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Summary

Pelvic Organ Prolapse (POP) is defined as the des€¢®ne or more of the pelvic
structures and includes uterine prolapse, vagiaalt\prolapse, and anterior or posterior
vaginal wall prolapse. The resultant symptoms aireaty and bowel dysfunction,
incontinence, and sexual dysfunction. POP is pilgneaused by childbirth injury, but
ageing, obesity and other factors also contribDsmmon treatment of POP is surgery
and includes native tissue surgical reconstruaione or with implantation of either
synthetic or biological mesh with the former havanfigher success rate. However, the
long-term outcome of synthetic mesh augmented syigeinsatisfactory due to post-
surgical complications. The most common probleresaesh exposure and pain possibly
due to scarring, folding and/or contraction of $tic meshes. Polypropylene (PP) was
rapidly adopted for POP surgery and was not cdyefedssessed to determine whether PP

met the criteria for treating the damaged peloofltissues.

Mesenchymal Stem Cells (MSC) have been discoveratmost every adult tissue and
are highly proliferative, self-renew and differeté into mesodermal lineagesvitro.
MSC also have immunomodulatory and angiogenic ptgsemaking them ideal
candidates for cell-based therapies. Recently M& Iheen discovered in the
regenerative endometrial lining of the uterus guetdic markers (W5C5/SUSD2) have
been identified for their prospective isolatione§k endometrial MSC (eMSC) fulfil the
classical criteria of adult MSC and can be obtaimeder minimally invasive procedures

without anaesthesia or scarring from premenopausaien.

Tissue engineering is defined as a combinatioretl$ @nd materials and is widely used in
the field of regenerative medicine. Many cell tyfresn the same or a different individual
can be used in combination with a synthetic, bimlalgor composite material. Of the
urogenital organs, to date, researchers have @y bble to reconstruct the human

bladder and urethra using tissue engineering appesa

In this thesis, new meshes designed specificatlyPfoP repair surgery were evaluated in
an abdominal wall fascial defect model to evaluhéeextent of host tissue response,
tissue integration and subsequent mechanical prepePolyamide (PA), Polyamide plus
Gelatin (PA+G) and Polyether-etherketone (PEEKs&tbtemporal inflammatory
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responses that were different to that seen witimBghes with enhanced
neovascularisation, collagen production, and deecanflammation. PA and PA+G

could be a future treatment option for POP repaigary.

Most women who suffer from POP are postmenopaushire therefore characterised
eMSC from postmenopausal women treated with orouitlexogenous estrogen. Similar
to premenopausal women, eMSC can be obtained byetage procedure following
short-term estrogen treatment. Postmenopausal eM&8imilar to premenopausal eMSC
in terms of cloning efficiency and phenotype b available in lower numbers and

differentiate to a lesser degree.

The next step was to test the PA+G meshes and @M&@ude rat fascial wound model
as a small preclinical proof of principle animal det Meshes seeded with eMSC
improved the tissue integration compared to mealw®e by increasing the
neovascularisation, altering macrophages from ianmmatory to wound healing
phenotype, decreasing the foreign body reactioth jraproving the biomechanical

properties in the long term, without engraftment.

This thesis also provides a comprehensive anabysikeep vaginal tissue to generate
baseline data in this large animal preclinical npeeluding biochemical, biomechanical
and histological analyses. Sheep that have notetelil lambs have similar biomechanical
and biochemical properties to parous sheep whe@regmancy significantly changes both
the tissue composition and mechanical propertiesalsb determined regional differences
in postmenopausal sheep vagina and correlateddblkdmical and histological results
with postmenopausal women. The ovine vagina shaliféetences between the upper and
lower region whereas human vagina did to a lessgreg but with similar tissue
composition. These results can help to understamdibchemical tissue composition and
passive biomechanical properties of ovine vagirthratate this to the histo-architecture at
different reproductive stages as part of the esstaimlent of a large animal preclinical
model for evaluating regenerative medicine appreadar surgical treatment of pelvic
organ prolapse. The next step would be to testitoee mentioned TE construct in a large

animal model; however this was not feasible witthi@ time frame of this thesis.

In conclusion eMSC are a promising source of MSfependent of a women’s stage of
life and could be used for TE purposes. A Tissugiigering construct might be the

future treatment for POP but has yet to be evatlist@ large animal preclinical model.
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CHAPTER 1.

INTRODUCTION

1.1 Pelvic Organ Prolapse

POP is defined as the descent or herniation obomeore of the urogenital tract organs
into the vagina. Depending on the organ hernid®&R is classified into uterine, vaginal

vault, anterior and posterior vaginal wall prolapdaylen et al. 2010) (Figure 1).

Figure 1. Schematic drawings of a female pelvis showing cifie forms of POP.

A. uterine prolapse. B anterior compartment praaoystocele). C posterior

compartment prolapse (rectocele). Reproduced vatmgsion from BARD Medical.

The diagnosis of POP is based on patient’'s symptolngcal examination and can be
assisted by imaging. Clinical symptoms of POP ideluaginal bulging, pelvic pressure,
bleeding, discharge, infection, splinting, backacharinary incontinence. The clinical
examination is based on the POP- quantificationRI) system as shown in Table 1 and
Figure 2. Imaging options are ultrasound, radialabas well magnetic resonance imaging
(Dietz 2004). The prevalence of POP in developimgntries is 19.7% (Walker and
Gunasekera 2011) and almost 25% of all women itUtBdnave one or more symptoms of
POP, with urinary incontinence the most common @&yd et al. 2008). The impact of
incontinence on the quality of life and daily fuilocting can be severe (Hunskaar and
Vinsnes 1991) and comparable to stroke and dem@éedon et al. 2006).



Table 1.Pelvic Organ Prolapse staging.

Stage Clinical symptoms

0 prolapse is not demonstrated

I the most distal portion of the prolapse is mdw@t1 cm above the

level of the hymen

Il the most distal portion of the prolapse is 1anless proximal to or

distal to the plane of the hymen

1 the most distal portion of the prolapse is mtran 1 cm below the
plane of the hymen

vV complete eversion of the total length of the évwgenital tract

Reproduced from Haylen et al., 2010
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¥q wall wall cuff
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D

Figure 2. Schematic of the POP- Q system, showing the pointsference and their
explanation.

Reproduced with permission from BARD Medical.

Incontinence accounts for >$20 billion pa experrdiin the US, more than the direct
costs for breast, ovarian, cervical and uterineeeecombined (Varmus 2008).
Approximately 22,000 POP operations are conduatedaly in Australia (Medicare
2010) and cost approximately $200 million.

1.1.1 Anatomy of the pelvis

The pelvis lies between the abdomen and the lawdasl and is divided into the greater

and the lesser pelvis. The abdominal organs areddy the greater pelvis, the urinary
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tract and the internal reproductive organs by éissér pelvis. The female pelvic viscera in
the lesser pelvis include urinary organs, the femakernal genital organs and parts of the

digestive tract (Figure 3A, B).

Cervix

Pelvic /'

Bone

P
Vagina Rectum ]g:{f Uterus

Figure 3. Normal Female lower urogenital tract.
A.Median anatomical section. Reproduced with pesmarsfrom BARD Medical. B

superior view of bony pelvis and the pelvic ligansefiReproduced from

http://my.clevelandclinic.org/obgyn/ womenshealtbfynecology pelvic_floor_disorders/treatment.aspx.

The female internal genital organs include the @gauterine tubes, uterus and vagina.
The lesser pelvis provides the skeletal frameworkobth the pelvic cavity and the
perineum. The anatomic structures in the femalegrevent incontinence and POP
comprise several muscles of the pelvic floor, tine@inding dense fibromuscular
connective tissue of the vagina known as the erdiggascia, and the suspensory
ligaments. These structures are known as the taveés of support (Delancey 1992,
Ashton-Miller and DelLancey 2007) (Figure 4). Theatr ani is the most important
muscle structure in the pelvis and extends thrdabglwhole pelvic cavity. It is composed
of the puborectalis muscle, the pubococcygeus rapand the iliococcygeus muscle
forming a dynamic floor. The pelvic fascia is fordngy two layers, the parietal and the
visceral pelvic fascia acting as connective tissureounding the vaginal walls. The
structural support of the uterus is provided bygbkic diaphragm, as well as by its
position on top of the bladder and by the cardamal the uterosacral ligaments (Figure
3A, B). Any form of prolapse can occur due to weakscles or any other failure in this
complex interaction of the pelvic floor componefgsgy. ligaments, endopelvic fascia,

pelvic floor muscles).



Ischial spine &
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\
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Pubocervical fascia ———
Rectovaginal fascia

Figure 4. Schematic of the three levels of pelvic organ supp
Reproduced with permission from Delancey, AJOG 1992

1.1.2 Causes of Pelvic Organ Prolapse

The causes of POP are likely multifactorial andashepon the individual (Schaffer et al.
2005). The biggest risk factors for POP are chittibageing and obesity, with age at
delivery also playing a role (Hunskaar et al. 20B%hagen et al. 2013).

Pregnancy and vaginal birth cause strain and inutiie pelvic support structures,
including damage and/or denervation of muscle besDietz and Lanzarone 2005), and
overstretching or tearing of the ligaments and eetlac fascia. A magnetic resonance
imaging study showed that 20% of 160 primiparousnen sustained damage to levator
ani muscles, while 0% of the control 80 nullipareummen had these injuries (Ashton-
Miller and Delancey 2009). Single parity is asstaiavith higher risk for the
development of POP (Odds Ratio (OR) 2.13) thanyeadditional pregnancy (OR 1.1).
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However, no increased risk was shown after mone five parities (Hendrix et al. 2002).

All women sustain stretching of their pelvic floduring vaginal birth. However, in 10-

20% of women delivering their first child, forcegslivery, prolonged second stage

labour, large infant birth weight, anal sphincedration and episiotomy exacerbate

pelvic floor injury leading to POP (Ashton-Millend Delancey 2009). Women

undergoing caesarean section have a lower riskw#ldping POP than women after one

or more vaginal deliveries (Lukacz et al. 2006haligh caesarean section does not protect

all women (Gyhagen et al. 2013).

Pelvic floor disorders are more common in obese &o(iendrix et al. 2002); women
with a body mass index more than 26 kg/m2 are rikedy to undergo surgery for POP
(Moalli et al. 2003). The cause of this may be ttua higher intra-abdominal pressure but
is not yet fully understood yet. Women who gainegight at a mean of 4.4 kg had a
significantly increased incidence of POP, howeveight loss is not associated with a
regression of POP (Kudish et al. 2009).

Ethnicity also influences the risk for POP. Complargth white women, African

American women have a lower risk for uterine prelpystocele, and rectocele. Hispanic
women have the highest rate of uterine prolapseaandcreased risk for cystocele, but
not rectocele. Asian women have the highest riskysfocele and rectocele, but not

uterine prolapse (Hendrix et al. 2002) in a US Hdasady.

Another important factor in the pathogenesis of ROiRe vaginal collagen content. The
endopelvic connective tissue in younger women wélvic organ prolapse has a lower
collagen level compared to age-matched controlsowit POP (Soderberg et al. 2004). A
contradicting study found that total collagen wasre¢ased in the vaginal apex in women
with POP compared to those without (Moalli et &02). Moalli has also suggested, using
semi quantitative antibody staining, that collagge Il is elevated in POP and
instrumental for increased distensibility of thestie but another more recent study using a
more sensitive biochemical Western blotting asBayd quite the opposite (Zhou et al.
2012). Thus, changes in collagen composition of/iggna in women with POP are still

unclear.

Increasing age has been discussed as being actsk for POP (Hunskaar et al. 2005),
however it is unclear whether concomitant chantgesan increased rate of diabetes or

other co-morbidities are responsible for this pimeanon. A large retrospective study did



not reveal a significant correlation between PO#® age, but instead with menopause
(Dietz 2008).

1.1.3 Treatment options for Pelvic Organ Prolapse

POP can be treated either conservatively or suhgi¢aor women having few symptoms
or a POP-Q of stage 2 or less, observation onw@aegasis is acceptable. There is an
argument that in the case of a defect of the amtedaginal wall, the post-void residual
volumes should be followed on a 6 monthly basiddtect compromised bladder
emptying which could lead to renal damage (Briretatl. 2010). In practice, regular post
void residual assessment does not occur indefynatetegularly, probably due to the
unawareness of many physicians.

Pelvic floor muscle training (PFMT) is one of thenservative possibilities for treating
POP. PFMT aims to strengthen the sphincter strestand the supporting muscles of the
pelvic floor. PFMT is associated with an improvemi@nPOP symptoms due to an
elevation of the bladder and the rectum as wedl eduction in the frequency and bother
of symptoms, without causing any harm to the b&ha¢kken et al. 2010). Primigravid
women who performed regular PFMT had a significalativer rate of postpartum stress
urinary incontinence at 3 months, however the pasgffects were gone in the long term
(Reilly et al. 2002). Similar results were foundaisystematic review including several
randomised trials (Brostrom and Lose 2008).

The use of a pessary poses another non-surgieainieat. These devices support the
structures of the pelvis and relieve the pressareladder and bowel. Pessaries are
especially suitable for women who decline surgdttyee in the short or long term, or who
are not suitable for anaesthesia. Pessaries aitatdgan different materials and sizes
(Figure 5) and require the patient to have reguikits to a gynaecologist (Jelovsek et al.
2007) or to self-manage. There have been repatctmplications such as vesicovaginal
and rectovaginal fistulas, faecal impaction, hyeuimosis, and urosepsis occur,
emphasizing the necessity of regular monitoringrig case, it is important to detect
vaginal bleeding due to tissue erosion or ulcendti@t may arise during pessary use. No
randomized trials have been conducted comparingppies with other surgical treatment
options. Surgery is indicated when urination oredation problems, vaginal erosions or

other severe conditions occur.



Figure 5. Different pessaries.

Reproduced with permission from http://www.2womesadth.com/Cystocele-Repair.htm

1.1.3.1 Surgical treatment of Pelvic Organ Prolapse

The life time risk for women to undergo surgery R®P and/or incontinence is 19% in
the general Australian female population (Smitale2010) and 11.1% in a US population
based cohort (Olsen et al. 1997). The most freqeemiponent of the pelvic organs
affected by POP is the anterior vaginal wall corepap the posterior vaginal wall or the
uterus regardless of the uterine status (Hendri. €002, Handa et al. 2004).

Surgical treatment for POP aims to restore the abuaginal anatomy and normal
bladder, bowel and sexual function. The first opers for prolapse repair were reported
by the Egyptians and documented in the Ebers pa@aut 3500 years ago (Barbalat and
Tunuguntla 2012). These early procedures were ynfagly obliterative or largely
occlusive. The first vaginal hysterectomy for ppsa was performed in the US in 1861
(Young 2009) and the first anterior vaginal repait913 (McCracken and Lefebvre
2007). Since then, prolapse surgery has evolvedviaatious forms of native tissue
reconstruction or mesh-based interventions. Nativgical treatment options for POP

include hysterectomy, anterior and posterior vagiegair and vaginal vault suspension,
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including McCall culdoplasty,
sacrocolposuspension / sacrocolpopexy
(Figure 6), and uterosacral suspension
either vaginally, laparoscopically or

abdominally depending on the affected

part of the vagina (Young 2009).

=,

Figure 6. Sacrospinous fixation. Reproduced

with permission from BARD Medical.
1.1.3.2 Anterior vaginal wall

repair

The anterior colporrhaphy is one of the standardisal treatment options for the repair of
an anterior vaginal wall defect, involving centpiitation of the fibromuscular layer of the
anterior vaginal wall. The success rate for thacpdure ranges from 40-100%. (Maher
and Baessler 2006, Carey et al. 2009, Guerette 20@9). However, the recurrence rate is
higher compared to techniques using degradableylamiyn mesh or porcine dermal inlays
(Maher et al. 2010) (Section 1.1.3.5). Another maigreatment option is vaginal
paravaginal repair which has equally high succatesn(67-100%). However, this surgical
procedure can have significant complications swchaemorrhage in up to 20%
(Mallipeddi et al. 2001, Young et al. 2001). Anatkargical approach which is no longer
widely practised in Australia is the trans-abdorhinternal anterior repair in combination
with Burch colposuspension for patients with gradw 2 cystoceles and stress urinary
incontinence. It has reasonably good short termitsebut decreasing efficacy after 5 years
(Lovatsis and Drutz 2001).

1.1.3.3 Posterior vaginal wall repair

Only a few treatment options for the posterior vagivall repair exist. The original
posterior colporrhaphy with plication of the levaémi muscle has a high anatomical
success rate but also a high rate of dyspareuaggnal and/ or rectal pain (Kahn and
Stanton 1997, Ulrich et al. 2014). To minimize thide effect, midline fascial plication
(posterior colporrhaphy) without levator ani plicat, as well as site-specific rectocele
repair operations, is preferred. Both methods tesidimilar anatomic and functional
outcomes with significant improvements in symptomlity of life, and sexual function

with dyspareunia rates ranging from 8-26% (Mahexl.€2004, Paraiso et al. 2006).



1.1.3.4 Surgical treatment options with synthetic meshes

Due to the relatively high failure rates of nattissue surgery, synthetic meshes were
introduced into POP surgery. Surgical methodsdpair of POP have increased in
number and complexity since the introduction oftegtic meshes. Their aim is to provide
additional support not provided by existing and dged pelvic floor musculature,
ligaments and endopelvic fascia to improve thetinadly poor long-term outcomes of
native tissue surgery alone (Hiltunen et al. 20@ynthetic meshes have been used in
abdominal POP surgery as part of the abdominahbkaolpopexy procedure (Kohli

2012). Compared with other disciplines, the ussyothetic materials in vaginal POP
surgery has only been introduced within the last i@cades (Kohli 2012). The specialties
of orthopaedic or general surgery have a long hist@orporating the use of synthetic
materials in surgical procedures and have provichgartant knowledge and data. The
meshes used in urogynaecology were originally eesidor abdominal hernia repair and
are well studied for this specific application (8c al. 2002, Deprest et al. 2006). Driven
by marketing, following the success of the synthetidurethral slings for stress urinary
incontinence, Polypropylene (PP) meshes were inted quickly into vaginal POP
surgery in an attempt to decrease prolapse reaanates (De Ridder 2008) without due
consideration of mesh suitability, particularly rhesechanical properties. Meshes for
vaginal repair were introduced as Class Il devigkere a manufacturer only had to
demonstrate that a new device was comparable ¢xiating device, the so called 510k
path to market. In contrast, Class Il devices havendergo thorough premarket approval
review. It has only very recently been suggestatitew meshes should undergo
appropriate stringent preclinical testing beforeeeng the market (Deprest and Feola
2013). Synthetic non-degradable meshes are beliewedrk by inducing an

inflammatory foreign body reaction, resulting ibrbsis that provides strength, albeit not
necessarily optimal, to the weakened support strast(Deprest et al. 2006, de Tayrac et
al. 2007).

1.1.3.5 Anterior vaginal wall repair with mesh

The success rates for anterior colporrhaphy (Fig@ewith mesh, not using trocar-based
systems range from 92-97% and from 77-97% for trbesed systems with POP-Q stage
<1 as the primary outcome (Hinoul et al. 2008, Wiilet al. 2011, Stanford et al. 2011).
Trocar mesh placement systems allow the mesh tixdxk to an anatomical structure.



Mesh complications such as erosion or exposure bege reported to occur in up to 25%
of cases at an average follow up of 12-24 montipstdlL1% of women with mesh
exposure require reoperation usually includingrdraoval of the exposed mesh and
epithelial closure (Jia et al. 2010). The largasidiomized clinical trial involving 200

study subjects compared the success rates betvierredh and anterior repair alone and
found significantly better success rates for thelmgroup (Altman et al. 2011). A recent
review also concluded that procedures using meseianterior compartment have better
long term anatomical success rates, but with irrg@aisks of complications (Maher et al.
2013). The use of biological materials for antedefect repairs has shown contradictory
results (Maher et al. 2011).

Figure 7. Schematic of anterior and posterior vaginal wagllair using mesh.

A. Schematic of anterior vaginal wall repair witlsynthetic implant. B. Schematic of
posterior vaginal wall repair with a synthetic impl. Reproduced from BARD
Medical.

1.1.3.6 Posterior vaginal wall repair with mesh

Cure rates for posterior vaginal wall repair (FEy@B) with mesh have been reported
between 75-92% without trocar use and 92-97% witbatr-based systems with fixing of
the mesh to an anatomical structure (de Tayrak 2086). The mesh complication rate
was up to 25% after 1 year (Stanford et al. 20G2nerally, there are not enough
randomized clinical trials to draw sufficient comsions to support mesh use in the

posterior compartment (Maher et al. 2013).
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1.1.3.7 Apical compartment repair with mesh

The most common apical repair surgery is the abdahsiacrocolpopexy (SCP) (Figure
6).The SCP gives support to the vaginal walls adt\by using an interposition graft
usually of synthetic mesh and anchoring this toahierior longitudinal ligament over the
periosteum of the sacral promontory (indicatedhgywhite line in Figure 6).
Sacrospinous colpopexy (SSC) fixes the vault olafhex to the sacrospinous ligament, a
very strong ligament at the back of the pelvis. BBCP and SSC provide subjective
success rates of 94% and 91%, respectively witkigraficant differences in re-operation
rates for prolapse (RR 0.46, 95% CI1 0.19 to 1.Higgs et al. 2005, Maher et al. 2010).
Mesh or suture erosions after laparoscopic sagoopelxy occur in 3-12% of patients after

an average follow up from 6 to 36 months (Drutz Atatab 2006).

The use of biological materials for apical repaies not appear to be beneficial in terms
of the long term outcome due to rapid resorptiothefmaterials (Yurteri-Kaplan and
Gutman 2012).

1.1.3.8 Mesh classification
Synthetic meshes differ in pore size, compositfrlymer type), filament type
(monofilament vs. multifilament), knitted mesh dgsand surface properties (coated

versus non coated). Meshes are divided into fooums as shown in

Table 2 The foreign body reaction to the mesh is depeinoleithe various mesh
properties, i.e., monofilament meshes generally¢edower inflammation compared to
multifilament meshes because immune cells get gaetween the filaments (Klinge et
al. 2002). Pore size is another determining faetth larger pore sizes allowing better
tissue ingrowth with lesser inflammation; howevethe pore sizes are too large, tissue
ingrowth occurs more slowly and can compromisesthactural integrity of the mesh
(Klinge et al. 2001, Klinge et al. 2002, PascualeP008). Microporous meshes (<10 pm
pore size) induce a greater foreign body reactemabse the immune cells are unable to
penetrate the mesh. Overall, a monofilament me#haviarge pore size is the preferable
option (Huebner et al. 2006); such a mesh mightavgtissue integration and therefore
decrease the rate of side effects. Recently oawrdabry has shown that meshes knitted
from alternative materials (polyether-ether-ketand polyamide) with similar architecture
to the commercially available polypropylene medtese improved biomechanical
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properties with reduced stiffness and a lower bapdigidity (Edwards et al. 2013)
(Figure 8).

Table 2. The classification of synthetic biomaterials.

Mesh type Filamentous structure Pore size

I Monofilament Macro (> 75um)

Il Multifilament Micro (< 10 um)

1 Multifilament Macro/ micro (< 10 um)
vV Multifilament Submicro (< 1 um)

Adapted from Huebner et al., 2006

Figure 8. Optical micrographs of meshes.
A. Polyamide 1, B. Poly-ether-ether-ketone 1, Ayfom,
D. Poly-ether-ether-ketone 2. Scale bar: 2080 Reproduced and modified with

permission from Edwards et al. 2013
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1.1.4 The mesh dilemma- The knowledge gap

The ideal implant should be biocompatible, nontprmncarcinogenic and nonteratogenic
(Bringman et al. 2010). Any material will evokeaadign body reaction due to the body’s
recognition of the foreign material through theatemimmune system. After mesh
insertion an inflammatory response occurs. Thistrea may reflect poor tissue
biocompatibility, depending on the extent and tgpeesponse and local host factors. The
foreign body reaction, involving tissue macrophagegrimarily responsible for the
significant complications arising from the use withetic meshes reported in up to 29%
of cases, including mesh contraction, pain, ancbsxpe of mesh into the vagina or
erosion into adjacent viscera (Lim et al. 2007hds been shown that vaginally inserted
meshes are associated with higher mesh exposungication rates than abdominally
inserted meshes (Ozog et al. 2012). Also, the su‘gexperience, patient selection and
operative condition seem to have an influence ergtiaft-related complications (Deprest
and Feola 2013). As a result of reported comphbeeti the US Food and Drug
Administration released a warning regarding theafsaesh in urogynaecological
applications in 2008 and an update in 2011 (200812 In response to these warnings,
several companies withdrew some of the mesh defocesginal surgery from the

market in 2012.

The success of a mesh design is, in part, depeondanesh mechanical properties. An
ideal material should have appropriate strengifiness, structural integrity, flexibility

and elasticity. A big difference between mesh maida properties and the native tissue
is a known risk factor for poor tissue complianod aomplications. The ideal mesh for
vaginal POP surgery has not yet been reported gBram et al. 2010). When | began this
study, there were no reports on the developmenéewfmeshes for POP surgery. Only just
recently studies have attempted to develop altebiomaterials to improve tissue
regeneration and biocompatibility (Boennelyckelef@11). There is an urgent need to
develop meshes which match the biomechanical ptiepaf human vaginal tissue for
tissue compatibility and optimal tissue integratitmprovide adequate treatment for

women suffering from POP.
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This section was published in Expert Opinion on Bilmgical Therapies (Appendix 1)

1.2 Stem Cells

Stem cells are responsible for the developmentrageneration of tissue and organ
systems. There are three main types, embryonic a##lg) induced pluripotent stem cells
and adult stem cells. Embryonic stem cells arevddrfrom the inner cell mass of the
blastocyst embryo and as pluripotent cells theydifiarentiate into all cell types derived
from the three embryonic germ layers, ectodermpdadn and mesoderm (Alvarez et al.
2012) (Figure 9). Induced pluripotent (iPS) cehs also pluripotent and are produced by
reprogramming somatic cells (Takahashi et al. 20@7gontrast, adult stem cells are rare,
long-lived cells found in most adult tissues, feample haematopoietic stem cells are
multipotent and were first discovered in 1961 bl dind McCulloch (Till and Mc 1961).
Adult stem cells also self-renew but are more sl in differentiation repertoire (i.e.
multipotent) and are less proliferative than embigstem cells. Problems associated
with embryonic stem cells are their unpredictabffecentiation and tendency to generate
teratomas (Prokhorova et al. 2009), ethical issmelsdifficulty of access, therefore

making adult stem cells an easier, safer, attraaption for cell-based therapies.
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Figure 9. The origin and specialisation of stem cells.
Reproduced with permission from http://www.scq.obfstem-cell-bioengineering/
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1.2.1 Stem cell properties

Adult stem cells are not readily recognisable ssuies. Until markers are discovered, they
are identified by their functional properties; selhewal, differentiation and proliferative
capacity (Gargett 2007).

1.2.1.1 Colony-forming unit activity

In contrast to mature cells,

stem cells are able to show

colony-forming unit (CFU)
activity. CFU is defined as the . *
ability of a single cell to form a .
clone of cells when seeded at . | 2

¥

extremely low density (Loeffler o
et al. 1997) (Figure 10). s ¥

1.2.1.2 Self renewal

Only a small number of

stem/progenitor cells are

present in any adult tissue.

These cells are generally

. Figure 10. Stromal colony forming units from human
quiescent, and possess the

. endometrium.
ability to re-enter the cell cycle

by certain signalling pathways Reproduced with permission from Chan et al., 2004.
enabling them to self-renew
and replace themselves and at the same time diffate into the functional cells of the
tissue in which they reside. Several molecularl@ndhemical pathways are involved in
stem/progenitor cell entry into cell cycle, whiaklidypes they differentiate into and the
number of progeny produced (Fuchs and Segre 2889mmetric cell division is the
process where an identical daughter cell and a ahffexentiated daughter cell is
produced (Fuchs and Segre 2000) (Figure 11). Asmredtive process is symmetric
division leading to either two identical stem catstwo more differentiated daughter
progenitor cells, which then differentiate into tivansit amplifying cells (Loeffler et al.
1997, Morrison et al. 1997). Stem cells are ableelbrenew and replace themselves but
also provide populations of differentiated cellattherform the function of a tissue.
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Transit amplifying cells are rapidly proliferatimglls before their final differentiation into

mature functional cellsgure 11).
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<

Figure 11.Hierarchy of tissue stem cell differentiation.

Stem cells undergo asymmetric cell divisions, wtaohble them to self-renew and
replace themselves or differentiate to give risedimmitted progenitors. These prolifel
and give rise to more differentiated functionalselith no capacity for proliferation.

Reproduced with permission from Chan et al. (2004)

1.2.1.3 High proliferative potential

One objective verification of stem cell activitydetermining their proliferative potential
or cellular output from a single cell, which is gter for stem cells compared to any
progenitor or transit amplifying cells (Pellegrgtial. 1999, Gronthos et al. 2003). For
example conjunctival keratinocyte stem cells forrhetbclones (epidermal stem cells),
which had the greatest proliferative capacity corag@ao their more differentiated
progeny cells which generated smaller meroclonest@ne of stem cells and

differentiated cells) and paraclones (transit afyiplg cells) (Pellegrini et al. 1999).
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1.2.1.4 Stem cell differentiation

Stem cell differentiation includes the change @f ¢kll phenotype and function involving
changes to gene expression and signalling pathv#gm cells undergo several tiers of
incremental differentiation with each round of aiitision until they produce fully
differentiated (specialised) and post-mitotic fumeal tissue specific cells (Figure 11).
During the process of differentiation the origisgm cell loses the capacity to self-renew

and differentiate into more than one lineage.

1.2.1.5 Tissue reconstitution in vivo

Another key feature of stem cells is their abifity regenerating tissues by producing
replacement cells after tissue damage or celloks (Clarke and Smith 2005). This has
been elegantly demonstrated in a mouse model wherepithelium of an entire organ
(mammary gland) was reconstituted from a singléhepal stem cell using the mammary
fat pad assay (Shackleton et al. 2006), howeveiestun humans are sparse for tissues
other than bone marrow and its populations of haemedic stem cells (Kapoor et al.
2007).

1.2.1.6 Stem Cell Niche

The regulation of adult stem cell fate decisions. fio self-renew or differentiate) is
determined by the neighbouring niche cells andosunding extracellular matrix (ECM)
(Schofield 1978). Niche cells generate signals iibgiilate stem cell proliferation and cell
fate decisions (Eckfeldt et al. 2005). Howeverreat knowledge on the characteristics
and mechanism of niche cells in human stem celesysis generally sparse. Adhesion
molecules like cadherins or integrins play a ralamchoring adult stem cells in the niche
during inactivity as well as in managing asymmeted divisions (Zhang et al. 2003,
Fuchs et al. 2004, Wilson and Trumpp 2006).

1.2.2 Mesenchymal Stem Cells

1.2.2.1 Properties and phenotype of MSC

Mesenchymal stem cells or mesenchymal stromal celsultipotent stromal cells (MSC)
are defined as plastic adherent, clonogenic cetls aicharacteristic surface phenotype,
capacity to proliferate extensively and differetgimto several mesodermal lineages

(Vaananen 2005). MSC were first discovered in boaerow in 1966 and later described
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by Friedensteirt al. as adherent fibroblast-like cells (Friedensteiale1976). According
to the International Society for Cellular TherapyQT), MSC must fulfil three main
criteria; plastic-adherence, multilineage differation into osteoblasts, adipocytes and
chondrocytes, myocytes and other connective tissligin vitro, and possession of key
surface markers, including CD29, CD44, CD73, CDan8 CD146 but not the
haematopoietic cell markers CD34, CD45, CD14, CDLIb7%, CD19 and HLA-DR
(Dominici et al. 2006, Caplan 2007). MSC from diéfet tissue sources may possess
unique markers that can be used for their prospeolation. For example, CD271 and
STRO-1 have been used to identify and isolate andrebone marrow MSC (Simmons
and Torok-Storb 1991, Buhring et al. 2007). Thamfthese criteria may not be
applicable to MSC from every tissue type since Mf8Ssess different surface markers

depending on their origin and the MSC definitionymaed revision (Keating 2012).

1.2.2.2 Sources of MSC

MSC have been identified in most tissues includioge marrow, adipose tissue, dental
pulp, umbilical cord, corneal stroma, cord bloddtlstal muscle, periosteum, scalp tissue,
pancreas, placenta, synovial membrane and endamet@Gronthos et al. 2000, Schwab
and Gargett 2007, Crisan et al. 2008, Brooke €1(f19). MSC appear to transdifferentiate
into several cell lineages other than their mesodégerm layer of origin, making them

an attractive source for cell-based therapiesuturé treatment options (Pittenger et al.
1999). Furthermore, substantial evidence indicdtasMSC are a subset of pericytes that
line blood vessels (Schwab and Gargett 2007, C&#a8, Crisan et al. 2008, Masuda et
al. 2012) and promote tissue repair. MSC are abgée@eous population, especially when
obtained by the plastic adherence method. A more population can be obtained when
MSC are extracted with antibodies against spesifitace markers.

MSCs were originally thought to aid tissue repaittansdifferentiation (Griffin et al.
2010, Prockop and Youn Oh 2012) into the cell tyjeegiired. However, there is
increasing recognition that MSC act in a paracnraner by homing to damaged tissues
and secreting copious quantities of bioactive mdksx: These molecules promote
angiogenesis, limit fibrosis and scarring, inhégiioptosis and promote tissue specific
progenitor cells to proliferate (Caplan 2009, Muyrgh al. 2013). MSC also dampen the
inflammatory response and modulate both the inamatkadaptive immune system.
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1.2.2.3 Anti-inflammatory properties of MSC

MSCs also function in modulating the inflammatoegponses; however the mechanisms
are still unclear and these functions are yet ttubhg elucidated (Le Blanc and Ringdén
2005, Chen et al. 2006, Kaplan et al. 2011, Le 8kmd Mougiakakos 2012, Prockop and
Youn Oh 2012) . However, in an inflammatory milieytokines such as tumor necrosis
factor alpha (TNFe) and IFNy license MSC (Krampera 2011) to produce anti-
inflammatory mediators including prostaglandin BZ5€2) (Ylostalo et al. 2012),
Indoleamine 2,3-dioxygenase (IDO) (Meisel et abD£0and nitric oxide (Ren et al. 2008),
which in turn modulate the function of natural &l(NK) cells and macrophages, key
cells involved in the innate immune response. Wheagrophages are co-cultured with
MSC, their production of pro-inflammatory cytokingsch as TNFe and IL-6 are
diminished and anti-inflammatory cytokines suchLa0 increased (Kim and Hematti
2009, Maggini et al. 2010). MSC production of PGE®es a phenotypic change in
macrophages from pro-inflammatory (M1) to anti-émfimatory wound healing (M2)
phenotypes (Kim and Hematti 2009) through intecarctvith macrophage prostanoid
receptors. MSC also modulate the inflammatory respdhrough Toll-Like Receptor
(TLR) signalling. Viral dsRNA activation of TLR-3ceptors on MSC initiates production
of anti-inflammatory effectors that reduce theanfimatory response of macrophages,
while a pro-inflammatory macrophage response re$udn lipopolysaccharide (Gram
negative bacterial cell wall component) activattd T LR-4 on MSC. This suggests that
there are two different MSC phenotypes, MSC1 (pftaimmatory) and MSC2 (anti-
inflammatory) (Waterman et al. 2010). These phguegywere speculated to result from
stimulation by low concentrations of agonists, IsVikely expectedn vivo. Further

studies are needed to confirm the differential@fef TLR-3 and TLR-4 stimulation to
confirm these MSC phenotypes, as others have htsersthat LPS stimulated MSC exert
an anti-inflammatory response (Maggini et al. 2(A@raker et al. 2011).

1.2.2.4 Immunomodulatory properties of MSC

The immunosuppressive effects of MSC on the adajptinmune system predominantly
affect T-cell proliferative responses to foreigonrself MHC molecules on antigen
presenting cells (APC). These immunomodulatory erips of MSC have been exploited
for treating graft versus host disease and indeeé Imarrow MSC have been used in a

successful clinical trial for this purpose (Le Biagt al. 2008). More recently placental

19



stromal cells were also successfully used for tbatinent for acute graft-versus host
disease with a response rate of 75% in a trial pdit&nts (Ringden et al. 2013). Much still
remains to be learned about the normal role of MB@munomodulation and the role
this might play in tissue repair and how this camimnipulated to create new

therapeutics.

1.2.2.5 Identification of MSC in human tissues.

MSC are rare and few are available for harvest fadiut tissues, requiring their
substantial expansiax vivo. As with most adult stem cells, prolonged cultof&SC
results in their spontaneous differentiation todlidasts (Li et al. 2011). In addition, the
numbers of MSC present in the bone marrow decwwdbeageing, with a tenfold loss
occurring within the first 10 years of life, andianilar rate of loss continuing into
adulthood (Haynesworth et al. 1993). Furthermor8QMiefining surface markers are also
expressed on fibroblasts and other cells, makiddfitult to identify and purify MSC

from adjacent tissue cells (Alvarez et al. 20125 ®/are predominantly identified by their
properties in cell culture; CFU activity and mutitency, but flow cytometry phenotyping
and fluorescence- activated cell sorting (FACShaisecently identified novel markers
(Stro-1, TNAP/W8B2) have also been used by someg®h Gronthos 2003, Buhring et
al. 2007, Sobiesiak et al. 2010). Furthermore, M8&nge their surface marker expression
in culture, making it more difficult to obtain pukSC (Boquest et al. 2005).

Identification of specific markers for MSC puriftoan is a priority of current research,
together with optimisation of culture conditionspi@vent spontaneous differentiation and
loss of MSC activity, and to achieve the desirdtitgpe for transplantation (Tang et al.
2012).

1.2.2.6 Survival of transplanted of MSC

Many animal and human studies have demonstratedefibial effect of MSC infusion or
implantation on tissue and organ repair. MSC traveites of tissue damage when infused
intravenously, where they secrete bioactive mokscthat promote tissue repair, with little
evidence of engraftment (Prockop 2009). When irdusadls are trackeuh vivo after
administration, few are found as they are rapicipped in the lungs and cleared from
tissues. For example, intravenous injection of brdMi$a mouse model of coronary
artery disease (coronary vessel ligation) signifigaimproved myocardial parameters

after 3 weeks; however, the cells were not deteatten 48 hours (Lee et al. 2009). Large
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numbers of MSC were found in the lungs where tihelyced upregulation of 50 genes
including TNFa (Lee et al. 2009). In contrast, the inflammat@gponse in a rat model of
corneal injury was reduced after intraperitoneflsion of bmMSC. After 10 million cells
were injected, <10 were detected on day 3 suggestat the cells do not engraft but
rather release anti-inflammatory cytokines andenst, including TNFe-—stimulated
gene/protein 6 (TSG-6) (Roddy et al. 2011). Sinméeults were observed in a model of
peritonitis and sepsis (Nemeth et al. 2009, Chai.€2011).

It has been suggested that MSC act through a “tandigo” mechanism. MSC rapidly
migrate to the damaged site and are cleared afesgige of their anti-inflammatory and
immunomodulatory payload (Uccelli et al. 2008). Qg expanded bmMSC do not
express HLA class Il cell surface molecules indi@atheir lack of involvement in the
specific immune response (Koc et al. 2000). MSCtharefore be used in an allogeneic
setting and there are several companies develdpfhthe shelf’ allogeneic products
(Mesoblast, Medistem) with the advantage that glsidonor can produce thousands of
doses. It is currently unclear if immune rejectvwaili be provoked if repeated doses from
different individuals are administered. A recentiegv did not find an increased rate of
toxicity events after unmatched heterologous MSRQiatstration, suggesting that MSC
are “ immune- privileged” (Lalu et al. 2012). In si®f these studies, multiple doses of
MSC have not been administered and thereforestilisincertain whether allogeneic
MSC might initiate an immune response in theseuanstances. Multiple treatments are
not an issue for autologous MSC and regulatoryirements are simpler (Murphy et al.
2013).

1.2.3 Endometrial MSC

The endometrium undergoes regular cycles of shgdthid regeneration for over 400
times during a woman'’s reproductive years (Edw&id2010) suggesting that a MSC
population may be responsible for generating trersdl vascular compartment each
month. Indeed, recently, a small population of olgenic endometrial stromal cells with
typical adult stem cell properties of self renevidh proliferative potential and
multilineage mesodermal differentiation capacityswaentified in human endometrium
(Gargett et al. 2009). These cells are clonogemicself-renew as demonstrated by serial
cloning in culture. They are also highly prolifevat, undergoing 30 population doublings
with a total cellular output of several billion t=from a single cell indicating their
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capacity forex vivo expansion and potential utility in cell-based #mes. These were
defined as endometrial mesenchymal stem-like ¢elMSC). Cells with eMSC properties
have also been identified as a component of the Bapulation (SP) cells (Cervello et al.
2010, Masuda et al. 2010, Cervello et al. 2011)SEMan be easily obtained by uterine
biopsy from premenopausal women with access viaehax (Ulrich et al. 2013) (Figure
12). In contrast, the procurement of bmMSC and@sBgMSC requires at least local
anesthesia, while the endometrium is one sourbeimian MSC that usually does not
require an anaesthetic (Gargett et al. 2012). @en endometrial stromal cells were
found in both reproductive age and postmenopausalenm, and in the endometrium of
women on oral contraceptive therapy (Schwab &Cf15) indicating that eMSC could be

harvested from women of all ages irrespective oftomal status or treatments.
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Figure 12. Schematic showing isolation procedures for obtgr@ndometrial
stem/progenitor cells from human uterus and meakhiood.

Endometrial stem/progenitor cells are sourced fhysterectomy, endometrial biopsy and
menstrual blood. Culture dishes indicate when calaccurs in the isolation or
characterisation procedures. Adult stem cell festwonducted on the various cell
populations are shown as dot points. Adapted gmdeiced with permission from World

Scientific Publishers, Singapore (Gargett 2010).
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1.2.3.1 EMSC Differentiation

Large endometrial stromal colony forming units (GRrlddergo multilineage
differentiation into four mesodermal lineages whaltured under appropriate conditions,
including smooth muscle, fat, cartilage and bonar{@tt et al. 2009). Cultured
endometrial stromal cells containing eMSC not atifferentiate down typical
mesodermal lineages, but also into other non-entt@heells, including platelet
releasing megakaryocytasvitro (Wang et al. 2012), possibly by a direct
transdifferentiation mechanism that does not ineae-differentiation or transition
through distinct hierarchies of haematopoietic stelts (Ladewig et al. 2013). EMSC
also differentiate into ectodermal and endodermablges including neural cellsvitro
andin vivo (Wolff et al. 2011, Mobarakeh et al. 2012) andilims producing cellsn vitro
(Santamaria et al. 2011) making them a possiblecedor use in heurodegenerative
diseases like stroke, Parkinson’s disease, Alzh&ndesease, amyotrophic lateral
sclerosis, epilepsy, trauma and intoxications, fantreatment of diabetes. In these studies
unfractionated human endometrial stromal cells weedl and it is presumed that the
approximately 1-5% eMSC that would be present @séhcultures were responsible for

this differentiation.

1.2.3.2 Origin of eMSC

The precise origin of eMSC is not entirely clean @éndogenous source derived from
residual fetal stem cells has been proposed (G&Q6v), while there is also some
evidence that bone marrow cells may incorporate iwiman and mouse endometrium and
contribute to the generation of endometrial céllsy{or 2004, Du and Taylor 2007).
Currently it is not known if these incorporatingngomarrow derived cells are
haematopoietic stem cells, MSC, myeloid cells atothelial progenitor cells (Gargett
2007), but they do not contribute to the SP popniatCervello et al. 2012). In women
transplanted with a single antigen HLA mismatchedeomarrow, significant chimerism
ranging from 0.2 to 52% of the endometrial glandg stroma was observed in 4 patients
(Taylor 2004). Most glands, however, consistedrelytiof either host or donor-derived
cells indicating monoclonal derivation. In otheudies, chimeric endometrial glands were
reported in three women who had received gendanaithed bone marrow transplants

(lkoma et al. 2009). Due to the low levels of effign@nt of bone marrow cells in
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endometrium, it seems therefore more likely thaGéMoriginate from resident
stem/progenitor cells than bone-marrow derivedsclbwever more research is needed.

1.2.3.3 Prospective isolation and scale up culture of eMSC

MSC from bone marrow and adipose tissue are freatyuebtained from simple culture of
adherent cells and contain a mixture of fibroblastd MSC. STRO 1 has been used to
purify bmMSC but this marker did not purify clonage eMSC from human endometrium
(Schwab et al. 2008). Specific markers have beentiiied for the prospective isolation of
eMSC from human endometrium as the co-expressintdOB CD146 -cell population
(Schwab and Gargett 2007). This CD14DD146 population fulfils the minimal criteria
for MSC, including multipotency, clonogenicity asdrface phenotype (CD29, CD44,
CD73, CD90 and CD105 expression). A recent genflipgpstudy of the 3 populations
sorted from endometrial stromal cells on the bakiSD140b and CD146 expression
confirmed that eMSC are found in the double posipepulation and the expressed genes
were involved in angiogenesis, inflammation, immumoolulation, cell communication

and proteolysis (Spitzer et al. 2012).

A recent development was the identification ofragkg marker, W5C5 for eMSC (Masuda
et al. 2012). The W5C5 antibody detects the SUS&¥smembrane protein expressed on
the cell surface (Sivasubramaniyan et al. 2013{radeiing eMSC via magnetic beads is
possible with a single marker and preferable to BA0rting as it is rapid, uses simpler
technology and is less traumatic for the cells (izset al. 2012). On average, 4.2% of
endometrial stromal cells are positive for W5C5 ¢Mida et al. 2012). The W5C&MSC
fulfil the minimal criteria for MSC (Dominici et aR006) making them preferable for use
as a cell-based therapy in proof-of-principle alimadels (Ulrich et al. 2013).
Furthermore, W5C5cells generate stromal tissue when xenografted int

immunocompromised mice (Masuda 2012) (Section B.4

1.2.3.4 Ex vivo culture of eMSC for cell-based therapies

The niche regulates stem/progenitor cells by priagi@ specific physiological
environment. Niche cells produce growth factors atier cytokines that together with
extracellular matrix molecules regulate their fumchl state. Certain growth factors
support the growth of eMSC in serum free mediurluiding fibroblast growth factor 2
(FGF2), epidermal growth factor (EGF), transformgrgwth factore. (TGF-a) and
platelet-derived growth factor-BB (PDGF-BB) (Schwethal. 2005). Due to their rarity in
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tissues, yields of freshly isolated eMSC are smvhich makesn vitro expansion
necessary. In preparation for clinical use, protobave been developed for serum-free,
xeno-free culture expansion of eMSC (Rajaramarh @04.3). In the first steps to achieve
clinical grade production of eMSC, a serum free imm@dcomprising several growth
factors was developed and cells were cultured pokigc O, concentrations, without
changing surface marker expression, differentiat@peacity or proliferative potential

(Rajaraman et al. 2013).

1.2.3.5 W5C5+ eMSC Regenerate Stromal Tissue in vivo

One of the most important functions of stem cefpydations is their ability to reconstruct
the appropriate tisstia vivo. W5C5 eMSC reconstituted endometrial stromal tissue afte
transplantation under the kidney capsule in norselsitabetic severe combined
immunodeficient interleukin-2 receptgrdeficient (NOD SCIDy or NSG) mice (Masuda

et al. 2012). Similarly endometrial stromal tissues also reconstituted when human
endometrial SP cells were transplanted under ttheeli capsule of immunocompromised
mice (Masuda et al. 2010, Cervello et al. 2011esEnfindings indicate that prospectively
isolated, culture-expanded eMSC have the capacitggenerate tissue and therefore have

utility as a cell-based therapy (Ulrich et al. 2D13

1.2.4 Endometrial Regenerative Cells from menstrual blood

The endometrium is partially shed during menstamaévery month, leaving behind the
basal regenerative layer from which the new fumaidayer grows (Gargett et al. 2012).
The markers used to purify eMSC, co-expression@i4bb and CD146 or the single
marker, W5C5/SUSD?2, reveal their perivascular liocein both the basal and functional
layer, indicating they will be shed each month dgninenstruation. It is therefore not
surprising that viable MSC have been identifiednenstrual blood. These have been
isolated and characterized in a similar mannemalg|8C using plastic adherence. These
cultures include both MSC and fibroblasts. Thedeeaeht cells were described as
endometrial regenerative cells (ERC) (Meng et @73 and in this thesis, this term will
be used. ERC express key MSC markers (CD9, CD29,1@PCD44, CD59, CD73,
CD90, and CD105), and lack the haematopoieticatkers CD14, CD34 and CD45.
Similar to cultured eMSC they do not express STROKEe ERC retained a stable
karyotype for up to 68 passages in culture and éoudvery 19 hours, showing a higher
proliferation rate than cord blood MSC (Meng et28l07). ERC have also been extracted
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from cultured menstrual blood mononuclear cellskyt selection (Patel et al. 2008).
Matrix metalloproteases were highly expressed iCEtfRey produced high levels of
MMP3, MMP10, and growth factors including granulte&ynacrophage colony
stimulating factor (GM-CSF), angiopoietin-2 and PB8B (Meng et al. 2007). ERC
differentiated into 9 different cell lineages frahe three germ layers, including
cardiomyocyte, neuronal, hepatic, and pancreatealjes (Meng et al. 2007, Patel et al.
2008). ERC express the pluripotent markers OCTMIBEA-4 (Patel and Silva 2008).
ERC were also clonogenic, expressed typical MS@semarkers and differentiated into
mesodermal lineages (Musina et al. 2008). Myogdifierentiation of ERC was
demonstrated by co-culture with rat cardiomyocy8mne cultured cells started to beat
spontaneously, formed sheets of heart muscle awdparated into cardiac muscle when
transplanted as a patohvivo (Hida et al. 2008). Similarly, cardiomyogenic
transdifferentiation was observed when ERC wertuped in serum free medium,
showing greater physiological similarity to cardipsoytes compared to those cultured in
serum containing medium, likely due to unknown diles of inhibitory factors present

in some batches of serum (Ikegami et al. 2010).

1.2.4.1 ERC and bmMSC have similar properties

A recent, comprehensive comparative profiling ofE&d bmMSC for gene expression,
MiRNAs and cytokine production showed similar bat identical profiles (Wang et al.
2012). BmMSC express higher levels of VEGF, IL-GFB1 or TGH2, whereas ERC
express higher levels of IL-8 and ICAM-1 suggestimgt ERC may have a role in acute
inflammation and may be more suitable for differiesgue engineering purposes. Other
angiogenic cytokines, PDGF-BB and angiopoietin,ern#f-fold and 14-fold higher in
ERC compared to bmMSC, respectively, suggestingditernative angiogenesis
pathways may be activated by ERC. Further studiesa@eded to determine if ERC
stimulate more angiogenesisvivo than bmMSC. ERC seeded onto nanofibrous
polycaprolactone scaffolds produced proteoglycaaiscallagen type lin vitro,

indicating their potential for differentiating intartilagous tissue (Kazemnejad et al.
2012). ERC proliferate faster than bmMSC and exgities pluripotency marker, OCT-4,
but like eMSC (Schwab et al. 2008) lack the MSCkegrSTRO1 (Kazemnejad et al.
2012). ERC have been isolated by three indepergtenps (Meng et al. 2007, Musina et
al. 2008, Patel et al. 2008) and appear simil@M&C. Although comparative studies
have not been reported for eMSC and ERC, it is @eplethat purified eMSC populations
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(CD1406CD146 or W5C5/SUSDZ) would be more potent than unfractionated plastic
adherent stromal cells cultured from menstrual tléurther studies are also needed to
compare eMSC directly with bmMSC.

1.3 Tissue Engineering

All of the current surgical procedures used foatireg POP provide support of pelvic
organs, but do not appropriately repair the damaigede. As POP results from damage,
injury, and ligament rupture, a new treatment aptising a tissue engineering (TE)

approach is needed.

TE is the combination of cells and materials foplamtation which aims to restore,
maintain, or improve tissue function or a wholeasr@Langer and Vacanti 1993).
Engineered simulated or natural extracellular mea#i("scaffolds”) serve as the basis and
vary according to the target application. A largeiety of synthetic non degradable and
degradable polymers as well as biological matenwitls a wide range of biomechanical
properties have been used in TE (Fisher and MaQ&B)2 Different cell types can be used
for TE purposes; autologous/homologous cells (ftbensame person/animal),
heterologous/allogeneic cells (from the same spduig different person/animal), and
xenogeneic cells (different species). Cells camfgeted or implanted, either alone or

with carriers such as hydrogels or in scaffoldsasrix-based tissue engineering approach
(Fisher and Mauck 2013). Autologous cells are tedgpred types of cells as rejection due
to immunological causes do not occur. More recehiyusage of mesenchymal stem cells
has evolved for allogeneic use considering thetemial and their anti-inflammatory and

immunomodulatory properties.

1.3.1 The potential of TE in the field of regenerative medicine

Several studies in different medical fields havevat good results with TE approaches.

1.3.1.1 Cell based and tissue engineering approaches

The properties of collagen meshes before and stitemal cell seeding have been
investigated (Ochoa et al 2011). In these stutiesian adipose- derived MSC were
obtained from human liposuction procedures. Afteays of co-culture of the meshes

with or without MSC the biomechanical strain in@ed significantly in the cell-seeded
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meshes compared to the unseeded meshes indidaivdé cells had begun to form new
tissue which improve mesh properties (Ochoa éCdll).

Transplanted bone- marrow derived stem cells (omMS@Qineered into a cell-sheet
placed onto scarred myocardium improved wall thesdenand cardiac function in a
myocardial infarction rat model (Miyahara et al0B). An angiogenic effect of ERC was
observed in a mouse model of muscular dystrophghvigsulted in improved muscle
repair (Cui et al. 2007). In this study, 2x' ERC were injected into the thigh muscle of
dystrophic mice and were compared to saline injfectatrols. Mice treated with cells
showed increased dystrophin expression in theteffemuscles and improved muscle
regeneration determined by quantitative immunobismistry. ERC have also been used
to treat myocardial infarction in a rat coronarteay ligation model. Rats received 1-2x
10° ERC or bmMSC into the infarct lesion, 2 weeksradiitery ligation. The size of the
myocardial infarction zone was reduced in ERC-g@atts compared to the control or
bmMSC group (Hida et al. 2008) suggesting that EER@ a stronger reparative effact
vivo than bmMSC.

More recently it was shown that polyglactin prositseseeded with bmMSC are
associated with less adhesions in a rat abdomaraldhmodel compared to non- seeded
hernia prosthetics (Dolce et al. 2010).

Only one study so far reports about the preclinisa of eMSC. The potential clinical
utility of eMSC for treating an inflammatory dis@mdwas examined in a mouse model of
encephalomyelitis (Peron et al. 2012). Fewer nafiihg mononuclear cells were observed
in the lesions when eMSC were administered intitgrezally compared to animals
without eMSC due to reduced recruitment of both &hd Th17 cells into the central
nervous system. The cytokines IL-10 and IL-27 wereegulated in the spleen, suggesting
that eMSC exerted a systemic anti-inflammatorycaffi has to be noted that the control
group in this study was not properly describedusther studies evaluating the
immunomodulatory properties of eMSC are still neeeg.

A successful TE approach in a human experimentahgeas tracheal reconstruction using
PP mesh tubes. The prosthesis was either soaklegh&ripheral blood, heterologous bone
marrow aspirates or autologous bone-marrow- dercedld. The MSC seeded scaffolds
resulted in better regeneration of dog trachealasa@fter 1 and 12 months (Nakamura et

al. 2009). Recently a case report of a two yedowolip after tracheal replacement in a
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young boy was published (Elliott et al. 2012). BmB&ere seeded on a decellularised
cadaveric donor tracheal scaffold. The graft revksitsed within 1 week after surgery,
cytological evidence of restoration of the epitheliwas present at one year. The graft
developed biomechanical strength at 18 monthsat@d/ears the TE construct served as

a functional airway.

1.3.2 TE used in reproductive tract disorders

Several studies have investigated the use of M@@eskscaffolds for bladder
reconstruction in animals and humans. Successnstef less graft shrinkage and
functionality was higher in MSC seeded scaffold&a({@ et al. 2006, Jayo et al. 2008,
Tanaka et al. 2010). Promising results were aldbighed in repairing urethral defects
when using TE constructs comprising tubularizedrsstic biomaterials seeded with
autologous bladder derived epithelial and musdle ¢Raya-Rivera et al. 2011). The
scaffolds seeded with cells showed significantligdrdissue development compared to the
unseeded scaffolds. Similarly, another study shosuedessful urethral reconstruction
with a biodegradable tubularized polyglycolic apaly(lactide-co-glycolide acid)
(PGA:PLGA) scaffold seeded with autologous musai@ @pithelial cells. All patients
received satisfactory urinary flow rate and noraggbearing architecture of the urethra
(Raya-Rivera et al. 2011).

TE approaches for uterine reconstruction were antyilsuccessful. Autologous rabbit
uterine muscle and epithelial cells were grown tamine-shaped biodegradable polymer
scaffolds. The TE constructs were reimplanted theoanimals, normal uterine tissue
components were confirmed and the development bfyrs was supported (Lu et al.
2009).

Preliminary attempts to generate vaginal tissuegu$E techniques demonstrated similar
success. Rabbit smooth muscle cells and epitredll derived from vaginal biopsies
were seeded onto PGA polymers. The tubular scaff@ith or without cells were
surgically re-implanted into the rabbits as a tetadinal replacement. The seeded
constructs developed a normal vaginal tissue arctite, innervation and comparable
tensile stress and strain properties compareddeaded constructs that did not show
innervation (De Philippo et al. 2008). Similarlypase muscle-derived stem cells (mdSC)
were cultured on porcine decellularised collageteni (SISR) and these TE constructs

were implanted into rat vagina. The mdSC scaffetdaulated vaginal tissue repair by
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promoting epithelial regeneration as well as redgdibrosis (Ho et al. 2009). More
recently, smooth muscle and epithelial cells fraobit vaginal tissue were seeded on
biodegradable PGA and implanted into mice. Theaxed constructs showed complete

layers of vaginal epithelial cells and smooth mesalls (Dorin et al. 2011).

One study reported on cervical reconstruction. {€aheells from healthy donors were
isolated and seeded on porous silk scaffolds usamgnal and dynamic culture conditions.
After 8 weeks a tissue complex similar to the ratigsue in terms of morphology,
biochemical and mechanical properties was obtaifled.dynamic culture conditions

were associated with significantly increased catagdeposition and stiffness (House et al.
2010).

In summary, it seems that human tissue-engineem@dductive organ constructs

constitute a novel approach for a range of fundaat@medical conditions in women.

1.3.3 TE for POP repair surgery- The gap

The damaged pelvic floor including muscles, endadpdhscia and ligaments needs to be
repaired sufficiently to achieve good long termooutes for POP surgery. The current
treatment options with or without meshes only gtreictural support and have a high
complication rate or poor long term outcomes. Noaplaroach has been developed for
POP treatment to date, but increasing interestasvae by the growing number of
conference abstracts and review articles pointirtglee need for this a new treatment
approach for POP (Bhatia and Ho 2004, Gargett drah@006, Aboushwareb et al.
2011). A TE construct comprising an easily obtaieaell source like eMSC and novel

meshes could be a first step towards the developaiennovel treatment option for POP.

1.4 Experimental approaches for investigating a TE approach for

POP repair

1.4.1 Animal Models for investigating POP repair surgery

Rodents have been used for a wide variety of reBegpplications for many years. Mice
and rats have the advantage that they are smsilten easy to work with, relatively cheap
and available in large numbers (Abramowitch e2809). However, the reproductive tract
in rats is small and the pelvic musculature isedéht to humans, which does not make

them an ideal model for experiments in the pelegion. However, in urogynaecological
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applications rats are the preferred animal totiestie integration and biomechanical
properties of new meshes using the abdominal hemoel (Zheng et al. 2004,
Konstantinovic et al. 2005, Konstantinovic et &1Q). The pressure from the abdominal
organs is thought to mimic the movements of theipdéloor. An additional advantage of
rodents is that they are available as gene knotkatze/ rats, i.e. athymic rats have a
greatly reduced or absent cell mediated immunityh @wimarked reduction in T-
lymphocyte function making them ideal models fonagraft applications (Glover et al.
2010). A striking discovery was made in 1992, whaman bone marrow injected
intravenously into severe combined immunodefic{&@&ID) mice repopulated the bone
marrow, setting the beginning of post-radiatiorraipy for leukemic patients (Lapidot et
al. 1992). Immunodeficient animals are preferableisue engineering constructs

because they can host xenografted cells withoutunemejection.

Rabbits have similar advantages to rodents witin taeger size an additional benefit,
facilitating larger implants and providing morestie for histology. However, they are not
an ideal model to study POP as the anatomy ofdlgena and the pelvis differs
significantly from humans. Additionally, they dotnandergo spontaneous estrous cycling
(Abramowitch et al. 2009).

Sheep are also relatively cheap and availablergelaumbers, particularly in Australia,
with the advantage that their large size and tieiilarity to the human pelvic connective
tissue anatomy with the same three primary leviessipport (Abramowitch et al. 2009).
Sheep can be used to model many urogynaecologeaations and experiments.
Furthermore sheep have prolonged labours withge laead-to-vaginal ratio and have a
similar frequency of spontaneous POP (Shepherd)1892ontrast to humans, sheep are
quadruped and not bipedal which may limit theilitytfor clinical translation. However,
their risk in developing POP increases with eveggpancy, but can also occur in virgin

sheep similar to nulliparous humans (Couri et @12).

Thorough analysis of the histological and biomedataproperties of the ovine vagina
can help us to understand the complexity of POPpaodde baseline data for comparison
when evaluating TE approaches for treating POPeShaginal tissue has a similar
structure to human vagina comprising of the epitine| subepithelium, muscularis and
adventitia (Ennen et al. 2011). Analysis of thentiadecular structure of vaginal tissue

showing that the2-chain of collagen | is decreased in prolapseésltempared to
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controls (Ennen et al. 2011), however knowledgeautifsaginal biochemical composition
and biomechanical properties is sparse.

Non human primates would also pose a suitable nfod®OP because they have similar
anatomy to humans and develop spontaneous POP Mdgve¢hical restrictions are high

as are the costs (i.e. $13,000 for one macaqueaadh University, Australia).

1.4.2 Connective tissues of the pelvic floor structures

The cellular components of the endopelvic fascramaise fibroblasts which produce the
majority of the extracellular matrix (ECM) and sntloanuscle cells which allow vaginal
contractility. The ECM consists of fibrous protefegg. collagens, elastin), as well as a
range of glycosaminoglycans usually attached tora protein (proteoglycans)

(Couchman and Pataki 2012). The ECM is a dynamicttre that responds to the
changing environment by remodelling. Collagen typemprises the major fibrillar

protein found in bone, ligament and interstitiakties that influences the tensile strength
of these tissues (Prockop and Kivirikko 1995, Gelsal. 2003). Collagen I, together with
elastin and smooth muscle cells influence the badrarical and particularly the
viscoelastic properties of the vaginal wall. Coagype lll is also a fibrillar protein that

is widely distributed in soft tissues like skin asldod vessels and can contribute to tissue
elasticity. An increase in collagen Ill in healiogregenerative tissues usually reduces the
tissue mechanical strength by decreasing the dwaiédgen fibre diameter of collagen

I/lIl heterofibrils. The relative content of collag types appears to change as women age.
The ratio of collagen I/ (111+V) is decreased iretarcus tendineous fasciae pelvis (ATFP)
in postmenopausal women suggesting that tensedagtn is compromised and therefore

increases the susceptibility for POP in older worfMaoalli et al. 2004).

Elastin, a stable rubber-like protein, allows tessoi stretch (Li et al. 1991) and return to

its original shape without energy loss (Ritz-Timeteal. 2003). No differences in the
amount of elastin detected by immunohistochemistig found between pre- and post-
menopausal women in the ATFP (Moalli et al. 20@4inore recent study using
immunoblotting revealed higher tropoelastin (elagtiecursor) and as a consequence also
higher elastin expression measured by radioimmuayasn women with POP compared
to age matched controls suggesting that vaginal¢isemodels and adapts to mechanical
stretch (Zong et al. 2010).
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Metalloproteinases (MMPs) play a key role in proteéecomposition in the ECM
(Woessner 1991). Tissue-derived inhibitors of niepabteinases (TIMP’s) counteract the
effect of MMP’s by binding and inactivating themdativerefore preventing over-
degradation. One study correlated histologicalifigd with scanning electron microscopy
data and gelatin zymography to assess the rolellaigens and MMP’s in women with
POP. Women suffering from POP had a higher collagerent in their vaginal tissue due
to overexpression of collagen Il compared to preopausal controls. Active MMP- 9
was also increased in patients with POP, whereahffevences were observed for
proMMP-2 or proMMP-9 suggesting that vaginal tissmelergoes remodelling in POP
(Moalli et al. 2005). The amount of collagen typeds decreased in biopsies of the
uterosacral ligament in women with POP comparesidmen without, whereas
metallopreinase-1 (MMP-1) was increased (Vulicle@11). Similarly, younger women
with POP (<53 years) had a 30% lower collagen #gatmatched controls (Soderberg et
al. 2004). Histology has been correlated with bitaoolar analysis in sheep with or
without prolapse (Ennen et al. 2011). Sheep wit? P@d a decreased expression of the
collagen | a2-chain compared to controls, and areased rate of collagenase, MMP 1
activity suggesting that prolapse is associated mialfunction in metabolic processes.
Human vaginal tissue of premenopausal women cadammore collagen Il than
postmenopausal tissue determined by Western bhatu(2t al. 2012). These findings
were correlated with scanning haptic microscopesmesnents (assessment of stiffness
on a microscale) evaluating tissue stiffness shguhiat premenopausal tissue was less
stiff and more elastic. Generally women with POéejmendent of their hormonal status

had stiffer vaginal walls which did not correlatéith the quantitative analysis.

Another important protein in the ECM is fibulin Wwifibulin 1 being the most widely
analysed. Fibulin mutations are present in patiesitts Marfan’s syndrome, a condition
associated with prolapse (Carley and Schaffer 2@0yature of the spine (scoliosis),
abnormal joint flexibility or unexplained stretcharks on the skin among other things.
Fibulin-3, fibulin-4 and fibulin-5 were more recgntharacterized and have unique
properties inducing synthesis and assembly ofieléibtes and subsequently vaginal
recovery (Drewes et al. 2007). It is therefore swoprising that reduced fibulin-5
concentrations in the para-urethral ligaments & pnd post-menopausal women

suffering from POP were lower compared to contriéisulin-5 regulates MMP-9 on a
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molecular level suggesting that POP is an acqulrearder of ECM metabolism (Budatha
et al. 2011).

The muscularis of the vagina also plays a maja mobroviding support when tonically
contracted and stretches to give way for transihefbaby’s head during birth. A recent
detailed study revealed differences between difteregions of the rat vagina (Skoczylas
et al. 2013). There was an increase of circumfeinaligned muscle bundles in the
distal region compared to the middle and proxiregions in relation to the vaginal

length.

1.5 Biomechanical properties of pelvic floor tissue

Biomechanical testing of the vaginal tissue islatieely new field. Different groups have
introduced different testing protocols, which makedifficult to compare the results.
Furthermore, it is often difficult to obtain sufiént human vaginal tissue for testing
(Cosson et al. 2004, Zimmern et al. 2009). Commomeéchanical parameters measured
include stiffness, strength and deformability reyerged by tangent modulus, tensile
strength and tensile strain, respectively. Thgposes an adequate model to test
biomechanical properties of the vaginal suppoticstres (Moalli et al. 2005). Similar to
the human vagina, collagen | is the predominantttral protein, followed by collagen
[ll. More recently rhesus macaques have been wsdaddmechanical testing. When
combined with quantitative histology, inferior bieshanical properties like decreased
stiffness, tensile strength or strain energy dgrasid collagen alignment was

demonstrated after vaginal delivery compared ttiparbus controls (Feola et al. 2010).

Hormones, especially estrogen, affect vaginal é$suincreasing the elasticity and height
of the epithelium. Estrogen can also improve symmgtof stress urinary incontinence.
Similarly, estrogen restores the biomechanical @rigs of the vagina in ovariectomised
“menopaused” rats (Moalli et al. 2008). The sanmupgralso examined the effect of
pregnancy and vaginal delivery in rats. Vaginatathsibility, measured with a balloon
connected to a pressure transducer, was increagedgnant compared to virgin rats and
did not return to virgin levels in postpartum rédperin et al. 2010). Similarly, the effect
of hormones on the vagina and its supportive tsswses compared in rats. Tissue stiffness
(related to tissue distensibility) and load atuel (the load at which the tissue ruptures)
were decreased in pregnant compared to virginaatsreturned to virgin levels within a

month after delivery (Feola et al. 2010). This sgig that the hormonal changes during
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pregnancy allow adaptation of the pelvic floor te@mmodate the fetus (Lowder et al.
2007). Similar results were found in vaginal tissfi€bln5-/- mice, which spontaneously
develop prolapse in 91% of females with increasigg and multiparity. The vaginal
tissue of Fbin 5-/- mice has higher distensibiitigh an even lower stiffness during

pregnancy compared to virgins s (Rahn et al. 2008).

The first biomechanical testing of human vaginsdiie was performed in 2002 with a
study comparing pre- with post-menopausal womefesafy from POP using uniaxial
testing (Goh 2002). Several limitations of thisdstinclude differences in POP staging
between the two groups compared and that it wasatesl to anterior vaginal tissue.
However, no significant differences in permanennghtion were found, but a higher
elastic modulus (tissue was stiffer and less dssbde) was observed in the
postmenopausal tissue likely due to ageing. Imalai study the maximal rupture
strength and strain of posterior vaginal fundauesshowed great variability between the
16 postmenopausal women with POP (Cosson et all)2Bowever elastic modulus,
which is an important measurement for comparisathede tissues during surgical repair,
was not reported. In a comparative study of vadisatie from women with and without
prolapse, vaginal stress-strain response was neasl{with regions of different stiffness
levels) and hyperelastic (Rubod et al. 2008) (FedL8). This data provided the first

insight into vaginal tissue biomechanical proper{ieubod et al. 2008).

——Speciman 1
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a5 —&— Speciman 3
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0.4

Figure 13. Stress strain curves showing variability betweiierdnt human vaginal
samples.

Reproduced with permission from Rubod 2008 et al.
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A later study found that vaginal tissue from womath POP was stiffer than from
women without POP, in both the anterior and postempartments. The non linear
region of the stress strain curve, that is arguainye relevant to vaginal tissue function,
increased in stiffness in both posterior and aotgmolapsed tissue. This could in part
account for the higher rate of relapse with autolegsurgical repair. However,
differences in the mechanical properties betweerattierior and posterior vaginal walls
were only found in the transverse direction (Jelar@s et al. 2010). Another group
examined the elasticity (the ability of the tissaeeturn to its original dimensions
following deformation) of human vaginal tissue dadnd that the tissue in women with
POP was less elastic and stiffer compared to clsntiei et al. 2007).

It is unclear whether the mechanical propertiethefvaginal wall influence the incidence
of POP, or result from POP. To answer this questioa predictive value of mechanical
properties for recurrence after anterior vaginphrewas investigated. However Young's
modulus was not predictive for the defined failargeria suggesting that other pelvic
floor factors influence long term anatomical outesniGilchrist et al. 2010). This study
used uniaxial testing because it can be done ol praees of tissue; however it is unclear
whether this test method is suitable to deterntieecomplex mechanical properties of
vaginal tissue. Multi-axial testing provides mansight into tissue properties but requires

larger tissue size (Edwards et al. 2013).

1.5.1 Biomechanical properties of mesh following vaginal implantation

Few studies have implanted synthetic mesh intovdéiggna for subsequent mechanical
testing. Most studies assess mesh following abdalnmmplantation (Konstantinovic et al.
2007, Spelzini et al. 2007, Konstantinovic et 8l1@, Pereira-Lucena et al. 2010). A
feasibility study of vaginal mesh implantation abbits and sheep found high erosion
rates in both models, however low animal numberg ngae influenced the results. In the
rabbit model, erosion may also have been comptidayethe very thin vaginal epithelium,
the proximity of the urethral opening within thepgenital sinus as well as possible
contamination (Krause and Goh 2009). Similar higis®n rates into the vagina were
found when different meshes were implanted in italdgina for comparison with the
abdominal wall (Hilger et al. 2006). These erogiates were higher than in humans,
possibly due to the model itself.
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Cross-linked porcine dermis, a degradable tissllagan-based material, explanted from
rabbit abdomen and vagina after 9 months, displagedeased ultimate tensile strength
(strength) and elastic modulus (stiffness) with Imésgradation. Conversely, PP mesh
explants showed decreased stiffness but increaisadyth (Pierce et al. 2009), suggesting
that current degradable materials have less fabteitaomechanical properties compared
to PP in the long-term.

Given that meshes designed for abdominal hernairegere rapidly introduced to
augment POP reconstructive surgery it is importauetermine whether the abdominal
fascia or the human skin have different mechampoagberties compared to vaginal tissue
(Gabriel et al. 2011). Such differences might eixplhe higher adverse effects when
meshes are implanted vaginally (Deprest and Fel&)2

1.5.2 The gap in knowledge on biomechanical analyses of vaginal tissues

The results from the above mentioned studies dem abnflicting. Also, different testing
methods and specimen sizes used to analyse theaomntissue make it difficult to
compare and interpret the results. Information beene the tissue for analysis was taken is
often lacking, or it is unclear whether the fulickness of the vaginal wall or only the
muscularis was analysed. A structured analysisaginal tissue, combining histology,
biomechanical and chemical analysis needs to seedayut to draw more comprehensive
conclusions from the data and to increase our staleling of the pathophysiology of
POP. The sheep model seems to be an ideal modellasvs large samples for tissue
collection and for the combination of different bia tests. Furthermore it poses an ideal
model for future preclinical studies due to theiknty in anatomy and physiology to
humans (Abramowitch et al. 2009, Couri et al. 2012)

RATIONALE

POP is a major hidden burden affecting millionsvoinen worldwide. Current treatment
options are native tissue repair with disappointorgy term success rates or synthetic
mesh implantation with considerable rates of siteces and re-operations. The FDA has
posted several announcements warning about medbrusggginal surgery and several
meshes have been withdrawn from the market. Meshiegproved mechanical

properties, manufactured from alternative polynagesrequired.
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Adult stem cells, particularly MSC are an attragtsource of cells for regenerative
medicine as they can self-renew, differentiate s@weeral cell lineages and are highly
proliferative. Mesenchymal stem-like cells haveergty been identified in the human
endometrium as an easily accessible source of MB@ined with minimal morbidity. As
POP occurs predominantly in postmenopausal womsnritportant to determine whether
eMSC are present in postmenopausal endometrittheyfpossess key stem cell

properties and can be obtained by a relativelyingasive biopsy procedure.

Tissue Engineering has become the new horizorutard treatment options of chronic
diseases. It combines cells and materials and @mestore the damaged tissue/ cells.
Current surgical treatment of POP including implagsynthetic meshes only restores
anatomy; however it does not regenerate the dantageek. A tissue engineering

approach could provide an alternative treatmenbogor POP addressing these issues.

Aims and Hypotheses of this Thesis

This thesis aimed to investigate the potentialafsMSC combined with new materials in
a tissue engineering (TE) construct as a potecgiddbased therapy for POP repair.
Hypothesis I

Meshes fabricated from alternative materials tdd”fore closely match vaginal tissue
mechanical properties integrate and perform battero.

Aim I

In Chapter 2, the aim was to assess meshes faatifrain different polymers using a rat
abdominal hernia model. Mesh biomechanical progednd biocompatibility, following

implantation, were compared to a commonly usedadiiPP mesh.

Hypothesis II

EMSC can be prospectively isolated from postmensg@la@ndometrium in a similar
manner to premenopausal eMSC and possess simil@rpgvigperties, enabling their

potential use for autologous cell therapies.
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Aim II

In Chapter 3, the aim was to characterise the glypa@nd biological properties of
human postmenopausal eMSC obtained from endombiojsies without or with prior

exposure to oral oestrogen treatment.

Hypothesis III

A TE construct comprising gelatin-coated PA mestded with eMSC shows superior
biocompatibility compared to mesh alone.

Aim III

In Chapter 4, then vivo performance of a novel TE construct was determineldding
evaluation of tissue response, mesh integratiomagxhanical properties. This construct
comprised of a novel composite PA/gelatin knittezsim seeded with eMSC and

implanted in an immunocompromised dorsal rat wonapeir model.

Hypothesis IV

The histological, biochemical and biomechanicabprties vary between different
reproductive stages of life in the ovine vagina.

Aim IV

In Chapter 5, the aim was to assess the anatorsto]dgical, and biomechanical
properties of normal sheep vagina and its chensimalposition including several collagen
types, elastin and glycosaminoglycans in virgirrppa and pregnant sheep to provide
baseline data for assessing the utility of sheeplasge animal preclinical model of POP

and for POP repair surgery.
Hypothesis V

The vaginal tissue composition and mechanical ptegsewithin an individual differs

along the vaginal wall length and will be similatlween sheep and humans.

AimV

In Chapter 6, the aim was to analyse the variatidnistological, biochemical composition
and biomechanical properties of sheep and humanalagssue along the full length of

the vaginal wall to further define the sheep aargd animal preclinical model of POP.
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CHAPTER 2

Alternative materials for POP repair

Current meshes for POP repair are associated ngtkitle effects of erosion and pain.
Stiffness and nondegradability of the mesh plagiain the development of these side
effects, which emanate from an ongoing foreign b@agction and excessive fibrosis. Our
collaborators have recently designed and fabricateshes from alternative non-
degradable monofilament polymers. These new polgarfiA) or polyether-etherketone
(PEEK) meshes have lower stiffness, permanennsairal bending rigidity than several

commercially available PP meshes (Edwards et 43R0

New meshes for abdominal hernia and POP repanoataely evaluated in a rat model
using the abdominal hernia approach. In this chidmtescribe the evaluation of thevivo
biocompatibility of novel meshes in a rat abdomimainia model. | implanted the meshes
and analysed the explants for adhesions and ctiotratdeveloped protocols for
histology and immunohistochemistry to determineuagcularisation, the foreign body
reaction and collagen deposition of the explanteghttissue complexes. Previous
researchers have scored foreign body cells orgelaleposition subjectively. | was able
to establish an objective computer based softwargramme to analyse the
immunostained images objectively and more accwyratelund individual mesh filaments.

| thank Dr. Tommy Supit for performing animal surnge a third of the animals and
Camden Lo for assisting with the computer prograntlie image analysis. | acknowledge
Dr Sharon Edwards from CSIRO Materials ScienceEmgineering for undertaking the
biomechanical testing and analysis.
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Abstract

Introduction: Fascial defects are a common problem in the abdominal wall and in the vagina leading to hernia or pelvic
organ prolapse that requires mesh enhancement to reduce operation failure. However, the long-term outcome of synthetic
mesh surgery may be unsatisfactory due to post-surgical complications. We hypothesized that mesh fabricated from
alternative synthetic polymers may evoke a different tissue response, and provide more appropriate mechanical properties
for hernia repair. Our aim was to compare the in vivo biocompatibility of new synthetic meshes with a commercial mesh.

Methods: We have fabricated 3 new warp-knitted synthetic meshes from different polymers with different tensile properties
polyetheretherketone (PEEK), polyamide (PA) and a composite, gelatin coated PA (PA+G). The rat abdominal hernia model
was used to implant the meshes (25x35 mm, n=24/ group). After 7, 30, 60, 90 days tissues were explanted for
immunohistochemical assessment of foreign body reaction and tissue integration, using CD31, CD45, CD68, alpha-SMA
antibodies. The images were analysed using an image analysis software program. Biomechanical properties were uniaxially
evaluated using an Instron Tensile® Tester.

Results: This study showed that the new meshes induced complex differences in the type of foreign body reaction over the
time course of implantation. The PA, and particularly the composite PA+G meshes, evoked a milder early inflammatory
response, and macrophages were apparent throughout the time course. Our meshes led to better tissue integration and
new collagen deposition, particularly with the PA+G meshes, as well as greater and sustained neovascularisation compared
with the PP meshes.

Conclusion: PA, PA+G and PEEK appear to be well tolerated and are biocompatible, evoking an overlapping and different
host tissue response with time that might convey mechanical variations in the healing tissue. These new meshes comprising
different polymers may provide an alternative option for future treatment of fascial defects.
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Introduction Polypropylene (PP) mesh is the most commonly used mesh, and
1s knitted from monofilament yarn to a relatively large pore size, in
order to allow tissue ingrowth [7]. Synthetic non-degradable
meshes are used to provide a permanent solution and are believed
to work by inducing an inflammatory foreign body reaction,
resulting in fibrosis that provides strength, albeit not necessarily
mechanically optimal, to the weakened support structures [8,9].
However, the presence of an inflammatory response may reflect
poor tissue biocompatibility, depending on the extent and type of
response. It is also primarily responsible for the significant
complications arising from the use of synthetic meshes reported

Incisional ventral hernias occur in up to 49% of patients after
abdominal surgery for trauma, infection, herniation or surgical
resection [1-3]. Similarly, hernias in the female lower urogenital
tract known as pelvic organ prolapse (POP) occur in up to 25% of
women with childbirth, ageing and obesity being the most
common causes [4]. Recurrence rates with tissue approximation
procedures occur in up to 17% for abdominal hernias [5] and 30%
tor POP repair |6], respectively, which has led to the implantation
of synthetic meshes to improve surgical outcomes.
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m up to 42%, including mesh contraction, infection, pain, and
exposure of mesh [10,11].

With PP mesh dominating the market, we believe that mesh
manufactured from alternative synthetic polymers may evoke a
different biological response, and provide more appropriate
mechanical properties for hernia repair. PA and PEEK polymers
were chosen as alternative polymers to PP, due to differences in
yarn tensile properties. Gelatin coating was also used to further
improve tissue integration [12,13].Gelatin works as a carrier for
delivering large number of cells and can be adapted as a basis for
cell based therapies in the future [14].

The aim of this study was to compare the in oo host tissue
response of synthetic meshes fabricated from alternative polymers
and a composite mesh coated with gelatin, with a clinical PP mesh,
using a rat abdominal hernia model as a preclinical model for
hernia repair surgery.

Materials and Methods

Polyetheretherketone (PEEK) and polyamide (PA) meshes were
warp knitted to the same pattern using 100 um PEEK (Invibio;
UK) and PA (Ri-Thai International; Taiwan) monofilament yarns.
Meshes were knitted to possess pore sizes ranging 1310 to
1487 pm and weights ranging 69 to 85 g/m> A clinical PP mesh
(Polyform '1'“; Boston Scientific; USA), of similar knit pattern,
filament diameter and pore size, with a weight of 42 g/m* [15],
was also used in the study. Additonally, fabricated PA mesh was
coated with gelatin (PA+G). Briefly, PA mesh was immersed in a
0.2 um filter sterilised solution of 12% porcine gelatin (Type A,
300 bloom; Sigma; USA), in water. Once fully wetted the mesh
was placed onto ice-cold 2% glutaraldehyde (Sigma) in PBS for 8
minutes on either side. All the subsequent steps were for 15
minutes duration and at room temperature. The mesh was
washed, placed into 2% w/v glycine (Merck; Australia) in water,
washed, placed in 2% v/v H,Os (Merck) in water, washed, then
4% w/v glycerol (Merck) in water. Finally, the mesh was air-dried
overnight. All mesh samples were gamma ray irradiated at 25 kGy
prior to implantation.

Animals

The experimental procedures and rat husbandry were approved
by the Monash Medical Centre Animal Ethics Committee A
(2009/50). Sprague Dawley rats were housed in the animal house
of Monash Animal Service faciliies in compliance with the
National Health and Medical Research guidelines for the care and
use of laboratory animals. The rats were provided with food and
water ad lhbitum and were kept under controlled environmental
conditions at 20°C and a 12 h day/night cycle.

Surgical Procedure

125 female rats were divided into 5 experimental groups (24
rats/group) and were implanted with one of 4 mesh types; PA,
PA+G, PEEK, or PP. A sham operation was used as a negative
control as described below. The rats were anaesthetised with 2.5%
Isoflurane® and analgesia was provided with Carprofen (5 mg/kg
bodyweight). The abdomen was shaved and disinfected and
covered with sterile drapes. A longitudinal 3 cm skin incision was
performed in the lower abdomen and a full thickness fascial defect
of the abdominal wall, 20 x30 mm, was created [16] (Fig. SIA) .
Before implantation, mesh thickness was measured with a calliper.
Each mesh (25 mmx35 mm) was implanted using the overlay
technique (Fig. S1A) and sutured with PP sutures as previously
described [16,17] (Tig. SIC). Rats in the control group were sham-
operated without mesh implantation. A 25 x35 mm full-thickness

PLOS ONE | www.plosone.org
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abdominal wall defect was created on the right lateral side of the
midline. A muscle flap with preserved vascularisation from the
contralateral side was created, rotated 45° clockwise and sutured
with 3/0 Surgipro‘]\‘“ 1I (polypropylene thread) to cover the initial
defect (Fig. S1B). Skin closure in all groups was performed by
intracutaneous continuous suture with 3/0 Vieryl* Plus (poly-
glactin thread).

Following recovery, the animals were monitored daily until they
were sacrificed at 7, 30, 60 and 90 days (n =6/ group/ timepoint).
Each rat was cuthanized in a CO, chamber. The adhesion area of
the mesh on the intestinal side was recorded and calculated as a
percentage of total mesh area. Adhesion tenacity to the intestinal
wall was also recorded as previously described [18]. Adhesion
scores were graded from |4 with 4 being the most adhesive. The
mesh was dissected with a 5 mm border of adjacent tissue and
divided into three parts; for biomechanical analysis, histology and
immunohistochemistry, using the same pattern of dissection for
each mesh. Adhesive organs to the mesh were peeled off manually.
The meshes used for biomechanical analysis were stored at —20
degrees prior to testing. Additionally, explant dimensions (length,
width and thickness) were measured with a calliper at 3 random
regions and the mean recorded. Mesh contraction was calculated
by dividing the mesh size after explantation by the original mesh
size.

Biomechanical Analysis

The frozen samples were thawed overnight at 4 degrees and
kept moist during testing. Day 7 and day 90 explants and tissue
from the control rats were uniaxially tensile tested using an
Instron® Tensile Tester (Instron Corp; USA) and a 5 kN load cell.
Samples (typically n = 10), with dimensions ol 4x25 mm, were cut
in the explant cross direction and tested using a 14 mm gauge
length (noted as the initial length). Samples were pre-loaded to
100 mN at an elongation rate of 14 mm/min to remove any
sample slack. Subsequent testing was conducted at an clongation
rate of 30 mm/min to break. Average load-elongation curves were
plotted for each mesh type and the control (failure region not
included in curve) from the data obtained. Tensile strain (%) was
calculated by dividing mesh elongation by the initial mesh length
and multiplying by 100. Mesh stiffness is represented by the slope
of the curve, with a stecper curve indicating a stiffer mesh.

Histology

The explanted tissue for histological analysis was fixed in 4% w/
v paraformaldehyde (PFA) for 24 h, then embedded in paraffin
and sectioned into 5 pum thick sections. After dewaxing and
rehydrating in graded alcohols, sections were stained with
haematoxylin and eosin (H+E) or Sirius red 3B (0.1 g/100 ml
saturated aqueous picric acid) (Sigma Aldrich®, St. Louis, MO
USA) for one hour at room temperature (R'T).

Immunochistochemistry (IHC)

To examine for tissue macrophages, a monoclonal anti rat
CD68  antibody (details in Table 1) was used. Sections
underwent dewaxing, rehydrating in graded alcohols. Antigen
retrieval using citric acid buffer (0.1 M, pH 6.0) was done by
microwaving for 5 minutes on high power. After cooling to RT
and washes in PBS, endogenous peroxidase was quenched with
3% wv/v HsO, followed by protein blocking (Protein Block
serum free, Dako®, Glostrup, Denmark) for 30 minutes at RT.
The primary CD68 antibody and isotype controls (mouse IgG)
were incubated overnight at 4°C, sections washed and the
sccondary Streptavidin HRP-conjugated antibody was applied
for 30 minutes at RT, respectively (Table 1). 3,3'-Diaminoben-
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zidine (Sigma-Aldrich®, St. Louis, MO, USA) was used as a
chromogen, counterstaining was with haematoxylin. The slides
were dehydrated in graded alcohols and mounted with DPX
mounting medium.

Immunofluorescence

4% w/v PFA fixed, paraffin embedded tissues were used for
immunofluorescence analysis and 5 um sections dewaxed, dehy-
drated, blocked and washed as above. Sections were incubated
with the primary monoclonal anti-alpha smooth muscle actin
(SMA) antibody for one hour at 37°C (Table 1) to label smooth
muscle cells, myofibroblasts and myoepithelial cells. Mouse 1gG.,
1sotype was used for the negative control and applied at the same
concentration. Bound antibodies were detected with Alexa-Fluor-
488- conjugated secondary antibody (Table 1) for 30 minutes at
RT after 3 washes in PBS. Nuclei were stained with Hoechst
33258. The slides were mounted with fluorescent mounting
medium (Dako®, Glostrup, Denmark).

CD31 and CD45 immunofluorescence was used to visualise
endothelial cells and leukocytes, respectively (Table 1). Tissue
for frozen sections was snap frozen in optimal compound tissue
solution (OCT, Tissue-Tek, Miles, IN, USA). The frozen
sections cut (5 um) were thawed at RT, fixed in ice cold
acetone for 10 minutes followed by protein block (Dako®,
Glostrup, Denmark) for 30 minutes at RT. Afier three washes
in PBS, primary antibodies were incubated for Thr at 37°C and
with Alexa-Fluor-568- conjugated secondary antibody (Table 1)
for 30 minutes at R'T, respectively. The slides were mounted as
above.

Histomorphometric Analysis

Four images were taken per section stained with Sirius red or
immunostained with CD68, aSMA, CD31 or CD45 for each
explant at each timepoint using a Leica® DMR Fluorescence
Microscope at 20X 0.6NA magnification and at 10X 0.3NA for
H+E. Images of the 4 most central mesh filaments were
captured (Fig. S2A, B, Fig. 1A), to achieve consistency and
overcome bias, and to avoid any foreign body reaction
associated with anchoring sutures. The images were analysed
using the image analysis software, Metamorph® (v7.7 Molecular
Devices, LLC, CA, USA). The software was programmed to
identify individual mesh filaments (Iig. 1B) and trace contoured
concentric area bands around filament bundles in 50 pm
increments (Fig. 1C, D). The positive signal area (pixels) for
cach shape was recorded and divided by the total tissue arca
examined (Fig. 1B). Neotissue formation (as indicated by Sirius,
oSMA and CD31) was analyzed using the whole image,
assessing the entire surrounding tissue. Foreign body cells were
assessed close to the mesh filaments.

Statistics

GraphPad Prism 5 was used for statistical analysis. Results
are reported as mean * SEM for each experimental group
(n=6 animals/ group/ timepoint). Since the data was not
normally distributed (D’Agostino & Pearson omnibus normality
test), non-parametric analysis using Kruskal — Wallis ANOVA,
were undertaken to assess differences between timepoints for the
various meshes, followed by Bonferroni correction for pairwise
comparisons. P values <0.05 were considered as statistically
significant. For statistical analysis of load-elongation curves, 95%
confidence intervals were plotted as error bars to determine
whether the differences were significant at the p <0.05 level of
significance.
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Figure 1. Image analysis using Metamorph®. Software. A. Original image showing Sirius red staining of tissue around a central filament
bundle, scale bar — 100 um. B. binarized image with mesh recognition. C. First 50 um increment surrounding filament bundle. D. Second 50 um

increment (50-100 pm) surrounding filament bundle.
doi:10.1371/journal.pone.0050044.g001

Results

Macroscopic Tissue Compatibility of New Meshes

Two new meshes, warp-knitted from PA and PEEK monofil-
aments in a similar pattern as commercially available PP mesh,
were examined for tissue biocompatibility using a standard rat
abdominal hernia model. In addition, a gelatin-coated PA mesh
was studied, since this composite could be adapted for delivering
cells in future exp
normal post-operative recovery, TIive rats developed wound

riments. Of the 125 animals operated, all had a

infection or wound dehiscence with no differences between the

mesh groups, necessitating killing these animals according to local
ethics committee regulations. Therefore a total number of 120
animals (6 per group at each timepoint) were included for analysis.

All mesh types were well tolerated. Rats gained weight 30 days
after operation and weight gain increased significantly in rats
implanted with PA; PEEK and PP meshes at 60 days (p<<0.03)
(Fig. 2). At 90 days, rats implanted with PA and PA+G meshes
showed significantly greater weight gain compared to control rats,
and rats implanted with PEEK and PP meshes (p<<0.001). Ninety

PLOS ONE | www.plosone.org

days after surgery, weight gain was significantly higher in all
groups compared to 7 days (pairwise comparisons p<<0.0001).

At the time of necropsy (Fig. SID, E), intraperitoneal adhesions
were noted mainly with the ileum and the omentum over the
whole implant surface for all materials as well as to the sutures in

all mesh groups. The adhesion scores are shown in Table 2. No

differences were observed at 7 and 30 days between the mesh
groups. PA meshes showed a significantly lower adhesion score
compared to PA+G (p<<0.05), PEEK and PP (p<<0.001) at 90
days. Adhesion scores for PA+G, PEEK and PP meshes were
significantly increased at 60 and 90 days compared to the carlier
timepoints for the same mesh type (p<<0.05).

While all meshes displayed the greatest adhesion area at 7 days
(range 73 to 88%, Table 3), the strength of adhesion was low

(adhesion score of 1.0, Table 2). The extent of adhesion was lowest
with the PA+G mesh at day 7 without statistically significant
differences (Table 3). At 30 days, the extent of adhesion with the
PA+G and PEEK meshes was significantly less than observed with
PA and PP (p<<0.05), with no significant difference by 60 and 90

days. All meshes reached the lowest adhesion area at 60 days, with
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Figure 2. Body weight gain of rats implanted with different synthetic meshes: PA, PA+G, PEEK or PP and controls. Data are mean =
SEM of n=6 animals/ group, * p<0.05, *** p<<0.001. PA, polyamide; PA+G, polyamide gelatin composite; PEEK, polyetheretherketone; PP,

polypropylene.
doiz10.1371/journal.pone.0050044.g002

no further reduction at 90 days, although none of these differences
were significant.

Folding of the meshes, which contributes to apparent mesh
shrinkage, was occasionally observed, with the highest incidence
seen in the PA and PP groups. Folding may have arisen from poor
suturing but could also be due to extensive tissue ingrowth. These
meshes were included in the analysis of mesh contraction.
Contraction was significantly greater at 30 days compared to 7
days for PA+G and PP meshes; no significant differences in mesh
contraction for PA and PEEK meshes were observed between
these timepoints (Table 4). PEEK meshes shrank significantly less
than PA and PP meshes at 30 days; however no significant
difference was observed at 60 or 90 days (range at 90 days 9 to

19.4%, Table 4).

Biomechanical Properties

The load-elongation curves for the day 7 and day 90 explants
are shown in Figure 3 and in Iig. S3. The mechanical properties
of meshes prior to implantation were not significanty different to
those measured after 7 days implantation. Comparable load-
elongation curves, with similar levels of stiffness, were observed for

Table 2. Adhesion scores of rats implanted with meshes.

explanted mesh types and the control tissue on day 7; error bars
suggest that curves were not significantly different from each other
(p=>0.05). The curves of day 7 meshes suggest some bilinearality,
with a linear region from 1.7 mm elongation (Fig. 3 inset),
however this is less obvious than for the day 90 meshes (which
have distinct toe and linear regions). The load-elongation curves of
all meshes explanted at day 90 were significantly (p<<0.05)
different to their day 7 counterparts exceeding 0.9 mm elongation
(6.4% strain), and generally had increased stiffness (with steeper
slopes) in the linear region of the curves (generally exceeding
0.6 mm elongation: 4.2% strain) (Fig. 3). At day 90, the PA+G
explanted meshes were the stiffest of all the explanted meshes, and
comparable to the control tissue explants, although this was only
significant (p<<0.05) at elongations exceeding 2.0 mm (14% strain).

Tissue Biocompatibility of Meshes

We examined the microscopic changes induced by the
implanted mesh materials using histological stains and immuno-
histochemistry. As shown in Iig. S2A and B there was substantial
cell and tssue formation around the mesh filaments at 7 days. At

Table 3. Percentage adhesion area of meshes implanted into
abdominal fascial wound in rats.

Time (days) PA PA+G PEEK PP Time (days) PA PA+G PEEK PP

7 1.0=0.0 1.0+£0.0 1.0+0.0 1.0=0.0 7 88+4 73%14 865 809

30 1.0£00 1.0+0.0 1.0+0.0 1.0=0.0 30 72+10° 404 40=8 73+8°
60 2.0=0.3 2.0x0.0 1.8£0.2 23202 60 48-8 42+8 43*8 63*7

90 13+02% 1.8+0.2 2.0+0.0 20+00 20 52+8 53+4 55%6 72+4

Data are mean + SEM.

?p=0.05 compared to PA+G.
°p<0.001 compared to PEEK and PP.
doi:10.1371/journal.pone.0050044.t002

PLOS ONE | www.plosone.org

Data are mean = SEM.

?p<0.05 compared to PA+G and PEEK.
Pp<0.05 compared to PA+G and PEEK.
doi:10.1371/journal.pone.0050044.t003
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Table 4. Percentage mesh contraction in rats implanted with
meshes.

Timepoints PA PA+G PEEK PP

7 17.8£2.0 71£19 19.7£51 8725
30 29.9+7.0° 211150 109+43 26.7+30°
60 13.0=5.0 9224 11.2x24 14.6=2.0
90 14754 9.0:43 19.4+3.0 15.1£28

Data are presented as percentage reduction in size from original implanted
mesh as mean = SEM.

?p<0.01 compared to PEEK.

®r<0.05 compared to PEEK.

*denotes gelatin around PA filaments.
doi:10.1371/journal.pone.0050044.t004

90 days some encapsulation tissue was still apparent around all
filament bundles. PA+G meshes had a greater tissue and cell
response around the mesh filaments at 90 days compared to the
other mesh types. No microscopic differences were apparent in the
control group between 7 and 90 days.

To quantify this tissue response, image analysis was undertaken
to examine the gradient of positive staining in 50 pm increments
from the central mesh filaments. A diminishing gradient, with a
significant decrease, in CD45 and CD68 immunostaining was
observed with increasing distance from the filaments (Fig. S4A).
We therefore studied the immediate area surrounding the mesh
(within 50 pm). No continuous gradient was observed for the other
stains (Sirius red, oSMA and CD31) (Fig. S4B), which were
analysed using the entire micrograph.
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Inflammatory Foreign Body Reaction

The inflammatory response to the implanted meshes was
evaluated by examining the extent of CD45" leukocyte distribu-
tion in and around the meshes. CD45 is expressed on all
hematopoictic cells except erythrocytes. Larger numbers of
leukocytes (red fluorescence) were observed around the meshes
(Fig. 4A) at all time points (Fig. 4C), compared to controls where
no meshes were present (Fig. 4C). There were significantly fewer
CD45 positive cells at 7 and 30 days in the control and PA+G
groups compared to PA, PEEK and PP (p<<0.001) (Fig. 4C). At 60
days PA, PA+G and PEEK attracted significantly more leukocytes
than the control (p<<0.05), with higher positive staining for PEEK,
compared to PP (p<<0.05). At 90 days, the new meshes showed
greater leukocyte infiltration than the control and PP groups
(p=<<0.001) (Fig. 4C).

T'o assess macrophage involvement we used the CD68 antibody
(Fig. 5). The kinetics of macrophage infiltration varied between
mesh types. For example, for the PA mesh, macrophages
significantly increased over time from day 7 (Fig. 5A) to day 90
(Fig. 5C) (p<<0.001). Significantly more macrophages were
observed around the filaments for all mesh types than in the
control group (p<<0.001), at all timepoints (Fig. 5C). At 90 days PA
meshes were surrounded by significantly more macrophages than

PP (p<<0.05) (Fig. 5C).

Collagen Deposition

Collagen deposition was assessed using Sirius red staining which
shows the collagen as red stained material in bright-field
microscopy (Figure 6A, B). On day 7 PEEK meshes showed
pronounced Sirius red staining loosely distributed around a dense
cellular infiltrate (Fig. 6A). At day 90, the cellular infiltrate was less
and collagen levels were reduced but more localised around the
filaments of the porous mesh (Fig. 6B). At 7 days, a significantly
lower collagen content was observed in the control and PP groups

PEEK ——PP -Control

e
—

2 2.5 3

Elongation (mm)

Figure 3. Biomechanical properties of explanted mesh types and control on day 7 (- - -) and day 90 (—). Failure region of graph has not
been included. Average explant stiffness is indicated by the slope of the curve, with stiffer materials possessing a steeper gradient. Inset is an

enlargement of day 7 meshes.
doi:10.1371/journal.pone.0050044.g003
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Figure 4. CD45 immunostaining in rats implanted with synthetic mesh. A. PA after 7 days (- - - line indicates mesh filament) and B. After 90
days implantation (arrow indicates a representative CD45 positive cell). C. Percentage CD45 positive area within the 50 um radius of central mesh
filament bundles. Data are mean = SEM of n=6 animals/ group *: p<<0.05, **: p<<0.01 Scale bar, 100 um.

doi:10.1371/journal.pone.0050044.g004

compared to PA, PA+G and PEEK meshes (p<<0.001) (Fig. 6C).
At 30 days, PA+G mesh induced the highest collagen deposition
which was significantly greater than PA, PEEK and PP meshes
(p<<0.001), and comparable to control animals. At 90 days PA,
PEEK and PP meshes were all significantly lower in collagen
content (p<<0.001) than the control, whilst the PA+G mesh was
significantly higher, and comparable to the control (Fig. 6C).
Compared to 7 days, collagen content decreased significantly in
both PA and PEEK meshes (p<<0.05) at 90 days, whereas collagen
increased significantly in PP meshes (p<<0.05).

Vascularisation

The development of vascular structures in the explanted meshes
was assessed using the marker CD31 which is expressed on
endothelial cells, platelets and subsets of leukocytes. It predomi-
nantly stains endothelial cells on small and large blood vessels.
Similar to all mesh types, the PA +G meshes were vascularised by
day 7 (Fig. 7A), with vessels present at each time point, until day
90 (Fig. 7B). The positive arca for CD31 (Fig. 7C) was similar
between all mesh groups, and comparable with control animals,
on day 7. On day 30 the control group and PEEK meshes showed
significantly more positive staining than the PP meshes (p<<0.01,
p<0.05 respectively) (Fig. 7C). Vascularisation of PA and PEEK
mesh types, and control animals was significantly higher than in

PLOS ONE | www.plosone.org

PP meshes, at 60 and 90 days (p<<0.01) (Fig. 7C). The extent of
vascularisation increased with time for the PA meshes, and was
significantly greater at 60 and 90 days compared to day 7 and day
30 (p<<0.05). Vascularisation in the PEEK and PA+G meshes was
similar at the different imepoints, as were the PP meshes, which
had the least CD3]1 staining overall. To assess larger (stabilized)
vessels having a smooth muscle cell coat, ¥SMA staining was
performed. Figure 8A shows a large number of immunostained
myofibroblasts in the PEEK meshes on day 7, which were similarly
observed in all mesh types at 7 and 30 days. Larger vessels were
seen at 90 days, for example in PEEK meshes (Iig. 8B). All meshes
induced similar levels of myofibroblast differentiation and smooth
muscle cells at 7 and 30 days (Fig. 8C). At 60 days, PA, PA+G and
PEEK meshes had significantly more aSMA staining compared to
PP meshes (P<<0.01). At 90 days, all mesh types had a significantly
lower positive signal compared to the other time points with no
differences between the mesh groups.

Discussion

In this study we compared the i viwo biocompatibility of
alternative synthetic meshes with a clinical PP mesh, and a tissue
control, by investigating biomechanics, collagen deposition,
vascularisation and foreign body tissue reaction. Synthetic mesh,
manufactured from alternative polymers to a clinical PP mesh,
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Figure 5. CD68 immunostaining in rats implanted with synthetic mesh. A. PA after 7 days and B. after 90 days implantation (- - - line around
mesh filament). Brown staining indicates CD68" macrophages. C. Percentage CD68 positive area within 50 um radius of central mesh filament bundle.
Data are mean * SEM of n=6 animals/ group, * p<<0.05; *** p<<0.001. Scale bar, 100 um.

doi:10.1371/journal.pone.0050044.g005

were warp knitted to a similar pattern, using yarn of the same
diameter. This ensured that mesh pores were similar in size. Any
differences in the host biological response were, therefore, a result
of the polymer alone or of the coating. We studied the effect of
gelatin coating only in the PA mesh as the tissue response to this
composite mesh deemed to be representative for all polymers. This
study showed that our new meshes induced a typical foreign body
reaction over the time course, largely comparable with the PP
meshes, but that there were differences with the extent and type of
responses associated with inflammation, macrophage infiltration,
collagen deposition and neovascularisation over the 90 day period.

In general, the PA+G meshes showed the least early CD45+ve
inflammatory response at 7 and 30 days suggesting that the
coating acts like a biofilm, while the PEEK and PP meshes were
associated with a more acute inflammation that persisted with the
PEEK meshes and subsided with the PP meshes over time.
Nonetheless, the macrophage CD68 response depicted a general
acute response to all implants. Generally, after implantation of a
mesh an acute inflammatory reaction occurs, with macrophages
dominating the acute phase at 7 days [16]. In our study, the
inflammatory response to the foreign materials showed typical
temporal differences. The PA+G meshes had notably more
macrophages than the other mesh types at Day 7. Given that
these mesh types had the lowest CD45 response at the same time
point, it is likely that the major acute response here is due to
macrophages. The PP response is similar to that described by

PLOS ONE | www.plosone.org

Spelzini et al who also showed a lower foreign body reaction at 90
days around the PP implant compared to silk implants [19]. Apart
from its role in acute inflaimmation and early vascularisation,
macrophages also have a critical role in the subsequent chronic
phase of the host response. In particular, macrophages can
potentially differentiate towards two pathways, one leading to an
immediate and/or persistent inflammation, the other leading to a
constructive remodelling and new tissue generation [20]. This
M1/M2 macrophage polarisation has not been studied in this
current study. In the case with the PA+G meshes, the gelatin was
found to be degrading at the later stages of implantation,
associated with more available porous openings allowing fibroblast
infiltration and new collagen deposition. It is likely, although
speculative, that in these meshes immunoregulatory M2 macro-
phages are the major type of cell.

Consistent with this, our meshes led to better tissue integration
(collagen deposition for PA+G on day 90) and neovascularisation
at day 60 compared with the PP meshes. All mesh types were
generally well tolerated, with significant weight gain in all rats by
90 days. PA and PA+G implanted rats gained significantly more
weight at 90 days compared to the other mesh types and the
control, suggesting that these were better tolerated by the animals.

In line with previous studies examining several commercially
available mesh types [21,22], both our new meshes and the PP
meshes showed contraction at all time points. In general, a
correlation can be drawn between collagen deposition and mesh
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Figure 6. Sirius red staining of collagen fibres in rats implanted with synthetic mesh. A. PEEK after 7 days and B. After 90 days
implantation. C. Percentage Sirius red stained area within 50 um radius of central mesh filament bundle. Data are mean = SEM of n=6 animals/

group *: p<<0.05; **: p<<0.01, ***: p<C0.001, Scale bar, 100 pm.
doi:10.1371/journal.pone.0050044.9g006

contraction for the PA+G, PEEK and PP mesh types, with an
increase in collagen deposition leading to an increase in mesh
contraction. It has been reported that both folding and contraction
after implantation are responsible for side effects such as pain and
tissue erosion [8]. No major differences in adhesion scores were
determined between the mesh types assessed using the Lorenz
adhesion scores [18]. PA had a significantly smaller adhesion arca
at 90 days compared to PEEK and PP, indicating that PA might
produce fewer adhesions in the long term. No significant
differences were found between the other mesh groups. Similar
to our findings Boehm et al. compared Ultrapro® (combined PP
and absorbable Monocryl®) and Prolene® (polypropylene) with no
significant differences in terms of adhesions between the groups
[21].

Uniaxial tensile testing was used to assess the biomechanical
properties of explanted meshes, with stiffness represented by the
slope of the load-elongation curve. Curves for the day 90 explants
were found to be bilinear, with a region of mitial low stiffness (toe
region), followed by a region of higher stithhess (linear stiffness), as
found by Afonso et al [23]. Biomechanical testing found all mesh
types to be stifler on day 90 compared to their day 7 counterparts,
when loaded beyond strains of 4.2%. Collagen levels decreased
between days 7 and 90 for some mesh types, suggesting that
collagen alone did not contribute to increased explant stiffness; nor
did mesh contraction since contraction was similar for all mesh

PLOS ONE | www.plosone.org

types except PP. The present results are likely due to a
combination of innate mesh mechanical properties and the
amount, type and orientation of collagen formed, as suggested
by the relative differences in stiffness between the 90 day explanted
meshes and collagen levels. Separate tensile studies conducted on
these meshes gave no indication of mesh creep, and without a
necrotic response, it seems unlikely that any plasticizing material in
the polymer was released. The large quantity of collagen present
on the PA+G meshes at all time points, except day 60 (for which
low rat weights were recorded), suggests that the gelatin coating
promoted collagen deposition, or was associated with a cellular
response that promoted an environment for fibroblast infiltration,
collagen secretion and tissue remodelling. When the gelatin
coating had almost fully degraded by day 90 (Fig. S2C), mesh
pores became accessible to cells (Fig. S2B h), and permitted
collagen synthesis, particularly within the large pores, between the
filament bundles. Generally, the level of collagen decreased
between 30 and 90 days for all mesh types. This outcome could
be related to the fact that the meshes themselves do not promote
tissue integration in the long term, or the type of tissue response is
too rapid and does not allow for gradual cell infiltration, collagen
synthesis and tissue remodelling that may be occurring with the
PA+G meshes. We have addressed the need for a more objective
analysis of collagen in mesh explants as identified in previous
studies [17]. However it is difficult to make comparisons with these
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Figure 7. CD31 immunostaining in rats implanted with synthetic mesh. A. PA+G after 7 days and B. After 90 days implantation (- - - line
around mesh filament). C: Percentage positive CD31 area within 50 um radius of mesh. Data are mean = SEM of n=6 animals/ group, *p<<0.05,

*p<0.01.
doi:10.1371/journal.pone.0050044.g007

studies and the current quantitative evaluation. Our novel image

analysis enables quantification of the amount of collagen and its
relationship to the mesh filaments, whereas other studies have
scored the organisation of collagen fibres which is also important
for mechanical strength [16,24]. Irrespective of this, collagen levels
diminish, where in fact, collagen remained more closely associated
with mesh filaments, rather than encapsulating the entire implant.
In addition, the Sirius red stain does not take into account packing
density of collagen fibrils or type of collagen around the mesh
filaments, both of wl

ich will impact on the mechanical behaviour
of the tissue.

Neovascularisation measured by CD31
reached highest levels at 60 and 90 days which is in agreement
with previous studies for PP meshes

as immunostaining

[7,17]. In the current study,

PP meshes were consistently less vascularised over the entire time
period compared with all new mesh types. In particular, PA and
PEEK meshes were superior to PP meshes at 60 and 90 days,
perhaps indicating these materials are intrinsically more permis-
sive for angiogenic processes, or are simply comparable to
vascularisation in control tissues, and the PP meshes actually
inhibit the process. Vascularisation could be further improved by
incorporating angiogenic factors onto the mesh filaments during
fabrication [25]

Smooth muscle cells and myofibroblasts are cells implicated in
wound healing where strengthening wound tissue is important.
Ouwr studies show a steady increase in alpha smooth muscle actin

PLOS ONE | www.plosone.org

until 60 days. At this time point, all 3 new meshes were associated
with significantly elevated smooth muscle cells compared with the
PP meshes. These cells are finally lost through apoptosis after
healing 1s complete explaining the significant decrease at 90 days.
Acquisition of a smooth musele cell coat by neovessels increases

their stability, a desirable feature in the repair of tissues, including
those that have herniated, by providing a stable blood supply to
nourish neotissue and maintain its integrity in the long term.

In addition to the novelty of the new types of polymer meshes
and biological coating used in this study, the strength of the
current study is reflected in the use of computer-based analysis of
the immunohistochemically stained slides using image analysis
software. Histological analysis is the most commonly used
technique in assessing new meshes [9]. Qualitative and semi-
quantitative analysis of tissue by histology/immunohistochemistry
has its limitations. Apart from the fact that different parts of the
meshes are studied for histology making comparisons difficult
[26,27] more relevant is the problem of subjectivity during the
scoring process. In the current study, subjective bias during the
scoring process is excluded as the software detects the positive
signal in each immunostained image on the same set of 4 centrally
placed mesh filaments and calculates the percentage stained area.
Also, for the first time, we report a significant gradient for
inflammatory cells surrounding mesh filaments, by using the
software to examine staining and cell numbers within 50 pm
mcrements from the surface of the filament bundles. Using the
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Scale bar, 100 um.
doi:10.1371/journal.pone.0050044.g008

image analysis software allowed us to mvestigate the same area of

stained tissue for every image and precisely focus on the area of

mterest.

A limitation of this study is the choice of model for assessing i
vivo biocompatibility of mesh to be used for fascial defect repair.
The rat abdominal wall hernia model does not mimic the clinical
environment. However, this model is well accepted for initial
testing of newly designed meshes for both synthetic and biological
materials in hernia repair, including pelvic organ prolapse [28].
The clinical interpretation needs to be carefully considered in
animals lacking any pathological conditions.

The optimal mesh for hernia or POP repair has not been
developed yet [8]. Our ongoing studies indicate that PA+G meshes
promote good cell attachment and proliferation for mesenchymal

stem cell growth and may be suitable as meshes, (data not
published). In conclusion, the new mesh types investigated in this
study might form the basis of a new option for the future treatment
of fascial defects,

Supporting Information

Figure S1 Schematic of overlay technique. A: Ventral full-
thickness abdominal defect involving the transversalis fascia, rectus
abdominis muscle, and peritoneum. Meshes (dotted green line), in
direct contact with the viscera and skin were sutured with slight
overlay to the abdominal wall, B: Rat incisional hernia model in

PLOS ONE | www.plosone.org

control groups. The defect (dotted red lines) was repaired by
manipulating the contralateral full-thickness abdominal wall (blue
line). Photographs of rat abdominal wall C. At time of mesh
implantation (PA) B. At 7 days of mesh implantation (PA+G) C. At
90 days of mesh implantation (PA+G) representative for all mesh
groups.

(TTF)

Figure $2 H+E stained sections from rats implanted
with synthetic mesh. A. Composite picture showing typical
distribution of mesh filament bundles of PA at 7 days. B.
Composite picture with several mesh filaments of PA at 90 days.
C. Single filament bundles at higher power for control, PA, PA+G,
PEEK and PP mesh after 7 days and. 90 days implantation. *
denotes gelatin around PA filaments.

(TIF)

Figure S3 Biomechanical properties of explanted mesh
types and control on day 7 (- - - lines) and day 90 (—
lines). Explant stiffness is indicated by the slope of the curve, with
stiffer materials possessing a steeper gradient. This is the same data

shown in Figure 3 (means) and in addition includes 95% CI error
bars.
(TIF)
Figure 84 Gradient analysis around the mesh filaments
in 50 pm increments in PEEK meshes (representative
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example for all meshes). A. CD68 positive staining at 7, 30,
60 and 90 days. * p<<0.05, *#: p<<0.001. B. aSMA staining at 7,

30,

60 and 90 days. * p<<0.03, *#*: p<<0.001

(TTF)
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Supplementary Figure 1.

Schematic of overlay technique. A: Ventral fullagkmness abdominal defect involving the
transversalis fascia, rectus abdominis muscle pantbneum. Meshes (dotted green line),
in direct contact with the viscera and skin wereisad with slight overlay to the
abdominal wall, B: Rat incisional hernia model antrol groups. The defect (dotted red
lines) was repaired by manipulating the contradtil-thickness abdominal wall (blue
line). Photographs of rat abdominal wall C. At tiofenesh implantation (PA) B. At 7
days of mesh implantation (PA+G) C. At 90 days esmimplantation (PA+G)

representative for all mesh groups.

Blood
vessels
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Supplementary Figure 2.

H+E stained sections from rats implanted with sgtithmesh. A. Composite picture
showing typical distribution of mesh filament buesliof PA at 7 days. B. Composite
picture with several mesh filaments of PA at 90sd&y. Single filament bundles at higher

power for control, PA, PA+G, PEEK and PP mesh aftdays and. 90 days implantation.
* denotes gelatin around PA filaments.
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Supplementary Figure 3.

Biomechanical properties of explanted mesh typéscantrol on day 7 (- - - lines) and day
90 ( lines). Explant stiffness is indicated by sh@pe of the curve, with stiffer materials
possessing a steeper gradient. This is the saraeskatvn in Figure 3 (means) and in
addition includes 95% CI error bars.
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Supplementary Figure 4.

Gradient analysis around the mesh filaments infddncrements in PEEK meshes

(representative example for all meshes). A. CDGtpe staining at 7, 30, 60 and 90
days. *: p<0.05, ***: p<0.001. BuSMA staining at 7, 30, 60 and 90 days. *: p<0.05; *
p<0.001
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CHAPTER 3

Endometrial MSC in Postmenopausal Endometrium

Mesenchymal stem cells have anti-inflammatory ameshunomodulatory effects when
transplanted into animal models and humans. Iiptesence of pro-inflammatory
cytokines, MSC activate chemokines and generatie oixide to dampen inflammation
(Ren et al. 2008). The clinical utility of intrap@neal administration of endometrial
stromal cells containing eMSC in a mouse modehokphalomyelitis was demonstrated
by their anti-inflammatory effect in a pilot stu@@eron et al. 2012). Since the adverse
effects of mesh implantation are mostly causedhrgrdc inflammation and fibrosis a TE
approach using MSC may provide a mechanism of radubese unwanted side effects.
EMSC are a readily available source of MSC whicksass all key adult stem cell
properties and can be harvested from premenopawsaén without anesthesia by a
simple biopsy procedure (Ulrich et al. 2013). SiR€P manifests predominantly in
postmenopausal women it is important to determihetirer eMSC in menopausal

endometrium are a suitable source for TE applioatio

The endometrium during menopause is thin and atcaple to lack of circulating
hormones, which results in gland inactivity anaplry. The cell yield from
postmenopausal endometrium is low and makes asaifficult. Drs. Rosamilia and
Gargett therefore initiated a phase IV clinicahltof estradiol valerate treatment of
eligible postmenopausal women to thicken postmemsgdaendometrium to allow the
prospectively isolation of eMSC from an endometbialpsy.

This Chapter investigates the key adult stem celp@rties of eMSC in postmenopausal
women either with or without estrogen replacembatapy. Specifically, on eMSC
purified using W5C5-antibody labelled magnetic sead

1) | determined the cloning efficiency,

2) | performed mesodermal differentiation assaydet@rmine multipotency and,

3) I used flow cytometric analysis to determine éSC surface phenotype.

4) |1 also confirmed that the efficacy of estradialerate by measuring endometrial
thickness and luminal and glandular epithelial heigsing image analysis.
Immunohistochemistry was used to determine theowessel density in the endometrium.
| thank Ker Sin Tan for assisting with cell isotatj cell culture, tissue processing, and
staining. | also thank Dr. Anna Rosamilia and DmyACheong for patient recruitment. |
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acknowledge Dr. Amy Cheong for assistance of image acquirement and image analysis of
the histological sections. | also thank Liz Fitzgerald, Yao Han and Pamela Mamers for
their contribution in monitoring the clinical trial and collection of tissue samples. My

thank also goes to Kjiana Schwab and James Deane for helping with the

immunohistochemistry and immunofluorescence.
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ABSTRACT

Study question: Are there mesenchymal stem/ stromal cells in pestpausal
endometrium with adult stem cell properties that loa prospectively isolated from a
biopsy?

Summary answer:Perivascular W5C5cells isolated from postmenopausal endometrial
biopsies displayed characteristic mesenchymal steonmial cell (MSC) properties of
clonogenicity, multipotency and surface phenotypespective of whether women are or
are not pre-treated with estrogen to regenerateridemetrium.

What is known already: Recently MSCs have been identified in human prepausal
endometrium, and can be prospectively isolatedgusisingle marker, W5C5/SUSD2.
Study design, size, durationEndometrial tissue from 17 premenopausal (pre-NI®),
postmenopausal (post-MP) without hormonal treatpaamd 15 postmenopausal women on
estrogen replacement therapy (post-MB)i&as collected through a prospective phase IV
clinical trial over 2 years. Endometrial tissue was$ained from women by biopsy
(curettage) just prior to undergoing hysterectomg assessed for histological and in vitro
analysis of MSC properties.

Participants/materials, setting, methodsPostmenopausal women less than 65 years of
age were treated with or without tor 6-8 weeks prior to tissue collection. Serugn E
levels were determined by estradiol immunoenzynegsgay. The effect of,lBn

endometrial thickness and glandular and luminahepal height was determined using
image analysis. Endometrial tissue was dissociatedsingle cell suspensions and MSC
properties were examined in freshly isolated arattslerm cultured, magnetic bead-
purified W5C5 cells. MSC properties were assessed using clongemesodermal
differentiation in adipogenic, chondrogenic, os&ag and myogenic induction culture

media and surface phenotype by flow cytometricyssdastrogen receptarexpression in
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WS5C5' cells was examined using dual colour immunofluoeese. Vascularity was
analysed using CD34 and alpha smooth muscle awtitunostaining and subsequent
image analysis.

Main results and the role of chancePostmenopausal endometrium exposed,to E
treatment was significantly thicker than untregtedt-MP endometrium (p< 0.05).

A small population of stromal cells with MSC propes was purified with the
W5C5/SUSD2 antibody from postmenopausal endometnumether atrophic from low
circulating estrogen or regenerated from systemstimgen treatment, similar to
premenopausal endometrium. The MSC derived fronmpeErsopausal endometrium
treated with or without Efulfil the minimum MSC criteria: clonogenicity, gace
phenotype (CD29 CD44, CD73, CD105, CD1408, CD146,) and multipotency.
Postmenopausal endometrial MSCs (eMSC) also hanpa@ble properties to
premenopausal eMSC with respect to self renewatio and SUSD2 expression. The
W5C5' cells were located perivascularly as expecteddishdot express estrogen receptor
a.

Limitations, reasons for caution: Theproperties of MSC derived from postmenopausal
endometrium were evaluated in vitro and their Wovissue reconstitution capacity has not
been established as it has for premenopausal eMSC.

Wider implications of the findings: The endometrium is an easily accessible source of
MSC obtainable with minimum morbidity that could liged for future clinical

applications as a cell-based therapy. This studwsthat menopausal women can access
their eMSC by a simple biopsy for use in autologthgsapies whether or not if their
endometrium has been regenerated by short-termeB&rtent, provided they have an

intact uterus and are not contraindicated for stesrh E2 treatment. EMSC in
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postmenopausal women possess key MSC propertiegrarsdpromising source of MSC
independent of a woman’s age.

Study funding/competing interest(s):This study was supported by the National Health
and Medical Research Council (NHMRC) of Australiarg (1021126) (CEG, AR) and
Senior Research Fellowship (1042298) (CEG), Ausimabynaecological Endoscopic
Society grant (AR) and Victorian Government's Operal Infrastructure Support

Program.

Trial registration number: CTNRN12610000563066
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INTRODUCTION

Human mesenchymal stem cells or multipotent strarellé (MSC) have been identified in
almost every adult tissue; bone marrow, adipose¢issynovial membrane and the
endometrium (da Silva Meirelles et al. 2006, Beftrat al. 2007, Schwab and Gargett
2007, Crisan et al. 2008). Originally MSC were itfezd by their adherence to plastic and
differentiation into mesodermal lineages; adipagythondrocytic and osteoblastic
(Prockop 1997, Pittenger et al. 1999). More regantias been shown that bone marrow
MSC (bmMSC) also differentiate into endodermal ardroectodermal lineages (Torrente
and Polli 2008, Morikawa et al. 2009). Cultured M&E highly proliferative with

capacity to produce millions of cells from a singlenogenic cell (Gargett et al. 2009).
MSC have characteristic surface markers includib@®; CD44, CD73, CD105, but not
haematopoietic cell markers CD34, CD45, CD14, CDTID7%, CD19 and HLA-DR
(Dominici et al. 2006, Caplan 2007). The identifioa of more specific markers, Stro-1,
CD146, CD271, has enabled the prospective isolatidSC from bone marrow
(Simmons and Torok-Storb 1991, Gronthos et al. 2808ring et al. 2007). BmMSC
have anti-inflammatory and immunomodulatory prajsrivhich make them an attractive
source for tissue engineering and regenerative smedapplications (Salem and
Thiemermann 2010, Le Blanc and Mougiakakos 2012).

Endometrial MSC (eMSC) were recently discovered @ratacterised in premenopausal
endometrium where they are thought to regeneratsttbmal vascular component of the
functional layer each month (Gargett et al. 20JSC also possess high capacity for
proliferation, differentiate into mesodermal lineagand express characteristic MSC
surface markers, fulfilling the minimal criteriarfdefining MSC (Dominici 2006).

Originally eMSC were prospectively isolated fronmstgrectomy tissue using co-
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expression of 2 markers (CD140b/ PDGFkhd CD146) by FACS sorting (Schwab and
Gargett 2007). EMSC can now be prospectively isdlétom endometrial biopsy tissue
using the single marker W5C5 using magnetic beathgagMasuda et al. 2012). W5C5
recognises an epitope of Sushi Domain containi(@2SD2) molecule
(Sivasubramaniyan et al. 2013). Almost all clonagemdometrial stromal cells were
found in the W5Cbfraction. Similar to CD140CD146 cells, W5C5cells meet the
defining criteria for MSC (Masuda et al 2012). QGigenic stromal cells have also been
identified in postmenopausal endometrium, althailnghsample size examined was small
(n=4) (Schwab et al. 2005). EMSC are an attractougce of MSC as they can be easily
obtained through an office biopsy procedure witremdesthesia or scarring (Gargett et al.
2012) or a simple curettage for many women. Prdsoae being developed for culture
expansion of eMSC under clinical grade Good Martufang Practices (cGMP) conditions
making them an ideal source for future clinical laggtions, particularly in women'’s
health, where they could be used autologously {Rajan et al. 2013).

Clinical conditions for which eMSC could be utiltsas a cell-based therapy may affect
postmenopausal women, for example pelvic orgarapsa (Hunskaar et al. 2005,
Boennelycke et al. 2013, Ulrich et al. 2013). Tted@aMSC have only been characterised
in premenopausal women. Due to hormonal depletiostmenopausal endometrium is
thin and atrophic, difficult to biopsy without arstleesia, and we hypothesized a low yield
of eMSC. However, postmenopausal endometrium lggsfisiant regenerative potential,
particularly when systemic estrogen is administefethick functional endometrium can
be generated and indeed postmenopausal womeniig@isehave born children via IVF
(Paulson et al. 2002).

Therefore, the aim of this study was to determihetiver postmenopausal endometrium

contains a population of eMSC and to characteheed postmenopausal eMSC for
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clonogenicity, mesodermal differentiation, selfewaal and surface phenotype. We
hypothesized that eMSC can be prospectively ishiften endometrial biopsies of
postmenopausal endometrium, that they would beeptes similar frequency as in
premenopausal endometrium and that they posse#argimoperties to premenopausal

eMSC.

MATERIALS AND METHODS

Human tissue and ethical approval

Human endometrial tissue including underlying mytiaen was collected from 17
premenopausal (pre-MP) and 19 postmenopausal ipestlonger than 12 months since
last period) undergoing hysterectomy who were aking hormones (Table 1). We also
collected endometrial biopsies from 15 postmenagasemen on oral estrogen
replacement therapy (post- MPA&EDue to the low endometrial stromal cell yieldrfr
atrophic postmenopausal endometrium, a single &aselV clinical trial was registered
with the Therapeutic Goods Association (CTNRN12&IEHB3066) to treat
postmenopausal women with short term estrogengenerate the endometrium and obtain
higher cell yields for the collection and analysigMSC. The enrolled women (n= 15)
took oral estrogen replacement therapy (Progynovag @aily for 6-8 weeks) which was
ceased 2 days prior to scheduled hysterectomye bidpsy was obtained by curettage just
prior to surgical removal of the uterus. Inclusaiteria were at least 12 months since the
last period and age less than 65 years. Exclusitarion was any condition where
systemic oestrogen use was contra-indicated, imduclirrent/past history of breast
cancer, other oestrogen responsive tumours, lden@ma, thrombo-embolism,
undiagnosed vaginal bleeding, uncontrolled hypsrtnor ongoing oral hormone

replacement therapy (HRT). The women were assdsséltese exclusion criteria by
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urogynaecologist AR. Informed written consent wakamed from each patient and ethics
approval was obtained from the Monash Health HuResearch and Ethics Committee B
and Cabrini HREC.

The collected tissues (n=51) were used for histobd@nd/ or cell culture analysis. Serum
samples were also collected to determine the hoahrstatus of the postmenopausal
women (n=10) and determine circulating estrogepltein the estrogen-treated women
(n=10). Endometrial samples (n=26) collected inemion medium (HEPES-buffered
DMEM/F12 medium containing 5% fetal calf serum &8 antibiotics-antimycotics)

were immediately transported to the laboratory prodessed within 24 hours. Samples
(n=32) were also frozen in OCT for cryostat sectiand fixed for paraffin sections. Blood
from Post-MP and Post-MP+&as drawn and centrifugated at 2000 g for 20 neimat 4

C to collect serum. Estrogen levels were determined competitive binding estradiol

immunoenzymatic assay performed by Monash HealtihoRayy Laboratory.

Histology

Tissues collected for histological analysis weredi in 10% formalin for 24 hours, then
embedded in paraffin and oriented so that thettiitkness endometrium from
myometrium to the lumen could be examined (FigukeC). These were sectioned into
5um sections and stained with haematoxylin anchgéstE) to determine endometrial

thickness.

Immunohistochemistry
To determine the estrogen effect on the luminalgladdular epithelial height, sections
from postmenopausal endometrium were stained Wwelepithelial marker Cytokeratin 18.

To determine the total blood vessel area as a mea$wascularity, sections were
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immune-stained with anti-human CD34, and vesseissied with pericytes and smooth
muscle cells were immune-stained with anti-hum8MA (Abberton et al. 1999). Sections
underwent dewaxing, rehydrating in graded alcohol$ antigen retrieval using citric acid
buffer (0.1M, pH 6.0) by microwaving for 5 minutes high power. After cooling to RT
and three washes in PBS, endogenous peroxidasgusashed by 3% #D,, followed by

a protein block step (Protein Block serum freedye® use, Dako®, Glostrup, Denmark)
for 30 minutes at RT. The primary antibodies (1:160CK18 and CD34, 1:400 for

aSMA) and isotype controls at the same concentrdtg@,, 1gG,,) (all from Dako) were
incubated overnight at 4° C, sections were therhe@snd the EnvisidrSystem HRP
secondary antibody (Mouse Envision Kit, Dako) agglior 30 minutes at RT, respectively
as done previously (Ulrich et al. 2012) . Colouswdgveloped with 3,3'-Diaminobenzidine

(DAB).

Immunofluorescence

To determine the location of the SUSDE2lIs and their estrogen receptostatus,
endometrial tissue was sequentially immunostainigid anti-estrogen receptar{clone
6F11, Leica Microsystems, Australia) followed bycpgrythrin (PE)-conjugated anti-
SUSD?2 (BioLegend, USA) (Masuda et al. 2012). Fnogections were cut at 8um from
OCT embedded tissues, thawed at RT, fixed in 4%fpanaldehyde for 10 minutes,
washed in PBS and treated with 0.2% Triton X-10BBS for 15 minutes. Protein block
(Dako ®) was applied for 30 minutes and sectionseviecubated with anti-estrogen
receptore (1:100) in PBS for 2 hours at RT followed by sedanry anti-mouse Alexa
Fluor 488 (Life Technologies, Australia). Sectiomsre washed three times in PBS,

blocked with mouse IgG for 30 minutes, incubatethwE-anti-SUSD2 (1:100) for 2
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hours at RT, washed three times with PBS, coumtierst with Hoechst 33258 and imaged
on a Nikon C1 confocal microscope.

Image analysis

Three consecutive sections per patient were phapbgd using the Leica® DMR
Microscope at 5- 40x magnification and analysedgisinageJ software. Endometrial
thickness was measured in 3 randomly located regioreach of 3 H&E sections using
the software micrometer and the mean of the 9 rmeamnts obtained for each of the
samples examined. These were used to generate foeaash of the experimental groups
(pre- MP, n= 8; post- MP, n=10; post- MP+B=10). Similarly, luminal and glandular
epithelial height was measured on 3 different liocet or gland profiles from 3 separate
sections and the mean of 9 measurements from eagbles was obtained and used to
generate means for the same 3 groups for both alraimd glandular height.

To assess vascularity, the positive area for CD@&MA stained samples (n=8 for post-
MP, n=10 for post- MP+g was analysed using Metamorph ® image analysisvaoé
(Ulrich et al. 2012). The percentage area was Gkt as the positive area detected by
Metamorph divided by the total endometrial areanfebimages obtained from 2 sections

for each sample.

Endometrial stromal cell isolation and culture

Single cells were obtained as published previo(Shan et al. 2004, Schwab and Gargett
2007) from 8 pre-MP, 13 post- MP, and 8 post- MpPs&mples. Briefly, the endometrium
was finely minced, then dissociated in 5% collagena\Worthington Biochemical
Corporation, Lakewood, NJ, USA), 4@/ml deoxyribonuclease type | (Worthington
Biochemical Corporation), and DMEM/F-12 medium @ning 15 mM HEPES buffer

(Invitrogen, Auckland, New Zealand). Following disgtion, the cells were filtered
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through a 40m cell strainer (BD Biosciences, Durham, NC, USé&pbtain the stromal
fraction. Stromal single cell suspensions wererag®ver Ficoll-Paque PLUS (GE
healthcare Bio-Sciences AB, Uppsala, Sweden) antilifteged to remove red blood cells.
The endometrial stromal cells were used fresh tiuid for 1 passage in DMEM medium
containing 10% fetal calf serum (Invitrogen), 5%ikiotics-antimycotics and 2 mM
glutamine (Invitrogen) to obtain sufficient cellmbers for experiments. Cells were
harvested by TrypLE Express (Life Technologies, idaied, New Zealand) and eMSC
were extracted using magnetic beads conjugatdtetdlbC5 antibody as described
(Masuda et al. 2012). Briefly, cell suspensionstfufix10 cells / 100 pl) were labelled
with the phycoerythrin (PE)-conjugated W5C5 antip@Biolegend, San Diego, CA,
USA) in 0.5 % Fetal Calf Serum in PBS (Bead Medidion)30 minutes at 4C followed by
3 washing steps in PBS, then incubated for 30 resint the dark with the anti-PE
antibody-conjugated MACS MicroBeads (Miltenyi BiofdBergisch Gladbach, Germany).
Up to 1x16 cells / 500ul were applied to MS columns (Miltenyi Biotec) imeagnetic
field, followed by washing the column with 5d@Bead Medium three times. The W5C5
cells passed through the column, magnetically lad&5C5 cells were retained. The
columns were removed from the magnetic field and>8/=ells were flushed out with 1
ml of Bead Medium. The W5C%ells were assayed for cloning efficiency, and the
remaining cells were cultured for one more passagedifferentiation assays and

phenotyping.

MSC functional properties
Clonogenicity was determined by seeding fresh atiied W5C5 cells at clonal density
(10 and 50 cells/cf on fibronectin-coated 100 mm tissue culture g4RD Biosciences,

San Jose, California, USA). Cells were incubate74C in 5% CQ incubator for at least

72



2 weeks; DMEM media supplemented with 10ng/ml human fibroblastwh factor 2
(FGF2; Millipore, Billerica, MA) (F-DMEM) was changed weekly. Colonies were
monitored microscopically to ensure they were dmtifrom single cells. Large clones
were harvested in cloning rings using TrypLE Exprasd subcloned twice, at seeding
densities of 5-10 cells/chiGargett et al. 2009).

For differentiation, P2 W5Cxells were cultured in 4 well plates on coversipd X 10
cells/ cnf using specific induction media to obtain adipocytesteoblasts and
chondrocytes and smooth muscle cells as previaledgribed (Gargett et al. 2009).
Controls were cultured in DMEMmedium. After 4 weeks, adipogenic differentiatioas
evaluated by detection of lipid accumulation usiilged O staining; osteogenic
differentiation was evaluated by histochemical diéb@ of mineral calcium with Alkaline
Phosphatase staining; myogenic differentiation exaduated by detection of
myofibroblasts and smooth muscle cells using agrhaeoth muscle staining as described
previously (Rajaraman et al. 2013). For chondrogéifferentiation, 3-5x10cells were
cultured as a micromass pellet in a centrifuge tnk@ondrogenic differentiation medium
for 4 weeks. The pellet was fixed in 10% formaémbedded in 4% Agar, processed
through graded alcohols and xylene, then embeddpdraffin and cut into 5Sum sections.
Chondrocyte matrix production was visualized ughigjan blue staining and
photographed using a Leica microscope at 10x miagtidn (Rajaraman et al. 2013) .
Differentiation capacity was scored as 0 (no défgration), 1(< than 50% of the cells
differentiated), and 2 (> 50% of the cells diffetiated).

To determine the phenotype of the postmenopaus&lSVéells, single-colour flow
cytometry on P1 cells was used for known MSC serfaleenotype markers (W5C5,
CD140b (PDGFRR) (R&D Systems, Minneapolis, MN, USBIP146 (CC9 culture

supernatant, kind gift from Prof David Haylock, &&l, Clayton, Victoria, Australia),
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CD29 (BD Biosciences, San Jose, California, USA)4€ (BD Biosciences), CD73 (BD
Biosciences), CD105 (BD Biosciences) as previodshcribed (Masuda et al. 2012).
Contaminating cells were analysed using haemattp@@D34; BD Biosciences) and
myeloid cell makers (CD45; BD Biosciences). Corgnkre isotype matched IgG used at
the same concentration as primary antibodies. Amim of 5 x 10 cells for controls and
for surface markers of interest were incubated witlividual antibodies in separate tubes
for 30 min at 4C, followed by incubation with a Ribelled anti-mouse IgGecondary
antibody (BD Biosciences). Cells were centrifugad washed at 4C with Bench Medium
after each incubation and examined in a MoFlo® Xd@R sorter (Beckman Coulter). The
initial selection of cells for analysis was basedlwe forward versus side scatter profile.
The percentage of positive cells was based on tg@al setting of gates to < 2% positive

cells (Masuda et al. 2012) and analysed by Sumaiitv@re v5.2.

Statistics

GraphPad Prism v5 was used for statistical analigasults are reported as median (range)
or mean + SEM for each group. Since the data wenaally distributed (D'Agostino &
Pearson omnibus normality test), one way ANOVA Hiadim- Sidak post hoc test for
pairwise comparisons were undertaken for assessvhdifferences between groups. P

values < 0.05 were considered as statisticallyifsogmt.

RESULTS

The mean age of the patients and other demographéeneters are shown in Table 1. The
premenopausal women were significantly younger @megbto the two postmenopausal
groups (p< 0.01). Median time since the last measperiod was 13 (10-20) years for the

E, treated women and 9 (1-15) for the nartfeated women (p< 0.05).
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Mean serum Elevels for women treated withy ®ere significantly higher than for

postmenopausal women without tEeatment (Table 1).

Evidence of estrogen effects on estrogen-treatstimmopausal endometrium

To demonstrate that postmenopausal endometriunmesgsnsive to £(Progynova)
treatment we examined endometrial thickness andreattial epithelial cell height. To
assess the thickness of the postmenopausal endamete used H+E stained sections
(Figure 1 A-C). Pre- MP and post- MPA&ndometrium were significantly thicker than
post-MP (p< 0.05) (Figure 1D). Systemic estrogeelealso influence the height of
endometrial epithelium (Gomes et al. 1997). In Chth&unostained tissue, there was a
trend towards higher luminal epithelium (LiB)the premenopausal women compared to
the postmenopausal groups, although this was goifisant (p> 0.05) (Figure 1E).
Glandular epithelial (GE) height was measured enlthsalis layer of pre-MP endometrium
since there was no clearly distinguishable funetiisriayer in the post- MP groups and
previous studies have shown that postmenopaughképm has a similar gene expression
profile as the basalis of postmenopausal epithe{(Nguyen et al. 2012). GE height was
similar in the menopausal tissues and there waliffesence between pre- MP and
postmenopausal women treated with or withoutfigure 1F). There was also no
significant difference between the GE height ofdbgtands and those adjacent to the LE

(results not shown).

Quantification SUSD2/W5C=cells in postmenopausal endometrium
We next measured the proportion of endometriahsataells that expressed the eMSC
marker, SUSD2 in freshly dissociated samples. Teamstromal cell yield from

endometrial tissue of estrogen treated women wéas 10 + 4.8x 10 (n=4) and 0.7 x 10
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+ 0.3 x 10 (n=4) for the untreated women per 1 gram of tistumufficient cell numbers
were obtained from 3 postmenopausal samples witgttbgen treatment after the
isolation procedure and could not be used for tinhér experiments. To determine the
percentage of W5Cells present in stromal cells cultured from Pd3téhdometrium,
cells at passage one (P1) were harvested by trypbielled with W5C5 antibodies and
passed through a magnetic bead column to sele@®V8@5 cells, which were then
counted. In post- MP+ 1 cultures, 3.7+ 1.8% (n=7) of the cells were W5CB8lls

which compares with 7.7 £ 6.3% (n=8) in post- MRtures (p=0.69).

Surface phenotype of human postmenopausal endamatsiCs cells

Cultured W5CS5 cells were analysed for expression of typical M@@notypic markers
(Dominici et al. 2006) using flow cytometry (Figu2d). The postmenopausal W5C5
cells expressed MSC markers as shown in Tablel®witany significant differences

between the two postmenopausal groups.

Multi-lineage differentiation of postmenopausal emtrial W5C5 cells

We next examined whether the postmenopausal WBES could undergo multilineage
differentiation, a key MSC property (Dominici et 2D06). W5C5 cells derived from
postmenopausal endometrium from women treated (witl6) or without estrogen (n= 6)
differentiated into adipocytes to a similar extesien cultured in adipogenic induction
medium (Figure 2B, Table 3). Similarly, W5Ce&ells derived from women treated with
and without k& differentiated into chondrocytes producing a tagthous-like Alcian Blue
stained matrix (Figure 2C). W5CS8ells cultured in osteogenic induction medium
differentiated into osteocytes, shown by alkalihegphatase reactivity (Figure 2D).

Similarly W5C5  cells cultured in myogenic induction medium diéfetiated intax-SMA-
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expressing smooth muscle cells (Figure 2E). Thex® mo difference in the capacity of
W5C5' cells obtained from postMP or postMPséhdometrium to undergo multilineage

differentiation (Table 3).

Clonogenicity and serial cloning of postmenopaesalometrial W5Cb5cells

MSC are clonogenic and we therefore examined theogenicity of P1 W5Chcells
derived from pre- and postmenopausal endometriuguf€ 3A, B). The mean cloning
efficiency for W5C5 cells from Post- MP+ Ewas 3.4 + 0.9 %, n=6), and comparable to
Post- MP (3.7 £ 0.4 %, n=8) but statistically lovilean P1 Pre-MP (8.83 + 0.4, n=6)
(Figure 3C). The clonogenicity of fresh (PO) preP ldnd post-MP+ Ewas similar with
cloning efficiencies of 3.8 £ 0.9 % vs 1.8 + 0.1 f@spectively. Both Post-MP and Post-
MP+E, W5C5' cells underwent substantial self renewal by undegyserial cloning at
least three times (Figure 3D). The cloning efficignf secondary (S1) and tertiary (S2)
clones was significantly higher in premenopausalgared to postmenopausal samples as
shown in Figure 3D. The cloning efficiency of PP and post-MP+BN5C5" was

double that of freshly isolated Pre-MP cells (resabt shown).

Location of SUSD2/W5C5 in postmenopausal endomatriu

Since premenopausal eMSC reside in a perivas@gdation in both functionalis and
basalis (Schwab and Gargett 2007, Masuda et a2)2@& investigated the localization of
the W5CS5 cells in postmenopausal sections by dual- colmmuinofluorescence.
Postmenopausal W5C8ells were similarly identified in a perivasculacation in both
small and large vessels throughout the endometfitigure 4A, B). Since estrogen drives
endometrial growth in postmenopausal women we exatdnvhether they expressed

estrogen receptot: (ER0). None of the W5C5cells expressed BReven though ER
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stained some glandular epithelial and stromal ¢elsoth Post- MP and Post- MP+ We
then looked at the effect of estrogen treatmentesmsel density in postmenopausal
endometrium. We stained the endometrium with C23ahark the endothelial cells
(Figure 5A, B) and detect both capillaries and éangessels, andSMA to distinguish

larger vessels from capillaries (Figure 5D, E). #Mend no significant differences between

the postmenopausal groups with or without estraggatment (Figure 5C, F).

DISCUSSION

In this study we report the first characterisatddan eMSC population in postmenopausal
endometrium from women treated with or without @gén for 8 weeks. We show that
postmenopausal endometrium, whether atrophic fawncirculating estrogen levels or
regenerated from short term systemic estrogemtie@t contains a small population of
stromal cells with MSC properties. These postmensaeeMSC can be obtained by
magnetic bead sorting with the W5C5/SUSD?2 antibaslyd to purify eMSC from
premenopausal endometrium. We also demonstrateddabimenopausal eMSC can be
obtained from a biopsy as is the case for premarsgh@&MSC, particularly after 6-8
weeks oral Etreatment. As the endometrium is an easily acolessource of MSC,
obtainable with minimum morbidity for potential usefuture clinical applications, it is
important to know whether postmenopausal womeracaass their eMSC for autologous
cell-based therapies provided they have an intactis.

The eMSC derived from postmenopausal endometriliththe defining MSC criteria:
clonogenicity, surface phenotype and multipotesaggesting that eMSC are retained in
the endometrium following menopause. The postmamaaeMSC also have comparable
properties to premenopausal eMSC with respectitoeseewal in vitro and SUSD2

expression. We demonstrated that the postmendpadSC derived from women treated

78



with or without & had comparable clonogenicity, albeit at lower Iswwempared to that of
cultured premenopausal eMSC. Due to low cell yielgs could only determine
clonogenicity in P1 W5C5cells in most samples of untreated post-MP encioumet The
clonogenicity (cloning efficiency) in P1 W5CB8ells was double that of fresh (P0) W5C5
cells from pre- MP and post-MP+ ihdicating selection for clonogenic cells in prima
cultures.(Masuda et al. 2012).The surface phenatfpé5C5 cells was also similar
between premenopausal and the two postmenopawsgigsuggesting that eMSC remain
in postmenopausal endometrium and may be resperfsibE, mediated regeneration of
the stromal vascular components. The eMSC of eédbgogen-treated or non-treated
postmenopausal endometrium differentiated to alairdegree, but less than for
premenopausal eMSC. This together with the lowamiohg efficiencies and self renewal
properties suggests that postmenopausal eMSC reaystome potency as they age, similar
to MSC from other sources such as bone marrowenfotd loss of bmMSC activity
occurs during the first 10 years of life and conés to decrease over the lifespan
(Haynesworth et al. 1993). Whether eMSC potencyirdshes to the same extent as
bmMSC over the lifespan is unknown.

Short term estrogen treatment appears to be eféeftir obtaining adequate yields of
endometrial cells because post-MP endometrium iapedienerated to more than double
its original thickness. As demonstrated previoElginger et al. 1997), we found a thicker
endometrium in the estradiol-treated women compgrgastmenopausal controls. The
percentage of W5CHafter magnetic bead selection was similar in thdoenetrium of &
treated and non-treated women suggesting thati@edgbool of eMSC is maintained per
unit volume of tissue. However the increased altsalalume of endometrial tissue in E
treated women allows for greater yields of eMSCingportant consideration for future

cell-based therapies. The high degree of varighitithe yield of W5C5cells in post-MP
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compared to post-MP+HEBamples indicates the difficulty in harvestingsélom non-
treated women and also suggests that dietary xegngess and other undocumented
supplements could also have an influence. Altevebtj there may be a dilution effect of
WH5C5' cells in regenerating endometrial “functionaliftea E, treatment, perhaps
suggesting that the basalis layer may be the noairce of MSC responsible for
endometrial regeneration.

Small and large vessel profiles are present inlaimumbers in the endometrium of
postmenopausal women treated with and withguguggesting that short term estrogen
therapy does not remodel the vasculature, but gesvihe regenerating “functionalis”
layer with a similar degree of vascularity as afioggndometrium. Our study, also
confirms a previously reported lack of differemcerascularity observed between
hormone-treated and non-treated premenopausal extdom as determined by
semiquantitative CD34 immunohistochemistry (Hicle¢yal. 1996). This study also
reported a similar vascularity between atrophiedl @rcling endometrium.

The luminal epithelial height did not differ betwethe two postmenopausal groups in
contrast to previous findings (Gomes et al. 199#)s could be due to the shorter E
treatment time in our study, 6-8 weeks versus threeths in the Gomes et al study,
possibly not long enough to remodel the surfacthefpum. The glandular epithelial height
did not show significant differences either and wesasured in the basalis layer of
premenopausal women. These findings suggest thdttelhm E treatment has little
impact on the endometrial epithelium, suggestirag this approach is safe for those
women who are not contraindicated for taking E

Hormone replacement therapy (HRT) is offered tampesopausal women to relieve
menopausal symptoms (Pines et al. 2012), with g@stroeplacement therapy confined to

hysterectomised women. Short term oralr&pidly increases endometrial growth
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suggesting that an approximately 8 week treatnsestfficient to obtain a reasonably
thick endometrium (Ettinger et al. 1997). Long tdmfi2 months) unopposed estrogen
given to postmenopausal women may result in endaahbyperplasia or even
endometrial malignancies (Furness et al. 2012)ttbsitis unlikely in an 8 week treatment
for harvesting eMSC It is not quite clear howrEgenerates the endometrium since
W5C5+ perivascular cells did not expressoEER finding which agrees with studies in
mouse endometrium where epithelial and stromal kabaining cells (marker of slow
cycling stem/progenitor cells) are alsod&Regative do not express estrogen receptors
(Chan et al. 2012). It was hypothesized that esttagduced endometrial growth is
mediated by stem/progenitor cells indirectly mestiatia estrogen receptors on their
neighbouring niche cells (Gargett 2007). Our staldp showed that eMSC survived in the
absence of estrogen and do not requireoEtrophic support as they were present in
similar proportion in untreated atrophic angtieated post- MP endometrium.

For this study we only supplemented women withamti@indicated medical conditions
with 2 mg Progynova daily for 6- 8 weeks and fomadassociated adverse effects. The
participants were closely monitored. An initial dag one mg Progynova was insufficient
to increase endometrial thickness to yield sigaificnumbers of cells (unpublished

observation).

Premenopausal endometrium is a highly regeneraiisee, undergoing shedding and
regeneration on a 4 weekly basis during the mealstiycle generating up to 10 mm of
new mucosa during each proliferative stage (Gaggett. 2012). Endometrium is one of
the few tissues where MSC can be obtained withoagésthesia, invasive and painful
interventions, particularly in parous women. MS@nfrthe endometrium provide a readily

accessible alternate source of MSC for use inlsled therapies as there are no ethical
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issues compared to embryonic stem cells (Ulrichl.€2013). It appears that eMSC reside
in the endometrium after a woman'’s fertile yeargeheeased. We show for the first time
that these eMSC can be readily harvested from posipausal women using an office
based biopsy, irrespective of whether they are@nat particularly if they are pre-treated
with estrogen to regenerate the endometrium, affhgields are greater in E2-treated
women. The human endometrium is therefore a progisource of MSC independent of a
woman’s age.
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FIGURE LEGENDS

Figure 1 Effect of oral estrogen on postmenopausal endamettompared with
premenopausal endometrium.

H+E stained endometrium from hysterectomy tissng#\) pre- MP, (B) post- MP, (C)
post- MP+Ek. Dotted line indicates border between endometamech myometrium. Scale
bar 200 um. (D) endometrial thickness, (E) lumigaithelial (LE) height, and (F)

glandular epithelial (GE) height measured in thedltia layer of Pre-MP endometrium .

Bars are meati SEM of n =6 samples/group. *P < 0.05.
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Figure 2

Properties of postmenopausal eMSC: (A) surface @iype showing representative flow
cytometric analysis of P1 cultured postmenopausaC® cells from a single

representative sample from a woman treated with)(eEwithout (-E) oral estrogen for

6-8 weeks. Aggregate data is shown in Table 2. iNgage differentiation of P1 W5C5
cells from post- MP+Eendometrium in various induction media for 4 we@&s

adipocytes stained with Oil Red O, (C) chondrocyted nuclei) showing production of
Alcian Blue stained cartilage-like matrix, (D) alikee phosphatase positive osteoblasts and
(E) smooth muscle cells immunostained watsmooth muscle actin. Insets are stained

control cultures. Scale bars; B, D and E 100 pur@s5@m.
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Figure 3

Cloning efficiency and serial cloning analysis feeasuring clonogenicity and self-
renewal of human endometrial pre- and postmenopataC. Representative cloning
plates of (A) post-MP and (B) post-MP#+®/5C5’ cells. Arrows show individual clones
removed for serial cloning. Clonogenicity of (C) RIBC5' cells from pre-MP, post-MP
and post- MP+ Esamples and (D) at each round of serial clonirgguRs are means +
SEM (n=6/group). **Significant difference betweeregMP and post-MP (P < 0.01) and
post- MP+k (** P < 0.01). *P < 0.05, **P<0.001. SO, firstahing; S1, first serial

cloning (secondary clones); S2, second serial op(tertiary clones).
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Figure 4

W5C5' perivascular cells do not expresscERual colour immunofluorescence of (A)
post- MP and (B) post- MPEndometrial tissue. W5C%ells around blood vessels
fluoresce red, nuclei ERfluoresces greerscale bar 20 um. Arrow indicates

representative perivascular W5Q&lls.
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Figure 5

Vessel profiles in postmenopausal endometrium. Ciddunostained (A) post- MP and
(B) post- MP+Ek endometrium with (C) immunoquantification showitgof CD34

positive area. Dotted lines show endometrial myoiadiorder. Alpha-SMA
immunostained (D) post- MP, and (E) post- MR€Bdometrium counterstained with
haematoxylin, with (F) immunoquantification showiganSMA positive area. Scale bar in

A+B 100 um, D+E 200 pum. Bars are mearSEM of n= 8 post-MP and n= 10 post-

MP+E;.
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Table 1. Patient characteristics

Pre- MP post- MP post- MP+E (n=15) p-value
(n=17) (n=19)
Age (yr) 4313 60+1 6443 P <0.01
BMI (kg/m?) 26.4+1.6 25.4+2.0 25.4+4.3 NS
POP-Q stage* 1.2+0.2 1.6+0.2 1.7+0.2 NS
Serum E (pmol/L) n.d. 88+ 9.6 273+ 58.2 P <0.05

Data are presented as mean (£ SEM). Pre- MP, prgmaesal, post- MP, postmenopausal,

post- MP+ E postmenopausal with,reatment, k estrogen. NS, not significant. *

reference for POP-Q (Bump et al. 1996). N.D., rotel
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Table 2 MSC surface marker characteristics of P1 postmaumsgd samples.

Post- MP (n=9) | Post- MP+E p- value
(n=8)

CD29 98.7+ 0.26 96.0+1.6 Ns
CD44 945+35 92.8+2.8 Ns
CD73 85.8+12.0 93.3+2.6 Ns
CD105 73.3+16.3 83.7+74 Ns
CD146 27.2+5.6 42.0+5.9 Ns
CD140b 32.0+141 39.8+14.5 Ns
W5C5 35.4+£27.2 53.1£27.2 Ns
CD34 0.8+0.8 01+01 Ns
CD45 6.1+2.0 1.3+0.6 0.02

Data are from single colour flow cytometric anagyand presented as meanz SEM. Ns, not

significant

Table 3 Differentiation score of P1 postmenopausal sampléisired in mesodermal
induction media.

Post- MP (n=6) Post- MP+,n=6) p- value
Adipogenic 1.2+0.3 1.3+0.2 Ns
Chondrogenic 1.3+0.3 1.8+0.2 Ns
Myogenic 16+0.2 20+0.0 Ns
Osteogenic 16+0.2 1.8+£0.2 Ns

Data are presented as mean+ SEM. Ns, not significan

Score; 0 no differentiation; 1, <50% of the celswed differentiation; 2, >50% of the

cells showed differentiation.
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CHAPTER 4

A Tissue Engineering Construct for POP repair

TE uses the combination of cells and materialsettegate an implantable construct which
aims to restore, maintain, or improve tissue furctr a whole organ (Langer and Vacanti
1993). As POP occurs through damage to the vagialhifascia, injury to the pelvic
musculature and ligament rupture, a new treatmgtnbro using a TE approach is needed
to repair and replace the damaged tissue. Altergigita TE approach using eMSC may
improve tissue integration and modify the foreigmly reaction to new materials. A large
number of studies have shown beneficial effectBEbapproaches for other injuries. No
TE attempts have been undertaken for POP reptieatommencement of this thesis.
There were only trials to generate a vaginal reptant for congenital disorders (De
Philippo et al. 2008).

In this chapter | developed a preclinical animabeido test TE constructs, comprising
eMSC and our novel materials (Chapter 2) in an imocompromised nude rat model of
wound repair. This model was designed to purelyrema the effect of eMSC on fascial
repair in contrast to the abdominal hernia modetnetine pressure of the abdominal
organs could influence mesh properties. The W5@8s were tested for MSC properties
using cloning efficiency, differentiation assaysl gghenotype analysis (FACS). | thank
Ker Sin Tan for assisting in the evaluation of &hWSC stem cell properties. Prior to
implanting the TE construct, | tested various kelling techniques to identify the label
with the least adverse effects on cell viabilitylaso remained in the cells for a
prolonged period in culture. | surgically implantde meshes with the labelled eMSC or
without (control) into nude rats and evaluated mber of outcomes. Cell survival was
determined using flow cytometric analysis. Vasaaktron, inflammation and collagen
deposition were evaluated using immunohistocheyn&sid image analysis | had
developed for aim 1 (Chapter 2). In this studyclunled hydroxyproline assays and SDS
PAGE gel analysis to quantify the amount of colfagad the collagen type I/lll ratio as
developed by our collaborators at CSIRO. | thankd2i Su for developing and
optimizing these assays and protocols and for paifg large parts of these experiments.
| also thank Dr. Sharon Edwards for performingriexhanical testing and analysis to

evaluate the mechanical properties of the mesheseadplantation.
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Human Endometrial Mesenchymal Stem Cells Modulate
the Tissue Response and Mechanical Behavior of Polyamide
Mesh Implants for Pelvic Organ Prolapse Repair
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Background: Pelvic organ prolapse (POP) is defined as the descent of one or more of the pelvic structures into the
vagina and includes uterine, vaginal vault, and anterior or posterior vaginal wall prolapse. The treatment of POP
may include implantation of a synthetic mesh. However, the long-term benefit of mesh surgery is controversial
due to complications such as mesh exposure or pain. The aim of this study was to use a tissue engineering (TE)
approach to assess the in vivo biological and biomechanical behavior of a new gelatin/polyamide mesh, seeded
with a novel source of mesenchymal stem cells in a subcutaneous rat model of wound repair.

Methods: W5C5-enriched human endometrial mesenchymal stem cells (eMSC) were seeded onto meshes (gel-
atin-coated polyamide knit) at 100,000 cells/cm?. Meshes, with or without cells were subcutaneously implanted
dorsally in immunocompromised rats for 7, 30, 60, and 90 days. Flow cytometry was used to detect DiO labeled
cells after explantation. Immunohistochemical assessment of foreign body reaction and tissue integration were
conducted. Total collagen and the levels of collagens type III and type I were determined. Uniaxial tensiometry
was performed on explanted meshes, originally seeded with and without cells, at days 7 and 90.

Results: Implanted meshes were well tolerated, with labeled cells detected on the mesh up to 14 days postimplantation.
Meshes with cells promoted significantly more neovascularization at 7 days (p <0.05) and attracted fewer macrophages
at 90 days (p<0.05). Similarly, leukocyte infiltration was significantly lower in the cell-seeded meshes at 90 days
(p<0.05). Meshes with cells were generally less stiff than those without cells, after 7 and 90 days implantation.
Conclusion: The TE approach used in this study significantly reduced the number of inflammatory cells around the
implanted mesh and promoted neovascularization. Seeding with eMSC exerts an anti-inflammatory effect and pro-
motes wound repair with new tissue growth and minimal fibrosis, and produces mesh with greater extensibility. Cell
seeding onto polyamide/gelatin mesh improves mesh biocompatibility and may be an alternative option for future
treatment of POP.

Introduction

PEI_VIC ORGAN PROLAPSE (POP) is defined as the descent of
one or more of the anterior or posterior vaginal wall, the
uterus, or the apex of the vagina after hysterectomy.! POP
commonly occurs several years after childbirth, but aging
and obesity also contribute to the pathophysiology.* Almost
one in four women in the United States suffers from one or
more symptoms of POP, with urinary incontinence the most
common.” Other symptoms include sexual dysfunction,
discomfort due to tissue protrusion, back pain, and voiding
or defecatory difficulty. Symptoms range in severity and

depend, in part, on the degree and type of prolapse. While
less severe stages of POP can be managed conservatively,
more severe stages, or symptoms affecting the patient’s
quality of life, often require surgical repair. Due to reports of
the high objective failure rate of native tissue surgery re-
construction (up to 35% in the long term), synthetic meshes
were introduced to augment POP surgery, with better ana-
tomical success rates in the long term."” Polypropylene (PP)
meshes are the most commonly used meshes and are knitted
from monofilaments to produce a relatively large pore size
for allowing tissue ingrowth.® These current therapies pro-
vide support but do not replace lost or damaged tissues of
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the pelvic support structures including the pelvic floor
musculature, endopelvic fascia, and ljgaments.7 A recent
FDA report warned of the complications associated with the use
of PP mesh for vaginal surgery.*” Implanted meshes initiate an
inflammatory reaction involving cells of the innate immune
system, which results in the initial production of neotissue.
However, the new tissue develops into scar tissue, which is
weaker and more rigid than normal healthy tissue.'*! This
may translate into significant long-term complications of
varying severity including mesh contraction, pain, and vaginal
exposure or rarely erosion to adjacent viscera; these complica-
tions have been reported in up to 29% of cases.'”

Tissue engineering (TE) approaches have been used in dif-
ferent medical areas to improve long-term outcomes of surgical
interventions. Bone marrow mesenchymal stem cells (bmMSC)
are believed to regulate the repair process in injured tissue sites
by interacting with essential endogenous cells involved in the
healing process; fibroblasts, endothelial, and epithelial cells.?
Mouse muscle-derived stem cells cultured on porcine small
intestinal submucosa (SIS) collagen (Cook, Biotech®™), and im-
planted as a TE construct into rat vaginal defects, stimulated
vaginal tissue repair by promoting epithelial regeneration and
reducing fibrosis." Clinically, SIS has been trialed for POP
restoration with very limited success compared with conven-
tional synthetic mesh types.15 More recently, it was shown that
Vicryl® hernia meshes seeded with bmMSC were associated
with less adhesions in a rat abdominal hernia model compared
with cell-free hernia meshes.'® This study also found that mesh
pore size played a major role in cell attachment and prolifer-
ation, with mesh pores larger than 3mm prohibiting cell at-
tachment.'® We have identified and characterized human
endometrial mesenchymal stem cells (eMSC) as an easily ob-
tainable source of mesenchymal stem cells (MSC) by minimal
invasive procedures not requiring an anesthetic.'”'® In con-
trast, bmMSC and adipose tissue MSC require procurement
methods necessitating local or general anesthesia and signifi-
cant discomfort. Methods have been developed to isolate the
eMSC prospectively using the CD146 and CD140b'%?* or the
W5C5 markers.” We have recently shown that it should be
possible to prepare suitable quantities of eMSC under good
manufacturing practice (GMP) for clinical application.” More
recently, given the perceived issues with some of the clinical PP
meshes, we have also developed new meshes from alternative
biomaterials, with some improved mechanical properties™ and
shown that a gelatin-coated polyamide mesh had improved
tissue integration in a rat abdominal hernia model, compared
with a conventional PP clinical mesh.

The aim of this study was to determine the in vivo host
tissue response and biomechanical properties of a new gelatin-
coated polyamide knitted mesh seeded with eMSC using a rat
wound model as a preclinical model for POP repair surgery.

Materials and Methods
Human tissue

Informed written consent was obtained from each patient
and ethics approval was obtained from the Southern Health
Human Research and Ethics Committee B. Human endo-
metrial tissue was collected from two patients undergoing
hysterectomy and isolated cells were obtained as published
previously.® Briefly, the endometrium was scraped from the
myometrium and finely minced, then digested in collagenase

ULRICH ET AL.

I and DNase 1 in Dulbecco’s modified Eagle’s medium
(DMEM)/F12 culture medium (Life Technologies) in 5% CO,
in air at 37°C. Following digestion, the cells were filtered
through a cell strainer to obtain the stromal fraction followed
by Ficoll Paque to remove red blood cells. The eMSC were
extracted using magnetic beads and the single marker anti-
body, W5C5 as described recently.® The cells were cultured
in DMEM/F12 medium containing 10% fetal calf serum, 1%
antibiotic-antimycotic (100 U/mL  penicillin, 100 pg/mL
streptamycin, 0.25 pg/mL fungizone; Life Technologies), and
2mM glutamine (culture medium) up to passage 6 (P6) to
obtain sufficient cell numbers for implantation into rats.

Properties of cultured W5C5" adherent cells

As MSC are known to change their properties in culture,
analysis of colony-forming unit activity and differentiation
assays were performed on P6 cells to determine MSC prop-
erties as previously described.'®*! Briefly, cloning efficiency
was determined by seeding the W5C5 bead-sorted cells at
clonal densities (50-200 cells/cm?) on fibronectin (10 pg/
mL)-coated 100 mm diameter culture dishes. Cells were in-
cubated at 37°C in 5% CO; for at least 2 weeks with weekly
media changes. Cloning efficiency was compared with PO
W5C5" eMSC, as previously published.®

To assess multipotency, the P6 cells were cultured in four-
well plates in specific adipogenic, chondrogenic, smooth mus-
cle cell, and osteoblast differentiation induction media for 4
weeks as described previously.'®* Adipogenic differentiation
was evaluated using Oil red O staining to detect lipid droplet
accumulation; chondrogenic differentiation by Alcian blue
staining; myogenic differentiation by alpha-smooth muscle
actin (xSMA) immunostaining; and osteogenic differentiation
by alkaline phosphatase histochemistry (Sigma-Aldrich).

Surface marker phenotyping by flow cytometry

Phenotyping of eMSC was done by single-color flow cy-
tometry using known eMSC surface phenotypic markers
(W5C5, CD140b, and CD146)°°%** and more general MSC
markers (CD29, CD44, CD73, and CD105)* and for negative
markers CD34 (hematopoietic marker) and CD45 (myeloid
cells) as previously published®*® (details of antibodies
shown in Table 1). A minimum of 50,000 P6 eMSC were
incubated with individual antibodies in separate tubes.
Phycoerythrin-labeled secondary antibodies were used to
detect labeled cells using a MoFlo® XDP cell sorter (Beckman
Coulter). Data were analyzed using Summit Software v5.2.
The percentage of positive cells was based on IgG isotype
antibodies used for control setting of gates.

Cell labeling

Before implantation, P6 cells were labeled with Vybrant™
DiO reagent (Life Technologies) according to the manufac-
turer’s instructions. Briefly, cells were incubated with 5uL
DiO for 2 min at 37°C and excess dye was then removed by
three washes in phosphate-buffered saline (PBS). The labeled
cells were detected using a 540/30 bandpass filter.

Preparation of eMSC-seeded mesh constructs

Polyamide meshes were warp knitted and gelatin coated
(PA +G) by dip-coating in 12% porcine gelatin, as previously
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TABLE 1. ANTIBODIES USED FOR FLOW CYTOMETRY

Primary antibody Clone Concentration (ug/mL) Isotype Supplier

CD29 mAb13 10 Rat IgG2a BD Pharmingen

CD31 M89ID3 10 Mouse IgG2a BD Pharmingen

CD44 G44-26 10 Mouse IgG2b BD Pharmingen

CD45 HI30 10 Mouse IgG1 CALTAG Laboratories

CD73 AD2 10 Mouse IgG1 BD Pharmingen

CD90 5E10 10 Mouse IgG1 BD Pharmingen

CD105 266 10 Mouse IgG1 BD Pharmingen

CD140b (PDGFRp) PR7212 25 Mouse I1gG1 R&D Systems

CD146 CC9 25 Mouse IgG2a Donated by P. Simmons,
Peter MacCallum Cancer Centre

W5C5 W5C5 25 Mouse I1gG1 Donated by Dr. Hans-Jorg

Biihring, Tibingen University

described,” but in the present study were cross-linked with
0.025% (w/v) glutaraldehyde. PA +G meshes were cut into
samples of dimensions 10 x 25 mm, with the longitudinal axis
cut in either the machine (warp) or cross (weft) direction of
the knitted mesh. Meshes were gamma sterilized at 25 kGy.
Prior to cell seeding, meshes were rehydrated in PBS,
transferred to culture medium overnight at 4°C, and rinsed
with medium. Meshes were manually seeded using a pipette
at a seeding density of 100,000 cells/cm? (250,000 cells/
mesh) in 100 pL of medium per mesh and cultured for 24-
48 h. The cells were seeded on top of the stabilized gelatin
coating of the PA mesh, which was regularly checked for cell
adherence. At the time of implantation, a confluent layer of
cells was observed on the mesh surface (Fig. 1B). Control
meshes of PA+G, without cells were incubated in culture
medium only (Fig. 1A).

Implantation of eMSC-seeded mesh consiructs

The experimental procedures and rat husbandry were
approved by the Monash Medical Centre Animal Ethics
Committee A (2011/61). CBH-rnu/Arc rats were housed in
the animal house of Monash Animal Service facilities in
compliance with the National Health and Medical Research
Council guidelines for the care and use of laboratory ani-
mals. The rats were kept in closed cages with continuous
automated air flow. The rats were provided with sterile food
and water ad libitum and were kept under controlled envi-
ronmental conditions at 20°C and a 12-h day /night cycle.

Seventy-four CBH-rnu/Arc immunodeficient nude rats
were randomly divided into two experimental groups (37
rats/group) and were implanted with PA +G meshes, either

with or without (controls) eMSC. The rats were anesthetized
with 2.5% w /v Isoflurane® and analgesia was provided with
Carprofen® (5mg/kg bodyweight). The dorsum was disin-
fected with 0.5% Chlorhexidine® in 70% v/v ethanol and
covered with sterile drapes. A longitudinal 30 mm skin in-
cision was performed along the spine in the middle of the
dorsum. Subcutaneous pockets were achieved by blunt dis-
section to both sides. Each mesh construct was subcutane-
ously implanted into each pocket. For each animal two
meshes were inserted, one with the longitudinal axis cut in
the machine direction of the knitted mesh, and the other cut
in the cross direction. This was done to analyze the me-
chanical properties of both directions, since warp-knitted
mesh is anisotropic. The animal ethics committee preferred
the insertion of two smaller pieces of mesh on each side of
the animal rather than one large piece of mesh across the
dorsum. Each animal received either eMSC seeded or un-
seeded meshes. Meshes were secured in place using Vicryl 3-
0" sutures on both ends. Skin closure was performed with a
single intracutaneous Vicryl 3-0 suture. Following recovery,
the animals were monitored daily until they were sacrificed
at 7,30, 60, and 90 days (1 =8/group/timepoint) and 14 days
(n=5) to track DiO-labeled cells on an additional time point.
Each rat was euthanized in a CO, chamber. The animals
were immediately inspected for signs of infection or seroma.
Explanted meshes were dissected with a 0.5-cm border of
adjacent tissue including skin and underlying muscles and
divided into four parts, for biomechanical analysis, histol-
ogy, immunohistochemistry, and flow cytometry, using the
same pattern of dissection for each mesh.

Additionally, eMSC/PA+G construct dimensions were
measured using electronic callipers and mesh contraction

FIG. 1. PA+G mesh seeded (A)
without and (B) with 100,000 cells/cm®
48 h after cell seeding /noncell seeding,
just prior to implantation. PA+G,
polyamide mesh with gelatin coating.
Scale bar indicates 200 um. Color
images available online at www
liebertpub.com/tea
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calculated by dividing mesh area after explantation by the N 4]
original mesh area. Explanted mesh pieces for biomechanical @g s g % 2 @
analysis were frozen at —20°C for subsequent testing. 5| B gog . Eb
=l T T@ © ©
Flow cytometry Sl s % 2w 8 4
(V] L) :_E (7] Q
A portion of the mesh with the surrounding tissue was z t i) z & z z
collected for flow cytometry at 7, 14, 30, 60, and 90 days. A H o= A e e
single cell suspension was obtained after fine mincing and
filtering through a 10-pum cell strainer. Similarly, a 5x5x5- 5 2
mm piece of brain, heart, lung, liver, and kidney were har- :é_ g
vested, finely chopped, and filtered through the cell strainer. E T
DiO-prelabeled cells were analyzed as described above. Rats 28 8 T 88 8 8
without eMSC were used as the negative control. gl & & &8 8 3

Histology

For histological analysis, the explanted tissue from days 7,
30, 60, and 90 was fixed in 4% w/v paraformaldehyde (PFA)
for 24 h, then embedded in paraffin and sectioned into 5um
thick sections. After dewaxing and rehydrating in graded
alcohols, sections were stained with hematoxylin and eosin
(H&E) or Sirius Red F3B (0.1 g/100 mL saturated picric acid
solution) (Sigma-Aldrich) for 1 h at room temperature (RT) to
determine total collagen content, as described |:)1"eVi0|.lsly.23
For the morphometric analysis, the stained slides were
washed in running water (nonacidified) to remove the yellow
picric acid counterstain and the residual red color imparted
by the Sirius Red was quantified by image analysis.”

Paraffin sections were stained with anti rat CD68 antibody

IgG (H+L)
EnVison + System-HRP Labeled

1gG (H+L) Ab150109
Alexab68-goat anti-rabbit IgG

Polymer (anti-mouse)
Alexa fluor 488-Goat anti-rabbit IgG
Alexa fluor 488 goat anti-mouse IgG

Alexa fluor 488-goat anti-mouse IgG
Alexa fluor 568-donkey anti-mouse
Alexa fluor 488-donkey anti-mouse

Secondary antibody

TABLE 2. DETAILS OF ANTIBODIES USED FOR IMMUNOHISTOCHEMISTRY

(details in Table 2) to identify tissue macrophages, and QEJ
lightly counterstained with hematoxylin as described above. g 5
Sections underwent dewaxing, rehydrating in graded alco- E bED 9 ke Y
hols followed by antigen retrieval using citric acid buffer ;& é "é & % = "é
(0.1M, pH 6.0), and microwaving for 5min on high power. 0 & & g ::é; E H ot
After cooling to RT and three washes in PBS, endogenous % E % g5 &g‘ %
peroxidase was quenched by 3% w/v H,O, followed by a A @ <« § s 8 <
protein block step (Protein Block; Dako) for 30 min at RT. The
primary antibody and isotype controls (mouse IgG1) were o % <
incubated overnight at 4°C, sections washed, and the sec- 18 08 Zo Z 0O
ondary antibody applied for 30min at RT, as detailed in s >» &% 5 gg‘o g =P
. 5 i g = U ¥} 7] QL Q
Table 2. Color was developed with 3,3’-diaminobenzidine 2| 8 9 9 ’(; g ’g“ g
(DAB) (Life Technologies). The slides were mounted with S & &2 B°E © &
DPX (Scharlab). = 2 2 &2 & =2
g
Immunofluorescence £ B S SE S
SlE & & ¥4 © ©
Tissue samples snap frozen in OCT were used for im- §12 8 3 == 3 F
munofluorescence and stained with antibodies to CD45 to &
visualize leukocytes, CCR7 for pro-inflammatory M1 macro- ©
phages, CD163 anti-inflammatory M2 macrophages, and anti- -
rat and anti-human collagen type I (Table 2). PFA fixed tissue o = 9]
was used to stain with ¥SMA to label smooth muscle cells. 5 E § 8
Thawed frozen sections (5 um) were fixed in ice-cold acetone = 2 ; 5 5 g ) 8
for 10 min. Pretreatment was performed for human collagen I = O B <« =)
according to the manufacturer’s protocol. For «SMA, tissue
was fixed and processed as described above, followed by “ © gﬁo E o E
protein block (Dako) for 30 min at RT. After three washes in ]| £ E«E —_ %o ’:"ag |
PBS, primary antibodies were incubated for 1h at 37°C; iso- = "g S 2 E g = =1 g
type-matched antibodies were used as negative controls and g £ .i:)‘ g EPU § %
applied at the same concentration. Alexa-Fluor-488 and Alexa- a? £ § o £ % 8 = ~ @
Fluor-568-conjugated secondary antibodies (Table 2) were § fg_E A S a = g 5 a
incubated for 30 min at RT, respectively. Nuclei were stained Rl O O 0 O QO
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with Hoechst 33258. The slides were mounted with fluores-
cent mounting medium (Dako).

Histomorphometric analysis of explanted tissues

Four images were taken per section stained with Sirius
Red or immunostained for CD68, CCR7, CD163, aSMA, and
CD45 for each explant at each time point using a Leica®
DMR Fluorescence Microscope at 20 % magnification. Images
were captured from the four most central mesh filaments to
achieve consistency; areas at anchoring sutures were ex-
cluded. The images were analyzed using image analysis
software Metamorph (Molecular Devices, LLC) to measure
positive staining around mesh filaments in 50 pm incre-
ments, as described previously.23 The positive signal area
(pixels) for every image was recorded and divided by the
total tissue area examined. Cell numbers were calculated as
positive area divided by the size of one representative cell
using the Metamorph software. Collagen alignment was
assessed using birefringence microscopy on the Sirius Red-
stained slides and scored according to the presence of pre-
dominantly thick or thin birefringent fibers (0:7pred0mj-
nantly thin fibers, 1=predominantly thick ﬁbers).2

Biochemical analysis of collagens | and Il

Sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) using delayed reduction™ was used to
determine collagen type III/I ratio. Frozen tissue explants
were thawed to RT for 15min, and 5x5mm pieces adjacent
to the meshes were digested for 4h (0.25mg/mL pepsin
(Sigma-Aldrich) in 100mM acetic acid, pH 2.5) at 4°C fol-
lowed by brief homogenization with a IKA T10 basic Ultra-
Turrax®. Samples were then allowed to further digest in the
pepsin solution for 16h. Samples were then centrifuged,
10uL of each sample mixed with 40pul. NuPAGE® LDS
sample buffer (Life Technologies), heated to 90°C for
1-2min, and then loaded onto NuPAGE 4%-12% Bis-tris gels
(Life Technologies) with MES running buffer (Life Technol-
ogies); 50 mM (2-[N-morpholino]ethanesulfonic acid), 50 mM
Tris base, 1mM EDTA, 0.1% SDS; pH 7.3. Samples were
electrophoresed for 1h at 130V, the power was then turned
off, and 5% v/v 2-mercaptoethanol (Sigma-Aldrich) was
added to each well and allowed to stand for 1h. Finally,
electrophoresis was continued for 3h at 130V at 4°C. Gels
were stained with Coomassie Blue R-250 solution, destained
in 20% ethanol and 5% acetic acid. Images were taken using
FujiFilm LAS-3000 software. The percentage of type III colla-
gen in type I and IIT collagen mixtures was calculated from
peak sizes using the formula: percentage type T collagen=
Area o1(III)x 1.12x 100/ [Area o1(II)x1.12]+ Area o1[I],*
where a calibration factor of 1.12 was used to correct for the
color yield from equal weights of the two collagen types.”

Mechanical analysis of explanted mesh constructs

Frozen explants were thawed at 4°C overnight and tested
within 24h of defrosting. We used a standard method of
freezing and thawing the tissue, as published previously for
urogynecological applications, which does not alter the tis-
sue tensile 1:»1‘(:»}:verties;30 Samples, of dimensions 4 x25mm,
were punched from the explanted mesh piece along the
longitudinal axis of the explanted mesh and kept moist using
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PBS until testing. Uniaxial tensiometry was performed on
day 7 and 90 explants, with and without cells, using an In-
stron® Tensile Tester (5567 Instron Corporation) with a 5-
kN load cell. Samples were secured in pneumatic serrated
jaws to a 14-mm gauge length and extended to break at an
elongation rate of 30 mm/min. Samples of the same dimen-
sions were also punched from the preimplanted PA +G mesh
in the knit machine and cross directions. PA+G mesh was
soaked in PBS for at least 12h and tested wet using the same
procedure. Average load-elongation curves were plotted
from the data generated. Mesh stiffness (N/mm) is re-
presented by the slope of the load-elongation curve, with a
steeper gradient indicating a stiffer mesh.

Statistics

GraphPad Prism 5.03.0001 was used for statistical analy-
sis. Results are reported as mean+SEM for each experi-
mental group (n=8 meshes/group/time point). For the
biomechanical study, separate analyses were reported for the
machine and cross direction meshes (12=8/group/time
point/mesh direction).

Since the data were not normally distributed (D’Agostino
and Pearson omnibus normality test), nonparametric analy-
sis using Kruskal-Wallis ANOVA for pairwise comparisons
was undertaken followed by Bonferroni correction for as-
sessment of differences between time points for the various
meshes. p-Values < (.05 were considered statistically significant.

Results

All animals had a normal postoperative recovery; none
developed mesh erosion or any other side effects or died in the
course of the experiment. All meshes, with and without
seeded eMSC, were well tolerated as rats gained weight at all
time points. Mesh contraction was rare and did not signifi-
cantly differ between the rats treated with eMSC and the
controls (without eMSC) or between the different time points.

Properties of passage 6 eMSC

W5C5" sorted-cells from the two samples cultured to P6
were pooled and analyzed as a single cell suspension. Col-
ony forming unit activity was 0.04% £0.02% (n=3 replicates),
compared with 3.60+1.56 for PO W5C5" sorted cells. The P6
sorted cells differentiated into adipocytes, chondrocytes,
myocytes, and osteocytes (Supplementary Fig. S1A-D;
Supplementary Data are available online at www
liebertpub.com/tea), similar but to a lesser degree than P0
sorted cells. The P6 W5C5 " population comprised 14.7% of
cells, CD140b 15%, CD146 8.4%, CD29 97%, CD44 95%,
CD73 97%, CD105 97%, CD34 0%, and CD45 0%, respec-
tively (Supplementary Fig. S1E).

eMSC survival and tracking after implantation
on the PA+ G mesh

The fate of DiO-labeled eMSC implanted on the PA+G
mesh was examined by flow cytometry. Before implantation
95% of cells were DiO" (Fig. 2A). Seven days after implan-
tation DiO-labeled cells were found on the mesh (Fig. 2B); at
14 days a low percentage of cells were still present (Fig. 2C),
but no cells were detected on day 30, 60, or 90 (Fig. 2D-F).

97



790

ULRICH ET AL.

1512
1134
756
378

100 101

10e

" 1 1 W0 100 10
DIO Fluorescence Intensity

FIG. 2. Flow cytometric analysis of DiO-labeled cells. (A) Endometrial mesenchymal stem cells (eMSC) labeled with DiO
prior to implantation. DiO " cells isolated from tissue explants at (B) 7 days, (C) 14 days, (D) 30 days, (E) 60 days, and (F) 90
days. Insets negative control (unlabeled cells). Representative plots from 1 =6 replicates showing DiO fluorescence intensity
on the x-axis. Color images available online at www liebertpub.com/tea

To determine whether eMSC had migrated from the im-
planted mesh constructs, the brain, lung, heart, liver, spleen,
and kidney tissue at every time point was also analyzed by
flow cytometry. No DiO™ cells were observed in any of these
organs at any time point.

Effect of eMSC on tissue response to the PA+ G mesh

To examine the effect of implanted eMSC/PA+G con-
structs on histological changes we undertook a detailed
analysis of the explanted TE constructs using histological
stains, immunohistochemistry, and SDS gel electrophoresis.
Representative images of H&E stained sections are shown in
Supplementary Figure S2. As expected, at day 7 there was a
vigorous cellular response between and around the mesh
filaments in both cell-seeded and unseeded meshes (Sup-
plementary Fig. S2A, B); in the cell-seeded meshes the re-
sponse appeared more intense and may have been attributed
to the presence of the seeded eMSC or a more apparent
degradation of the gelatin in the presence of these cells. The
degree of cellularity decreased with time but still persisted in
both groups of meshes by day 90 (Supplementary Fig. S2C,
D), although there was visually more new tissue formation
within the implanted meshes in both groups. The connective
tissue around the mesh filaments seems to be more orga-
nized in the meshes with eMSC on day 7 compared with the
mesh alone. However, by day 90 there appeared less in-
flammatory cells around the filament bundles in the mesh
with eMSC compared with the mesh alone. The gelatin was
still present on day 7 in both groups as indicated by the
arrows, whereas it was fully degraded by day 90.

Effect of eMSC on vascularization info the implanted
PA+ G mesh

To assess the extent of vascularization, we determined the
profile area of «SMA immunostaining. At 7 days rats im-
planted with eMSC produced significantly more SMA posi-
tive vessel profiles compared with the controls (p <0.05) (Fig.
3A-C). There was no difference in the average content of
smooth muscle cells for either eMSC treated or control rats at
the later time points.

Effect of eMSC on inflammatory foreign body reaction
to the PA+ G mesh

The inflammatory response to the implanted TE constructs
was evaluated by examining CD45% leukocyte density
around mesh filaments (Fig. 4A, B) using image analysis.”®
CD45 leukocytes were concentrated both around the mesh
perimeter and between the mesh filaments. The highest la-
beling index of the leukocyte infiltration was observed at 7
days with no significant differences between rats implanted
with or without eMSC (Fig. 4C). At 30 and 60 days there was
a decrease in both groups but no significant differences be-
tween the groups were observed. At 90 days, there were
significantly fewer leukocytes surrounding the mesh fila-
ments in rats treated with eMSC compared with controls
(p<0.05) (Fig. 4A-C).

Since macrophages are the major leukocyte involved in
the foreign body reaction,™ we further quantified the level
of CD68 “cells. A similar pattern of labeling indices around
the mesh filaments was observed for CD68 as for CD45"*
cells (Fig. 5). The highest macrophage accumulation was
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FIG. 3. Alpha-smooth muscle actin (¥SMA) vessel im-
munostaining in explanted mesh constructs comprising
PA +G meshes with (l) and without eMSC (). At 7 days
(A) with eMSC, (B) without eMSC. (C) uSMA positive area of
vessel profiles (%), data are mean*+SEM of n=8 animals/
group, *p<0.05. Color images available online at www
Jiebertpub.com/tea

observed at 7 days, which significantly diminished by 90
days for both groups. Rats implanted with eMSC had sig-
nificantly fewer macrophages at 90 days than rats without
eMSC (p<0.05) (Fig. 5A-C). To determine whether the
macrophages were pro-inflammatory or anti-inflammatory
we stained the tissue with CCR7 and CD163 antibodies to
detect M1 and M2 macrophages, respectively. The pro-
inflammatory M1 cells were significantly higher in rats
treated with eMSC at 7 days (p<0.05) with no significant
differences at later time points (Fig. 5D). At 7 days there
was no difference in the level of M2 cells between the two
groups. In the unseeded meshes, the total M1 plus M2
macrophage content was less than the CD68 levels, indi-
cating that a significant proportion of infiltrating macro-
phages were uncommitted at this early stage. At 30 days
M2 macrophages predominated in the eMSC-treated rats
(p<0.05) (Fig. 5E). The number of anti-inflammatory M2
cells did not differ between groups at 7, 60, or 90 days. The
M2/M1 ratio was significantly decreased at 7 days in the
eMSC group (p<0.001), but no significant differences were
observed at the later time points between the two groups
(Fig. 5F).
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FIG. 4. CD45 immunostaining in explanted mesh con-
structs comprising PA +G meshes with and without eMSC.
Day 90 explant (A) with eMSC, (B) without eMSC; Red
staining indicates CD45 leukocytes. #, mesh filament. (C)
Number of CD45-positive cells around mesh filaments from
explants with (M) and without ([J) eMSC. Data are
mean*SEM of n=8 animals/group. *p<0.05. Color images
available online at www liebertpub.com/tea

Effect of eMSC on collagen deposition around
the PA+ G mesh

Sirius Red staining of total collagen deposition around
mesh filaments (Fig. 6A, B) increased between day 7 and
60 in both eMSC treated and control meshes. Thereafter,
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FIG. 5. Macrophage im-
munostaining in explanted
mesh constructs comprising

PA +G meshes with (H) and [ | |

without ([J) eMSC. Day 90 500 [ | I
explant (A) with eMSC, (B)
without eMSC. Positive cell % 1000
numbers around mesh of (C) =
CD68 macrophages, (D) M1 ©
macrophages (CCR7 +), (E) 8 500
M2 macrophages (CD263+),
(F) M2/M1 ratio. Data are
mean £SEM of n=8 animals/ o 30 60 B 20 50 90
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the amount of collagen plateaued to 90 days (Fig. 6C). The
percentage collagen type III within and around the meshes
changed little with time in both meshes with and without
cells, nor were there temporal differences (Fig. 6D). There
were no significant differences in the percentage collagen
type III in both seeded and unseeded meshes at any time
point. Another important consideration is collagen orga-
nization. Our birefringence analysis showed that rats im-
planted with eMSC-seeded meshes had a greater number
of thin collagen fibers, imaged with polarizing filters as
green, after 90 days implantation, compared to meshes
alone, where the fibers were thick and dense and yellow
under polarized light (Fig. 6F, G). On day 90 explants, thin
human fibers could be observed (Fig. 7B). The increased
new collagen deposition seen at day 90 in Figure 7A was
all rat collagen. Using antibodies that were specific to ei-
ther rat or human collagen type I, cell-seeded 90 day ex-
plants showed uniform rat collagen type I within the PA
fiber bundles (Fig. 7A) but no human collagen type I
(Fig. 7B). Human endometrial tissue was used as a posi-
tive control for the anti-human collagen type I antibody
(Fig. 7C) and the isotype control was always negative
(Fig. 7D).

Effect of eMSC on the biomechanical properties
of PA+ G mesh

The average load-elongation curves for the day 7 and 90
explants, and the preimplanted PA+G mesh, in machine
and the cross directions, are shown in Figure 8A-D. These
load-elongation curves consisted of toe and linear regions,
representing an initial region of low stiffness (toe region)
followed by a region of higher stiffness (linear region), prior
to failure (not shown). Explants without cells were stiffer
(less extensible) than cell seeded explants, with increased
stiffness in both toe and linear regions, at both time points
and in both directions. For statistical analysis of load-
elongation curves, 95% confidence intervals were plotted as
error bars (Supplementary Fig. S3) to determine whether
the differences were significant at the p=0.05 level. Curves
for day 7 and 90 explants originally seeded with cells were
significantly different exceeding 2mm elongation, in the
cross (Supplementary Fig. S3A) and machine (Supplementary
Fig. S3D) directions, respectively. Preimplanted PA+G me-
shes were generally of intermediate stiffness; between that of
the explanted eMSC/PA+G and PA+G meshes. However,
this result was only significant (p<0.05) compared to the cell
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FIG. 6. Collagen quantifica-
tion in explanted mesh con-
structs comprising PA+G
meshes with () and without
eMSC ([). Sirius Red stain-
ing of eMSC-seeded meshes
at (A) 7 days, (B) 90 days. (C)
Area of total collagen deter-
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seeded construct on day 7, in the cross direction (results not
shown).

Discussion

The concept of delivering autologous differentiated cells
or adult stem cells for POP repair has not been extensively
validated, with ()rl.ly a few scattered reports'**'* and no
indications of ongoing or future clinical trials.*** We pre-
viously showed that PA+G meshes induced a moderate
foreign body reaction, neovascularization, and increased
collagen deposition.” In this study, we have investigated the
host inflammatory response, tissue integration, and me-
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animals/group.
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chanical properties of a novel mesh construct comprising
PA+G, with and without seeded eMSC. The presence of
seeded eMSC on the meshes was associated with clear
quantitative differences in the type and extent of the tissue
response, with controlled neotissue formation resulting in a
more extensible and compatible integrated mesh. We
showed that these eMSC delivered on novel PA+G meshes
could be detected for up to 14 days after implantation, in-
ducing higher initial neovascularization and acute inflam-
mation, followed by a significantly reduced inflammatory
response that was accompanied by a more organized colla-
gen deposition. Seeded meshes were of decreased me-
chanical stiffness and higher extensibility compared with
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FIG. 7. Immunofluorescent detection
of collagen type I in 90 day cell-seeded
explants specifically stained for (A) rat
collagen type I, and (B) human colla-
gen type I; and in control human en-
dometrial tissue stained for (C) human
collagen type I or (D) isotype negative
control.
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FIG. 8. Average load-elongation curves of explanted meshes (1=8) on (A, C) day 7 and (B, D) day 90 in mesh cross
direction (A, B) and mesh machine direction (C, D). Dashed line indicates meshes implanted with eMSC, dotted line indicates
meshes implanted without eMSC, and solid line indicates preimplanted mesh (n=6). Color images available online at
www.liebertpub.com/tea

102



MESENCHYMAL STEM CELLS ON MESH FOR PROLAPSE REPAIR

unseeded mesh explants. Despite the lack of persistence of
cells around the mesh filaments at the later time points, their
initial modulatory effects appear to have influenced the na-
ture of the chronic inflammatory response and mechanical
tissue behavior in the long term. Meshes with eMSC had
significantly reduced numbers of macrophages and leuko-
cytes at 90 days suggesting that the eMSC may exert long-
term anti-inflammatory effects. It is well known that bmMSC
promote tissue repair via secreted soluble factors that recruit
endogenous tissue stem cells to the site of injury,®® and
downregulating innate inflammatory and acquired immune
responses, for example, by suppressing T lymphocytes,
dendritic cells, and natural killer cells.'®?” The exact immu-
nomodulatory mechanism of MSC is still unclear; however, it
has been shown that bmMSC can induce immunosuppres-
sion in the presence of IFN-y and the concomitant presence
of any of the three other proinflammatory cytokines, TNF-2,
IL-1a, or IL-1 |3.13 As the eMSC were not detected at 90 days it
appears that these eMSC, like bmMSC, modulate the healing
microenvironment through its paracrine or trophic effects,
release signaling factors that reduce the inflammatory re-
sponse even in the long term.* In our current study, it also
appears that eMSC cytokines might influence the type of
macrophage activity in the wound healing response as as-
sessed by M1 and M2 phenotypic ]:>0L3riz.ation.3 Classically,
the M1 macrophage phenotype and function is associated
with pro-inflammatory responses, for example, activated by
IFN-vy, microbial products, or antigens and can also lead to
chronic inflammation, whereas the M2 phenotype encour-
ages immunoregulat‘ion, tissue repair, and constructive tis-
sue rernodeh'ng;gg'39 We observed that the meshes with
eMSC had a significantly higher number of M1 macrophages
at 7 days suggesting that in the nude xenograft animal model
there is still substantial innate immunity with an influx of M1
macrophages either in response to the foreign human MSC
or to the gelatin, which might more rapidly degrade in the
presence of these cells. However, at 30 days a shift occurs
and a significantly higher number of M2 macrophages were
present in the rats implanted with eMSC suggesting that the
eMSC may have promoted differentiation of the M1 to the
M2 type macrophage. A recent study found that a high
number of M2 macrophages at day 14 after intra-abdominal
mesh implantation in a rat model was associated with pref-
erable histological outcomes.*” In our study, the M2/M1
ratio was highest in the seeded meshes at 30 days, but de-
creased at day 60 before again increasing at the later 90 day
time point. This has been observed with biological cross-
linked SIS implants where it was speculated that the tran-
sient relative increase in M1 or decrease in the M2 /M1 ratio
was due to degradation of the cross-links with time®; in our
study, this may reflect the degradation peak of the gelatin
substrate.

We also showed that neovascularization occurred more
rapidly in the rats treated with eMSC as shown by the sig-
nificantly higher number of ¥SMA-positive vessel profiles in
the surrounding tissue at 7 days. In a recent study, a range of
MSC populations from bone marrow, adipose, and dermal
tissues were found to exert strong paracrine effects on neo-
vascularization, promoting migration and proliferation of
microvascular endothelial cells due to enhanced expression
of the angiogenic factors, VEGF-A, bFGF, and others.*' In
our study, the level of vascularization remained constant
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over the course of implantation for the seeded meshes
showing a trend to better vascularization even at 90 days
compared with unseeded meshes. This early and sustained
neovascularization induced by eMSC may promote neo-
tissue formation from endogenous cells that accounts for the
longer term improvement in tissue integration and me-
chanical properties of the newly formed tissue around the
PA+G mesh.

Generally, the host wound healing response to implants
occurs in various overlapping phases comprising inflam-
mation, proliferation, tissue matrix formation, and remodel-
ing*' Fibroplasia and collagen deposition begin in the
proliferation zone and continues as the tissue becomes less
cellular and remodels to a mature tissue or scar.*> We found
a slightly higher collagen content around the meshes in rats
that had been seeded with eMSC although this was not
stafistically significant, suggesting that the eMSC might
promote collagen production. The new collagen deposited
within the mesh fibers over the course of implantation was of
rat origin with no human collagen type I. This is consistent
with our finding that the seeded human eMSC were only
detected up to 14 days suggesting no trans-differentiation of
these stem cells to collagen-producing human fibroblasts. It
is more likely and consistent with the paracrine effects as-
sociated with these cells that the increased collagen results
directly from the influx of surrounding rat fibroblasts. Col-
lagen type I resides in most tissues, providing tensile
strength and stiffness,**** and collagen type III is abundant
in extensible tissues.** Differences in fiber diameter, between
types I and III, may account for differences in mechanical
properties between them, with a reduction in collagen fiber
diameter leading to a reduction in tensile s’rrength.45 In our
study, collagen ratio did not significantly alter over time;
however, there was a trend of decreasing collagen type III
with time. This trend is in agreement with other studies that
showed increased collagen type I/III over time in implants
comprising PP, polyester, or a PP/polyglactin composite™
and indicates normal physiological wound healing. What
factors result in a normal physiological tissue is influenced
not only by the collagen levels and types of collagens, but
also by the quality of collagen and how it is remodeled.”
Increased quantities of thin collagen fibers on eMSC seeded
meshes on day 90, as determined by birefringence analysis,
may have contributed to differences in observed biome-
chanical properties of the explants. The lower stiffness levels
of the eMSC/PA+G meshes at all time points may have
been due to these thinner, more deformable collagen fibers.
However, as no difference in the collagen ratio was deter-
mined between eMSC/PA+G and PA+G meshes, differ-
ences in collagen fiber thickness may have been due to
collagen packing and alignment.*®* In terms of collagen
analysis not only is the amount of collagen important, but
also the orientation or alignment of the collagen.”” Both the
unseeded and seeded meshes contained significant propor-
tions of well aligned and packed collagen fiber bundles
necessary for effective tensile strength within the new tissue.
But, unlike the unseeded meshes where thicker fibers dom-
inated, there was a good mix of thick orange fibers and a
significant increase in green thinner fibers in meshes with
cells at 90 days, indicative of a gradual remodeling that oc-
curs in healthy new tissue formation as opposed to the
continual expression of only overly thick fibers often
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associated with scarring.?” Scarless healing is important in
the long term as scar tissue has less favorable mechanical
properties than healthy tissue.*” The endometrium is shed
every month and heals without scarringsn suggesting that
eMSC could have a similar effect when transplanted in a
xenogeneic model. It should be noted that our mechanical
differences are related to the physiological stiffness of the
new tissue formed; while we have not directly reported on
the ultimate tensile strength, it is highly unlikely that this
would have changed between the two mesh types (data not
shown). It has recently been reported in POP repair that
mesh stiffness is a primary clinical concern in the deteriora-
tion in biomechanical properties of the vagina;*' so, our re-
sults on the role of eMSC on controlling tissue stiffness could
impact on prevention of a common clinical sequelae.

The fate of implanted MSC after implantation is not yet
clear, however, long-term engraftment seems to be rare.”
We did not find eMSC in any of the organs, which is re-
assuring for future clinical applications. Similar to previous
studies implanting MSC from other sources we found DiO-
positive eMSC in the rats up to 14 days, but not in the long
term.*® Despite this they exert long-term effects that promote
the biocompatibility of foreign bodies like synthetic mesh. It
is unclear whether the cells die or rapidly proliferate leading
to a dilution of the dye. However, we found that DiO-labeled
eMSC retain the dye for up to 35 days in vitro (unpublished
observation). In other studies, using DAPI-labeled muscle-
derived stem cells onto SIS scaffolds' or Dil-labeled vaginal
fibroblasts onto PLGA scaffolds,*® visualization was found
up to 4 and 12 weeks, respectively. The cell labeling itself
needs to be validated; PKH126 and CFDA-SE labeling can
reduce cell metabolic activity,™ while there is a degree of
variability in the use of the lypophilic membrane dyes.

A strength of this study was the use of image analysis
software, which allows objective assessment of the cellular
content, vascular tissue, and co]lagen.23 However, the soft-
ware was not able to detect differences in the collagen
alignment, which was manually scored by using Sirius Red
birefringence.

A limitation of this study is the choice of model for as-
sessing in vivo biocompatibility of mesh to be used for en-
dopelvic fascial defect repair as it does not mimic the vaginal
milieu. However, we chose a skin wound repair model
representative of vaginal skin repair using dorsal surface of
the rat as proof of principle. The critical need for preclinical
animal validation of new meshes and, in our current study,
for cell-seeded meshes in POP repair, has been recently
emphasized in the light of the high incidence of clinical im-
plant failures.”® However, this model can be used as a sim-
ulation of vaginal skin repair. We chose the rat dorsal wound
model to exclude any effects due to loads or pressure as in
the abdominal hernia model,**® and therefore the effects
observed would be due to the eMSC alone. In our previous
evaluation of the new PA+G meshes in immunocompetent
rats, we reported significant differences in the tissue re-
sponse compared with the conventional PP meshes.?' The rat
is considered an ideal nonfunctional screening model for
preclinical experiments to test the performance of new POP
meshes.” The next step will be to test this TE construct in a
large functional animal model of vaginal repair.”

Current treatment options for POP are either unsatisfac-
tory when native tissue repair is used or are accompanied by

ULRICH ET AL.

high rates of adverse side effects when PP meshes are used
for augmenting surgical reconstruction. A new freatment
approach seems to be necessary. MSC have been shown to
have great potential for soft tissue reconstruction® and if
applied to vaginal surgery these cells might improve the
long-term outcome by releasing factors that lead to a repair
of the prolapsed tissue and improve biocompatibility by
decreasing the foreign body reaction to implanted support-
ing meshes.

Our study reports that these new PA+G meshes seeded
with eMSC are well tolerated, promote tissue integration,
and reduce inflammatory reactions toward the implanted
mesh in the longer term and may be a possible future
treatment option for POP.
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Supplementary Figure 1

Histological staining of P6 W5C5+ eMSC after 4 weeklture in (A) adipogenic, (B)

chondrogenic, (C) myogenic, and (D) osteogenic ¢tidn media stained for (A) Oil Red
O, (B) Alcian blue, (CuSMA, (D) and Alkaline Phosphatase . (E) Flow cyttmgce
analysis of P6 W5C5+ eMSC showing MSC positive aagative markers as indicated.
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Supplementary Figure 2

Histological staining of rat explants with H+E &f)(7 days without eMSC,B{) 7 days
with eMSC, showing residual gelatine at the impkite (- ), (C) 90 days without eMSC;
and O) 90 days with eMSC, showing the integration ofithplant with the surrounding

tissue.
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Supplementary Figure 3

Average load-elongation curves of explanted meghe) on A andC) day 7 andB and
D) day 90 in mesh cross directio, ) and mesh machine directio@,D). Dashed line
indicates meshes implanted with eMSC, dotted Iakcates meshes implanted without

eMSC (n=6). Error bars are 95% confidence intervals
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CHAPTER 5

Ovine Vaginal Tissue Analysis

In chapter 4 | demonstrated that a TE approacP@P repair in a rat model improves the
tissue integration and biocompatibility of the PAf@sh. Paracrine immunomodulatory
effects from the seeded eMSC controlled the ex@edttype of tissue response. The next
step is to test this proof of principle model itaege animal. This autologous large animal
study is currently being developed by our resegrolip. To understand the effect of
eMSC/PA+G TE constructs in a preclinical ovine matdes necessary to generate
baseline data. Current literature on vaginal tissaraposition is not comprehensive as

tissue collection is often not stated or inconalasi

For this chapter | performed a comprehensive arsabfssaginal tissue in a sheep model

at different reproductive stages using numerousrigcies.

First, after dissecting the vaginal tissue | detead its general structure and
vascularisation using immunohistochemistry prote@s developed for chapter 2 and 4. |
thank Ms Jacinta F. White for teaching me the Ma'sstsichrome technique and helping

with the staining.

Second, together with CSIRO | performed analysithefextracellular matrix proteins
(including collagen, GAG and elastin) using SDS FAg2| electrophoresis,
hydroxyproline assay, dimethylmethylene blue asaag,indirect amino acid elastin
quantification. | thank Dr Kai Su for developingdaoptimizing these protocols and for

helping with the testing.

Lastly, based on the methods described in Aimsdl3aand on the recent literature Dr
Sharon L. Edwards and | developed a novel protfmedkesting the biomechanical
properties of ovine vaginal tissue. | performediéehanical testing on the explanted
tissue using the Instron machine and | thank Dar&tEdwards for performing the

analysis and educating me on the interpretatidcheftlata.
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ABSTRACT
Objective

To undertake a comprehensive analysis of the bioadae tissue composition and passive
biomechanical properties of ovine vagina and rdliteto the histo-architecture at
different reproductive stages as part of the esstafplent of a large preclinical animal
model for evaluating regenerative medicine appreadbr surgical treatment of pelvic

organ prolapse.
Methods

Vaginal tissue was collected from virgin (n=3), @as (n=6) and pregnant sheep (n=6;
mean gestation; 132 d; term=145d). Tissue histolegy analyzed using H+E and
Masson’s Trichrome staining. Biochemical analysithe extracellular matrix proteins
used a hydroxyproline assay to quantify total galga SDS PAGE to measure collagen
[I/1+111 ratios, dimethylmethylene blue to quantifjlycosaminoglycans and amino acid
analysis to quantify elastin. Uniaxial tensiometrgs used to determine the Young’s

modulus, maximum stress and strain, and permatr@m $ollowing cyclic loading.
Results

Vaginal tissue of virgin sheep had the lowest totdlagen content and permanent strain.
Parous tissue had the highest total collagen amedbelastin content with concomitant
high maximum stress. In contrast, pregnant shadghe highest elastin and lowest
collagen contents, and thickest smooth muscle |ayleich was associated with low

maximum stress and poor dimensional recovery fatigwepetitive loading.

Conclusion
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Pregnant ovine vagina was the most extensiblehleulveakest tissue, whereas parous and
virgin tissues were strong and elastic. Pregnaacythe greatest impact on tissue
composition and biomechanical properties, compatiith significant tissue remodeling

as demonstrated in other species. Biochemical @saimgtissue protein composition

coincide with these altered biomechanical propgrtie

INTRODUCTION

Pelvic organ prolapse (POP) is a common conditffacting millions of women
worldwide. Up to 35% of all women in the US havee @t more symptoms of POP
frequently involving urinary incontinence (Nygaatal. 2008). POP is defined as the
herniation of the bladder, the uterus or the bantel the lower genital tract (Haylen et al.
2010) caused by several known and unknown factdrs.etiology is not fully understood,
but vaginal childbirth trauma is a known risk fagteormonal status may also be relevant
(Lukacz et al. 2006). The support structures ofpileic floor include the pelvic floor
muscles, the cardinal and uterosacral suspeng@aménts and the dense fiboromuscular
connective tissue of the vaginal wall (Delancey2)99he cellular components of the
vaginal wall comprise fibroblasts which produce thajority of the extracellular matrix
(ECM), and smooth muscle cells which function igimal contractility. The ECM consists
of fibrous proteins (e.qg. collagens, elastin), &l as a range of glycosaminoglycans
(GAGSs) (Couchman and Pataki 2012). The ECM is dyoamnd responds to changes in
the environment by remodeling. Collagen type | pases the major fibrillar protein
found in bone, ligaments and interstitial tissues eontributes to their tensile strength
(Ramshaw et al. 2009). Collagen I, together witts&h and smooth muscle cells influence
the biomechanical and particularly the viscoelastaperties of the vaginal wall. Collagen
type Il is also a fibrillar protein widely distrilted in soft tissues and can contribute to
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tissue elasticity. An increase in collagen Il imalting or regenerating tissues usually
reduces its mechanical strength by decreasinguéelb collagen fiber diameter of

collagen I/lll heterofibrils (Hulmes 2002).

Studies of the human vaginal wall especially inribae-prolapsed state have been limited
by lack of information on the exact site of tisagjuisition and are often restricted to one
type of analysis. Sheep have been suggested awartent model for assessing surgical
treatments for POP (Couri et al. 2012). The adygntd the ovine vaginal model is that
the pelvic tissue anatomy is similar in size amdcttire to humans. Sheep have prolonged
labors with relatively large fetuses and spontasiodevelop prolapse related to vaginal
birth (Shepherd 1992, Couri et al. 2012). Simitahtimans, sheep develop POP over a
wide range of ages, but predominantly in the mofahewing delivery. The incidence is
greatest in multiparous sheep and increases witty g@ouri et al. 2012). However the

model is still poorly defined despite these siniiies between sheep and humans.

The aim of this study was to undertake a comprehemmalysis of the biochemical tissue
composition and biomechanical properties of oviagina and relate this to histo-
architecture at different reproductive stages asgidhe establishment of a large
preclinical animal model for evaluating regeneratmedicine approaches for transvaginal
surgical treatment of pelvic organ prolapse. A seleoy aim was to determine if there
were any differences in these parameters betweeartterior and posterior vaginal walls,

given that bladder involvement occurs in nearly tted cases of ovine POP.

MATERIALS AND METHODS

The experimental procedures and sheep husbandeyaperoved by the Monash Medical

Centre Animal Ethics Committee A (MMCA 2011 45).rBer Leicester Merino (BLM)
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sheep were housed in the animal house of Monasm&rBervice facilities in compliance
with the National Health and Medical Research Cdwi®ustralia guidelines for the care
and use of laboratory animals. The sheep were ddndgarns with unlimited food and

water supply.

Vaginal tissue was harvested from 3 groups of Blbdep, virgin, parous (sheep that
delivered at least three singleton lambs vaginadlgil parous pregnant (3rd stage of
pregnancy in sheep that also had delivered 3 somglambs vaginally prior to the current
pregnancy). All animals were humanely euthanizextng to the current guidelines by

intravenous administration with Pentobarbitone sodinto the jugular vein (150mg/kg).

A measure of maximum displacement of the vagindll was established to quantify
vaginal wall distensibility. Ewes were placed ie thorsal recumbency position and values
were obtained for points corresponding to Ba, Bg @rof the POP-Q in humans (Bump et
al. 1996) by clamping the tissue and traction aggplo the vaginal walls approximately 3
cm above the external urethral meatus and to thvixcd he level of maximum
displacement was measured in centimeters withea.rihe complete vaginal tract was
immediately excised and full thickness vaginaluessvas collected in a longitudinal
manner from the upper third of the anterior andgros vaginal wall and divided into 3

parts for biomechanical, biochemical, and histatabanalysis as shown in Figure 1.

The explanted tissue for histological analysis fseed in 4% paraformaldehyde (PFA) for
24 hours, then oriented and embedded in paraffabtain full vaginal thickness, sectioned
into 5um sections and stained with hematoxylin emsin (H+E) and with Masson’s
Trichrome. For measurements, only images that sti@fall depth (complete set of

histological components) were analysed. The fomes in the images were readily
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identified using a Trichrome stain. In all casesasurements were taken on the axis
perpendicular to the epithelium. The height oftigscularis was measured using NIS-
elements RA3.2® software. The maximum and minimhitkness for the muscularis and
vaginal wall (epithelium to adventitia) was measuoa a single section for each sample
for both anterior and posterior walls, and the maash SEM calculated for each
experimental group. For immunohistochemistry tesue was fixed, embedded and
sectioned as above and stained with alpha smoosklenactin gSMA) (Dako, Glostrup,
Denmark,) to label smooth muscle cells and myoblasts. Sections were dewaxed and
rehydrated, and protein block (DdRavas applied for 30 minutes at RT. After three
washes in PBS, sections were incubated with thegrgi antibody for one hour at 37° C at
1:400 dilution. Mouse IgG1 isotype (Dako) was ukedhe negative control and applied
at the same concentration. Bound antibodies weeete with secondary Streptavidin
HRP-conjugated antibody (AbD Serotec ®, Oxford, Wét) 30 minutes at RT after 3
washes in PBS. 3;Biaminobenzidine (Sigma-Aldrich ®, St. Louis, MOSA) was used
as a chromogen. The slides were dehydrated in dr@adehols and mounted with DPX

mounting medium.

The biochemical components were determined ini¢afe for each sample for the
following assays. Total collagen content was measby hydroxyproline (Hyp) assay.
Freshly excised tissue pieces (5 x 5 mm) were fraze2( C. Tissue pieces were then
pre-weighed and lyophilized for 4 hours, wet weighdhown in suppl. Figure 1. The dry
weight (Wyry) was recorded and the water content of the origissue calculated. The
dried tissue was digested with papain (0.5 mg/n@l.inM Na2HPO4, 5 mM EDTA, 5 mM
L-Cysteine HCI, pH 7.4) for 16 hours. After centiging, the supernatants were

hydrolyzed in 6N HCI at 1% for 4 hours and then desiccated overnight. Hyp wa
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measured spectrophotometrically at 560 nm afteti@awith 0.05 mol/L chloramine-T
(Sigma) and 10% (w/v in 2-methoxyethangljlimethylaminobenzaldehyde
(Sigma).(Woessner 1961) A standard curve usingdrdwyproline (0-10 pg/mL) (Sigma)
was used to calculate the Hyp concentration. Tauidgen was calculated using a

hydroxyproline to collagen ratio of 0.143:1 (Woe=sh961).

The ratio of collagen type Il to collagen type &svdetermined by an SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) using delayed reolu¢Bykes et al. 1976) as previously
described (Ulrich et al. 2013). Frozen vaginaluessas thawed to room temperature (RT)
for 15 min, and 5 x 5 mm pieces adjacent to tha axeised for biomechanical analysis
(Fig. 1) were digested for 4 h in pepsin (Sigma} (@g/ml in 100 mM acetic acid, pH 2.5)
at 4 °C followed by brief homogenization with anOTdasic Ultra-Turrax® (IKA®, USA)
homogenizer. Samples were further digested in ¢épsip solution for 16 h. After
centrifugation, 10 ul of each sample was mixed Wil NuPAGE LDS sample buffer
(Life Technologies), heated to 90 °C for 1-2 minl éinen loaded onto NUPAGE 4-12%
Bis-tris gels (Life Technologies) with MES runnihgffer (Life Technologies); 50 mM (2-
[N-morpholino] ethane sulfonic acid) in 50 mM Thase (1 mM EDTA, 0.1% SDS; pH
7.3). Samples were electrophoresed for 1 h at 1,38e/power turned off, and 5% v/v 2-
mercaptoethanol (Sigma) was added to each well forFinally electrophoresis was
continued for 3 h at 130 V at 4 °C. Gels were stdiwith Coomassie Blue R-250 solution
destained in 20% ethanol and 5% acetic acid. Images taken using FujiFilm LAS-3000

software. The percentage of collagen Ill was caled from peak sizes using the formula:

Percentage type Il collagen = Area(lll) x 1.12 x100 / [areal(lll) x 1.12] + area
al[lj(Chan D 1984), where a calibration factor afAwas used to correct for the color

yield from equal weights of the two collagen tyg€san D 1984).
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The insoluble precipitate from the papain-digested centrifuged sample as described
above, comprising insoluble collagen and insol@hdestic tissue associated proteins
(ETAP) was used for indirect ETAP analysis. Thedeal insoluble tissue extract was
rinsed in PBS three times and distilled water dmeiere freezing and lyophilization for 4
hours. After weighing (W9, the residual tissue was sent to Australian PraeeAnalysis
Facility (APAF, Macquarie University, NSW, Austra)ifor amino acid analysis. The
weight of insoluble collagen in the residual tis$Wes-co) Was calculated based on its
corresponding Hyp amino acid amount. The percert&§d AP in the original tissue
samples was calculated using the following form&&AP % = [(Wes Whres-co)/ Wary] %

100. Elastin and ETAP distribution in tissues wals® visualized with a histological stain

(Verhoeff Van Gieson).

Glycosaminoglycan (GAG) content was determinedgitile colorimetric
dimethylmethylene blue (DMMB) assay. Sample preji@amnavas the same as for collagen
measurement. After centrifuging, the supernatarst @eembined with DMMB reagent
solution [40 mM NaCl, 40 mM glycine, 0.1 M HCI, 46M DMMB (Sigma), pH 3.0] for 2
mins (Chandrasekhar et al. 1987). The concentrafi@AG in papain digests was
determined spectrophotometrically at 525 nm. Chaitidrsulfate C from shark cartilage

(Sigma) was used as the standard (0-0.5 mg/mL).

Vaginal tissue for mechanical testing was dissefrtad virgin (n=3), parous (n=7), and
pregnant (n=6) sheep, and stored at -20 °C ustintg. Frozen tissues were thawed
overnight at 4 °C and tested within 24 hours ofving. Testing of frozen-thawed vaginal
tissue does not alter the mechanical propertiessamibre reliable as the same conditions
are used for each specimen (Rubod et al. 2007):-Ho0g shaped samples of central
dimensions 4x34 mm were punched from the sheepi@néad posterior tissues in the
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longitudinal axis (Fig. 1) and kept moist using PB#or to testing, sample thickness
(n=3) was measured using digital calipers and tsedlculate the initial cross sectional
area of the sample. Uniaxial tensiometry was peréaf using an InstréhiTensile Tester
(5567 Instron Corp, USA) and a 5 kN load cell. To avéiste slippage, samples were
secured in pneumatic serrated jaws, which wertosegauge length of 14 mm. Samples
were then preloaded at 10 mm/min to 100 mN and ¢lyehcally loaded from O to 1 N, O
to 2 N, and 0 to 3 N, for 5 cycles each, at 20 mim/amd finally extended to break. This
test method is based on the assessment of humaravagsue (Rubod et al. 2007, Rubod
et al. 2008, Jean-Charles et al. 2010, Rubod 204aR), with loading values chosen to

avoid damage to the ovine tissues.

Stress-strain curves were plotted from the forakedangation data generated, calculating
nominal stress (MPa, where 1Pa = 1N/hby dividing the force (N) by the initial cross
sectional area (mfpand the strain by dividing the extension (mmYhwy initial gauge
length (mm). The Young’'s modulus (MPa) was deteedifrom the slope of the stress-
strain curve in the linear region (Ozog et al. 2Edwards et al. 2013). This was
identified as the region immediately following agdioading and prior to yielding (Fig. 2).
Permanent strain (%) was calculated as the pegeiriarease in sample length following
cyclic loading (Edwards et al. 2013). Maximum str@glPa) was derived from the stress-
strain curve and maximum strain (%) was calcul#teeh the corresponding maximum

strain, derived from the stress-strain curve (E)g.

GraphPad Prism 6 was used for statistical anallggsults are reported as mean £+ SEM
for each of the three experimental groups. Sinealdta was not normally distributed

(D'Agostino & Pearson omnibus normality test), rpamametric analysis using Kruskal —
Wallis ANOVA and post hoc test for comparisons kestw the different groups (Tukey’s
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correction). Differences between the anterior anstgrior wall was determined by paired

t-tests. P values < 0.05 were considered staflistisignificant.

RESULTS

Virgin sheep were one year old, while parous argjpant sheep were 4 to 5 years old and
had delivered 3 lambs prior to the study. The nggstational age of the fetus in the
pregnant sheep was 132 +8 days. We developedieatigtore for vaginal wall
distensibility by measuring the maximum displacemerder traction as shown in Table 1.
There was hardly any displacement of the antendrpgsterior walls at points 3cm above
the urethral orifice in virgin and parous sheeppiegnancy, the mean displacement was
3.3 cm with traction of both vaginal walls. Therasano difference in displacement of the

cervix with traction in any of the sheep.

Histologically, the vaginal wall from all groupsahkied the typical 4 zones from the
superficial stratified squamous epithelium, ders@nective tissue lamina propria, a
muscularis of smooth muscle cells and connectssug, to the loose connective adventitia
(Fig. 3). The virgin sheep (Fig. 3A, B) had a densnnective tissue with moderate
uniform cell infiltrates and blood vessels in thenina propria with densely packed
collagen (Fig. 3 C, D). The vaginal architecturele parous sheep was similar to that of
virgin sheep with respect to epithelial height,sgdslensity (Fig. 3 E, F), and densely
packed collagen (Fig. 3 G, H). Pregnant ovine vadissue was strikingly different with
fewer cells but similar density of blood vesselsha lamina propria (Fig, 3 1, J) and

markedly less dense tissue and collagen packiadi itayers (Fig. 3 K,L).

The relative amount of smooth muscle cells (SMC3 gaantified by measurement of the

extent of the muscularis layer from Masson Tricheestained sections of each anterior
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and posterior vaginal tissue from each group. Almaoth muscle actim$§MA) staining
was used to confirm SMC presence within the musisu{gig. 4). There were extensive
variations in the absolute thickness of the mus@ilgithin and between each group,, due
to inter subject variation. In most sections, tifeecent zones of lamina propria,
muscularis and adventitia were not uniform in thieks, so Table 2 shows the mean
minimum and maximum thickness (um) from sectiongnfreplicate animals. The
pregnant group showed the highest proportion ofcoasis in the vaginal wall (71.1%
and 76.5%, anterior and posterior, respectivelg)\aas significantly greater (p< 0.05)
than vaginal tissue from virgin sheep (50.5% an@%% anterior and posterior,
respectively). Tissue from parous sheep showedriegtest variation in muscularis
thickness between anterior (65.1%) and posteri@7¢) location, although these were
not significant. The muscularis of parous posteveyginal tissue was also significantly less

than the posterior vaginal wall of pregnant aninfpts 0.05).

The percentage of total collagen relative to tishyeweight in the anterior wall of parous
sheep was significantly higher than in the antesialis of virgin and pregnant sheep (p<
0.001, p< 0.0001), respectively (Fig. 5A). Simyathe posterior vaginal wall from parous
sheep had greater total collagen content thanetssom both the virgin and pregnant
sheep (p< 0.05). The total collagen content wadai between the anterior and posterior
vaginal wall for the virgin, parous and pregnargegin (Fig. 5A). The collagen ratio type
[/ total collagen type | + 1ll, did not reveal wasignificant differences between virgin,
parous or pregnant groups (Fig. 5B) or betweeratiterior and posterior vaginal walls

(Fig. 5B).

The ETAP protein content of the parous group wasifcantly lower in both the anterior
and posterior vaginal wall compared to that ofuingin (p<0.01, p<0.05, respectively)
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and pregnant (p<0.0.0001, p<0.01) ovine tissue §). The ETAP content of the
anterior vaginal wall of the pregnant sheep wasisaantly higher than the virgin sheep
(p< 0.05).The anterior and posterior vaginal walAP content was similar within each of
the three groups (Fig. 5C). In addition the dmsttion of elastin and ETAP is
demonstrated by a Verhoeff Van Gieson histologstaih (Fig. 6). The staining points out
that elastin (and ETAP) are really a minor compaomethese tissues with very low levels

in the lamina propria and mainly localised in pdskeithin the deep muscularis.

The total GAG content of virgin, parous and predraine vaginal tissues was low
compared with the other ECM proteins. The virgireghshowed significantly lower
values (p<0.05) in the anterior wall compared ®pharous sheep (Fig. 5D). However no
differences were observed in the posterior vagiradls between the groups (Fig. 5D). In
contrast to virgin and parous sheep, pregnant séle®ped significantly less GAG in the
anterior compared to the posterior vaginal walll ECM quantitation were based on
%ECM/ pg dry weight of tissue. The water contemained similar in all groups

(Supplementary Fig. 1).

The non-linear stress strain curves showed an inateecegion of low stiffness, followed
by a region of higher stiffness in the linear reg{&ig. 2); cyclic loading occurred in the
transitioning region between the low and highdfretss parts of the curve (Fig. 2). The
Young’'s modulus (Fig. 7A) of the pregnant tissues\wmaller than virgin and parous
tissue types, but results were not significantgRaat tissue also had the smallest
maximum stress (Fig. 7B), which was significandwer than for the anterior tissue of the
virgin group (p<0.05). Permanent strain was higlf@sthe pregnant sheep, with
significantly higher strains compared to the paraog virgin groups for both anterior
(p<0.05, p<0.01) and posterior (p<0.0001, p<0.&BuEs respectively (Fig. 7C). The
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virgin posterior tissue had significantly highermanent strain than the parous tissue
(p<0.01). Similarly, maximum strain was highesttloe posterior tissue of the pregnant
group compared to the posterior tissues of theyzafjp<0.001) and virgin (p<0.05) groups
(Fig 7D). Significant differences between antedaad posterior tissues were found for
permanent strain in virgin and pregnant tissueth(pc< 0.05), and maximum strain for
pregnant tissues (p< 0.05), but none were obsdorguhrous tissue for any of the
biomechanical parameters examined. Tissues stedigbited the Mullins effect, showing
an increased strain at the same stress level iseswent loading cycles. Although not
quantified, it was observed that this effect wasemmonounced for the pregnant tissue

than the other tissue types (Fig. 2).

DISCUSSION

In this study we provide the first comprehensivalgsis of normal ovine vaginal tissue
composition combining histological, biochemical dndmechanical analyses at different
reproductive stages. We also described the finsical assessment of vaginal wall and
cervical displacement with traction. We found tpatous sheep had the lowest ETAP and
highest collagen content relative to tissue dryghkiand that pregnant sheep had the
highest ETAP content and thickest musculature. iRnegovine vagina was the most
extensible, but weakest tissue, with least dimevadicecovery following repetitive
loading. The parous and pregnant groups were avalgat parity, indicating that
pregnancy has the greatest influence on ovine ah§iGM tissue composition and
biomechanical properties. In general, there wasradttoward increased stiffness of
anterior, compared to posterior tissue, reflectivgfindings of other studies, in which

anterior POP and non-POP vaginal tissues wereistifan their posterior tissue
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counterparts (Jean-Charles et al. 2010). Howeweriar tissue was less extensible and

more elastic than posterior vaginal tissue.

A recent review concluded that the clinical datavaginal tissue composition was
inconclusive due to the heterogeneity of reportaich dnd inadequate standardization and
quantification of the changes (De Landsheere é&x(l3). We showed that the vagina
predominantly comprises collagen type | which rgédy responsible for its tensile
strength. Parous vaginal tissue had the high&stdollagen content relative to dry tissue
weight which was associated with a high maximuregking) stress. In contrast, pregnant
tissue had significantly less collagen, which mayabsociated with the lower maximum
stress. We did not find any quantitative differenethe level of collagen type Ill between
pregnant, virgin and parous sheep. Ennen et al i@eahsheep with antepartum prolapses
and found that mMRNA expression for collagen typ&as decreased, implying that elevated

collagen type Ill may be associated with POP (Eretead. 2011).

Elastin is the other major fibrillar protein foumdsoft viscoelastic tissues. The ETAP
content was significantly lower in vaginal tisstiesn parous sheep. Elastic fibres are
normally intended to last a lifetime except in wguctive tissue where high degradation
and re-synthesis was observed (Abramowitch et3819® The muscles and connective
tissue of the vaginal wall are responsible fomtschanical integrity and functionality.
Both the lamina propria and the muscularis contélia the strength and visco-elasticity
of the vagina. The changes in the vaginal conned¢issue ETAP composition were
consistent with our mechanical assessment of tiesees. Pregnant vaginal tissue
contained the highest ETAP and thickest muscusartsassociated smooth muscle cell
content; it was the least stiff (Young’'s modulusylanost extensible tissue (maximum
strain), with an average four-fold decrease ifir&ss and two-fold increase in maximum

strain, compared to parous sheep of similar paaitg, to virgin vaginal tissue. These
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findings are in agreement with studies in mice {Rahal. 2008) and rats (Lowder et al.
2007) where the supportive perivaginal tissuesedead in stiffness and strength during
pregnancy and returned to virgin levels four wesksr delivery (Lowder et al. 2007).
However, another rat study showed increased vadiggdnsibility during pregnancy
compared to virgins, which did not return to vir¢gwels four weeks postpartum (Alperin
et al. 2010). We also found a higher level of iretbipermanent strain following cyclic
loading in pregnant vaginal tissue, indicating &sithe least elastic by this measure and
the least likely to return to its original dimensso Previous studies characterizing
hysteresis by cyclic loading found vaginal tissise@-hyperelastic (Abramowitch et al.
2009) and to exhibit the Mullins effect (Diani ¢t 2009); with a smaller stress required to
reach a prescribed strain in subsequent loadinigeyin our study, the Mullins effect was
more pronounced for pregnant vaginal tissue conaip@réhat from virgin and parous
ewes. We suggest that such a large elastic defronm@agrmits the passage of the fetus

through the vagina during delivery as describeativer studies.

An ideal animal model for prolapse research hagebbeen established. Rats and rabbits
are cost effective and available in large numb&ls@mowitch et al. 2009), however, their
reproductive tract is small and the pelvic musaukais different from humans
(Abramowitch et al. 2009). The reproductive traicsheep is large with similar vaginal
dimensions as humans, and with similar pelvic ogyport by the three primary levels
although the pelvic musculature differs (Abramowigat al. 2009). Furthermore, sheep
experience high internal pressure on the pelvieciires compared to other quadruped
species due to their ruminant anatomy (Couri 2@l2). The ovine model may therefore
be a more suitable preclinical model (Abramowitthle2009, Deprest and Feola 2013)

for evaluating regenerative medicine approachesdmsvaginal surgical treatment of
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POP. Macaques would be an ideal model, but thehipitive costs and ethical restrictions

are much greater than for sheep (Abramowitch &Ql9).

In conclusion, our data showed that vaginal tisswynamic, undergoing profound
changes in connective tissue composition that @mfte the biomechanical behavior,
particularly during pregnancy. We speculate thaying degrees of vaginal tissue

recovery might explain why some females develop R@dPothers do not.
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Table 1 Measurements of vaginal wall and cervical maximuspldcement under traction

Virgin Parous Pregnant p- value
Ba 0.8+0.3 1+04 3.3+1 < 0.05*
Bp 0.8+0.3 1+04 3.2+0.8 < 0.05*
C 1.5+0.9 1.5+0.6 16+0.8 ns

Data are reported as meaiSEM in cm for n=3 virgin and n=6 each for parond a
pregnant ewes. * compared between virgin versugnaig and parous versus pregnant.
Ba, reference point 3 cm proximal of the extermathral meatus of the anterior wall. Bp,

reference point on the posterior wall opposite BaCervix. Ns, not significant.

Table 2. Measurements of the muscularis thickness in viggampus and pregnant sheep.

Tissue Muscularis thickness, (um £ SEM Total culesris
(% of total wall
thickness + SEM )

Min® Max®
Virgin Anterior | 1359 + 144 1970 + 149 50.5+6.2*
Posterior | 1037 + 271 2201 +439 45.0 £ 9.3*
Parous Anterior | 2047 + 356 3325 + 598 65.1+8.1
Posterior | 1537 £ 311 2747 + 146 50.7 + 6.9**
Pregnant | Anterior | 1983 + 377 2440 *+ 486 71.1+£5.9*
Posterior | 2436 + 193 3428 + 596 76.5 £ 5.5**

! Total thickness was measured from the surfactyding the epithelium, to the serosal
border.

2 numerous measurements (>20) were taken to e$tablismum and maximum values
for each slide.

p < 0.05 (*pregnant anterior compared to virgineaiot; **pregnant posterior compared to
virgin posterior and to parous posterior)
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FIGURE LEGENDS

Figure 1. Schematic showing dissection of ovine vaginal #sfu 1 biomechanical

testing, 2 histology, 3 biochemical analysis.
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Figure 2. Typical stress-strain curves for parous, virgin pregnant ovine vaginal tissue,
indicating maximum stress and strain, Young’s moguand permanent strain for the

virgin tissue curve.
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Figure 3. Histological structure of ovine vaginal wall. H+BcdaMasson stained sections
showing the anterior and posterior vaginal wallsiggin (A-D), parous (E-H) and
pregnant sheep (I-L). * indicates blood vesselsmage E arrows indicate the 3 vaginal

layers. Scale bar for H+E sections 100 um, for Mas®ections 250 pum.
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Figure 4. aSMA immunohistochemical staining of ovine vaginallwA. virgin, B.
parous, C. pregnant ovine vaginal tissue. Dotteeklindicate the muscularis layer. Scale

bar 200 pm.

132



Figure 5. Biochemical analysis of tHeCM content of the vaginal wall of virgin, parous
and pregnant sheep. A. % total collagen per drgessessed by hydroxyproline assay
in the anterior (black bars) and posterior (gresgpaaginal wall. B. % collagen 111/ (1+111)
analysed by SDS-PAGE. C. % Elastin per dry weighAmino Acid Analysis. D. % GAG
per dry weight by DMMB assay. Data is presentethaan (xSEM), n=6/ group for parous

and pregnant and n = 3 for virgin ewes. * p< 0.65p< 0.001, **** p< 0.0001.
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Figure 6. Verhoeff- Van Gieson staining for elastic fibreta(k) on virgin (anterior),
parous (posterior) and pregnant (posterior) vagdiaalies. The white arrows on the full
thickness images A, D, G denote the region whezdihher magnification images were
taken in the lamina propria (B, E, H) and deep ralssts (C, F, I). The green arrows

indicate regions of elastic fibres. Scale bars p00(full thickness images) and 50 pm

(high magnification images).
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Figure 7. Biomechanical properties of ovine vaginal wall.Yaung’'s modulus (MPa) B.
Maximum stress (MPa). C. Permanent strain (%). Bxikhum strain (%) in virgin, parous
and pregnant ewes in the anterior (black bars)sasterior (grey bars) vaginal wall,
calculated as described in Figure 2. Data is ptedeas mean (tSEM), n=2-7

replicates/group. * p< 0.05,**p<0.01, *** p< 0.00%** p< 0.0001.
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Supplementary Figure 1.Wet weight of virgin, parous and pregnant sheeteran
(black bars) and posterior (grey bars) vaginal wadita is presented as mean (xtSEM),

n=6/ group for parous and pregnant and n = 3 f@iviewes.
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CHAPTER 6

Comparison of ovine and human vaginal tissue composition and

properties

In chapter 5 | demonstrated that there are comliferences in ovine vaginal tissue
dependent on the different reproductive stagesrmg of collagen, GAG and elastin
composition as well as in the biomechanical propemwith pregnancy having the greatest

effect on tissue composition and biomechanical grtogs.

To establish a reliable preclinical model we warttedompare ovine and human vaginal
tissue. We further wanted to determine whethertlhee regional differences in the
vaginal wall. In humans, vaginal tissue collectioryoung, healthy women without POP

is unethical. We therefore decided to set up anpesbpausal sheep model as a surrogate

matched control group to postmenopausal women.

For this chapter | established a model of postmaus@ sheep by removing the ovaries in
a surgical setting and leaving the sheep for 3 hwritthank Dr. Vincent Letouzey for his
intellectual input and help with the study desilgty. thank also goes to Dr. Jan Deprest

and Graham Jenkins for their advice.

| performed a comprehensive analysis of vaginaliBsn ovine and human tissue using

the same techniques as described in chapter Ssimikar contributions of the co-authors.
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CONDENSATION

Ovine and human vaginal tissues show comparable biochemical composition suggesting

that sheep are a suitable animal model for preclinical prolapse research.

SHORT TITLE

Ovine and human vaginal tissue characterisation
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ABSTRACT
Objective

There are increasing numbers of reports descrifimgan vaginal tissue composition in
women with and without pelvic organ prolapse witimiticting results. The aim of this
study was to compare ovine and human posterionaagissue in terms of histological and
biochemical tissue composition and to assess absiwnechanical properties of ovine

vagina to establish a suitable animal model fovipadrgan prolapse research.
Study design

Vaginal tissue was collected from ovariectomiseeegh(n=6) and from postmenopausal
women (n=7) from the proximal, middle and distatdk. Tissue histology was analysed
using Masson’s Trichrome staining; total collageaswuantified by hydroxyproline
assays, collagen Ill/I+1ll ratios by delayed redoctSDS PAGE, glycosaminoglycans by
dimethylmethylene blue assay, and elastic tisssecgted proteins (ETAP) by amino acid
analysis. Young’s modulus, maximum stress/straid, @ermanent strain following cyclic

loading were determined in ovine vagina.
Results

Both sheep and human vaginal tissue showed conlpdrssue composition. Ovine
vaginal tissue showed significantly higher totdlagen and glycosaminoglycan values
(p< 0.05) nearest the cervix. No significant difieces were found along the length of the
human vagina for collagen, GAG or ETAP content. pheximal region was the stiffest
(Young’'s modulus, p<0.05), strongest (maximum strps0.05) compared to distal

region, and most elastic (permanent strain).
Conclusion

Sheep tissue composition and mechanical propestiesed regional differences along the
postmenopausal vaginal wall not apparent in hunaagina, although the absolute content
of proteins was similar. Ovariectomised sheep neag buitable preclinical model for POP
surgery.

Key Words

Extracellular matrix, human vagina, mechanical praps, pelvic organ prolapse, ovine

vagina
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MAIN TEXT
INTRODUCTION

Pelvic organ prolapse (POP), the herniation ofpiflgic organs into the vagina,
affects up to 25% of all women (Nygaard et al. 2008®0P predominantly results from
vaginal childbirth injury and is exacerbated byiageobesity and other factors. However,
due to multifactorial reasons the exact aetiol@yriclear since young or nulliparous
healthy women also develop POP, although at mugkriérequency than parous women
(Gyhagen et al. 2013).

The pelvic organs are supported at three diffdesrgls by the pelvic floor
muscles, the cardinal and uterosacral ligamentgt@dense fiboromuscular connective
tissue of the vaginal wall, termed the endopelagcfa (Delancey 1992). The connective
tissue of the endopelvic fascia is derived fromdest fibroblasts. The main proteins of
the extracellular matrix (ECM) are collagen andstfa(Gerhard Meisenberg 2006). The
muscularis mainly comprises smooth muscle celld,adong with ECM, is a dynamic
structure that undergoes changes in response nthnment. Together collagen type |
and lll, elastin and smooth muscle cells are mastponsible for the biomechanical

properties of the tissue.

Sheep may be a suitable model for preclinical stth perform POP research
(Abramowitch et al. 2009, Couri et al. 2012); shbape a similar sized pelvic region,
large fetal head-maternal pelvis ratio and sportaslky develop POP pre- and postpartum.
There are an increasing number of reports on thegposition of sheep and human vaginal
tissue; however, most studies only perform one tfnalysis or do not describe the
exact location. It is therefore difficult to acctely compare the results and draw
conclusions (Ennen et al. 2011, Gabriel et al. 2014 date, no study has compared
human and ovine tissue to justify sheep as a daitabdel for basic scientific research in
the field of urogynaecology. Regional differencasdbeen observed in the vaginal tissue
of rats (Skoczylas et al. 2013) where the configctind gross anatomy varied along the
vagina. Prolapse repair with synthetic meshestenaissociated with severe side effects
like pain, infection or erosion. It is necessaryl&ine the tissue at different parts of the
vagina to understand prolapse repair and to intedularge animal model for future
preclinical studies. The aim of this study wasgeess the variation of histoarchitectural,
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ECM and biomechanical properties along the lenfith@vagina of postmenopausal ovine
vagina and to compare these findings to humandifsm postmenopausal women.

MATERIALS AND METHODS
ANIMALS

The experimental procedures and sheep husbandeyaperoved by the Monash
Medical Centre Animal Ethics Committee A. Bordeidester Merino sheep were housed
in the Monash Animal Service facilities in complkanwith the National Health and

Medical Research guidelines for the care and usgbotatory animals.

Vaginal tissue was harvested from 6 postmenopaheap that had delivered 3
lambs vaginally with the last lamb being deliveed¢deast 12 months prior. A
postmenopausal model was achieved by surgical rahod¥he ovaries. The animals were
sedated with Medetomidine; anaesthesia was indwgbd®entobarbitone sodium
followed by isoflurane inhalation with ventilati¢th.5-2.5%) in 100% @Antibiotics
(Amoxicillin 1g) were administered. The sheep welaced in dorsal recumbency and the
wool shaved on the abdomen followed by skin preppising Chlorhexidine, 70% alcohol
and Betadine. A fentanyl patch was applied to sepain relief. A 10 cm lower abdominal
midline incision was performed and the ovaries remao The abdominal fascia and
subcutis were closed continuously, respectivelyh 8i0 Vicryl followed by local
anaesthetic (Bupivacaine, 5 ml) infiltration unttez skin. 16 weeks after ovariectomy,
animals were humanely euthanized by intravenousrasimation of Pentobarbitone
sodium (150mg/kg). A measure of maximum displacdroéthe vaginal wall was
performed on the posterior vaginal wall 3 cm abitneemuco-cutaneous junction zone
corresponding to point Bp of the POP-Q and by imaabn the cervix (Bump et al. 1996).
The complete vaginal tract was removed from thedgp immediately after euthanization;
full vaginal thickness tissue was collected inrgitudinal manner from the posterior
vaginal wall starting at the muco-cutaneous jumctione to the cervix. Tissue for
biochemical, histological and biomechanical analysas obtained at 20% (p20), 50%
(p50) and 80% (p80) of the posterior vagina with p2presenting the distal third close to
the hymen and p80 the proximal third close to #wig (Fig. 1).
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HUMANS

Human tissue collection was approved by the Motéesddth Human Research
Ethics committee B. All women gave written informamhsent. A thorough clinical history
and pre-operative POP-Q parameters were obtairegingl tissue was obtained from 7
women undergoing vaginal pelvic organ prolapsenstactive surgery. Redundant
vaginal tissue was excised from the midline anaioled at 20, 50, and 80% (at point of
excision, Fig.1) of the vagina in a similar manteethe sheep tissue acquisition for

histology and biochemical analysis.

HISTOLOGY

The explanted tissue was processed and stainedagson’s Trichrome to
measure the percentage muscularis in each zongpp@@nd p80. Sections were viewed
at X2 magnification and an area of muscularis waBred in relation to the total area of
the full vaginal wall thickness. Vaginal wall areas measured in ffrom the epithelial

to the adventitial margin using NIS-elements RAShRware.

The tissue was also stained with alpha smooth raasxtin ¢(SMA). Sections
underwent dewaxing, rehydrating and antigen reatigvcitric acid buffer as described
(Ulrich et al. 2013). Endogenous peroxidase wascjued followed by Protein block
(Dako®, Denmark). The primary antibody (1:400, Dak@s incubated for 1 hour, isotype
control was applied at the same concentration ({g®ako). Secondary antibody (Mouse
Envision Kit with HRP, Dako) was applied (Ulrichat 2012), colour was developed with
3,3'-Diaminobenzidine (DAB).

BIOCHEMICAL ANALYSIS

Collagen content was measured by a hydroxyproltyg) assay using 5x5 mm
frozen tissue pieces. These were weighed, lyomuilfor 4 hours, then digested with 1 ml
papain (0.5 mg/mlin 0.1 M NHPQO,, 5 mM EDTA, 5 mM Cysteine. HCI, pH 7.4) for 16
hours; supernatant was collected and total collagatent determined by hydrolysing in
6N HCI at 115C for 4 hours followed by desiccation overnight @¥sner 1961). After
reaction with 0.05 mol/L chloramine-T (Sigma) ar@®d (w/v in 2-methoxyethanopy-
dimethylaminobenzaldehyde (Sigma), Hyp was measspedtrophotometrically at 560
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nm using a standard curve (L-Hyp standards (0-1thjup(Sigma)) and total collagen
calculated using a Hyp to collagen ratio of 0.143Vbessner 1961).

The collagen type lll/type | ratio was determinesihg a SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) using delayed redudykes et al. 1976) as described
(Ulrich et al. 2013). Frozen tissue was thawedtmrt temperature, and 5 x 5 mm pieces
were digested for 4 h in pepsin (Sigma) (0.5 mgmil00 mM acetic acid, pH 2.5) at 4°C.
Samples were electrophoresed for 1 h at 130 V. A%2-¥nercaptoethanol (Sigma) was
added to each well for 1 h; electrophoresis was toatinued for 3 h at 130 V at 4°C.
Gels were stained with Coomassie Blue R-250 salutlestained in 20% ethanol and 5%
acetic acid. Images were taken using FujiFilm LA®® software. The percentage of
collagen Il in each tissue was calculated fromkp&aes using: Percentage type |l
collagen = Arear1(111)x 1.12 x100/[Areanl(lll)x 1.12]+ Areaal[l] (Chan D 1984); the
calibration factor 1.12 corrects for the colourlgif'om equal weights of the two collagen
types (Chan D 1984).

The insoluble precipitate from the above papairesligd, centrifuged sample was
used for indirect elastic tissue associated pret@TAP) analysis. This sample contains
remaining insoluble collagen and ETAP (primarilgstin but also includes insoluble
elastic-associated proteins fibulin, fibrillin aladent TGF binding protein) and was rinsed
in PBS and distilled water. After freezing and Iadjzation for 4 hours, the residual tissue
was weighed (Wy, and sent to Australian Proteome Analysis Facitt amino acid
analysis. The weight of insoluble collagen in tesidual tissue (Ws.co) was calculated
based on its corresponding Hyp amino acid amourd.percentage of ETAP in the tissue
samples was calculated using: ETAP %={d&W/es-co)/Wary] * 100.

Glycosaminoglycans (GAG) were measured by dimethbiiiylene blue (DMMB)
assay (Chandrasekhar et al. 1987) using the sam@es@reparation as for collagen
measurement. The GAG concentration in papain uldasue digests was determined
spectrophotometrically at 525 nm; Chondroitin self@ from shark cartilage (Sigma) was

used as the standard (0-0.5 mg/mL).

MECHANICAL TESTING

The tissue was stored at -20°C until testing, tlthexeernight at 4°C and tested

within 24 hours of defrosting. Freezing and thawatigws a more reliable assessment as
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specimens are tested under the same condition (Retled. 2007). Vaginal tissue was
dissected from sheep (n=4-6) in the p20, p50, &@dregions. Dogbone shaped samples
(n=1 replicate/region), central width and totalgém 4 and 34 mm, respectively, were

punched from the sheep tissue in the longitudirial @and kept moist using PBS.

Sample thickness was measured at 3 positions dgiitgl callipers for calculation
of the initial cross sectional area. Uniaxial tensétry was performed using an Insffon
Tensile Tester (556Tnstron Corp, USA) and a 5 kN load cell. Samplesengecured in
pneumatic serrated jaws to prevent slippage and sadrto a gauge length of 14 mm.
Samples were preloaded at 10 mm/min to 100 mN golitally loaded from 0to 1 N, O
to 2 N, and 0 to 3 N, for 5 cycles each, at 20 mm/amd then extended to break (Rubod et
al. 2007, Rubod et al. 2008, Jean-Charles et 4D, 2Rubod et al. 2012). Loading values

were chosen to avoid damage to ovine tissue.

Stress-strain curves were plotted from the gengrfatee and elongation data.
Nominal stress (MPa, 1Pa = 1N/Mmwas calculated by dividing the force (N) by the
initial cross sectional area (Mjrand strain by dividing the extension (mm) by ithigal
gauge length (mm). Young’s modulus (MPa) was deatezthfrom the slope of the stress-
strain curve in the linear region, immediately dating cyclic loading and prior to yielding
(Fig. 2). Permanent strain was calculated as theep&age increase in sample length
following cyclic loading (Fig. 2). Maximum stres§lPa) was derived from the stress-
strain curve and maximum strain (%) was calcul#teah the corresponding maximum

strain, derived from the stress-strain curve (E)g.

STATISTICS

GraphPad Prism 6 was used for statistical anabfdise biochemical data, and R
software (open source) for the biomechanical désults are reported as mean +SEM for
each experimental group. Two way ANOVA and post tast (Tukey’s correction) were
used for comparisons of biochemical and muscutiia between regions and between
species, and for analysis of biomechanical datgpemimg sheep and region. Kolmogorov-
Smirnov tests showed the normality required fohe&8OVA was satisfied. P values <
0.05 were considered statistically significant. &hen the total collagen as the primary
outcome of interest with a power of 80% and analekel of 0.05, it was estimated that 6
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subjects were necessary in each group (p20, pB(Qy&0) to detect a difference of 15% in
the total amount.

RESULTS

All sheep were 4-5 years old and had deliveredv®ka The point corresponding to
Bp could be moved to -1+£0.1 cm, the cervix 1.5xh8indicating no significant prolapse

in sheep.

The women’s (n=7) mean age was 71 £ 8 years, mgaiaty was 2 (1-4); mean
time since menopause was 17 + 8 years. The huntanaléissue showed stage 2 to 3
pelvic organ prolapse (Ba: 0.2 +2.5, Bp: 0.0 £L€8;0.8 £4.7).

Both ovine and human vaginal tissue showed the&ydi vaginal wall zones of
epithelium, lamina propria, muscularis and advenét the 3 regions examined (Fig 3A-
C). Masson’s Trichrome (Fig. 3 A-C) an&MC immune-staining (Fig. 3 D-F)
demonstrated the extent of muscularis in eachhidkness vaginal tissue section for the 3
regions along the vaginal length (Fig 1), with igngicant difference in percent of
muscularis between the anatomical regions fromtp2B0 in either human or ovine
vaginal walls. In sheep, the percent muscularigedadrom 39.7+4.2% at p20 to
45.615.8% (n=6) at p80; in human samples, from #4186 at p20 to 41.5+5.8% (n=7) at
p80 (Fig. 3G, H) with no significant difference teen the two species for the 3 regions.

The total collagen content was significantly higfie«0.01) in the proximal region
(p80) of ovine vagina compared to the distal (p&@j middle (p50) (p<0.05) regions (Fig.
4A). This difference was not observed in the humagina; however the average total
collagen content was comparable between the oviddhaman regions of the vagina (Fig.
4A). Collagen type lll, as measured by the collali#hi+| percentage was 29+4.5% at
p20, and 21+5.5% at p80 in the ovine vagina (AR). Zhere was no such trend in the
human samples with all regions showing comparael$ of collagen type lIll, around
40% (Fig. 4B), which was significantly higher atJp&nd p80 compared to ovine tissue (p<
0.05, and p< 0.01), respectively.

Similarly, no significant difference in total ETAd®ntent was found along the
ovine and human vagina (Fig. 4C). ETAP content ecasparable between ovine and
human tissue, approximating 15%.
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In ovine vagina the GAG content was significantigher (p<0.01) in the
p80compared to the p20 region (Fig. 4D). In the &nrsamples, there were no regional
differences. In both ovine and human tissue samfiles¥o GAG content was not
significantly different at p50 and p80 but at p2A&was significantly higher in human
compared to sheep (p< 0.01), but in both very levels between 0.5 to 1.2% were
observed.

Due to small human sample sizes, biomechanicaysisalvas only possible for the
ovine tissue. Young’s modulus was highest in th@ rggjion indicating the proximal third
of the vagina is the stiffest following cyclic laad (p<0.05) compared to p20 and p50
regions, which were of similar stiffness (Fig. 5Maximum stress (strength) was also
highest in the proximal region, with significanffdrences between p20 and p80 regions
(p<0.05) (Fig. 5B). Permanent strain, an indicatidissue elasticity, did not show
statistical differences along the vaginal lengthwaver a trend of increasing elasticity was
observed, with the proximal region being the mésstec (Fig. 5C). Maximum strain
(extensibility) produced a similar non-significarénd, with the proximal region being the

least extensible (Fig. 5D).

DISCUSSION

In this study we performed a detailed comparatiaysis of the histological,
biochemical and biomechanical properties (oving)oallong the postmenopausal ovine
and human posterior vaginal walls. We found sigaiiit differences between sheep and
human vaginal tissues for collagen ratio and GAGemas there were no differences for
total collagen and ETAP between the species abathe vaginal regions suggesting the

sheep to be a suitable animal model for POP rdsearc

Several of the major ECM components were higheitarproximal region of the
ovine vagina, particularly total collagen and GABhough ETAP and collagen ratio did
not differ significantly. In human tissue there @@ significant differences along the
vaginal wall for collagen, GAG or ETAP content. Tip#0 point in humans may
sometimes have been 70-75% of the vaginal lendtichamay contribute to the lack of

differences between the regions.

The vaginal wall consists of four layers, of whithmajor components have been

quantified in several studies, however, it is difft to compare existing studies given the
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range of techniques used; histology, immunohistousiey and biomechanical analyses,
and that the exact origin of the tissue is oftehstated (De Landsheere et al. 2013). Many
studies have relied on immunohistochemistry, wiasi@h only be regarded as semi-
quantitative. In this study for the first time wedertook quantitative biochemical assays to
accurately measure the major ECM proteins of vagissue. We combined this
quantitative biochemical analysis with histomorplety to provide a comprehensive
analysis of both ovine and human vagina. In oviagiva we further compared this with

biomechanical analyses.

Previous studies showed conflicting results in eahhuman vaginal wall
collagen content; some found no differences betwesnen with or without POP
(Kannan et al. 2011), whereas others found a higbléeagen content in women with POP
(Moalli et al. 2005). Prolapse predominantly ocdarpostmenopausal women and tissue
analyses is often available for this reproducttetus (De Landsheere et al. 2013). Our
study has not included women without POP and neltas it compared with
premenopausal controls, which are limitations. &h type | was the major ECM protein
in a previous study (Ulrich et al. 2014) and inrevand human vaginal tissue in this study,
in contrast to others which showed collagen Iitresdominant protein using
immunoquantification (Moalli et al. 2005). Our quiéative biochemical analysis of ovine
vaginal tissue indicated that total collagen waghbst in the proximal region, which was
associated with the highest maximum stress and ¢fsunodulus, suggesting that the
vaginal apex is the strongest and stiffest redikaly due to Collagen type I, known for
conferring tissue strength (Ramshaw et al. 2009).

Elastin is a major fibrillar protein of viscoelastissues (Woessner and Brewer
1963). ETAP, mainly elastin but also fibulin, fitins and latent TGF binding proteins,
showed a trend towards higher values in the prolxawiae vagina, which was also the
most elastic biomechanically (least permanentrsti@mpared to the distal regions.
Higher ETAP contents were also found in women W@P compared with controls (Zong

et al. 2010), whereas no differences were fourahother study (Kannan et al. 2011).

The regional differences in biomechanical and bémcical properties observed
along the length of the vagina could have develdpealgh different forces experienced
during previous deliveries. Our results in sheepiaidine with a study in rats which

showed significant regional differences of vagwvall contractility (Skoczylas et al.
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2013). We restricted our testing to the posteraginal wall tissue due to the different

anatomical location of the urethral orifice betwsbeep and humans.

The sheep used in this study did not have sigmfipaolapse in contrast to the
women, however were comparable to the human stulgjgats in terms of parity and
reproductive stage of life. Sheep have been rezedgras a relatively suitable animal
model for POP research (Abramowitch et al. 200rCet al. 2012) due to similarities in
the labour process, head- pelvis ratio and spooteshg develop POP. For the first time,

we have directly compared the ECM composition wigchanical data.

Although the tissue composition varied along thgival length more in sheep, the
similarity in content for most components betweleep and women suggest that sheep

can serve as a good model of POP research.
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FIGURE LEGENDS

Figure 1. Schematic showing dissection of ovine posteriotinagvall. Specimen 1 was
used for mechanical analysis, specimen 2 for biméted analysis and, specimen 3 for
histological analysis. Each was obtained at 209%9)p20% (p50) and 80% (p80) of total
vaginal length.
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Figure 2. Typical nominal stress strain curves for a modglaftmenopausal ovine tissue
(ovariectomised parous ewes), indicating maximuesstand strain, Young’'s modulus,

and permanent strain for the p80 curve.
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Figure 3. Masson staining of postmenopausal ovine vagindlata. p20, B. p50, C. p80.
D shows % muscularis in sheep in p20 (white ba&), (grey bars) and p80 (black bars).
E. p20, F. p50, G. p80 images of human vaginal wah aSMA staining. H shows %
muscularis in humans in p20 (white bars), p50 (dpag) and p80 (black bars).Data are
presented as mean (xSEM), n=6/ group each for shnadjor human. Scale bar is 250 pum.
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Figure 4. Biochemical analysis of theCM content of postmenopausal ovine and human
vaginal wall in relation to p20 (white bars), ppdy bars) and -p80 (black bars) location.
A and B.. % total collagen per dry weight asse$selydroxyproline assay in ovine and
human vaginal tissue, respectively; C and D. %ageh IlI/ (1+II) quantified by
interrupted SDS-PAGE in ovine and human vaginales respectively; E and F. % ETAP
per dry weight by amino acid analysis in sheeptamdan vaginal wall, respectively; G
and H. .% GAG per dry weight assessed by DMMB assayine and human vagina,
respectively. Data are presented as mean (+SEM),greup each for sheep and

human.** p< 0.01.
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Figure 5. Biomechanical evaluation of vaginal tissues frorareectomised
(postmenopausal) parous sheep in relation to pkadwars), p50 (grey bars) and p80
(black bars) location. A. Young’'s modulus (MPa).NBaximum stress (MPa). C.
Permanent strain (%). D. Maximum strain (%). Datpresented as mean (tSEM), n=4-6/
group.
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CHAPTER 7

DISCUSSION

This thesis aimed to develop a cell based theraplP©P repair using a TE approach. The
TE constructs comprised new meshes and a novetesofiMSC recently identified and
characterised in the human endometrium (eMSC) (&eg al. 2009). We developed both
small and large animal models for the preclinieating of the newly designed meshes
and tissue engineered constructs. Since a singleemiaad been identified for obtaining
the eMSC population (Masuda 2012), magnetic beaifigaieMSC were used to

generate the TE constructs. MSC are known to hatianflammatory and
immunomodulatory properties (Uccelli et al. 200&r@ett et al. 2012) and these
properties are probably greater in a pure populatmmpared to a non-purified stromal
cell fraction and therefore more likely to influenihe tissue response to the mesh

component of the TE construct.

Chapter 2 describes the evaluation ofithevo biocompatibility of the newly designed
meshes in a rat abdominal hernia model (Ulrich.e2G2). PA, PA+G and PEEK meshes
showed complex differences compared to the comalbr@vailable PP meshes and to
the control group. PA and PA+G meshes generateitdemmflammatory response
compared to PP, and PA+G stimulated the highektigen deposition. PA and PEEK
meshes induced the most vascularisation. We wéed@lestablish objective measures of
tissue inflammation using image analysis whereasipus studies relied on subjective
scoring. Therefore we were able to tease out martesdifferences that have not been
possible on previous subjective analyses, thugmgetew parameters for future studies in
the field. Chronic inflammation is a key factornresh surgery as many of the side effects
result from a strong ongoing foreign body reactMascularisation is also important for
good mesh biocompatibility to ensure neo tissweek supported with oxygen and
nutrients. In summary it appeared that the PA+Ghmess superior to the other meshes
with respect to inflammation, collagen depositiow &ascularisation, which was the
reason for choosing the PA+G mesh for assessingftbet of eMSC on mesh

biocompatibility in chapter 4.
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Many women with POP are postmenopausal and if egiols eMSC are to be used in the
TE constructs for POP surgery, it is important gh#ficient endometrium is available for
biopsy procurement of their eMSC and to confirnt tha harvested cells do indeed have
MSC properties. Chapter 3 describes the effectalfestrogen on the endometrium in
postmenopausal women using image analysis techsifustmenopausal endometrium is
thin and atrophic, but has capacity to regenenatieuthe influence of increased
circulating estrogen given as oral estrogen therBpth the estrogen-treated and untreated
postmenopausal eMSC possessed the key MSC sutfanetygpe and differentiation
capacity similar to premenopausal eMSC. They egaathe W5C5 marker used for
prospective isolation and could be obtained imalar manner as premenopausal MSC.
Since endometrium is an easily obtainable sourddQ€, the identification of eMSC in
postmenopausal women is of great interest. Evaugtinthe endometrium is atrophic due
to the lack of circulating estrogen during menogauge showed that eMSC resided in the
residual “basalis-like” layer (Nguyen et al. 20B2)d can still be collected by a curettage
for autologous cell-based therapies. Procuremdatibtated by short term estrogen
supplementation if not contraindications This pagioh of eMSC may be responsible for
the ability of postmenopausal endometrium to regeran response to estrogen only
hormone therapy, particularly the stromal vascatanponents. In a recent gene array
study, the human premenopausal eMSC subpopulathityrexpressed genes and cell
signalling pathways regulating proteolysis, cetltitity, haemostasis, vasoconstriction
and wound healing suggesting their involvementssuie repair (Spitzer et al. 2012). It is
speculated that these gene pathways are involverhenerating postmenopausal
endometrium. BmMSC are known to drop in numbersaeiyity during an individual’s
lifespan (Haynesworth et al. 1993), however theeergchanisms that influence adult
stem cell aging and cell aging in general are alby inderstood (Signer and Morrison
2013). Future studies are needed to compare tipegies of young (premenopausal)
versus old (postmenopausal) eMB@itro andin vivo. In summary, this study identified
that postmenopausal eMSC are a readily availahlecemf MSC for tissue engineering
purposes that can be obtained in adequate numperbibpsy after short-term oral
estrogen therapy. Long term estrogen replacemerdply can be associated with side
effects that have not been shown for a short tarapy, however careful consideration

regarding patient’s history has to be taken in cdsstrogen contraindications.
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TE has become popular during the last decade Hiecdéiscovery of human embryonic
stem cells and their potential promise in regenerahedicine applications ranging from
tracheal, bladder or vaginal replacement (Doriale2011, Raya-Rivera et al. 2011, Elliott
et al. 2012). Adult stem cells have also been #isicd in many tissues and pose a
popular cell type for TE applications. Most attemat using TE for the lower urinary tract
are still in the experimental stage and clinicall$rare needed before taking untried
treatments into the clinic, despite the pressuwmfpatient groups (Sumino and Mimata
2013). It is therefore likely that it might takene for established protocols to be
developed for POP repair. At the start of this ihas attempts using TE for prolapse
repair had been published, however rapid progeekeing made on all fronts with TE
combining all sorts of materials and cells. In tiissis, a proof of principle model for a
non-degradable mesh and eMSC tissue engineerirggraonhwas developed for use in a
preclinical model of POP. The rat fascial wound elad generally well accepted for
baseline and proof-of-principle studies although ot ideal to study the physiology of
POP. Mesh implantation in the vagina of nude ratéipits the use of adequately sized
mesh pieces to perform a comprehensive set ofnrdbive analyses. While the abdominal
hernia model provides pressure from the abdomirgeres the aim of chapter 4 was to
evaluate the sole effect of eMSC on mesh integraiiberefore the wound repair model
was developed. The objective image analysis anchbimical measurements allowed us to
obtain comprehensive, more quantitative and remibtkidata, setting a benchmark for

future studies.

Recentlyin vitro attempts have been made to examine oral fibrabéasd adipose-
derived MSC for their tissue engineering poterbateat urogenital disorders when
seeded on degradable poly lactic acid (PLA)-basatfadds (Roman et al. 2013). Both
cell types showed similar effects on collagen potiden and an increase in biomechanical
properties. Just recently PLA has been suggestad alkernate option for POP repair
models in animal studies. At the start of the iygwior to the second FDA warning on
the use of synthetic mesh for vaginal surgery)dhg term success of non-degradable
materials in humans was promising (Maher et al020h particular we decided to
fabricate new non-degradable meshes more closdishimg the biomechanical properties
of human vaginal tissue to ensure that future TiEStracts would continue to support
prolapsed tissues and regenerate new tissue oovepine biocompatibility of non-

degradable mesh. A key issue with the use of defptadneshes is the large and
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unpredictable variation in degradation rate betwaéects, making design of such mesh
for the general population of women very difficulh our setting, we performed amvivo
experiment and the eMSC improved the biocompaiybiif the mesh by increasing early
neovascularisation, promoting wound healing, desingglong term inflammation and
changing the mechanical properties to increasegbante (Ulrich et al. 2013). In this
setting there was no difference in the amount 84égen produced during the healing
phase, and although differences in its quality slaswvn in the birefringence data, clinical
conclusions cannot be fully drawn due to the laickimilar forces experienced on
vaginally placed mesh in the dorsum of the rake fiext step will be to test this TE
construct in a preclinical large animal model ofjival surgery to address this issue, i.e.
the sheep. Preliminary data from my colleagues shaiveMSC are available in sheep
uterus and can be used in an autologous settirg Té&r construct for analysis in sheep
vagina. Since there is increasing evidence thati@gus cell use is superior to
heterologous the conclusions drawn from this stugld to be re-evaluated in an
autologous model as a proof of principle, i.e.gheep. Furthermore the
immunomodulatory and anti inflammatory propertiad ghe mechanisms by which

eMSC improve mesh biocompatibility need to be itigased.

To develop a reliable animal model for precliniczdearch it is necessary to define
baseline parameters. Chapter 5 provides a compieesmnalysis of ovine vaginal tissue
at different reproductive stages to define basalmia for a large animal model of POP
vaginal surgery. This study provides the first dat includes several analytical
techniques relevant to POP and compares the rémilteeen different stages of
reproductive life. This data can serve as a bagman preclinical studies in this large
animal model to test alternative biomaterials atietocell types for their efficacy in POP
repair surgery. It may also assist in the develogroéa model for investigating the
aetiology and progression of POP. We found thagmaacy has a major influence on the
composition of the ECM and the mechanical propgifevaginal tissue. Interestingly
most alterations to the chemical composition awangichanical behaviour of the ovine
vagina normalise to pre-pregnancy values in somadiuall parous sheep, which might
explain why some individuals develop POP and othlts a similar history do not.
However, longitudinal, non invasive studies usiachinologies that do not destroy the

tissue are required to confirm this finding.
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To link preclinical and clinical studies, in thestachapter a comparison between sheep and
human vaginal tissue was attempted in postmenopizasaduals. A postmenopausal
ovine model was developed by performing ovariectimgheep to establish hormone
deprivation. Baseline data was generated alongdabmal wall to further characterise
differences between the different regions. We maréormed a comprehensive analysis
including histological and chemical techniqueskdoth human and sheep tissue from the
distal, middle and proximal vaginal regions. Ihis ethical to obtain large tissue samples
from human, which meant only histological and cheahanalyses were conducted on the
human tissues. We found significant differencethensheep between the lower distal and
upper proximal vaginal wall whereas these diffeesnwere not as pronounced in human
tissue. Interestingly the overall ECM content wiasilar between the two models
supporting the hypothesis that sheep are a suipabtdinical model for POP research. To
date, there is high level of inconsistency betwstedies examining vaginal tissue
composition (De Landsheere et al. 2013). Reasoulsl t@ the inconsistency of the tissue
acquisition process; often the precise region framch the tissue was exactly obtained is
not known. Furthermore, different authors use dé#fife: techniques which has hindered
comparison between studies. Ethical restrictiorfsuiman tissue acquisition also play a
role in the paucity of data available.

New treatment strategies for POP are needed diecguccess rates of native tissue repair
are unsatisfying (as low as 40%) (Maher and Bae26ig6, Carey et al. 2009, Guerette et
al. 2009) and the side effects resulting from tbe of current meshes are relatively high
(up to 25%) (Jia et al. 2010). Although POP canlé@litating and significantly affect the
quality of life of women, it is not a lethal conidi, but this does not justify a high
incidence of side effects or risks for treatmerttays. Additional costs incurred by a
tissue engineering approach such as cell isolamohculture expansion, as well as
material development have to be considered tdmdtbeen postulated that the first
priority for new treatment options for POP is theafety, regardless of success or other
factors (Davila 2012). New or alternative materialsombination with different cell
sources will have to be evaluated in large precdinstudies to find the optimal treatment
option for POP to return to women the quality & they deserve without inducing any
harm. The methodologies, animal models and appesagbed in this thesis provide a

basis for ongoing development of future innovatreatments for POP.
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Toward the use of endometrial
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Monash University, Monash Institute of Medical Research, The Ritchie Centre,
Melbourne, Australia

Introduction: Bone marrow is a widely used source of mesenchymal stem cells
(MSCs) for cell-based therapies. Recently, endometrium - the highly regener-
ative lining of the uterus - and menstrual blood have been identified as
more accessible sources of MSCs. These uterine MSCs include two related
cell types: endometrial MSCs (eMSCs) and endometrial regenerative cells
(ERCs).

Areas covered: The properties of eMSCs and ERCs and their application in pre-
clinical in vitro and in vivo studies for pelvic organ prolapse, heart disorders
and ischemic conditions are reviewed. Details of the first clinical Phase | and
Phase Il studies will be provided.

Expert opinion: The authors report that eMSCs and ERCs are a readily
available source of adult stem cells. Both eMSCs and ERCs fulfill the key MSC
criteria and have been successfully used in preclinical models to treat various
diseases. Data on clinical trials are sparse. More research is needed to
determine the mechanism of action of eMSCs and ERCs in these regenerative
medicine models and to determine the long-term benefits and any adverse
effects after their administration.

Keywords: endometrial mesenchymal stem cells, endometrial regenerative cells, glioma, hind
limb ischemia, menstrual blood, mesenchymal stem cells, muscular dystrophy, myocardial

infarct, pelvic organ prolapse, stroke

Expert Opin. Biol. Ther. (2013) 13(10):1387-1400

1. Introduction

The unique properties of stem cells are self-renewal, differentiation into one or more
lineages and high proliferative potential [1]. There are two main types of stem cells:
embryonic stem cells and adult stem cells. Embryonic stem cells are derived from
the inner cell mass of the blastocyst embryo and as pluripotent cells they can
differentiate into all cell types derived from the three embryonic germ layers,
namely, ectoderm, endoderm and mesoderm [2]. In contrast, adult stem cells are
rare, long-lived cells found in most adult tissues. Adult stem cells also self-renew
but are more restricted in differentiation repertoire (i.e., multipotent) and are less
proliferative. Problems associated with embryonic stem cells are their unpredictable
differentiation, tendency to generate teratomas (3, ethical issues and difficulty of
access, therefore making adult stem cells an attractive option for cell-based therapies.

2. Mesenchymal stem cells

Mesenchymal stem cells or mesenchymal stromal cells (MSC) are defined as plastic
adherent cells with a characteristic surface phenotype, with a capacity to proliferate
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Article highlights.

« There are two methods for harvesting MSCs from the
endometrium: an endometrial biopsy from the uterine
cavity via the cervix or collection of menstrual blood.
The eMSCs can be extracted from the stromal fraction
using FACS sorting (CD 146" CD140b" cells) or magnetic
bead sorting (W5C5/SUSD2* cells).

ERCs are cultured from menstrual blood similar to
bmMSCs and includes fibroblasts. Some purify cultured
menstrual blood cells by CD117 magnetic bead sorting.
Few animal studies exist that test the in vivo effect of
eMSCs or ERCs.

To date, several clinical studies have used ERCs for
non-uterine problems without adverse effects in any of
the patients (n = 4).

Several clinical studies are currently being developed
using ERCs for uterine and non-uterine diseases.

This box summarizes key paints contained in the article.

extensively and with a clonogenic activity (4. MSC were first
discovered in bone marrow in 1966 and later described by
Friedenstein ez al. as adherent fibroblast-like cells [5). Accord-
ing to the International Society for Cellular Therapy (ISCT),
MSCs must fulfill three main criteria: plastic adherence, mul-
tilineage differentiation into osteoblasts, adipocytes and chon-
drocytes, myocytes and other connective tissue cells iz vitro
and possession of key surface markers, including CD29,
CD44, CD73, CD105 and CD146 but not the following
hematopoietic cell markers CD34, CD45, CD14, CD11b,
CD79¢,, CD19 and HLA-DR (67. MSCs from different
sources may possess unique markers that can be used for
their prospective isolation. CD271 and STRO-1 have been
used in identifying and isolating bone marrow MSCs
(bmMSCs) 18,91

MSCs have been identified in most tissues including
bone marrow, dental pulp, umbilical cord, corneal stroma,
cord blood, amniotic fluid, skeletal muscle, periosteum,
scalp tissue, pancreas, placenta, synovial membrane and endo-
metrium [10-13]. MSCs appear to transdifferentiate into several
cell lineages other than their mesodermal germ layer of origin,
making them an attractive source for cell-based therapies for
future treatment options [14]. Furthermore, substantial evi-
dence indicates that MSCs are a subset of pericytes that line
blood vessels [10,12.15.16] and promote tissue repair. MSCs are
a heterogeneous population, especially when obtained by the
plastic adherence method. A more pure population can be
obtained when MSCs are extracted using specific markers.

MSCs were originally thought to aid tissue repair by trans-
differentiation [17.18] into the cell types required. However,
there is an increasing recognition that MSCs act in a paracrine
manner by homing to damaged tissues and secreting copious
quantities of bioactive molecules. These molecules promote
angiogenesis, limit fibrosis and scarring, inhibit apoptosis
and promote tissue-specific progenitor cells to proliferate [19].

MSC:s also dampen the inflammatory response and modulate
both the innate and adaptive immune system.

The precise mechanisms by which MSCs operate are
still unclear and these functions are yet to be fully eluci-
dated (17,20-23]. However, in an inflammatory milieu, cytokines
such as tumor necrosis factor oo (TNF-o) and interferon (IFN-
v) license MSCs [24] to produce anti-inflammatory mediators
including prostaglandin E2 (PGE2) (25, indoleamine 2,3-
dioxygenase (IDO) [26] and nitric oxide [27], which in turn
modulate the function of natural killer cells and macrophages,
which are key cells involved in the innate immune response.
When macrophages are cocultured with MSCs, their produc-
tion of proinflammatory cytokines such as TNF-o and
IL-6 are diminished and anti-inflammatory cytokines such as
IL-10 are increased 28.29]. MSC production of PGE2 drives
a phenotypic change in macrophages from proinflammatory
(M1) to anti-inflammatory (M2) phenotypes [29] through
interaction with macrophage prostanoid receptors. MSCs
also modulate the inflammatory response through toll-like
receptor (TLR) signaling. Viral dsRNA activadon of TLR-3
on MSC initiates an anti-inflammarory response in macro-
phages, while a proinflammatory macrophage response results
from lipopolysaccharide (Gram-negative bacterial cell wall
component) activation of TLR-4 on MSCs. This suggests
that there are two different MSC phenotypes: MSC1 (proin-
flammatory) and MSC2 (anti-inflammatory) (301. These
phenotypes were speculated to result from stimulation by
low concentrations of agonists, as expected 7z vivo. Further
studies are needed to confirm the differential effects of
TLR-3 and TLR-4 stimulation on these MSC phenotypes, as
others have also shown that lipopolysaccharide-stimulated
MSCs exert an anti-inflammatory response (28,31).

The immunosuppressive effects of MSCs on the adaptive
immune system predominantly affect T-cell proliferative
responses to foreign, non-self major histocompatibility
complex molecules on antigen-presenting cells. These immu-
nomodulatory properties of MSC have been exploited for
treating acute graft-versus-host discase and indeed bmMSCs
have been used in a successful clinical trial for this purpose (321.
More recently, placental stromal cells were also successfully
used for the treatment for acute graft-versus-host disease
with a response rate of 75% in a trial of eight patients [33]. Still
much remains to be learned about the normal role of MSC in
tssue repair and how this can be manipulated to create
new therapeutics.

MSC are rare and few are available for harvest from adult
tissues, requiring their substantial expansion ex vivo. As with
most adult stem cells, prolonged culture of MSC results in
their spontaneous differentiation to fibroblasts. The number
of bmMSCs decrease with ageing, with a tenfold loss occur-
ring within the first 10 years of life, and a similar rate of
loss that continues until adulthood [34]. Furthermore, MSC
defining surface markers are also expressed on fibroblasts
and other cells, making it difficult to identify and purify
MSCs from adjacent tissue cells (2. They are predominantdy
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identified by key stem cell properties in cell culture, but flow
cytometry phenotyping and fluorescence-activated cell sorting
(FACS) using recently identified markers have also been used
by some (9.35]. Furthermore, MSCs change their surface
marker expression in culture, making it more difficult to
obtain pure MSCs [36]. Identification of specific markers for
MSC purification is a priority of current research, together
with optimization of culture conditions to prevent spontane-
ous differentiation and loss of MSC activity and to achieve
the desired cell type for transplantation [37].

2.1 Survival of transplanted MSC

Many animal and human studies have demonstrated a benefi-
cial effect of MSC infusion or implantation on tissue and
organ repair. MSCs home to sites of tissue damage when
infused intravenously, where they secrete bioactive molecules
that promote tissue repair, with little evidence of engraft-
ment [38]. When infused cells are tracked in vivo after admin-
istration, few are found as they are rapidly trapped in the
lungs and cleared from tissues. For example, intravenous
injection of bmMSC in a mouse model of coronary artery
disease (coronary vessel ligation) significantly improved myo-
cardial parameters after 3 weeks; however, the cells were not
detected after 48 h (39). Large numbers of MSCs were found
in the lungs where they induced upregulation of 50 genes
including TNF-o¢ (39]. Similarly, the inflammarory response
in a rat model of corneal injury was reduced after intraperito-
neal infusion of bmMSC. After 10 million cells were
injected, < 10 were detected on day 3 suggesting that the cells
do not engraft but rather release anti-inflammatory cytokines
and proteins, including TNF-ot-stimulated gene/protein 6 [40].
Similar results were observed in models of peritonitis and
sepsis [41,42].

It has been suggested that MSCs act through a ‘touch and
go’ mechanism. MSCs rapidly migrate to the damaged site
and are cleared after release of their immunomodulatory
payload (43]. Culture-expanded bmMSCs do not express
human leukocyte antigen (HLA) class II cell surface mole-
cules indicating their lack of involvement in the specific
immune response [44]. MSCs can, therefore, be used in an
allogeneic setting and there are several companies developing
‘off-the-shelf allogeneic products (e.g., Mesoblast, Medi-
stem Inc.) with the advantage that a single donor can
produce thousands of doses. It is currently unclear if
immune rejection will be provoked if repeated doses from
different individuals are administered. A recent review did
not find an increased rate of toxicity events after unmatched
heterologous MSC administration suggesting that MSCs are
‘immune- privileged” (45]. In most of these studies, multiple
doses of MSCs have not been administered and therefore it
is still uncertain whether allogeneic MSC just might initiate
an immune response in these circumstances. Multiple treat-
ments are not an issue for autologous MSC and regulatory
requirements are simpler.

3. Endometrial MSCs

Recently, a small population of clonogenic endometrial stro-
mal cells with typical adult stem cell properties of self-
renewal, high proliferative potential and multilineage meso-
dermal differentiation capacity was identified in human endo-
metrium [46-48]. These were defined as endometrial MSCs
(eMSCs). Cells with eMSC properties have also been identi-
fied as a component of the side population (SP) cells (49-51).
The eMSCs can be easily obtained by uterine biopsy with
access via the cervix (Figure 1). In contrast, the procurement
of bmMSCs and adipose MSCs requires at least local anesthe-
sia, while the endometrium is one source of human MSCs
that does not require an anesthetic [521. While this may be
considered a trivial issue by some, it can be an important con-
sideration for other patients. Some researchers, therefore, pre-
fer cord blood MSCs as they can be obrained from a waste
product and are therefore easily accessible. The endometrium
undergoes regular cycles of shedding and regeneration for up
to 500 times during a woman’s reproductive years [4s]. Epithe-
lial progenitor cells have also been found in endometrium;
however, this review will focus on the MSC population. The
eMSCs were found in both reproductive age and postmeno-
pausal women and in the endometrium of women on oral
contraceptive therapy (53] (unpublished observations by the
authors), indicatng that eMSCs can be harvested from
women of all ages irrespective of hormonal status or treat-
ments. The eMSCs are clonogenic and self-renew as demon-
strated by serial cloning in culture (461, They are also highly
proliferative, undergoing 30 population doublings with a total
cellular outpurt of several billion cells from a single cell (46],
indicating their capacity for ex vive expansion and potential
utility in cell-based therapies. On average, 1 x 10° W5C5"
cells can be obtained from either a curette or from a pipelle
biopsy (unpublished observation).

3.1 eMSC differentiation

Large endometrial stromal colony-forming units (CFU)
undergo multilineage differentiation into four mesodermal
lineages when cultured under appropriate conditions, includ-
ing smooth muscle, fat, cartilage and bone [46]. Typical
markers used in phenotyping bmMSCs and adipose tissue
MSCs [7] were observed in endometrial stromal CFU-derived
cells. Some of the colonies expressed ot-smooth muscle actin
suggesting myofibroblastic differentiation [47]. Cultured endo-
metrial stromal cells containing eMSCs differentiate down
typical mesodermal lineages. eMSCs also differentiate into
other non-endometrial cells, including platelet-releasing
megakaryocytes in vitro [54], possibly by a direct transdifferen-
tiation mechanism that does not involve de-differentiation or
transition through distinet hierarchies of hematopoietic stem
cells [55]. The eMSCs also differentiate into ectodermal and
endodermal lincages, including neural cells iz zizre and
in vive [56,57) and insulin-producing cells in virro 58], thus
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Figure 1. Schematic representation showing isolation procedures for obtaining endometrial stem/progenitor cells from
human uterus and menstrual blood. Endometrial stem/progenitor cells are sourced from hysterectomy, endometrial biopsy
and menstrual blood. Culture dishes indicate when culture occurs in the isolation or characterization procedures. Adult stem
cell features conducted on the various cell populations are shown as dot points.

Adapted and reproduced with kind permission from World Scientific Publishers, Singapore [96].

making them a possible source for use in neurodegenerative
diseases, such as stroke, Parkinson’s disease, Alzheimer’s
disease, amyotrophic lateral sclerosis, epilepsy, trauma and
intoxications, and for treatment of diabetes.

3.2 Source of eMSCs

The source of eMSCs is not yet clear. An endogenous source
derived from residual fetal stem cells has been proposed [59],
while there is some evidence that bone marrow cells may
incorporate into human and mouse endometrium and con-
tribute to the generation of endometrial cells [60.61]. Currently,
it is not known if these incorporating bone marrow-
derived cells are hematopoietic stem cells, MSCs, myeloid
cells or endothelial progenitor cells, but they do not contrib-
ute to the SP (62]. In single antigen HLA mismartched bone
marrow transplanted women, signiﬁcant chimerism ranging
from 0.2 to 52% of the endometrial glands and stroma was
observed in four patients (63]. Most glands consisted entirely
of host- or donor-derived cells indicating monoclonal
derivation, although chimeric endometrial glands have also
been reported in three women who had received gender mis-
matched bone marrow transplants [631. It seems, therefore,
more likely that eMSCs originate from resident stem/
progenitor cells than bone marrow-derived cells; however,
more research is needed.

3.3 Prospective isolation and scale-up culture of
eMSCs

MSCs from bone marrow and adipose tissue are frequently
obtained from simple culture of adherent cells and contain a
mixture of fibroblasts and MSCs. STRO 1 has been used to
purify bmMSCs, but this marker is not expressed on
eMSCs (641 Specific markers for eMSCs have been identified
which can be used to prospectively isolate eMSCs from
human endometrium as the co-expressing CD146"'CD140b"
-cell population (Figure 1) (12]. This CD146*CD140b" popu-
lation fulfils the minimal criteria for MSCs, including surface
phenotype (CD29, CD44, CD73, CD90 and CD105 expres-
sion). A recent gene profiling study of the three populations
sorted from endometrial stromal cells immunostained with
CD140b and CD146 antibodies confirmed that eMSCs are
found in the double-positive population and expressed genes
involved in angiogenesis, inflammation, immunomodulation,
cell communication and proteolysis [65].

A recent innovation was the identification of a single
marker, W5C5 for eMSCs [16]. The W5C5 antibody detects
the SUSD2 transmembrane protein expressed on the cell sur-
face (66]. Extracting eMSCs via magnetic beading is possible
with a single marker and preferable to FACS sorting, as it is
rapid and less traumatic for the cells (16]. On average, 4.2%
of endometrial stromal cells are positive for W5C5 [16]. The
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W5C5" eMSCs fulfill the minimal criteria for MSC (7]
making them preferable for use as a cell-based therapy in
proof-of-principle animal models (67].

3.4 ex vivo culture of eMSCs for cell-based therapies

The niche regulates stem cells by providing a specific physiological
environment. Niche cells produce growth factors and other cyto-
kines that together with extracellular matrix molecules regulate
their functional state. Certain growth factors support the growth
of eMSCs in serum-free medium, including epidermal growth
factor, transforming growth factor-o0 (TGF-0t) and platelet-
derived growth factor-BB (PDGEF-BB) (53]. Owing to their rarity,
freshly isolated eMSCs are only available in small numbers which
makes 77 vitro expansion necessary (Figure 1). In preparation for
clinical use, protocols have been developed for serum-
free culture expansion of eMSCs (ss]. In our first steps to achieve
clinical grade production, we have shown that eMSCs can be cul-
tured in serum-free medium without changing surface marker
expression, differentiation capacity or proliferative potential [cs).

3.5 W5C5* eMSCs regenerate stromal tissue in vivo
One of the most important functions of stem cell populations is
their ability to reconstruct the appropriate tissue iz vivo. W5C5"
eMSCs reconstituted endometrial stromal tissue after transplan-
tation under the kidney capsule in nonobese diabetic/severe
combined immunodeficient IL-2 receptor y-deficient (NOD/
SCID 7y or NSG) mice [16). Similarly endometrial stromal tissue
was also reconstituted when human endometrial SP cells were
transplanted under the kidney capsule of immunocompromised
mice (5051). These findings indicate that prospectively isolated,
culture expanded eMSCs have the capacity to regenerate tissue
and therefore have utility as a cell-based therapy.

4. Endometrial regenerative cells from
menstrual blood

The endometrium is partally shed during menstruation every
month, leaving behind the basal regenerative layer from which
the new functional layer grows [5269. The markers used to
purify eMSCs, co-expression of CDD140b and CD146 or the
single marker, W5C5/SUSD2, reveal their perivascular loca-
tion in both the basal and functional layers, thus indicating
they will be shed each month during menstruation. It is,
therefore, not surprising that viable MSCs have been identi-
fied in menstrual blood. These have been isolated and charac-
terized in a similar manner as bmMSCs using plastic
adherence (Figure 1). These cultures include both MSCs and
fibroblasts. These adherent cells were described as endometrial
regenerative cells (ERCs) [70] and in this article, we will use
this term. ERCs express key MSC markers (CD9, CD29,
CD41a, CD44, CD59, CD73, CD90 and CDI105) and
lack the negative markers CD14, CD34 and CD45. Similar
to eMSCs, they do not express STRO-1. The ERCs retained
a stable karyotype for up to 68 passages and doubled every
19 h showing a higher proliferation rate than cord blood

MSCs [701. ERCs have also been extracted from cultured men-
strual blood mononuclear cells by c-kit selection 171]. Matrix
metalloproteinases were highly expressed in ERCs; they pro-
duced high levels of MMP3, MMP10 and growth factors
including granulocyte-macrophage colony-stimulating factor,
angiopoietin-2 and PDGF-BB (70, ERCs differentiated into
nine different cell lineages from the three germ layers, includ-
ing cardiomyocyte, neuronal, hepatic and pancreatic line-
ages [7071]. ERCs express the pluripotent markers OCT-4
and SSEA-4 [721. An independent group showed that ERCs
were clonogenic, expressed typical MSC surface markers and
differentiated into mesodermal lineages (73). Myogenic differen-
tation of ERCs was demonstrated by coculture with rat cardi-
omyocytes. Some cultured cells started to beat spontaneously,
formed sheets of heart muscle and incorporated into cardiac
muscle when transplanted as a patch in vivo (74). Similarly, car-
diomyogenic transdifferentiation was observed when ERCs
were cultured in serum-free medium, showing greater physio-
logical similarity to cardiomyocytes compared to those cultured
in serum-containing medium, likely due to unknown quand-
ties of inhibitory factors present in some batches of serum [75.

4.1 ERCs and bmMSCs have similar properties

A recent, comprehensive comparative profiling of ERCs and
bmMSCs for gene expression, miRNAs and cytokine produc-
tion showed similar but not identical profiles [7¢). The bmMSCs
express higher levels of vascular endothelial growth factor
(VEGE), IL-6, TGFP1 or TGFB2, whereas ERCs express
higher levels of IL-8 and ICAM-1, thus suggesting that ERCs
may have a role in acute inflammation and may be more suitable
for different tissue engineering purposes. Other angiogenic cyto-
kines, PDGF-BB and angiopoietin, were 27-fold and 14-fold
higher in ERCs compared to bmMSCs, respectively, thus sug-
gesting that alternative angiogenesis pathways may be activated
by ERCs. Further studies are needed to determine if ERCs stim-
ulate more angiogenesis in vivo then bmMSCs. ERCs sceded
onto nanofibrous polycaprolactone scaffolds produced proteo-
glycans and collagen type II, indicating their potential for differ-
entiating into cartilaginous tissue [77. ERCs proliferate faster
than bmMSCs and express the pluripotency marker, OCT-4,
but like eMSCs [64] lack the MSC marker, STRO1 [771. ERCs
have been isolated by three independent groups (707173 and
appear similar to endometrial MSCs. Although comparative
studies have not been reported for eMSCs and ERCs, it is
expected that purified eMSC populations (CD140b"CD146"
or W5C5/SUSD2") would be more potent than unfractionated
plastic-adherent scromal cells cultured from menstrual blood.
Further studies are also needed to compare eMSCs directly
with bmMSCs.

5. Preclinical 'Proof of Principle’ animal
studies with eMSCs

Given that both eMSCs and ERCs were only recently discov-

ered, only a few studies exist on their clinical suitability. These
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have been summarized in Table 1. We are developing an
autologous tissue engineering construct using synthetic
meshes (78,79] and eMSCs to treat pelvic organ prolapse and
have tested this in a small animal skin wound repair model 671.
Compared to mesh alone, the meshes implanted with W5C5"
eMSCs showed better tissue integration by increasing initial
neovascularization, reducing chronic inflammation, promot-
ing deposition of better organized non-scarring collagen fibers
and by increasing distensibility and reducing stiffness of the
mesh-tissue complex after 3 months. Collectively, eMSCs
diminished the foreign body reaction and improved mesh
integration in the long term even though they only remained
around the implanted mesh for ~ 14 days. Thus, eMSCs may
have clinical application in favorably modulating tissue
response to implanted foreign materials.

The potential clinical utility of intraperitoneal administra-
ton of eMSCs in a mouse model of encephalomyelitis [g0]
was demonstrated by fewer infiltrating mononuclear cells in
the lesions, reduced recruitment of both Thl and Th17 cells
into the central nervous system and upregulation of cytokines
IL-10 and IL-27 in the spleen, suggesting that eMSCs exerted
a systemic anti-inflammarory effect. It has to be noted that the
control group in this study was not properly described, so
further studies evaluating the immunomedulatory properties
of eMSCs are necessary.

6. Preclinical 'Proof of Principle’ animal
studies with ERCs

ERCs have also been examined in preclinical small animal
models for a range of clinical applications, as summarized
in Table 2.

Neural differentiation of ERCs was tested in vitro and
in vive. In an in vitre rat model of stroke, oxygen-deprived
primary neuronal cell cultures exposed to human culture-
expanded CDI117-purified ERC exhibited = significantly
reduced cell death compared to the untreated neurons [s11.
The soluble neuroprotective trophic factors released by ERCs
included VEGF, brain-derived neurotrophic factor (BDNF)
and neurotrophin-3 (NT-3). In an iz vive model of ischemic
stroke, rats transplanted or injected with ERCs showed signif-
icantly lower behavioral and histological impairments com-
pared to vehicle-only treated rats 811, After 14 days, few of
the inoculated ERCs were found, suggesting that ERCs had
a trophic effect, secreting factors that promoted survival of
the neural cells. It is unclear whether the ERCs developed
into new tissue.

In another preclinical model of hind limb ischemia, 1 x 10°
ERCs were administered intramuscularly in rats 0, 2 and 4 days
after ligating the femoral artery. The ERCs promoted angio-
genesis thereby preventing limb necrosis [82]. A similar angio-
genic effect of the ERCs was observed in a mouse model of
muscular dystrophy which resulted in improved muscle
repair [s3]. In this study, 2 x 107 ERCs were injected into the
thigh muscle of dystrophic mice and were compared to

saline-injected controls. Mice treated with cells showed
increased dystrophin expression in the affected muscles and
improved muscle regeneration determined by quantitative
immunohistochemistry.

ERC:s have also been used to treat myocardial infarction in
a rat coronary artery ligation model. Rats received 1 -2 x 10°
ERCs or bmMSCs into the infarct lesion, 2 weeks after artery
ligation. The size of the myocardial infarction zone was
reduced in ERC-treated rats compared to the control or
bmMSC group [74], suggesting that ERCs have a stronger
reparative effect than bmMSCs. The safety profile of ERCs
was investigated by comparing their tumorigenicity in immu-
nocompromised mice with a positive control fibrosarcoma
cell line at low, medium and high doses of ERCs (3 x10%,
1% 10°and 2 x 10%) to a negative control group adminis-
tered saline. After 90 days, no adverse effects were observed
in the ERCs and control groups, whereas the fibrosarcoma
cell group developed tumors at the site of injection [84]. Histo-
morphological analysis of many organs showed no abnormal-
ities in the ERCs and control groups. It was important to note
that endometriosis did not develop in any mice treated with
ERC:s for any of the doses. However, larger studies are needed
at higher doses to draw conclusions on the safety profile
of ERCs.

In a rat model of intracranial glioma, unselected cultured
ERCs were intravenously infused (3 x 10°% or intratumorally
administered (1 x 10°). In both modes of delivery, the blood
vessel density as determined by quantitative immunohis-
tochemistry was reduced causing tumor shrinkage of almost
50%, indicating the ERCs had an anti-angiogenic effect.
However the data are preliminary, since ERCs from only
one patient were administered 2 days after C6/LacZ7 tumor
cell injection into eight rats, while controls received no treat-
ment, not even a saline injection. As a result, it is difficult to
determine the robustness of the outcome measures [85].
These preliminary data suggest that ERCs inhibited tumor
angiogenesis in contrast to their proangiogenic effect in
ischemic tissues.

7. Clinical trials using ERCs

More than 600 trials using bmMSCs are currently registered
and > 2000 patients have received MSCs therapy for a wide
range of conditions (www.clinicaltrials.gov), but none have
revealed adverse effects (32.52,86.87).

The first clinical report describing the use of ERCs was
published in 2009 [ss]. The safety of allogeneic ERC adminis-
tration was assessed in a clinical setting by treating four
women with multiple sclerosis. Between 1.6 - 3.0 x 107
ERCs were infused three to six times within 10 days
intravenously and/or intrathecally. No adverse side effects or
immunological reactions were reported 12 months after the
infusion. As the patients received various other specific treat-
ments for concomitant disease and because a different ERC
administration protocol was followed, a clinical effect could
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not be measured. This study also did not include control
patients. The latest follow up in 2012 did not reveal any
further complications [84]; however, more studies are required
by treating more patients to determine the long-term safety of
ERC administration.

The second case report was from a young man suffering
from Duchenne muscular dystrophy who received 7 intramus-
cular doses of ERCs (8 - 28 x 10° cells/dose) over 11 days
followed by a second cycle 4 months later including 4 doses
over 4 days [89]. No adverse effects were noted for the first
3 years of follow up and the patient was in a stable healthy
condition at the latest follow up. Increased muscle strength
occurred in all muscle groups after both administration cycles.
Confirmatory histology showed normal levels of muscular
dystrophin. Furthermore, a decrease of respiratory infections
was noted.

The third case report showed that intravenous ERC admin-
istration (3 % 10° cells on days 1, 2, 3, 4 and 7) to a patient
with congestive heart failure improved the ejection fraction
from 30 to 40%, decreased the ‘Minnesota Living with Heart
Failure Questionnaire’ score and reduced basic natriuretic
peptide values (Pro-BNP), a marker for heart failure, at one
year follow up. No clinical or laboratory abnormalities could
be detected [90].

8. Future clinical trials using ERCs

The preliminary results of the first clinical trial of ERCs were
recently published. In the RECOVER-ERC trial launched by
Medistem, 17 patients with congestive heart failure were
administered ERCs using a minimally invasive retrograde cor-
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placebo treatment. The main outcome will be overall survival.
The secondary outcomes will be liver function improvement,
complications, improvement of ascites and improved scores
specific to liver disease.

To test the effect of ERCs in patients suffering from
type 1 diabetes, another trial has been launched [93. ERCs
will be infused through the pancreatic artery or intravenously
once a week for four consecutive ERC administrations (1 x
loelkgfadminis{ration). The main outcome measure will be
changes in glycosylated hemoglobin (HbAlc). Secondary
outcomes measures will be side effects associated with the
administered cells, number of severe and documented hypo-
glycemic events, reduction in fasting blood glucose, increase
in basal C-peptide, postprandial blood glucose and random
glucose levels.

In the reproductive setting, the effect of ERCs on embryo
implantation following embryo transfer will be evaluated [94).
Undifferentiated ERCs and ERCs differentiated into endo-
metrial stromal cells will be deposited into the uterine cavity
just prior to embryo transfer during in vitro fertilisation (IVF)
procedures to determine whether ERCs improve the implanta-
tion rate compared to a control group (no cells). The main out-
come will be the implantation rate. Secondary outcomes include
endometrial volume and vascularity measured by ultrasound.

9. Conclusion

MSCs can be obtained from the endometrium either by
biopsy or by collecting menstrual blood. The eMSCs
obtained by biopsy can be prospectively isolated using
FACS or magnetic bead sorting, although some investigators
simply culture the stromal fraction from tissue digests without
MSC selection procedures. ERCs can be collected noninva-
sively and isolated using magnetic bead sorting; however,
most studies simply culture the menstrual blood. Both eMSCs
and ERCs possess key MSC properties including high
proliferative potential, differentiation into several lincages
and characteristic surface phenotype. The eMSCs and ERCs
appear to have immunomodulatory, neuroprotective, anti-
tumorigenic and angiogenic properties — the latter in an
ischemic setting. The few clinical studies that have been pub-
lished to date indicate that ERC administration is not associ-
ated with any severe side effects. Clinical Phase I and Phase 11
trials are currently underway and will reveal whether ERCs are
of benefit in various clinical settings. In conclusion, eMSCs
and ERCs provide an alternative, readily available source of
MSCs for cell-based therapies.

10. Expert opinion

Both eMSCs and ERCs are an attractive source of adult
MSCs as they are easy to obtain with minimal morbidity
and are readily expandable in culture. Methods for the pro-
spective isolation of eMSCs are quite advanced. At this stage,
the advantage of using eMSCs is that purified eMSCs can be

easily extracted by magnetic bead sorting using the W5C5/
SUSD2 marker (16. Furthermore, protocols for culture
expansion of eMSCs under clinical grade good manufacturing
practice (cGMP) conditions are being developed [68] and the
effects of these cells have been evaluated in an animal
model (67]. There is a lack of information for cGMP produc-
ton of ERCs. Most investigators do not use specific MSC
markers to extract the ERCs but rather rely on MSCs’
adherence to plastic. The purity of ERCs is therefore not
guaranteed and these cultures include fibroblasts.

ERC collection from menstrual blood utilizes body waste
and requires no invasive procedures, whereas a pipelle biopsy
is needed to collect eMSCs. ERCs are collected in a menstrual
cup over several hours on days 2 - 3 of the menstrual period,
providing sufficient cell numbers. This source might increase
the risk of infections through vaginal contact; however, after
treatment with antibiotics and antimycotics, investigators
have not reported any issues.

The eMSCs and ERCs possess stem cell properties; how-
ever, comparative studies are lacking to determine the exact
profile of these cell types. While it is likely that they are
from the same population, to date it has not been shown
whether eMSCs and ERCs are the same or different popula-
tions. It is also likely that a purified eMSC population isolated
from endometrial tissue using specific markers will be a more
concentrated population of MSCs than plastic-adherent
stromal cells cultured from menstrual blood.

The ability of eMSCs to reconstitute tissue 71 vivo has been
shown [16,50]. However, there is concern that endometriosis
could develop from the use of eMSCs or ERCs. To date,
none of the preclinical animal models have shown
endometriosis-like lesions [84], although this should be more
thoroughly investigated. It seems that eMSCs and ERCs can
be used outside of the uterine setting as has been shown in
several studies examining their reparative effect in neurode-
generative or cardiac applications [74.81,83.80.95]. However,
bmMSCs may be the best source for bone repair as they read-
ily differentiate into osteocytes in vitro and in vive. MSCs
from the uterus may have a greater clinical potential in
muscular and soft tissue repair and might be more suitable
for endometrial regeneration and gynecologic surgery.

ERCs were rapidly introduced into clinical trials without
preclinical evaluation in large animal models. It has not
been established which large animal models are ideal to mimic
the clinical setting and provide enough data in terms of
adverse events. Furthermore, the mechanism of action of
eMSCs or ERCs is not yet fully understood. Mechanistic
studies providing more data on the fate of injected or
implanted cells is necessary in both short and long term. It
is unclear whether there is a potential risk of tumor formation
since little data is available, although bmMSCs appear safe in
this respect and it is likely that eMSCs and ERCs will
behave similarly.

As with MSC therapies, there is debate on whether autolo-
gous or allogeneic cell-based therapies are preferable. The
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advantage of autologous treatment is that there is no risk of
infection or immune reaction, provided xeno-free culture
conditions are applied. However, autologous treatment
options are expensive in their development and unartrractive
for commercialization, whereas allogeneic therapies are more
cost effective and commercially attractive. The current
literature does not provide enough evidence on whether allo-
geneic cell-based therapies eventually lead to an immune
response, particularly after repeated dosages, and this should
be investigated.

Autologous therapies lend themselves to eMSC or ERC
banking as a mechanism of guaranteeing a life-long supply
of a woman’s own cells. However, autologous therapies with
eMSCs or ERCs exclude 50% of the population. The repro-
ductive age of women ends in their early 50s with no further
possibility of ERC collection. We are evaluating the potential
of postmenopausal eMSCs (unpublished data). If they prove
potent, eMSC collection could occur after menopause. How-
ever, many women undergo hysterectomy for various reasons,
sometimes before menopause. Should the endometrium be
collected from these women and the eMSCs banked for
potential future use? Or should they be banked for allogeneic
use? There is a private cord blood banking company in the
United States that offers collection and storage of menstrual
blood ERCs for future use (htep://www.cryo-cell.com/
menstrual/stem-cells). Personal storage of ERCs can be pur-
chased in the United States for US$4075 for a 25-year storage
plan including collection and processing. Additional costs
need to be considered depending on the future indication.

In summary, the endometrium has been a previously over-
looked regenerative tissue that provides a novel source of
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We have previously identified and purified multipotent mesenchymal stromal cell (MSC)-like cells in the highly
regenerative endometrial lining of the human uterus (eMSC) as CD140b *CD146" cells. Due to ease of acces-
sibility with minimal morbidity via biopsy, we are proposing to use eMSC in cell-based therapies; however,
culture conditions compliant with Good Manufacturing Practice have not been established for eMSC. The aim of
this study was to optimize serum-free and xeno-free culture conditions for expansion of eMSC for potential
clinical use. Real-time cell assessment (Xcelligence) and MTS viability assays were used to measure attachment
and proliferation of freshly isolated, flow cytometry-sorted CD140b*CD146" eMSC cultured in several com-
mercially available and in-house serum-free and xeno-free media in combination with five attachment matrices
(fibronectin, collagen, gelatin, laminin, and Cell Start—XF®). Comparisons were made with a standard serum-
containing medium, DMEM/F-12/10% fetal bovine serum. Under all conditions examined, eMSC attachment
and proliferation was greatest using a fibronectin matrix, with Lonza TP-SF® and our in-house DMEM/SF/
FGF2/EGF serum-free xeno-product-containing medium similar to serum-containing medium. Hypoxia in-
creased eMSC proliferation in the DMEM /SF/FGF2 /EGF serum-free medium. Culture of eMSC for 7 days on a
fibronectin matrix in DMEM/SF/FGF2/EGF serum-free media in 5% O, maintained greater numbers of un-
differentiated eMSC expressing CD140b, CD146, and W5C5 compared to culture under similar conditions in
Lonza TP-SF medium. However, the percentage of cells expressing typical MSC phenotypic markers, CD29,
CD44, CD73, and CD105, were similar for both media. EMSC showed greater expansion in 2D compared to 3D
culture on fibronectin-coated microbeads using the optimized DMEM/SF/FGF2/EGF medium in 5% O,. In the
optimized 2D culture conditions, eMSC retained CFU activity, multipotency, and MSC surface phenotype,
representing the first steps in their preparation for potential clinical use.

Introduction MSC home to sites of tissue damage when infused intrave-
nously, and secrete bioactive molecules that promote tissue
MESENCHYMAL STEM CELLS, also known as multipotent repair, with little evidence of engraftment.'’ Transplanted MSC
stromal cells or mesenchymal stromal cells (MSC),' act in a paracrine manner secreting large quantities of angio-
were first discovered in the bone marrow as an adherent, genic, antifibrotic, antiapoptotic, immunosuppressive factors
clonogenic, nonhemopoietic cell population with capacity to  and other molecules inducing endogenous tissue-specific pro-
undergo extensive proliferation in culture and differentiate into ~ genitor cell mitosis to promote cellular replacement, angio-
multiple mesodermal ]ineages.2 MSC have since been identi-  genesis, and limit scarring, cell death, immunosurveillance,
fied in adipose tissue and multiple human organs, includin, and chronic inflammation—processes that collectively repair
the pancreas, skeletal muscle, endometrium,>* and placenta,’:k damaged tissue.” These important characteristics warrant
where they are postulated to generate connective tissue over MSC as a highly attractive cell source for regenerative medi-
the lifespan. Substantial evidence indicates that MSC are a  cine. Indeed, clinical trials using allogeneic bone marrow MSC
subset of pericytes that line the blood vessels™® and secrete  for treatment of spinal cord injury, heart disease, stroke, and
trophic and immunomodulatory factors in response to injury.”  cartilage repair have already commenced.'""'

"The Ritchie Centre, Monash Institute of Medical Research, Clayton, Australia.
*Department of Obstetrics and Gynaecology, Monash University, Clayton, Australia.
3CSIRO, Division of Materials Science and Engineering, Clayton, Australia.
*Department of Obstetrics and Gynaecology, Medical University Graz, Graz, Austria.
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SCALE-UP CULTURE OF HUMAN ENDOMETRIAL MSC

We have previously identified MSC-like cells in human
endometrium,*® a highly regenerative tissue undergoing
>400 cycles of growth, differentiation and shedding during a
woman’s reproductive years. We have demonstrated that a
large, single human endometrial stromal colony forming unit
(CFU) undergoes ~30 population doublings yielding
~6.1x10" cells, can be subcloned or replated at clonal level
at least three times, and differentiates into mesodermal
lineages, smooth muscle, osteocytes, adipocytes, and chon-
drocytes in vitro®, indicating that endometrial stromal CFU
possess key adult stem cell properties of self-renewal, dif-
ferentiation, and high proliferative capacity. Endometrial
MSC (eMSC) can be prospectively isolated from hysterec’romyS
and endometrial biopsy'> tissues as CD140b*CD146" cells,
which have similar phenotype, proliferative capacity, and
differentiation potential as other MSC. eMSC are enriched
10-fold in the CD140b "CD146 " subpopulation over freshly
isolated endometrial stromal cells.® These eMSC are found
in a perivascular location, suggesting their role in endome-
trial repair and angiogenesis each menstrual cycle. Cultured
stromal cells derived from endometrial biopsies also ex-
pressed CD140b and CD146 and differentiated into func-
tional dopaminergic neurons'* and insulin-producing
pancreatic cells,'? demonstrating the broad potential of
eMSC for cell-based therapies.

Key advantages of using endometrial tissue as a source of
MSC for cell-based therapies are the ease of accessibility via
biopsy without the need for anesthetic, the lack of scar-
ring, and the minimal pain incurred during their harvest.
Therefore, we hypothesize that human eMSC are a readily
available source of autologous cells that may provide a
novel cell-based therapy for potential clinical applications.
As eMSC comprise approximately 1% of endometrial stro-
mal cells,” it will be necessary to first expand these cells in
culture to obtain sufficient numbers for clinical use. This
requires serum-free and xeno-free (animal product-free)
culture conditions compliant with Good Manufacturing
Practice (GMP).'*"”

A potential autologous application for eMSC is pelvic
organ prolapse (POP), a major hidden disease burden
affecting millions of women.'® POP is the herniation of the
uterus, bladder, and/or bowel into the vagina, which can
result in externalization of one or more these organs.'® The
symptoms of POP include urinary and bowel incontinence
and sexual dysfunction; 25% of all women have one or
more symptoms of POP.*’ The major risk factor for POP is
vaginal delivery due to pelvic floor tissue damage after
childbirth; however, aging, chronic constipation, chronic
asthma, and obesity increase the risk of POP develop-
ment.'” Current treatment for POP is reconstructive sur-
gery, frequently involving augmentation with synthetic
mesh.?! Nineteen percent of women have POP surgery, and
of these, 15% will have further operations due to surgical
failure or complications associated with mesh usage.”
We are currently designing tissue engineering constructs
incorporating human eMSC into novel scaffolds as an
autologous cell-based therapy to regenerate the lost and
damaged fascia of the vaginal wall and provide support for
the pelvic m'gans.23 In this study, we aim to optimize eMSC
culture under serum-free or xeno-free conditions and scale
up eMSC in 3D culture in preparation for potential clinical
use in POP surgery.
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Materials and Methods
Patient samples

Human endometrial tissue was collected from 38 pre-
menopausal women aged 23—47 (35.9+1.2) years undergoing
Pipelle biopsy (1=29) or hysterectomy (n=9) for none-
ndometrial pathologies and who had not taken exogenous
hormones for 3 months before surgery. eMSC have been
purified and characterized in both hysterectomy“ and biopsy 13
tissues. Written informed consent was obtained from each
patient and human ethics approval was obtained from the
Southern Health and Monash University Human Research
Ethics committees. Tissues were collected via our depart-
mental tissue bank.

Endometrial stromal cell isolation

Endometrial tissue from hysterectomy tissue was scrap-
ped off from the underlying myometrial layer and dissoci-
ated to single cells using enzymatic and mechanical digestion
as previously described.>! Biopsy tissue was similarly dis-
sociated. Briefly, endometrium was finely minced and dis-
sociated in Ca®*- and Mg’*-free DMEM/F-12/10% fetal
bovine serum (FBS) medium (Invitrogen) containing 0.5%
(wt/vol) collagenase type 1 (Worthington Biochemical Cor-
poration) and 40 ug/mL deoxyribonuclease type 1 (Roche
Diagnostics) in a rotating MacsMix (Miltenyi Biotech) at
37°C for 90 min. The cell suspension was then filtered using a
40-um sterile sieve (Becton-Dickinson Labware) to separate
stromal cells from epithelial gland fragments and undigested
tissue. The stromal cells in the filtrate were resuspended in
HEPES-buffered DMEM/F-12/5% newborn calf serum
(Bench medium), erythrocytes removed by Ficoll-Paque
(Pharmacia Biotechnology) density gradient centrifugation,
and then washed to produce single cell suspensions of en-
dometrial stromal cells.

Muilticolor flow cytometry sorting to obtain eMSC

eMSC were obtained as previously described.® Briefly,
purified endometrial stromal cell suspensions (>5x10°
cells/mL) were labeled with CD146 antibody (CC9 clone,
IgG2a) supematant24 (gift from P. Simmons; previously Peter
MacCallum Cancer Centre), CD140b (PDGFR-B, 20 ug/mL,
clone PR72 112, IgG, R&D Systems), or isotype-matched
negative control IgG,, and IgG; for 30min, followed
by washing and then fluorescein isothiocynanate (FITC)-
conjugated anti-mouse IgG2a (50 pg/mL) and phycoerythrin
(PE)-conjugated anti-mouse IgG; (10pg/mL) (Becton Dick-
inson). Cells were then incubated with allophycocyanin
(APC)-conjugated anti-CD45 (10ug/mL; Caltag Labora-
tories), washed, and resuspended in 2% fetal calf serum/
phosphate buffered saline (FCS/PBS) containing 5pM Sy-
toxBlue cell viability marker (Invitrogen).

Flow cytometry cell sorting (FACS) was then performed to
isolate CD140b*CD146 " eMSC on a MoFlo® XDP cell sorter
(Beckman Coulter) using established protocols for setting
gates8 and Summit software (version 5.2; Cytomation, Inc.).
Flow cytometry-sorted eMSC cells were cultured in DMEM/
F-12/10%FBS medium containing 10ng/mL human fibro-
blast growth factor-2 (FGF2) (Millipore) in fibronectin-coated
flasks (10 pg/mL; Becton Dickinson Biosciences) for 2 pas-
sages to generate sufficient numbers for use in subsequent
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experiments as done previously.* Cells subject to serum-free
and xeno-free conditions were weaned off serum by transfer
from 10%FBS to 5%FBS to 1%FBS-supplemented DMEM/
F-12 media for 24-48h each, and then serum-starved in
DMEM/0.5% bovine serum albumin, AlbuMAX T (derived
from BSE-free animals, Invitrogen) medium for 24 h before
experimental use.

Xcelligence real-time cell assessment

The Xcelligence Real-time Cell Assessment System (Roche
Diagnostics) dynamically monitors cell activity by measuring
changes in impedance, detected by the electrode sensor
surface of the wells.”® 96-well Xcelligence E-plates (ACEA
Biosciences, Roche Diagnostics) were coated with various
attachment matrices; 10 ug/mL fibronectin (Becton Dick-
inson Biosciences), 0.05% gelatin in PBS (Sigma Aldrich),
collagen type-IV (1:100 dilution; Roche, gift from Dr. Ursula
Manuelpillai, Monash Institute of Medical Research,
Melbourne, Australia), Cell Start-XF® (1:50 dilution; xeno-
free matrix; Invitrogen), and laminin (1:50 dilution; Invitro-
gen gift from Dr. Terry Johns, Monash Institute of Medical
Research, Melbourne, Australia) for 1h at 37°C. Serum- and
xeno-free media were added in 50-pL. volumes to appropri-
ate wells and equilibrated at room temperature for 15min
before a background reading was taken on the Xcelligence
Real-Time Cell Assessment System. Media examined were
Lonza Therapeak chemically defined serum-free medium
containing human serum albumin (Lonza TP—SF®), DMEM/
SF/FGF2/EGF in-house serum-free xeno product-containing
medium with 10ng/mL FGF2, 10ng/mL epidermal
growth factor (EGF), 0.5% BSA (AlbuMAX I, Invitrogen), ITS
(10 pg/mL insulin, 5.5 pg/mL transferrin, 6.7 ng/mL sodium
selenite, 11pg/mL sodium pyruvate; Invitrogen), 50pM
2-mercaptoethanol (Sigma-Aldrich), 100 uM L-ascorbic acid-2-
phosphate (Sigma-Aldrich), 100 pg/mL heparin (Sigma-
Aldrich), 10nM linoleic acid (Sigma-Aldrich), 2mM glutamine,
and antibiotic-antimycotic solution as previously described),’
StemPro-XE* (xeno-free, Invitrogen), Mesencult-XF* (Stem-
Cell Technologies), and DMEM/F-12/10%FBS (Gibco In-
vitrogen) (standard serum medium containing 1% glutamine
and antibiotics). Endometrial stromal cells or eMSC cell
suspensions were seeded in triplicate for each condition into
E-plate wells at 1000 cells/well in a final volume of 100 pL.
Initial attachment and spreading was monitored continu-
ously by measuring real-time cell index (CI) every 5 min for
the first 2h. Thereafter, CI was measured every 30 min for
7-10 days, with medium changes every 2-3 days. Rate of
attachment (CI/h) and CI doubling time for proliferating
cells (between second and third media change) were calcu-
lated using Xcelligence RTCA software (version 1.2; ACEA
Biosciences, Inc.).

MTS proliferation assay

The MTS-based colorimetric assay measuring cell viability
was used to assess cell proliferation as described previous-
ly.*” Endometrial stromal cells or eMSC cell suspensions
were seeded into wells of a 96-well culture plate at 1000
cells /well in 100-pL. volumes in triplicate for each condition
and incubated in normoxia (20% O,, 5% CO,, 37°C) or
hypoxia (5% O,, 5% CO,, 37°C) (Thermo Scientific Australia,
Trigas incubator), MTS reagent (Cell Titer 96 Aqueous One
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Solution; Promega) was added 2 h after seeding (time 0) and
then after 4, 7, and 10 days of culture, and incubated for 2 h.
Absorbance (490 nm) was measured on a microplate reader
(SpectraMax Plus384; Molecular Devices) using SoftMax Pro
software (version 4.8; Molecular Devices). Regular medium
changes were every 2-3 days.

Evaluation of eMSC phenotype cultured in optimized
serum-free medium

Paired cultures of passage 3 eMSC were cultured in
Lonza-TP-SF and our in-house DMEM/SF/FGF2/EGF
serum-free xeno-product containing medium for 7 days until
80% confluency and lifted with TrprEm Express. The sur-
face phenotype for typical MSC markers was examined by
flow cytometry as described previously.” Briefly, cells were
incubated with antibodies against CD29 (1pg/mL, clone
mADb 13, rat IgG2a; Becton Dickinson), CD44 (1 pg/mL, clone
G44-26, mouse IgG2b; Becton Dickinson), CD73 (20 ug/mL,
clone AD2, mouse IgG1; Becton Dickinson), CD105 (10 pg/
mL, clone 266, mouse IgG1; Becton Dickinson), CD146 (CC9
supernatant), and their respective isotype IgGs at the same
concentration and followed by either Alexa Fluor 488-
conjugated anti-rat IgG (10 pg/mL; Molecular Probes), anti-
mouse FITC conjugated IgG,, (Dako), or PE-conjugated
anti-mouse Ig F(ab’)2 fragment (10uL/mL; Chemicon
Australia). Some cells were incubated directly with PE-Cy5.5-
conjugated anti-CD34 (50 uL./mL, clone 581, mouse IgGl;
Southern Biotech), APC-conjugated anti-CD45 (as above),
FITC-conjugated anti-CD90 (1 pg/mL, clone 5E10, mouse IgG1;
Becton Dickinson), PE-CD140b (20ug/mL, clone PR72112,
IgG, R&D Systems), or PE-anti-human W5C5 (BioLegend).
Conjugated isotype-matched controls were included for each
antibody. Cells were then incubated with 5pM Flow SYTOX
Blue and viable cells were analyzed on a MoFlo cytometer as
described above.”

Evaluation of eMSC properties in optimized DMEM/SF/
FGF2/EGF serum-free medium

To assess CFU activity, passage 3 eMSC were cultured in
DMEM/SF/FGF2 /EGF serum-free xeno-product containing
medium for 7 days until 80% confluency and were lifted with
TrypLE Express. About 2000 cells were seeded at 100 cells/
cm? in fibronectin-coated 6-cm culture dishes for 15 days,
and cloning efficiency was calculated from formalin-fixed,
hematoxylin-stained plates as reported previously.” To as-
sess differentiation capacity, the remaining cells were cul-
tured in standard adipogenic, myogenic, and osteogenic
induction media and control medium (1% serum) on 13-mm
coverslips for 3 weeks as described previously® and were
assessed by Oil Red O or 1% Alizarin Red (pH 4.1) staining
or immunostained using an alkaline phosphatase kit (Sigma-
Aldrich) or o smooth muscle actin (o SMA; 3.6 ug/mL, clone
1A4; Dako) for adipogenic, osteogenic, and myogenic dif-
ferentiation, respectively. Stained cells were examined under
an Olympus microscope (Olympus Corporation) and images
were captured using a digital video camera (Fujix; Fuiji).

3D cuilture of human eMSC

Human eMSC were cultured on CultiSpher-S gelatin
beads (Percell Biolytica, Sweden)™® with and without
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fibronectin (50 ug/mL) coating in DMEM /SF/FGF2/EGF
serum-free xeno product-containing medium and DMEM/
F-12/10%FBS media. Cells were seeded at 500,000 cells/
0.45mL hydrated settled CultiSpher-S beads (75 mg dry) as
described previously®?? in 125-mL spinner flasks with a
fluid level of 50 mL with intermittent stirring, 25rpm for
2min every 30min for the first 21h, and then stirred con-
tinuously at 25 rpm thereafter. Cell viability was assessed
at various time points from 2 to 21 days using the Live/
Dead® cell viability assay (Molecular Probes). Bead/cell
suspensions were washed in warm PBS and incubated in
the Live/Dead stain (2uM calcein and 4uM ethidium
homodimer-1) for 15min at 37°C. Live cells were stained
green by Calcein-AM and dead cells red by ethidium
homodimer-1. Viability was assessed using Nikon TE-
2000U inverted fluorescence microscope. Cell production
was determined by counting eMSC cultured for 6 and 12
days and harvested by Pronase (5mg/mL, 6 min) (Calbio-
chem; EMD Biosciences) and counted by hemocytometer.
For phenotyping, cells were harvested using xeno-free
TrypLE Express (Gibco, Life Technologies) and then ex-
amined by flow cytometry.

Statistical analysis

Rate of stromal cell and eMSC attachment and CI dou-
bling time (real-time Xcelligence data obtained using RTCA
software) and MTS cell proliferation data were analyzed
using GraphPad Prism software (version 5; GraphPad Soft-
ware, Inc.). As data were not normally distributed by
D’Agostino-Pearson test, nonparametric Friedman analysis
and Dunn’s post-hoc test were used to determine significant
differences (p<0.05). Data are reported as means+SEM of
n=3 experiments from three different patients’ stromal cells
or eMSC.

Results

Optimal serum-free and xeno-free culture conditions
for human endometrial stromal cells

Unsorted endometrial stromal cells were initially cul-
tured on five different matrices and uncoated plastic in six
different culture media in a checkerboard manner using the
Xcelligence system in order to identify key culture condi-
tions for subsequent testing on eMSC. Our initial experi-
ments focused on testing in-house serum-free medium
previously used for eMSC clonal culture® and several
commercially available serum-free and xeno-free media
produced under GMP conditions and designed for bone
marrow MSC culture. The serum-containing medium? was
used as a comparator. Given that serum contains factors
promoting cell attachment, it was necessary to identify the
optimal matrix for cell attachment for use with serum-free
and xeno-free media. Initial Xcelligence real-time experi-
ments revealed that endometrial stromal cell attachment
was most rapid for fibronectin-coated surfaces when cul-
tured in each of the media examined, although this was
only significant between the other surfaces for Lonza TP-SF
and serum-containing medium (Supplementary Fig. S1A-a,
b; Supplementary Data are available online at www
Jiebertpub.com/tec). Similar rates of stromal cell attach-
ment and spreading on fibronectin were observed between
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StemPro-XF, Lonza TP-SF, and our in-house DMEM /SF/
FGF2/EGF (Supplementary Fig. S1A-f). Stromal cells cul-
tured in the xeno-free medium StemPro-XF showed a sim-
ilar rapid attachment on the xeno-free matrix Cell Start XF
as on fibronectin and gelatin (Supplementary Fig. S1A-c).
Stromal cells showed poor rates of attachment to all
matrices in Mesencult-XF medium (Supplementary Fig.
S1A-d), and in general attached more rapidly on collagen
than gelatin or laminin matrices and least on uncoated
plastic in the various media, although these were not sig-
nificantly different (Supplementary Fig. S1A).

We next investigated stromal cell proliferation in the
various media. Xcelligence real-time cell assessment was
used to measure proliferation as the CI doubling time,
where the shortest doubling times indicate the most rapid
cell proliferation, observed as the lowest positive value. In
conditions where cells survived but did not proliferate or
eventually detached and died, the CI doubling time was
reported as zero.”” As expected, endometrial stromal CI
doubling times were lowest (~25h) in serum-containing
DMEM/F-12/10%FBS irrespective of matrix, indicating
that rapid proliferation was promoted by the serum con-
tent of the medium (Supplementary Fig. S1B-a). Similar
short CI doubling times were also observed on fibronectin
coating for Lonza TP-SF (16.3£6.8h) and in-house
DMEM/SF/FGF2/EGF (28.4+12.4h) media (Supplemen-
tary Fig. S1B-b, d), superior to all other matrix/media
combinations (Supplementary Fig. S1B-e). In Lonza TP-SF
medium, doubling times were considerably longer for
collagen (119+11.2h), gelatin (106+13.2), and laminin
(109 £1.4h), but only significantly different from uncoated
surfaces for gelatin (p <0.05). StemPro-XF only supported
stromal cell proliferation on gelatin-coated (62.1+5.0h)
and collagen-coated (52.5£16.2h) surfaces, but not on its
partner matrix Cell Start-XF (Supplementary Fig. S1B-c).
The CI doubling times for Mesencult XF were zero for
all matrices (data not shown), indicating cell death and
its failure to support longterm growth of endometrial
stromal cells.

The MTS viability (endpoint) assay was used to verify the
proliferation rates of freshly isolated human endometrial
stromal cells in the same media and matrix combinations as
for Xcelligence over a similar 7-day period. As shown in
Supplementary Figure S1C, cells cultured in-house DMEM/
SF/FGF2/EGF medium (Fig. 1C-¢) and commercially avail-
able Lonza TP-SF medium (Fig. 1C-b) showed similar pro-
liferation rates as serum-containing medium (DMEM /F-12/
10%FBS) (Fig. 1C-a) on fibronectin coating (p>0.05). How-
ever, cells showed greater proliferation in the in-house
DMEM/SF/FGF2/EGF medium on fibronectin (Ajo0nm day
7,2.9+0.6) compared with the uncoated surface (1.93+0.3)
(p<0.05) (Supplementary Fig. S1C-e). Similar proliferation
rates were also observed for endometrial stromal cells cul-
tured in the Lonza TP-SF medium on Cell Start-XF, collagen,
gelatin, and laminin matrices (p >0.05), and slightly lower on
an uncoated surface, although this was not significant
(Supplementary Fig. S1C-b). Low proliferation rates were
observed for xeno-free StemPro-XF (p<0.05) (Supplemen-
tary Fig. S1C-c) and Mesencult-XF (p <0.05) (Supplementary
Fig. S1C-d) on all matrices compared with serum-containing
and serum-free Lonza TP-SF and in house DMEM/SE/
FGF2/EGF media on their respective matrices.
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FIG. 1.

Flow cytometry sorting of human endometrial mesenchymal stromal cells (MSC). (A) Scatterplot of human en-

dometrial cells. (B) Electronic gating used to obtain viable (Sytox Blue"*®) and exclude CD45" leukocytes. Region R6 was then
analyzed for (C) coexpression of CD140 and CD146. Double-stained CD140b"CD146" cells in R2 gate were then sorted.

Human eMSC attachment and spreading
on various matrices

Having identified key culture conditions on unsorted stromal
cells that contain a small population of eMSC, we then examined
flow cytometry-sorted endometrial cells to obtain purified eMSC
as previously published.” Isolated stromal cells were first gated
on size on the scatterplot (Fig. 1A), dead cells and CD45™" leu-
kocytes then were excluded (Fig. 1B), and the CD140b*CD146*
double-positive eMSC (1%—1.5%) were sorted from each patient
(n=12) (Fig. 1C) and expanded in culture. eMSC attachment and
spreading was determined by Xcelligence real-time cell assess-
ment. Figure 2A shows a representative real-time CI curve for the
initial 2h of culturing CD140b "CD146" eMSC in the serum-
containing medium (DMEM/10% FBS). The rate of eMSC
attachment (CI/h) was significantly increased on fibronectin
matrix (black bars) compared with culture on uncoated surfaces
for in-house serum-free DMEM/SF/FGF2/EGF (fibronectin
0.23£0.07 vs. uncoated 0.042+0.006 p<0.05, n=3) and Lonza
TP-SF serum-free media (fibronectin 0.19£0.07 vs. uncoated
0.036+0.003, p<0.05, n=3), and for StemPro-XF xeno-free me-
dium (fibronectin 0.26+0.02 vs. uncoated 0.063+0.003, p<0.05,
11=3) (Fig. 2B). There was a trend for a higher rate of eMSC
attachment in the serum medium on uncoated surfaces (white
bars) compared to serum-free and xeno-free media, likely due to
fibronectin present in serum, but this was not significant ( p > 0.05)
(Fig. 2B). Although eMSC consistently showed an apparent lower
rate of attachment on gelatin-coated wells compared to fibro-
nectin and appeared greater than uncoated surfaces, these dif-
ferences were not significant (p > 0.05) (Fig. 2B). However, eMSC
attachment to fibronectin was significantly greater than to the
xeno-free matrix, Cell Start-XF in all culture media examined
(p<0.05) except for xeno-free medium, StemPro-XF. In fact,
eMSC cultured in StemPro-XF showed similar rates of attach-
ment on Cell start-XF as on fibronectin, and was significantly
increased compared with no coating (Cell Start-XF 0.19+0.12 vs.
uncoated 0.06%0.003) (p<0.05, n=3 separate isolates) (Fig. 2B).

Human eMSC proliferation on several matrixes
in various media

Having established that fibronectin was the best at-
tachment factor for CD140b*CD146" eMSC, we then
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FIG. 2. Attachment of human endometrial MSC to various
matrices when cultured in serum-containing, and serum-
and xeno-free media measured using Xcelligence. (A) Re-
presentative real-time traces of CI in DMEM/10% FCS on
four different matrices. (B) Rate of endometrial MSC (eMSC)
attachment (CI/h). Data are mean +SEM (=3 samples from
three different patients). *p<0.05. CI, cell index; FCS, fetal
calf serum; SF, serum-free, XF, xeno-free; FGF2, fibroblast
growth factor 2; EGF, epidermal growth factor.
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investigated eMSC proliferation by determining the CI
doubling times using Xcelligence real-time cell assessment.
Figure 3A shows representative real-time CI traces over 7
days with repeated measurements every 30 min. Figure 3B
shows that eMSC cultured in in-house DMEM/SF/FGF2/
EGF (fibronectin 325+6.7h vs. uncoated Oh) and in
Lonza TP-SF serum-free media (fibronectin 51.4+17.1h vs.
uncoated 0h) proliferated significantly more on fibronectin
compared with no coating (p <0.05, n=3) as indicated by the
lowest positive CI doubling times. However, on gelatin and
Cell Start-XF matrices, neither medium supported eMSC
proliferation, nor did the StemPro-XF medium as indicated
the zero CI doubling times, suggesting that under these
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FIG. 3. Growth rate of human endometrial MSC cultured
on various matrices in serum-containing, and serum- and
xeno-free media measured using Xcelligence. (A) Real-time
CI traces of a single representative sample of eMSC cultured
in DMEM/10%FCS for over 200 h. Second and third media
changes are observed by the interruption in the traces. (B) CI
doubling time was calculated for the period between the
second and third media change as shown by the arrow for
DMEM/10%FCS, DMEM/SF/FGF2/EGF/Stem Pro-XF®,
and Lonza TP-SF”. Lowest positive value is the most rapid
doubling time. Zeros indicate loss of cell viability. Data are
mean+SEM (n=3 samples from three different patients).
*p<0.05.
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conditions, there was a loss of cell viability as cells lifted
off the surfaces (Fig. 3B). This was prevented in serum-
containing medium (DMEM/F-12/10%FBS), which showed
positive CI doubling times for eMSC on uncoated plastic,
gelatin, and Cell Start-XF (Fig. 3B), suggesting that fibro-
nectin in the serum contributed to this growth-enhancing
effect.

eMSC proliferation in SF medium is enhanced
under hypoxic culture conditions

Xcelligence CI doubling time data for eMSC were next
verified using MTS proliferation assays. The effect of hypoxia
(5% O,) was also examined. Figure 4B shows that when
CD140b"CD146* eMSC were cultured in in-house DMEM/
SF/FGF2/EGF serum-free medium in hypoxia, they grew
more rapidly compared to typical normoxic (atmospheric)
conditions (Fig. 4A). CD140b*CD146" eMSC cultured for
7 days in the four media on three different matrices and
uncoated surfaces showed significantly increased prolifera-
tion in the in-house DMEM/SF/FGF2/EGF SF medium on
tibronectin in hypoxia compared with normoxia (hypoxia
2.72+0.19 vs. normoxia 2.17+0.26) (p<0.05, n=3 separate
isolates) (Fig. 4C). eMSC proliferation also increased sig-
nificantly in Lonza TP-SF and StemPro-XF media when
cultured on fibronectin compared with uncoated surfaces in
normoxia (p<0.05, n=3), although significance for these
media was not observed when cultured under hypoxic
conditions (Fig. 4C).

eMSC retain MSC properties and phenotype
after culture expansion in optimized serum-free medium

Having identified optimal conditions for serum-free cul-
ture of eMSC, we next investigated the phenotype of passage
3 eMSC following 7 days culture in both Lonza TP-SF and
our in house serum-free xeno-containing DMEM/SF /FGF2/
EGF media on fibronectin-coated flasks in 5% O,. Figure 5A
shows that the percentage of cells expressing the surface
markers used for isolating eMSC from endometrial tissues,
CD140b, CD146°, or W5C5%°, was consistently higher in the
DMEM/SF/FGF2/EGF medium than in the Lonza TP-SF
medium, indicating less spontaneous differentiation in the
former. However, the MSC phenotype (CD29%, CD44",
CD73", CD105"%, CD34 ", and CD45 ) was similar for both
serum-free media (Fig. 5A). Further evaluation of eMSC
function was undertaken on eMSC cultured in the DMEM/
SF/FGF2/EGF medium. The cloning efficiency of passage 3
eMSC was 1.32%+0.65% (n=5), which is similar to our
previously published 1.25% for freshly isolated endometrial
stromal cells cultured in serum-containing medium.” Passage
3 eMSC previously cultured in serum-free DMEM/SF/
FGF2/EGF medium for 7 days before differentiation induc-
tion media, retained capacity to differentiate into (Fig. 5B-a)
adipocytes stained with the fat soluble dye, Oil Red O, (Fig.
5B-b) aSMA-expressing smooth muscle cells, and (Fig. 5B-c)
alkaline phosphatase-expressing osteocytes, which generated
mineral calcium as detected by Alizarin Red (Fig. 5B-d).

eMSC 3D culture for scale-up cell production

Culture expansion of cells in a 3D environment promotes
cell-cell interactions resulting in rapid proliferation and cell
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FIG. 4. Effect of hypoxia on
endometrial MSC
proliferation in serum-free
media. Endometrial MSC
cultured in DMEM/SE/
FGF2/EGF on fibronectin in
(A) normoxia (20% O,) and
(B) hypoxia (5% O5). (C)
Proliferation of endometrial
MSC cultured in serum-
containing, serum-free, and
xeno-free media on various
matrices in hypoxia (gray
bars) or normoxia (black bars)
as measured by MTS viability
assay on day 7. Data are
mean+SEM (n=3 samples
from three different patients).
Values for each condition for
each patient sample were
means of triplicate wells.
*p<0.05.

FIG. 5. Phenotype and
differentiation of eMSC
cultured in serum-free
medium. Passage 3 eMSC
(=2 separate samples) were
each cultured in Lonza TP-SF
and DMEM /SF/FGF2/EGF
media on fibronectin-coated
flasks in 5% O, for 7 days and
then (A) examined for surface
phenotype by single-color
flow cytometry for multiple
MSC markers (green
histograms are positive cells;
black histograms are isotype
controls), and (B) for
differentiation potential by
culture in (a) adipogenic, (b)
myogenic, and (c) osteogenic
media (controls were in 1%
serum-containing medium)
for 3 weeks. (a) Oil Red O
was used to visualize fat
droplets after adipogenic
induction, f, adipocyte

(b) aSMA
immunohistochemistry for
myogenic induction and (c)
alkaline phosphatase and (d)
Alizarin Red for osteogenic
induction. Controls cultures
shown as insets were
similarly treated. Results are
from a single-experiment
representative of two
independent experiments on
two separate patient eMSC
samples. Scale bars 100 pm.
Color images available online
at www liebertpub.com/tec
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production of a more physiological extracellular matrix
(ECM).”® We therefore assessed the 3D culture of eMSC on
matrix-coated microbeads. Given that eMSC culture was
superior on fibronectin-coated surfaces, CD140b " CD146 "
eMSC were attached onto Cultispher-S gelatin beads with
and without fibronectin coating and cultured in serum-
containing DMEM /F-12/10%FBS (Fig. 6A-a, ¢, e, g) and
serum-free DMEM/SF/FGF2 /EGF media (Fig. 6A-b, d, f,
h). Fibronectin coating was confirmed by antifibronectin
immunohistochemistry (Fig. 6B-i, j). Live/Dead staining
2 days after seeding showed increased eMSC attach-
ment and spreading on fibronectin-coated beads in both
serum and serum-free media (Fig. 6A-c, d) compared
with gelatin beads (Fig. 6A-a, b). Live/Dead stain on day
15 showed that eMSC underwent greater proliferation
on fibronectin-coated than gelatin beads in DMEM/
SF/FGF2/EGF medium (Fig. 6A-f, h). In DMEM/F-12/
10%FBS, there was even greater eMSC proliferation on
fibronectin (Fig. 6A-e, g).

We next compared 2D and 3D culture of eMSC in our in
house DMEM/SF/FGF2/EGF medium using passage 3
eMSC seeded onto fibronectin-coated flasks and Cultispher
microbeads at similar seeding densities (2000 cells/ cm?) and
cultured for 12 days under hypoxic conditions (5% O,). Cells
in the culture flasks were passaged once on day 6 when 80%
confluent. The eMSC cultured in 2D underwent 6.4 PD
(mean, n=2 samples) generating 27.3x 10° (mean, n=2
samples) from an initial 0.32x10% cells. In comparison,
paired cultures of eMSC cultured for the same time at the
same initial seeding density (2000 cells/cm®) underwent of
22 PD (mean, n=2 samples) on fibronectin coated mi-
crobeads generating 3.53x 10° (mean, n=2 samples) from an
initial 0.5%x10° cells, indicating a trend to greater expansion
on 2D compared to 3D surfaces. While the phenotype of the
eMSC cultured on the microbeads retained typical MSC
markers, there was a reduction in the percentages of CD146 "
cells (Fig. 6C) compared with 2D culture (Fig. 5A center
left panels), suggesting that 3D culture promoted fibroblast
differentiation.

Discussion

Published guidelines™ recommend that stem cells for re-
generative medicine applications should meet the following
criteria: (1) harvested by minimally invasive procedures, (2)
differentiated along multiple cell lineage pathways in a
regulatable and reproducible manner, and (3) manufactured
in accordance with current GMP guidelines (using serum-
free and xeno-free (animal product-free) reagents). In
compliance with these guidelines, eMSC are an attractive
candidate for regenerative medicine applications. In this
study we investigated the scale-up culture of eMSC in
serum-free and xeno-free culture conditions on various ma-
trices using high-throughput real-time Xcelligence screening
of cellular function as a first step in defining GMP conditions
for this novel and readily available source of MSC. We
identified two serum-free conditions that promoted the most
rapid adhesion and proliferation of eMSC, notably our in-
house DMEM/SF/FGF2/EGF and commercially available
Lonza TP-SF media when using a fibronectin matrix. Culture
expansion of eMSC in serum-free media in physiological
oxygen concentration was also identified as an important
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condition for optimal eMSC growth in the DMEM/SF/
FGF2/EGF medium. Our studies identified fibronectin as the
superior matrix and highly important for eMSC attachment
and growth in both 2D and 3D culture expansion protocols.
The commercially available Cell Start-XF matrix is unlikely
to contain fibronectin as it failed to support eMSC attach-
ment or growth in the range of media and matrices tested.
Enhanced cell attachment through the use of attachment
factors is particularly important in tissue engineering appli-
cations using biological or synthetic scaffolds aiming to
incorporate and grow MSC for cell delivery to damaged
tissues.

Importantly, we demonstrated that culture of CD140*
CD146" eMSC® in our optimized serum-free xeno-product
containing DMEM/SF/FGF2/EGF medium on fibronectin
matrix in relative hypoxia (5% O,) retained their relative
numbers, phenotype, cloning efficiency, and multilineage
differentiation capacity. Expansion of eMSC was superior on
2D surfaces in culture flasks compared to 3D on microbeads,
which appeared to promote eMSC fibroblast differentiation.
Thus, we have now identified the first set of serum-free
conditions enabling the culture expansion of human eMSC
for use in tissue engineering applications.

Fibronectin is an important ECM protein that interacts
with MSC integrins in their microenvironmental niche to
regulate attachment, migration, proliferation, and differen-
tiation.* Fibronectin has key roles during development and
in mediating wound repair. Interestingly, fibronectin and its
major ligand osp; integrin are upregulated during monthly
endometrial remodeling and repair,*® a process likely me-
diated by PDGFR-p activation.” eMSC express high levels of
PDGFR-* (this study) and are likely key cells mediating
endometrial repair. It was therefore not surprising that fi-
bronectin was identified as a critical factor in promoting
eMSC attachment and proliferation in our in vitre culture
protocols. Our data are consistent with a recent report on
enhanced growth of human endometrial stromal cells en-
capsulated in alginate microbeads functionalized with mul-
timeric fibronectin.®”

As for all MSC, establishment of optimal ex vivo growth
conditions for eMSC is an important prerequisite for their
potential use in cell-based therapies, since low numbers re-
trieved from endometrium necessitates substantial ex vive
expansion. We have previously identified four growth fac-
tors, FGF2, EGF, TGFu, and PDGEF-BB, that individually
supported CFU activity of freshly isolated human endome-
trial stromal cells in serum-free media.”’ However, CFU ac-
tivity in these single growth factor media formulations was
less than in the serum medium. In this study we therefore
combined both EGF and FGF2 in our in-house DMEM/SF/
FGF2/EFG serum-free medium and showed similar prolif-
erative activity of endometrial stromal cells and flow cy-
tometry sorted CD140b*CD146" eMSC populations.
However, endometrial stromal cells and eMSC proliferated
poorly if at all in the two commercially available xeno-free
media formulated for bone marrow MSC. Similarly umbilical
cord MSC only proliferated in the Stem Pro XF” medium
when 2% human serum was included, although the
Mesencult-XF medium supported their growth.” This indi-
cates the importance in defining optimal media/matrix
combinations compliant with GMP for ex vivo culture ex-
pansion of each MSC source.
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FIG. 6. 3D culture of endometrial MSC on (A) gelatin- and fibronectin-coated microbeads in serum-containing (DMEM/
10%FCS) (left panel) or serum-free (DMEM /SF/FGF2/EGF) (right panel) media. Endometrial MSC cultured for (a—d) 2 days
on (a, b) gelatin or (¢, d) fibronectin-coated microbeads, (e~h) 15 days on (e, f) gelatin or (g, h) fibronectin-coated microbeads.
Cells are stained with Live/Dead" stain (2 M calcein and 4 pM ethidium homodimer-1) to detect viable (green) and dead
(red) cells. (B) Immunostained fibronectin-coated microbeads (i) with anti-fibronectin antibody (FITC) and (j) negative
control IgG. Scale bars 100 um. (C) After 12 days in culture, cells were recovered from the microbeads and examined for
surface phenotype by single color flow cytometry for multiple markers (green histograms are positive cells, black histograms
are isotype controls). Color images available online at www liebertpub.com/tec
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Hypoxia is another important condition influencing
ex vivo expansion of bone marrow-derived MSC. Similarly,
we showed that in serum-free conditions (DMEM/SE/
FGF2/EGF on fibronectin) eMSC proliferation and long-term
viability in vitro was significantly enhanced under low oxy-
gen (5% O,) compared with normoxia (20% O,). Similar
findings were observed for human endometrial stromal side
population cells, likely closely related to the eMSC popula-
tion, which showed greater proliferation when cultured in
hypoxia compared to normoxia.*” These findings are con-
sistent with previous studies showing increased efficiency in
bone marrow MSC expansion in hypoxic compared with
normoxic conditions.**~** Culture expansion of bone marrow
MSC under hypoxic conditions mimicking in vivo tissue O,
tension promotes proliferation through alteration of cellular
metabolism, maintaining CFU activity, self-renewal, and
undifferentiated phenotypes, and prolonging MSC life-
span.**414% The effect of hypoxia in preserving the progeni-
tor phenotype and function of MSC is more pronounced in
serum-free conditions compared to serum medium*’ (this
study). In conditions of low O, tension, bone marrow MSC
synthesize more fibronectin in both 2D and 3D culture®” as
well as angiogenic and growth promoting growth factors
(VEGF, FGF2, HGF, and IGF-1). It is possible that hypoxia
induces similar beneficial effects on eMSC. Thus, culture of
eMSC in hypoxia will be an important consideration for
minimizing ex vivo expansion times and generating sufficient
numbers of cells for clinical use.

This study also showed that eMSC can be scaled up in 3D
culture in serum-free medium on fibronectin-coated beads
consistent with 2D culture results. Culture expansion of MSC
in 3D using matrix-coated beads is a well-established meth-
od for tissue engineering applications as it provides a bio-
chemical and physiological microenvironment more similar
to in vivo conditions than 2D monolayer culture. ™4 In
particular, 3D culturing allows MSC to adopt their native
morphology by facilitating cell-cell and cell-ECM interac-
tions. Cell size decreases,** cell signaling changes,* and MSC
surface antigen expression alters in a reversible manner*®
and subsequent differentiation capacity of MSC is en-
hanced.*™* Collectively, our data suggest that 2D culture
expansion protocols in serum-free medium on fibronectin
matrix under hypoxic conditions promotes eMSC viability,
proliferation, and maintains the eMSC phenotype to a
greater extent than 3D culture, pointing to some differences
in MSC growth characteristics between bone marrow and
eMSC in wvitro.

MSC are increasingly being used as a cell-based therapy in
a number of clinical applications for treating a range of de-
generative and inflammatory diseases.'''*'*?" MSC have
been reported in preclinical studies to improve disease out-
comes, including enhanced myocardial function after in-
farction, in repairing liver damage and lung damage.**>°
Bone marrow MSC are currently the most common source
for clinical use.''”" Extensive studies of bone marrow-
derived MSC have proven their multipotent differentiation
potential and powerful immunosuppressive qualities. How-
ever, the collection of bone marrow is an invasive procedure
requiring anesthesia. It involves significant discomfort to the
donor and often results in low MSC yields, although bone
marrow may also be harvested during orthopedic surgery.>*
The quality of these cells is also variable with respect to both
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expansion, differentiation potential, and age of donor.”™*

Similarly, adipose tissue MSC are obtained from an invasive
liposuction procedure also requiring anaesthia.”® In contrast
eMSC can be obtained from endometrial biopsy, a minimally
invasive office-based procedure without anesthetic.”® Others
have obtained eMSC from menstrual blood™ > and dem-
onstrated their potential in tissue engineering applications in
repairing ischemic heart and skeletal muscle in animal
models.”””* eMSC have been purified and characterized in
both hysterectc)lrn)/"“25 and biopsy13’3‘)’(“”’l tissues. CD140b ™"
CD146" cells purified from both hysterectorny25 and biop-
syl?' have similar MSC properties and their perivascular
location spans both functionalis and basalis layers; these in-
dicate that eMSC derived from these sources are indeed the
same subpopulation. Thus, the highly regenerative human
endometrium provides a novel, readily available source of
MSC, obtainable with minimal morbidity for future cell-
based therapies.*®

The poor ability of eMSC to grow in several commercially
available xeno-free media designed for bone marrow MSC
culture (Mesencult-XF and Stem Pro-XF) suggests some
differences between these two sources of MSC, possible re-
lated to key nutritional requirements. However, these may
be relatively minor because eMSC grew well in the Lonza
Therapeak SF® medium also formulated for bone marrow
MSC, perhaps indicating eMSC may be more sensitive to
xeno-free conditions. Nevertheless, eMSC show similar fea-
tures to bone marrow-derived MSC for the minimal defining
characteristics of MSC.** It is possible that eMSC originate
from bone-marrow derived MSC as these cells circulate in
low numbers and there is some evidence that bone marrow
MSC incorporate into damaged human endometrium.®®
Bone marrow MSC can partially differentiate into endome-
trial decidual cells in vitro.®* Thus, differences in culture re-
quirements between bone marrow and eMSC may be related
to their respective microenvironments and their relative
turnover in vivo. eMSC are recruited to replace 5-10mm of
endometrial stroma each month, while bone marrow MSC
would be a relatively stable population.

Findings from this study indicate that our in-house
DMEM/SF/FGF2/EGF serum-free xeno product-containing
medium provided optimal conditions for expansion of
eMSC in culture, although the commercially available, GMP-
compliant Lonza TP-SF serum-free medium also supported
expansion of eMSC. Interestingly, several of the commer-
cially available xeno-free GMP-compliant MSC media used
to expand bone marrow-derived MSC, failed to support
eMSC attachment and growth. Therefore, one of the next
steps is to develop our DMEM/SF/FGF2/EGF medium
under GMP-compliant conditions in preparation for clinical
use. To this end we will modify our isolation procedure by
replacing reagents containing animal products with GMP-
compliant reagents. We also plan to simplify the purification
of eMSC using our recently discovered single marker,
W5C5%, and magnetic beads rather than flow cytometry
sorting. We will then expand our selected eMSC population
in our in house serum-free xeno-product containing DMEM /
SF/FGF2/EGF medium in 2D on fibronectin-coated culture
flasks in 5% O, for at least four passages. In conclusion, this
study represents the first steps in preparing eMSC for po-
tential clinical use. Collectively, the findings warrant further
investigation of eMSC and substantiate the potential clinical
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use of these cells in regenerative medicine applications for
clinical unmet needs. In particular, autologous or allogeneic
eMSC may be a novel cell source for tissue engineering ap-
plications for the treatment of common conditions affecting
large numbers of women such as pelvic organ proplapse.z"'56
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