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Abstract

As an alternative to polypropylene mesh, we explored an extracellular matrix (ECM) bioscaffold
derived from urinary bladder matrix (MatriStem™) in the repair of vaginal prolapse. We aimed to
restore disrupted vaginal support simulating application via transvaginal and transabdominal
approaches in a macaque model focusing on the impact on vaginal structure, function, and the host
immune response. In 16 macaques, after laparotomy, the uterosacral ligaments and paravaginal
attachments to pelvic side wall were completely transected (IACUC# 13081928). 6ply MatriStem
was cut into posterior and anterior templates with a portion covering the vagina and arms
simulating uterosacral ligaments and paravaginal attachments, respectively. After surgically
exposing the correct anatomical sites, in 8 animals, a vaginal incision was made on the anterior
and posterior vagina and the respective scaffolds were passed into the vagina via these incisions
(transvaginal insertion) prior to placement. The remaining 8 animals underwent the same surgery
without vaginal incisions (transabdominal insertion). Three months post implantation, firm tissue
bands extending from vagina to pelvic side wall appeared in both MatriStem groups. Experimental
endpoints examining impact of MatriStem on the vagina demonstrated that vaginal biochemical
and biomechanical parameters, smooth muscle thickness and contractility, and immune responses
were similar in the MatriStem no incision group and sham-operated controls. In the MatriStem
incision group, a 41% decrease in vaginal stiffness (P=0.042), a 22% decrease in collagen content
(P=0.008) and a 25% increase in collagen subtypes I11/1 was observed vs. Sham. Active MMP2
was increased in both Matristem groups vs. Sham (both P=0.002). This study presents a novel
application of ECM bioscaffolds as a first step towards the rebuilding of vaginal support.
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1. Introduction

Vaginal prolapse also known as pelvic organ prolapse (POP), is a common condition in
which loss of soft tissue support to the vagina causes the organs supported by it (bladder,
uterus, small bowel and rectum) to herniate or fall into the vaginal lumen causing significant
physical discomfort and psychological distress to affected women. Support to the upper and
mid-vagina is provided by the uterosacral ligaments and paravaginal attachments to the
pelvic side-wall, respectively. The vagina and supportive tissues of women with prolapse
have been shown to be structurally and functionally compromised with altered collagen and
elastin content [1-3], increased tissue degrading proteases [2], disorganization and atrophy
of smooth muscle [4, 5] and inferior mechanical properties [6]. Up to 12.6% of women will
undergo a surgery to repair prolapse by age 80 [7]. Of those who undergo a native tissue
repair, 40% will fail by 2 years [8, 9][10].

In response to the high failure rates associated with native tissue repairs, surgeons have
turned to lightweight polypropylene mesh. In spite of fairly good anatomical outcomes,
polypropylene prolapse meshes have been associated with numerous complications, most
commonly mesh exposure through the vaginal epithelium, pain, and erosion into adjacent
structures [11], prompting 2 FDA warnings and an upclassification of meshes from Class Il
to Class 11 devices [12]. In nonhuman primates, Gynemesh PS - the prototype and most
widely implanted polypropylene prolapse mesh, has been shown to have a negative impact
on the vagina inducing a robust long-term foreign body response associated with
degeneration and atrophy, and a loss of functional integrity [13, 14]. Thus, regenerative
techniques that direct the host to rebuild and restore damaged vaginal soft tissue support
structures represent a viable alternative approach.

Bioscaffolds derived from extracellular matrix (ECM) have been widely adopted in tissue
engineering applications and are considered a novel tool in tissue regeneration. They have
been shown to promote tissue regeneration in different tissues, e.g. skeletal muscle, tendon,
fibrocartilage, and digits, in numerous preclinical animal studies and human clinical
applications by facilitating a site-specific constructive tissue remodeling response [15].
When placed in the appropriate /n7 vivo mechanical loading environment, the remodeling of
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ECM bioscaffolds is directed to promote the formation of a site specific tissue with robust
mechanical properties [16-18]; a scenario seemingly perfectly aligned with the goals of
patients and surgeons — that is, to repair the damaged/impaired vagina and its supportive
tissues in patients with prolapse.

Restoration of apical (level 1) and lateral (level I1) support to the vagina has been shown to
be key in achieving successful anatomical outcomes in the long term [19-21]. Therefore, the
overall goal of this study was to determine the feasibility of utilizing a regenerative ECM
bioscaffold in prolapse applications to restore uterosacral ligaments (level I) and paravaginal
attachments into the pelvic side wall (level 1) without negatively impacting vaginal structure
and function (Figure 1). Secondly, since the approach by which surgical material is delivered
to the host has been shown to impact outcomes with transvaginal applications associated
with higher rates of complications than transabdominal applications [22—-24], we modeled
and compared these two approaches for bioscaffold placement. We chose MatriStem
(porcine urinary bladder matrix, AceLL), a noncrosslinked degradable acellular ECM
bioscaffold because of its ability to promote the growth of tissue containing both smooth
muscle and matrix [25-28], two critical components of the vagina and the soft tissues that
support it. We used a 6-ply scaffold since we arguably needed a graft that had similar initial
mechanical integrity to commonly used prolapse meshes [13, 29] that would persist as it was
slowly replaced with host newly formed tissues. Since complications following prolapse
procedures typically involve the vagina (exposure and pain), we sought to focus the current
study on the impact of MatriStem on vaginal morphology, biochemical composition, and
function (passive and active mechanics). Moreover, we were concerned about stress
shielding effects given that the 6-ply MatriStem bioscaffold had an initial structural stiffness
similar to synthetic prolapse meshes and therefore, could potentially exert a negative impact
on the vagina due to stress shielding [13]. The rhesus macaque model was used due to its
marked similarities to humans. Previous studies have demonstrated a prolonged foreign
body response with synthetic meshes and crosslinked biologic materials; thus, the host
immune response was also assessed [22-24].

2. Materials and Methods

2.1 Animals

Rhesus macaques (macacca mulatta) used in this study were maintained and treated
according to experimental protocols approved by the Institutional Animal Care Use
Committee of the University of Pittsburgh (IACUC #13081928) and in adherence to the
National Institutes of Health Guidelines for the use of primates as “an acutely scarce
resource” such that a minimum number were used for meaningful results. Routine laboratory
tests and regular examinations by veterinarians during a quarantine period were used to
certify that these experimental animals were pathogen-free and in good physical condition.
Animals were maintained in standard cages with ad libitum water and a scheduled monkey
nutritious diet. A 12-hour light/dark cycle (7 am to 7 pm) was used, and menstrual cycle
patterns were recorded daily. Age, weight, and parity were collected prior to and after
surgery.
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2.2 Surgical procedures

For comparison of our experimental endpoints, we used previously published data for Sham
(n=12). These animals had been operated in the same way as our MatriStem implanted
animals with surgical exposures affording the implantation of a vaginal graft but did not
undergo disruption of level | and 11 support or the application of the bioscaffold [13, 14].
Our decision to use control animals without disrupted support is based on our previous
finding that the prolapsed unsupported vagina has inferior mechanical properties, altered
collagen ratios and increased active MMP-9 [30, 31] relative to the vagina with intact
support. In this way, by comparing to normally supported animals, we would be comparing
our MatriStem implanted vagina to the “gold standard”. After laparotomy, [31]16 rhesus
macaques underwent a hysterectomy followed by complete transection of the uterosacral
ligaments (level 1) and paravaginal attachments to pelvic sidewall (level I1) (Figure 2). The
bladder and rectum were sharply dissected off of the vagina to expose the full thickness
vaginal wall. A 6ply MatriStem scaffold was cut into posterior and anterior templates with a
vaginal portion and arms to simulate uterosacral ligaments and paravaginal attachments,
respectively (Figure 3). To model transvaginal insertion (N=8), a 3cm vaginal incision was
made on both the anterior and posterior vaginal walls and the respective scaffolds placed
into the vaginal lumen via these incisions where they were held there for ~ 5 minutes before
pulling back into the pelvic cavity. Vaginal incisions were then repaired with 2-0 Vicryl. The
remaining animals (N=8) underwent the same surgery without vaginal incisions to model a
transabdominal insertion. The scaffolds were sutured to the vagina, the arms placed in the
anatomically correct positions for level | and Il support and then retroperitonealized. For
rebuilding level I support (the uterosacral ligaments), the scaffold arms were placed into the
fibrous portion of the pubocaudalis muscle at the sacrum adjacent to S1-S2. For level Il
support (paravaginal attachments), the arms were placed at the level of the mid vagina into
the site analogous to the arcus tendineous fascia pelvis; that is, at the junction between the
pubocaudalis and the obturator internus muscles. The arms were sewn in place using 3-0
delayed absorbable suture (3-0 polydioxanone suture). At 3 months post-surgery, the gross
morphology was observed and grafted vagina was harvested for the following tests.

2.3 Ball-burst test for biomechanical properties

The passive mechanical properties of the grafted vagina were determined by ball burst
testing as described previously [13]. Sixteen samples from transvaginal groups with incision
(n=8) and without incision (n=8) were tested. Tissues were handled with care, wrapped in
saline soaked gauze and then stored at —20° C until day of testing [32, 33]. As the ball burst
protocol tests a standardized size of tissue, the data was not normalized and there were no
differences in thickness between groups as measured using a laser reflectance system [13].
Structural properties including stiffness (N/mm), ultimate load (N), ultimate elongation
(mm), and energy absorbed (N/mm) were determined. For these samples, it was assumed
that Matristem completely degraded during the implantation period (3 months) [34], or if
partially degraded, the remnants possessed no independent mechanical integrity at the time
of tissue procurement.
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2.4 Functional test for smooth muscle contractility

The contractile response to a single dose of KCI (120mM) was tested within 30 minutes of
tissue harvest as described previously [35]. In order to normalize for differences in tissue
quantity, the data was expressed as force per muscle volume of each strip (mN/mm3). Strips
were then washed and exposed to electrical field stimulation (EFS) at only one voltage (20
V) for a duration of 5 seconds, and the frequency was increased from 1-64 Hz. For EFS, the
contractile force was normalized by the 120 mM KCI response and expressed as a
percentage. Only the maximum force generated for each strip was reported for EFS.

Immunofluorescent labeling of alpha smooth muscle actin (a-SMA) and in situ
TUNEL labeling of apoptotic cells—The grafted vagina was embedded in O.C.T.
compound (Sakura Finetek USA, Inc, Torrance, CA) and cryosectioned (7um). The tissue
was oriented with the sectioned aspect cut perpendicular to the vagina. H&E and Masson’s
trichrome staining were first performed to examine the integrity of the tissue and the
inflammatory responses in the mesh area. Tissue blocks that did not achieve the correct
orientation requisite for quantitative analysis, i.e. not containing full thickness vagina,
obliquely sectioned with subepithelium thicker than 1039um (mean of Sham values that
were ensured perpendicular sectioning plus 2 standard deviation) were excluded. No
samples in the MatriStem groups were excluded. Procedures and quantification of thickness
of the subepithelium and smooth muscle layer as well as the percentage of apoptotic cells in
different tissue layers was performed as described previously [14].

2.5 Immunofluorescent labeling of macrophages

To determine whether MatriStem elicited a long-term immune response similar to other
biomaterials used in prolapse surgeries [36, 37], our previous method for immuolabeling
macrophages and differentiating M1 (proinflammatory) and M2 (remodeling) macrophages
was followed [36]. Tissue sections were triple-labeled with antibodies specific for a pan-
macrophage marker (CD68), an M1 marker (CD86), and an M2 marker (CD206). Slides
were imaged using a 20X objective. CD68+CD86+ cells were considered to have an M1
phenotype and CD68+CD206+ cells were considered to have an M2 phenotype. Cell counts
were averaged for each sample and expressed as a percentage of total cells within a 20X
field.

2.6 Hydroxyproline assay

The grafted vagina were harvested and dried. Total collagen content was measured using the
hydroxyproline assay as previously described [38]. The collagen content was estimated by
assuming that 14% of collagen (weight) is hydroxyproline and expressed by percentage of
tissue dry weight. Each animal was sampled three times and the experiment was repeated at
least in triplicate.

2.7 UPLC Desmosine and Isodesmosine measurement for mature elastin

Mature elastin content was measured by ultrahigh performance liquid chromography
(UPLC) as previously described [39, 40]. Briefly, hydrolyzed tissue was applied to Oasis
MCX cation exchange SPE columns (Waters, Milford Massachusetts), and eluted with
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ammonium hydroxide/water/methanol (10/40/50). Stock solutions of desmosine,
isodesmosine and S-[beta-(4-pyridyl)ethyl]L-cysteine (internal standard, S-LC) (Santa Cruz,
Dallas, Texas) were diluted to series concentration to create standard curves. S-LC (2umol)
was added to each sample and standard as an internal control. Three ul of the prepared
samples and standards were injected onto a prepared Waters Acquity UPLC BEH C18
column and monitored by measuring absorbance at 270nm wavelength. Elution time of
isodesmosine was at 1.4 min, desmosine at 1.9 min and S-LC at 2.4 min. The amount of
mature elastin in each sample was represented by the sum of desmosine (umol/L) and
isodesmosine (umol/L) and estimated by assuming that 1.3% of mature elastin (weight) is
desmosine and isodesmosine [41]. The results were expressed as percentage of tissue dry
weight. It should be noted that the amount of desmosine and isodesmasine in mature elastin
varies in different tissues and species [42] and that the adopted conversion value above was
derived from human aorta and lung.

2.8 1, 9-Dimethylmethylene Blue assay

Total content of sulfated glycosaminoglycans (GAG) was measured using the 1,9-
Dimethylmethylene Blue assay as previously described [43]. The content of GAG was
determined with respect to the tissue dry weight.

2.9 Interrupted SDS-PAGE for collagen subtypes

2.10 Gelatin

Previous methods were followed to determine the ratios of collagen subtype I11/1 in the mesh
tissue complex [44]. The relative collagen subtype I11/1 ratio was determined and calculated
as al(l) x2/ a1(l) x3.

zymography for MMPs -2, and -9

The expression of matrix degrading enzymes, MMPs-2 and -9, was evaluated using
substrate zymography with 30 pg of proteins per sample. The experiment was carried out in
duplicate with a pre-cast 10% gelatin gel system (Invitrogen, Carlsbad, CA) as described
previously [31].

2.11 Statistical analysis

3. Results

Sample size was determined using previous published mechanical data (ultimate load and
stiffness) for Sham and a synthetic mesh implantation - Gynemesh PS, in which at least 8
animals were needed in each group to find significance with a error of 0.05 and power of
0.80. Data was tested for distribution before statistical analysis. For normally distributed
data, a oneway analysis of variance (ANOVA) was used followed by the appropriate post-
hoc tests including Dunnets for comparison to Sham and pair-wise test using Bonferroni
multiple comparisons procedure between all groups. For nonparametric data, Kruskal-Wallis
and Mann-Whitney tests were used.

Animals were middle-aged with similar weight and parity (Table 1). Animals in the
MatriStem groups were younger than Sham (both p=0.002); however, multivariate
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regression modeling showed that age had no significant predictive value for any of the
parameters in the study. Therefore, the results were not adjusted for the impact of age.

3.1 Gross morphology

Pelvic exam demonstrated that the vagina was well supported in all groups in which the
MatriStem grafts had been placed. At necropsy, newly formed tissue bands were observed at
the site of implantation of the bioscaffold arms bilaterally at the vaginal apex extending
along the pelvic sidewall toward the sacrum and at the mid- vagina inserting into the pelvic
sidewall (Figure 4). These bands appeared broad and contained both fibrous and fatty tissue
and were well vascularized consistent with a connective tissue. The vagina appeared grossly
normal. There was no evidence of residual graft. As the main focus of the study was to
define the impact of MatriStem on the vagina, the remaining experimental endpoints are
focused on the portion of the vagina where MatriStem had been placed.

3.2 Biomechanical properties of the vagina

With ball-burst testing, rupture of the grafted vagina occurred at the point of contact with the
ball head in all samples. When compared to Sham, the overall structural properties of grafted
vagina implanted with Matristem with and without an incision were not significantly
different (Table 2). Yet, it is notable that the stiffness of the grafted vagina in the MatriStem
transvaginal insertion group was 41% lower than that in Sham (P=0.042), indicating a
negative impact with a vaginal incision.

3.3 Vaginal inflammatory responses and cell apoptosis

With H&E and trichrome staining, no obvious difference was observed between MatriStem
groups and Sham independent of the presence or absence of an incision (Figure 5).
Infiltration of inflammatory cells was not apparent. Of the few macrophages present, the
CD68+CD206+ M2 remodeling subtype was predominant relative to CD68+CD86+ M1
subtypes. No increase in the number of apoptotic cells was observed in any of the three
layers of vagina (subepithelium, muscularis and adventitia) for both MatriStem groups when
compared to Sham (Table 3).

3.4 Vaginal Smooth muscle morphology and contractility

Overall, the thickness of subepithelium in the three groups was similar (overall P=0.064,
Table 3). The contour of smooth muscle layer was clearly demarcated after labeling with a.-
SMA in all samples (Figure 5). Semi-quantitative histomorphometric measurement of the
thickness of smooth muscle layer in the vagina showed MatriStem implanted in the presence
and absence of an incision did not impact the thickness of muscle layer as compared to
Sham (overall P=0.747, Table 3). Functionally, in contrast to what has been observed
following the implantation of polypropylene mesh, the contractile force generated in
response to KCL was similar between MatriStem groups and Sham (overall P=0.154, Table
3). In addition, no significant differences in nerve mediated contractions as shown by
electrical field stimulation was observed among the 3 groups (overall P=0.797, Table 3).
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3.5 Biochemical analysis of vaginal ECM components

Total collagen content was decreased in the MatriStem implanted groups (overall P=0.016,
Table 4) relative to Sham. Specifically, in the presence of MatriStem with a vaginal incision,
a 22% decrease in collagen was observed comparing to Sham (P=0.008) paralleling the trend
toward a decrease in stiffness observed in the mechanical testing. No significant difference
was observed between MatriStem without an incision and Sham indicating that the incision
was having an independent effect (P=0.304). In addition, the ratio of collagen subtype 111 to
I in the vagina was increased by 25% following MatriStem insertion in the presence of an
incision as compared with Sham (P=0.038, Table 4 and Figure 6). Such an increase was not
observed in the MatriStem no incision group (P=0.088) indicating that again the presence of
an incision was negatively impacting outcomes. Mature elastin content and sulfated GAG
content were not significantly different between the groups (Table 4).

3.6 Zymography of MMP-2 and -9

Both proenzymatic and active forms of MMP-2 and —9 were visualized by substrate
zymography (Figure 6). Semi-quantitative analysis of MMP-2 and -9 indicated that active
MMP-2 and the ratio of active and proenzyme form of MMP-2 (A/P MMP-2) were both
significantly increased with MatriStem implantation regardless of the presence or absence of
an incision as compared to Sham (overall P=0.005, 0.003, respectively). Specifically, the
active form of MMP-2 increased by 2 to 3 fold (P=0.011 with and 0.003 without an incision)
and the A/P MMP-2 increased 4 to 5 fold (P=0.002 with and 0.002 without incision,
respectively) in the MatriStem groups relative to Sham. Proenzymatic and active form of
MMP-9 were not significantly different between groups.

4. Discussion

This study explored the use of MatriStem, an extracellular matrix (ECM) bioscaffold derived
from urinary bladder matrix, as a first step towards regenerating disrupted level | and Il
vaginal support in nonhuman primates with an in depth analysis of the impact of this multi-
layered scaffold on the vagina. We observed that newly formed tissue bands were present in
the position where the bioscaffold arms had been placed at the vaginal apex (level I) and
paravaginal attachments to the pelvic sidewall (level 1) at the mid vagina. We show that, in
spite of having an initial structural stiffness similar to that of commonly used prolapse
meshes [13, 29], MatriStem did not negatively impact the overall structure and function of
the grafted vagina when placed in the absence of a vaginal incision (transabdominal model).
This is in sharp contrast to our analyses of the vagina grafted with the polypropylene mesh
(Gynemesh PS), which showed significant degenerative changes including a prolonged
inflammatory response, increased cell apoptosis, decreased smooth muscle volume and
contractility, and decreased fibrillar matrix associated with increased degradation and
inferior mechanical properties [13, 14]. Implantation of MatriStem in the presence of a
vaginal incision to model transvaginal insertion resulted in a reduced collagen content,
decreased vaginal mechanical properties, increased collagen subtype 111/1 ratio and increased
MMP-2 activity, suggesting a picture of ongoing healing and active remodeling. Longer time
points following MatriStem insertion are needed to determine if the vagina eventually
recovers to control levels after an incision is made. Clinically, the presence of a vaginal
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incision increases the incidence of complications following the placement of polypropylene
mesh [22-24].

The arms of the MatriStem bioscaffold were created to simulate the anatomical positions of
level 1 and 11 vaginal support such that under physiological condition, the arms would be
loaded similar to uterosacral ligaments (level 1) and paravaginal attachments to pelvic side
wall (level I1). With the main portion attached to the vagina and the arms attached to
anatomical insertion sites, our application provides a reasonable biological and mechanical
environment for MatriStem to facilitate the regeneration of pelvic supportive tissues. While
this study focused on the impact of MatriStem on the vagina, the observation of newly
formed connective tissue bands in the position of normal vaginal support suggests that this is
a promising approach that warrants further study in future prolapse repair applications.

The effects of ECM based bioscaffolds on facilitating constructive remodeling in damaged
tissue have been well-documented [15]. With newer processing techniques, the ultrastructure
and 3-D architecture of ECM bioscaffolds are largely preserved, providing a feasible
microenvironment for cell migration, integration, differentiation and proliferation. ECM
bioscaffolds are designed to degrade and to be gradually replaced by normal host tissue [45,
46][47-50][51]. MatriStem was chosen in this study because of its ability to facilitate the
formation of smooth muscle in addition to fibrillar matrix in healing the disrupted esophagus
and chronic wounds [25-28]. Importantly, the results of this study are based on animals with
a surgically induced prolapse. Thus, if women with prolapse have genetically deficient or
inherently altered ability to promote the growth of healthy tissue, it is unlikely that
MatriStem would be effective. Small clinical trials using this product in women with
prolapse will address this issue.

Our finding that MatriStem applied via a vaginal incision was associated with a decreased
vaginal collagen content, increased ratio of collagen 111/1, and a decreased stiffness relative
to Sham, suggests that a vaginal incision may delay or permanently compromise healing and
tissue remodeling in the grafted vagina. A transient decrease in tissue mechanical strength
has been observed at early stage following a 8-ply SIS insertion to repair the abdominal wall
in a dog model due to tissue remodeling [52]. It is not clear whether this process occurred in
our animals but could present a period of vulnerability if used in prolapse repairs.

One of the major limitations of the study is that we were unable to justify the inclusion of a
control group with disrupted support in this study. Thus, the question remains as to whether
disrupted supportive tissues spontaneously reform in animals in the absence of MatriStem.
Since completing the study, we have studied 2 animals in this “disrupted support” control
group. At necropsy, 3 months after taking down level | and Il support, although the vagina
appeared supported in the supine position, we observed descent of the anterior and posterior
walls with the application of suprapubic pressure. Filmy adhesions were observed in these
control animals at the sites where suture had been placed with removal of the uterus. The
sites where the uterosacral ligaments and paravaginal attachments had been disrupted,
however, were replaced with a dense fat (see supplementary figure). While these
observations are not quite visually different from a MatriStem mediated response, future
studies with a larger control group will help to definitively answer this critical question.
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Additional limitations include the number of animals used to answer our research question.
We are keenly aware human primates are “an acutely scarce resource” and have powered our
studies to use the smallest number of animals possible. This may account for the lack of
statistical significance in some of the experimental endpoints, such as tissue stiffness. In
addition, although prolapse is observed in the rhesus macaque [53], none of the animals in
this study had prolapse more advanced than Stage I1. To start with a similar amount of
prolapse in our treatment groups, we surgically disrupted level I and Il support. However,
such an “acute” loss of support may not fully recapitulate all the anatomical defects leading
to POP, particularly those in the levator ani muscles. Since the levator ani muscles clearly
contribute to the support of the distal vagina and the caliber of the vaginal hiatus, it is not
clear if MatriStem would have been as effective in restoring support to the vagina if the
levator ani muscles had been injured as well. Finally, our study is cross-sectional and it is
unclear whether the changes we observed at 3 months will persist over time. However, the
study demonstrates that repair of disrupted supportive tissues of the vagina may be feasible
and should serve as a launching pad for future studies.

5. Conclusion

Implantation of MatriStem did not negatively impact the overall functional, morphological
and biochemical properties of the vagina when implanted in the absence of a vaginal
incision. The presence of incisions compromised vaginal structural integrity with decreased
collagen content at 3 month post-surgery possibly due to ongoing tissue healing and
remodeling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

Pelvic organ prolapse is a common condition related to failure of the supportive soft
tissues of the vagina; particularly at the apex and mid-vagina. Few studies have
investigated methods to regenerate these failed structures. The overall goal of the study
was to determine the feasibility of utilizing a regenerative bioscaffold in prolapse
applications to restore apical (level I) and lateral (level I1) support to the vagina without
negatively impacting vaginal structure and function. The significance of our findings is
two fold: 1. Implantation of properly constructed extracellular matrix grafts promoted
rebuilding of level I and level 11 support to the vagina and did not negatively impact the
overall functional, morphological and biochemical properties of the vagina. 2. The
presence of vaginal incisions in the transvaginal insertion of bioscaffolds may
compromise vaginal structural integrity in the short term.
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Figure 1.
Normal pelvic organ support. In the normally supported vagina, lateral support is provided

by the paravaginal attachments to the pelvic sidewall (level Il support) which are best
visualized with disruption of the pubic symphysis as shown in anterior view. The top of the
vagina is pulled up and back toward the sacrum by the uterosacral ligaments (level | support)
as depicted in the posterior view of the uterus and vagina.
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Figure 2.
Surgical disruption of level | (uterosacral ligaments) and level Il (paravaginal attachments).

Prior to placement of the ECM bioscaffolds, level I and Il support were disrupted surgically.
A: demonstrating a complete absence of level | and level Il support. B: demonstrating free
movement of the uterus and vagina below the pubic symphysis and through the vaginal
introitous mimicking pelvic organ prolapse.
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Figure 3.
Anterior and posterior templates made from the ECM bioscaffold. The body of the posterior

scaffold covers the posterior vagina with arms that insert into the tendon of the pubocaudalis
muscle immediately adjacent to the sacrum for regeneration of level | (apical) support. The
anterior scaffold has a vaginal portion and arms to insert into the arcus tendineous fasciae
pelvis at the junction of the pubocaudalis and obturator internus muscles for regeneration of
level Il (paravaginal) support.
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Figure 4.
Gross morphology demonstrating newly formed tissues supporting the vaginal apex in the

area of the uterosacral ligaments (level 1) and newly formed tissues in the area of paravaginal
attachments to the pelvic sidewall supporting the mid vagina (level I1) at 3 months following
the implantation of the EMC bioscaffolds. (A). In-vivo anatomy. (B). Morphology after
dissection.
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H & E staining Immunofluorescence

Figure 5.
H&E staining (left panel) and immunofluorescent labeling (right panel) of a-smooth muscle

actin (red), apoptosis (green) and nuclei (blue) at 3 months following the implantation of
ECM bioscaffolds. TV: MatriStem transvaginal insertion; TA: MatriStem transabdominal
insertion. Scale bars in H & E staining represent 500um and scale bars in
immunofluorescence represent 1000 um.
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Figure 6.
A. SDS-PAGE results of mature collagen 111/1 ratio in vagina at 3 months following the

implantation of ECM bioscaffolds. B. Zymography results of MMP -2 and -9 in vagina at 3
months following the implantation of ECM bioscaffolds. MM: Molecular marker; Col I:
collagen I standard; Col IlI: collagen 111 standard; S: Sham; TV: MatriStem transvaginal
insertion; TA: MatriStem transabdominal insertion; PC: positive control. * indicates
statistical difference from Sham with P<0.05.
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Demographics of non-human primates in the study. The values for age, gravidity and parity are expressed as

median (15t quartile, 3" quartile); the value for weight is expressed as mean + standard deviation. MatriStem

TA: MatriStem implantation modeling transabdominal insertion (n=8) or MatriStem TV: MatriStem

implantation modeling transvaginal insertion (n=8).

Age Weight (kg)  Gravidity Parity

Sham 145 75+16 25 35
(10, 15.25) (2,6) (2.6)
MatriStem TA 8 72+16 2 2
(8,8.25) (1.75,2.25)  (1.75, 2.25)
MatriStem TV 8 70£16 2 2
(8,9) (1.75,3.25)  (1.75, 2.25)
p* 0.001 0.200 0.069 0.088

*
indicates the comparison of overall p value among the groups
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Table 4

Biochemical analysis of the vagina after MatriStem implantation modeling transabdominal insertion
(MatriStem TA, n=8) or transvaginal insertion (MatriStem TV, n=8) as compared to historical data for Sham
[14]. Results are expressed as mean * standard deviation. Post hoc P values represent comparisons between
groups.

Biochemistry analysis

Collagen Elastin GAG Col I11/1 ratio
(% of dry weight) (% of dry weight) (% of dry weight)
Sham 48.3+8.6 165+44 1.35+0.33 0.20 £0.05
MatriStem TA 43.6+4.6 185+4.8 1.64£0.30 0.24 +0.04
MatriStem TV 37.7+7.84 16.4+3.3 145+0.18 0.25 + 0.044
p* 0.016 0.534 0.107 0.036
Post hoc P
TA vs. Sham 0.304 0.527 0.068 0.088
TV vs. Sham 0.008 0.989 0.675 0.038

*
indicates the overall comparison among the groups

aindicates p<0.05 compared with Sham
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