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Exosome biopotentiated hydrogel restores damaged skeletal
muscle in a porcine model of stress urinary incontinence
Tyler J. Rolland1, Timothy E. Peterson1,2, Raman Deep Singh 1, Skylar A. Rizzo1,3,4, Soulmaz Boroumand1, Ao Shi 1, Tyra A. Witt1,
Mary Nagel1, Cassandra K. Kisby 5, Sungjo Park6, Lois A. Rowe1,6, Christopher R. Paradise7, Laura R. E. Becher7, Brooke D. Paradise7,
Paul G. Stalboerger1,2, Emanuel C. Trabuco5✉ and Atta Behfar1,2,4,6✉

Urinary incontinence afflicts up to 40% of adult women in the United States. Stress urinary incontinence (SUI) accounts for
approximately one-third of these cases, precipitating ~200,000 surgical procedures annually. Continence is maintained through the
interplay of sub-urethral support and urethral sphincter coaptation, particularly during activities that increase intra-abdominal
pressure. Currently, surgical correction of SUI focuses on the re-establishment of sub-urethral support. However, mesh-based repairs
are associated with foreign body reactions and poor localized tissue healing, which leads to mesh exposure, prompting the pursuit
of technologies that restore external urethral sphincter function and limit surgical risk. The present work utilizes a human platelet-
derived CD41a and CD9 expressing extracellular vesicle product (PEP) enriched for NF-κB and PD-L1 and derived to ensure the
preservation of lipid bilayer for enhanced stability and compatibility with hydrogel-based sustained delivery approaches. In vitro,
the application of PEP to skeletal muscle satellite cells in vitro drove proliferation and differentiation in an NF-κB-dependent
fashion, with full inhibition of impact on exposure to resveratrol. PEP biopotentiation of collagen-1 and fibrin glue hydrogel
achieved sustained exosome release at 37 °C, creating an ultrastructural “bead on a string” pattern on scanning electron
microscopy. Initial testing in a rodent model of latissimus dorsi injury documented activation of skeletal muscle proliferation of
healing. In a porcine model of stress urinary incontinence, delivery of PEP-biopotentiated collagen-1 induced functional restoration
of the external urethral sphincter. The histological evaluation found that sustained PEP release was associated with new skeletal
muscle formation and polarization of local macrophages towards the regenerative M2 phenotype. The results provided herein serve
as the first description of PEP-based biopotentiation of hydrogels implemented to restore skeletal muscle function and may serve
as a promising approach for the nonsurgical management of SUI.
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INTRODUCTION
Urinary incontinence is a common condition that afflicts between 10
and 40% of women in the United States1. Stress urinary
incontinence (SUI), the involuntary loss of urine with exertional
physical activity, accounts for approximately one-third of cases and
leads to ~200,000 yearly surgical interventions2,3. Although not life-
threatening, urinary incontinence greatly impacts a woman’s quality
of life; with similar Health Utility Index scores being reported among
women seeking treatment for SUI and community-dwelling women
with other chronic, debilitating illnesses4.
The interplay of sub-urethral support and urethral sphincter

contraction is typically required to achieve optimal coaptation and
maintain continence during activities that result in increased intra-
abdominal pressure2,3. Events such as vaginal delivery lead to a
disruption of these coordinated events and result in continence
compromise. Most surgical approaches to correct SUI have
focused on re-establishing sub-urethral support with minimal
attention paid to restoring urethral sphincter function5,6. Since its
invention in the late 1990’s, the minimally invasive mid-urethral
sling, a procedure that utilizes a narrow strip of polypropylene
mesh placed sub-urethral, has grown to account for ~90% of the
yearly incontinence surgeries owing to its high success and low
complications7. Due to fears about the use of mesh for prolapse

reconstructive surgery following 2008 and 2011 FDA public health
warnings, the mid-urethral sling has been decreasing in popular-
ity8,9. A population-based cohort utilizing a robust national
database of inpatient surgical procedures showed that the
number of SUI surgical interventions performed in Scotland
decreased from ~830 in 2005–2006 to ~180 in 2015–2016,
respectively10. Similar trends have been observed in our practice
at Mayo Clinic in Rochester MN; with the number of sling,
procedures performed each year decreasing by over 50% between
2009 and 201611. As the prevalence of SUI is not expected to have
changed during this time interval, these data suggest that women
have limited their willingness to undergo mesh-based surgical
correction of SUI and highlights a critical need to provide safer
and effective nonsurgical and non-mesh-based treatment options.
Cell-based approaches have led to the experimental use of stem

cells at various locations along the urinary tract to drive myocyte
repopulation in preclinical models. Renewed interest in the
satellite cell after its discovery in the nineteenth century resulted
in its incorporation into SUI biologics12–18. Animal and pilot
human studies have implemented muscle precursor cells (MPC) to
reconstitute the injured external urethral sphincter and improve
continence. In these experiments, MPCs are harvested from the
quadriceps femoris, enriched in the laboratory, and injected in the
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mid-urethra (approximate position of the sphincter muscle).
However, MPC harvest is morbid and cellular expansion is time-
consuming and costly, making this traditional cell-based regen-
erative approach to SUI unlikely to achieve widespread applica-
tion19. The ongoing investigation is being conducted to determine
whether homogenous autologous satellite cell cultures or hetero-
geneous cellular material is more effective18,20. Neither allogenic
nor variations of autologous therapy have been successful in
permanently attenuating SUI at the time this paper was written.
Despite the significant impact of SUI on women’s health, the
approaches continue to be utilized in SUI cases due to procedural
discomfort, infection, high cost, lifestyle limitations, and cumber-
some self-care routines.
Successful skeletal muscle regeneration requires a concert of

molecular events which encompass NF-κB p65 signaling21–26, in
tandem with the recruitment of immune effectors to drive skeletal
muscle healing27. Recent works have indicated upregulation of
MyoD1, Myf5, and Pax7 in the early treatment of skeletal muscle
(SKM) injury is associated with upregulation of NF-κB in
regenerating tissue26. Furthermore, NF-κB has long been estab-
lished as a critical signaling factor in the perpetuation of myoblast
proliferation in tandem with SKM differentiation28,29. In parallel,
the presence of the M2 macrophage population appears to be
essential for skeletal muscle homeostasis following exercise27,30, as
well as in SKM regenerative events31. Interestingly, macrophage
polarization towards the regenerative M2 fate has been shown to
be driven through an SDF-1 and PD-L1 dependent path-
way25,32–37. Cell-free approaches, including gene therapy, recom-
binant growth factors, and exosomes, have been considered for
skeletal muscle regeneration; however, the short duration of effect
has limited therapeutic impact.
Platelet activation is known to trigger a series of events that

culminate in the release of exosomes from the platelet multi-
vesicular body (MVB). Integrin-α2B or CD41 is a classic marker for
platelets indicative of the megakaryocytic lineage and has been
utilized to track platelet exosome biogenesis when co-expressed
with tetraspanins such as CD9 and CD6338–40. In this effort, an
apheresis human platelet population was maintained within a
suspension culture, facilitating the collection of a platelet extra-
cellular vesicle population (PEP) enriched for CD41 and the
exosomal marker CD9, expressing NF-κB and PD-L1, reflecting key
established targets for SKM regeneration. Extracellular vesicle
purification was performed to ensure full lipid bilayer integrity for
maximal preservation of exosome biopotency at ambient and body
temperature. In vitro application of exosomes to muscle myoblasts
induced chemotaxis, proliferation, and differentiation of this
population in a NF-ΚB-dependent fashion. In vivo, sustained delivery
of exosomes within a biopotentiated hydrogel demonstrated SKM
repair in a rat model of volumetric muscle loss. In a porcine SUI
model, minimally invasive delivery of a PEP collagen-1 hydrogel
resulted in functional restoration of the external sphincter associated
with augmented muscle proliferation, local upregulation of NF-ΚB
and PD-L1, and polarization of local macrophages towards the M2
fate. The work presented herein provides mechanistic and transla-
tional insight for the use of an acellular biologic able to induce local
stem cell migration and differentiation following minimally invasive
delivery in a porcine SUI model.

RESULTS
Exosome characterization
Extracellular vesicles engineered from platelet suspension cultures
were assessed for size consistency, high degree of lipid bilayer
integrity, and markers conformant with exosome populations41,42

(Fig. 1). NanoSight characterization of PEP revealed particle
concentration of ~6.65 × 1012 particles/mL and size mean of
~154.4 nm (Fig. 1A and Supplementary Fig. 1). Electron

microscopy of PEP solution confirm NanoSight vesicle size
distribution; with most of the purified vesicles ~100–150 nm
(Fig. 1B). Western blot analysis demonstrated consistent expres-
sion of CD63, CD9 and Flotillin-1, established exosomal markers, in
3 separate clinical preparations of PEP (Fig. 1C). PEP preparations
were documented to be enriched for NF-κB p65 (2.41× fold;
p < 0.05; Student’s t-test) and PD-L1 (4.98× fold; p < 0.005;
Student’s t-test) compared to the levels seen in extracellular
vesicles (EVs) purified from adipose-derived mesenchymal stem
cells conditioned media (AMSC-CM; Fig. 1D). Atomic-force
microscopy of EVs purified from platelets using ultracentrifugation
document disruption of the phospholipid bilayer, which was
preserved with avoidance of high sheer stress purification (Fig. 1E).
To confirm derived EVs are platelet exosome preparations (PEP),
there were evaluated for presence of concomitant Integrin-α2b
(CD41) and CD9 expression using single-particle interferometric
reflectance imaging sensing (SP-IRIS) analysis of relative quantity
of CD63 (6.67 ± 0.58%), CD9 (76.0 ± 0.0%), CD81 (1.0 ± 0.0%), and
CD9/CD63 (16.67 ± 0.58%) within CD41a-positive exosomes
(Fig. 1F–I). Real-time microscopy tracked PEP trafficking with
documentation of HUVEC uptake and localization into the PKH26
labeled PEP within the endosomal compartment (Supplementary
Fig. 2 and Supplementary Movie 1). DiR labeled PEP exhibited
localization to the site of intramuscular injection on in vivo
monitoring (Supplementary Fig. 3) with blinded GLP histological
evaluation showing no on- or off-target pathological events
(Supplementary Fig. 4 and Supplementary Table 1).

Human skeletal muscle myoblast (HSMM) co-cultured with
PEP shows dose-dependent growth, chemotaxis, cell
migration, and skeletal muscle differentiation
At each concentration tested, myoblasts grown with PEP achieved
higher percent confluency compared to serum-free media and
media supplemented with 10% fetal bovine serum (FBS) (Fig. 2A).
At PEP concentrations higher than 1.25 × 1011 exosomes/ml
myoblast grew to over 90% confluency compared to only ~50%
confluency achieved with standard growth media with 10% FBS.
Similarly, a dual chamber migration assay documented that PEP
concentrations greater than 2.5 × 1011 exosomes/ml significantly
decreased the total phase area in the top chamber, suggesting
significant more myoblast migration through the pores and
improved chemotaxis (Fig. 2B). This was validated in a scratch
assay showing enhanced wound confluency in PEP treated
(≥1.25 × 1011 exosomes/ml) conditions versus FBS (Fig. 2C).
Myogenic lineage maturation from satellite cells (the endogenous
skeletal muscle stem cell) to multinucleated myotubes (Fig. 2D–I)
was documented with 2.5 × 1011 exosomes/ml of PEP. Specifically,
the myogenic lineage from myoblasts (Pax7+ and MyoD+ ) to
myotubes (Myosin Heavy Chain+ ) was identified after 96 h by
culturing HSMM with PEP (Fig. 2D–I, Supplementary Figs. 5 and 6).
By day 4, in contrast to basal media (1949 ± 1106, pixel intensity/
area), PEP was able to induce significant MHC induction
(14,859 ± 3049, pixel intensity/area, p < 0.01; Student’s t-test;
Supplementary Table 2), to drive myogenic lineage maturation
(Fig. 2H, I).

Resveratrol inhibits PEP-mediated HSMM proliferation
suggesting NF-κB as a central driver of satellite cell
proliferation and differentiation
To assess whether PEP donation of NF-ΚB p65 was responsible for
mediating myogenic proliferation and differentiation28,29, repeat
HSMM proliferation, cell count, and morphology analysis with PEP
alone or in combination with increasing concentrations of
resveratrol (Fig. 3), a known inhibitor of NF-κB (p65) was
performed43–47. Myoblast proliferation was inhibited in a dose-
dependent fashion, with resveratrol at 75, 250, and 500 µM
significantly inhibiting proliferation by ~20%, 50%, and 100%,
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respectively (PEP vs 75 µM= p < 0.05, PEP vs 250 µM= p < 0.0001,
PEP vs 500 µM= p < 0.0001; Student’s t-test; Fig. 3A–C). Western
blot analysis of cells grown in each condition showed a dose-
dependent decrease in NF-ΚB expression following resveratrol

treatment suggesting a role for this transcription factor in
myoblast proliferation and differentiation (PEP vs negative= p <
0.0001, PEP vs 50 µM= p < 0.05, PEP vs 75 µM= p < 0.05, PEP vs
250 µM= p < 0.05, PEP vs 500 µM= p < 0.0001; Student’s t-test;
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Fig. 3D, E). These findings confirm PEP-driven increases in HSMM
NF-κB p65 levels and the importance of this mitogenic factor in
driving skeletal myoblast growth (Fig. 3F).

Repair of rat volumetric muscle loss (VML) latissimus dorsi
defect with purified exosome product enhances skeletal
muscle regeneration
To assess the impact of PEP on skeletal muscle regeneration
in vivo, we utilized a rat volumetric muscle loss model, where a
large muscle lesion was created to exceed the endogenous
satellite stem cell capabilities for self-repair. Latissimus dorsi
defects (8 mm) were created with a punch biopsy and treated with
saline (sham; n= 9), clinical-grade fibrin glue (Tisseel, n= 9), or
Tisseel reconstituted with 1 × 1012 exosomes/ml (PEP, n= 9)
(Fig. 4A, B). Following reconstitution, PEP exosomes uniformly
adhered to fibrin fibers as documented by scanning electron
microscopy (Fig. 4C) to create a “bead on a string” pattern.
Furthermore, Tisseel hydrogel biopotentiated with 1 × 1012 exo-
somes/ml resulted in the sustained release of exosomes (Fig. 4D
and Supplementary Table 3). Animals were treated with 2’-Deoxy-
5-ethynyluridine (EdU) as a thymidine analog to monitor cellular
division and proliferation.
There we no deaths or infections prior to sacrifice at 8 weeks.

Sham-treated animals had persistent muscle defects with fatty
infiltration while those repaired with Tisseel or with Tisseel-PEP had
grossly healed defects (Fig. 4E). Histological characterization
revealed that in contrast to the absence of tissue in sham, Tisseel
alone induced primarily a fatty infiltrate with the significant
inflammatory response. Conversely, defects treated with PEP had
widespread skeletal muscle regrowth with a resulting decrease in
the defect compared to both sham and Tisseel-treated rats (Fig. 4E,
F). Immunohistochemical evaluation of PEP treated cohorts revealed
colocalization of EdU+ cells in Desmin+ tissue areas suggesting de
novo skeletal muscle regrowth at the injury site (Fig. 4G); with
significantly more EdU staining Desmin-positive cells per mm2

compared to sham control (p < 0.001; Student’s t-test), but not
compared to Tisseel alone (p= 0.24; Student’s t-test) (Fig. 4H).
Whereas the above data suggest PEP-biopotentiated Tisseel
hydrogel impacts muscle regeneration at the site of injury, this
model was not amenable to assessing skeletal muscle function.

Restoration of urethral pressures following urethral sphincter
repair with PEP in a novel porcine SUI model
To assess if PEP-mediated skeletal muscle regeneration can
integrate with uninjured surrounding muscle to restore the pre-
injury function of the urethral sphincter, we created a porcine
model mimicking SUI. This model was chosen due to anatomic
similarities between human and pig urethral sphincters. A total of
10 female Yorkshire-Crossed Pigs weighing 70–80 kg were utilized
(4 controls and 6 experimental). Under aseptic conditions and
general anesthesia, an ~2 cm long full thickness lesion (extending
the urethral wall and overlying the urethral sphincter) was created
cystoscopically at the 6 o’clock position starting 1 cm from the
meatus and extending cephalad (Fig. 5A, B). The animals were
allowed to convalesce for ~7 d and returned to the operating

room where a total of 5 ml of collagen (collagen) or collagen with
1 × 1012 exosomes/ml (PEP) was injected in ~0.5 cc aliquots over
10 injection points along the length of the previously created
urethral sphincter defect (Fig. 5C). A urethral pressure profile was
utilized to quantify sphincter function using a modified Medspira
mCompass manometry pressure catheter. Pressures were
recorded pre- and post-injury creation on day 0, at day 7–10,
and prior to euthanasia on day 42 post-therapy (Fig. 5D). Urethral
pressures were recorded for 10 sec, starting in the vagina, and
extending to the bladder, neck in 1 cm increments (Fig. 5D). In
contrast to TISSEEL, which polymerizes instantly, 5 mg/ml collagen
hydrogel takes ~78 s to gel at 37 °C, making it more suitable as the
flowable hydrogel for injection through a cystoscope. PEP
demonstrated a similar binding affinity to collagen as it did to
TISSEEL on SEM (Fig. 5E). Additionally, collagen-1 hydrogel
biopotentiated with 1 × 1012 exosomes/ml resulted in the
sustained release of exosomes (Fig. 5F and Supplementary Table
3). Three pressure readings from each 10 s recorded segment
were averaged to produce a mean urethral pressure at that
location (Supplementary Fig. 7). EdU was administered throughout
the study as a thymidine analog to monitor cellular division and
proliferation.
There were neither deaths nor infections observed during the

study. Two cases of urinary retention (1-Collagen, 1-PEP) were
observed, and both resolved within 48 h. One animal, in the PEP
treatment group, developed overt urinary incontinence following
lesion creation and continued to have incontinence following PEP
injection with documented reduction of incontinence (overt on days
1–9 post-treatment, exercise-induced by day 27, and no leakage by
day 29). This was documented in the medical record suggesting this
approach provides a model with the desired impact on urethral
sphincter function, with reversal noted following PEP therapy.
Urethral mucosa from both treatment groups was fully intact at 42 d
cystoscope follow-up (Fig. 5G). Although the mean urethral pressure
minimally changed on day 0 (41.3 ± 3.57mmHg pre vs
32.74 ± 1.91mmHg post-injury, p= 0.039 ANOVA with post-hoc
Tukey HSD), it dropped significantly by day 7 (12.46 ± 0.85mmHg;
p < 0.0001; ANOVA with post-hoc Tukey HSD), quantitatively
validating the model (Fig. 5H, Supplementary Tables 4–6, Supple-
mentary Fig. 8). At day 42, treatment with collagen alone resulted in
no improvement in sphincter function as measured by urethral
pressure (12.37 ± 1.13mmHg; p= 0.95; ANOVA with post-hoc Tukey
HSD). In contrast, animals treated with PEP had significant
restoration of urethral pressures (33.9 ± 2.15mmHg; p < 0.0001;
ANOVA with post-hoc Tukey HSD) versus day 7 pre-injection and
day 42 collagen alone (Fig. 5H, Supplementary Tables 4–6,
Supplementary Fig. 8). Similar findings were observed for animals
treated cystoscopically, with the prototype injection device, and in
the pooled analysis (Fig. 5H, Supplementary Fig. 8, Supplementary
Tables 4–6).

Histological characterization of urethral sphincter lesion
repair
Representative sections from both the injury site and intact
segments of the urethra were stained for Desmin (a cytoskeletal

Fig. 1 Purified exosome product (PEP) characterization, quantification, and delivery biodistribution. A NanoSight nanoparticle analysis of
size distribution and concentration of PEP diluted in phosphate buffered saline 1:1000 documented 6.65 × 1012 ± 1.16 × 1011. B Transmission
electron microscopy of PEP. Scale= 200 nm arrow heads pointing to EVs. C Western blot probing for CD63, CD9, and Flotillin-1 in 3 separate
CGMP manufactured PEP lots. D Western blot comparison of NF-κB p65 and PD-L1 levels, in 3 separate CGMP manufactured PEP lots versus
adipose-derived mesenchymal stem cell conditioned media (AMSC-CM). E Atomic-force microscope comparing platelet-conditioned medium
EV isolation using centrifugation versus the PEP process, scale bar embedded in the image. F Representative image from Single-particle
interferometric reflectance imaging sensing (SP-IRIS) analysis for presence of surface CD41a, CD9, CD63, and CD81 tetraspanins. G Graphical
representation of the SP-IRIS analysis. H Quantitation of CD9, CD63 and CD81 on a CD41a captured plate documented vast majority of PEP as
CD41a/CD9 positive, with smaller representation from CD63 and background CD81. Data presented as mean ± stdev. N= 3 separate CGMP
manufactured PEP lots. I Pie chart representation of the exosome tetraspanin surface marker profile of CD41a captured PEP exosomes.
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intermediate filament found in sarcomeres of adult myoblasts)48,
EdU, and DAPI to identify skeletal muscle, newly formed cells, and
nuclei, respectively. While there was limited EdU / Desmin
colocalization in the collagen-treated urethral lesion and intact
urethral tissue (Fig. 6A), abundant colocalization of Desmin and
EdU-positive cells was seen at the injury site injected with PEP
(Fig. 6A). A magnified view of these areas revealed multinucleated
cells staining positive for the above markers only in injury sites

treated with PEP; suggesting de novo skeletal muscle cell
regeneration with differentiation to multinucleated myotubes
(Fig. 6A, zoomed inset). Quantification by a blinded observer
documented significantly more EdU-positive cells per mm2 Desmin
+ areas in injury sites treated with PEP compared to collagen
control (3.46 ± 0.74 vs 0.92 ± 0.09; p < 0.001; Student’s t-test) and
compared to the intact urethra (3.46 ± 0.74 vs 0.45 ± 0.10;
p < 0.005; Student’s t-test) (Fig. 6C, Supplementary Table 7).

Fig. 2 Purified exosome product functional characterization and in vitro human skeletal muscle myoblasts (HSMM) culturing with
increasing concentration of PEP. A IncuCyte proliferation, B chemotaxis, and C wound scratch analyses of HSMM grown with increasing
concentration of PEP ranging from 1.25 × 1011 exosomes/mL to 5 × 1011 exosomes/mL and media supplemented with 10% fetal bovine serum
(FBS) versus serum-free media. D–I Representative immunocytochemistry of a 96 h time-course of HSMM cultured with serum-free media
(Control) or serum-free media plus 2.5 × 1011 exosomes/mL PEP (PEP). Immunostaining for MyoD (D; green, scale= 100 µm), Pax7 (F; red,
scale= 100 µm), and Myosin Heavy Chain (MHC, H; green, scale= 20 µm). Nuclei counterstained with DAPI (blue). ImageJ blind quantification
of E MyoD+ Area/DAPI+ Area, G Pax7+ Area/DAPI+ Area, and I Myosin Heavy Chain+ Area/DAPI object count, relative to day zero. N.S. Not
significant; *p < 0.05; **p < 0.005. Data represents AVE ± SEM. Student’s t-test was utilized.
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Injury site NF-κB and PD-L1 expression and immune response
elicited by PEP
With NF-κB and PD-L1 highly expressed in PEP, we hypothesized
that sustained release would mediate local expression of these
molecules and promote M2 macrophage polarization, an immune
cell previously shown to be integral to skeletal muscle regenera-
tion49–51. Accordingly, in sections of injured urethra treated with
PEP, expression and colocalization of PD-L1 and NF-κB was
detected (Fig. 6B) at significantly greater percentage when
compared to collagen control for both PD-L1 (0.86 ± 0.19% PEP
vs 0.42 ± 0.095% Collagen; p= 0.036) (Fig. 6B, D, Supplementary
Table 8) and NF-κB (0.46 ± 0.13% PEP vs 0.032 ± 0.009% collagen;
p= 0.002) (Fig. 6B, E, Supplementary Table 8). The intact urethra,
lacking a triggering event, had limited macrophage staining for
either population of immune cells (Figs. 6B and 7A). The
macrophage response to collagen treatment appeared restricted
to a less pronounced undifferentiated macrophage staining with a
paucity of M2 macrophages (Figs. 6B and 7A). In contrast, an
abundance of M2 predominant macrophages was found only in
lesions treated with PEP (Fig. 7A). Quantification favored M2
polarization in PEP, but not collagen-treated lesions (M2:M1 ratio
of 1.64 for PEP vs 0.21 for collagen control; p= 0.045) (Fig. 7B,
Supplementary Table 9).

DISCUSSION
Extracellular vesicle involvement in skeletal muscle regeneration
has previously been suggested; however, to our knowledge, the
data presented herein are the first demonstration of a cell-
independent exosome therapy implemented to restore muscle
integrity. Our study evaluated the use of human platelet-derived
exosomes (PEP) to stimulate myoblast growth in vitro and in two
distinct in vivo models. A dose-dependent impact on myoblast
proliferation, cell migration, and chemotaxis was observed.
Resveratrol inhibition of PEP-mediated myoblast proliferation
implicated a critical role for NF-κB p65; a molecule detected
within PEP. In vivo, hydrogel-based sustain release of PEP led to
significantly higher skeletal muscle repopulation in a VML
latissimus dorsi model and improvement in urethral sphincter
muscle function in a PEP treated porcine model of SUI. EdU and
Desmin colocalization, sustained expression of NF-κB and PDL-1,
in tandem with M2 macrophage polarization points to the in vivo
activation of these established myoregenerative molecular cues
within PEP treated tissues. Collectively, these findings provide
proof of concept for the implementation of an exosome-based off-
the-shelf acellular platform to restore skeletal muscle function.
Reservation following the 2008 and 2011 FDA public health

warnings regarding the risk of mesh used for pelvic organ
prolapse has led to a significant decline in the use of
polypropylene mid-urethral sling, the most common procedure
used worldwide to treat SUI. With the aging of the population,
pelvic organ disease prevalence continues to be high52. The
practice change in SUI has created a significant need to develop
non-mesh-based alternatives8,9,53,54. SUI procedures focus on
restoration of sub-urethral support, with failure of therapy thought
to be likely related to suboptimal muscle coaptation rather than
recurrent loss of support54–57. Presently, there are no clinically

available solutions to permanently reverse incontinence and no
effective interventions targeting the defective urethral sphincter.
As such, recent efforts have targeted restoration of urethral
sphincter function in order to improve continence20,58–65. Muscle
precursor cells (MPC) applied to ablated urethral sphincter of older
rats have been shown to reconstitute anatomic motor units and
restore partial urethral function20,66. Phase 1 and 2 studies
delivering MPC harvested from the quadriceps femoris reported
no serious MPC-related adverse events and at higher cell
concentrations provided signals of improvement in SUI symp-
toms67,68. Unfortunately, a phase 3 multicenter trial employing this
intervention was halted due to a high placebo control response
precluding efficacy comparisons68.
Although promising, widespread use of MPCs has significant

limitations, including the morbidity of muscle biopsy, high
manufacturing cost, dose-to-dose variability, and hurdles asso-
ciated with cell transport and handling69–72. These limitations
significantly inhibit the implementation of this approach not just
within the United States but dramatically limit use in developing
countries. The exosome technology described here provides a
potential solution to these limitations as a scalable and room-
temperature stable lyophilized product. In addition, by activating
local myocyte progenitors, PEP eliminates the need for exogenous
myoblast transplantation to drive desired regenerative events.
Satellite cells are mononucleated skeletal muscle stem cells that

reside closely opposed to mature myofibers in a dormant state
until they become activated by muscle injury. Upon activation,
there is a cellular expansion to both replace the stem cell pool and
repair damaged tissue. Cells destined for repair align along the
injured fibers and differentiate into myotubes which fuse with the
surrounding uninjured muscle to heal the injury71. Macrophages
are pleotropic immune cells that play a critical role in muscle
repair and regeneration73,74. Specifically, an orchestrated shift
from early pro-inflammatory to wound healing and repair
responses is necessary for muscle regeneration following injury.
The former is mediated by M1 macrophages and is necessary for
myofiber and wound debridement. The latter involves direct
interactions between M2 macrophages and satellite cells at the
site of myofiber injury75. With absent M2 polarization, there is
aberrant skeletal muscle regeneration. Under local inflammatory
conditions and during injury repair, myoblasts have been shown
to express several B7-related (CD80 and CD86) co-stimulatory and
inhibitory molecules, including PD-L1, the potent immune-
modulator detected in large quantities in PEP74,75. In fact, an
in vitro assay of myoblast regeneration under INF-ψ pro-
inflammatory conditions showed marked upregulation of PD-
L176. Here, exogenous PD-L1, donated by PEP, was observed to
drive a pro-regenerative transition from pro-inflammatory M1 to
M2 macrophages in treated urethral sphincter sites.
Since the PEP utilized in this work was produced with

adherence to current good manufacturing processes (CGMP)
with defined purity, potency, and impurities77–83. Application of
this technology within a translational large animal model
provided both efficacy and toxicity data facilitating the first-in-
man application of this platform. However, it should be
highlighted that although large animal models of disease are
the best surrogates for the human condition, they do not mimic

Fig. 3 Resveratrol dose-dependent inhibition of PEP-mediated HSMM proliferation. A Representative live cell images and B proliferation
growth curves of HSMM cultured with basal media, 2.5 × 1011 exosomes/mL PEP, and 2.5 × 1011 exosomes/mL PEP with increasing
concentrations of resveratrol. Scale= 400 um. (N.S. not significant, *p < 0.05, **p < 0.0001). C Resveratrol dose-dependent inhibition of HSMM
proliferation. Data points from corresponding live cell analysis of respective growth conditions (Fig. 2A, B) at t= 72 h. D Western blot of NF-κB
p65 expression in HSMM cells cultured with media supplemented with 2.5 × 1011 exosomes/mL PEP alone or with increasing concentrations of
resveratrol. E Basal NF-κB p65 protein expression compared to the expression obtained from cells cultured in 2.5 × 1011 exosomes/mL PEP
alone or with increasing resveratrol concentrations (all comparisons to PEP, *p < 0.05, **p < 0.0001). F Schematic of hypothesized mechanism
of PEP donation and role of NF-κB p65 on skeletal muscle proliferation. Data represents AVE ± SEM. Student’s t-test was utilized.
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actual degenerative disease. As such, although the work
presented herein establishes PEP as a regenerative modality
for skeletal muscle, its true impact on SUI necessitates in-human
trial testing.

A limitation of our porcine model is that repair of an acute
urethral sphincter muscle injury may not translate to clinical
treatment of SUI; an ill-defined chronic condition that is believed
to result from pelvic floor injury incurred at childbirth, striated
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muscle cell loss, denervation, and post-menopausal changes to
urethral connective tissue and vasculature. An additional chal-
lenge to clinical translation is that the striated muscle changes
along the longitudinal and ventral dorsal axis and with age, with
older women having diminished muscle dorsally and in the mid to
proximal ventral urethra. As mentioned above, satellite cells
remain dormant until activated by injury. Although a focus the
focus of this manuscript was on skeletal muscle and not peripheral
nerve regeneration, previous work with PEP has shown its impact
on the restoration of nerve function77. Hence, we have developed
a device that will induce microinjuries along the length of the
urethral sphincter that we believe will be critical for PEP
potentiation of the endogenous skeletal muscle repair response.
Encouraging preliminary continence data from trials injecting
muscle precursor cells in the urethra provides proof of concept
data that acute muscle regeneration may allow for reversal of
chronic urethral sphincter defects associated with SUI in women84.
Additionally, as collagen has been utilized as a treatment for SUI in
women, collagen used in our study may have had a “bulking”
effect rather than muscle regeneration. However, unlike bulking
procedures in which the material is injected submucosally to
obstruct the urethral lumen, our treatment involved injection of
the biologic deep into the urethral wall with no cystoscopically
observed “bulking” effect of the urethra. Moreover, treatment with
collagen resulted in no observed changes in urethral pressure
compared to day 7 post-injury values. Lastly, although a multiple-
month long-term follow-up would be ideal, the porcine model
utilized herein grows at such a pace that longer-term housing and
evaluation were not feasible.
In summary, the highly stable, lyophilized PEP exosome product

was here shown to drive myoblast proliferation and restore
urethral sphincter muscle function following sustained release
in vivo. As an off-the-shelf platform, this biologics-based therapy
manufactured under CGMP controls for purity, potency, and
sterility offers a new modality by which to restore skeletal muscle
integrity. Cell-free products are more compatible with widespread
deployment, however, because of a very short half-life, have
typically not achieved significant benefit in clinical application. By
generating a highly stable exosome platform, sustained released
within a biopotentiated hydrogel, this manuscript provides
evidence for a novel biologics-based modality to achieve mesh-
free intervention in the treatment of stress urinary incontinence.
The work presented herein underpins an upcoming clinical trial
designed to establish the safety and efficacy signals of PEP
therapy in women suffering from SUI.

METHODS
Study design
The aim of this study was to assess the regenerative potential of the PEP.
We were interested in developing a cell-free, off-the-shelf product that
could restore urethral sphincter function and provide a non-mesh-based
alternative surgical treatment for SUI. This platform has previously been
tested in models of the tendon, nerve, vaginal mucosa, and ischemic
wound healing77–83. Here, we characterized the in vitro Human Skeletal
Muscle Myoblast proliferative, migratory, and chemotaxis response to PEP.

Proliferation assays following pretreatment of myoblasts with increasing
concentrations of resveratrol led to inhibition of myoblast growth and
suggested that an exosome-dependent NF-κB p65 signaling pathway may
be required for satellite cell activation and differentiation. Second, a
volumetric muscle loss (VML) rat model was created to determine the
in vivo efficacy of muscle regeneration and repair by PEP. Animals were
randomized to saline, Tisseel, or Tisseel reconstituted with 1 × 1012 PEP
exosomes/mL, and the repair response was characterized by Masson
Trichrome and immunostaining against EdU and Desmin. Group sizes were
dictated by IACUC protocols and were based on previous rat studies
utilizing this model. As it was not clear if the newly regenerated muscle
restored function and since urethral sphincter lesions causing SUI in
humans are presumably less severe than the VML model, we developed a
novel porcine SUI model by creating a targeted defect in the urethral
sphincter. The created sphincter defect was sufficiently large to impair
function and cause a significant decrease in urethral pressures. Animals
underwent surgical repair of the urethral sphincter lesions with an
injection of collagen or collagen with 1 × 1012 PEP exosomes/mL. We chose
group sizes based on IACUC protocols and our laboratory’s previous
experience with large animal experiments. The interventions were
delivered cystoscopically or with a prototype injection device. Investigators
were blinded when collecting and analyzing data but were not blinded to
the treatment group during the injection of the active product. All animal
studies were conducted under ethical approval by the Institutional Animal
Care and Use Committee of Mayo Clinic, Rochester, MN

Characterization and quantification of Purified Exosome
Product
Purified Exosome Product (PEP; RION LLC, Rochester, MN) is purified from
the conditioned medium of apheresis purified platelets77–83. Apheresis
platelets from FDA-sanctioned blood banks were obtained, quantified at
~1.5 × 109 platelets per ml from each donor, and maintained as a
suspension culture in platelet additive medium (PAS III M, Grifols). The
derived conditioned medium was harvested and pooled to achieve a total
starting volume of 2 liters. Centrifugation and staged filtration from
100 µm down to 0.2 µm were performed to eliminate all cytological
material and yield extracellular vesicles in the range of 50–200 nm, in
CGMP adherent fashion. The presence of CD63, CD9, and Flotillin
expression was documented in this starting material, in alignment with
exosomal phenotypes with NanoSight NS3000 (Malveryn Panalytical).
Under CGMP conditions, the filtered conditioned medium was aliquoted
and next frozen at −80 °C and lyophilized (SP Scientific) in high vacuum
conditions (~50 mTorr) in compatible stoppered vials (Corning) to yield a
cake containing ~5 × 1012 vesicles per vial80–82, no excipients were added
in this process. Different exosome concentrations were created by
suspending the cake in different volumes of saline or in the described
suspension media. Nanoparticle tracking analysis was conducted on the
NanoSight NS3000 to characterize the particle size distribution and
quantify exosome concentration. Electron microscopy TEM) was conducted
at a Mayo Clinic Microscopy and Cell Analysis Core Facility on a JEM-1400
Series 120 kV microscope (JEOL) with an acceleration voltage of 80 kV and
an indicated magnification of ×60k. TEM was conducted with PEP in
solution, Tisseel or collagen, and Tisseel or collagen reconstituted with
1 × 1012 PEP exosomes/mL.

PEP biodistribution following intramuscular injection
PEP vesicles were labeled with near-far red DiR (Thermo) according to
the manufacturer’s protocol. Fifty micromolar DiR was incubated with
5 × 1012 exosomes at 37 °C for 10 min. After, the DiR labeled exosomes
were washed twice with lactated ringers by use of a 30 kDa Amicon

Fig. 4 Repair of rat volumetric muscle loss latissimus dorsi defect with PEP. A Study timeline. B Schematic of latissimus dorsi volumetric
muscle loss rat model. C Scanning electron microscopy of Tisseel (Left) and Tisseel reconstituted with 1 × 1012 exosomes/mL PEP (Right).
Scale= 500 nm. D Tisseel release assay to show sustained exosome release. Triplicates are reported every 24 h and serum-free media was
replaced daily. E Representative photographs of gross healing at injury site and F Masson’s Trichrome staining of VML sites treated with saline
(top), Tisseel (middle), and Tisseel reconstituted with 1 × 1012 exosomes/mL PEP (Bottom). Dashed region highlights area of biopsy punch
injury. Images obtained with ×10 magnification. G Representative sections of immunostaining of VML sites treated with saline sham (Top),
Tisseel (Middle), and Tisseel reconstituted with 1 × 1012 exosomes/mL PEP (Bottom). Nuclei were counterstained with DAPI (blue), skeletal
muscle protein Desmin (red), and cell proliferation with EdU (cyan). Scale Bar= 500 µm. H ImageJ blind quantification of de novo skeletal
muscle proliferation by calculating the proportion of EdU-positive cells per mm2 of Desmin-positive area (red). *p < 0.05. **p < 0.005. Data
represents AVE ± SEM. Student’s t-test was utilized.
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column filter (Sigma) at 4000 × g for 15 min. Three mice were injected
intramuscularly into the right quadriceps with 100 µL of DiR labeled PEP
(5 × 1012 exosomes/mL). Sequential assessment of PEP biodistribution
was assessed by the Xenogen IVIS Spectrum (PerkinElmer). In vivo

distribution was assessed over 53 h post-injection, followed by imaging
of excised and isolated organs. All images were collected with an
exposure time of 10 s, an excitation filter of 745 nm, and an emission
filter of 800 nm.
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Antibodies utilized
For western blotting immunodetection the following antibodies were
used: NF-κB (1:1000, Santa Crus, SC-8008), PD-L1 (1:1000, Cell Signaling,
#13684 S), CD63 (1:1000, R&D Systems, MAB50482), CD9 (1:1000, Cell
Signaling Technology, 13403 S), Flotillin-1 (1:1000, Abcam, ab133497), and
Actin (1:1000, Licor, 926–42212).
For immunocytochemistry and immunohistochemistry applications the

following antibodies were used: Desmin (1:250, Abcam, ab32362), NF-κB
(1:200, Santa Crus, SC-8008), PD-L1 (1:200, Cell Signaling, #13684 S), Mφ
(1:100, LifeSpan BioScience, LS-B9966), CD163 (1:200, Abcam, ab87099),
Pax7 (1:100, ThermoFisher, PA1-117), MyoD (5.8 A) (1:200, ThermoFisher,
MA1-41017), and Heavy Chain Cardiac Myosin (1:100, Abcam, ab50967). A
complete table of antibodies can be found in Supplemental Table 10.

Western blotting technique and quantification
In a digital fluorescence western blotting (Li-Cor Biosciences) method,
equal amounts of protein were loaded into each lane and transferred to a
nitrocellulose membrane. The membranes were blocked in Li-Cor TBS
Blocking Buffer and incubated with primary antibodies against CD9, CD63,
Flotillin-1, Actin, NF-κB p65, and PD-L1. Secondary antibodies at 680 nm
and 800 nm were used to fluorescently image the membranes using the Li-
Cor Oddyssey CLx. Digital fluorescent intensity was determined by Image
Studio Software, and loading was standardized by Li-Cor total protein stain
for whole lane protein digital fluorescence and analyzed by Empiria Studio
Software. All raw unedited blots are included in Supplementary Fig. 9.

Atomic-force microscope (AFM) and single-particle
interferometric reflectance imaging sensing (SP-IRIS) analysis
AFM was performed as previously described85. Briefly, contact-mode AFM
with silicon nitride NP-S tips (spring constant, 0.58 Newton/meter) was
performed on a Nanoscope III controller (Digital Instruments). Exosomes
either purified through traditional ultracentrifugation or through the
methodology described above (PEP) were fixed in situ, rinsed with
ultrapure water (18 MΩ-cm), and dried. Images were obtained using linear
scanning frequencies (5–15 Hz) to generate 512 × 512-pixel AFM images.
Three-dimensional topographical images were generated and quantified
using Nanoscope software.
Two lots, in triplicate, of lyophilized PEP were reconstituted in 1ml

Incubation Solution I (NanoView Biosciences) and further diluted 1000-fold in
the same solution prior to incubating 50 μl on-chip, for 16 h according to the
manufacturer’s protocol for the ExoView human tetraspanin plasma kit
(NanoView Biosciences; EV-TETRA-P). ExoView tetraspanin plasma chips are
spotted with capture antibodies against CD41a and the mouse IgG1,κ isotype
control in triplicate. The chips were then washed in an automated chip
washer and incubated with conjugated antibodies for fluorescent labeling of
the captured PEP (CF488a anti-CD9, NanoView Biosciences) for 1 h After
labeling, the chips were washed and dried in the automated chip washer and
placed in the reader for analysis. All data were gathered using an ExoView
R100 reader equipped with ExoView Scanner 3.0 software and analyzed
using ExoView Analyzer 3.0. All data reported was obtained and analyzed in a
blinded fashion adhering to CGMP quality-controlled standards.

HUVEC internalization of PKH26 labeled PEP
PEP vesicles were labeled with PKH26 (Sigma) according to the
manufacturer’s protocol. 5 × 1012 vesicles were resuspended in Diluent C,
mixed with 4 µL of PKH26, and incubated at room temperature for 5 min.

Labeling was quenched by the addition of 2 mL 10% BSA (Sigma) and
8.5 mL serum-free medium (Lonza). Labeled PEP was then concentrated by
centrifugation at 3000 × g with an Amicon 10 kDa filter column (Sigma).
HUVECs (Lonza) were cultured with EBMTM-2 Endothelial Cell Growth Basal
Medium with EGMTM-2 Endothelial Cell Growth Medium-2 Bullet KitTM

(Lonza). To assess the internalization of PEP, HUVECs were cultured in the
presence of PKH26 labeled vesicles for 18 h. Cells were imaged using an
LSM 780 confocal microscope (Carl Zeiss).

Characterization of the effect of PEP on human skeletal
muscle myoblasts
Human Skeletal Muscle Myoblasts (HSMM, Lonza, CC-2580) growth,
migratory and chemotaxis properties were assessed with cell culture with
basal media (SkBM-2 Skeletal Muscle Cell Growth Basal Media, Lonza, CC-
3246), basal media supplemented with 10% FBS (SkGM-2 SingleQuots
Supplements and Growth Factors, Lonza, CC-3244) or basal media with
increasing concentrations of PEP ranging from 1.25 × 1011 exosomes/mL to
5 × 1011 exosomes/mL was assessed using IncuCyte Live-Cell Analysis
(Essen Bioscience). Data was generated from IncuCyte Live-Cell analysis by
acquiring phase images (×10 lens; 4 images/well in 96-well plate with 12
wells/condition).
Chemotactic properties of PEP were assessed using Chemotaxis module

on IncuCyte. HSMM in media were plated on the top chamber, and
chemotaxis was assessed by placing basal media, media supplemented
with 10% FBS, or media with increasing concentrations of PEP ranging
from 1.25 × 1011 exosomes/mL to 5 × 1011 exosomes/mL in the bottom
chamber. Images were collected from both the top and the bottom
chambers. The total phase area in the top well was normalized to the initial
top value with a decrease in cell area in the top chamber, indicating
enhanced cell migration through the pore and improved chemotaxis. The
graph was plotted using IncuCyte Live-Cell chemotaxis module by
acquiring wide-angle phase images (×10 lens; 1 image/well in 96-well
plate with 12 wells/condition).
HSMM migration was assessed using a scratch wound assay. The graph

is plotted at different time points with basal media, media supplemented
with 10% FBS, and media with increasing concentrations of PEP ranging
from 1.25 × 1011 exosomes/mL to 5 × 1011 exosomes/mL using IncuCyte.
Data is generated from IncuCyte Live-Cell analysis by acquiring phase
images (×10 lens; 1 image/well in 96-well plate with 12 wells/condition).

Resveratrol inhibition of human skeletal muscle myoblast
proliferation
The mechanism of PEP-induced HSMM proliferation was assessed using
resveratrol (Invivogen); an NF-κB inhibitor, in a culture grown with
2.5 × 1011 exosomes/mL PEP. This concentration was chosen both because
of its optimal growth and because of the empirically determined timed
release PEP concentration from Tisseel reconstituted with 1 × 1012

exosomes/mL PEP (Table S3). HSMM were plated on a 96 well at 10k
cells/well overnight. Resveratrol was incubated at concentrations ranging
from 50 to 500 µM for an hour before adding 2.5 × 1011 exosomes/mL PEP
to each well. Data are generated from IncuCyte Live-Cell Proliferation
Analysis by acquiring phase images (×10 lens; 5 image/well in 96-well plate
with 3 wells/condition). Li-Cor western blotting for expression of NF-κB p65
at 72 h post-inhibition was quantified using Image Studio Software and
normalized using a total protein stain.

Fig. 5 Creation of porcine SUI model and urethral pressures following repair of urethral sphincter lesion with PEP. A Study timeline.
B Schematic of cystoscopic induced transurethral full thickness, focal urethral sphincter defect to create the porcine SUI model. Note the
apposition of the urethral sphincter muscle to the anterior surface of the vagina and urethra (top image). C Schematic of gross appearance of
the urethral sphincter defect at day 0, prior to injecting the intervention (Day 7), and prior to euthanasia (Day 42). D Modified Medspira
mCompass pressure catheter highlighting stabilization of the catheter at the bladder neck (gray) and movable pressure sensor (green) used to
obtain pressures along the length of the pig’s vagina and urethra. E Scanning electron microscopy of collagen (Top) and collagen
reconstituted with 1 × 1012 exosomes/mL PEP (Bottom). Scale= 1 µm. F Collagen release assay to show sustained exosome release (n= 3).
G Representative cystoscopic images of the urethral sphincter lesion on day 7 prior to delivering the intervention and on day 42 prior to
euthanasia. Arrows point to the site of the urethral sphincter defect. H Graph of mean urethral pressures pre- and post-injury on day 0
(n= 10), pre-injection on day 7 (n= 10) and prior to euthanasia on day 42. Collagen= injection of collagen; PEP= injection of collagen
reconstituted with 1 × 1012 exosomes/mL PEP. D42 Control= urethral sphincter defect treated with collagen (n= 4); Day 42 PEP= urethral
sphincter defect treated with collagen reconstituted with 1 × 1012 exosomes/mL PEP (n= 6). Bar graph data represents AVE ± SEM, while box-
plot data represents the IQR (gray box) and whiskers represent 1.5 IQR. One way ANOVA with post-hoc Tukey HSD was utilized.
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Exosome release assay
For the Tisseel release assay, a Tisseel kit (Baxter, #1504517) was prepared
by adding 1mL of Fibrinolysis Inhibitor to Sealer Protein Concentrate and
adding 1mL of CaCl2 Solution to Thrombin 500. Both solutions were

incubated for 20min at 37 °C. One vial of PEP (Lot# 19004-B1) was
resuspended with 400 uL heparin and 1.25mL deionized water. The entire
PEP solution was added to the Fibrinolysis Inhibitor/Sealer Protein
Concentrate Solution. This solution was combined in each well of a
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12-well plate in a 2:1 ratio with the CaCl2/Thrombin 500 solution for a total
volume of 990 ul per well.
For the Collagen release assay, one vial of PEP (Lot# 19004-B1) was

reconstituted in 2.5mL of sterile water and filtered through a 0.22 um filter.
Five hundred microliters PEP was combined with 500 uL of 6mg/mL collagen
(Collagen Solutions FS22004). NaOH was added to a final concentration of
0.02M. The entire 1mL solution was added to a single well of a 12-well plate
and incubated at 37 °C until solid. The final concentration of PEP for both
assays in each well was 1 × 1012 exosomes/mL. One mL of serum-free
Dulbecco’s Modified Eagle Medium 1× (DMEM, Corning, 10-013CV) was
added to each well. All media was collected daily and replaced with another
1mL of serum-free DMEM for the time-course of the experiment.

Repair of a Rat Latissimus Dorsi volumetric muscle loss model
After an acclimation period of 48–72 h, 27 2–4-month-old male Lewis rats
(Envigo) were housed and handled according to the Mayo Clinic
Institutional Animal Care and Use Committee (IACUC) regulations (Mayo
Clinic, Rochester, MN). Animals were clipped and anesthetized via
isoflurane inhalation prior to surgery and maintained by intravenous fluids
and isoflurane for the duration of the procedure. After the skin was
prepped with betadine, a 3 cm longitudinal incision was made above the
scapula, the skin mobilized with Metzembaum scissors, and the latissimus
dorsi (LD) muscle was exposed. An 8mm punch biopsy was used to create
the LD volumetric muscle loss, taking care to not exceed ~2mm depth to
avoid entering the chest cavity. The defect was filled with saline, Tisseel
(Baxter), or Tisseel reconstituted with 1 × 1012 exosomes/mL PEP. The skin
was closed with an interrupted 2.0 Vicryl suture. 5-ethynyl-2CE-
deoxyuridine (EdU) was administered intraperitoneally (IP) at a dosage of
50mg/kg once per week as a means of tracking cell proliferation. Animals
were sacrificed at 6 weeks with Fatal-Plus intravenously (100mg/kg).

Directed urethral sphincter defect porcine model to assess the
efficacy of PEP-induced sphincter muscle regeneration
After an acclimation period of 48–72 h, 10 female domestic Yorkshire-
Crossed pigs, weighing 70–80 Kg, underwent two survival surgeries and
one terminal surgery. All animals underwent the outlined procedures,
although their injected intervention differed as described below.
Anesthesia for survival surgery #1 was induced with Telazol (5mg/kg),

Xylazine (AnaSed; 1–2mg/kg), and maintained with Isofluorane-vaporizer
(1.5–3%). After obtaining general anesthesia, the pig was prepared and
draped in a sterile fashion. Ceftiofur (5mg/kg) was given intramuscularly for
antibiotic prophylaxis. Cystoscopy was performed, the urethra identified, and
a whistle tip stent placed. Using cystoscopic guidance, the Medspira catheter
was placed in the urethra. The stent was removed, the bladder balloon
inflated to 30 cc, and pressures were obtained starting in the vagina and
extending to the bladder neck in 1 cm increments (Supplementary Fig. 7).
Pressures were collected for 10 s at each point, and 3 pressures along 10 s
recordings were averaged (Supplementary Fig. 7). The pressure catheter
balloon was deflated, the catheter removed, and the stent used to reidentify
the urethra. Using Collin’s knife, a 2–3 cm long, full thickness trans-mural
defect involving the urethra wall and underlying sphincter muscle was
created ~1 cm cephalad of the meatus (cut setting at 70 watts). Light
hemostasis was obtained with Collin’s knife (coagulation setting at 30 watts).
A Foley catheter was placed for 48–72 h to prevent urinary retention. The
position was confirmed cystoscopically, and the catheter was secured with a
2.0 Prolene suture. The animals were allowed to heal for a ~7 days and
returned to the operating room for the intervention procedure. Buprenor-
phine (0.03mg/kg) was given every 6–8 h for analgesia.
Anesthesia for survival surgery #2 was obtained as described above.

Cystoscopy was used to identify the urethra, and the Medspira catheter

was used to measure pressures as previously described (Supplementary
Fig. 7). After pressure readings were collected, cystoscopy was used to
inject the length of the previously created defect with collagen and
1 × 1012 exosomes/mL PEP (n= 4) or collagen alone (n= 2). A 1 × 1012

exosomes/mL PEP gel was created by reconstituting PEP (RION LLC,
Rochester, MN) in 1 mL of sterile water (Hospira Inc., Lake Forest, IL) and
4mL of clinical-grade type I bovine collagen (5 mg/mL; Collagen
Solutions, Glasgow, UK). Collagen was made by adding 1 ml of sterile
water to 4 ml of clinical-grade type I bovine collagen (5 mg/mL; Collagen
Solutions, Glasgow, UK). A total of 5 ml was injected in ~0.5 ml aliquots
along the length of the lesion using Injetak 21-gauge needle. A prototype
PEP delivery device was also used to deliver 1 × 1012 exosomes/mL
PEP+ Collagen (n= 2) and collagen alone (n= 2). This device allows for
the deployment of 2 needles at the 4 and 8 o’clock positions at specific
points along the length of the urethra and is being developed to avoid
the need for cystoscopy or general anesthesia. The device, specially
modified for the porcine anatomy, was placed in the urethra, the needles
deployed, 1 cc injected, and the needles retracted. This process was
repeated five times, starting ~1 cm from the urethra meatus and
extending the cephalad. The position of the device in the urethra was
confirmed cystoscopically.
To aid in tracking cell populations, 2’-Deoxy-5-ethynyluridine (EdU)

was given as an oral supplement (5 mg/Kg) twice weekly. After 6–7 weeks
of healing, terminal surgery was performed. After anesthesia was
obtained, the urethra was identified, urethral pressures were collected,
and animals were euthanized using intravenous Pentobarbital (250 ml of
390 mg/ml). The perineum was removed en-block, and the urethra and
bladder were placed in formalin. Organs were weighed, and representa-
tive samples were collected. Blood draws were collected, and chemistry
was obtained.

Histological procedure and staining quantification
Formalin-fixed samples embedded in paraffin were processed on a
microtome into 10 µm sections. Tissues were stained with Hematoxylin and
Eosin Stain (H&E) and Masson’s Trichrome Stain and were assessed using the
Axio Scan.Z1 Slide Scanner (Zeiss). Additional sections were de-paraffinized in
sequential xylene washes and rehydrated in decreasing amounts of ethanol
baths, finally being washed in water. Antigen retrieval was conducted by
submerging sections into a sodium citrate buffer (10mM sodium citrate,
0.05% Tween 20, pH 6.0) and boiling for 10min in a pressure cooker. Sections
were then permeabilized with blocking buffer (PBS+ 5% normal donkey
serum, 5% BSA, 0.2% Triton-X) for an hour at room temperature. Primary
antibodies against Desmin, PD-L1, NF-κB p65, MФ, and M2 macrophages were
diluted in a blocking buffer overnight at 4 °C (Table S10). Then, AlexaFluor®
(ThermoFisher Scientific) secondary antibodies were diluted 1:500 in blocking
buffer and incubated for one hour at room temperature. EdU was labeled
according to the manufacturer’s instructions using the Click-iT Plus EdU AF647
Imaging Kit (ThermoFisher Scientific, C10640). Following washes, ProLong
Gold Antifade Mountant with DAPI® (ThermoFisher Scientific, P36935) was
added to sections, a cover glass applied and imaged on a Axio Observer
inverted fluorescent microscope (Zeiss) with variable fluorescence objectives.
Gross images were taken with an iPhone camera.
Localization of the injury border zone of the injury was confirmed by

Masson’s Trichrome stain in order to correctly image the immunohistochem-
istry. Quantification of immunohistochemistry was assessed using ImageJ
(Version 1.52a) macro scripts in a blinded manner. Tissues stained positive for
Desmin, PD-L1, and NF-κB p65 were quantified per percent tissue area of
each respective image. Characterization of M2:M1 macrophage staining was
conducted by quantifying MФ and M2 area percentage per tissue area of
each image. M1 quantification was defined by MФ-positive tissue minus M2-
positive macrophage-stained tissue. Additionally, EdU-positive count

Fig. 6 Immunohistochemical analysis of PEP-induced repair of urethral sphincter injury. Representative sections of urethral sphincter
lesion repaired with collagen or collagen reconstituted with 1 × 1012 exosomes/mL PEP and intact urethra stained. A Nuclei were
counterstained with DAPI (blue), skeletal muscle with Desmin (red), and EdU (white). Scale Bar= 100 µm. Magnified view of representative
sections of intact urethra (Intact) and urethral sphincter lesion repaired with collagen (Collagen) or collagen reconstituted with 1 × 1012

exosomes/mL PEP (PEP). (n= 9, 18, 15 respectively). Scale bar= 30 µm. C ImageJ blinded quantification of de novo skeletal muscle
proliferation estimated by calculating the number of EdU-positive cells per mm2 of Desmin-positive area. B Tissue was stained for PD-L1
(green), p65 NF-κB (red), and DAPI (blue). Merge overlay highlights PEP treated samples contained colocalization of PD-L1/NF-κB p65 staining
of tissues. (n= 15, 15, 15) Scale= 20 µm. D ImageJ blinded quantification of PD-L1 expression by analysis of PD-L1-positive tissue area per
total tissue area. E ImageJ blinded quantification of NF-κB p65 expression by analysis of NF-κB p65+ tissue area per total tissue area. *p < 0.05.
Box-plot data represents the IQR (gray box) and whiskers represent 1.5 IQR. Student’s t-test was utilized.
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determined by object count per Desmin-positive stained tissue area was
quantified for determination of proliferative muscle.

External urethral sphincter pressure collection
Urethral pressures were assessed using a portable mCompass Anorectal
Manometry system (Medspira, Minnesota, USA) with a 5-channel modified
pressure catheter using the squeeze mode of the biofeedback 1.01 soft-
ware (Fig. 5D and Supplementary Fig. 8). Pressure recordings were
performed in triplicate and were assessed at four time points: pre-injury,

post-injury, prior to injection, and prior to sacrifice (Day 0, 0, 7, and 42,
respectively; Supplementary Tables 4–6). Pressure readings were obtained
along the length of the genitourinary tract, starting in the vagina and
extending to the bladder neck in 1 cm increments (Supplementary Fig. 7).
At each point, pressures were collected for 10 s, and three pressures along
a given 10 s recordings were averaged (Supplementary Fig. 7). Entry into
the urethra was determined by a change in resistance with the
advancement of the pressure sensor and an associated rise in urethral
pressures. Urethral entry and pressure measurement location were
confirmed cystoscopically.

Fig. 7 PEP Induces M2 macrophage polarization in a porcine SUI model. Representative sections of urethral sphincter lesion repaired with
collagen, collagen reconstituted with 1 × 1012 exosomes/mL PEP or intact urethra. A Tissues were stained for general macrophage antigen
(Mϕ; green), CD163 M2 specific macrophages (red), and DAPI (blue). Merge overlay highlights PEP samples contained colocalization of Mϕ+ /
CD163+ staining of tissues. Representative sections of intact urethra (Intact) and urethral sphincter lesion repaired with collagen (Collagen) or
collagen reconstituted with 1 × 1012 exosomes/mL PEP (PEP). (n= 12, 15, 20, respectively) Scale= 20 µm. B ImageJ blinded quantification of
Mϕ and M2 staining. M2:M1 ratio was determined from the comparison of image area of M2:(Mϕ–M2). A Haldane correction was utilized to
account for division of 0 in M2:M1 ratio. The correction adds 0.5 to all values in the list to allow for the calculation to not yield an error. The
graph represents the log base 2 ratio of M2:M1 macrophages. Dotted line at y= 0 shows the value at which the ratio would be equal. The log
base 2 scale shows a M2:M1 > 1 at values Log2 > 0. *p < 0.05. Box-plot data represents the IQR (gray box) and whiskers represent 1.5 IQR.
Student’s t-test was utilized.
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Statistical analysis
Data were reported as mean ± standard error of the mean and interquartile
range and statistical significance assessed with two-tail student’s t-test or
assessed by single variable ANOVA with post-hoc Tukey Honestly
Significant Difference Test comparing all experimental groups. Significance
was set to the alpha of 0.05.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

DATA AVAILABILITY
All experimental data details, beyond what is in the Methods section that is deemed
necessary to reproduce findings from this manuscript will be made available at
request to interested investigators by contacting the corresponding author(s) by
email at the addresses provided.

CODE AVAILABILITY
No code was utilized in this manuscript.

Received: 6 April 2021; Accepted: 5 August 2022;
Published online: 29 September 2022

REFERENCES
1. Reynolds, W. S., Dmochowski, R. R. & Penson, D. F. Epidemiology of stress urinary

incontinence in women. Curr. Urol. Rep. 12, 370–376 (2011).
2. Petros, P. E. & Woodman, P. J. The integral theory of continence. Int. Urogynecol. J.

Pelvic Floor Dysfunct. 19, 35–40 (2008).
3. Gill, B. C., Damaser, M. S., Vasavada, S. P. & Goldman, H. B. Stress incontinence in

the era of regenerative medicine: reviewing the importance of the pudendal
nerve. J. Urol. 190, 22–28 (2013).

4. Subak, L. L. et al. High costs of urinary incontinence among women electing
surgery to treat stress incontinence. Obstet. Gynecol. 111, 899–907 (2008).

5. Thompson, I. & Kaufman, M. R. Nonsurgical interventions for incontinence: where
is the evidence? Curr. Bladder Dysfunct. Rep. 5, 163–167 (2010).

6. Kobashi, K. C. et al. Surgical treatment of female stress urinary incontinence: AUA/
SUFU guideline. J. Urol. 198, 875–883 (2017).

7. Wood, L. N. & Anger, J. T. Urinary incontinence in women. BMJ 349, g4531 (2014).
8. Koski, M. E. et al. Patient perception of transvaginal mesh and the media. Urology

84, 575–582 (2014).
9. Athanasopoulos, A., Gyftopoulos, K. & McGuire, E. J. Efficacy and preoperative

prognostic factors of autologous fascia rectus sling for treatment of female stress
urinary incontinence. Urology 78, 1034–1038 (2011).

10. Morling, J. R. et al. Adverse events after first, single, mesh and non-mesh
surgical procedures for stress urinary incontinence and pelvic organ prolapse
in Scotland, 1997-2016: a population-based cohort study. Lancet 389, 629–640
(2017).

11. Staff, M. C. Stress incontinence: Mayo Clinic. http://www.mayoclinic.org/diseases-
conditions/stress-incontinence/diagnosis-treatment/treatment/txc-20314457 (2017).

12. Williams, J. K., Dean, A., Badlani, G. & Andersson, K. E. Regenerative medicine
therapies for stress urinary incontinence. J. Urol. 196, 1619–1626 (2016).

13. Aragon, I. M., Imbroda, B. H. & Lara, M. F. Cell therapy clinical trials for stress
urinary incontinence: current status and perspectives. Int. J. Med. Sci. 15, 195–204
(2018).

14. Zambon, J. P., Williams, K. J., Bennington, J. & Badlani, G. H. Applicability of
regenerative medicine and tissue engineering for the treatment of stress urinary
incontinence in female patients. Neurourol. Urodyn. 38, S76–S83 (2019).

15. Hwang, K., Lewis, S. & Lamb, D. J. Stem cell research: implications for urology. AUA
Upd Ser. 29, 77–84 (2010).

16. Vinarov, A. et al. Cell therapy for stress urinary incontinence: present-day fron-
tiers. J. Tissue Eng. Regen. Med. 12, e1108–e1121 (2018).

17. Wang, H. J., Chuang, Y. C. & Chancellor, M. B. Development of cellular therapy for
the treatment of stress urinary incontinence. Int. Urogynecol. J. 22, 1075–1083
(2011).

18. Brack Andrew, S. & Rando Thomas, A. Tissue-specific stem cells: lessons from the
skeletal muscle satellite cell. Cell Stem Cell 10, 504–514 (2012).

19. Tedesco, F. S., Dellavalle, A., Diaz-Manera, J., Messina, G. & Cossu, G. Repairing
skeletal muscle: regenerative potential of skeletal muscle stem cells. J. Clin. Invest.
120, 11–19 (2010).

20. Yiou, R., Dreyfus, P., Chopin, D. K., Abbou, C. C. & Lefaucheur, J. P. Muscle pre-
cursor cell autografting in a murine model of urethral sphincter injury. BJU Int. 89,
298–302 (2002).

21. Uffort, D. G., Grimm, E. A. & Ellerhorst, J. A. NF-kappaB mediates mitogen-
activated protein kinase pathway-dependent iNOS expression in human mela-
noma. J. Invest. Dermatol. 129, 148–154 (2009).

22. Guttridge, D. C., Albanese, C., Reuther, J. Y., Pestell, R. G. & Baldwin, A. S. Jr. NF-
kappaB controls cell growth and differentiation through transcriptional regula-
tion of cyclin D1. Mol. Cell Biol. 19, 5785–5799 (1999).

23. Du, J., Mitch, W. E., Wang, X. & Price, S. R. Glucocorticoids induce proteasome
C3 subunit expression in L6 muscle cells by opposing the suppression of its
transcription by NF-kappa B. J. Biol. Chem. 275, 19661–19666 (2000).

24. Wang, H. et al. NF-kappaB regulation of YY1 inhibits skeletal myogenesis through
transcriptional silencing of myofibrillar genes. Mol. Cell Biol. 27, 4374–4387
(2007).

25. Lim, S. O. et al. Deubiquitination and stabilization of PD-L1 by CSN5. Cancer Cell
30, 925–939 (2016).

26. Dimauro, I. et al. Platelet-rich plasma and skeletal muscle healing: a molecular
analysis of the early phases of the regeneration process in an experimental
animal model. PLoS ONE 9, e102993 (2014).

27. Walton, R. G. et al. Human skeletal muscle macrophages increase following cycle
training and are associated with adaptations that may facilitate growth. Sci. Rep.
9, 969 (2019).

28. Conejo, R. et al. Insulin restores differentiation of Ras-transformed C2C12 myo-
blasts by inducing NF-κB through an AKT/P70S6K/p38-MAPK pathway. Oncogene
21, 3739–3753 (2002).

29. Gu, J. M. et al. An NF-κB–EphrinA5-dependent communication between NG2(+)
interstitial cells and myoblasts promotes muscle growth in neonates. Dev. Cell 36,
215–224 (2016).

30. Dort, J., Fabre, P., Molina, T. & Dumont, N. A. Macrophages are key regulators of
stem cells during skeletal muscle regeneration and diseases. Stem Cells Int. 2019,
4761427 (2019).

31. Raimondo, T. M. & Mooney, D. J. Functional muscle recovery with nanoparticle-
directed M2 macrophage polarization in mice. Proc. Natl Acad. Sci. USA 115,
10648–10653 (2018).

32. Bi, X. W. et al. PD-L1 is upregulated by EBV-driven LMP1 through NF-κB pathway
and correlates with poor prognosis in natural killer/T-cell lymphoma. J. Hematol.
Oncol. 9, 109 (2016).

33. Maeda, T. et al. MUC1-C induces PD-L1 and immune evasion in triple-negative
breast cancer. Cancer Res. 78, 205–215 (2018).

34. Mehrpouri, M. et al. Co-culture of platelets with monocytes induced M2 macro-
phage polarization and formation of foam cells: shedding light on the crucial role
of platelets in monocyte differentiation. Turk. J. Haematol. 36, 97–105 (2019).

35. Rolfes, V. et al. PD-L1 is expressed on human platelets and is affected by immune
checkpoint therapy. Oncotarget 9, 27460–27470 (2018).

36. Dhupkar, P., Gordon, N., Stewart, J. & Kleinerman, E. S. Anti-PD-1 therapy redirects
macrophages from an M2 to an M1 phenotype inducing regression of OS lung
metastases. Cancer Med. 7, 2654–2664 (2018).

37. Himes, B. T. et al. The role of extracellular vesicles and PD-L1 in glioblastoma-
mediated immunosuppressive monocyte induction. Neuro Oncol. 22, 967–978
(2020).

38. Chatterjee, M. et al. Distinct platelet packaging, release, and surface expression of
proangiogenic and antiangiogenic factors on different platelet stimuli. Blood 117,
3907–3911 (2011).

39. Heijnen, H. F., Schiel, A. E., Fijnheer, R., Geuze, H. J. & Sixma, J. J. Activated
platelets release two types of membrane vesicles: microvesicles by surface
shedding and exosomes derived from exocytosis of multivesicular bodies and
alpha-granules. Blood 94, 3791–3799 (1999).

40. Odaka, H., Hiemori, K., Shimoda, A., Akiyoshi, K. & Tateno, H. Platelet-derived
extracellular vesicles are increased in sera of Alzheimer’s disease patients, as
revealed by Tim4-based assays. FEBS Open Bio 11, 741–752 (2021).

41. Mathivanan, S., Fahner, C. J., Reid, G. E. & Simpson, R. J. ExoCarta: database of
exosomal proteins, RNA and lipids. Nucleic Acids Res. 40, D1241–D1244 (2012).

42. Taylor, D. D. & Gercel-Taylor, C. Exosomes/microvesicles: mediators of cancer-
associated immunosuppressive microenvironments. Semin. Immunopathol. 33,
441–454 (2011).

43. Xu, L., Botchway, B. O. A., Zhang, S., Zhou, J. & Liu, X. Inhibition of NF-κB signaling
pathway by resveratrol improves spinal cord injury. Front. Neurosci. 12, 690
(2018).

44. Gonzales, A. M. & Orlando, R. A. Curcumin and resveratrol inhibit nuclear factor-
kappaB-mediated cytokine expression in adipocytes. Nutr. Metab. (Lond.) 5, 17
(2008).

45. Ma, C., Wang, Y., Dong, L., Li, M. & Cai, W. Anti-inflammatory effect of resveratrol
through the suppression of NF-κB and JAK/STAT signaling pathways. Acta Bio-
chim. Biophys. Sin. 47, 207–213 (2015).

T.J. Rolland et al.

15

Published in partnership with the Australian Regenerative Medicine Institute npj Regenerative Medicine (2022) 58

http://www.mayoclinic.org/diseases-conditions/stress-incontinence/diagnosis-treatment/treatment/txc-20314457
http://www.mayoclinic.org/diseases-conditions/stress-incontinence/diagnosis-treatment/treatment/txc-20314457


46. Zhou, Z., Mou, S., Chen, X., Gong, L. & Ge, W. Anti-inflammatory activity of
resveratrol prevents inflammation by inhibiting NF-κB in animal models of acute
pharyngitis. Mol. Med. Rep. 17, 1269–1274 (2018).

47. Ren, Z. et al. Resveratrol inhibits NF-kB signaling through suppression of p65 and
IkappaB kinase activities. Pharmazie 68, 689–694 (2013).

48. Hol, E. M. & Capetanaki, Y. Type III intermediate filaments desmin, glial fibrillary
acidic protein (GFAP), vimentin, and peripherin. Cold Spring Harb. Perspect. Biol. 9,
a021642 (2017).

49. Zhu, D. et al. Macrophage M2 polarization induced by exosomes from adipose-
derived stem cells contributes to the exosomal proangiogenic effect on mouse
ischemic hindlimb. Stem Cell Res. Ther. 11, 162 (2020).

50. Jetten, N. et al. Anti-inflammatory M2, but not pro-inflammatory M1 macro-
phages promote angiogenesis in vivo. Angiogenesis 17, 109–118 (2014).

51. Yamaguchi, K. et al. Abstract 14063: human CD271+ adipose-derived stem cells
possess angiogenic capacity through mediating M2-dominant macrophage
polarization in cell therapy. Circulation 140, A14063 (2019).

52. Connell, K. A. et al. HOXA11 is critical for development and maintenance of
uterosacral ligaments and deficient in pelvic prolapse. J. Clin. Invest. 118,
1050–1055 (2008).

53. Lee, J. Y. et al. The effects of periurethral muscle-derived stem cell injection on
leak point pressure in a rat model of stress urinary incontinence. Int. Urogynecol.
J. Pelvic Floor Dysfunct. 14, 31–37 (2003).

54. Nikolavasky, D., Stangel-Wójcikiewicz, K., Stec, M. & Chancellor, M. B. Stem cell
therapy: a future treatment of stress urinary incontinence. Semin. Reprod. Med.
29, 61–70 (2011).

55. Hung-Jen Wang, Y.-C. C. & Michael, B. Chancellor. Development of cellular ther-
apy for the treatment of stress urinary incontinence. Int. Urogynecol. J. 22,
1075–1083 (2011).

56. Peters, K. M. et al. Autologous muscle derived cells for treatment of stress urinary
incontinence in women. J. Urol. 192, 469–476 (2014).

57. Carr, L. K. et al. Autologous muscle derived cell therapy for stress urinary
incontinence: a prospective, dose ranging study. J. Urol. 189, 595–601 (2013).

58. Schrøder, H. D. & Reske-Nielsen, E. Fiber types in the striated urethral and anal
sphincters. Acta Neuropathol. 60, 278–282 (1983).

59. Kwon, D. et al. Periurethral cellular injection: comparison of muscle-derived
progenitor cells and fibroblasts with regard to efficacy and tissue contractility in
an animal model of stress urinary incontinence. Urology 68, 449–454 (2006).

60. Chancellor, M. B. et al. Preliminary results of myoblast injection into the urethra
and bladder wall: a possible method for the treatment of stress urinary incon-
tinence and impaired detrusor contractility. Neurourol. Urodyn. 19, 279–287
(2000).

61. Yokoyama, T. et al. Autologous primary muscle-derived cells transfer into the
lower urinary tract. Tissue Eng. 7, 395–404 (2001).

62. Huard, J. et al. Muscle-derived cell-mediated ex vivo gene therapy for urological
dysfunction. Gene Ther. 9, 1617–1626 (2002).

63. Cannon, T. W. et al. Improved sphincter contractility after allogenic muscle-
derived progenitor cell injection into the denervated rat urethra. Urology 62,
958–963 (2003).

64. Chermansky, C. J. et al. Intraurethral muscle-derived cell injections increase leak
point pressure in a rat model of intrinsic sphincter deficiency. Urology 63,
780–785 (2004).

65. Carr, L. K. et al. Autologous muscle derived cell therapy for stress urinary
incontinence: a prospective, dose ranging study. J. Urol. 189, 595–601 (2013).

66. Peters, K. M. et al. Autologous muscle derived cells for treatment of stress urinary
incontinence in women. J. Urol. 192, 469–476 (2014).

67. Kajbafzadeh, A. M. et al. Transurethral autologous myoblast injection for treat-
ment of urinary incontinence in children with classic bladder exstrophy. J. Urol.
180, 1098 (2008).

68. Stangel-Wojcikiewicz, K. et al. Autologous muscle-derived cells for the treatment
of female stress urinary incontinence: a 2-year follow-up of a Polish investigation.
Neurourol. Urodyn. 33, 324 (2014).

69. Blaganje, M. & Lukanovic, A. Ultrasound-guided autologous myoblast injections
into the extrinsic urethral sphincter: tissue engineering for the treatment of stress
urinary incontinence. Int. Urogynecol. J. 24, 533 (2013).

70. Sebe, P. et al. Intrasphincteric injections of autologous muscular cells in women
with refractory stress urinary incontinence: a prospective study. Int. Urogynecol. J.
22, 183 (2011).

71. Brack, A. S. & Rando, T. A. Tissue-specific stem cells: lessons from the skeletal
muscle satellite cell. Cell Stem Cell 10, 504–514 (2012).

72. Mosser, D. M. & Edwards, J. P. Exploring the full spectrum of macrophage acti-
vation. Nat. Rev. Immunol. 8, 958–969 (2008).

73. Italiani, P. & Boraschi, D. From monocytes to M1/M2 macrophages: phenotypical
vs. functional differentiation. Front. Immunol. 5, 514 (2014).

74. Kosmac, K. et al. Immunohistochemical identification of human skeletal muscle
macrophages. Bio Protoc. 8, e2883 (2018).

75. Marino, M., Scuderi, F., Provenzano, C. & Bartoccioni, E. Skeletal muscle cells: from
local inflammatory response to active immunity. Gene Ther. 18, 109–116 (2011).

76. Ding, M. et al. Immunological behavior analysis of muscle cells under IFN-γ sti-
mulation in vitro and in vivo. Anat. Rec. (Hoboken) 301, 1551–1563 (2018).

77. Ikumi, A. et al. Administration of purified exosome product in a rat sciatic serve
reverse autograft model. Plast. Reconstr. Surg. 148, 200e–e211 (2021).

78. Shi, A. et al. TGF-β loaded exosome enhances ischemic wound healing in vitro
and in vivo. Theranostics 11, 6616–6631 (2021).

79. Kisby, C. K. et al. Exosome-induced vaginal tissue regeneration in a porcine mesh
exposure model. Female Pelvic Med. Reconstr. Surg. 27, 609–615 (2021).

80. Kisby, C. K. et al. Impact of repeat dosing and mesh exposure chronicity on
exosome-induced vaginal tissue regeneration in a porcine mesh exposure model.
Female Pelvic Med. Reconstr. Surg. 27, 195–201 (2021).

81. Ren, Y. et al. Effects of purified exosome product on rotator cuff tendon-bone
healing in vitro and in vivo. Biomaterials 276, 121019 (2021).

82. Qi, J. et al. Characterization of a purified exosome product and its effects on
canine flexor tenocyte biology. J. Orthop. Res. 38, 1845–1855 (2020).

83. Shi, G. et al. A novel engineered purified exosome product patch for tendon
healing: an explant in an ex vivo model. J. Orthop. Res. 39, 1825–1837 (2021).

84. Perucchini, D., DeLancey, J. O., Ashton-Miller, J. A., Galecki, A. & Schaer, G. N. Age
effects on urethral striated muscle loss. Am. J. Obstet. Gynecol. 186, 356–360
(2002).

85. Perez-Terzic, C. et al. Structural adaptation of the nuclear pore complex in stem
cell-derived cardiomyocytes. Circ. Res. 92, 444–452 (2003).

ACKNOWLEDGEMENTS
This publication was made possible by intramural support from the Michael S. and
Mary Sue Shannon Family, and Van Cleve Cardiac Regenerative Medicine Program.
Graphic arts either created manually by the authors in the program BioRender.com or
with the Mayo Clinic graphics department with all licensing permission in place. This
paper is in remembrance of our dear colleague and friend Lois A. Rowe, we will miss
her dearly and thank her for all her work and expertise on tissue processing and
histological staining.

AUTHOR CONTRIBUTIONS
E.T. and A.B. conceived the project. T.R., R.T., S.B., T.W., M.N., A.T., E.T., and C.K. planned
the experiments. T.R., R.T., S.R., S.B., and A.S. performed the experiments and
interpreted the data. T.R., A.B., and E.T. wrote the manuscript with input from all
authors. P.S. supervised the project and coordinated budgeting and schedules. T.P.,
C.P., B.P., and L.B. coordinated all the NanoView data acquisition. The assignment of
the authorship order is chronological in order of amount of work conducted on
experimentation and contributions to the manuscript. E.T., R.T., S.B., and P.S. started
the project and worked in close collaboration with A.B. and T.R., who designed and
performed several of the critical experiments. T.W. and M.N. managed IACUC
protocols and care/handling of animal subjects. L.A.R. completed all histology
processing, cutting, and staining of H&E and Masson’s Trichrome. R.T., T.W., and M.N.
completed all work for the rat latissimus dorsi punch biopsy model, highlighted in
Fig. 4. E.T., T.W., M.N., and T.R. conducted all porcine surgical procedures, including
external urethral sphincter manometry. T.P. performed experiments to characterize
PEP as an exosome. C.K. and E.T. served as OB/GYN consultants and contributed
editing to the manuscript.

COMPETING INTERESTS
E.T. is an author for and receives royalties from Elsevier and UpToDate; A.B., T.P., and
P.S. have ownership rights to RION LLC; C.P., L.B., and B.P. are scientists employed in
the R&D lab of Rion LLC. The remaining authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41536-022-00240-9.

Correspondence and requests for materials should be addressed to Emanuel C.
Trabuco or Atta Behfar.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

T.J. Rolland et al.

16

npj Regenerative Medicine (2022) 58 Published in partnership with the Australian Regenerative Medicine Institute

https://doi.org/10.1038/s41536-022-00240-9
http://www.nature.com/reprints
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022, corrected publication 2022

T.J. Rolland et al.

17

Published in partnership with the Australian Regenerative Medicine Institute npj Regenerative Medicine (2022) 58

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Exosome biopotentiated hydrogel restores damaged skeletal muscle in a porcine model of stress urinary incontinence
	Introduction
	Results
	Exosome characterization
	Human skeletal muscle myoblast (HSMM) co-cultured with PEP shows dose-dependent growth, chemotaxis, cell migration, and skeletal muscle differentiation
	Resveratrol inhibits PEP-mediated HSMM proliferation suggesting NF-&#x003BA;B as a central driver of satellite cell proliferation and differentiation
	Repair of rat volumetric muscle loss (VML) latissimus dorsi defect with purified exosome product enhances skeletal muscle regeneration
	Restoration of urethral pressures following urethral sphincter repair with PEP in a novel porcine SUI model
	Histological characterization of urethral sphincter lesion repair
	Injury site NF-&#x003BA;B and PD-L1 expression and immune response elicited by PEP

	Discussion
	Methods
	Study design
	Characterization and quantification of Purified Exosome Product
	PEP biodistribution following intramuscular injection
	Antibodies utilized
	Western blotting technique and quantification
	Atomic-force microscope (AFM) and single-particle interferometric reflectance imaging sensing (SP-IRIS) analysis
	HUVEC internalization of PKH26 labeled PEP
	Characterization of the effect of PEP on human skeletal muscle myoblasts
	Resveratrol inhibition of human skeletal muscle myoblast proliferation
	Exosome release assay
	Repair of a Rat Latissimus Dorsi volumetric muscle loss model
	Directed urethral sphincter defect porcine model to assess the efficacy of PEP-induced sphincter muscle regeneration
	Histological procedure and staining quantification
	External urethral sphincter pressure collection
	Statistical analysis
	Reporting summary

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




