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Introduction Inflammatory responses following tissue injury are essential for proper tissue regeneration.
However, dysfunctional or repetitive inflammatory tissue assaults can lead to poor tissue regeneration
and ultimate tissue failure via fibrosis. Previous attempts at urinary bladder tissue regeneration utiliz-

ing polymeric and biologic scaffolding materials tended to elicit these responses leading to poor tissue
regeneration. Recent advances in bladder regeneration utilizing bone marrow derived mesenchymal stem
cells (MSCs) and CD34* hematopoietic stem/progenitor cells (HSPCs) with biocompatible citric acid based
scaffolds have provided an environment that not only promotes the growth of architecturally germane and
physiologically functional tissue, but also modulates aspects of the innate immune response.

Material and methods Within this study MSCs, CD34* HSPCs, or MSC/CD34* HSPC seeded POC [poly
(1,8-octanediol-co-citrate)] scaffolds were utilized in an established rodent bladder augmentation model
to evaluate inflammation as it pertains to bladder tissue regeneration.

Results Quantified data from post-augmentation regenerated tissue samples at the 4 week time-point
demonstrated that POC/MSC and POC/MSC+CD34* HSPC grafts markedly reduced the presence of pro-
inflammatory CD68* macrophages and MPO* neutrophils compared to unseeded POC or POC/CD34*
HSPC-only seeded grafts. Pro-inflammatory cytokines TNFa and IL-1[3 were also significantly down-regulat-
ed with a concomitant increase in the anti-inflammatory cytokines IL-10 and IL-13 in the aforementioned
POC/MSC and POC/MSC+CD34* HSPC composites. Furthermore, this led to fewer instances of bladder tis-
sue granuloma formation combined with greater muscle content and tissue angiogenic events as previous
data has demonstrated.

Conclusions Data indicates that POC/MSC and POC/MSC+CD34* HSPC grafts attenuate the innate inflam-
matory response and promote bladder tissue regeneration.

Key Words: hematopoietic stem cells <> mesenchymal stem cells <> bone marrow
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INTRODUCTION

Strategies for tissue regeneration must consider
an assortment of factors that influence the proper
reformation of functional tissue including inflam-
mation [1-5]. Components of the inflammatory path-
way can shape the means in which proper wound
healing is attained or negatively effect overall tissue
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remodeling [2, 6, 7]. Specifically, cellular constitu-
ents of the innate immune system are typically the
first to arrive at areas of tissue injury in an effort
to provide the foundation for subsequent tissue re-
generation [8-11]. However, in situations where ad-
verse pathology or reaction to a foreign body plays
a pivotal role in wound healing outcomes, alterna-
tive strategies must be employed to temper over-
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zealous or dysfunctional innate inflammatory im-
mune responses.

Two major factors that can affect the role of inflam-
mation during tissue regenerative processes are
the scaffold composition and choice of cells used for
scaffold seeding. Studies employing synthetic and
biological scaffolds for tissue regeneration have been
hampered by a myriad of obstacles, including scaf-
folds that were non-compliant or possessed limited
structural integrity and lacked a means to mediate
inflammation while simultaneously promoting tissue
regeneration [12, 13, 14]. POC [poly (1,8-octanediol-
co-citrate)] is an elastomeric scaffold that has dem-
onstrated the ability to mimic mechanical properties
of the bladder while providing an amenable surface
for cell growth [15, 16, 17]. MSCs have been shown
to modulate acute inflammatory responses and ame-
liorate injury in vivo, while CD34* HSPCs robustly
induce angiogenesis and provide support for pe-
ripheral nerve regeneration [15, 18, 19]. Within the
framework of this study, we have attempted to deter-
mine whether human bone marrow (BM) MSCs and
CD34+ HSPCs combined with POC could influence
the innate inflammatory response and promote blad-
der tissue regeneration in a rodent model of bladder
augmentation.

MATERIALS AND METHODS
Bladder augmentation model

POC [poly (1,8-octanediol-co-citrate)] was synthe-
sized and cell seeded as previously described [15].
Athymic female rats underwent bladder augmenta-
tion as previously described in detail [15]. The cys-
tectomized defect was augmented with 1) unseeded
POC (uPOCQ); 2) POC/CD34+ HSPCs; 3) POC/MSCs;
or 4) POC/MSCs+CD34* HSPCs. n=3 animals/
group at 4 and 10 week time-points. Animal stud-
ies were approved by the Institutional Animal Care
and Use Committee at the Stanley Mann Research
Center, Chicago.

Immunofluorescence analysis and quantification
of augmented bladder tissues

Immunofluorescence (IF) staining of explanted blad-
der tissues was completed as previously described
[15]. CD68 (macrophage marker), MPO (myeloper-
oxidase; neutrophil marker), IL-1B, TNFa, IL-10,
and IL-13 were used for IF. Antibodies were obtained
from Abcam or Santa Cruz Biotechnology and used
as described [15, 16]. Tissue samples were also quan-
tified for respective marker/cytokine expression
as previously described [15, 16].

Statistical analysis

Differences between groups were determined using
ANOVA, with the Tukey-Kramer method for mul-
tiple comparisons (SAS 9.4). P values <0.05 were
considered statistically significant.

RESULTS

IF staining subjectively demonstrated elevated lev-
els of CD68* and MPO™ cells within uPOC or POC/
CD34*+ HSPC grafts at 4 and 10 week time-points
(Figure 1A, columns I and II, respectively) com-
pared to other graft conditions. POC/MSC and POC/
MSC+CD34* HSPC grafts demonstrated a marked
decrease in both CD68+ and MPO™* cells within re-
generated tissues at both time-points (Figure 1A,
columns III and IV, respectively). Quantified data
corroborated visual findings (Figure 1B).

Levels of anti-inflammatory cytokines IL-10 and
IL-13 were most prominent in POC/MSC and POC/
MSC+CD34* HSPC grafts at the 4 week time-point
and gradually decreased at 10 weeks post-surgery
(Figure 2A, rows 3 and 4, respectively). POC/CD34*
HSPCs and uPOC grafts exhibited significantly low-
er levels of IL-10 and IL-13 production at both time-
points as quantified in Figure 2B.

Pro-inflammatory cytokines IL-13 and TNFa ex-
hibited their highest levels of expression at the
4 week time-point in POC/CD34" HSPCs and uPOC
grafts (Figure 3A, columns I, IT and rows 1, 2) exhib-
ited a modest decline in expression of each cytokine
in uPOC grafts, while a greater decline was seen
in the POC/CD34+ HSPCs grafts at 10 weeks post-sur-
gery. IF data were verified as described in Figure 3B.
Granulomas (CD68* macrophages clustering) in regen-
erating bladder tissue were highly abundant in uPOC
and POC/CD34+ HSPC grafts while lesser numbers
of granulomas were present in POC/MSC and POC/
MSC+CD34* HSPC grafts (Figure 4A), which re-
mained fairly constant throughout both time-points.
Quantified data supported in vivo findings (Figure 4B).

DISCUSSION

The interplay between inflammation-based response
mechanisms to tissue insult and endogenous regen-
eration programs are pivotal for proper tissue reforma-
tion [5, 20, 21]. Aberrant expression of inflammatory
pathway components can lead to suboptimal tissue
regeneration, which is reflected in poor architectur-
al remodeling and ineffective organ function. Since
the initial response to tissue injury is typically a cas-
cade of innate immune events that include macrophage
and granulocyte localization, it is essential to modulate,
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but not abolish, the catabolic effects of pro-inflammato-
ry cytokines in this setting [15, 16, 22]. The application
of BM MSCs and the differentiated progeny of CD34*
HSPCs to attenuate highly reactive innate immune
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Figure 1. Macrophage and neutrophil distribution in unseeded
or cell seeded bladder augmented tissue samples.

(A) CD68* macrophage (green) expression was highly abundant in uPOC and
POC/CD34* HSPCs grafts. The infiltrating macrophage population encom-
passed the entirety of the graft and was also evident at contact points where
the suture traversed native bladder tissue into the POC. Similarly, MPO*
neutrophils (red) were also found to be in greater numbers in the aforemen-
tioned treatment groups. In contrast, POC/MSC and POC/MSC-CD34* HSPC
grafts displayed considerably lesser levels of both CD68* macrophage and
MPO* neutrophils at both 4 and 10 weeks post-surgery. n = 10 images/ani-
mal. Blue = DAPI. Magnification, 400x. Scale bar, 50 um.

(B) Quantification of CD68" (left bars) and MPO* (right bars) IF staining at 4 weeks
(left panel) and 10 weeks (right panel). At 4 and 10 weeks post-augmentation,
CD68* cells comprised 35.4 +2.2% and 29.8 +1.9% of the regenerated tissue
from unseeded grafts, with MPO* levels (CD68* and CD68’) of 8.5 +1.0% and
10.5 +1.2%. POC/MSC grafts, with or without CD34* HSPCs, resulted in a signifi-
cant decrease in the macrophage infiltrate (4 and 10 weeks) and in the neutro-
phil population (10 weeks) (4W: POC/MSC 18.1 +2.9% CD68", 5.7 +1.5% MPO*
and POC/MSC+CD34* HSPC 17.3 +1.2% CD68", 4.3 #1.3% MPO+; 10W POC/MSC
13.2 +0.7% CD68", 5.8 +0.3% MPO* and POC/MSC* CD34* HSPCs 13.0 +2.3%
CD68", 4.6 +1.2% MPO*). POC/CD34* HSPCs grafts showed a delayed effect,
with reduced macrophage and neutrophil populations observed at 10 weeks
(4W: 33.8 +0.6% CD68", 10.4 +1.0% MPO*; 10W: 19.3 +2.1% CD68", 5.3 +0.1%
MPO*). Data shown as means +SE. Significance shown for comparison of cell-
seeded groups to uPOC; *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001.

& W

[ i PO
.r|l

PSSl HERC

Pty

POARE+ S HEP T

-] Arti-nfammatony cytoking axpression in regenerated tissue
B Reid PoC POz
: s
yaw o \MBEEDED  COMS PO COM® UMSEECED
rOC HAPGs M3Ca Harcal POS
o | -

PO
COM- PO OO0
HOPG: MSCH  HEPCa

w1 =
P 4

w1

b et [t CHELASN cald " HO0)

Figure 2. Anti-inflammatory IL-10 and IL-13 cytokine
expression in regenerating bladder tissue.

(A) The cytokines IL-10 and IL-13 are known to possess anti-inflammatory
properties and facilitate tissue regeneration throughout the remodeling
phases of inflammation. At 4 weeks post-augmentation, both IL-10 (green)
and IL-13 (green) expression is low in uPOC and POC/CD34* HSPC grafts. This
trend continued as seen at the 10 week time-point where the levels of expres-
sion decrease even further. Antithetical results are observed with POC/MSC
and POC/MSC+CD34* HSPC grafts. There is an approximate 4-fold increase
in IL-10 and IL-13 cytokine expression at 4 weeks post-augmentation com-
pared to the uPOC control. Although the levels of the anti-inflammatory
cytokines decreased at the 10 week time-point, there were still significant
levels of expression of both cytokines, again approximately 4-fold greater
than uPOC control grafts. n = 10 images/animal. Blue = DAPI. Magnification,
400x. Scale bar, 50um.

(B) Quantification of anti-inflammatory cytokine expression, shown as per-
centage of cells staining positive for IL-10 (left bars) and IL-13 (right bars)
at 4 weeks (left panel) and 10 weeks (right panel). IL-10 and IL-13 expres-
sion levels indicated a strongly anti-inflammatory profile for POC/MSCs
or POC/MSC+CD34* HSPCs. Notably, at 4 weeks the presence of MSCs in-
creased mean expression of IL-10 and IL-13 from <20% of the cell population
in the unseeded group to >70% in MSC-seeded groups (4W: uPOC 16.3 +0.8%
IL-10* and 12.8 #4.1% IL-13* vs. POC/MSC 74.6 +5.1% IL-10" and 77.0 +1.5%
IL-13*, POC/MSC+CD34* HSPCs 81.7 +5.2% IL-10* and 80.1 #5.3% IL-13%
10W: uPOC 9.9 +0.3% IL-10* and 10.7 #1.3% IL-13* vs. POC/MSC 16.0 #1.6%
42.0 #1.4% IL-10* and 37.6 +1.2% IL-13*, POC/MSC+CD34* HSPCs 47.6 +1.8%
IL-10* and 47.7 £1.6% IL-13*). Significant effects were not observed for POC/
CD34* HSPCs grafts (4W: 23.3 +2.9% IL-10* and 18.6 +2.6% IL-13*; 10W: 15.4
+3.2% IL-10* and 12.6 +1.8% IL-13*). Data shown as means *SE. Significance
shown for comparison of cell-seeded groups to uPOC; *P <0.05, **P <0.01,
***p <0.001, ****P <0.0001.
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Figure 4. Incidence of granuloma formation in uPOC or cell/
scaffold composites.

(A) The accumulation of CD68* macrophage clusters (green) was most
prominent in 4- and 10-week uPOC and POC/CD34* HSPC grafts. (Figure 4A,
columns | and Il). The numbers of granulomas was greatly reduced in POC/
MSC and POC/MSC+CD34* HSPC grafts (Figure 4A, columns Il and 1V) and
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o] [ . e "15.;?" p— o M uég-; granulomas. n = 10 images/animal. Blue = DAPI. Magnification, 100x. Scale
PFOC H3FCa M0 RSPy HSFCy VCH RPN bar’ 200 um.

o | (B) Frequency of granulomas in bladder tissue decreased with the addi-
tion of MSCs, but not CD34* HSPCs, to grafts. At 4 weeks, the mean number
of granulomas for MSC-seeded groups was <2; by 10 weeks further reduc-
tion resulted in instances of no detectable granulomas (POC/MSC range 0-2;

POC/MSC+CD34* HSPCs range 0-1).
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inflammation responses is potentially a feasible option
for bladder regeneration.
Figure 3. Pro-inflammatory IL-18 and TNFa cytokine MSCs known to possess potent anti-inflammatory
expression in regenerating bladder tissue. properties and the ability to alter macrophage phe-

(A) Detrimental to proper tissue regeneration is the presence of confounding notype [22, 23, 24] were not Only able to modulate
pro-inflammatory cytokines including IL-18 and TNFa. IL-18 (red) and TNFa aspects of macrophage and neutrophil migration,
(red) levels were highly abundant in CD34* HSPC and uPOC grafts at the but were also able to influence pro- and anti-inflam-

4 week time-point. TNFa levels remained elevated 10 weeks post-surgery : . . . :
matory cytokine secretion in vivo. Specifically, MSC
while IL-1B decreased only moderately in the unseeded samples. IL-18 and ry €y p Y /

TNFa levels in POC/MSC and POC/MSC+CD34* HSPC grafts were approxi- £ OC grafts dfecreased the presence of macrophage
mately half the value found in POC/CD34* HSPC and uPOC grafts at the and neutrophils ~2- and 1.5-fold, respectively, com-
4 week time-point. There was a general decrease in pro-inflammatory pared to uPOC grafts at 4 weeks post-augmentatlon
cytokine expression at the 10 week time-point for all samples; however, (Figure 1). This correlated to a substantial up-reg-
TNFa expression was relatively elevated with the POC/CD34* HSPC seeded ulation in anti—inﬂammatory cytokine secretion

construct. n=10 images/animal. Blue=DAPI. Magnification, 400x. Scale bar, . .
o ges/ 9nif of IL-10 and IL-13 (Figure 2), which was ~4-fold

(B) Quantification of pro-inflammatory cytokine expression, shown as per- gr eater than control samples combined with a Slgnlf'
centage of cells staining positive for TNFa (left bars) and IL-1fB (right bars) icant reduction of pro—inﬁammatory cytokines TNFa
at 4 weeks (left panel) and 10 weeks (right panel). The cytokine expression and IL-B (Figure 3). Decreased levels of TNFa and
profile for uPOC graft tissue was predominantly pro-inflammatory, with IL—B expression mediated by a reduction in macro-
mean percentages of 41.5 +2.2% TNFa* and 33.3 +1.2% IL-1B* at 4 weeks and phage activity or by agonist Supplementation have
34.3 #3.1% TNFa* and 27.0 +2.3% IL-1B* at 10 weeks. Significant reduction . 5 .
in both TNFa and IL-18 expression was observed for grafts seeded with MSCs been shown to be conducive to tissue repair and re-
or MSCs/CD34* HSPCs (4W: POC/MSC 20.5 +0.8% TNFa* and 13.9 +0.9%  generation in a number of settings including nerve
IL-1B, POC/MSC+CD34* HSPCs 22.5 +1.3% TNFa and 14.2 #3.7% IL-18%;  regeneration [25-28]. Although POC/MSC+CD34*
10W: POC/MSC 16.0 +1.6% TNFor and 7.0 +1.2% IL-16", POC/MSC+CD34'  HSPC grafts did not appear to greatly alter the lev-

HSPCs 14.4 +2.2% TNFa* and 11.5 +1.1% IL-1B*); grafts seeded only with Is of 1 43
macroph nd neutrophil ti ntent an
CD34* HSPCs did not show this effect (4W: 39.2 +2.6% TNFa* and 30.5 +1.3% els o acrophage a d neut op tissue content and

IL-1B; 10W: 26.6 £1.5% TNFo and 17.8 £4.6% IL-1B"). Data shown as means  CYtOKine expression compared to POC/MSC grafts,
*SE. Significance shown for comparison of cell-seeded groups to uPOC; it had a profound effect on other aspects of bladder

*P <0.05, **P <0.01, ***P <0.001, ****P <0.0001. tissue regeneration. We have previously demonstrat-
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ed that POC/MSC+CD34" HSPC grafts greatly in-
creased bladder muscle growth and promoted periph-
eral nerve regeneration and tissue vascularization
when compared to uPOC or POC/MSC grafts at the
4 week time-point [15]. As TNFa maintains a pleio-
tropic role with regards to angiogenesis, markedly
reduced levels of TNFa did not appear to effect levels
of angiogenesis in our model [15, 29, 30]. Compensa-
tory attributes provided by the CD34+ HSPCs may
have accounted for the robust angiogenic response.
The data presented here supports data derived from
a previous study by Pokrywczynska and colleagues,
which also demonstrated the pro-regenerative and
anti-inflammatory power of bone marrow cells [31].
Within the context of that study, it was observed that
there was an increased expression of anti-inflamma-
tory cytokines along with corresponding matrix me-
talloproteinases (MMPs) that provided the impetus
for rigorous bladder detrusor muscle regeneration in
an in vivo model of bladder augmentation.

The onset of granuloma formation is initiated with
the localized accumulation of inflammatory mononu-
clear cells including macrophages [32]. Granulomas
can eventually transition to fibrosis and compromise
bladder elasticity and function with the potential
to negatively impact the upper urinary tract. In the
presence of POC/MSC grafts, augmented bladders
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