treated cells (p <
.0001). Pre-treatment with antibodies against IL-4Ro or IL-13Ral ablated the observed IL-4 or
IL-13-mediated COL1A1 transcriptional response, respectively, demonstrating the specificity
of these responses (S4 Fig). Subsequent studies examined whether increases in COL1A1 tran-
script expression were mirrored by collagen protein expression. Sircol assays, which detect
total soluble collagens I-V, demonstrated significantly higher levels of soluble collagens I-V
produced by N1 and SFT-1 cells treated with IL-4 (p < .001) (B) or IL-13 (p < .0001) (C) com-
pared to vehicle-treated cells. Pre-treatment with antibodies against IL-4Ra: or IL-13Rail
ablated the observed IL-4 or IL-13-mediated collagen protein expression to levels similar to
those of vehicle-treated cells (p < .05). As expected, TGF-p induced higher levels of soluble
collagens I-V than either IL-4 or IL-13. Co-treatment with IL-4 + IL-13 significantly increased
production of soluble collagens I-V above those observed for IL-14 alone by N1 (p < .0001)
and SFT-1 (p < .01) cells (Fig 4B). These data show that both IL-4 and IL-13 robustly and spe-
cifically promote collagen transcript and protein expression by prostate stromal fibroblasts to
levels almost equivalent to those induced by the strong pro-fibrotic protein, TGF-p (54 Fig).

IL-4 and IL-3 do not promote aSMA expression

N1 cells treated with TGF-1, IL-4, or IL-13 demonstrated significantly increased expression
of COL1AL1 protein in vitro compared to vehicle-treated cells. (Fig 5A-5D). Pre-treatment
with antibodies against the cognate receptors of IL-4 and IL-13, respectively, repressed their
induction of COL1A1 protein expression (Fig 5A-5D), demonstrating the specificity of the
cellular response to interleukin treatment. aSMA expression, however, was significantly upre-
gulated by treatment with TGF-B1, but not with IL-4 or IL-13 (Fig 5A-5C and 5E) (S5 Fig).
Moreover, N1 cells treated with TGF-B1 exhibited a morphological change from a spindle-like
shape to a more stellate shape consistent with the myofibroblast phenotype (Fig 5C) [11],
whereas cells treated with IL-4 or IL-13 retained a spindle-like morphology (Fig 5A-5C), sug-
gesting that IL-4 and IL-13 induced fibroblast activation, but not complete differentiation to a
myofibroblast phenotype.
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Fig 3. IL-4 and IL-13 induce self expression in prostate fibroblasts. N1 or SFT1 prostate fibroblasts were cultured in serum-free media supplemented
with vehicle or 20ng/ml IL-4, IL-13, IFN-y, TNFa, or 4ng/ml TGF-B, for 24 hours with or without 2 hr pre-treatment with 400 ng/ml IL-4Ro. or 40 ng/ml
IL-13Rol antibody. The cells were then washed, switched to fresh serum-free media, and incubated for another 24 hrs. Conditioned media was collected
and interrogated by ELISA for IL-4 or IL-13 protein secretion (N1 cells, A and B; SFT1 cells, C and D) (S3 Fig), respectively. Statistically significant
differences between IL-4 or IL-13 secretion by vehicle-treated compared to other treatments is indicated as * p < .05; ** p < .01; *** p <.001; **** p <
.0001.

https://doi.org/10.1371/journal.pone.0275064.9003

PLOS ONE | https://doi.org/10.1371/journal.pone.0275064  October 6, 2022 7/21


https://doi.org/10.1371/journal.pone.0275064.g003
https://doi.org/10.1371/journal.pone.0275064

PLOS ONE

IL-4/IL-13 promotes prostatic fibrosis

Il N1
3 SFTH SFT1 IL4+IL13 floe —
SFT1 IL-4 + IL-4R Ab- .
SFT1 IL-4 I I 17 4
SFT1 TGFB1- o % |4
IL-13+IL-13Ra1 Ab- . *
| SFT1 Control- ! x —
IL-13 1 N1 IL4+IL13 8¢ 4 *
IL-4 +IL-4R Ab=| 1 N1IL4 +IL4Ra~ o . £ s
| g N1 IL4- Y 1) * = ¥
IL-4~ o * N1 TGFB1] 'Y, 12 *
* | % * *
TGFB1- | $ N1 Control YN ¥ —
Control={ ;I * 0 L o1
B. Collagen I-IV Protein (ug/ml)
IL-13+IL-13Ra1 Ab ——|
IL-13
SFT1 IL-13 + IL13Ra1- ; .
IL-4 +IL-4R Ab i x
L | ¥ SFT1 IL-13 . :| § .
* ; SFT1 TGFB1- yope ¢ % g
TGFB1 :l b3 SFT1 Control So § ‘4132
Control * N1 IL-13+IL13Ra14 :o
N1 IL13 ° o.’o :|
*
0 2 4 6 N1 TGFB1- 4 x
*
N1 Control ° 8 ’ $
A Fold COL1A1 Gene Expression H
C. Collagen I-Iv Protem (ug/ml)

Fig 4. IL-4 and IL-13 increased collagen 1 gene transcription and collagen types I-V protein expression. A. Total RNA purified from N1 or
SFT1 prostate fibroblasts cultured in serum-free media supplemented with vehicle or 20ng/ml IL-4, IL-13, or 4ng/ml TGF-B, for 24 hours with or
without 2 hr pre-treatment with 400 ng/ml IL-4Ra: or 40 ng/ml IL-13Ral antibody was subjected to qRT-PCR and assessed for transcription of the
RPLPO (housekeeping) and COL1A1 genes. Cycle numbers to threshold were calculated by subtracting averaged untreated from averaged treated
values and normalized to those of RPLPO. Transcript levels are expressed as fold changes over control. IL-4 and IL-13 induced COL1Algene
expression to levels 3-4x higher, and TGF-p to level 4-5x higher, than vehicle-treated (control) cells. Pre-treatment with antibody against IL-4Ra. or
IL-13Ral repressed COL1Algene expression to near basal levels. Results shown represent the means of 3 experiments. Significant differences

between paired comparisons are indicated as

EEE TS

p < .0001. Error bars represent SD. Data used to generate graph provided in S4 Fig. B, C. N1 or

SFT1 prostate fibroblasts were cultured in serum-free media supplemented with vehicle or 20ng/ml IL-4, IL-13, or 4ng/ml TGF-B, for 48 hours with
or without 2 hr pre-treatment with 400 ng/ml IL-4Ro. or 40 ng/ml IL-13Ro1 antibody. The cells were washed, lysed, and assessed for secreted
soluble collagen types I-V using Sircol assay reagents. Both IL-4 (B) and IL-13 (C) significantly promoted collagen types I-V protein expression,
which was ablated upon pre-treatment with IL-4Ro or IL-13Ral antibody, respectively (54 Fig). Significant differences between paired comparisons
are indicated as * p < .05; ** p < .01; *** p <.001; **** p < .0001.

https://doi.org/10.1371/journal.pone.0275064.9004

IL-4 and IL-13 induce expression of their cognate receptors in vitro

As noted above, The IL-4/IL-13 signaling axis up-regulates and activates the STAT6 and
GATA-3 transcription factors, which then promote their own expression as well as that of the
IL-4 and IL-13 interleukins and their cognate receptors, IL-4Ro and IL-13Ral in immune
cells (reviewed in [24]). To begin to examine this in prostate fibroblasts, we first determined
whether IL-4 and/or IL-13 induced the expression of their cognate receptors, IL-4Ro. and IL-
13Ral. As shown in Fig 6A and quantitated in Fig 6B, N1 cells endogenously expressed both
IL-4Ra and IL-13Rol under basal conditions. IL-4 significantly (p<0001) induced expression
of IL-4Ra to levels ~3X higher than basal levels or those observed after IL-13 treatment. Con-
versely, treatment with IL-13 did not induce or repress IL-4Ro. expression levels compared to
basal expression (Fig 6B). Treatment with IL-13 was associated with a significant (p < .0001)
increase in IL-13Ral expression levels above basal level, whereas IL-4 treatment had no
effect on in IL-13Ral expression levels (Fig 6B). Neither IL-4 nor IL-13 induced or repressed
expression of the IL-13Ra2 decoy receptor, which was unchanged from basal levels (Fig 6B)
(S6 Fig).
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Fig 5. IL-4 and IL-13 promote COL1A1 and aSMA co-expression and upregulate receptors inhibitors repress IL-4 and IL-13-mediated
prostate myofibroblast phenoconversion. N1 prostate fibroblasts were treated with 20 ng/ml of IL-13 or IL- 4, or 4 ng/ml TGFp1 (positive control)
for 48 hr, then co-immunostained for COL1A1 (PE-cy5-conjugated Ab, red), aSMA (fluorescein-conjugated Ab, green), or counterstained with
nuclear-specific DAPI (blue), and the images merged. N1 cells treated with IL-13 (A), IL- 4 (B), or TGF1 (C), demonstrated significantly (D)
increased expression COL1A1 in vitro compared to vehicle-treated cells, but only cells treated with TGFB1 demonstrated significantly increased
expression of aSMA. Pre-treatment with antibodies against the cognate receptors of IL-3 and IL-14, respectively, repressed the induction of
COLI1AL protein expression (A, B, D), demonstrating the specificity of the cellular response to interleukin treatment. N1 cells treated with TGF-B1
exhibited a morphological change from a spindle-like shape to a more stellate shape consistent with the myofibroblast phenotype (C), whereas cells
with IL-13 (A) or IL-4 (B) retained a spindle-like morphology suggesting a lack of myofibroblast differentiation. Images were captured and
photographed using fluorescence microscopy on an EVOS® FL Auto system at 20X magnification. Fluorescence quantitation was assessed using
Image-Pro Plus 7 imaging software. The number of cells evaluated for COL1A1 expression were 495 (control), 578 (TGFp), 889 (IL-4), 224 (IL4
+IL4R Ab), 761 (IL-13), and 96 (IL-13+IL-13Rail Ab). The number of cells evaluated for aSMA expression were 495 (control), 578 (TGFB), 56 (IL-
4), 142 (IL4+IL4R Ab), 172 (IL-13), and 98 (IL-13+IL-13Ral Ab) (S5 Fig). Significant differences between paired comparisons are indicated as * p
<.05** p <.0L;*** p <.001; **** p <.0001.

https://doi.org/10.1371/journal.pone.0275064.9005

IL-4Ra drives IL-4- and IL-13-mediated signal transduction

IL-4 and IL-13 share a common signaling axis that requires the IL-4Ra receptor. IL-4 signals
through a IL-4Ro/yc (Type 1) or IL-4Ro/IL-13Ral (Type 2) heterodimer, while IL-13 signals
solely through the IL-4Ro/IL-13Ral Type 2 heterodimer. IL-13Ro2 is thought to act as a
decoy receptor to homeostatically sequester IL-13 in normal cells and does not transduce
intracellular signaling [26-28]. Signal Transduceer and Activator of Transcription (STAT)
proteins comprise a family of six members (STATS 1-6) that are phosphorylated primarily by
Janus Kinases (JAKs), in response to IL-4 or IL-13 binding to the heterodimeric receptors
described above [29]. In order to determine the relative contribution of IL-4 and IL-13 stimu-
lation to STAT6 phosphorylation in human prostate fibroblasts, N1 immortalized human
prostate fibroblasts were treated with vehicle, IL-4, or IL-13 with or without pre-treatment
with antibodies against their cognate receptors, IL4Ra or IL-13Ral, respectively. These studies
showed that IL-4 stimulation of STAT6 phosphorylation was repressed upon pre-treatment
with antibodies against IL4Ra. (Fig 7A and 7C) but not IL-13Ral (Fig 7B and 7C), whereas IL-
13 stimulation of STAT6 phosphorylation was repressed upon pre-treatment with either IL-
13Ral (Fig 7D and 7F) or IL4Ro. (Fig 7E and 7F) antibodies (S7 Fig). These data suggest
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Fig 6. IL-4 and IL-13 induce expression of their cognate receptors in vitro. A. N1 prostate fibroblast cells were treated with vehicle, 20 ng/ml IL-13, or
20ng/ml IL- 4, for 48 hr, fixed, permeabilized, and immunostained using mouse monoclonal IL-4Ra: primary antibody detected with goat anti-mouse Alexa
Fluor 594 secondary antibody (red), or goat polyclonal IL-13Ra1 primary antibody detected with donkey anti-goat Alexa Fluor 488 secondary antibody
(green). B. Quantitation of IL-4Ra or IL-13Rol in vehicle, IL-4, or IL-13 treated cells. Treatment with IL-4 or IL-13 significantly (p < .0001) up-regulated
expression of their cognate receptors but not that of the decoy receptor, IL-13Ro:2. The number of cells evaluated for IL4Ro: expression were 101(control), 57
(IL-4), and 475 (IL-13). The number of cells evaluated for IL13Ral expression were 178 (control), 140 (IL-4), and 109 (IL-13). The number of cells evaluated
for IL13Ra2 expression were 165 (control), 204 (IL-4), and 138 (IL-13) (S6 Fig). Significant differences between paired comparisons are indicated as * p < .05;
**p < .01;*** p < .001;**** p < .000L.

https://doi.org/10.1371/journal.pone.0275064.9006

downstream signaling medicated by IL-4 may be less suppressible, hence, more robust, than
that mediated by IL-13. This is consistent with the ability of IL-4 to signal through both Type 1
and Type 2 heterodimeric receptors.
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Fig 7. IL-4Ra drives IL-4- and IL-13-mediated signal transduction. N1 immortalized human prostate fibroblasts were treated with vehicle, IL-4
(20ng/ml), or IL-13 (20 ng/m) with or without 2 hr pre-treatment with IL4Ra (IL4R) (400 ng) or IL-13Ral (40 ng) antibodies. Both IL-4 (Fig 7A)
and IL-13 (Fig 7D) robustly and significantly induced STAT6 phosphoryation compared to vehicle-treated cells. IL-4 stimulation of STAT6
phosphorylation was repressed upon pre-treatment with IL4Ra: (A) but not IL-13Ra1 (B) antibodies, whereas IL-13 stimulation of STAT6
phosphorylation was repressed upon pre-treatment with either IL-13Ral (D) or IL4Ra (E) antibodies. Densitometric data (S7 Fig) from the
replicate experiments is graphed in C (IL-4) and F (IL-13). Significant differences are indicated as * p < .05; ** p < .01; *** p < .001; **** p < .0001.

https://doi.org/10.1371/journal.pone.0275064.9007

IL-4 and IL-13 signal through JAK/STAT to induce collagen 1 and collagen
3 expression

Upon activation by ligand binding, the IL-4Ro/IL13Ral signaling axis activates the transcrip-
tion of genes encoding pro-fibrotic collagens, which are key components of the ECM and are
heavily upregulated in fibrosis (reviewed in [24]). To directly investigate the potential role(s)
of JAK/STAT signaling in IL-4 induction of collagen expression, N1 cells were treated with IL-
4 with or without pretreatment with 5uM tofacitinib (CP-690550; Xeljanz), a small molecule
JAK2/JAK3 inhibitor with low cytoxicity shown to repress IL-4-mediated downstream signal-
ing [30-32]. N1 fibroblasts grown in complete media will express high basal collagen levels
likely due to the presence of pro-fibrotic proteins in the serum component of the media. If the
complete media is removed, the cells washed, and media replaced with serum-free media, the
cells will gradually cease producing collagen (Fig 8A). However, cells grown for 24-48 hr in
serum-free media, then treated with IL-4 or IL-13, significantly up-regulate collagen 1 and 3
production over basal levels (Fig 8A-8C). Therefore, collagen 1 and 3 accumulation was con-
cordant with IL-4 treatment, and was reduced or ablated upon pre-treatment with tofactinib
(Fig 8). Similarly, phosphorylation of STAT6 is concordant with IL-4-mediated collagen 1 or 3
induction and is robustly maintained by IL-4-treated cells for at least 48 hr in the absence of
tofacitinib (Fig 8A-8D) (S8 Fig). These studies show that IL-4 induced expression of collagen
1 and 3 is coupled to JAK/STAT signaling in human prostate fibroblasts.
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Fig 8. IL-4-mediated induction of collagen 1 and collagen 3 expression is coupled to JAK/STAT signaling. N1 immortalized human prostate
fibroblasts were serum-starved for 48 hr then treated with vehicle or IL-4 (20ng/ml) with or without 2 hr pre-treatment with 5um tofacitinib, a
JAK2/JAK3 inhibitor, and maintained in serum-free media for an additional 24 or 48 hr. IL-4 significantly induced expression of collagen I
(COL1) and collagen 3 (COL3) concurrent with induction of STAT6 phosphorylation, all of which was repressed upon pre-treatment with
tofactinib (A). Western blots shown in A are representative of 3 replicate experiments. Densitometric data from the replicate experiments is
graphed in B (COL1), C (COL3), and D (pSTAT6/STATS6) (S8 Fig). Significant differences are indicated as * p < .05; ** p < .01; *** p <.001;

b < .0001.
https://doi.org/10.1371/journal.pone.0275064.9008

Discussion

Aging- and inflammation-associated fibrotic changes in tissue architecture contribute to dys-
function and disease in multiple organ systems [33, 34]. Our studies recently showed that peri-
urethral prostatic fibrosis is associated with lower urinary symptoms and urinary voiding
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dysfunction in men [10, 12]. Fibrosis in the lower urinary tract is associated with aging and
likely results from complex interactions between prostate epithelial cells, resident fibroblasts,
circulating fibrocytes, and infiltrating inflammation.

Few studies have sought to determine which pro-fibrotics may play predominant roles in
lower urinary tract fibrosis. The most studied to-date is TGFf, which has been shown to
induce prostatic fibrosis and alter extracellular matrix deposition in mouse models [35]. Some
of this activity may be stimulated by an imbalance between estrogen and androgen levels in
aging men [36, 37]. A recent study utilized medical record data, patient samples, and in vivo
models to evaluate the impact of inflammation, and TNFa in particular, within the context of
autoimmune disease, on lower urinary tract disorders. Previous studies from our group
showed that pro-inflammatory proteins, including chemokines and interleukins, are secreted
by aging prostate fibroblasts, and that one of these, CXCL12, acts as a pro-fibrotic in vitro and
in mouse models in vivo [38-40]. The Campisi group showed that many inflammatory media-
tors, including those mentioned above, are secreted as part of the senescence associate secre-
tory phenotype (SASP) induced by the aging process or, experimentally, by exposure to H,0,
or irradiation [41]. Several studies have shown that IL-4 and IL-13, which share a common
JAK/STATS signaling axis, promote fibrillar collagen secretion in multiple organ systems
(reviewed in [16], most notably in the lung [17, 18], the kidney [19, 20], and the liver [17, 21].

Immunohistochemical data reported here show that the IL4Ra and IL13Ra1 receptors are
up-regulated in peri-urethral prostate tissues in conjunction with high tissue collagen expres-
sion and lower urinary tract symptoms (LUTS). Data from the Human Protein Atlas
(proteinatlas.org) shows that both IL4Ro and IL13Ral are robustly expressed at the RNA and
protein levels by immune cells but also by diverse cell types, including fibroblasts and mesen-
chymal cells, and by diverse tissues, including the human prostate. Combined with the studies
cited above showing that IL-4 and IL-13 promote fibrosis in multiple organ systems, the ele-
vated expression of [L4Ra and IL13Ral concurrent with prostate tissue fibrosis and lower uri-
nary tract voiding dysunction led to the hypothesis that the IL-4/IL-13 signaling axis may
promote prostatic fibrosis as well.

ELISA and immunofluorescence data shown in the current study provide evidence that IL-
4 and IL-13 can up-regulate their own expression levels as well as those of their cognate recep-
tors in prostate fibroblasts. This is consistent with data acquired from the study of Th2 cells
which shows that Th2 differentiation occurs through a sequential series of events initiated by
IL-4 or IL-13 binding to heterodimeric IL-4 receptors. These ligand/receptor interactions acti-
vate receptor bound kinases JAKs or Tykl, which phosphorylate STAT6. pSTAT6 dimerizes
and translocates to the nucleus where it promotes its’ own expression and that of the GATA-3
transcription factor. After phosphorylation by diverse kinases, including p38, Akt, and Erk,
PGATA-3 translocate to the nucleus where both pSTAT6 and pGATA-3 transcriptionally [42—
45] activate IL-4 and IL-13 gene expression [46]. pPSTAT6 may also directly activate transcrip-
tion of the IL-4Ro,, COL1A1, and COL1A2 genes [43]. Our data shows that IL-4 and IL-13
self-upregulate their expression as well as that of their cognate receptors, IL-4Ra and IL-
13Ral, in prostate stromal fibroblasts. Both IL-4 and IL-13 promote STAT6 phosphorylation
in prostate stromal fibroblasts, and pSTAT6 persists for at least 48 hr post-induction. These
combined data suggest a mechanism whereby signaling through the IL-4/IL-13 axis up-regu-
lates and activates the STAT®6 transcription factor, which then promotes the expression of IL-4
and IL-13 and their cognate receptors, IL-4Ro and IL-13Ral, and promotes the expression of
collagens 1 and 3, contributing to activated fibroblast accumulation and persistence in the
prostate.

Studies intended to examine the mechanism of IL-4/IL-13 mediated activation of STAT6
showed that IL-4 stimulation of STAT6 phosphorylation was repressed upon pre-treatment
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with antibodies against IL4Ra but not IL-13Ral, whereas IL-13 stimulation of STAT6 phos-
phorylation was repressed upon pre-treatment with either IL-13Ral or IL4Ro antibodies.
These data suggest that IL-4, rather than IL-13, is the ’driver’ of JAK/STAT signaling promot-
ing STAT6 phosphorylation in human prostate fibroblasts, likely due to its ability to signal
through both the Type 1 yc/ IL4Ra and Type 2 IL4Ra/ IL-13Ral receptor complexes. Tofaciti-
nib, a robust but non-cytotoxic JAK2/JAK3 inhibitor commercially known as Xeljanz,
completely repressed IL-4-mediated collagen 1 and collagen 3 expression by these same cells.
A recent study showed that mouse models expressing STAT6 developed dorsolateral prostate
lobe fibrosis, whereas those lacking STAT6 did not, upon infection with the uropathogenic E.
coli strain CP1 [47]. Together these studies confirm the importance of the JAK/STAT axis, and
of STAT6-dependent mechanisms, for IL-4-mediated prostate fibroblast activation and ECM
accumulation [47].

Although IL-4 and IL-13 clearly up-regulated collagen expression, neither significantly
stimulated aSMA expression or adoption of a myofibroblast morphology by prostate stromal
fibroblasts. This suggests that activation of the IL-14/IL-13 axis induces prostate fibroblasts to
express ECM but not to differentiate completely to myofibroblasts. Fibroblast cell types that
secrete ECM but lack aSMA expression or contractile activity have been described as ‘activated
fibroblasts’ or proto-myofibroblasts’ [48]. More recently, single cell RNA sequencing studies
have identified fibroblast cell populations that lack aSMA expression but highly express colla-
gen-encoding genes in mouse models of pulmonary fibrosis [49], and lung and kidney fibrosis
[50], and in human skin [51] and human lung fibrosis [52]. Taken together, this data suggests
that ECM secreting cells associated with fibrosis may comprise a continuum of fibroblastic cel-
lular phenotypes and multiple sub-populations.

In conclusion, these studies show that IL-4 and IL-13 signal through the IL-4Ra receptor to
activate JAK/STAT signaling, thereby promoting their own expression, that of their cognate
receptors, and collagens. The concurrent high expression levels of the IL-4Ro and IL-13Ral
receptors and collagen in peri-urethral tissues from men suffering from LUTS is certainly
intriguing. This should be further investigated, along with elucidation of the relative contribu-
tions of immune cells and prostate fibroblasts in promoting JAK/STAT signaling and fibrosis,
perhaps through using organoid or in vivo mouse models. Taken together, the studies pre-
sented here suggest that the IL-4/IL-13 signaling axis is a powerful, but therapeutically target-
able, pro-fibrotic mechanism in the lower urinary tract.

Material and methods
Institutional review board approval

In all cases, written informed consent was obtained from patients all subjects under protocols
approved by the University Institutional Review Board.

Immunohistochemistry

FFPE tissues were sectioned at five-micron thickness and labeled with IL-4Ro. (MAB230, R&D
Systems), IL-13Ral (AF152, R&D Systems), or IL-13Ra2 (AF146, R&D Systems) antibodies
(1:100) using AEC solution and N-Histofine (universal immune-peroxidase polymer, anti-
goat/anti-mouse, Nichirei Biosciences INC). IL-4Ra,, IL-13Ral, and IL-13Ro2 expression was
detected using the universal immune-peroxidase polymer kit according to manufacturer’s pro-
tocol. Appropriate negative (no primary antibody) tissues were stained in parallel. CD8 expres-
sion levels were assessed on whole tissue sections using ImmunoMembrane [53], an Image]
plugin that uses color deconvolution for stain separation and a customized algorithm for cell
membrane segmentation. A quantitative score (IM-score, 0-20 points) is generated according
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to the membrane staining intensity and completeness. Specimens are classified into 0/1+, 2
+ or 3+ based on IM-score cut-offs. The classification and membrane segmentation are pre-
sented as a pseudo-colored overlay image (S1 Fig). InmunoMembrane is freely accessible at:
http://jvsmicroscope.uta.fi/immunomembrane/.

Cell culture

N1 cells were derived from prostate transition zone tissue explanted, grown as monolayer cells,
and transduced with a recombinant LXSNE6E7 retrovirus [54]. SFT1 cells were derived from
prostate transition zone tissue explanted and grown as monolayer cells from a solitary fibrous
tumor of the prostate characterized by a NAB2/STAT6 gene fusion [55]. The cells were grown
in 5% HIE culture media (Ham’s F-12, 5% FBS, Insulin [5 ug/mL], EGF [10 ng/mL], Hydrocor-
tisone [1 pg/mL], Fungizone [0.5 pg/mL], Gentamicin [0.05 mg/mL]), Plasmocin [0.5 ug/mL]).
Prior to treatment, cells were serum starved for 24-48 hr using SF HIE (Ham’s F12, EGF [50
ng/mL], 0.1% BSA, Insulin [5 ug/mL], Transferrin [5 pg/mL], 50 pM sodium selenite, 10 uM
3,3’, 5-triiodo-L-thyronine, HEPES [10mM], Hydrocortisone [1 ug/mL], Fungizone [0.5 g/
mL], Gentamicin [0.05 mg/mL]) Ethanolamine [5SmM]. Lung fibroblasts were explanted and
grown from lung tissues obtained from patients undergoing thoracic surgery for non-fibrotic
lung diseases (normal lung fibroblasts) and were maintained in Dulbecco’s modified Eagle
medium (DMEM) with 20% fetal bovine serum (FBS), penicillin, streptomycin and fungizone
as described previously [56]. Average cell numbers and standard deviations were calculated.

Proliferation assays

Proliferation (WST) assays were conducted as previously described [39]. Briefly, cells were
seeded at 10000 cells/well in 96 well plates in complete media, washed in 1X PBS and switched
to serum-free media (except for a positive control well), treated with increasing doses of IL-4
(0-200 ng/ml) or IL-13 (1-100 ng/ml) for 24 or 48 hours. These studies identified concentra-
tions of IL-4 (20ng/ml) and IL-13 (20 ng/ml) that exhibited robust cellular proliferation. Inhi-
bition studies were conducted by pre-treating cells plated as described above for 2hr with
increasing concentrations IL-4Ra (MAB230, R&D Systems) or IL-13Ral (AF152, R&D Sys-
tems) antibodies followed by stimulation with 20ng/ml IL-4 or IL-13 for 24 hr. Each study was
conducted in triplicate and included 9 technical replicates for each condition. Proliferation
was assessed by WST assay (Roche, USA, Cat. No0.11644807001) (S2 Fig).

ELISA assays

Cells were cultured as described above and supplemented with vehicle or 20ng/ml IL-4, IL-13,
IFN-v, TNFo, or 4ng/ml TGF-, for 24 hours with or without 2 hr pre-treatment with 400 ng/
ml IL-4Ra (MAB230, R&D Systems) or 40 ng/ml IL-13Ral (AF152, R&D Systems) antibodies.
The cells were washed with 1XPBS and the cells were cultured for another 24 hrs in serum-free
media. 4mls of conditioned media collected from treated cells were spun for 40 minutes at
4,000rpm at 4°C using Amicon Ultracel 3K (Millipore #UFC800324) to concentrate the sam-
ples. The samples were then subjected to ELISA human IL-4, IL-13, IEN- vy, TNFo and TGF-
B1 immunoassays ELISA Kits (cat. no. D4050, D1300B, DFNAS0, DTA00D, R&D Systems, #
MBS761127, Biosource, respectively) (S3 Fig).

RNA extraction and quantitative real time PCR (qRT-PCR)

Cells were cultured as described above and supplemented with vehicle or 20ng/ml IL-4, IL-13,
with or without 2 hr pre-treatment with 400 ng/ml anti-IL-4Ro. (MAB230, R&D Systems) or
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40 ng/ml anti-IL-13Ral (AF152, R&D Systems) antibodies, for 24 hrs. RNA was extracted
using Trizol reagent (Invitrogen, Carlsbad, CA), assessed for purity by A260/A280 ratio and
quantified using a Nanodrop spectrophotometer. 1 ug of RNA was reverse transcribed using a
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA).
qRT-PCR was performed using a QuantStudio 12K Flex Real-Time PCR System, reagents and
software (Applied Biosystems, Carlsbad, CA). Reactions were performed in triplicate, includ-
ing no template controls and amplification of an endogenous control transcript, Larger Ribo-
somal Protein (RPLPO), to assess template concentration and loading precision. Cycle
number to threshold was calculated for each gene by subtracting the average control value
from each average experimental value and normalized to RPLPO (loading control) using the
Pfaffl method [57]. Molecular probes used were Hs0016400_m1 for COL1ol and
Hs99999902_m1 for RPLPO (Applied Biosystems, Carlsbad, CA) (54 Fig).

Sircol assays

Cells were cultured as described above and supplemented with vehicle or 20ng/ml IL-4, IL-13,
TNFo, or 4ng/ml TGE-B, for 48 hours with or without 2 hr pre-treatment with 400 ng/ml IL-
4Ro (MAB230, R&D Systems) or 40 ng/ml IL-13Ral (AF152, R&D Systems) antibodies, then
assessed for secreted soluble collagen types I-V using Sircol assay reagents, collagen standards,
and procedures as described by the manufacturer (51000, Life Science) (S4 Fig).

Immunofluorescence assays

For the detection of COLA1A and aSMA proteins, cells were plated on chamber slides coated
with 10 pg/ml fibronectin (Sigma-Aldrich, St. Louis, MO) in complete media washed, switched
to serum-free media, and supplemented with vehicle or 20ng/ml IL-4 or IL-13, or 4ng/ml
TGE-B, for 48 hours with or without 2 hr pre-treatment with 400 ng/ml IL-4Ro (MAB230,
R&D Systems) or 40 ng/ml IL-13Ral (AF152, R&D Systems) antibodies. After 48 hr the cells
were fixed, permeabilized, and subjected to immunofluorescence as previously described [14],
using FITC-conjugated mouse monoclonal anti-aSMA (F3777, Sigma-Aldrich, St. Louis,
MO), and biotin conjugated rabbit polyclonal anti-COL1A1 (600-406-103, Rockland Immu-
nochemicals, Gilbertsville, PA), PE-Cy 5 streptavidin (BD Pharmingen San Diego, CA) conju-
gated secondary antibodies, and control mouse IgG2a (Sigma-Aldrich, St. Louis, MO). Cells
were counterstained for 5 min with 1 mg/ml DAPI (Molecular Probes, Eugene, OR) in Tris-
Buffered Saline/Tween 20, washed three times for 5 min each with TBST, and mounted in an
Aqua-mount (Lerner Laboratories, PA) (S5 Fig)

For the detection of IL-4Ro or IL-13Raul, cells were grown in 24-well plates in complete
media washed, switched to serum-free media, and supplemented with vehicle or 20ng/ml IL-4
or IL-13 for 48 hours. After 48 hr the cells were fixed, permeabilized, blocked using 20% and
subjected to immunofluorescence as previously described [14] but using mouse monoclonal
IL-4Ro primary antibody (MAB230, R&D Systems) detected with goat anti-mouse IgG H&L
(Alexa Fluor 594 (Abacam, ab150116) or goat polyclonal IL-13Ral primary antibody (AF152,
R&D Systems) detected with donkey anti-goat IgG (H+L) Cross-Adsorbed Secondary Anti-
body, Alexa Fluor 488 (ThermoFisher A-11055) (S6 Fig).

Photomicrographs of were taken on an Olympus BX53 fluorescence microscope or EVOS
Cell Imaging System. Signal density was quantified using Image Pro Plus software.

Western blot

Cells were treated as described above and lysed in radioimmunoprecipitation assay (RIPA)
Buffer. Protein quantification was carried out using Bio-Rad OneStep Bradford reagent and an

PLOS ONE | https://doi.org/10.1371/journal.pone.0275064  October 6, 2022 16/21


https://doi.org/10.1371/journal.pone.0275064

PLOS ONE

IL-4/IL-13 promotes prostatic fibrosis

Elx800 Microplate Reader (Bio-Tek) with Gen5 software. Protein lysates were prepared for
electrophoresis as previously described [39]. Membranes were blocked using a 5% BSA in
TBS-T solution for detection of phospho antibodies or 5% milk for detection of total antibod-
ies in TBS-T solution for one hour. Primary antibodies incubation was performed using a 5%
BSA TBS-T solution with IL-4Ro mouse monoclonal antibody (#25463), IL-13Ral goat IgG
(#AF146), and anti-IL-13Ro2 goat IgG (#AF152) from R&D Systems, anti-Stat6 (#9362S),
Y641 anti-pStat6 (#9361S), Smad3 (#9523), S423/425 pSmad3 (#95208), anti-Collagen 3
(#30565) and GAPDH (#2118) from Cell Signaling Technologies, and anti-Collagen 1
(#EPR7785) from Abcam. All primary antibodies were incubated overnight at a 1:1000 con-
centration, except for GAPDH which was used at 1:5000, followed by 3 times washing with
TBS-T. Secondary antibody incubations using Horse Radish Peroxidase, HRP, conjugated
goat anti-rabbit (Cell Signaling, #7074) or chicken anti-goat IgG HRP conjugated (#SC2953),
goat anti-mouse IgG HRP conjugated (#5SC2005) from Santa Cruz Biotechnology. Secondary
antibodies were used at a 1:5000 concentration for 1 hour at room temperature. Membranes
were washed twice with TBS-T and for the detection of HRP-conjugated antibody, immuno-
blots were quantified and analyzed using the ImageStudio software suite. Immunoblots shown
are representative of triplicate experiments (S7 and S8 Figs).

Statistical analysis

Statistical analysis was accomplished with GraphPad Prism v.9 using 1- or 2-way ANOVA
using replicate study data as detailed in the supplemental information). In all tests, p<.05 was
considered statistically significant.
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