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Impact Statement

Many benign bladder disorders are precipitated or
exacerbated by inflammation and pathways that
resolve inflammation hold great promise for treat-
ment. Here we demonstrate expression of pro-res-
olution receptors in the human and mouse bladder
and the therapeutic potential of three separate spe-
cialized pro-resolution mediators (SPMs) in promot-
ing urothelial repair in vitro and reducing bladder
inflammation using the mouse cyclophosphamide
model. Exploring Resolvin E1 further we show its
efficacy in restoring normal bladder functions and
suppressing fibrotic gene expression. This study
demonstrates that SPMs represent a large, impor-
tant, and widely unstudied field in bladder physiol-
ogy that provides very promising therapeutic targets
important in many disparate bladder inflammation
disorders. This work has the potential to bring real
relief to a wide variety of patients in the future.

Abstract

Inflammation is a central process in most benign bladder disorders, and its control
is a delicate balance between initiating factors and resolving factors. While recent
discoveries have shown a central role for the NLRP3 inflammasome in initiation,
the resolving pathways remain unexplored. Resolution is controlled by specialized
pro-resolution mediators (SPMs) functioning through seven receptors (six in
rodents). Here we demonstrate expression of all seven in humans (six in mice)
through immunocytochemistry. Expression was universal in urothelia with most
also expressed in smooth muscle. We next explored the therapeutic potential of
three SPMs; Resolvin E1 (RvE1), Maresin 1 (MaR1), and Protectin D1 (PD1). SPMs
promote epithelial wound/barrier repair and RvE1 triggered dose-dependent wound
closure in urothelia in vitro (scratch assay) (EC90=12.5nM). MaR1 and PD1 were
equally effective at this concentration. /n vivo analyses employed a cyclophosphamide
(CP) model of bladder inflammation (Day 0-CP [150mg/kg], Day 1 to 3 SPM [25pg/
kg/day], Day 4 — analysis). All three SPMs reduced bladder inflammation (Evans
blue) and bladder weights to control levels. Effects of RVE1 were also examined
by urodynamics. CP decreased void volume, increased frequency and decreased
bladder capacity while RvVE1 restored values to control levels. Finally, SPMs reduce
fibrosis and RvE1 reduced urothelial expression of TGF-B and collagen | to control
values. Together these results expand the known SPMs active in the bladder tissue
and provide promising therapeutic targets for controlling inflammation in a wide

variety of inflammation-associated benign bladder diseases.
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Introduction

Bladder inflammation is a precipitating or exacerbating fac-
tor in many benign urological diseases including bladder
outlet obstruction (BOO),! diabetic bladder dysfunction,?*
urinary tract infections,>” interstitial cystitis/bladder pain
syndrome,® and even aging.? Thus, understanding the com-
mon underlying pathways that control inflammation in
the bladder should identify molecular targets that could be
modulated to reduce the severity and /or morbidity of many,
if not all, of the diverse bladder inflammatory disorders.
Much work has been focused on the pathways that initiate
inflammation with the concept that blocking these pathways
can prevent inflammation and reduce or eliminate many of the
negative consequences. Less than 20 years ago (in 2002), there
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was a significant breakthrough in the understanding of how
inflammation was triggered with the discovery of the inflam-
masome.!? Inflammasomes recognize molecules released
from damaged or dying cells (called Damage Associated
Molecular Patterns or DAMPs) or components of patho-
gens (Pathogen Associated Molecular Patterns or PAMPs)
(for review of inflammasomes see)''-1. These patterns trigger
oligomerization of the inflammasome and ultimately activa-
tion of caspase-1. Caspase-1, in turn, cleaves pro-interleukin-
1B (pro-IL-1B) and pro-interleukin-18 (pro-IL-18) into their
active forms which are released to act as pro-inflammatory
cytokines that precipitate the wider inflammatory process.
While vigorous release of DAMPs, or significant infection
with PAMPs, can elicit the cardinal signs of inflammation (red-
ness [rubor], swelling [tumor], heat [calor], and pain [dolor]),
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less aggressive but repetitive or chronic stimuli will elicit low-
level inflammation, referred to as meta-inflammation.16-20 It
seems logical that vigorous exposure may precipitate acute
inflammatory bladder disorders such as urinary tract infec-
tions while meta-inflammation would be a critical compo-
nent of the chronic inflammation-based bladder disorders,
such as BOO (typically brought on by years of progressively
worsening benign prostatic hyperplasia), diabetic bladder
dysfunction, and aging. Recently, our laboratory and others
have shown a critical role for the NLRP3 inflammasome in
acute stimuli such as chemotherapeutic cystitis?' (caused by
cyclophosphamide [CP] which is the model employed in this
study) and urinary tract infections>” as well as in the more
chronic inflammatory bladder diseases such as BOO,! diabetic
bladder dysfunction,* interstitial cystitis /chronic bladder pain
syndrome,® and aging.’ In these studies, pharmacological
inhibitors or genetic deletion of NLRP3 showed the utility of
targeting this complex in preventing bladder inflammation
and the negative consequences of these conditions. However,
there are two major problems with this approach that makes
it less desirable in all circumstances. First, these studies looked
at preventing inflammation, but patients often present to their
physician only after symptoms are well in place and inflam-
mation is firmly established. This is particularly true with
the low-levels insults such as BOO (due to BPH) and dia-
betic bladder dysfunction. Second, inhibiting the initiation of
inflammation runs the risk of creating immunocompromised
individuals.??

An alternative to targeting inflammation initiation that
also circumvents these concerns is to target the resolution
of the response. While initially it was thought that simply
reducing the initiation stimulus would result in reduction
of inflammation, it has been recognized for some time that
resolving inflammation is driven by its own set of mediators
and pathways. In fact, the first report of pro-resolving media-
tors (known collectively today as Specialized Pro-resolving
Mediators or SPMs) was published in 1984,%324 nearly 20 years
prior to the discovery of inflammasomes.!? Since their initial
discovery, the number of SPMs has expanded to include at
least 26 medjiators in five main classes.?>?” One of these classes
(Annexin-A1l) is composed of a single polypeptide while the
other four (lipoxins, resolvins, maresins, and protectins) are
composed of lipids synthesized from polyunsaturated fatty
acids. Despite the large numbers of SPMs, the actions of all
the SPMs are thought to be mediated by only seven inde-
pendent receptors (CHEMR23, BLT-1, LGR6, GPR37, GPR1S,
FPR2, and GPR32).282% Only six are expressed in rodents for
there is no GPR32 homolog.3* Among these receptors, there
appears to be significant ligand poly-pharmacology (single
SPMs binding to more than one receptor) and receptor plei-
otropy (single receptor activated by multiple ligands).282?°

Given the time that has elapsed since the discovery
of SPMs and the importance of inflammation in so many
bladder diseases, it is surprising that no studies have exam-
ined their therapeutic potential in the bladder. Previously,
Monastyrskaya et al. examined the expression of many
annexin family members, including Annexin-Al, in the
human bladder.?! In that study, they found urothelial expres-
sion of Annexin-Al and noted that it was reduced in intersti-
tial cystitis /bladder pain syndrome patients. In an additional
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study, a microarray analysis detected an increase in LGR6 in a
rat model of BOO but with no context of possible function.3?
Recently, we expounded on a possible role for Annexin-Al
in treating BOO using a rat model.?® In those studies, we
demonstrated the presence of all six SPM receptors in the
rat bladder. Expression was predominantly urothelial with
some expression in the detrusor and some changes in expres-
sion pattern in response to BOO. Importantly, treatment in
vivo with a peptide mimetic of Annexin-Al (Ac2-26) dimin-
ished BOO-induced inflammation and normalized bladder
dysfunction. This mimetic even promoted faster and more
complete functional recovery after surgical de-obstruction.
Thus, we have shown the likely presence of multiple resolu-
tion pathways in the bladder and the therapeutic possibility
of manipulating even a single one.

In this study, we seek to expand this information to look at
the therapeutic potential of additional SPMs in treating other
inflammation-related bladder diseases using mouse mod-
els. We first survey expression of the various SPM receptors
in the mouse bladder to compare and contrast to the rat. We
also survey expression in human bladder to provide context
as to how the mouse and rat data may transfer to humans.
We then examine Resolvin E1 (RvE1), Maresin 1 (MaR1), and
Protectin D1 (PD1) as representative of three additional classes
of SPM. We begin by examining their in vitro ability to pro-
mote wound healing in urothelia (promoting wound healing
and barrier repair is an essential characteristic of SPMs3+%). We
next assessed their ability to speed the resolution of inflamma-
tion in vivo in response to CP. CP is a chemotherapeutic drug
that is broken down to acrolein (among other metabolites)
which damages the urothelia during the storage phase, releas-
ing DAMPs and triggering a massive inflammatory response.
CP-induced hemorrhagic cystitis was once a very significant
clinical problem, although modern use of 2-mercaptoethanesul-
fonate sodium (Mesna) to bind acrolein in the urine and mask
its harmful effects has dramatically reduced the clinical occur-
rence. Despite this, CP-induced cystitis remains a very useful
experimental model for bladder inflammation because of its
speed and reproducibility and important findings with this
model are often confirmed and expanded upon in more chronic
and clinically relevant models. For example, studies of NLRP3
in CP-induced cystitis?! led to an understanding of its role in
BOO,! diabetes,* urinary tract infections,>” interstitial cystitis/
chronic bladder pain syndrome,® aging,’ and even mood disor-
ders associated with lower urinary tract symptoms.3°

Injection of 150 mg/kg CP elicits advanced inflammatory
characteristics in the bladder within 24 h and this inflamma-
tion persists for >oneweek. In these studies, we adminis-
tered CP and 24 h later began daily administration of SPM for
threedays, analyzing endpoints 24 h after the last injection of
SPM. This approach ensures inflammation has fully devel-
oped in the bladder before SPM exposure and thus assesses
the ability of the SPM to promote resolution of inflammation
(as opposed to blocking the initiation of inflammation). After
assessing the activity of RvE1, MaR1, and PD1 on resolving
inflammation, we examined the ability of one representative
SPM, RvEl], to reverse the effect of CP on bladder function
by urodynamics. Finally, we assessed the potential of RvE1
to reverse the CP-induced fibrotic response by examining
changes in mRNA expression for TGF-f and collagen-1.
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Table 1. Antibodies Used in This Study.

Antigen Host Company Catalog number References
LgG isotype control Rabbit Novus Biologicals NBP2-36463

FPR-2 Rabbit Novus Biologicals NLS1878 3-89

BLT-1 Rabbit LifeSpan Biosciences LS-A1494

CHEM23 Rabbit LifeSpan Biosciences LS-B12924

GPR37 Rabbit Abcam Ab21834

LGR6 Rabbit Abcam Ab126747 40-42
GPR18 Rabbit Abcam Ab150618 43
Annexin-A1 Rabbit LifeSpan Biosciences LS-B6711 44

Materials and methods
Animals and treatment paradigm

The Institutional Animal Care and Use Committee at Duke
University Medical Center approved protocols prior to
beginning this work. All protocols strictly adhered to the
NIH Guide for the Care and Use of Laboratory Animals.
Mice (C57/BL6, female) were purchased from Envigo Inc.
(Cumberland, VA) at seven to eight weeks of age and used
within two to three weeks of arrival. Mice were housed in a
colony room approved by the Association for Assessment
and Accreditation of Laboratory Animal Care. They were
given ad libitum access to food and water while being main-
tained at a constant temperature and humidity on a 12:12h
light-dark cycle.

Immunohistochemistry

For mice, following sacrifice by approved methods, blad-
ders were fixed in 10% neutral buffered formalin (0/n, 4°C).
They were then transferred to 70% ethanol and maintained
at 4°C until processed by the Department of Surgery’s histo-
logical core facility. There they were paraffin embedded and
transverse sectioned (5um). Sections from the caudal third of
the bladder were subjected to immunohistochemistry using
standard techniques. For human samples, formalin-fixed,
paraffin-embedded sections (5um) were purchased from
Zyagen Inc.(San Diego, CA) and used in an identical man-
ner. Table 1 lists the primary antibodies and dilutions used,
while the Vectastain ABC peroxidase staining kit (Vector
Laboratories, Burlingame, CA, cat# PK-4000) was used for
development with the antirabbit secondary antibody pro-
vided in that kit. Micrographs were captured on a Zeiss Axio
Imager Microscope. All staining was repeated a minimum of
three times to insure consistency.

Urothelial wound healing assay (scratch assay)

Urothelial cells were isolated as previously described.*4
Briefly, following harvest bladders were submerged in
phosphate-buffered saline (PBS) then inverted over the
tip of an 18-guage blunt-tip needle. A purse string suture
was used to close the bladder around the needle. The
bladder was then inflated with PBS and the purse string
pulled tight while sliding the bladder off the needle. The
inflated bladders were then placed in 5mL of 1mg/mL
collagenase P dissolved in complete media (F-12K media
[HyClone Laboratories, Logan, UT] supplemented with

10% low-endotoxin, dialyzed, fetal bovine serum [HyClone
Laboratories, Logan, UT], 10uM non-essential amino acids
[HyClone Laboratories, Logan, UT], 1.0 pg/mL hydrocor-
tisone [Sigma-Aldrich, St. Louis, MO], 10ug/mL insulin
[Gibco Laboratories, Gaithersburg, Maryland], 5pg/mL
transferrin [Gibco Laboratories, Gaithersburg, MD], 6.7 ng/
mL selenium [Gibco Laboratories, Gaithersburg, MD], 100 U/
mL penicillin [Gibco Laboratories, Gaithersburg, MD], and
100 ug/mL streptomycin [Gibco Laboratories, Gaithersburg,
MD)]). The suspension was then shaken for 1h at 37°C. Cells
were then filtered through a 40-um nylon mesh, pelleted,
resuspended in complete media, counted and plated at 10°
cells in 1mL complete media in 12-well plates. Plates were
incubated overnight, washed to remove debris and an addi-
tional 1mL complete media added. Plates were then incu-
bated an additional 48 h before beginning the scratch assay.

To perform the scratch assay, wells were marked on the
bottom for reference. A scratch was then made across the ref-
erence mark using a sterile 200 uL pipette tip. The wells were
then washed 2X with 1 mL complete media and a photograph
then taken of the scratch with the reference mark in the field.
The relevant SPM (RvE1, MaR1, or PD1, CAS# 552830-51-0,
1268720-28-0, and 660430-03-5, cat# 10007848, 10878, and
10010390, respectively, Cayman Chemicals, Ann Arbor, MI)
or the equivalent volume of PBS (control) was then added to
the indicated final concentration. The SPMs were purchased
in 100% ethanol and were stored at —80°C until used. For
use, the SPM was diluted 1:100 in complete media before
being added to the cultures at the final concentration shown.
Final concentrations of ethanol were <.01%. RvE1 was used
to determine a dose response, whereas MaR1 and PD1 were
tested only at 12.5nM. The plates were then incubated (37°C,
95% air/5% CQO,) 18 h before a second micrograph was taken
at the same location. Images were imported into the NIS-
Elements software (Nikon, Tokyo, Japan) and calibrated. The
distance separating the leading edges of the cells on each
side of the scratch was then measured and the effect of treat-
ment calculated as % closure (100X pm of the post-treatment
gap/um of the pretreatment gap).

In vivo treatment paradigm

The treatment paradigm for in vivo experiments is shown in
Figure 1. Day 0 mice were injected (i.p.) with 150 mg/kg CP
monohydrate (CAS# 6055-19-2, cat# TCC2236, TCI America,
Portland, OR) dissolved in saline at 20mg/mL. On Days 1, 2,
and 3, mice were injected i.p. with the indicated SPM (RvE1,
MaR1, PD1; CAS#s 552830-51-0, 1268720-28-0, 660430-03-5;
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In vivo treatment paradigm

CP SPM SPM SPM
or or or or
saline PBS PBS PBS  Analysis
0 1 2 3 4
Days

Figure 1. In vivo treatment paradigm used in these studies. Mice 7-8 weeks of
age were injected (i.p.) with 150mg/kg CP or saline on Day 0, followed on Days
1, 2, and 3 with i.p. injections of the various SPMs at 25 pg/kg or PBS. On Day 4,
mice were analyzed for the various endpoints reported.

cat #s 10007848, 10878, 10010390, purchased from Cayman
Chemical, Ann Arbor, MI) at 25ug/kg or an equivalent vol-
ume of PBS. On Day 4, mice were assessed for the various
endpoints.

Evans blue dye extravasation

The extravasation of Evans blue dye was used to assess
inflammation in the bladder, as previously described.!>2146
On the day of assessment, Evans blue dye was dissolved
in sterile saline at 10mg/kg before being injected (intra-
venous [i.v.]) into the tail vein of a restrained mouse. After
1h, the animal was sacrificed and the bladder removed and
weighed. The bladder was then placed into 1mL forma-
mide and incubated overnight at 50°C. Absorbance (620 nm)
was then assessed and a standard curve used to assess the
amount of dye extracted from the bladder. This amount was
then normalized to bladder weight and reported as pg dye/
mg bladder tissue.

Surgery

For mice selected for urodynamic analysis, suprapubic tubes
were implanted in the bladder one week prior to analysis.
Briefly, animals were anesthetized with an i.p. injection of
ketamine hydrochloride (50mg/kg) and xylazine (5mg/
kg). Mice were given amikacin (10mg/kg, s.c.) for antibiotic
prophylaxis and carprofen (5mg/kg, s.c.) for pain relief. A
low, midline abdominal incision was made and the bladder
externalized. Using a 6-0 silk suture with a tapered needle,
a purse string suture was placed in the bladder dome. A
hole was then cut in the middle of the purse string, PE-10
tubing inserted and the purse string pulled taught and tied.
The PE-10 tubing had a flared intravesicular end to insure
it remained securely in the bladder. The tube was then tun-
neled subcutaneously to the back of the neck and secured to
interscapular tissue using a 6-0 silk suture. The abdominal
incision was closed in two layers using a 6-0 PGA suture.
Finally, the skin at the catheter exit site was closed around
the catheter and the end sealed using heat.

Urodynamics

One week following catheter placement, the animals were
placed in a Ballman-type restrainer (Natsume Seisakusho
Co., Tokyo, Japan), following appropriate training. The
sealed end of the catheter was cut and slid inside a length of
PE-50 tubing. The junction between the two was adhered and
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sealed with cyanoacrylate adhesive. The restrainer was then
placed inside a Small Animal Cystometry Lab Station (Med
Associates, St. Albans, VT) where it was situated above a digi-
tal analytical balance to measure voided volume. The PE-50
tubing was attached to a syringe pump with an inline pres-
sure transducer and sterile saline infused at a rate of 15uL/
min for 60-180min. Near continuous readings (four per sec-
ond) were recorded from both the pressure transducer and the
scale using Med-CMG software (Med Associates, St. Albans,
VT). Micturition cycles were allowed to stabilize (typically
30-45min) and at least 3-9 cycles recorded before halting the
infusion pump, which always took place immediately after a
void. After halting the pump, the tubing was detached from
the pressure transducer and attached to a 3mL syringe. The
plunger was then withdrawn and any fluid recovered (post-
void residual volume) was measured by expelling it onto the
scale. Analysis of the micturition cycles (typically 5-9 per
sample) took place using CMG Analysis software (version
1.06; Med Associates, St. Albans, VT). One cycle was defined
as the time intravesicular pressure returned to baseline after
a previous void until it returned to baseline following the
next void. Voiding pressure is defined as the peak intravesical
pressure occurring at the time of a void. The void volume was
the amount of change on the scale associated with the voiding
pressure peak. Frequency was calculated from the number of
voids divided by total time for those cycles. Bladder capacity
was calculated by adding the average voiding volume to the
recovered postvoid residual volume.

qPCR

Urothelial cells were isolated by scraping the bladder wall, as
previously described,?'#” and were placed into 1-mL ice-cold
PBS until all samples were collected. Cells were pelleted and
resuspended in 250 uL PBS. An equal volume of RNA later
solution (ThermoFisher, Waltman, MA) was then added and
the cells stored at —20°C. RNA was isolated using the Qiagen
RNeasy Mini Kit (Cat# 74104, Qiagen, Hilden, Germany) and
cDNA synthesized with the Applied Biosystems High Capacity
Reverse Transcription kit (Cat# 4368814, ThermoFisher,
Waltman, MA) using the manufacturer’s recommended pro-
tocols. cDNA was then diluted 1:10 in nuclease free water and
used for qPCR analysis with PowerUP SYBR Green Master Mix
(cat# A25741, ThermoFisher, Waltman, MA). The manufactur-
er’s recommended cycling temperatures were employed with
the following primers (glyceraldehyde-3-phosphate dehy-
drogenase [GAPDH], f-AGGTCGGTGTGAACGGATTTG,
r-TGTAGACCATGTAGTTGAGGTCA; Transforming
growth factor-f1 [TGF-B1], f-CTCCCGTGGCTTCTAGTGC,
r-GCCTTAGTTTGGACAGGATCTG; Collagen type I, alpha
2 [Collagen 1], f-CTGTAACATGGAAACTGGGGAAA,
r-CCATAGCTGAACTGAAAACCACC). Analysis took place
on a Bio-Rad CFX96 Touch Real-Time PCR Detection System
(Bio-Rad, Hercules, CA). Gene expression was normalized to
GAPDH and expressed as the fold change between experimen-
tal and control tissue (AACt).#8

Statistical analysis

All parameters were assessed by ANOVA followed
by Dunnett’s post hoc test comparing all to control or
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Figure 2. SPM receptors are expressed in mouse bladder. All panels are immunohistochemistry performed on 5pm sections of formalin-fixed, paraffin-

embedded mouse bladders from untreated control mice of

~7-11weeks of age, as detailed in the Methods section. The primary antibody target is indicated

on each panel, and all were rabbit antibodies (see Table 1). The first panel is an isotype control using a rabbit IgG isotype control from Novus Biologicals
(Centennial, CO). All parameters for the slides used in this figure (incubation times, HRP product development times, etc.) were identical between all samples
and for each antibody and all slides specifically used in this figure were stained on the same day. Micrographs were taken with identical settings (exposure
times, light intensity, etc.). Scale bars =50 ym. The various layers (urothelial, interstitial, and smooth muscle) are delineated with dash lines and labeled on the

micrographs.

Student-Newman-Keul’s post hoc test, as indicated in the
figure legends. All statistical analysis were performed using
GraphPad InStat software (La Jolla, CA). Statistical signifi-
cance was defined as p <0.05.

Results

Receptors for numerous SPM receptors are
expressed in the mouse and human bladder

Recently, we showed the presence of various SPM receptors
in the control rat bladder, some of which changed expression
pattern in response to BOO.3* Before initiating studies in
the mouse, we sought to confirm expression of these SPMs
in the bladder of this species and so we have performed
immunocytochemistry for all the various SPM receptors
on mouse bladders (Figure 2). Likewise, to determine if the
investigated pathways may be relevant in humans, we have
also stained sections of human bladder (Figure 3). As shown
in Figure 2, all six SPM receptors (CHEMR23, BLT-1, LGR6,
GPR37, GPR18, and FPR2) are expressed in the urothelia
layers in control mice. The seventh, GPR32, has no rodent
homolog® and thus was not assessed. Most of these, with the
exception of LGR6, are also expressed in the smooth muscle
layers. Some (BLT-1, FPR2) also appear to be expressed in
the interstitial layer. Finally, CP or CP + RvE1 treatment did
not significantly change the expression patterns of any of
the receptors (Supplemental Figures 1 and 2). A slightly dif-
ferent expression pattern was apparent in human bladder.
All seven SPM receptors were expressed in the urothelia
(Figure 3(a)). All were also found in the bladder smooth mus-
cle (Figure 3(b)) with the possible exception of LGR6, which
was also excluded from the smooth muscle in the mouse
bladder. However, unlike the rodent models, most of these
receptors were also expressed in several layers of the intersti-
tial cells immediately underlying the urothelia (Figure 3(a)).
This seemed especially true for FPR2 and GPR32.

RvE1, MaR1, and PD1 promote wound closure in
vitro

As an initial assessment of the ability of SPMs to act as
resolution molecules on mouse urothelia, we examined the
ability of RvE, MaR1, and PD1 to promote barrier/wound
repair using a well-established in vitro scratch assay.*->! For
this, primary urothelia are cultured as a monolayer and then
scratched with a p200 tip. A photograph is taken and the cul-
ture treated with the respective SPM. A second photograph
is taken at the same location after 18h and the % of closure
is calculated. Figure 4(a) shows representative scratches at
t=0h and 24 h after treatment with the respective SPM. The
results are quantitated in Figure 4(b) and (c). Figure 4(b) is a
dose response of Rvel in promoting closure of the scratch.
In this setting, RvE1 demonstrated an EC90 of ~12.5nM
and an EC50 of =4.0nM. We next assessed the ability of two
additional SPMs, MaR1, and PD1 to promote wound repair
with a similar efficacy. As shown in Figure 4(c), both Marl
and PD1 promoted wound closure significantly above the
untreated control and to levels similar to RvE1. In fact, clo-
sure levels were not significantly different between RvE1,
MaR1, and PD1.

RvE1, MaR1, and PD1 promote the resolution of
CP-induced bladder inflammation

To determine if these three SPMs could effectively promote
the resolution of bladder inflammation, we assessed their
ability to reduce inflammation triggered by CP. As shown
in Figure 1, mice were treated with CP on Day 0, which
is well known to induce a severe inflammatory response
within 24 h (Day 1). Beginning on Day 1, mice were treated
daily with a given SPM (RvE1, MaR1, or PSD1) or PBS for
threedays. One day after the last dose (Day 4) end points
were analyzed. First, inflammation was assessed using the
Evans blue dye extravasation assay. As shown in Figure
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Figure 3. SPM receptors are expressed in human bladder: (a) micrographs focused on the urothelia and underlying interstitial cells, (b) micrographs focusing on

the bladder smooth muscle. All panels in (a) and (b) show immunohistochemistry performed on 5-um sections of formalin-fixed, paraffin-embedded human bladders
purchased from Zyagen Inc. (San Diego, CA). The primary antibody target is indicated on each panel and all were rabbit antibodies (see Table 1). The first panel in
both (a) and (b) is an isotype control using a rabbit IgG isotype control from Novus Biologicals (Centennial, CO) (Table 1). All parameters for the slides used in this
figure (incubation times, HRP product development times, etc.) were identical between all samples and for each antibody and all slides specifically used in this figure
were stained on the same day. Micrographs were taken with identical settings (exposure times, light intensity etc.). Scale bars=50pm. The various layers (urothelial,
interstitial, and smooth muscle) are delineated with dash lines and labeled on the micrographs.

5(a), treatment with CP evoked a 4.5-fold increase in Evans
blue movement into the bladder tissue on Day 4. However,
treatment of mice with 25ug/kg of either RvE1, MaR1, or
PD1 during the Day 1 to 3 period completely resolved this
inflammation, reducing Evans blue levels back to the PBS-
treated control.

Inflammation in a tissue is associated with weight gain,
most commonly from edema, and this is often used as a sur-
rogate for this endpoint.52%% Thus, we measured bladder
weights for these animals at the time of end point analysis
(excluding those used for urodynamics). As shown in Figure
5(b), CP increased bladder weight by =~35%. All three SPMs
reduced bladder weight to levels not significantly different
from controls, although it must be noted that the weights in
response to MaR1 were also not significantly different from
CP, even though they were reduced.

RVE1 restores important indices of bladder
function

CP is well known to induce an overactive phenotype in the
bladder which can best be defined using urodynamics. To
determine if SPMs can reverse this effect, we performed uro-
dynamics on mice treated as illustrated in Figure 1. For this
study, we focused on RvEL1 as a representative SPM because it
is known to bind to two of the receptors identified in Figures
2 and 3 as being expressed in the bladder (ChemR23 and BLT-
1). Thus, this SPM was deemed to have a higher likelihood
of success in these studies. Representative urodynamic pres-
sure tracings of the three groups analyzed (Control, CP, and
CP + RvEL1) are shown in Figure 6 while quantitative analyses
of critical parameters are depicted in Figure 7. Additional uro-
dynamic parameters not illustrated (e.g. voiding pressure)
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all to control.

were not significantly different between the various groups
(Figure 8).

Overactive phenotypes in rodents are characterized by
decreased voiding volumes and increased voiding frequency.
In this study, CP treatment caused a significant decrease in
voiding volume (Figure 7(a)) and a concomitant increase in
frequency (Figure 7(b)) fourdays after treatment. This was
also associated with a significant reduction in bladder capac-
ity at this time point (Figure 7(c)). Excitingly, RvE1 was able
to reverse all of these changes and completely return these
values back to control levels.

RVE1 reduces fibrotic gene expression back to
control values

Inflammation in general, and in the bladder specifically, is
well known to precipitate fibrosis, and there is growing evi-
dence that the therapeutic potential of SPMs includes the
regression of fibrosis.>*% To determine if SPMs may influence

fibrosis, we performed qPCR on RNA isolated from urothe-
lia taken from control, CP-treated and CP + RvEl-treated
mice. We focused on urothelia because we have previously
shown’? that this cell type is a significant producer of col-
lagen in the bladder and responds to pro-inflammatory
cytokines such as IL-1B, the product of the NLRP3 inflam-
masome. Here we assess changes in expression of TGF-B,
which drive fibrosis in many diseases and is often known as
the master regulator of fibrosis,%5” and Collagen-1, a major
component of the fibrotic tissue. As shown in Figure 6, both
TGEF-p and Collagen 1 levels were greatly increased by CP
treatment, and this increase was restored to control levels by
treatment with RvE1.

Discussion

The resolution phase of inflammation, including its pathways
and mediators, is a highly understudied aspect of inflam-
matory disease in the bladder. This seems particularly true
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Mice were subjected to the treatment paradigm shown in Figure 1. CP was
administered at 150 mg/kg. SPMs used were RvE1, MaR1, and PD1, all at

25 pg/kg/injection. On Day 4, the mice were injected (i.v.) with Evans blue
(25mg/kg). 1h later, bladders were removed, weighed, and placed in 1mL
formamide overnight (56°C). Absorbance (620 nm) was measured and results
calculated from a standard curve. Results are the mean = SEM. n=10, 12,

5, 4, 4, respectively. ***p <0.001 compared to control (Con — injected with
saline and PBS only) by ANOVA and Student—-Newman—Keuls. ###p < 0.001
compared to CP (CP —injected with CP and saline only) by ANOVA and
Student-Newman—Keuls. (b) Bladder weights following the treatment paradigm
depicted in Figure 1. At the end of the paradigm, bladders were removed for
the various endpoints and weighed. Bladders from mice used for urodynamics
were not included in the analysis. Results are the mean = SEM. n=19, 26, 15,
4, 4, respectively. ***p < 0.001 compared to control (Con — injected with saline
and PBS only) by ANOVA and Student-Newman—Keuls. #p < 0.05, #p <0.01,
###p < 0.001 compared to CP (CP — injected with CP and saline only) by ANOVA
and Student-Newman-Keuls.

when one considers that the state-of-the-art thinking is that
chronic inflammation is more likely a result of the failure of
pro-resolving pathways than an over-stimulation of inflam-
mation-inducing pathways?? and chronic inflammation is a
defining characteristic of many benign urological diseases.
Since inflammation is also obviously critical in acute insults
such as urinary tract infections and the CP-induced cysti-
tis employed in this study, it is clear that manipulating the
resolution phase could have great therapeutic potential to
treat numerous bladder disorders. This is only the second

treated, and CP + RvE1-treated mice. Shown are intravesicular pressure
tracings for each group through several micturition cycles. The tracing is oriented
so the first peak of voiding pressure (indicated by an arrow in (a)) in each of

the tracings are aligned for ease of comparison. The tracings reveal voiding
pressures (the pressure at each peak which corresponds to a void — tracings
from the scale that indicate voids are not shown) and the intercontraction
interval (time between peaks) which is reflective of voiding frequency: (a) control
untreated mice (saline and PBS only), (b) CP-treated mice (CP and PBS only),
and (c) CP + RvE1 — treated mice (CP and RvE1).

paper to explore this field, define the potential pathways pre-
sent and test individual SPMs for beneficial activity. In our
previous manuscript,®® we assessed the effects of one SPM,
Annexin-A1, on BOO in rats and found it to be quite effective
in promoting the resolution of inflammation and restoring
normal bladder function. In this study, we expand that work
to examine three additional SPMs, each representative of a
class of the lipid-based mediators. We elaborate further on
the ability of one mediator, RvE1, to facilitate the restoration
of normal bladder function and fibrotic gene expression.
We began these studies by examining the repertoire of
SPM receptors expressed in the mouse and human blad-
der. While our previous work documented expression in
rat bladder® expression needed to be confirmed in these
species. Our results show expression of all known SPM
receptors in the bladder in both species (six in mice, seven
in humans). Most were expressed in both the urothelial and
smooth muscle, although LGR6 expression appeared to be
restricted to the urothelia. The expression of such a large
number of receptors suggest that numerous SPM pathways
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are likely to be active in the bladder, and we discuss our evi-
dence for at least four to five active pathways below. These
data also defines a repertoire of novel targets for possible
pharmaceutical intervention.

Formation of a strong barrier between the underlying tis-
sue and the stored urine is an important function of urothelia
and research into many of the chronic bladder inflammatory
disease have documented reductions in barrier function that
are thought to play critical roles in the pathology of these
diseases.?¢! Thus, efficient repair of this barrier function is
critical and would help dampen the inflammatory response
by limiting exposure to DAMPS in the urine.®? One exciting
characteristic of SPMs is that they promote barrier repair and
wound healing.3% This has been most clearly defined in gut

and lung epithelia, two commonly studied tissues in epithe-
lial biology,®*3 but it is documented in many other epithelia
such as the cornea epithelium in mice.%* The ability to pro-
mote wound healing is commonly and easily assessed using
a scratch assay in which a scratch is made with a pipette tip
in a monolayer of epithelia. The cultures are treated, and the
percent closure of the scratch assessed after a period of time
(18h in this study). To gain insight into the efficacy of SPMs
on urothelial repair, we began with a dose response of RvE1
which identified an EC50 of 4.0nM and an EC90 of 12.5nM.
This is somewhat more efficacious than previously seen with
the human intestinal epithelial cell line SKCO15 (peak effects
at 100nM)®? but similar to that seen with periodontal liga-
ment stem cells.®> Assessment of MaR1 and PD1 at 12.5nM
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produced a similar enhancement of wound closure suggest-
ing these SPMs had at least a similar level of efficacy to RvE1
in urothelia. It is important to note that these studies only
sought to determine if these SPMs can promote wound clo-
sure, the first step in repairing a loss of barrier function and
a well-established attribute of SPMs. Future work will need
to assess reformation of the actual watertight barrier in vivo
in pathological models characterized by barrier breakdown.

This initial work demonstrates the ability of the urothelia to
respond to three additional classes of SPMs, the resolvins, the
maresins and the protectins, in addition to the previously iden-
tified Annexin-A1.3> Annexin-Al binds to FPR2 to exert its pro-
resolution activity, whereas RvE1 acts through CHEMR23 and
BLT-1.% The positive response to RvE1 suggests that at least
one, if not both, of these receptors can be activated in urothe-
lia. Likewise, MaR1 is thought to trigger its pro-resolving
activities solely through LGF6%%” and PD1 acts solely though
GPR37.2 Thus, positive results with all these ligands demon-
strates that at least four, and maybe five, of the identified SPM
receptors are activable in urothelia and likely to be engaged in
the response to inflammatory stimuli. Most importantly, these
results identify four to five novel targets which may be used to
treat a multiplicity of bladder inflammatory diseases.

We next sought to determine if these SPMs were effective
in vivo and could resolve inflammation in the bladder caused
by CP. CP-induced cystitis is a well-used model of bladder
inflammation although the exact dose and timing of analysis
may vary depending on the exact situation the researcher
wishes to investigate. For example, single doses from 150
to 300mg/kg are given to mice which are then analyzed
after one to four days when an acute inflammation is desired
(16-24h).%570 In contrast, daily doses of 75mg/kg for three
or more days are common when the investigator wishes to
measure chronic inflammatory effects.”” With several doses
and paradigms, studies have shown a relatively rapid return
to normal after the last CP injection (3-24 days),””? suggest-
ing that once the inciting stimulus is gone (i.e. CP is metabo-
lized to acrolein and that acrolein is completely excreted
in the urine), that a robust resolution program was likely
engaged. Since our goal was to study the enhancement of
this resolution program, we chose a paradigm of 150 mg/kg
injected once, a relatively mild acute response, and analyzed
inflammation four days later in which resolution was likely
well-underway. Daily treatment during those four days with
SPMs could then be expected to speed resolution. Indeed,
all three SPMs analyzed were able to resolve inflammation
back to control levels as measured by the Evans blue dye
extravasation assay. They also triggered a reduction in blad-
der weight, the increase of which is often reported as an
indirect measurement of inflammation.52%3 Thus, at least
some of the pathways predicted by receptor expression and
activatability in vitro, can be manipulated in vivo to enhance
resolution of inflammation in this model.

Having established that all three SPMs could speed reso-
lution of inflammation, we chose to explore RvEL1 further to
determine if it also restores bladder function as measured by
urodynamics, the gold standard for assessing bladder function.
While all three were good candidates for further exploration,
RvE1 binds to two of the expressed receptors® and therefore
seemed most likely to evoke a response. CP typically creates an

Pro-resolution mediators reverse cyclophosphamide effects

overactive bladder phenotype which, in rodents, is indicated
by a decreased voiding volume and increased frequency,?' and
this is exactly what we found with our current model. This
change was also associated with a reduced bladder capacity.
RvE1 restored all of these changes back to control levels, which
is consistent with its complete elimination of inflammation.

One of the most detrimental changes in the bladder that is
triggered by inflammation is fibrosis. Fibrotic alterations to
the bladder are associated with irreversible bladder dysfunc-
tion, even when the inciting stimulus is removed.” Such is
often the case with men undergoing a transurethral resection
of the prostate to relieve their BOO. If fibrosis has progressed
beyond a certain point (which is hard to define clinically),
the restoration to normal bladder function will be subopti-
mal. However, SPMs are known to suppress fibrotic changes
and may even reverse these effects’ suggesting that these
classes of compounds can give hope to these patients. CP is
an acute insult and so we would not expect major fibrotic
changes in terms of large collagen deposition, significant
distensibility changes to the bladder wall, major contractil-
ity dysfunction, and so on. However, we did measure an
increase in the mRNA for TGF-B in urothelia, which is a
master regulator of fibrosis,®%” suggesting that, at the very
least, in this model, the process of fibrosis has already begun.
While many cell types may contribute to fibrosis, we have
previously shown that the bladder urothelium is a significant
source that directly responds to pro-inflammatory cytokines
(IL-1B in particular) to increase secretion of collagen.>? In
addition to TGF-, we saw an increase in Collagen 1 mRNA,
further confirming this fibrotic shift. Excitingly, RvE1l com-
pletely reversed expression of both these molecules demon-
strating a direct effect against the fibrotic pathways by this
SPM in the bladder. It will be interesting in future studies to
determine if SPMs like RvE1 can actually reverse some of
the physical changes to the bladder (collagen deposition and
distensibility) seen in more chronic models such as BOO.!

Taken together, our results show that mouse and human
bladders express numerous SPM receptors and that mice at least
have the potential to engage several of the pro-resolution path-
ways — the normal involvement of which has not been studied.
Overall, we have provided strong evidence that the SPMs in the
bladder represent a large and widely unstudied field relevant to
bladder inflammation disorders with very promising therapeu-
tic targets and the exciting possibility of bringing about real relief
to a wide variety of patients in the future.
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