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Summary 

 
The aim of this doctorate thesis "Pre-clinical Evaluation of Cell-based Tissue Engineering 

constructs in Animal Models of Pelvic Organ Prolapse" is to investigate the use of endometrial 

mesenchymal stem cells (eMSC) to rehabilitate damaged vaginal tissue and modulate the 

immune system when seeded onto polyamide mesh constructs and inserted into the vaginal 

walls of multiparous sheep animal models. The vaginal tissue of nulliparous, primiparous and 

multiparous sheep were first characterised using histological and biomechanical methods, and 

tested for POP susceptibility using an ovine-modified Pelvic Organ Prolapse Quantification 

(POP-Q) system and a novel pressure sensor device. These methods observed that multiparity 

thins the muscularis of the vaginal wall and increases the content of elastic fibre, which was 

correlated with POP-Q measurements that were indicative of POP susceptibility and tissue 

which was very flexible and poor at resisting applied forces. Next, autologous eMSC were 

isolated from the uteral lining of multiparous ewes, labelled with Iodex, and either seeded onto 

polyamide mesh coated in gelatin (eMSC/PA/G) and implanted into the vaginal walls of sheep, 

or was mixed with gelatin as the first step and then applied to polyamide mesh that was already 

implanted in the vaginal walls of sheep as part of a two-step protocol (PA + eMSC/G). After 

30 days the tissues were harvested, and histological, fluorescent microscopy and qPCr 

techniques were used to observe the superior integration of PA + eMSC/G into the vaginal 

walls of sheep compared with eMSC/PA/G as no instance of exposure was observed in PA + 

eMSC/G explants, which corresponded with less disruption to the muscularis of the vaginal 

wall, reduced myofibroblast response, retention of elastic fibre content and a downplayed pro-

inflammatory M1 macrophage response. 

 

The result of this thesis demonstrated several important findings. The first was that sheep are 

a good animal model for POP research and treatment. Second, that implanted, autologous 

eMSC can reduce the trauma and damage incurred by vaginal tissue during the implantation of 

mesh in the treatment of POP. And third, that the delivery mechanism for stem cells into vaginal 

tissue has a significant impact on the future rehabilitation of damaged tissue and efficacy of 

implanted cells. 
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1.1. Pelvic Organ Prolapse 1 

POP is the herniation of pelvic organs into the vaginal cavity (Figure 1). Symptoms are 2 

bladder, bowel and sexual dysfunction, including incontinence, which severely affects the 3 

quality of life of affected women [1]. POP affects 25% of all women in the USA and Western 4 

countries and is particularly prevalent in post-menopausal women. The main risk factors are 5 

vaginal birth delivery and aging, while obesity also contributes to POP recurrence [2]. A 6 

genetic predisposition for developing POP involves genes regulating collagen and elastic fibre 7 

synthesis, whose deficiency contributes to POP susceptibility [3]. As much of the world faces 8 

increasing obesity rates and an aging population, the prevalence and severity of POP will only 9 

increase over the coming years. The economic and healthcare costs are considerable, 10 

approximating US$1 billion each year [4].  11 

Figure 1: Pelvic organ prolapse. A) normal pelvic anatomy that undergoes B) bladder (cystocele), C) rectum 12 
(rectocycle) or D) uterine prolapse. (Reproduced with permission from [5]) 13 

 14 

1.1.1. Surgical Reconstruction for Treatment of POP 15 
Currently the standard treatment for POP is native tissue repair conducted transvaginally 16 

(colporrhaphy) or abdominally (sacral colpopexy). This surgical treatment has a high failure 17 

rate with 30% of patients requiring one or more further surgeries due to recurrence of POP [6]. 18 

Additionally, reconstructive procedures in older women have complication rates from 15.5% 19 

to 33%, with the majority related to urinary tract infections, febrile morbidity and blood loss 20 

Normal Pelvic Anatomy 
Cystocele 

Uterine Rectocele 

A B 
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requiring transfusion [7]. Indeed, the mortality from urogynecological surgery increases with 1 

each decade of life, with the most common complications occurring in women 80 years or older 2 

[8]. 3 

 4 

1.1.2. Transvaginal augmented mesh implant for treatment of POP 5 
Augmented treatments for POP involving the implantation of polypropylene (PP) mesh into 6 

the vaginal wall to alleviate POP and support the pelvic organs has been available since 2005 7 

after FDA approval in 2001 [9]. In addition to alleviating the herniation, synthetic mesh was 8 

intended to provoke a fibrotic response to thicken and strengthen the vaginal wall to protect 9 

against future instances of POP [10]. Though successful for many women, up to 10% require 10 

subsequent surgery while also enduring other complications such as pain, excessive fibrosis, 11 

mesh exposure into the vagina and erosion into the bladder or bowel, chronic inflammation and 12 

mesh shrinkage [7, 11, 12]. This led to the FDA releasing a Public Health Notification and 13 

Additional Patient Information in regards to these side effects, as well as worldwide recalls of 14 

several leading brands of mesh [12]. Similar bans have been issued in Australia, New Zealand 15 

and the United Kingdom. This has left many women with fewer options for treatment.  16 

 17 

1.1.3. Transvaginal Mesh characteristics 18 
The structural characteristics of hernia mesh, such as pore size (porosity), weight, production 19 

method (woven or knitted) have had enormous influence over the biocompatibility and efficacy 20 

of implanted mesh. Commercially available meshes are either woven or knitted, with woven 21 

mesh initially popular some decades ago (Figure 2) [13, 14]. These initial meshes were strong, 22 

providing support for herniated pelvic organs and protection against further prolapse [15-17]. 23 

However, they were quite stiff and heavy, and knitted polypropylene (PP) mesh was soon 24 

introduced as a replacement. Knitted PP had the advantage of strength, were chemically inert 25 

and borders did not fray after being cut to size. Furthermore, it retained relatively larger pore 26 

size while being more flexible and lighter than other meshes available at the time [14]. Though 27 

the optimal porosity is still under debate, it is a central consideration in new mesh development 28 

[17-19].  Recent meshes are usually monofilament (a single filament) but historically were 29 

initially multifilament (multiple filaments braided to make one thread). Monofilament mesh 30 

are less flexible but usually provide greater mechanical strength, while multifilament are more 31 

pliable and soft [20]. However, implanted monofilament mesh is less susceptible to infection, 32 

due to the lower surface area reducing bacterial adhesive ability and has less inaccessible 33 
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spaces for bacteria to hide from larger macrophages [14, 21]. This has prompted preference for 1 

monofilament mesh. In regards to weight, heavier and stiffer mesh have been associated with 2 

fibrotic scarring and chronic inflammation [22], as well as “stress shielding”. This occurs when 3 

the heavier, stiffer mesh implant “shields” the resident tissues against the “stress” of herniation 4 

forces, which causes those tissues to adapt to the reduced stress by remodelling and undergoing 5 

atrophy [10]. This is avoided by using a more porous, pliable mesh that more closely matches 6 

the biomechanical properties of the vaginal wall, which assists the mesh to maintain its 7 

geometry by retaining pore shape [23, 24]. Though it might be tempting to sacrifice strength 8 

for lightweight flexibility, the geometry of implanted mesh comes under significant load force 9 

that can distort the pores and cause permanent deformation and loss of porosity [10].  10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 
Figure 2: Different mesh types: A) woven mesh structure, B) knitted structure, C) warp-knitted structure and 19 
D) non-woven structure. (Reproduced with permission from [25])  20 

 21 

1.1.4. Mesh-Tissue Interaction 22 
The structural characteristics are an important consideration for not just the efficacy of the 23 

mesh itself, but its overall biocompatibility and integration into host recipient tissues. The 24 

porosity of the mesh has been investigated and is one of the most important aspects of mesh 25 

used for POP treatment [17]. Smaller pores have been associated with a greater risk of chronic 26 

inflammation and infection, as <10µm pore diameters inhibit the host macrophage response 27 

from accessing any bacterial colonies for phagocytosis [15]. Larger pore sizes permit the 28 

infiltration of leukocytes, both M1 and M2 macrophages, as well as fibrovascular ingrowth of 29 

B C D A 



Chapter 1 – General introduction. 

23 
 

new tissues to facilitate superior mesh integration than those of smaller pore sizes [17]. The 1 

host immune response to implanted mesh has been a primary focus of mesh development 2 

research, particularly as chronic inflammation and fibrosis are two of the main complications 3 

of mesh implantation for POP treatment. Mesh materials, particularly the most commercially 4 

common PP mesh, typically evoke an inflammatory response that becomes chronic. 5 

Specialised collagen coatings of mesh have been investigated to reduce the immune response, 6 

with varied success. PP mesh coated with collagen demonstrated an improvement in prolapse-7 

related symptoms and quality of life for human recipients compared to uncoated PP mesh, 8 

possibly due to improved biocompatibility of collagen coating for tissue adhesion [26]. Ovine 9 

animal models have been used to demonstrate the biocompatibility of PP mesh where 10 

individual filaments were coated with solubilized atelocollagen that exhibited superior 11 

vascularisation and collagen deposition compared to uncoated controls [27]. Other PP meshes 12 

are enveloped inside a solid collagen-coating. These have been associated with mesh exposure 13 

rates as high as 50% in larger animal models such as sheep and show reduced contractile force 14 

of ovine vaginal tissue after 180 days [28, 29]. Recently, fibrin glue-coated (consisting mostly 15 

of fibrinogen) PP meshes, used to deliver both mesenchymal stem cells (MSC) and MSC-16 

derived exosomes reduced the inflammatory response [30]. Our group has been developing a 17 

gelatin coated mesh as delivery scaffolds for MSC as a potential treatment of POP, which has 18 

accelerated the wound healing process and reduced chronic inflammation [31-34]. However, 19 

as collagen- or gelatin-coating has produced inconsistent results with PP mesh, the question 20 

must be asked as to the future direction of transvaginal mesh itself. With FDA recalls and a 21 

recent ban of transvaginal mesh for POP surgery in Australia, transvaginal mesh requires 22 

significant improvement to both remain medically relevant and re-earn public trust.  23 

 24 

1.1.5. Alternative Mesh Designs to PP for Hernia Repair 25 
PP mesh is the most commonly used synthetic mesh for hernia repair, yet it is clear from its 26 

adverse effects that new materials are necessary. Polyester has demonstrated good 27 

biocompatibility due to being more hydrophilic while being very strong, with studies of 28 

abdominal implantations into patients having infection rates within acceptable parameters [35]. 29 

Likewise, the expanded polytetrafluoroethylene (ePTFE) material is highly hydrophobic 30 

limiting its biocompatibility, while polyvinylidene fluoride (PDVF) has had initially promising 31 

results but may find translation to clinical application difficult in the current climate of 32 

synthetic mesh bans [12].  Three new synthetic mesh designs for potential use in POP surgery 33 

were warp-knitted from different polymers; polyetheretherketone (PEEK), polyamide (PA) and 34 
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a gelatin-coated polyamide composite (PA/G). Of these, PA exhibited reduced stiffness and 1 

PA/G showed lower macrophage accumulation around individual filaments 90 days after 2 

implantation into a rat abdominal hernia model [31, 33]. These results suggested a flexible 3 

mesh with biomechanical properties closer to that of vaginal tissues is more promising than the 4 

stronger mesh. The gelatin coating of PA/G constructs could also serve as a scaffold for 5 

delivering stem cells to repair damaged vaginal tissue, a concept that could be trialled in larger 6 

animal models, such as sheep [33, 34].  7 

 8 

1.1.6. Gelatin-coated Polyamide Mesh 9 
A potential new application for FDA approved polyamide (PA) is for POP mesh, which is a 10 

monofilament, lightweight warp knitted mesh with diamond tulle pore construction [31].  11 

Comparison with commercially available PP brands Polyform, Gynemesh PS and IntePro 12 

demonstrated that PA mesh was the most flexible of all mesh designs as measured by uniaxial 13 

biomechanical testing. It also exhibited similar strength to commercial PP meshes and closely 14 

matched the stiffness of human vaginal tissue [31] (Figure 3B). An alteration to our basic PA 15 

was also compared. This alteration featured a glutaraldehyde-cross linked 12% porcine gelatin 16 

coating to create a PA/G construct, to offer a scaffold for cell seeding.  With the gelatin coat, 17 

the PA/G mesh had increased bending rigidity compared to PA alone (Figure 3A) indicating 18 

reduced drapability, though it still exhibited similar burst strength (Figure 3B) [31]. The gelatin 19 

coat reduced flexibility but offered an invaluable method of cell delivery. Alternative methods 20 

of cross-linking could reduce the rigidity of the gelatin coat, such as ruthenium-based photo-21 

crosslinking that produces more elastic gelatin scaffold for cells that could complement the PA 22 

meshes flexibility [36]. However, this use of ruthenium-based cross-linking has not yet been 23 

investigated in vivo. Both flexible and matching the tensile strength of vaginal tissue, it was 24 

decided that the new experimental PA mesh was worthy of further development for treating 25 

POP.  26 

 27 

 28 

 29 

 30 
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Figure 3: Mechanical properties of new meshes and commercial PP meshes: A) bending rigidity and B) burst 1 
strength. Data are expressed as mean ± SD (n=35). Statistical comparisons between meshes with least structural 2 
variables shown (PA1 vs. PA2, PA1 vs. PA1+G, PA1 vs. PEEK1, PEEK1 vs. PEEK2, Gynemesh vs. IntePro), 3 
with significantly different results noted p≤0.05 (*), p<0.01 (**) and p≤0.001 (***). (Reproduced with permission 4 
from [31]) 5 

 6 

1.1.7. Biodegradable Decellularized Materials 7 

A variety of materials have been devised to treat both abdominal herniations and pelvic organ 8 

prolapse, ranging from the use of human tissue, to non-absorbable synthetic mesh. One method 9 

involves scaffolds composed of mammalian extracellular matrices (ECM), which are acquired 10 

by decellarising tissue harvested from humans [37]. These are already used in surgical repair 11 

for musculotendinous tissue reconstruction and reconstructive breast surgery [37, 38]. 12 

Bioprosthetics, (grafts of a patient’s own tissue) were originally proposed to alleviate the 13 

herniation and support the vagina and pelvic organs. Though autologous tissue usually avoids 14 

the foreign body reaction of synthetic materials, it lacks the mechanical strength to protect the 15 

tissue against further herniations [39, 40]. Further development of these grafts is required until 16 

they can be used as a feasible alternative to the most commonly used material, synthetic mesh 17 

[41, 42]. An interesting recent development has been to combine established mesh with 18 

polycaprolactone (PCL) degradable nanofiber scaffolds. When PCL was combined with PP 19 

and implanted into minipigs, the collagen accelerated in maturation with the implant itself 20 

becoming encased in flexible and elastic tissue with reduced mesh shrinkage [43]. However, 21 

the combination of PP and PCL degradable nanofibers produced a construct that was less 22 

resistant to forces [43]. Electrospun polylactic-co-glycolic acid (PLGA) with PCL nanofiber 23 

coating have been cultured with vaginal fibroblasts derived from patients suffering from POP 24 

and placed under mechanical straining in vitro. Genes associated with extracellular matrix 25 

synthesis (Collagen I, III, V and Elastin) and remodelling (αSMA, TGF-β1) were upregulated 26 
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in comparison to controls [44]. This suggests a future for degradable nanofibers for POP 1 

treatment in the wake of synthetic mesh bans.  2 

 3 

1.2. Vaginal Wall Structure 4 
The vaginal wall is composed of four layers (Figure 4). The vaginal cavity is lined by stratified 5 

squamous epithelium. Beneath the epithelium is the lamina propria which is composed mostly 6 

of connective tissue and blood vessels. The third layer of the vaginal wall is the muscularis, 7 

comprised of bundles of smooth muscle cells, with the inner layer featuring circular smooth 8 

muscle and the outer layer longitudinal arrangements. The final layer is the adventitia, a layer 9 

of loose connective tissue composed mostly of blood vessels. Since the muscularis has a role 10 

in providing mechanical strength to the vaginal wall, it has been studied in women with POP 11 

investigating the hypothesis that deficiency in the muscularis would contribute to POP 12 

susceptibility. Indeed, histological analysis of POP tissue obtained from the anterior wall of 13 

women undergoing vaginal plastic surgery observed increased Collagen III fibrils which 14 

displaced the smooth muscle cells and appeared disorganised [45].  Another study showed 15 

reduced smooth muscle actin and increased collagen expression in the muscularis of women 16 

with POP [46]. If these alterations occurred before first vaginal birth, it could suggest a genetic 17 

predisposition caused remodelling of the vaginal wall increasing susceptibility to POP. This 18 

could be explored using nulliparous ovine animal models. Alternatively, the changes of ECM 19 

synthesis and gene expression could be a response to the tissue trauma incurred by POP, 20 

resulting in a remodelling of the vaginal wall layers. In either case, the vaginal wall 21 

composition and its relation to POP requires further exploration to refine methods of POP 22 

treatment. 23 
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Figure 4: Four layers of the vaginal wall: Masson’s trichrome stained ovine vaginal wall is composed of four 1 
distinct layers. The first is the epithelium (yellow arrow), beneath which is the lamina propria which is mostly 2 
composed of connective tissue (collagen). The third layer is the muscularis which is made-up inner circular smooth 3 
muscle cells and outer longitudinal smooth muscle cells. The final layer is the adventitia, a layer of connective 4 
tissue rich with blood vessels. 5 

 6 

1.2.1. Effect of Parity 7 
To date, the most common risk factor for POP susceptibility is child-birth due to the traumatic 8 

effect of the first child delivery on the vaginal wall, which causes the initial and most damage 9 

of all births [47]. However, the precise mechanisms underpinning the development of this 10 

vulnerability are not entirely understood. Recent investigations into the effect of parity on the 11 

vaginal wall using animal models have observed significant alteration of ECM composition, 12 

remodelling of the vaginal wall layers and reduction of tissue strength [48]. These alterations 13 

are likely due to overstretching of vaginal tissue as the baby transits the birth canal leading to 14 

tissue damage. Increased elastic fibres appear to be retained post-partum to compensate for 15 

birth-induced damage [49]. A decline in the epithelial thickness of the vaginal wall as a result 16 

of parity has also been observed, though the effect on the strength of the vaginal wall remains 17 

unknown [50, 51]. That this is due to the damage incurred by vaginal tissues during delivery is 18 

further supported by the reduced risk of POP among women who have undergone caesarean 19 

section instead of vaginal delivery [52].  20 
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 1 
1.2.2. Damage to the Pelvic Support Structure Contributes to Reduced Pelvic Organ 2 
Support 3 
The majority of damage done to the vaginal wall and supporting architecture is incurred during 4 

the first delivery. Separation of connective tissue within the pelvic side wall has been associated 5 

with stress urinary incontinence and descent of the anterior wall [53]. This highlights the 6 

importance of the integrity of the 3 pelvic organ support structures for resisting POP; the pelvic 7 

floor muscles, vaginal wall endopelvic fascia and uterine suspensory ligaments. The pelvic 8 

floor skeletal muscles at risk of separation and damage due to childbirth can be influenced 9 

during pregnancy to prepare the vagina for childbirth (eg. increased elastin deposition) [54]. It 10 

is clear, then, that the effect of parity on the vaginal wall play central roles in resistance and 11 

vulnerability to POP, with more research required to both understand and overcome the effect 12 

of damage to the pelvic organ support structures that lead to loss of vaginal integrity and POP, 13 

and how to prevent it.  14 

 15 

1.3. Tissue Engineering 16 
Tissue engineering is a multidisciplinary field focused on combining living cells with synthetic 17 

scaffolds to produce tissue constructs that can be implanted as substitutes for damaged tissues 18 

or organs. Waiting times for organ donations are long and even when donations are made the 19 

incompatibility of donors and recipients is a persistent problem leading to rejection. This has 20 

created a massive world-wide demand for organs that tissue engineering could meet. One of 21 

the most promising recent innovations in this direction is 3D bio-printing, which has shown 22 

potential to create desired organs and tissues using a host’s own cells (i.e autologous). 23 

However, the type of cell(s) employed is of central importance as this can significantly affect 24 

the construct effectiveness and compatibility. It is for this reason that stem cells, in the broader 25 

use of the term, have shown the most promise, as their pluripotency and/or multipotency, ability 26 

to differentiate into various desired lineages, has made them popular for various TE 27 

endeavours.  28 

 29 

1.3.1. Stem Cells 30 
The label “stem cells” is a broad and simplified term for cells that can self-renew and 31 

differentiate into a variety of cellular lineages and can be divided into three broad groups: 32 

embryonic stem cells (eSC), induced pluripotent stem cells (iPSC) and adult stem cells (ASC), 33 

and each has advantages and disadvantages to consider in the context of tissue engineering. 34 
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eSCs are derived from the inner cell mass of the blastocyst and differentiate into all three germ 1 

layers, giving them remarkable versatility and potential for targeted linear differentiation [55, 2 

56]. However, the process of their extraction destroys the developing embryo, which has raised 3 

ethical concerns that have remained the centrepiece of any discussion surrounding the 4 

employment of these cells. Furthermore, the logistics of employing eSC is challenging due to 5 

the initial low cellular yield and the time and resource-intensive process of culturing and 6 

maintaining eSC cultures. The second group of stem cells, iPSC, have been heralded as a 7 

promising replacement for eSC, as they are acquired by reprogramming somatic cells with four 8 

transcription factors Oct4 (Pou5f1), Sox2, cMyc and Klf4 [57-59]. This gives rise to a small 9 

number of pluripotent stem cell colonies which can be directed to differentiate into desired cell 10 

types using the correct culture conditions. However, iPSC, much like eSC, require considerable 11 

time and resources for successful culturing and cell differentiation, which is itself a sensitive 12 

process. Additionally, iPSC derivation involves “reprogramming” by retrovirus-delivered 13 

transcription factors, which can unwittingly introduce genome mutations and errors, and is an 14 

explanation offered for why even autologous iPSC-derived cells have sometimes been rejected 15 

by a hosts immune system [60]. This is a significant barrier for replicable use in a standardised 16 

therapeutic employment, although there are clinical trials underway using these derivatives 17 

[61]. The final broad group of stem cells are known as Adult Stem Cells (ASC). These are 18 

undifferentiated cells found within existing tissues that can be directed into specific cell 19 

lineages of the tissue in which they reside with the appropriate induction conditions [62-64]. 20 

Unlike iPSC, ASCs do not require retrovirus delivered transcription factors as they already 21 

exist in an undifferentiated, although not pluripotent, state. This benefit means that ASC do not 22 

have to undergo “reprogramming” and, when used autologously, are safe from risk of host 23 

immune rejection. However, they are not immortal cells like iPSC. These properties make ASC 24 

promising candidates for cell-based therapies, particularly TE. Fortunately, knowledge of ASC 25 

and their applications is growing rapidly, as their many benefits have intensified research 26 

efforts. 27 

 28 

1.3.2. Candidate Cells for Tissue Engineering Applications for POP 29 

 30 

1.3.2.1. Skeletal Muscle Derived Stem Cells 31 
Skeletal muscle has been identified previously as a potential source of progenitor stem cells 32 

capable of differentiating into myogenic cell lineages in rat models [65-68]. The use of skeletal 33 
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muscle stem cells to deliver gene therapy is being explored for treating muscular dystrophy 1 

and stress urinary incontinence, another pelvic floor disorder involving the urethra [66]. In 2 

addition, they are being used to regenerate both skeletal and cardiac muscle. As a potential 3 

source of cells for treating POP, muscle-derived stem cells (MDSC) are particularly attractive 4 

as they can now be isolated from human skeletal muscles and differentiated into skeletal 5 

myotubes, in vitro and in vivo [69]. The ability of MDSC to promote vaginal epithelial 6 

regeneration and vaginal wall repair in a rat model makes them candidates for treating POP 7 

[70]. However, to avoid the risk of immune rejection from allogeneic sources, MDSC are better 8 

derived from the patient’s own muscle tissue. Such an autologous procedure is expensive and 9 

invasive, causing significant pain and morbidity for the patient. An alternative source of cells 10 

for POP treatment could prove more beneficial and practical for the patient. 11 

 12 

1.3.2.2. Fibroblasts and Myoblasts 13 

As major producers of collagen and an essential cell for the formation of connective tissue, 14 

fibroblasts have been suggested as an alternative cell source for TE [71]. Vaginal 15 

myofibroblasts from nulliparous women have higher contractile strength compared to those 16 

from parous women, suggesting that vaginal delivery and overstretching of the vaginal wall 17 

affects myofibroblast function [72]. However, the use of autologous vaginal fibroblasts from 18 

patients for treating their pelvic floor disorders raises concerns about the quality of cells 19 

utilised. Other studies have observed that vaginal fibroblasts derived from prolapsed tissues 20 

have impaired function, such as delayed fibroblast mediated collagen contraction and lower 21 

production of collagen synthesising enzymes [73]. This could be avoided if women have a 22 

vaginal biopsy to collect and cryopreserve fibroblasts before childbirth to obtain better quality 23 

cells, however such long-term planning and storage facilities are not available to most women. 24 

The invasive method of acquiring human vaginal fibroblasts and subsequent morbidity is 25 

another obstacle in their use as the main source of cells for a tissue engineering-based approach 26 

to treating POP. Buccal mucosal fibroblasts (BMF), however, offer a readily available and 27 

plentiful source of cells and could prove an alternative to human vaginal fibroblasts [74]. BMF 28 

are harvested from the inside of the cheek lining and express the typical MSC/fibroblast surface 29 

markers but do not function as MSC [75]. They produce important components of the 30 

extracellular matrix such as Collagen I, which is required for strengthening the vaginal walls 31 

to alleviate and prevent herniation [71, 76]. The interaction of BMF with various biodegradable 32 

scaffolds has been examined in vitro for potential treatment of pelvic floor disorders (PFD) 33 
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including POP [76]. Although BMF offer a potential candidate for the treatment of POP, they 1 

currently remain untested for this purpose in animal models and their ultimate suitability 2 

remains unknown.   3 

 4 

1.3.2.3. Mesenchymal Stem Cells 5 

MSC have been extensively used in cell-based therapies, predominantly for their anti-6 

inflammatory and immunomodulatory non-stem cell properties [77, 78]. Though these cells 7 

fall under the umbrella of ASC, they are a distinct group that are of stromal origin. However, 8 

they also have potential for TE purposes for regenerating new tissues or promoting the activity 9 

of endogenous stem cells [79-81]. MSC populations have the capacity for self-renewal, are 10 

highly proliferative and differentiate into mesodermal and other lineages [82]. Recent advances 11 

in cellular identification using more specific markers have shown that MSC can be extracted 12 

from most tissues including bone marrow, umbilical cord, placenta, adipose and endometrium, 13 

although not all sources have demonstrated clonogenicity for their MSC populations [83-86]. 14 

Typically, MSC actively respond to stress or injury in a similar manner to cells of the innate 15 

immune system responding to pathogen exposure. When supplied systemically, exogenous 16 

MSC home to sites of injury in response to inflammation [87]. Here MSC operate in a paracrine 17 

manner by secreting large amounts of diverse proteins, growth factors, cytokines and 18 

chemokines that promote a variety of effects including neo-angiogenesis, tissue regeneration 19 

and remodelling, immune cell activation, suppression of inflammation and cellular recruitment 20 

[79, 80, 88-90]. The potential of MSC as a cell-based therapy has also been explored in 21 

numerous clinical applications. The ability to direct bone marrow MSC differentiation into 22 

other cell types and lineages has shown that these cells maintain a phenotype lacking tissue-23 

specific characteristics until exposed to signals in damaged tissues [91]. MSC obtained from 24 

dental pulp have been used to repair related tissues such as periodontal ligament, dental papilla 25 

and dental follicle [92]. Likewise, urine derived stem cells (UDSC), have demonstrated 26 

restoration of sphincter function after vaginal distention injury in rats [93]. The ability of 27 

adipose tissue and bone marrow MSC to act as precursor cells has also been exploited by 28 

directing their differentiation toward the chondrogenic lineage to produce cartilage-29 

synthesising chondrocytes [94]. Although MSC show promise as cell-based therapies, more 30 

understanding of their mechanism of action is needed. Indeed, early clinical use of MSC has 31 

not always met expectations, often producing inconsistent results [95]. This may be due to 32 

lesser refined methods of isolating and cultivating MSC resulting in the administration of 33 
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fibroblasts and myofibroblasts rather than undifferentiated MSC [96]. Until recently, 1 

production of significant numbers of MSCs posed a challenge, as the regenerative potential of 2 

MSC declined during culture expansion [34, 97], which is required due to the small numbers 3 

of perivascular MSC present within tissues [98]. For tissue engineering applications and tissue 4 

repair following ischemia (e.g., cardiac muscle), local rather than systemic delivery is desirable 5 

and will likely result in greater local concentration of MSC at the desired tissue site, even when 6 

the mechanism of action is paracrine [99]. A further consideration is allogeneic vs autologous, 7 

as autologous cells avoid immune rejection. Seeding MSC onto scaffolds, such as 8 

polyamide/gelatin (PA/G) for POP appears to produce better outcomes in preclinical studies 9 

[34]. MSCs are a versatile and promising stem/stromal cell which can be used for a variety of 10 

regenerative medicine applications. Additionally, MSC have greater capacity to regenerate 11 

tissues from which they are derived [78]. Therefore, MSC obtained from the lining of the uterus 12 

could be useful in the development of treatments for other regions of the female reproductive 13 

tract, e.g., vaginal wall tissue in cases of POP. This could occur from two places: the placenta 14 

and the endometrium itself. 15 

  16 

1.3.2.4. Adipose-derived Mesenchymal Stem Cells 17 
Adipose derived mesenchymal stem cells (adMSC) are isolated from fat and have emerged as 18 

a popular source of multipotent and self-renewing MSC for cell-based therapies. Multipotent 19 

cells were first acquired by centrifuging mechanically and enzymatically digested adipose 20 

tissue and then culturing the ensuing pellet, the Stromal Vascular Fraction (SVF) [86]. These 21 

cells exhibit common MSC markers CD90, CD71, CD105/SH2 and SH3, and their observed 22 

adipogenic, osteogenic, chondrogenic and myogenic differentiation pathways in vitro marked 23 

them as multipotent stem cells worthy of further investigation for MSC-based therapy 24 

applications [86]. In addition to their multipotent potential, stromal vascular fraction (SVFs) 25 

have demonstrated anti-inflammatory properties when co-cultured with monocytes through 26 

increased expression of interleukin-6 and interleukin-10 [100]. Due to the heterogenous nature 27 

of the SVF, further efforts were made to refine the isolation process to separate the genuine 28 

adMSC from the surrounding cells. This culminated in a joint statement by the International 29 

Federation for Adipose Therapeutics and Science (IFATS) and the International Society for 30 

Cellular Therapy (ISCT), which identified adipose stem cells as positive for CD13, CD29, 31 

CD44, CD73, CD90 andCD105 and varying levels of CD34, while negative for CD31, CD24, 32 

CD235a [101]. The varying CD34 expression has been controversial for the identification and 33 

isolation of adMSC. adMSC in early culture highly express CD34, however this sharply 34 
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declines with increasing time spent in culture [102, 103]. CD34 is a glycosylated 1 

transmembrane protein and has served as a marker for hematopoietic stem and progenitor cells 2 

(HSPC). Its precise function is unknown, due to many tissue specific post-translational and 3 

post-transcriptional modifications. However, current evidence suggests CD34 enhances 4 

proliferation, blocks stem cell differentiation and promotes cell morphogenesis [104, 105]. 5 

CD34 doubtless plays an important role within adMSC, and its loss of expression on culturing 6 

suggests they undergo similar spontaneous differentiation as do other sources of MSC [106]. 7 

Nevertheless, both CD34+ and CD34- adMSC have been used in tissue engineering to 8 

regenerate bone tissue in Labradors [107],  in stimulating human osteogenic markers in vitro 9 

[107],  treatment of induced myocardial infraction in rats [108] and neovascularisation during 10 

peritoneal grafting in mice [109]. However, despite their promise and employment in tissue 11 

engineering, their use in cell-based tissue engineering for treating POP has several hurdles. 12 

Most research conducted with adMSC has used adipose tissue derived from cosmetic surgery 13 

off-cuttings. As POP is a condition mostly affecting post-menopausal age women, acquiring 14 

adipose tissue would be an invasive procedure for autologous adMSC acquisition, and one that 15 

risks further surgical complications for older surgical patients. Therefore, until the methods of 16 

their initial acquisition can be refined to less-invasive means, adMSC are not an ideal candidate 17 

for cell-based tissue engineering treatment of POP. 18 

 19 

1.3.2.5. Placenta-derived Mesenchymal Stem Cells 20 
The placenta is a large tissue connecting the mother and her infant during pregnancy, discarded 21 

as waste after the child is born. The main purpose of the placenta is to provide oxygen, nutrients 22 

and protective immune molecules from the mother to the infant. As a fetomaternal organ that 23 

develops from the endometrium, the placenta is composed of two main components: the 24 

maternal placenta (decidua basalis) and the fetal placenta (chorion frondosum). The placenta 25 

is rich with blood vessels and MSC which can be isolated from either the fetal (fpMSC) or 26 

maternal (mpMSC) placenta. fpMSC exhibit strong immunosuppressive and angiogenic 27 

properties, and differentiation potential into various lineages, such as chondrocytes, adipocytes 28 

and osteoblasts  [110-112].  mpMSC have exhibited surface markers common to other MSC 29 

[113], with mpMSC isolated from the decidua basalis during the second trimester showing 30 

significantly higher proliferative ability than adult bmMSCs [114]. mpMSC also exhibit similar 31 

mesodermal differentiating ability except for the adipogenic lineage, in which bmMSC were 32 

superior [115]. fpMSC isolated from the chorion and amnion, during the first and second 33 

trimester show mesodermal lineage differentiation and neuronal cells with appropriate cell 34 
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markers for each lineage [113], showing their multipotency. The angiogenic and 1 

immunomodulatory properties of pMSC have been demonstrated through use of their exosome 2 

derivatives in mouse models to alleviate the ischemia after transplantation into diabetic nude 3 

rats [116, 117]. However, pMSC (including fpMSC and mpMSC) are currently not well-suited 4 

for tissue engineering applications, such as POP. This is because POP usually occurs in women 5 

of menopausal age long after the opportunity to harvest pMSC for treatment has passed. 6 

Though it is possible that forward thinking women could have their pMSC stored in biobanks 7 

for such a purpose, this is an expensive solution. A more practical solution would be to utilise 8 

an MSC based tissue engineering treatment on cells that can be acquired from a patient when 9 

they are needed. 10 

 11 

1.4. Endometrium as a Novel Source of MSC 12 
The endometrial lining of the uterus serves as the site of embryo implantation, placentation and 13 

the development of the embryo and foetus during pregnancy [118]. The upper functional layer 14 

of the human endometrium undergoes extensive growth, differentiation and shedding each 15 

menstrual cycle under the influence of sex steroid hormone fluctuations [119]. Following 16 

menstruation, the remaining basal layer regenerates the new functional layer, which undergoes 17 

rapid cellular proliferation followed by differentiation (Figure 5). If an embryo does not 18 

implant, the terminally differentiated epithelium and stroma is shed during menstruation [120]. 19 

Much like the continuously renewing small intestinal mucosa, the endometrial mucosa 20 

undergoes many cycles of regeneration during a woman’s lifetime, indicative of its highly 21 

dynamic and regenerative capacity.  22 

 23 

 24 

 25 
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Figure 5: Schematic showing changes in the human endometrium during the menstrual cycle, illustrating 1 
the growth, differentiation and shedding of the functionalis layer. The functionalis layer regenerates 4-10 mm 2 
during the proliferative phase (10d) as cells proliferate in response to rising circulating estrogen levels. During 3 
the secretory phase, progesterone induces differentiation of the epithelium and stroma to generate an endometrium 4 
receptive to implantation of an embryo. This entire process occurs over 400 times during a woman’s reproductive 5 
life indicating the regenerative potential of human endometrium. (Reproduced with permission from [119]) 6 
 7 

1.4.1. Endometrial Mesenchymal Stem Cells 8 
The existence of stem/progenitor cells within the endometrium and their role as progenitor cells 9 

for regenerating endometrial tissue has only recently been reported 15 years ago. Endometrial 10 

MSC (eMSC) are clonogenic and multipotent, differentiating into four mesodermal lineages: 11 

osteoblasts, chondrocytes, smooth muscle cells and adipocytes in vitro (Figure 6) and 12 

expressing the typical pattern of MSC surface markers [84, 121, 122]. Endometrial side 13 

population (SP cells) also demonstrate MSC properties [123, 124]. Serial clonal culture shows 14 

that clonogenic eMSC undergo self-renewal in vitro and have high proliferative potential [84]. 15 

The population of clonogenic eMSC within human endometrium is small, approximating 1.3%, 16 

necessitating the identification of specific surface markers to allow their prospective isolation 17 

and enrichment from endometrial biopsies [125, 126]. 18 
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 1 

Figure 6: Endometrial mesenchymal stem cells. A) Colony Forming Units – Fibroblast (CFU-F) differentiate into 4 2 
mesodermal lineages from a single clonogenic cell. B-E); B) myoctes, C) osteocytes, D) adipocytes, E) chondrocytes. PTHR1, 3 
parathyroid hormone 1 receptor; LPL, lipoprotein lipase, key markers of osteogenic and adipogenic cells respectively. 4 
(Reproduced with permission from [84].)  5 
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Figure 7: Specific enrichment for endometrial mesenchymal stem cells using surface markers. Flow 1 
cytometry plot of CD146+ /CD140b (PDGRRβ)+ fraction A) which contains most of the clonogenic endometrial 2 
stromal cells B) and reveals their pericyte identity in vivo C); SUSD2+ cells in endometrial cell suspensions D) 3 
which E) reconstitute human vimentin+ stromal tissue when transplanted under the kidney capsule of NSG mice, 4 
and F) have a perivascular location in human endometrium. SUSD2+ cells (red) do not express estrogen receptor-5 
α (green), but endometrial stromal cells do (DNA blue). G) Ovine CD271+ eMSC (red, yellow arrows) were close 6 
to H) αSMA vascular regions (green), suggesting an I) adventitia location within the endometrium. The white 7 
arrow indicates perivascular SUSD2+ cells. (Reproduced from  [123, 126-129] with permission). 8 
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1.4.2. Prospective Isolation of eMSC from Biopsies and Hysterectomy 1 
To exploit the regenerative ability of human eMSC, they must first be isolated from the 2 

heterogeneous population of cells obtained from dissociated endometrial tissue. Ideally this 3 

requires the identification of unique surface markers on eMSC to reveal their in vivo niche and 4 

separate them from undesired stromal fibroblasts and other cells. Indeed, several sets of specific 5 

surface markers have been identified on eMSC [125, 127]. Almost all clonogenic human 6 

endometrial stromal cells with MSC properties are found in the CD140b+CD146+ population, 7 

comprising 1.5% of the stromal fraction [125]. These markers revealed a perivascular niche for 8 

eMSC adjacent to endothelial cells suggesting they are pericytes (Figure 7). The transcriptome 9 

of the expressing CD140b+CD146+ cells indicates they are distinct from CD140b-CD146+ 10 

endothelial cells, but more similar to endometrial CD140b+CD146- stromal fibroblasts [130]. 11 

To obtain these co-expressing cells, a flow cytometry sorter must be used, which limits the 12 

utility of this marker set, given the damaging effects of automated cell sorting on cell viability 13 

[125]. To overcome this problem a single perivascular marker was sought for isolating eMSC. 14 

The W5C5 antibody identified a population of perivascular endometrial stromal cells with 15 

typical MSC properties that also reconstituted stromal tissue in vivo when transplanted beneath 16 

the kidney capsule [127]. The W5C5+ cells comprised 4.4% of endometrial stromal cells. The 17 

epitope recognised by the W5C5 antibody is the Sushi Domain-containing 2 (SUSD2) adhesion 18 

molecule [131]. A single marker enables magnetic bead sorting, a gentler protocol than using 19 

a cell sorter as evidenced by increased clonogenicity of SUSD2+ cells compared to 20 

CD140b+CD146+ cells [127]. TNAP (tissue non-specific alkaline phosphatase) is another 21 

single marker that identifies eMSC but has less utility as the epitope is also expressed by 22 

endometrial epithelial cells [132]. Another perivascular marker (AOC3), identified by RNA 23 

sequencing SUSD2+ and SUSD2- cells, may have utility for isolating eMSC [133], but the 24 

common bone marrow MSC marker Stro-1 does not enrich for endometrial stromal cells with 25 

MSC properties [126]. These markers revealed that the perivascular eMSC were found in both 26 

the functionalis and basalis layers of human endometrium, indicating that eMSC will be found 27 

in menstrual blood and can be isolated from biopsies and curettage as well as hysterectomies 28 

[96, 134]. eMSC can also be obtained from post-menopausal women following short term (8 29 

week) estrogen replacement which regenerates their atrophic endometrial tissue [128]. 30 

Collection of menstrual blood or an endometrial biopsy are convenient sources not requiring 31 

anaesthesia, with the latter available as a simple office-based procedure. Such tissue sources 32 

are ideal for cell-based therapies. Despite their great promise, eMSC and menstrual blood MSC 33 

have yet to be significantly explored as therapeutic agents for cell therapies. There are certain 34 
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endometrial disorders where caution may be required e.g endometriosis. However, this disorder 1 

affects young infertile women who will not have the opportunity to develop POP. Indeed, it 2 

will be important to ensure no underlying uterine or other pathology (e.g. malignant tumour) 3 

in identifying suitable patients for cell harvesting to treat their POP. For example, should a 4 

woman have uterine cancer, it would not be possible to use her eMSC for cell-based therapies. 5 

Similarly, it would also be contraindicated to use another source of autologous MSC in case 6 

tumour cells have spread to organs such as bone. Additionally, research has demonstrated that 7 

the thin endometrium of post-menopausal women contains a population of W5C5+ eMSC 8 

[128]. This endometrium could be regenerated by use of exogenous estrogen [128]. In ewes, 9 

eMSCs isolated from nulliparous ewes are more proliferative than those harvested from older, 10 

multiparous ewes, suggesting a donors age affects the overall quality of cells [135]. Whether 11 

this impacts the eMSCs ability to induce wound healing effects when implanted into recipient 12 

tissues remains to be investigated, however this is an important consideration due to the 13 

majority of women receiving potential eMSC-based POP treatment being of an older 14 

demographic. These important issues should be considered in developing the potential of 15 

eMSC as cell-based therapies. Large animal models are usually required to provide data for 16 

regulatory bodies prior to translating potential cell-based therapies into the clinic. If autologous 17 

applications are being evaluated, it becomes necessary to derive MSC from species such as 18 

ovine, porcine, canine, equine and non-human primates [129, 136]. Often antibodies used as 19 

biomarkers to derive MSC from human or mouse do not cross react with these species. For 20 

example, neither CD140b, CD146 nor SUSD2 cross react with ovine endometrial tissue [129]. 21 

However, the bone marrow MSC surface marker CD271 [137] cross reacts with ovine 22 

endometrial stromal cells enriching for eMSC demonstrating clonogenicity, in vitro self-23 

renewal and the ability to differentiate into adipogenic, myogenic, osteogenic and 24 

chondrogenic lineages [129]. The CD271+ ovine eMSC were identified in a perivascular niche 25 

around arterioles and venules in vivo, but unlike human eMSC which have a pericyte location, 26 

ovine CD271+ stromal cells occupied the adventitia in the periphery of these vessels (Figure 27 

7G-I). In human bone marrow and adipose tissue, vascular adventitial cells show similar MSC 28 

properties as those located in the pericyte position [138]. 29 

 30 

 31 

 32 

1.4.3. eMSC Phenotype and Gene Profile 33 
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Cell fate decisions made by somatic stem cells to self-renew or undergo differentiation depends 1 

upon the cellular microenvironment or niche from signals emanating from cells and 2 

extracellular matrix that comprise this niche [139]. In this context, understanding both the 3 

extrinsic and intrinsic gene regulation pathways operating in undifferentiated eMSC and their 4 

more differentiated progeny could shed light on their function in endometrial regeneration. 5 

Gene expression profiling comparing purified endometrial cell populations of 6 

CD140b+CD146+ eMSC, CD140b+CD146- stromal fibroblasts (eSF) and CD140b-CD146+ 7 

endothelial cells showed that eMSC differentially expressed 762 and 1518 genes, respectively 8 

[130]. The eMSC gene expression profile was typical of adult stem cells, showing upregulation 9 

of TGFβ, FGF2, WNT, IGF and Hedgehog signalling pathways in comparison with the 10 

endometrial stromal fibroblasts and endothelial cells. The expression of SUSD2 was also 11 

elevated in the double positive eMSC population. G-protein coupled receptor and cAMP-12 

mediated signalling were also upregulated in the CD140b+CD146+ population, similar to genes 13 

involved in maintaining the undifferentiated state of bone marrow MSC. The CD140b+CD146+ 14 

population also showed upregulation of immunomodulatory and immunosuppressive genes 15 

[130]. eMSC displayed increased expression of Cyclin D1 (CCND1) which ensures their 16 

progression through the G1 phase of the cell cycle [130]. Gene profiling confirmed human 17 

eMSC as pericytes, while RNA sequencing of cultured endometrial SUSD2+ and SUSD2- cells 18 

revealed 134 differentially expressed genes, with many of those in the SUSD2+ population 19 

characteristic of perivascular cells [133]. The in vivo differentiation pathway for eMSC is to 20 

decidualised perivascular cells and decidual cells of the endometrial stroma, a process mediated 21 

by the post-ovulation sex steroid hormone, progesterone, via production of cAMP. The 22 

perivascular location of eMSC in the spiral arterioles renders them well situated to participate 23 

in the regeneration of the uterine lining and formation of the placenta during embryo 24 

implantation and subsequent pregnancy [133]. 25 

 26 

 27 

1.4.4. Inhibition of eMSC Spontaneous Differentiation 28 
The current understanding of eMSC signalling reinforces their ability to self-new, differentiate 29 

into various lineages and their immunomodulator properties. Gene profiling comparisons 30 

between FACS-isolated eMSC (CD146+/CD140b+) and eSF (CD146-/CD140b+ revealed 550 31 

differently up-regulated genes between eMSC and eSF and 1370 genes down-regulated using 32 

principal component analysis and hierarchal clustering [140]. The eMSC transcriptome was 33 

characterised by increased expression of pericyte-markers, hypoxia-related genes, genes 34 
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involved in adult stem cells and growth factor signalling pathways, which all support a common 1 

set of genes shared by the eMSC lineage [140]. Interestingly, when cultured in vitro, eMSC 2 

display down-regulated expression of 211 eMSC lineage genes (81% of total), and up-3 

regulation of eSF lineage genes (55% of total) indicating spontaneous differentiation during 4 

culture expansion [141, 142].  However, non-cultured eMSC exhibited increased expression of 5 

NOTCH2NI and NOTCH2 Notch signalling pathway (associated with proliferative signals 6 

during neurogenesis), SLIT ligands (secreted proteins involved with neural development) and 7 

growth factors such as transforming growth factor beta (TGF-β), Hedgehog and insulin-like 8 

growth factor 1 (IGF1) stem cell signalling pathways compared to eSF suggesting their 9 

capacity for self-renewal and lineage differentiation [140]. Similarly, increased growth factor 10 

expression was also observed in menstrual blood-derived MSC/stromal fibroblasts in vitro, 11 

such as pro-angiogenesis vascular endothelial growth factor (VEGF) when cultured in hypoxic 12 

conditions [143]. The TGF-β receptor signalling pathway was recently identified as having a 13 

major role in the spontaneous differentiation of eMSC to eSF [142]. Indeed, inhibiting 14 

transforming-growth factor beta receptor (TGFβR) signalling using the selective inhibitor A83-15 

01, a molecule that acts via SMAD2/3 phosphorylation, prevented spontaneous eMSC 16 

differentiation [142]. When administered to cultures of human SUSD2+ eMSC, SUSD2-17 

expressing cells are retained in serum free cultures, while spontaneous differentiation is halted 18 

[142]. This suggests the TGFβR-SMAD2/3 signalling pathway is important in the maintenance 19 

of stemness of cultured the eMSC population. It also suggests that A83-01 could be a valuable 20 

inhibitor of eMSC spontaneous differentiation in vitro to generate an eMSC product for clinical 21 

use [142]. A83-01 has been used to generate highly purified undifferentiated SUSD2+ human 22 

eMSC after culture expansion, which makes it a valuable tool for maintaining quality cultures 23 

for MSC-based clinical purposes [144].  24 

 25 

1.5. Immune Response to Implanted Mesh 26 

 27 

1.5.1. Role of Macrophages in Wound Repair 28 

Macrophages have a significant role in wound repair, both in pro-inflammatory and pro-wound 29 

healing capacities. Immediately following tissue injury, neutrophils and monocytes of the 30 

innate immune system secrete pro-inflammatory cytokines, such as interleukin-1 beta and 31 

tumor necrosis factor alpha [145-147]. These cytokines assist with recruiting pro-inflammatory 32 

neutrophils and monocytes from the blood stream, with the latter differentiating into  M1 “pro-33 
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inflammatory” macrophages (Figure 8) that phagocytose bacteria, cellular debris and damaged 1 

tissue while walling off the site of damage [148-150]. This, combined with a simultaneous 2 

coagulation process, assists with decreasing blood loss and shielding the vulnerable wound site 3 

from further infiltration by bacteria or foreign antigens. As the inflammatory response 4 

continues M1 macrophages switch to a M2 macrophage phenotype which mediate the wound 5 

healing process by (Figure 8) releasing various signals that promote angiogenesis, fibroplasia 6 

and ECM remodelling [151]. This clearly shows that M1 and M2 macrophages play an eminent 7 

role in wound repair, and that modulating their function has significant potential for tissue 8 

engineering applications.  9 

 10 

Figure 8: Macrophage plasticity during wound site repair. Neutrophils and chemo-signals attract monocytes 11 
to the wound site, which give rise to the M1 macrophage “pro-inflammatory” phenotype. M1 macrophages release 12 
pro-inflammatory cytokines and induced nitric oxide synthase (iNOS) and reactive oxygen species (ROS), as well 13 
as take up foreign bacteria, debris and dead cells to sterilise the wound site and clear dead tissue. M2 macrophages 14 
emerge in the healing phase where they produce growth factors, participate in tissue remodelling and assist with 15 
angiogenesis. (Diagram reproduced with permission from [152].) 16 

 17 

1.5.2. M1 Pro-inflammatory Macrophages 18 

Following the platelet response to a wound, the damaged tissue release chemokines that attract 19 

circulating white blood cells from the blood stream. The first to arrive are polymorphonuclear 20 

neutrophils which release Reactive Oxygen Species (ROS) to help clean the wound site, and 21 
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soon apoptose once this is done [145]. The second white blood cell type to arrive are 1 

monocytes, that differentiate into M1 pro-inflammatory macrophages which then proceed to 2 

further clean the wound by taking up foreign antigens and cellular debris (Figure 8) [153, 154]. 3 

M1 macrophages also produce various chemokines and pro-inflammatory cytokines that 4 

further stimulate the innate immune system to ensure removal of damaged tissue and debris. 5 

As the inflammatory response progresses, the pro-inflammatory M1 phenotype will transition 6 

into a pro-wound healing M2 phenotype [150, 151]. The exact stimulus for this polarisation is 7 

not yet fully known, but current literature suggests temporal-microenvironmental cues within 8 

the wound site instigate the transition. This suggests that several adverse effects observed 9 

following transvaginal mesh implantation, such as chronic inflammation, are due to the mesh 10 

material itself which is too large for effective cellular removal (Figure 9). 11 

 12 

Figure 9: Diagram of the Foreign Body Response to Implanted Biomaterials. A) Protein adsorption, B) 13 
cellular infiltration and acute inflammation, C) chronic inflammation, cytokine release and further cell 14 
recruitment, D) fibroblast recruitment and collagen matrix deposition and E) formation of fibrous capsule. 15 
(Reproduced with permission from [144]) 16 

 17 

1.5.3. M2 Pro-wound Healing Macrophages 18 
The M2 macrophage phenotype arises during the remodelling stage of wound healing and is 19 

central to ECM remodelling and angiogenesis. There is current debate whether the M2 20 

population arises from M1 conversion to M2 phenotypes, or whether M2 macrophages are 21 

independently recruited to a wound site, with current evidence supporting the latter or even an 22 

overlap of both processes [155-157]. Current literature also suggests that the binding of 23 
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interleukin-4 and interleukin-13 to a common interleukin-4 receptor alpha chain induces the 1 

M2 phenotype, marked by increased expression of macrophage CD206, a mannose receptor 2 

[158]. As the M2 population increases at a wound site, it plays a key role in promoting the 3 

migration and proliferation of fibroblasts and endothelial cells, among others, by secreting anti-4 

inflammatory cytokines and growth factors  (Figures 8 and 9) [159]. M2 macrophages also 5 

synthesise and release metalloproteinases (MMPs) which remove the temporary tissue of the 6 

wound site by remodelling the ECM, further enhanced by the attracted fibroblasts and 7 

endothelial cells [160-162]. M2 macrophages also assist with neovascularisation, by aligning 8 

with blood vessels and assisting with fusing them together during angiogenesis [163]. If the 9 

M1 macrophages are the sterilising agents of the immune system then the M2 macrophages are 10 

the builders, thus their designation as pro-wound healing macrophages. 11 

 12 

1.5.4. eMSC Modulation of the Macrophage Response 13 

A promising property of eMSC is their modulation of the inflammatory and innate immune 14 

response at a wound site to accelerate the M1 to M2 polarisation, and thus induce swifter wound 15 

healing. The capacity to modulate the innate immune system from a pro-inflammatory to a pro-16 

wound healing is a property shared by most MSC types [164]. eMSC, likewise, modulate the 17 

innate immune system as observed in preclinical studies involving eMSC-seeded TE constructs 18 

implanted into immunocompromised rodents [32, 34]. eMSC promoted the accumulation of 19 

macrophages that changed within a month to a M2 phenotype.  By 90 days the overall leukocyte 20 

infiltration was greatly reduced in tissues that received an eMSC/PA/G implant compared to 21 

PA/G alone [34]. In immunocompetent mice, eMSC reduced the early M1 macrophage 22 

response at 3 days after mesh implantation while promoting an increase in the M2 population 23 

at both 3 and 7 days [165]. The removal of implanted human eMSC by the recipient innate 24 

immune system was greater in immunocompetent than immunocompromised mice as 25 

demonstrated by the longer persistence of eMSC in immunocompromised mice implanted with 26 

an eMSC/PA/G TE construct [32, 34]. Clearly the two-way relationship between implanted 27 

eMSC and the immune system, particularly M1 and M2 macrophages, is critical for their use 28 

in TE constructs to treat POP. Current literature suggests that preclinical trials would be best 29 

served using autologous eMSC to ensure their persistence beyond 30 days [129, 166].  30 

 31 
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1.6. Preclinical Animal Trial Models for Assessment of POP Mesh  1 

As outlined earlier (Section 1.1.2) there are substantial problems with current mesh 2 

augmentation of POP surgery. The use of autografts increases morbidity at the donor tissue 3 

site, biological materials often fail due to their rapid and unpredictable degradation [167], and 4 

synthetic PP mesh is biomechanically too stiff and often erodes into adjacent organs [168]. A 5 

better solution may be to combine the advantages of both the synthetic and biological 6 

approaches. This could utilise a polyamide synthetic mesh coated with gelatin (PA/G) as a 7 

scaffold to support the prolapsed tissue and provide a vehicle upon which to deliver eMSC to 8 

sites of vaginal damage [33, 34]. As eMSC have exhibited immunomodulatory effects and are 9 

easily obtainable during an office-based biopsy, they could be an ideal candidate for 10 

implantation. The eMSC could serve by modulating the inflammatory and immune responses, 11 

assisting the regeneration of lost or damaged tissue or promoting endogenous stem/progenitor 12 

cell populations to initiate repair which mesh alone cannot do [168, 169]. 13 

 14 

1.6.1. Small Animal Rodent Models 15 

Our team has developed a non-degradable, polyamide (PA) mesh with biomechanical 16 

properties more closely matching vaginal tissue when coated with gelatin [33] to provide a 17 

substrate for seeding with SUSD2+ eMSC (Figure 10A). This tissue engineering construct was 18 

then implanted into a subcutaneous defect on the dorsum of immunocompromised rats and 19 

assessed at several time points over 90 days [34]. In the explanted eMSC/PA/G tissue 20 

complexes, greater neovascularisation was observed early on at 7 days compared with PA/G 21 

controls. Initially there was a greater influx of M1 inflammatory macrophages around the 22 

eMSC-seeded mesh. At 30 days these macrophages had changed to a M2 wound healing 23 

phenotype and by 90 days there were fewer CD68+ macrophages around the eMSC/PA/G 24 

filaments in comparison to PA/G alone, indicating a milder chronic inflammatory response in 25 

the long term. Importantly, in these studies the cellular response at the mesh tissue interface 26 

was assessed quantitatively in 50mm increments around individual filaments using image 27 

analysis rather than subjective scoring [33, 34]. Similar quantities of new rat collagen were 28 

generated around the P/AG mesh filaments, irrespective of the inclusion or not of eMSC, which 29 

was derived from recipient rat fibroblasts rather than derivatives of the implanted human 30 

eMSC. However, this new collagen around the eMSC/PA/G mesh filaments showed 31 

physiological crimping by scanning electron microscopy, while more scar-like collagen was 32 

deposited around the PA/G mesh without eMSC (Figure 10B-C) [170]. This deposition of 33 
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physiological collagen likely contributed to the improved biomechanical properties of the 1 

mesh/tissue complexes harvested at 90 days, where a longer toe region and lower stiffness was 2 

observed in the stress strain curves of the eMSC/PA/G mesh compared with PA/G alone 3 

(Figure 10D) [34]. The improved tissue organisation around the mesh filaments shown by 4 

histological staining suggests that eMSC promoted tissue regeneration and improved the 5 

biocompatibility of the synthetic PA/G mesh [34, 170]. In this xenogeneic model, the eMSC 6 

survived a maximum of 14 days, indicating that they exerted a paracrine effect in promoting 7 

vascularisation and reducing fibrosis similar to MSC effects on many other tissues [80]. 8 

However, the percentage of SUSD2+ cells in the single sample of passage 6 cells used for the 9 

entire study was only 10%. It will be of interest to determine whether more than a paracrine 10 

effect will be observed if > 90% of the cells are SUSD2+, which is now a possibility by 11 

culturing them in A83-01-containing medium [142]. A83-01 is a selective inhibitor of TGF-B 12 

that blocks phosphorylation of Smad2/3 and has been observed to block apoptosis and 13 

senescence in eMSC and retain stemness (Section 1.4.4)[142]. 14 

Figure 10: Human eMSC improves biocompatibility of PA/G constructs in a fascial wound defect in nude 15 
rats: A) PA/G mesh seeded with 100,000 eMSC. B) Physiological crimped collagen deposited around 16 
eMSC/PA/G constructs, C) scar-like collagen in PA/G mesh alone as observed by scanning electron microscopy 17 
(SEM) and D) load-elongation curves of explanted meshes with (red) and without (blue) eMSC showing less 18 
stiffness (slope) and longer toe region for mesh seeded with eMSC, indicating improved biomechanical properties 19 
(Reproduced with permission from [34, 170]) 20 
 21 
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Despite the significant biological differences between human females and rodents, mouse 1 

models have proven invaluable for the investigation of the underlying biochemical mechanisms 2 

involved in the development of POP. The use of genetically modified mice has allowed 3 

exploration of the genetic underpinnings of POP, such as lysyl oxidase like-1 (LOXL1), an 4 

enzyme involved in elastin biosynthesis within vaginal tissue, and fibulins 3 and 5 (FBLN3, 5 

FBN5 respectively) which regulate expression of collagen and elastin. Depletion of either 6 

LOXL1 or FBLN5 has been associated with POP [171-174]. The LOXL1 deficient mouse 7 

creates a POP-like condition where the mice develop an obvious bulge in the perineal region. 8 

It would be of interest to determine if an injectable MSC-based cell therapy alleviates the 9 

prolapse symptoms of LOXL1 deficient mice. While extremely useful for investigating genetic 10 

contribution and mechanism of action, transgenic mice are limited in their utility as models for 11 

exploring TE based treatments for POP due to the small size of their vagina. 12 

 13 

1.6.2. Primate Models in Preclinical Trials 14 

Various primate animal models have been proposed and used for the study of both POP and 15 

potential treatments, each with their advantages and disadvantages [175, 176]. Nonhuman 16 

primates are considered to be the best model for POP, particularly the Rhesus macaque, due to 17 

a highly equivalent pelvic anatomy with women. Similarly, macaques deliver high head-to-18 

body ratio babies. These equivalencies have prompted research into the effect of parity on 19 

vaginal tissue using Rhesus macaques, with studies observing diminished mechanical strength 20 

and disruption of collagen alignment in parous vaginal walls [50], undoubtedly contributed to 21 

spontaneous POP observed in multiparous Rhesus macaques, similar to women. Although 22 

Rhesus macaques are an equivalent and promising model for POP investigation, widespread 23 

use of these animals is hampered by considerable costs in acquisition, housing and 24 

maintenance. Additionally, animal ethic committees typically place particularly stringent 25 

conditions for researchers seeking to use primates, due to their humanlike characteristics [177].  26 

 27 

1.6.3. Large Animal Models in Preclinical Trials 28 

Larger animal models are growing in popularity for POP research due various advantages. 29 

Cows have been suggested as an animal model for the study of POP, due to observed 30 

spontaneous POP in the later stages of their pregnancies. The underlying vulnerabilities to POP 31 

are similar to women, with increased intra-abdominal pressure contributing to the prevalence 32 

of POP in cattle raised for beef. The effect of diet on the preponderance has also been observed 33 
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in swine, with POP induced in gilts as young as 4 months old via a specific diet of mouldy corn 1 

(through an unknown mechanism) [178]. However, neither of these animals are in widespread 2 

use as an experimental model, due to the enormous cost of acquisition and housing for cows 3 

and the relatively little knowledge of the pig genital tract and pelvis. Additionally, sows deliver 4 

litters compared to typically single child delivery among women, which distances their 5 

equivalence. 6 

 7 

 8 

1.6.3.1. Sheep as an Animal Model of POP and POP Surgery 9 
Of the large animal models available for assessing cell-based therapies for POP, the domestic sheep is 10 

the most promising candidate due to their ready availability and physiological similarity to the human 11 

female pelvis in size and structure [166, 168]. Ewes also have a similar oestrus cycle of 17 days, a long 12 

labour and deliver a foetus with a large head to body ratio that is closer to humans than rodents [176, 13 

179]. Like humans, ewes undergo spontaneous POP with similar frequency and predisposing factors, 14 

such as parity, age and breeds with a large rump [29, 176]. Although the ovine species are quadrupeds 15 

with a horizontal rather than vertical pelvic floor subject to differing forces, the overall arrangement of 16 

the pelvic organs and the similar vaginal dimensions to women make them a useful model for assessing 17 

new mesh and tissue engineering constructs [96, 166, 168]. Additionally, the ovine vagina has a similar 18 

histological structure, biochemical and biomechanical properties to that of women [180] with the most 19 

common form of prolapse in sheep involving the bladder (cystocele) [181], similar for women. Finally, 20 

our group has taken the Pelvic Organ Prolapse-Quantification (POP-Q) method of measuring vaginal 21 

wall distensibility and adapted it for use in sheep to select for older, multiparous ewes that are equivalent 22 

to multiparous women with vaginal wall weakness [182, 183]. Sheep have already been vaginally 23 

implanted with various POP mesh materials for evaluation of their efficacy and adverse effects for their 24 

use in female pelvic reconstructive surgery [167, 169, 179, 184, 185], and are being proposed for 25 

training surgeons in vaginal surgery specifically for treating POP in women [186].  26 

 27 

1.6.3.2. ECM and Smooth Muscle Composition of the Vaginal Wall 28 

The biochemical and biomechanical properties of ovine vaginal tissue have already been 29 

examined by quantitative histological imaging, biochemical collagen/GAG/elastin assays and 30 

biomechanical analyses, providing a platform for the evaluation of next generation eMSC-31 

seeded mesh in the ovine vaginal repair model [54, 180, 187]. Changes to the composition of 32 

these layers (Section 1.2) and their relative contribution to POP susceptibility is still being 33 
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explored [11, 54]. Neither is it known how such changes are reflected in POP-Q 1 

measurements[183]  or vaginal wall weakness [182]. However, a relationship between ECM 2 

proteins and POP has been identified in women, with a high content of immature collagen III 3 

associated with POP [188]. While collagens type I and III increase with prolapse, others have 4 

suggested that the ratio of collagen type III to type I decreases [189]. Irrespective, it appears 5 

that the collagen remodels with the onset of prolapse in women, due to increased expression of 6 

matrix metalloproteinases (MMP)-2 and -12 [190]. This is further exacerbated during the 7 

progression of prolapse by an increase in other matrix metalloproteinases, active MMP-9 and 8 

a decrease in fibulin 5, essential for elastogenesis [191]. There is also a decrease in the 9 

transcriptional regulator, Homeobox protein Hox-A13 (HOXA13), which controls the 10 

expression of ECM associated genes involved in elastic fibre homeostasis [192] in vaginal 11 

tissue [190]. Elastic fibres play an important role in the mechanical properties of the vaginal 12 

wall, allowing the tissue to extend and return to its original shape without damage [193-195] 13 

particularly during pregnancy [174] and delivery. Disruption of elastic fibre synthesis by the 14 

absence of LOXL1 or knock out of Fibulin 5 [191] contributes to spontaneous POP in mice 15 

(Section 1.6.1) [73, 196]. Likewise, the reduction of non-vascular smooth muscle in the vaginal 16 

wall has been associated with POP. Anterior vaginal tissue acquired from women undergoing 17 

hysterectomies exhibits a decreased fraction of non-vascular smooth muscle compared with 18 

women who had not undergone POP [197], as well as a greatly increased apoptotic index [198].  19 

 20 

1.6.3.3. Biomechanical Properties of the Vaginal Wall 21 

Understanding the biomechanical properties of the vaginal wall is valuable for treating POP. 22 

The uniaxial and multiaxial biomechanical properties of synthetic mesh have often been 23 

measured as a means to gauge stiffness and strength [31]. Uniaxial testing on vaginal tissue 24 

from ovariectomised ewes generated a Youngs Modulus of different regions within the vaginal 25 

canal (Figure 11). This observed stronger (higher maximum stress) vaginal tissue in the 26 

proximal region (close to the cervix) of the canal, and weaker vaginal tissue in the distal region 27 

[180]. This region is also the most commonly affected by POP [199]. The stiffness and 28 

flexibility of vaginal tissue is seen as a means of determining POP susceptibility. The POP-Q 29 

system has been developed to gauge vaginal wall weakness by measuring the distensibility of 30 

the vaginal tissue at specific points [200].  The vaginal tissues of prolapsed, pregnant, Fibulin-31 

5 knockout mice exhibited decreased stress resistance and higher distensibility [196, 201]. 32 

These biomechanical properties are similar in the prolapsed vaginal tissue of women, which is 33 
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significantly more flexible and less pressure-resistant than non-prolapsed tissue [202, 203]. It 1 

is possible that these characteristics are the result of prolapse[203], and it is currently unknown 2 

if POP-Q correlates with the biomechanical properties of the vaginal wall. Collagen deposition 3 

could be an important contributor to the biomechanical properties of the vaginal wall implanted 4 

with a mesh, if not through quantity of collagen deposited, then perhaps through its 5 

organisation, with more organised collagen fibrils perhaps contributing to biomechanically 6 

equivalence in PA mesh [170, 180].    7 

Figure 11: Biomechanical evaluation of ovine vaginal tract: A) A stress-strain curve of ovariectomised ovine 8 
vaginal tissue with Young’s Modulus (dotted circle) indicating maximum stress (MPa) and strain with B) Youngs 9 
Modulus (MPa) and C) maximum stress (MPa). p20 (20% of total vaginal length), p50 (50% of total vaginal 10 
length) and p80 (80% of total vaginal length). (Reproduced with permission from [180]) 11 

 12 

 13 

 14 

1.6.3.4. Sheep-adjusted POP-Q Measurement for Detecting Vaginal Weakness 15 

The contributors to POP vulnerability are currently being explored in large animal models [180, 16 

183]. The Pelvic Organ Prolapse Quantification (POP-Q) is a points-based measurement 17 

system that has been developing to measure the distensibility of vaginal wall tissue in women. 18 

The basis for this system is measuring (in cm) the distensibility of the vaginal wall tissue at 19 

A 
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specific points along the vaginal canal (Figure 12). These measurements range from -3cm (the 1 

least distensible, indicating no vaginal wall weakness) to +3cm (the most distensible, signifying 2 

weakened vaginal wall), with POP defined as descent into the introitus or beyond (scores of 3 

0≥) [183]. There are 6 measurements made in women, however only 5 were possible when 4 

adapting this system for measuring vaginal wall weakness in ewes (Figure 12).  5 

Figure 12: Pelvic organ prolapse quantification points of measurement and positioning of the fibre-optic 6 
speculum. A) The 4 main positions of distensibility measurement are Posterior Point A (Ap), Posterior Point B 7 
(Bp), Anterior Point A (Aa) and Anterior Point B (Ba) along the vaginal wall B) while ovine POP-Q measures 8 
these four points plus Perineal Body (Pb) and Genital Hiatus (Gh).   C) When using the fiber-optic speculum 9 
(coloured in black), the upper speculum blade is positioned along the posterior wall incorporating Ap, with the 10 
lower blade positioned along the anterior wall to incorporate Ba and Aa regions. (Diagrams reproduced and 11 
adapted with permission from [5, 183, 204]) 12 

 13 

These points are Anterior Point A (Aa), Posterior Point A (Ap), Anterior Point B (Ba), Genital 14 

Hiatus (Gh) and Perineal Body (Pb).  Increasing parity showed increasing vaginal wall 15 

weakness and distensibility, as measured by this modified POP-Q [183]. Nulliparous ewes 16 

exhibited an average of -3 for Aa, Ap and Ba, while multiparous ewes had a median of -1 and 17 

an interquartile range of -2 to 0, with a strong association with parity [183]. The effect of parity 18 

was further observed when nulliparous and parous vaginal tissue was assessed by 19 

biomechanical testing and nulliparous tissue exhibited greater resistance to deformity due to 20 

mechanical forces (permanent strain) [183, 205]. However, a clear association between 21 

histological composition of the vaginal wall and POP-Q measurements has yet to be 22 

demonstrated.  23 

 24 

1.6.4. Pressure Sensor Measurement of Vaginal Wall Weakness 25 

An additional quantification of vaginal wall weakness to the POP-Q is a novel pressure sensor 26 

device that measures distributed pressures along the anterior and posterior vaginal walls via 27 

sensors embedded in two blades of a standard human speculum [204]. This modified vaginal 28 
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speculum incorporating a series of pressure sensors placed 10mm apart, which is inserted into 1 

the vagina and records the pressure exerted by the vaginal wall along its length upon  dilation 2 

of the speculum (Figure 12) [204]. The vaginal pressure sensor has shown great promise, 3 

despite being a new and developing technology. In initial trials using ovine models, it was able 4 

to detect pressure variations between anterior and posterior walls, as well as between pressure 5 

points along each wall  [204]. Additionally, the use of a pressure sensor device, as opposed to 6 

manual measurement of vaginal tissue distensibility (POP-Q), allows for objective 7 

measurement of weakness along the vaginal wall. Though still under development, the pressure 8 

sensor device shows potential as a system to quickly acquire accurate data across both vaginal 9 

walls that could be used in conjunction with conventional POP-Q.  10 

 11 

1.7. Rationale for Study 12 

POP is a common, debilitating and costly condition with serious consequences for human 13 

health, happiness, quality of life and economic well-being. Abdominal operations to treat this 14 

condition are incredibly invasive, while transvaginal mesh has undergone severe restrictions 15 

due to numerous adverse effects, such as mesh erosion and chronic inflammation and is banned 16 

in many countries. The development of a next generation, cell-based tissue engineering 17 

solution is paramount for the treatment of a condition that afflicts one quarter of the female 18 

population. The incidence will only increase as women live longer and changes in family 19 

establishment practices such as delayed first childbirth increase the incidence of POP.  20 

 21 

I will use an ovine model to explore the effects of parity on the vaginal wall using histological 22 

analysis of collagen organisation, elastin and smooth muscle content and biomechanical 23 

properties as well as clinical measures POP-Q and pressure sensor measured vaginal weakness. 24 

This will establish a detailed physiological understanding of the ovine vaginal wall that we can 25 

use as baseline for our pre-clinical evaluation of gelatin-coated PA scaffolds using an 26 

autologous multiparous ewe model with characterised weakened vaginal tissue and matched 27 

between experimental groups. In this model I will harvest ovine eMSC from individual ewe’s 28 

endometrium for generating the TE constructs using autologous cells.  29 

 30 

A detailed characterisation of the ovine vaginal wall will enable us to determine if autologous 31 

ovine eMSC, when combined with gelatin-coated PA mesh and implanted into the vaginal wall, 32 

will influence wound healing. We will measure this capacity by assessing the foreign body 33 
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response to the mesh and promotion of tissue integration via modulating the innate immune 1 

response, angiogenesis, collagen deposition and rehabilitation of damaged tissue. We intend 2 

that this could potentially lead to development of an autologous mesenchymal stem cell-based 3 

therapy for women suffering POP. This data will also assist with comparing two designs for 4 

mesh delivery of eMSC into the vaginal wall: an in vitro prepared eMSC/PA/G composite 5 

featuring glutaraldehyde-based gelatin coating and a two-step protocol featuring eMSC mixed 6 

with a ruthenium-based gelatin mixture before being applied to implanted PA mesh in situ.  7 

 8 

We are developing a tissue engineering approach for treating women with POP. Our goal is to 9 

evaluate our new polyamide/gelatin TE constructs matched to the biomechanical properties of 10 

human vaginal tissue and seeded with autologous ovine eMSC using an ovine preclinical 11 

vaginal surgery model [168, 169] (Figure 13).  As ewes develop spontaneous POP [176, 206], 12 

we will identify the level of vaginal wall weakness for individual ewe to select multiparous 13 

ewes with “POP” for generating matched experimental groups based on POP-Q measurements. 14 

This will provide a model most closely matching women with POP in which we will evaluate 15 

two mesh designs for delivery of autologous therapeutic eMSC, to more accurately determine 16 

the effect of our TE constructs (Figure 12).    17 

Figure 13: Isolation and application of eMSC and new PA/G mesh evaluation in pelvic organ prolapse 18 
vaginal repair. A) ovine uteri are acquired by hysterectomy and single cell isolation performed on the endometrial 19 
tissue, then B) eMSC are selected using CD271+/CD49f- FACS, followed by C) culture expansion and 24-hour 20 
labelling with IODEX before D) seeding onto in house fabricated PA/G scaffolds which will create an E) 21 
eMSC/PA/G tissue engineering construct for implantation into F) an ovine large animal preclinical model selected 22 
for vaginal weakness by POP-Q to assess their efficacy in vaginal repair of parous ewes with evidence of POP 23 
(Adapted from [31, 34] with permission). 24 
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 1 

1.8. Aims and Hypothesis 2 

This thesis aimed to evaluate a potential cell-based tissue engineering solution to pelvic organ 3 

prolapse using ovine autologous endometrial mesenchymal stem cells and comparing delivery 4 

on a glutaraldehyde cross-linked gelatin-coated polyamide mesh (PA/G) and a ruthenium 5 

cross-linked gelatin onto implanted PA mesh in an ovine preclinical vaginal surgery model. 6 

 7 

Aim I 8 

Define the relationship between POP-Q, pressure sensor, vaginal tissue histology, biochemical 9 

composition and biomechanical properties in nulliparous and parous ewes.  10 

 11 

 12 

Hypothesis I 13 

The vaginal wall of multiparous ewes will exhibit alteration of ECM components (mature and 14 

immature collagen and elastic fibres), smooth muscle content and display lower tensile strength 15 

than nulliparous ewes which will correlate with POP-Q and pressure sensor measurements.  16 

 17 

Aim II 18 

To establish the ovine vaginal surgery model for assessing autologous SPION-labelled ovine 19 

eMSC delivered on a PA/G synthetic mesh.  20 

• To optimise SPION cellular labelling of eMSC. 21 

• To confirm the presence of SPION-labelled eMSC in ovine vaginal tissue 22 

following transvaginal implantation on PA/G scaffolds.  23 

 24 

Hypothesis II 25 

FITC-labelled SPIONs are a non-toxic cell labelling tool that can be used to track eMSC in 26 

vivo after implantation into multiparous ewes selected by POP-Q for vaginal wall weakness.  27 

 28 

 29 

 30 

 31 

 32 
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 1 

Aim III 2 

• To compare biocompatibility and cell delivery of two designs of transvaginal mesh 3 

seeded with or without autologous ovine eMSC: one featuring glutaraldehyde-based 4 

crosslinked gelatin-coated PA mesh (PA/G), and the second a PA mesh first implanted 5 

and then receiving a ruthenium-based gelatin/autologous eMSC mixture that is 6 

photosealed in situ (PA). 7 

• To determine the retention of implanted autologous eMSC and to assess their effect on 8 

the extracellular matrix and inflammatory response to the implanted gelatin-coated and 9 

non-coated PA mesh.  10 

Hypothesis III 11 

In an autologous ovine model of POP using multiparous ewes with objectively measured 12 

vaginal wall weakness: 13 

• Transvaginal insertion of PA mesh with ruthenium-based in situ crosslinked gelatin 14 

with or without autologous ovine eMSC will show less erosion and superior 15 

biocompatibility compared to PA coated with stiffer glutaraldehyde-based gelatin 16 

coated PA (PA/G) constructs with or without eMSC after implantation. 17 

• Autologous ovine eMSC will survive for an extended period of time (≥30 days) in vivo. 18 

• Autologous eMSC will modulate the innate immune response to PA/G and PA mesh 19 

improving tissue integration, reducing mesh tissue complex stiffness and improving 20 

biocompatibility.21 
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Introductory Statement 

 

Pelvic Organ Prolapse (POP) is a common condition worldwide, affecting close to 25% of the 

female population [207, 208]. This condition usually occurs in post-menopausal women who 

have undergone at least one vaginal child delivery [47]. Established literature suggests that it 

is the first vaginal delivery that inflicts the lasting damage on the vaginal wall, but the 

mechanisms of how this contributes to POP is not yet fully understood.  

I hypothesised that parity weakens the vaginal wall by remodelling the composition of the 

layers that constitute the wall itself and does so in ways that reduce its ability to resist the forces 

applied by POP.  To investigate this hypothesis, we used ovine-adapted Pelvic Organ Prolapse 

Quantification (POP-Q) and a novel new pressure sensor device to assess the distensibility of 

the vaginal tissue of nulliparous, primiparous and multiparous ewes. We then correlated these 

measurements with quantified data gathered from histological, biochemical and 

biomechanically analysis of the vaginal walls of these same ewes. 

This project was a collaborative effort between the Gargett Laboratory of The Ritchie Centre 

(Clayton, Australia), the Commonwealth Scientific Industrial Research Organisation (CSIRO, 

Clayton, Australia), researchers at Flinders University (Adelaide, South Australia) and 

gynaecologists at Monash Health (Clayton, Australia). Animal surgery, POP-Q measurements 

and post-mortems were conducted by Dr Natharnia Young and Dr Anna Rosamilia with the 

assistance of Dr Anne Gibbon. The novel pressure sensor device was designed by Dr Luke 

Parkinson and Dr Jon Arkwright, and it was operated by Aditya Vashi and Prof. Jerome 

Werkmesiter to acquire measurements from our animal models. I gathered tissue samples and 

performed all histological experiments and analysis (using ImageJ macros supplied by Dr 

Camden Lo and Dr Kirstin Elgass). Dr Sharon Edwards performed biomechanical analysis on 

the vaginal tissue explants and Aditya Vashi performed the biochemical analysis. I also want 

to acknowledge Jacinta White of CSIRO for helping with Sirius-Red staining, which I used to 

determine total collagen content. Finally, I want to acknowledge Dr Miranda Davies-Tuck who 

assisted with statistical analysis.  
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Introductory Statement 

The ultimate fate of eMSC implanted in vivo as part of TE constructs, remains unknown. Our 

group has previously demonstrated that human eMSC do not persist beyond 14 days after being 

implanted in an immunocompromised rat model, suggesting their elimination by the host innate 

immune system. Autologous eMSC could be used to prevent host immune rejection, while 

labelling them with easy and quick non-biological labelling methods will answer many 

questions about their ultimate fate following implantation. However, this would require animal 

models that share close equivalence to women. To this end, ovine animal models are very 

promising due to their similar pelvic anatomy to women and ability to also undergo 

spontaneous POP. Additionally, with newly developed POP-Q methods for ewes, multiparous 

ewes with weakened vaginal walls can be specifically selected for participation in TE 

preclinical trials. This gives the investigation of stem cell-seeded TE constructs an animal 

model that are as close as possible to equivalence with POP-vulnerable women. 

 

In this chapter, I first optimised the labelling of eMSC using superparamagnetic iron oxide 

nanoparticles (SPIONS), or IODEX and determined potential toxicity to eMSC. I then seeded 

IODEX+eMSC onto polyamide/gelatin (PA/G) scaffolds to create eMSC/PA/G constructs that 

were planted into the vaginal walls of multiparous ewes that were selected for vaginal wall 

weakness. I determined that IODEX is a useful eMSC labelling tool due to the ease and speed 

of labelling and its non-toxicity and vivid cellular labelling. I also observed that PA/G 

constructs integrated poorly into the vaginal walls, with high rates of exposure that masked any 

potential benefit the implanted eMSC might have had over the host immune system. Finally, I 

confirmed the persistence of IODEX+eMSC at 7 days in vaginal tissue and assessed the 

clonogenicity of eMSC samples before implantation. 

 

I want to thank Ker Sin Tan for her invaluable help with laboratory experimental work and 

teaching me the necessary protocols. I also want to thank Dr Anne Gibbon and Dr Joan 

Melendez for their assistance with sheep gynaecological surgery, animal monitoring and post-

mortems.  I also want to thank Dr Sharon Edwards and Aditya Vashi of CSIRO for their 

assistance with the PA/G mesh preparation that I used throughout my study, and Dr Shayanti 

Mukherjee for her assistance during sheep post-mortems. Finally, I wish to thank Dr Kirstin 

Elgass for her help in image analysis and Dr James Deane for his help with the fluorescent 

microscopy.   
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3.1. Abstract 

Tissue Engineering (TE) constructs that utilise biocompatible scaffolds with stem cells are a 

promising treatment for some clinical challenges faced by conventional medicine. However, 

little is known about the ultimate fate of implanted stem cells. Current efforts to track stem cell 

fate and migration are limited by various labelling methods and this study seeks to optimise a 

relatively new technique for labelling cells with iron oxide (IODEX) nanoparticles for tracking 

autologous endometrial mesenchymal stem cells (eMSC) during in vivo implantation. Here, 

IODEX labelling dosage was optimised to 10µg/100,000 cells. This labelled over 90% of cells 

and was not toxic. IODEX was retained within the cytoplasm following a week of cellular 

proliferation in vitro. Ovine CD271+/CD49f− eMSC purity correlated with clonogenicity yet 

also varied considerably between ovine samples within the same passage numbers. The final 

IODEX-labelled eMSC were generally from passage 3 cells where the CD271+/CD49f− purity 

varied from 23% to 64%. Adjusted equal concentrations of purified and labelled eMSCs were 

seeded onto polyamide/gelatin mesh (PA/G) and implanted into the vaginal walls of 

multiparous ewes that had been specifically selected for vaginal wall weakness as a large 

animal model of POP. Autologous eMSC were detectable after 7 days. However, PA/G 

implants were characterised by poor tissue integration, extensive folding and high rates of mesh 

exposure. This study shows the promising use of Pelvic Organ Prolapse-Quantification (POP-

Q) selected ewes for use in future preclinical trials that feature nanoparticle-labelled eMSC for 

modulating wound sites in MSC-based TE in treating POP.  
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3.2. Introduction 

Tissue engineering (TE) is a method of combining cells with scaffold materials to create a 

composite that can provide regeneration of damaged or lost tissue, such as muscle tissue and 

organs. The synthetic material used within TE typically provides a scaffold into which cells 

are incorporated to either re-grow tissues or organs or to accelerate healing by paracrine 

mechanisms when implanted into recipient host wound sites [209, 210]. TE approaches that 

utilise stem cells are common and the most promising, due to their ability to self-renew and 

differentiate into desired cell types. Such constructs have been used in developing new blood 

vessels [211], replaced damage cartilage[212] and making progress towards growing an entire 

bladder [213]. Advancement in this promising field requires the refinement of suitable 

scaffolding and ideal stem cell types. 

 

There most commonly used transvaginal mesh is composed of polypropylene (PP) due to its 

strength, chemically inert nature and ease of production. However, the rates of adverse effects 

associated with PP mesh, such as exposure, fibrosis and chronic inflammatory responses, is 

cause for concern, and our previous research compared PP mesh with new meshes knitted from 

polyamide (PA) and polyamide with a gelatin coat (PA/G). When comparing PP, PA and PA/G 

mesh in rat and mice models, we observed the PA and PA/G mesh evoked a greatly reduced 

immune response compared to PP, while simultaneously improving collagen organisation and 

exhibiting biomechanical properties closer to that of human vaginal tissue [33, 34]. These 

advantages make the PA/G very attractive for advancement into preclinical trials for combining 

stem cells with mesh scaffolding for POP treatment. 

 

The ideal cell type for TE use needs to be easily obtainable, accepted by the recipient immune 

system and effective in their purpose. Induced pluripotent stem cells (iPSC) have shown 

promise in this direction for an autologous source, but generating these cells is an expensive, 

time consuming and demanding process that makes them ill-suited for rapid, personalised 

medicine [214, 215]. Human embryonic stem cells (hESC) have also seen utilisation in tissue 

engineering, but the employment of these cells has ethical concerns and controversy [216]. In 

recent years, Mesenchymal Stem Cells (MSC), which are adult stem cells that can be isolated 

from most tissues, have emerged as a promising alternative [217, 218]. Among these, 

endometrial mesenchymal stem cells (eMSC) are an ideal choice as they can be acquired by a 

simple office-based procedure, are highly clonogenic, self-renew, can differentiate into various 

mesodermal lineages and have reported immune-modulating properties [34, 96]. These cells 
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have been proposed as a potential treatment for pelvic organ prolapse (POP). The ease of eMSC 

acquisition has seen their increasing use for pre-clinical in vivo research in animal models such 

as rats and mice using human eMSC [32, 34]. Our prior characterisation of ovine eMSC has 

marked them for investigation as a source of autologous cells for MSC-based therapy for POP, 

particularly after characterising the effect of parity on the ovine vaginal wall [219]. However, 

the persistence of eMSC following implantation remains an issue as few grafted stem cells 

remain detectable beyond 14 days [34]. Whether these cells are diminishing due to the host 

immune response or undergoing cell death is unclear. Tracking implanted eMSC will help 

determine their fate and role during implantation. 

 

Fluorescent labelling and microscopy have been the methods of choice for detecting labelled 

cells from in vitro cultures and explanted in vivo tissues due to their ability to distinguish 

between target cells and surrounding tissues. There are several different ways of fluorescently 

labelling cells with different methods being suitable for different needs. Cellular dyes that stain 

the membrane of cells can be suitable for short-term tracking but are not persistent to permit 

long-term tracking of cells in vivo due to the eventual diminishment of the dye. Genetic 

labelling involves the use of lentiviral vectors that insert fluorescent protein genes into the host 

cell genome, permitting targeted and specific long-term tracking of implanted cells in vivo and 

has been demonstrated to persist for at least six months [220-223]. However, the process of 

genetically labelling cellular chromatin to express such marker proteins is costly, lengthy and, 

if such cells are to be implanted into farm animal models, may encounter formidable regulatory 

hurdles from government agencies such as in Australia. An additional risk with genetic 

labelling is the chance, however unlikely, of unwittingly creating point-mutations via insertion 

of vectors into the cellular genome [224]. A third option is cytoplasmic labelling with inorganic 

particles, such as dextran-coated Iron-Oxide (“IODEX”). IODEX are superparamagnetic iron 

oxide nanoparticles (SPIONs) conjugated with fluorescein isothiocyanate (FITC) that enter the 

cytoplasm of target cells via the tat protein, and which can be detected using fluorescent 

microscopy [225]. Their versatility is evidenced by their use to track cells implanted into ovine 

spinal columns for up to eight weeks [226]. The magnetic properties of the particles themselves 

has allowed their detection using magnetic resonance imaging (MRI) [227]. The lack of 

reported toxicity and the speed and ease with which they can be used to label target cells makes 

IODEX nanoparticles an attractive alternate to dyes or genetic labelling. However, as of writing 

this, no publication has investigated either potential toxicity of IODEX within eMSC cells or 

their retention within the cytoplasm following proliferation.  
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This was a pilot study to first optimise the concentration of IODEX nanoparticles for labelling 

ovine eMSC. We then implanted IODEX+eMSC seeded PA/G constructs into the vaginal walls 

of Pelvic Organ Prolapse-Quantification (POP-Q) matched multiparous ewes in the 

establishment of a new animal model for future preclinical trials of TE constructs in POP. We 

wished to also investigate any potential toxicity targeted cells and the retention of IODEX 

nanoparticles during eMSC proliferation was investigated in addition to the clonogenicity of 

eMSC or latter-passage eMSC populations.  

 

3.3. Methods 

 

3.3.1. Ethics and animals 

Experimental procedures and animal husbandry were approved by the Monash Medical 

Centre Animal Ethics Committee A in accordance with the ethical guidelines of the National 

Health and Medical Research Council (NHMRC) of Australian Code for the Care and Use of 

Animals for Scientific Purposes 8th Edition. Border Leicester Merino (BLM) ewes were 

housed in the Monash Animal Research Platform in an enclosed barn or outdoor enclosures. 

Multiparous ewes aged 5-6 years (n = 19) who had undergone multiple lamb deliveries and 

delivered their last lambs at least 9 months prior were selected if they showed evidence of 

weakened vaginal tissue with POP-Q values lower than 0 at point Ap and at point Aa.  

 

3.3.2. Ovine hysterectomy for collection of endometrial tissue 

Subtotal hysterectomy was performed via ventral midline laparotomy on 7 ewes to collect 

endometrial tissue. Anaesthesia was induced by intravenous Medetomidine premedication 

(0.1-0.2 mg/kg), followed by intravenous Thiopentone (10mg/kg), and then maintained with 

Isoflurane (1-3% in 100% O2). A short acting broad-spectrum antibiotic, Cefazolin (7.5mg/kg), 

was given intravenously prior to surgery, and a long-acting antibiotic, Duplocilin (5.75mg/kg), 

to continue coverage for 48 hours post-surgery. Suspensory ligaments of the ovary and feeding 

vessels to the uterus were ligated and transected before performing a supracervical amputation 

of the uterine body conserving the ovaries. Laparotomy was closed using absorbable sutures. 

Postoperative analgesia was with bupivacaine (5µg/ml) injection at the abdominal incision site. 

Pain relief was provided as Fentanyl (75µg/hr) transdermal patch applied before start of surgery 

and maintained for 3 days for postoperative pain relief, Carprofen (2mg/kg) given 

subcutaneously at start of surgery and Bupivicaine (6-10mL) given subcutaneously under the 
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incision line at end of surgery. The ewes recovered for up to four weeks from the abdominal 

surgery before they underwent vaginal surgery. They were housed at the Monash Medical 

Centre Animal Facilities/Monash Animal Research Platform (MMCAF/MARP) animal facility 

on Clayton campus in individual mobile cages/individual pens in sight of other ewes and 

moved into small holding pens as they recovered. The excised uterus was placed in ice-cold 

transport medium (HEPES-buffered DMEM/F-12 medium (Invitrogen) supplemented with 1% 

antibiotic Anti-Anti (100X, Life Technologies) (Bench Media), stored at 4°C and processed 

within 18 hours, as previously described.  

 

3.3.3. Isolation of Ovine eMSC by Flow Cytometry Sorting Using CD271 

Ovine eMSC were isolated from hysterectomy tissue as previously described [129]. Isolated 

cells (up to 1 x 107 cells/100μl) were incubated with phycoerythrin (PE)-conjugated anti-

human CD271 (1:10, mouse IgG1; Miltenyi Biotec) and allophycocyanin (APC)-conjugated 

anti-human CD49f (1:10, clone GoH3, rat IgG2a; Miltenyi Biotec) in 2% fetal bovine 

serum/PBS (FBS/PBS) for 30 min on ice in the dark. Cells were then washed and resuspended 

in 1 μM Sytox Blue (Life Technologies) to distinguish live and dead cells. CD271+/CD49f-

eMSC were isolated using fluorescence activated cell sorting (FACS) using a MoFlow flow 

cytometer (Beckman Coulter) or an Influx flow cytometer (Becton Dickinson Biosciences) 

using Monash University Flow Core services. 

 

3.3.4. Cell Culture 

Freshly sorted CD271+/CD49f− cells were cultured in stromal medium containing DMEM/F-

12 (Life Technologies), 10% fetal bovine serum (Life Technologies), 2 mM glutamine (Life 

Technologies), 0.5 mg/ml primocin antibiotic and incubated at 37°C in 5% CO2. Medium was 

changed every 2–3 days and cells were passaged at 80% confluence. 

 

3.3.5. IODEX Labelling for Optimisation and Implantation 

Four batches of 1x105 CD271+/CD49f-eMSC (Passage 3) were seeded separately in 6-well 

plates (BD Biosciences) and immediately incubated with four different concentrations of 

IODEX: 0.0µg (negative control), 1µg, 5µg and 10µg/100,000 cells. Cells were trypsinised 

after 6 hours using TrypLETM (Life technologies, #12604-021) and processed for Flow 

Cytometry analysis as previously described [129]. For implantation, P2-4 cells were labelled 

with FITC-labelled IODEX paramagnetic particles at 10µg/100,000 cells concentration for 24 
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hours in 37°C incubator. Cells collected after trypsinisation were washed and resuspended in 

100,000 cells/100 µl Bench Media. 

 

3.3.6. Detection of IODEX+ eMSC in Cadaver Tissue - Proof of Concept 

Four batches of 1x105 CD271+/CD49f-eMSC (Passage 3) were incubated with 5ug/100,000 

(n=2) and 10ug/100,000 (n=2) IODEX. After 6 hours, cells were collected and subcutaneously 

injected into the flanks of fresh C57BL/6 mouse cadavers, kept on warm surgical mats. After 

30 minutes, the flanks were removed and fixed with 4% paraformaldehyde (PFA) overnight, 

before placing into 30% sucrose for 24 hours and then finally frozen in OCT. OCT blocks were 

cut into 8µm sections for immunofluorescent imaging at Monash Histology Platform (MHP). 

 

3.3.7. Fluorescence Microscopy 

Paraformaldehyde fixed frozen sections were stained with Hoechst 33258 (Molecular Probes) 

for 5 minutes to mark the cell nuclei. Slides were then mounted with fluorescent mounting 

medium (Dako). Confocal Microscopy was performed using MHTP Olympus FV1200 

Confocal using Olympus CellSens software to detect FITC. 

 

 

3.3.8. Toxicity and Retention 

Six batches of 1x105 CD271+/CD49f-eMSC (Passage 3) were seeded separately in 6-well 

plates (BD Biosciences) with 10ug/100,000 cells IODEX for 6 (n=2), 12 (n=2) and 24 (n=2) 

hour incubation. Media was then aspirated and replaced with fresh stromal medium, and 

cultures incubated for 6 days with fresh media changes every 2 days. Cells were then 

trypsinised, collected and prepared for flow cytometry analysis (see above).  

 

3.3.9. Clonogenicity of IODEX-labelled eMSC 

For colony forming assays, cells were seeded at very low seeding densities of 6-32 cells/cm2 

onto fibronectin-coated (10ug/ml, BD Biosciences) 10cm dishes (BD Biosciences) and 

cultured in stromal medium [129]. Colonies were monitored to ensure they were derived from 

single cells. Clonal cultures were fixed in 4% PFA at day 12 and stained with haematoxylin. 

Cloning efficiency was determined on plates yielding non-overlapping clones with >50 clones 

to ensure sufficient clones/plate for statistical purposes. 
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3.3.10. Fabrication of PA/G Meshes 

PA meshes were fabricated from 80µm monofilament warp knitted into a pattern with large 

pore area of 0.99 +/- 0.10 mm, small pore area of 0.04 +/- 0.02 mm2and weight of 42 g/m2, 

similar to, but not identical to previously described heavier meshes using 100 µm monofilament 

[31, 33]. For PA/G constructs, PA mesh was dip-coated in 12% porcine gelatin (Type A, 300 

bloom; Sigma; USA) in water. Once fully wet, the meshes were placed on ice-cold 0.5% 

glutaraldehyde (Sigma) for 8 minutes on each side to cross-link the gelatin, followed by 2% 

w/v glycine (Merck; Australia) in water for 15 minutes at RT, then 2% v/v H2O2 (Merck) in 

water for 15 minutes at RT, and 4% w/v glycerol (Merck) in water for 15 minutes at RT with 

washing steps in water in between. Mesh was air-dried and sterilised by gamma irradiation at 

25 kGy prior to implantation [33].  

 

3.3.11. Preparation of Autologous Ovine eMSC-seeded Mesh Constructs 

Prior to seeding, PA/G 30 x 20 mm mesh pieces were soaked in 1:50 Anti-Anti (100X) 

antibiotic for 1 hour at 37°C, then transferred to 20µg/ml fibronectin (Sigma-Aldrich, Saint 

Louis) overnight at 37°C. PA/G meshes were manually seeded on the stabilized gelatin using 

a pipette at a seeding density of 100,000 cells/cm2 in 100 ul medium/mesh (600,000 cells/mesh) 

and cultured for 24h and checked for cell adherence, and transported in bench medium on ice 

for surgical implantation. These constructs were termed eMSC/PA/G. Control meshes without 

cells underwent the same procedure but without cells and termed PA/G. 

 

3.3.12. Transvaginal Surgery - Implantation of PA/G with and without eMSCs 

BLM ewes were anaesthetised using the same protocol as for hysterectomy. Antibiotic 

prophylaxis was given. Ewes were placed into lithotomy position and POP-Q measurements 

were taken. Hydro dissection of the vaginal tissue layers was achieved with 20ml of lidocaine 

with 1ml of adrenaline (Aspen Pharmacare Australia, 1mg/ml). For 13 sheep having mesh 

implantation, a 40 mm, full-thickness midline vertical incision was made through the mucosa 

on the posterior vaginal wall and blunt dissection was used to open the rectovaginal space. 

eMSC/PA/G (n=7, using autologous cells) and PA/G (n=6) were surgically implanted by 

gynaecologist J Melendez. All inserted meshes were fixed with absorbable sutures into the 

rectovaginal space, and the vaginal mucosa closed using absorbable sutures. Ewes receiving 

cells were implanted with a tissue engineering construct delivering their own eMSC. For 

incisional controls (n=6), the vaginal incision was performed without placement of mesh and 

closed using absorbable sutures. Pain relief was with subcutaneous Carprofen (2mg/kg) given 
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at start of surgery and bupivicaine (6-10mL) given subcutaneously at the incision site at end of 

surgery.  

 

3.3.13. Post Mortem and Harvest of ovine Vaginal Mesh/tissue Complexes 

Ewes were euthanised after 30 days using Lethabarb (110mg/kg, Virbac (Australia) Pty 

Limited,) and POP-Q measures were taken immediately. The entire vaginal tract was removed 

with adjacent tissues, trimmed and incised in a longitudinal manner adjacent to the urethra 

(anterior wall) from the muco-cutaneous junction to the cervix and dissected for analyses as 

shown in Figure 1. The distal mesh/tissue complex was dissected into further pieces for 

histology and qPCR (in RNAlater) analyses, and biomechanical analysis (Bm, not performed 

due to poor mesh/tissue integration). Tissues for histology were fixed in 10% formalin and then 

processed to paraffin or 4% paraformaldehyde overnight, then placed in 30% sucrose for 48 

hours and frozen in OCT.  

 

3.3.14. Histology 

Formalin fixed paraffin embedded tissues were sectioned at 4μm and stained with 

Haemotoxylin and Eosin (H&E), Masson’s Trichrome and Hart’s elastic fibre stain in the 

Monash Histology Platform (MHP) facility using previously published methods [219]. OCT-

embedded tissue was cryosectioned into 8μm sections for immunohistochemistry and 

immunofluorescence staining.  
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Figure 1: Dissection of ovine vaginal tissue at post-mortem. Blue region is mesh, black outlines 

sections of tissue retrieved for biomechanical (Bm), histological (F, frozen and P, paraffin) and qPCR 

(RNA) analysis.  

 

3.3.15. Immunofluorescence and IODEX+eMSC in vivo Detection 

Frozen sections were thawed and blocked with protein block (Dako) for 1 hour at RT, and 

immunostained with mouse anti αSMA to mark smooth muscle bundles or anti-CD45 

antibodies to mark total leukocytes (Table 1) for 1 hour at RT. Isotype-matched antibodies 

(Dako Mouse IgG1) were used as negative controls and applied at the same concentrations. 

Anti-mouse Alexa-Fluor-568-conjugated secondary antibody (Thermo Fisher Scientific) was 

then incubated for 30 minutes at RT for both primary antibodies. The same procedure was 

followed for Ki-67 staining (rabbit anti Ki-67 antibody kindly donated by the Moss Laboratory, 

Hudson Institute of Medical Research), with donkey anti-rabbit-Alexa Fluor 568 f and Rabbit 

IgG1 isotype (Thermo Fisher Scientific) used for negative control. Nuclei were stained with 

Hoechst 33258 (Molecular Probes) for 5 minutes and the slides were mounted with fluorescent 

mounting medium (Dako). Direct fluorescent microscopy was also used to track the 

IODEX+eMSC in vivo on frozen sections following Hoechst 33258 nuclei staining. All 

fluorescent microscopy used an MHTP Olympus FV1200 Confocal Microscope and Olympus 

CellSens software was used for image acquisition. 
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3.3.16 Immunohistochemistry Image Analysis 

Frozen sections were washed 3 times with PBS then protein block (Dako Glostrup, Denmark) 

was applied for 30min at RT. After three washes in PBS, sections were incubated with primary 

antibodies (CD45, CD86 and CD163, Table 1) for one hr at 37°C. Mouse IgG1 isotype control 

antibody (Dako) was used as the negative control at the same concentration. Sections were 

washed 3 times with PBS followed by anti-mouse secondary antibody HRP-labelled polymer 

(Dako) for 40mins at RT, washed in PBS and chromogen added (3,3′-diaminobenzidine) 

(Sigma-Aldrich, St. Louis USA) for 3 min as previously published [27]. Slides were mounted 

in DPX (Sigma-Aldrich). Images were taken at 10x magnification using an Olympus BX61 

light microscope and Olympus cellSens software and analysed using ImageJ software. Using 

custom macros provided by Dr Kirstin Elgass, Monash University Micro Imaging, Monash 

Health Translational Precinct (MHTP), a region was drawn either around mesh filaments, or 

the edge of the implant tissue interface if no mesh filaments were present. Analyses were then 

conducted in a 50µm increment around either mesh filaments or adjacent tissue edge, using the 

same colour deconvolution method as previously reported [219]. Five to 10 images per sample 

of regions containing mesh filaments were taken 

 

 

Primary Antibodies Final Concentration 

(µg/mL) 

Isotype Supplier 

CD45 0.5 Mouse IgG1 BioRad 

CD86 0.5 Mouse IgG1 BioRad 

CD163 0.5 Mouse IgG1 BioRad 

A-Smooth Muscle 

Actin (αSMA) 
0.71 Mouse IgG2a Dako 

Ki-67 1.0 Rabbit IgG1 
Thermo Fisher 

Scientific 

 

 

 

 

Table 1: Antibodies used for immunostaining. 
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3.3.17. Statistical Analysis 

All data were analysed using GraphPad Prism 7.02 for Windows 10 64-bit, (GraphPad 

Software, La Jolla California USA) and initially assessed for normality using Shapiro-Wilk or 

Kolmogorov-Smirnov tests. Image analysis of histological data was assessed using a 1-Way 

ANOVA with Tukey’s multiple comparison post hoc test. Kruskal-Wallis with Dunn’s 

multiple comparisons test were used for non-parametric data. Regression analysis was 

performed using Microsoft Excel Version 1808 (Build 10730.20304). 

 

3.4. Results 

3.4.1. Optimal IODEX Concentration for Labelling Ovine eMSC  

For an autologous cell-based therapy it is essential to label the transplanted cells to track their 

movements following implantation. Three groups of eMSC each received an increasing dose 

of IODEX nanoparticles while another was left blank to serve as a control. Labelling was 

assessed by flow cytometry after 6 hours (Fig 2). FITC+eMSC (%) increased with 

concentration (µg/cells) until 5µg/100,000 at which point it plateaued where both 5µg (Fig 2C) 

and 10µg (Fig 2D) of IODEX per 100,000 cells labelled close to 100% of ovine eMSC within 

6 hours. Both 5µg and 10µg concentrations were used for further IODEX-labelling 

optimisation. 

Figure 2: IODEX labelling optimisation for ovine eMSC: Flow Cytometry was used to determine 

the degree of IODEX-FITC labelling at different concentrations after 6 hours incubation at A) 0.0µg 

(control), B) 1µg, C) 5µg and D) 10µg of IODEX per 100,000 passage 2-3 cells. E) Graphical 

representation of flow data.  
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3.4.2. IODEX+eMSC are Detectable in Explanted Mouse Tissue 

To measure and optimise our ability to image IODEX+eMSC in tissues following implantation, 

IODEX+eMSC were injected into the flanks of mouse cadavers. IODEX+eMSC was injected 

immediately following animal culling, tissue was harvested after 30 minutes and subjected to 

fluorescent imaging. Several IODEX+eMSC clusters were observed, which were distinct from 

surrounding cells due to the IODEX-FITC conjugate (Fig 3), at both 5µg/100,000 (Fig 3A) 

and 10µg/100,000 cells (Fig 3B). However, 10µg/100,000 cells were much more vibrant and 

clearly visible due to greater IODEX saturation per cell (Fig 3B).  

Figure 3: IODEX+eMSC detection in vivo: IODEX+eMSC were injected into the flanks of fresh 

C57BL/6 mouse cadavers at two concentrations: A) 5µg and B) 10µg per 100,000 cells. Scalebars – 

100µm. 
 
 

3.4.3. Lack of IODEX Toxicity on eMSC and Signal Dilution by Cellular Proliferation 

To determine any potential IODEX cellular toxicity, 1x105 ovine eMSC were labelled with 

10µg IODEX/100,000 eMSC for 6, 12 and 24 hours (each n=2) and maintained in culture for 

6 days post labelling. All incubation times revealed no loss of cells between experimental 

groups (Fig 4A). After 6 days, all groups had increased cell numbers around 7-fold with just 

under 3 cell doublings over the 6 days. After 6 days of cell proliferation, cells were analysed 

by flow cytometry for (%) FITC+ IODEX retention and approximately 20% of IODEX was 

retained by the eMSC incubated with IODEX for 24 hours (Fig 4B) which was the highest 

retention of any incubation time. Though 6 hours was proven sufficient for IODEX labelling 
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of eMSC (as seen in 3.1), 24 hour incubation time permitted greater uptake of IODEX by 

eMSC, which is likely why more was retained after 6 days. This could be confirmed in future 

studies that use FACS to measure fluorescent intensity per cell.  

Figure 4: IODEX toxicity and retention during proliferation in vitro: eMSC (1x105 cells/well) were 

labelled with 10µg/100,000 FITC-IODEX for several different incubation times (X axis) and cultured 

for 6 days, then analysed for %+ FITC labelled cells by flow cytometry A) raw counts B) % FITC+. 

(each time-point n=2) 

 

 

3.4.4. eMSC Purity Correlates with eMSC Clonogenicity 

To determine if CD271+/CD49f− (%) purity in ovine eMSC cultures reflected MSC purity, 

cloning efficiency was examined using replicate samples of eMSC intended for eMSC/PA/G 

implantation. Cloning efficiency correlated with the CD271+/CD49f− (%) purity (Fig 5) with 

R2 =0.46, though the y-intercept was not significant (p=0.3251). The cells used were Passage 

2 (n=1), Passage 3 (n=4) and Passage 4 (n=1), and a drop in %CD271+/CD49f− occurred with 

increasing passages (Table 2). There was also considerable variance for samples within the 

same-passage number, with a variance of 41% between the highest and lowest 

CD271+/CD49f−Passage 3 samples. This could be due to the length of time each sample spent 

in culture to generate sufficient numbers of cells. It is possible that significance can be gained 

by the use of more samples. Though not statistically significant, the trend does align with 

current literature which has observed a decline in the clonogenicity of stem cells in sequential 

passages [209], and eMSC are no exception. This result encouraged the use of eMSC at as low 

a passage as possible.  
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Figure 5: Correlation between % ovine eMSC and clonogenicity: Clonal assays were performed 

using eMSC before implantation. R2 = 0.46, p=0.3251. 

 

 

Passage 

Number 

CD271+/CD49f-

(%) 

2 80 

3 64 

3 55 

3 30 

3 23 

4 21 

 
 
 

3.4.5. Ovine Demographics 

Given that some multiparous ewes have evidence of weakened vaginal walls [183, 204], 

multiparous ewes were selected on a common and comparable characteristic the POP-Q 

measurement at 2 points of the vaginal wall. The POP-Q system has been adapted for ewes 

[183] in which tissue distensibility is measured at three key points, Posterior Point A (Ap), 

Anterior Point A (Aa) and Anterior Point B (Ba) (See Section 1.6.8, Chapter 1). As Ap was the 

location receiving the implants and Aa was on the anterior less accessible location for surgical 

implants), ewes with an Ap and/or Aa value between -1 to 1 (-3 is normal) were selected as 

Table 2: Passage number and CD271+/CD49fneg purity of implanted eMSC 
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having vaginal wall weakness and were distributed into three similar experimental groups 

(PA/G, eMSC/PA/G and Incision control) (Table 3) with matched Aa (p=0.8483) and Ap 

(p=0.7776) measurements.  

 

 PA/G eMSC/PA/G Incision p-value 

Ap 0 (-1 - 0) 0 (-1 - 0) 0 (-1 - 1) 0.7776 

Aa 0 (-1 - 1) 0 (-1 - 1) 0 (-1 - 1) 0.8483 

Data are median (range) at POP-Q points Ap, Aa; PA/G; polyamide gelatin +/- eMSC. 

 

3.4.6. PA/G Constructs Integrate Poorly into Ovine Vaginal Tissue 

As this was our first experience in using transvaginal mesh surgery in the ovine model, a pilot 

study was conducted, and the ewes were assessed only 7 days following implantation of the 

constructs. H&E staining was used to determine the anatomical effect of PA/G construct 

implantation on the vaginal wall. A significant disruption to the muscularis and lamina propria 

of the vaginal wall was observed in both PA/G (Fig 6A) and eMSC/PA/G (Fig 6B) explants, 

with mesh folding a prominent characteristic of each explant. In our initial explants blood 

clotting around the implanted mesh (Fig 6A) was observed, so all subsequent procedures in 

ewes included adrenaline in the hydro dissection fluid to minimize bleeding. This resulted in 

no blood clots (Fig 6B). One of the most common adverse effects of commercial transvaginal 

mesh is exposure through the vaginal wall. Exposure rates were between 17% (PA/G) and 33% 

(eMSC/PA/G) of implanted constructs (Table 4).  

 

 

 

 

 

 

 

 

 

Table 3: POP-Q Measurements for experimental group selection 
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Figure 6: Poor Mesh/Tissue integration of eMSC/PA/G and PA/G constructs into the ovine 

vaginal wall of multiparous ewes: H&E stained vaginal wall sections showing, PA/G constructs A) 

without and B) with eMSC after 7 days. Note the blood clot (black arrow) in (A) and the exposure of 

eMSC/PA/G (black arrow) in (A). Scalebars – 2mm. 

 
Table 4: Mesh exposure into the vaginal wall 

 Exposure No 

Exposure 

p-value* 

PA/G 1 5 
0.505 

eMSC/PA/G 2 4 

*Chi-square test 

3.4.7. Implanted Autologous Ovine eMSC Persist for 7 Days 

Fluorescent microscopy was used to first detect IODEX-labelled eMSC seeded on the PA/G 

constructs 1 day following labelling in culture (Fig 7A). As expected, the labelled cells were 

in close proximity to the TE construct, and the morphology of a blue nuclei surrounded by 

IODEX-FITC saturated cytoplasm is similar to my observation in the mouse cadaver proof-of-

concept. Day 1 eMSC-IODEX cells are also vibrant in their cell labelling prior to implantation 

for 7 days. This contrasts with eMSC-IODEX cells in frozen sections of day 7 vaginal tissue 

explants in which the cytoplasm contains significant volumes of IODEX-FITC, but not enough 

to fully envelope the nuclei (Fig 7B, yellow arrows). The overall numbers of detected cells in 

vivo appear small relative to the numbers that were implanted; however this is a 4µm thick 

section of a 1cm3 block of tissue so the observed number of cells was expected. The detected 

eMSC were also all in close proximity to the gelatin upon which they had been seeded for 

implantation, suggesting that they had not migrated in the 7 days since their delivery into the 

wound site. Additionally, all of the IODEX particles were observed in the cytoplasm within 

the cytoplasm of the eMSC. No FITC fluorescence were recorded that would suggest eMSC 

were being taken up by macrophages. However, double staining with macrophage specific 

antibodies will confirm this.  
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Figure 7: IODEX-FITC-labelled eMSC in vitro and in vivo: IODEX-labelled eMSC were cultured 

in vitro for A) 1 day and implanted into the ovine vaginal wall of the same ewe for 7 days. eMSC were 

observed with punctuate green nanoparticles in the cytoplasm (yellow arrows) in B) eMSC/PA/G 

explants close to the gelatin (g). Scalebars – 50µm. 

 

3.4.8. Implanted eMSC do not Proliferate in vivo within 7 Days 

To confirm if eMSC were proliferating in vivo following implantation, immunofluorescent 

staining was performed on frozen sections using Ki67 nuclear protein antibody, which can act 

as a marker of proliferation. Fig 8A shows positive Ki-67 staining in cells within positive 

control lamb neural tissue, with staining localised to the blue nuclei which produces a 

distinctive colour. This immunostaining was absent from all of the IODEX+eMSC sections 

that were analysed suggesting implanted eMSCs do not proliferate in vivo (Fig 8B). There was 

very little Ki-67 staining in IODEX+eMSC frozen sections.  
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Figure 8: Ki-67 expression in proliferating cells in vivo: Frozen sections of A) positive lamb neural 

tissue where the proliferation-marker Ki-67 is localised to the nucleus of cells (yellow arrow). In 

explanted B) ovine eMSC/PA/G treated vaginal tissue, no IODEX+eMSC cells exhibited Ki-67 staining 

(yellow arrows). Scalebars – 50µm. 

 

3.4.9. Implanted Autologous eMSC do not Alter Macrophage Phenotype by 7 Days 

To assess the inflammatory response to implanted PA/G with and without eMSC, 

immunohistochemistry staining using the pan-leukocyte marker CD45 was undertaken on 

tissue explants (Fig 9). Fig 9A shows concentration of leukocytes at the tissue edge close to 

the implanted gelatin, similar to the gradient observed in prior experiments in rat models [210]. 

Similar levels of macrophages were revealed with PA/G and eMSC/PA/G meshes within a 0-

50µm increment of the mesh tissue interface and, although appeared higher than the incision 

control, this was not significant. (Fig 9D). To determine the specific macrophage populations 

surrounding the implant, sections were stained with CD86 antibody for M1 macrophages (Fig 

9B) and CD163 antibody for M2 macrophages (Fig 9C). The M1 and M2 response was similar 

for all groups (Fig 9E-F). The staining for M1 and M2 macrophages is noticeably less than 

that of the pan-leukocyte marker CD45+, which suggests an increased presence of non-

macrophage white blood cells such as neutrophils and monocytes, both of which are present 

early within the wound healing process.  
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Figure 9: Immune response at the mesh-tissue interface of implanted PA/G constructs after 7 

days: A) CD45+ leukocytes (brown), B) CD86+ M1 macrophages and C) CD163+ M2 macrophages 

in PA/G explants were analysed in the 0-50µm increment around the mesh implant (blueline). Graphs 

showing image analysis quantification of % positive stained area for D) CD45+ leukocytes, E) CD86+ 

M1 macrophages and F) CD163+ M2 macrophages. Insets are negative controls. g, gelatin, m, mesh 

filament. Scalebars – 100µm. Data are mean +/- SEM from n=6 animals/group, except eMSC/PA/G 

n=4 
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3.5. Discussion 

The main findings of this pilot optimisation study were demonstrating the feasibility of using 

POP-Q selected ewes for TE construct implantation and tracking, the successful labelling and 

detection of IODEX+eMSC in vivo and the lack of in vivo proliferation of implanted eMSC. 

Continued culture of CD271+/CD49f− showed loss of eMSC marker purity with corresponding 

lower clonal efficiency. Finally, PA/G and eMSC/PA/G TE constructs implanted into the 

weakened vaginal walls of selected multiparous ewes were characterised by poor integration 

at 7 days despite the presence of eMSC, which was observed in greater numbers of CD45+ 

leukocytes near implanted PA/G constructs.  

 

The use of MSC in TE constructs holds considerable potential, but the ultimate fate, migratory 

patterns and mechanisms of action of the included cells within implanted tissue is still not fully 

understood [211, 212]. The use of cell labelling techniques has contributed significantly to 

uncovering the eventual fate of implanted cells, with dyes, genetic labelling and IODEX being 

used with varying results. Our previous use of human eMSC in TE implanted into 

immunocompromised rat models used cells labelled with VybrantTM DiO Cell-Labelling 

Solution dye and revealed that only very few cells were retained beyond 14 days [34]. This 

was likely due to the immune system eliminating the implanted human eMSC, particularly as 

we observed that the remaining few eMSC do not proliferate in vivo in the ovine model. 

However, VybrantTM DiO system labels the outer membrane of cells and has had diminished 

labelling saturation within the first seven days of labelling [228]. This encouraged us to seek 

longer-lasting labelling systems, such as lentiviral vectors or superparamagnetic iron oxide 

nanoparticles (SPIONs) such as IODEX. Lentiviral vectors were unavailable for this study due 

to the lengthy process involved in meeting governmental regulations and obtaining approval. 

IODEX, however, was plentiful in supply (thanks to the kind donation of the Prof. Kishore 

Bhakoo, Translational Molecular Imaging Group, Singapore) and posed no regulatory risk due 

to non-biological composition [229]. As the goal was to have strong labelling for prolonged 

visualisation in vivo, toxicity was an important parameter to be assessed. Though IODEX has 

not impaired the function of mesenchymal stromal cells [225], it is unknown if this was true 

with eMSC. It is clear from the images acquired that the IODEX particles were occupying 

considerable space within the cytoplasm of labelled eMSC, a space in which protein synthesis, 

transportation and intracellular homeostasis occurs. It is possible that this level of saturation 

affects the exosome secretory pathways, which could alter the paracrine effect of eMSCs. 

qPCR performed on in vitro eMSC with and without IODEX labelling could be used to 
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investigate this possibility. Additionally, ELISA’s could be performed on collected 

supernatants to compare protein production between controls and IODEX-saturated eMSC. 

Nevertheless, it was quicker to label eMSC with IODEX nanoparticles than lentiviral vectors. 

IODEX only required an overnight incubation that lost no cells yet produced almost complete 

cellular labelling that was ready to be implanted the following day. In contrast, lentiviral 

labelling requires a lengthier process that involves further passaging, harsh transduction 

methods, FACS cell sorting and extended time in culture to proliferate and regain cell numbers. 

For extended cell tracking, the lentiviral vector is more favourable as it is unknown how long 

IODEX persists within the cytoplasm of eMSC. But for shorter term trials in which low cell 

passage number s is a key factor, IODEX does have its advantages. 

 

The loss of MSC functional properties (eg clonogenicity), including eMSC, during expansion 

in culture is a well-known phenomenon that may influence their usefulness during MSC-based 

TE. Culturing and proliferation of bone marrow MSC has resulted in observed diminishment 

of the telomere lengths and loss of regenerative potential [97, 230, 231]. This is the conundrum 

of using mesenchymal stem cells for medicinal purposes: after acquisition they must be 

cultured to expand to sufficient numbers but this results in diminishing stemness and reduced 

efficacy when implanted [209]. In our research, Passage 2-4 cells were used for implantation, 

with a median Passage 3, because they were the earliest passages that yielded enough cells. 

Since we had previously shown loss of human eMSC stemness with culture [142], eMSC purity 

was measured as a percentage of CD271+/CD49f− cells, as CD271 is the only MSC biomarker 

expressed by ovine eMSC and is used for cell isolation[129], and marks the clonogenic ovine 

eMSC. A moderate correlation was found between CD271+/CD49f− (%) and clonal efficiency, 

though this was not significant. This raises several questions, such as whether Passage 3 and 4 

ovine eMSC can influence wound healing as effectively as passage 2 cells. An issue with 

defining a set passage number is the variation of the number of functional eMSC in the one 

passage number. In our current study, the phenotypic disparity of passage 3 eMSC varied from 

23% to 64% potency as assessed by clonogenicity. Overall, it should be considered how the 

stemness of each sample would affect their efficacy when implanted in vivo, as the clonal 

efficiency ranged from 20-80% across the six samples. Current research suggests decreased 

MSC clonogenicity are a consequence of increasing passage number, presumably associated 

with loss of stemness [232]. Though eMSC are particularly dynamic due to their origin from a 

cyclically rapidly regenerating tissue, there is evidence that human eMSC undergo similar loss 
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of potency when cultured for extended periods of time [140, 141]. At present CD271 is the 

only biomarker for ovine eMSC [27], but there may be other biomarkers more aligned with the 

stemness and potency of related cells in the ovine endometrium or bone marrow. However, it 

should be appreciated that this study was performed as a pilot initiative to optimise a variety 

of parameters for a larger study over longer incubation times, making it more difficult to draw 

complete conclusions.  

 

The biocompatibility of TE constructs is central to their feasibility as an effective method of 

treatment for any tissue injury including POP. Thus, the relatively poor mesh/tissue integration 

of the day 7 PA/G explants, and the apparent ineffectiveness of eMSC in controlling this, was 

a major concern. This lack of integration in our current study contrasted with good integration 

in our previous studies that used rat hernia or skin wound repair models [27, 33, 34] indicates 

the importance of both the anatomical implantation site as well as the animal model. In other 

studies that used similar ovine animal models for PP mesh [184, 233], poor tissue integration 

coincided with high rates of mesh exposure [28, 29, 233], similar to our current study where 

exposure rates were high, 17% for PA/G explants and 33% for eMSC/PA/G explants using a 

PA/G mesh. This could also be due to the lack of biomechanical match-up between the PA/G 

constructs and the ovine vaginal tissue. Alternatively, a significant body foreign body response 

or the gelatin coating itself could be preventing integration; this study did not include a non-

gelatin coated PA mesh to provide data on which to make that comparison. This is our first 

study featuring such an early time-point for PA/G mesh implants into ovine transvaginal animal 

models as our prior work with gelatin-coated polyamide mesh featured 60 and 90 day time 

points in rat and mice models, meaning there is little precedent on which to make predictions. 

Therefore, this degree of poor tissue integration at 7 days could be a normal part of the recovery 

process. Until later time-points are conducted the full significance of these data will remain 

unclear. However, it points out the importance of mimicking human anatomy as closely as 

possible, and we have demonstrated this is possible with POP-Q selected ovine model that 

presents with vaginal weakness similar to that of POP-vulnerable women. These will be crucial 

factors moving forward into preclinical trials.   

 

The poor integration of the TE mesh into the host tissues made detection and confirmation of 

the IODEX-labelled eMSC particularly difficult. IODEX-labelled cells have been tracked for 

up to 8 weeks in sheep spinal columns using MRI[226]. However, as MRI was unavailable for 

this study, immunofluorescence confocal microscopy was used but was impaired by the 
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inadequately healed tissue. The IODEX-labelled eMSC resided close to the gelatin/mesh 

implant, making it difficult to locate them in poorly integrated tissue. This suggests that the 

eMSC do not migrate far from their site of implantation, which supports the current literature 

to date that has shown that eMSC operate in a paracrine manner rather than migrating to target 

areas and differentiating into required tissue cells [32]. This lack of eMSC mobility poses 

further questions, such as whether the implanted eMSC would eventually leave the implant 

region and incorporate into vaginal smooth muscle cells. The muscularis thins in the vaginal 

wall in response to damage incurred by vaginal delivery [213]. Thickening this layer by 

implanting eMSCs that eventually differentiate into smooth muscle cells, would be contribute 

significantly towards successful clinical treatment of POP and prevention of future herniations.  

 

Modulating the host immune response to implanted TE constructs is a greatly desired outcome 

of TE. By using autologous eMSC to minimise the innate immune response that is activated 

and likely responsible for removing the implanted human eMSC trialled in our rat skin wound 

repair model within 14 days [34]. Broadly speaking, the two main populations of macrophages 

at a wound site are M1 “pro-inflammatory” macrophages and M2 “wound healing” 

macrophages. A property of eMSC is their ability to modulate the immune response by 

promoting the switching of M1 macrophages to M2 macrophages. Significant differences were 

not found between overall leukocyte infiltration between experimental groups, nor in M1 and 

M2 macrophage populations. However, the CD45 antibody is a pan-leuokocyte marker, and so 

it is likely that it also reacted with other white blood cells that were present this early in the 

wound healing process, such as M0 macrophages and neutrophils. Though it was not 

statistically significant, there was a trend of greater M2 polarisation in the eMSC/PA/G 

explants in percentage of CD163+ stained area. This suggests the possibility that the full, 

measurable response was masked by the poor mesh/tissue integration, mesh exposure and 

folding, which is a limitation of this study that should be considered. Later time points that 

allow the tissue to fully heal could provide clearer data. 

 

3.6. Conclusion 

This study demonstrated the potential use of sheep as large animal model for POP research to 

track in vivo behaviour of IODEX-labelled autologous ovine eMSC following implantation. 

IODEX labelling dosage was optimised to 10µg/100,000 cells which labelled over 90% of cells 

and produced vivid fluorescent imaging after 24 hr incubation, demonstrating no cellular 

toxicity and around 20% label retention within the cytoplasm following a week of cellular 
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proliferation associated with around 3 cell doublings. A moderate link between MSC passage 

number of a cell population and clonogenicity was found, that reflected cell potency and 

stemness. When seeded onto PA/G mesh and implanted into the vaginal walls of multiparous 

ewes with objective measurement of “POP”, eMSC were detectable after 7 days but did not 

appear to have a significant influence over the host immune response. eMSC improve poor 

tissue integration of PA/G implants, which were characterised by heavy folding and high rates 

of mesh exposure. These factors need to be optimised and overcome in further preclinical 

studies. 
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Introductory Statement 
In Chapter 3 we observed poor biocompatibility of PA/G constructs with and without 

autologous eMSC. This was a surprising outcome as prior research in mouse models had 

observed good mesh integration of PA/G constructs into surrounding tissues. It was 

hypothesised that the stiffer glutaraldehyde-crosslinked gelatin coat of the PA/G constructs was 

causing biomechanical mismatch between the construct and surrounding tissues, resulting in 

poor biocompatibility. In this chapter we compared the biocompatibility of two different mesh 

designs, both with and without autologous eMSC: PA mesh coated in glutaraldehyde-cross 

linked gelatin, and PA mesh first implanted into the vaginal wall and then receiving a mixture 

of eMSC and ruthenium-based gelatin that is then photoseal cross-linked in situ. I also used 

this chapter to assess the persistence of autologous eMSC 30 days after implantation and their 

effect on wound healing and modulating the host immune response. I performed all the 

experimental work except where noted in the following acknowledgements. First, I would like 

to thank Dr Paivi Karjalainen and Dr Joan Melendez for performing the gynaecological 

implantation surgery within our ovine animal models, and Dr Anne Gibbon for assisting them 

and monitoring the ewe’s post-surgery. I would also like to thank Dr Shayanti Mukherjee for 

assisting with and Dr Ilias Nitsos for performing the ovine post-mortems. I also want to thank 

Dr Saeedeh Darzi for assisting with learning the protocols required to apply ruthenium-based 

gelatin, as well as Dr Kirsin Elgass and for their help with image analysis. Finally, I want to 

thank Dr Sharon Edwards for her expertise and efforts in mesh preparation and performing the 

biomechanical testing on vaginal tissue explants.  
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4.1. Abstract 

The widespread use of synthetic transvaginal polypropylene mesh for treating Pelvic Organ 

Prolapse (POP) has been curtailed due to serious adverse effects highlighted in 2008 and 2011 

FDA warnings and subsequent legal action. We are developing new synthetic meshes to deliver 

endometrial mesenchymal stem cells (eMSC) to improve mesh biocompatibility and restore 

strength to prolapsed vaginal tissue. Here we evaluated mechanically matched knitted 

polyamide mesh in an ovine multiparous model using transvaginal implantation and matched 

for the degree of POP. Polyamide mesh dip-coated in gelatin and stabilised with 0.5% 

glutaraldehyde (PA/G) were used either alone or seeded with autologous ovine eMSC 

(eMSC/PA/G), which resulted in substantial mesh folding, poor tissue integration and 42% 

mesh exposure in the ovine model. In contrast, a two-step insertion protocol, whereby the 

uncoated PA mesh alone was inserted transvaginally followed by application of autologous 

eMSC in a gelatin hydrogel onto the mesh and crosslinked with blue light (PA+eMSC/G), 

integrated well with little folding and no mesh exposure. The autologous ovine eMSC survived 

30 days in vivo but had no effect on mesh integration. The stiff PA/G constructs provoked 

greater myofibroblast and inflammatory responses in the vaginal wall, disrupted the muscularis 

layer and reduced elastin fibres compared to PA+eMSC/G constructs. This study identified the 

superiority of a two-step protocol for implanting synthetic mesh in cellular compatible 

composite constructs and simpler surgical application, providing additional translational value.   
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4.2. Introduction 

Pelvic Organ Prolapse (POP) is the herniation of the pelvic organs into the vagina[234, 235]. 

POP is common, affecting approximately a quarter of all women, particularly post-menopausal 

women, causing bladder, bowel and sexual dysfunction, incontinence and, considerable 

distress [234, 235]. Although the underlying cause of POP is not yet fully understood, the main 

risk factors are vaginal birth, forceps delivery, older age at first child delivery, obesity and 

aging [2, 236, 237]. The genetic contribution to POP susceptibility indicates that alterations in 

the synthesis and regulation of fibulin, elastin and collagen could be contributing factors [201, 

238, 239].  

 

We are developing a tissue engineering approach using a new polyamide/gelatin composite 

mesh biomechanically matched to vaginal tissue as a scaffold for implanting autologous 

endometrial mesenchymal stem cells (eMSC) to treat POP. Perivascular eMSC were chosen 

due to their ease of acquisition from endometrial biopsy tissues without anaesthetic, and the 

ability to purify them using specific markers [96, 127]. Polyamide (PA) was initially selected 

from a range of custom knitted polymers following evaluation using in vitro biomechanical 

testing tools where PA mesh exhibited preferable biomechanical properties [31] and in vivo 

testing in a rat abdominal hernia model as it elicited a milder host immune response [31, 33]. 

eMSC/PA/G constructs were made by dip coating knitted PA meshes in gelatin, then seeding 

with human eMSC [34] and were assessed in a xenogeneic rat skin repair model [13,14]. In 

this model, eMSC seeded PA/G constructs promoted angiogenesis, reduced the chronic 

inflammatory response, promoted deposition of physiological crimped collagen and improved 

the biomechanical properties (reduced stiffness and increased mesh/tissue explant 

extensibility) [34]. However, PA/G constructs also exhibited greater rigidity than PA alone, 

and it is currently unknown how the presence of a glutaraldehyde-crosslinked gelatin-coating 

would influence the efficacy of mesh performance and impact effective delivery of autologous 

eMSC. To address these concerns, uncoated PA mesh alone was first implanted and eMSC 

were then delivered using a more elastic light crosslinked gelatin. Prior to clinical translation 

of these mesh types, mesh performance is being assessed in a preclinical ovine POP model 

with transvaginal insertion of autologous eMSC/PA/G constructs. Sheep are an attractive 

animal model due to their similar vaginal dimensions and anatomy to women, the spontaneous 

development of POP occurs in some older, multiparous animals, and their relative cost 

effectiveness [175, 176, 183, 185]. Indeed, ovine models have been proposed for training 

surgeons in vaginal surgery specifically for treating POP in women [186]. 
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The use of ovine animal models has substantially increased our understanding of the effect of 

multiparity (i.e multiparity lamb deliveries) and implanting transvaginal mesh into the vaginal 

wall. The ovine model has shown that multiparity was associated with weakened vaginal walls 

as measured by the distensibility of vaginal tissue using a modified clinical score, Pelvic Organ 

Prolapse Quantification (POP-Q) [183], and a novel fibre optic pressure sensor device [204, 

219]. Previous work has shown that multiparity is associated with a decrease in smooth muscle 

thickness and an increase in elastin fibre content in the ovine vaginal wall [219], resulting in 

reduced biomechanical strength. Parous sheep also exhibited greater POP-Q scores [219] as 

well as weakened regions in the anterior and posterior vaginal walls as measured by a pressure 

sensor device [204] compared with nulliparous sheep.  

 

Disruption of the vaginal muscularis in macaques following commercial mesh implantation, 

albeit using sacrocolpopexy [240], compounds the damage incurred by herniation of the pelvic 

organs and alters the expressions of extracellular matrix proteins, such as elastin fibres [239]. 

This emphasises the importance of mesh design in promoting mesh integration for POP 

treatment. Coating mesh with various collagen matrices to minimize the host response to the 

mesh and its subsequent exposure has been tested in ovine models [27-29]. It was hypothesised 

that the collagen coating would improve mesh implant integration [27-29, 241]. However, the 

results have been inconsistent and stand as testimony to the challenge of developing an ideal 

biomaterial for treating POP. 

 

Central to the biocompatibility of synthetic mesh-based treatments for POP is the host immune 

response. All implanted meshes elicit a chronic inflammatory response mediated by M1 pro-

inflammatory macrophages which can limit or delay the M2 pro-wound healing macrophage 

response. Mesh design itself can also influence M1/M2 macrophage polarisation. For example, 

lightweight, Restorelle mesh implanted in the Rhesus vagina provoked a milder M1 pro-

inflammatory macrophage response compared to heavier commercially available Gynemesh 

[242], while PA and gelatin-coated PA (PA/G) mesh evoked a milder host inflammatory 

response compared to polypropylene (PP) mesh in rat models [33].  

 

The aim of this study was to compare two methods for transvaginal delivery of autologous 

eMSC on polyamide synthetic mesh using an ovine model of vaginal wall weakness (POP). 

The second aim was to determine the retention of implanted autologous eMSC and to assess 
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their effect on the extracellular matrix and inflammatory response to the implanted gelatin-

coated and non-coated PA mesh. In order to track the eMSC post implantation, they were 

labelled with dextran coated iron oxide nanoparticles (IODEX) conjugate with TAT-FITC. 

 

4.3. Methods 

 

4.3.1. Ethics and Animals 

Experimental procedures and animal husbandry were approved by the Monash Medical Centre 

Animal Ethics Committee A in accordance with the ethical guidelines of the National Health 

and Medical Research Council (NHMRC) of Australian Code for the Care and Use of Animals 

for Scientific Purposes 8th Edition. Border Leicester Merino (BLM) ewes were housed in the 

Monash Animal Research Platform in an enclosed barn or outdoor enclosures. Multiparous 

ewes, aged 5-6 years (n=30) who had undergone multiple lamb deliveries (n≥3) and delivered 

their last lamb(s) at least 9 months prior, were selected if they showed evidence of weakened 

vaginal tissue with POP-Q values higher than -3 (medians were -1 at point Ap and 0 at point 

Aa (Table 1)).  

 

4.3.2. Pelvic Organ Quantification “POP-Q” Measurements 

Quantification of POP was done using a modified POP-Q (Pelvic Organ Prolapse 

Quantification) system as previously described [183]. Pre-surgery measurements were 

undertaken by a gynaecologist (JM) in conscious ewes. Briefly, manual traction with forceps 

was applied to the vaginal tissue at the Aa, Ba and Ap points using the urethra as a reference 

point for Ba (proximal anterior) and mucocutaneous junction for Aa (distal anterior) and Ap 

(distal posterior). Ewes were divided into four experimental groups (n=6/group) and one 

incisional control group (n=6) ensuring POP-Q scores were matched between the groups (Table 

1). Postmortem POP-Q measurements were acquired immediately following euthanasia (SE). 

 

4.3.3. Ovine hysterectomy for Collection of Endometrial Tissue  

Subtotal hysterectomy was performed via ventral midline laparotomy on 12 ewes to collect 

uterine tissue. Anaesthesia was induced by intravenous Medetomidine premedication (0.1-0.2 

mg/kg), followed by intravenous Thiopentone (10mg/kg), and then maintained with Isoflurane 

(1-3% in 100% O2). Pain relief was provided before start of surgery as Fentanyl (75µg/hr) 

transdermal patch and Carprofen (2mg/kg) given subcutaneously. A short acting broad-

spectrum antibiotic, Cefazolin (7.5mg/kg), was given intravenously prior to surgery, and a 

long-acting antibiotic, Duplocilin (5.75mg/kg), to continue coverage for 48 hours post-surgery. 
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Suspensory ligaments of the ovary and feeding vessels to the uterus were ligated and transected 

before performing a supracervical amputation of the uterine body conserving the ovaries. 

Laparotomy was closed using absorbable sutures. Postoperative pain relief was with 

Bupivicaine (5µg/ml) given by subcutaneous injection under the incision site at end of surgery 

and the fentanyl patch (75µg/hr) was maintained for 3 days. The ewes recovered for four weeks 

from the abdominal surgery before they underwent vaginal surgery. They were cared for at 

animal facility at Monash University Animal Research Platform in individual pens in sight of 

other ewes and moved into small holding pens as they recovered. The excised uterus was placed 

in ice-cold transport medium (HEPES-buffered DMEM/F-12 medium (Invitrogen) 

supplemented with 1% antibiotic Anti-Anti (100X, Life Technologies) (Bench Medium), 

stored at 4°C and processed within 18 hours, as previously described [129].   

 

4.3.4. Isolation of Ovine eMSC by Flow Cytometry Sorting sing CD271  

Ovine eMSC were isolated from hysterectomy tissue as previously described [129]. Isolated 

cells (up to 1 x 107 cells/100μl) were incubated with phycoerythrin (PE)-conjugated anti-

human CD271 (1:10, mouse IgG1; Miltenyi Biotec) and allophycocyanin (APC)-conjugated 

anti-human CD49f (1:10, clone GoH3, rat IgG2a; Miltenyi Biotec) in 2% fetal bovine 

serum/PBS (FBS/PBS) for 30 min on ice in the dark using our established protocols [129]. 

Cells were then washed and resuspended in 1μM Sytox Blue (Life Technologies) in fetal 

bovine serum (FBS)/PBS to exclude dead cells. CD271+CD49f- eMSC were isolated using 

fluorescence activated cell sorting (FACS) with a MoFlow flow cytometer (Beckman Coulter) 

or an Influx flow cytometer (Becton Dickinson Biosciences) using Monash University Flow 

Core services. 

 

4.3.5. Cell Culture  

Freshly sorted cells were cultured in stromal medium containing DMEM/F-12 (Life 

Technologies), 10% fetal bovine serum (Life Technologies), 2mM glutamine (Life 

Technologies), 0.5 mg/ml primocin antibiotic and incubated at 37°C in 5% CO2. Medium was 

changed every 2–3 days and cells were passaged at 80% confluence. 

 

4.3.6. eMSC Labelling  

Before implantation, passage (P) 3-4 cells were labelled with FITC-TAT IODEX paramagnetic 

nanoparticles at a concentration used previously [226]. Cells were incubated with 10µg of 

IODEX per 100,000 cells for 24 hours at 37°C. Cells collected after trypsinisation with 1X 
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TrypLETM (Life Technologies, #12604-021)), washed and resuspended at 100,000 cells/100µl 

Bench Medium. 

 

4.3.7. Fabrication of PA and PA/G Meshes 

PA meshes were fabricated from 80µm monofilament warp knitted into an open pore pattern 

with large pore area of 0.99 +/- 0.10 mm2, small pore area of 0.04 +/- 0.02 mm2 and mass per 

unit area 42 g/m2, similar to, but not identical to previously described heavier meshes using 

100 µm monofilaments [31, 33]. For PA/G constructs, PA mesh was dip-coated in 12% porcine 

gelatin, cross linked on ice-cold 0.5% (v/v) glutaraldehyde (Sigma) for 8 minutes/side followed 

by 2% w/v glycine (Merck; Australia) in water for 15 minutes, then 2% v/v H2O2 (Merck) in 

water for 15 minutes, and 4% w/v glycerol (Merck) in water for 15 minutes, all at RT with 

washing steps in water in between. Mesh was air-dried and sterilised by gamma irradiation at 

25 kGy prior to implantation [33]. PA mesh was used in both the PA and PA/G constructs. (see 

below).  

 

4.3.8. Preparation of Autologous Ovine eMSC-seeded Mesh Constructs  

Prior to seeding, PA/G 30 x 20 mm mesh pieces were soaked in 1:50 Anti-Anti (100X) 

antibiotic for 1 hour at 37°C, then transferred to 20ug/ml fibronectin (Sigma-Aldrich, Saint 

Louis) overnight at 37°C. Coated stabilised PA/G meshes were manually seeded with labelled 

sorted eMSC at a seeding density of 100,000 cells/cm2 in 100 ul medium/mesh (600,000 

cells/mesh) and cultured for 24h, checked for cell adherence, and transported in bench medium 

on ice for surgical implantation. These constructs were termed eMSC/PA/G. PA/G without 

cells underwent the same procedure but without cells. A second set of meshes were implanted 

in a two-step procedure, with PA meshes first implanted into the vaginal wall and then 600,000 

eMSC suspended in 0.5ml 12% porcine gelatin, 2mM ruthenium metal complex (Ru) (2,2′-

bipyridyl) dichloro ruthenium (II) hexahydrate [Ru II(bpy)3]2+ (Sigma-Aldrich) and 10mM 

sodium persulfate (SPS) (Sigma-Aldrich). Half the cell/gelatin mixture was applied to the 

surface of the PA mesh in situ, and the gelatin cross-linked using a LED dental lamp (460nm, 

1200cm mW/cm3, 3M Epilar Free Light 2) for 20 seconds before the other half was applied 

and cross-linked, as described previously [32, 36]. These constructs were termed PA+eMSC/G. 

Control PA meshes without cells were incubated in bench medium only and implanted without 

gelatin. Each ewe received autologous eMSC previously acquired from her endometrium (see 

above). 
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4.3.9. Transvaginal Surgery - Implantation of PA/G, PA+G Mesh with and without 

eMSC  

BLM ewes were anaesthetised using the same protocol as for hysterectomy. Antibiotic 

prophylaxis was given. Ewes were placed into lithotomy position and POP-Q measurements 

were taken. Hydrodissection of the vaginal tissue layers was achieved with 20ml of 

bupivacaine (5mg/ml) with 1ml of adrenaline (Aspen Pharmacare Australia, 1mg/ml). For 24 

sheep having mesh implantation, a 40 mm, full-thickness midline incision was made on the 

posterior vaginal wall and the rectovaginal space was dissected. eMSC/PA/G (n=6), PA/G 

(n=6), PA (n=12) were surgically implanted. Autologous ovine eMSC/G were then applied to 

the 6 PA meshes (PA+eMSC/G) and the gelatin crosslinked (see above). All inserted meshes 

were fixed with absorbable sutures into the rectovaginal space, and the vaginal epithelium 

closed using absorbable sutures. Ewes receiving cells were implanted with a tissue engineering 

construct delivering autologous eMSC. For incisional controls (n=6), the vaginal incision was 

performed without placement of mesh and closed using absorbable sutures. Pain relief was 

with subcutaneous Carprofen (2mg/kg) given at start of surgery and bupivicaine (5mg/ml) 

given subcutaneously at the incision site at end of surgery.  

 

4.3.10.  Post Mortem and Harvest of Ovine Vaginal Mesh/Tissue Explants 

Ewes were euthanised after 30 days using Lethabarb (110mg/kg, Virbac (Australia) Pty 

Limited,) and POP-Q measures were taken immediately. The entire vaginal tract was removed 

with adjacent tissues, trimmed and incised in a longitudinal manner adjacent to the urethra 

(anterior wall) from the muco-cutaneous junction to the cervix and dissected for analyses as 

shown in Supplemental Figure 1. For biomechanical analyses, a 25 mm x 30 mm piece was 

taken from the proximal mesh/tissue explant and frozen at -20oC. The remaining distal 

mesh/tissue explants were further dissected for qPCR (in RNAlater) analysis and histology 

(fixed in 10% formalin and processed to paraffin (FFPE), or 4% paraformaldehyde overnight, 

then placed in 30% sucrose for 48 hours and frozen in OCT).  

 

4.3.11. Histology  

FFPE tissues were sectioned at 4μm and stained with H&E, Masson’s Trichrome and Hart’s 

elastin fibre stain in the Monash Histology Platform (MHP) facility using previously published 

methods. Three images of the muscularis region at and away from the surgical site were 

captured for each tissue explant and measured for elastin fibre content for comparison. OCT-
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embedded tissue was cryosectioned into 8μm sections for immunohistochemistry and 

immunofluorescence staining.  

 

4.3.12. Collagen Analysis using Sirius Red Birefringence  

FFPE tissue sections were stained with 0.1% picro-sirius red [219]. Images were captured on 

an Olympus BX61 light microscope equipped with a polarising filter (Olympus T2 U-ANT and 

U-POT). cellSens software and an Olympus DP80 camera was to identify birefringent sirius 

red-stained collagen fibres; images underwent image analysis (below) and birefringence was 

separated into red (mature collagen) and green (immature collagen) with pixel intensity 

thresholds defined and counted as 1 for each as described previously [21]. 

 

4.3.13. Image Analysis 

Images were taken at 10x magnification using an Olympus BX61 light microscope and 

Olympus cellSens software and analysed using ImageJ software. Using custom macros 

provided by Dr Kirstin Elgass, Monash University Micro Imaging, Monash Health 

Translational Precinct (MHTP), a region was drawn either around mesh filaments, or the edge 

of the implant disruption if no mesh filaments were present. Analyses were then conducted in 

a 250µm increment around the region of interest for collagen and αSMA analysis, 50µm for 

elastin fibres and immunohistochemistry, using colour deconvolution as previously reported 

[219]. All the visible mesh filament regions were imaged, ranging between 5-10 replicates per 

sample.  

 

4.3.14. Immunofluorescence 

Frozen sections were thawed and blocked with protein block (Dako, Glostrup, Denmark) for 1 

hour at RT, and immunostained with mouse anti αSMA antibody to mark smooth muscle 

bundles or CD45 to mark total leukocytes (Supplemental Table 1) for 1 hour at RT. Isotype-

matched antibodies (Dako Mouse IgG1 for CD45, IgG2A for αSMA) were used as negative 

controls and applied at the same concentrations, as previously reported [219]. Anti-mouse 

Alexa-Fluor-568-conjugated secondary antibody (Thermo Fisher Scientific) was then 

incubated for 30 minutes at RT for both primary antibodies. Nuclei were stained with Hoechst 

33258 (Molecular Probes) for 5 minutes and the slides were mounted with fluorescent 

mounting medium (Dako). FITC-IODEX-labelled eMSC were detected using Olympus 

FV1200 Confocal Microscope and Olympus CellSens software and their persistence (%) was 

determined by first calculating the number of average labelled cells around visible mesh 
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filaments in 6-9 images/sheep, then dividing this number by the number of labelled cells that 

were injected and multiplying by 100 for % cell persistence. 

 

4.3.15. Immunohistochemistry  

FFPE 8µm sections were dehydrated and antigen retrieval performed using 0.1M citrate buffer 

and endogenous peroxidase was blocked with 3% hydrogen peroxide. Sections were then 

incubated with protein block (Dako) for 30 min at RT, followed by primary antibody (CD45 

or αSMA, Supplemental Table 1) in 2% BSA/PBS for one hour at RT. Mouse IgG1 (Dako) 

was used as the negative isotype control at the same concentration. HRP-labelled polymer 

(Dako) conjugated anti-mouse secondary antibody was applied for 40 mins at RT, DAB 

chromogen (Sigma-Aldrich) diluted 1:2 for αSMA and 1:10 for CD45 in substrate peroxidase 

buffer (Pierce, Thermo Fisher Scientific, Waltham USA) for 5 min, counterstained with 

hematoxylin as previously published [219]. Frozen 4µm sections were used for 

immunostaining with antibodies to CD86 (M1 macrophage marker) and CD163 (M2 

macrophage marker (Supplemental Table 1) using the same procedure, but without antigen 

retrieval. In addition to analysis around mesh filaments (see image analysis above), 4 

measurements were taken of the lamina propria, muscularis and implant/disruption region of 

each tissue explant and averaged to calculate the percentage of vaginal wall disrupted by 

implantation of mesh constructs. 

 

4.3.16. Quantitative qPCR 

 RNA was isolated using PureLink® RNA mini Kit (Life technologies, #12183018A) and 

treated with DNase (PureLinkTM DNase, Invitrogen) to obtain DNA-free total RNA. First-

strand cDNA was synthesized using SuperScript III first-strand synthesis system (Invitrogen). 

100ng of cDNA was amplified and detected using Green Super Mix and primers for COL1A1, 

COL3A1, FBN5, ELN (Supplemental Table 2, Bioneer Corporation). The PCR conditions 

were initial denaturation at 95°C for 10 minutes, followed by 40 cycles of denaturation at 95 

°C for 15 seconds and annealing/polymerisation at 60°C for 60 seconds. 18S was used as an 

endogenous control to normalise the target gene expression and fold change was calculated 

using the 2−ΔΔCT method. 
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4.3.17. Biomechanical Analysis of the Ovine Vaginal Mesh/Tissue Explants 

Frozen mesh/tissue explants were thawed overnight at 4° C, and tensile testing was performed 

within 24 hr using the ball burst method in an Instron Tensile Tester (5557; Instron Corp, MA) 

with a 100N load cell. Samples were secured between 2 embossed metal plates, both with an 

aperture of 15 mm. Rubber sheeting was used to avoid sample slippage between the plates 

during testing. The force required to rupture the explant using a rounded steel rod (10 mm 

diam) was recorded at a crosshead speed of 20 mm/min as previously described [219]. Load 

(N)/elongation (mm) curves were plotted from the generated data and stiffness (N/mm) was 

defined as the gradient of the load/elongation curve in the linear region of the curve. 

 

4.3.18. Statistical Analysis 

All data were analysed using GraphPad Prism 7.02 for Windows 10 64-bit, (GraphPad 

Software, La Jolla California USA) and initially assessed for normality using Shapiro-Wilk or 

Kolmogorov-Smirnov tests. Image analysis of immunohistochemistry, vaginal disruption and 

qPCR data were assessed using a One-way ANOVA with Tukey’s multiple comparison post 

hoc test. αSMA and elastin were assessed using unpaired t-tests as the data were parametric 

and collagen was assessed by Mann-Whitney U test for nonparametric data. Differences in 

POP-Q Aa and Ap measurements used for selection of ewes with vaginal weakness were 

analysed using Kruskal-Wallis One-way ANOVA. Differences in pre- and post- surgery POP-

Q measurements were analysed in each experimental group using Wilcoxon signed rank test 

for paired nonparametric data. Differences in mesh exposure were measured using a Chi-square 

test. 

 

4.4. Results 

 

4.4.1. Ovine Demographics 

To identify multiparous ewes with vaginal wall weakness (i.e “POP”) for use in this study, we 

undertook a modified human POP-Q we previously developed [183]. Ewes with Aa and/or Ap 

values between -2 to 0 (-3 is normal) were selected as having vaginal wall weakness and were 

then distributed into the five experimental groups (PA/G, PA, eMSC/PA/G, PA+eMSC/G, and 

incision control) to ensure matching between groups (Table 1). The Aa and Ap measurement 

of each group were similar (p=0.2289 and p=0.3275 respectively). Ap is the most significant 

POP-Q point as PA/G and PA constructs were implanted into the posterior wall of the ovine 

vagina at the Ap location. POP-Q measurements taken at the time of construct explantation 

(Fig 1) showed no significant change after one month of mesh implantation for PA/G (Fig 1A, 
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C) or PA groups (Fig 1B, D) both with or without eMSC. There was neither improvement or 

worsening of vaginal wall weakness. The results were similar for the incision control. 

 

4.4.2. Mesh Exposure into the Vaginal Wall 

One of the major adverse events associated with transvaginal polypropylene mesh was vaginal 

exposure. Almost half (42%) of the 12 PA/G implants showed vaginal exposure by 30 days 

with 4 exposures in PA/G explants and 1 in eMSC/PA/G explants (Table 2). In contrast no 

mesh exposures were observed in any of the 12 PA construct explants, significantly different 

to PA/G meshes (p=0.012, Table 2).  

 

4.4.3. Integration and Location of PA/G and PA Mesh Implants in the Ovine Vaginal 

Wall 

H&E stained mesh/tissue explants showed similar distribution of the implanted PA/G and PA 

constructs in the ovine vagina; 2 PA/G constructs were implanted into the lamina propria, 6 in 

the muscularis and 4 into both the lamina propria and muscularis, whereas 2 PA constructs 

were implanted into the lamina propria, 9 in the muscularis and 1 both in the lamina propria 

and muscularis. PA/G constructs were characterised by poor mesh integration and substantial 

folding (Fig 2A), while PA constructs exhibited superior mesh integration (Fig 2B).  

 

4.4.4. Mesh Constructs Disrupt Smooth Muscle Architecture and Content of the Ovine 

Vaginal Wall 

Our observations of mesh placement in H&E sections suggested that the muscularis layer was 

disrupted (Fig 2A) as previously reported for polypropylene mesh implanted in the macaque 

vagina [240]. Low magnification panorama images of αSMA immunostained mesh/tissue 

explants (Fig 2C) clearly delineated the smooth muscle layers and enabled measurement of 

lamina propria, muscularis and implant region thickness to determine the extent of vaginal wall 

disruption by the implanted mesh constructs. The disrupted region was significantly increased 

for implanted PA/G constructs without cells (Fig 2D, p<0.05) but not the PA constructs 

compared to incisional controls. The disrupted area appeared reduced in both mesh constructs 

with eMSC, (Fig 2E) however they were not significantly different from the corresponding 

mesh constructs without cells. 
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4.4.5. αSMA+ Cell Types are Differentially Altered in eMSC/PA/G Compared To 

PA+eMSC/G Constructs 

αSMA immunostaining detected a differential myofibroblast response (Fig 3A-E) around the 

filaments of the two different mesh constructs in the presence of eMSC. There was no 

significant difference between PA/G and PA αSMA+ myofibroblast area, with the αSMA+ 

staining of PA explants demonstrating more vasculature and few myofibroblasts (Fig 3A, C) 

but no difference in aSMA staining (Fig 3F). The percentage area of myofibroblasts was 

significantly greater at the mesh/tissue interface of eMSC/PA/G explants compared to 

PA+eMSC/G (Fig 3G, p<0.01) and similarly most αSMA+ cells were marking the vasculature 

in the latter (Fig 3D vs 3B).  

 

4.4.6. Collagen Organisation of the Ovine Vagina was not Affected by Construct 

Implantation 

Although large bands of collagen-like material were observed around the implanted mesh in 

the disrupted zone (Fig 4A), sirius red birefringence analysis of collagen organisation within a 

250 µm radius around individual mesh filaments (Fig 4B, E) showed a similar percentage of 

mature (red birefringence, Fig 4C, D) and immature (green birefringence Fig 4F, G) collagen 

after 30 days for each of the two constructs (ie PA/G and PA), irrespective of the presence of 

eMSC.  

 

4.4.7. PA/G Constructs Diminish Elastin Fibre Content of the Ovine Vagina 

It was previously shown that multiparous ewes with “POP” had higher elastin fibre levels in 

the vaginal wall than nulliparous ewes [219]. We therefore assessed elastin fibre densities by 

Hart’s stain within a 0-50 µm increment around mesh filaments in PA/G (Fig 5A, D) and PA 

explant groups (Fig 5B, E). Elastin fibre content was retained in PA explants compared to 

PA/G (Fig 5C, p<0.001), which showed a significant reduction whether or not eMSC were 

present (eMSC/PA/G) (Fig 5F, p<0.01). Elastin fibre densities were also examined in the 

distant muscularis away from the implant site in PA/G (Fig 5G, J) and PA explant groups (Fig 

5H, K). Similarly, the elastin fibre content was retained in the distant muscularis of PA and 

PA+eMSC/G explant tissue (Fig 5I, L respectively, p<0.05 for both) when compared with 

PA/G explants. However, there was no difference in % elastin area (Fig 5O) at the point of 

incision (Fig 5M) and the distant muscularis (Fig 5N) in the incisional controls. 
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4.4.8. Implanted Autologous eMSC Persist in the Vagina for 30 Days 

Allogeneic and xenogeneic implantation of MSC do not survive long when implanted in vivo 

[32, 34, 243]. Since we hypothesised that autologous cells would survive longer in vivo 

following transplantation, we sought to assess retention of autologous ovine eMSC labelled 

with FITC-conjugated IODEX paramagnetic nanoparticles. By confocal microscopy, IODEX-

FITC-labelled eMSC were observed in vitro on PA/G scaffolds 1 day following labelling (Fig 

6A.i) and in vivo in frozen sections of the vaginal tissue implanted with eMSC/PA/G (Fig 

6A.ii) and PA+eMSC/G (Fig 6A.iii) at 30 days. To determine if IODEX-FITC-labelled eMSC 

incorporated into vaginal smooth muscle, dual colour immunofluorescence was performed. 

FITC-labelled eMSC (green) did not co-localise with A568-α-SMA+ smooth muscle fibres 

(red) (Fig 6B), nor were any found within resident A568-CD45+ leukocytes (Fig 6C). The 

mean percentage of persisting IODEX-labelled eMSC was calculated to be 5.7 ± 2.3 % (mean 

± SEM) of implanted cells at day 30 for the 12 samples implanted with eMSC (PA/G and P + 

G). 

 

4.4.9. eMSC Alter Extracellular Matrix Gene Expression 

To further investigate the effects of the PA/G and PA eMSC constructs on extracellular matrix 

(ECM) metabolism, qPCR was used to analyse expression of ECM-associated genes COL1A1, 

COL3A1, FBN5 and ELN after 30 days implantation. eMSC/PA/G explants exhibited 

upregulated expression of COL1A1 (Fig 7A, p<0.01), COL3A1 (Fig 7C, p<0.01), FBN5 (Fig 

7E, p<0.05) and ELN (Fig 7G, p<0.01) compared to controls. In contrast, PA explants without 

eMSC exhibited decreased expression of COL1A1 (Fig 7B, p<0.05p) and COL3A1 (Fig 7D, 

p<0.05p) compared to controls. PA explants showed similar ELN and FBN5 gene expression 

levels to incisional controls (Fig 7F and H), although the fold changes were markedly lower 

than for the PA/G and eMSC/PA/G meshes (Fig 7E and G).  

 

4.4.10. Leukocyte Response to Implanted PA/G and PA Constructs 

The foreign body response to implanted mesh is a major determinant of mesh biocompatibility 

and is mediated by leukocytes. Immunohistochemistry for the pan-leukocyte marker, CD45 

and image analysis was used to quantify the immune response in the first 50µm increment 

around individual mesh filaments to implanted PA/G and PA constructs. As shown previously 

in rodent models [32, 34], CD45+ cells were concentrated at the mesh tissue interface of 

individual mesh filaments (Fig 8A). The CD45 positive area (%) was significantly greater in 

PA/G explants without cells compared to PA alone (Fig 8D, p<0.01). 
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To determine which leukocyte subsets were surrounding mesh filaments, immunostaining for 

M1 macrophages using a sheep cross-reactive mouse anti-bovine CD86 antibody was 

undertaken (Fig 8B). Significant differences between the controls and PA/G constructs within 

the 0-50 µm increment at the mesh-tissue interface was noted, irrespective of the presence of 

eMSC (Fig 8E, p<0.01 for both). PA/G explants exhibited greater M1 area staining than PA 

explants (p<0.01), and similarly for eMSC/PA/G versus PA+eMSC/G (p<0.001). These results 

show that the PA/G constructs provoked a greater pro-inflammatory M1 macrophage response 

than PA constructs, irrespective of the seeding of autologous eMSC.  

 

CD163 was used to measure the M2 macrophage response at the filament tissue interface 

within a 0-50 µm radius (Fig 8C). PA explants alone or with cells exhibited a stronger M2 

response compared with controls (p<0.001 and p<0.01, respectively, Fig 8F).  

 

4.4.11. Biomechanical Properties of Vaginal Tissue Implanted with PA/G and PA Mesh 

Constructs 

Biomechanical properties of mesh tissue explants explanted from the ovine vagina were 

assessed using the ball burst method. Average load/elongation curves found explanted PA and 

PA/G meshes were not different in stiffness following 30 days implantation (Supp. Fig 2A) 

and were less than normal vaginal tissue [20]. Both meshes with eMSC had higher average 

stiffness, at higher compressive extensions, with higher breaking load for the PA+eMSC/G 

meshes (Supp. Fig 2B). The PA+eMSC/G mesh exceeded the incision control in stiffness that 

is closer to normal vaginal tissue stiffness (Supp. Fig 2C). 

 

 

 

 

 

 

 

 

 

 



Chapter 4 – Composite mesh design for delivery of autologous mesenchymal stem cells 

 

115 
 

4.5. Discussion 

The main finding of our study was that mesh design was critical to mesh performance 

in an ovine model of objectively measured vaginal wall weakness. PA constructs with and 

without eMSC were characterised by a lack of mesh exposure, one of the most important 

adverse events associated with the clinical use of PP meshes. Several factors contributed to this 

lack of exposure. PA meshes without cells had high drape and were easily inserted into the 

vagina. For PA+eMSC/G constructs, the blue light crosslinking of gelatin tyrosine residues 

resulted in a highly elastic hydrogel[36] containing eMSCs. In contrast, PA/G mesh comprising 

a more densely glutaraldehyde crosslinked gelatin showed exposures irrespective of the 

presence of eMSCs. The stiffness of these latter constructs may not be the only factor in the 

poorer biocompatibility observed between PA/G with or without eMSC and PA or 

PA+eMSC/G. While pre-seeding eMSCs onto the PA/G may have provided an advantage as 

eMSCs attached to the gelatin surface and connected with each other in vitro before 

implantation, this did not prevent exposures. In contrast, eMSC/G applied to the implanted PA 

would have only attached to gelatin motifs in vivo, however, this disadvantage did not appear 

to affect the good integration observed with this construct design, suggesting that construct 

stiffness may be the main contributing factor in the exposure of the PA/G meshes that was 

minimally influenced by the eMSCs. An extra control group comprising PA+G would have 

further clarified this mechanism. The excellent integration of PA with or without eMSC 

constructs into host tissues was further demonstrated by lesser tissue disruption to the vaginal 

muscularis and a reduced myofibroblast response compared to PA/G constructs. Additional 

evidence of PA biocompatibility was shown by maintenance or increased elastin fibre content 

at the mesh tissue interface and in the distant muscularis, compared to the diminished elastin 

fibres observed in PA/G explants. The two-step PA in situ hydrogel delivery protocol also 

proved more surgeon-friendly and easier to handle during surgical implantation. When 

implanted, autologous FITC-IODEX-labelled eMSC persisted for at least 30 days in the ovine 

vagina. These eMSC upregulated collagen gene expression in the poorly integrated 

eMSC/PA/G explants and maintained collagen synthesis genes in PA+eMSC/G explants. PA 

explants exhibited a greater M2 response at the mesh-tissue interface than incisional controls. 

PA/G constructs with and without cells, by contrast, provoked a greater pro-inflammatory M1 

macrophage response. We have also demonstrated, for the first time, the potential of using 

POP-Q selected ewes with vaginal wall weakness as an animal model for POP research, 

particularly as recipients of autologous cell-based therapies and tissue engineered constructs. 

While ovine transvaginal surgery models have been previously reported [183, 185, 186], this 
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study is the first where mesh performance has been examined in a sub-group of multiparous 

ewes that had been selected and matched for defined POP. 

 

The integrity of the muscularis is vital to the strength of vaginal tissue and potentially its 

capacity to resist POP [219], and this integrity may be severely disrupted by the implantation 

of synthetic mesh [240]. Our study clearly shows that naked PA meshes integrate well into the 

tissue with minimal disruption, suggesting that the PA constructs with or without eMSC would 

be the preferred surgical synthetic mesh for future applications. Histologically, we observed 

significant disruption to the vaginal muscularis but only in PA/G explants, with less disruption 

when eMSC were incorporated into these implants, suggesting a role for eMSC in either 

replenishing smooth muscle cells or retaining them following injury. In either case, neither the 

post-surgery POP-Q measurements nor the biomechanical distensibility and strength of the 

vaginal wall was altered following mesh implantation. This was as expected due to the short 

30 day time point. Our previous studies reported a correlation between reduced thickness of 

the muscularis layer and abnormal POP-Q Ap and Aa measurements and decreased maximum 

tensile load [219]. There was also a positive correlation between elastic fibre content and Aa 

and Ap POP-Q values in the muscularis (and lamina propria), indicating greater elastic fibre 

content in the weakened ovine vagina. In murine vagina smooth muscle this has been shown 

to contribute to the biomechanical strength of the tissue [244]. These data suggest that the 

smooth muscle of the vagina plays an important role in providing biomechanical strength and 

that preservation of vaginal smooth muscle is an important goal for POP treatment. We 

hypothesise that autologous eMSC implanted in vaginal tissue may assist in replenishing 

vaginal smooth muscle, as we have previously shown that eMSC differentiate into mature 

smooth muscle cells on PA/G scaffolds in vitro [245]. 

 

The biocompatibility of synthetic transvaginal mesh is of central importance in its clinical 

application for treating POP. The impetus for using warp knitted mesh was mesh flexibility 

and an open pore structure, both of which are favourable to tissue conformation and integration 

in vivo. This knitted PA mesh also exhibited excellent biocompatibility in rodent models [33]. 

Ovine models are an established animal model for mesh evaluation, particularly for assessing 

the value of different collagen coatings on the performance of PP mesh [28, 241, 246]. 

However, the surprising difference between the poor integration of the PA/G constructs in the 

ovine vaginal wall compared with good integration in our previous studies using rat hernia and 

subcutaneous wound repair models [33, 34] indicates the importance of anatomical equivalence 
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in pre-clinical trials. We were concerned by the poor integration of PA/G explants and the high 

number of exposures following implantation, especially as we implanted them as deep as 

possible to minimise this possibility. PA constructs were less stiff compared to PA/G, where 

the glutaraldehyde cross-linked gelatin increased the stiffness and bending rigidity of the mesh 

[31]. The glutaraldehyde cross-links between the abundant amine groups in gelatin, appeared 

too stiff in the ovine preclinical vaginal surgery model, despite titrating it to a minimal 

concentration for coating the mesh. In contrast, the photochemical crosslinking of less common 

tyrosine residues in the gelatin, originally used as a highly elastic surgical sealant [36], 

provided a more elastic and flexible material for delivering eMSC to the vaginal wall. This 

made surgical implantation easier and was likely responsible for the lack of mesh exposure as 

the mesh may have moved with the tissue rather than through the planes of the tissue [247]. 

Both PA/G and PA construct groups were implanted as deep as possible. However, the ovine 

vaginal wall is thin, including the rectovaginal septum, so care was taken not to perforate the 

rectum during initial dissection. Histological examination showed that the majority of 

implanted meshes were located in the adventitia and muscularis layers of the vagina for both 

construct groups. Additionally, the PA constructs were easier to prepare and simpler to handle 

during the surgery and implantation, considerations that would not have emerged with smaller 

animal models. As these two construct types are being investigated for clinical purposes with 

eMSC, the case of surgical ease and superior integration singles out using the 2-step insertion 

procedure with the uncoated PA mesh. 

 

Coating PP and PA meshes have been evaluated before in both small and large animal models, 

particularly ewes [27-29, 241]. The initial purpose in coating monofilament PP was an attempt 

to avoid adverse reactions and gradually integrate the implant into host tissues by modulating 

the immune response. These studies also showed that while the anatomical implantation site is 

critical for mesh evaluation, the choice of animal model is also crucial as there are currently no 

recorded instances of mesh exposure in smaller animal models such as mice or rats which limits 

model equivalency to the human condition. In smaller animal models, mesh is implanted into 

alternative sites, due to the size of the vagina, which can affect results due to lack of human 

equivalency. Earlier studies in a rabbit vaginal model showed no exposures of collagen-coated 

and uncoated PP meshes [246], while in sheep vaginal models, overall exposure rates were 

around 22-25% in all PP meshes with or without collagen coatings [28, 29, 241]. Mesh 

exposure was a recurring problem in these studies with occurrences as high as 50% in uncoated 

PP meshes with reduced exposures varying from 8% to 25% depending on the type of collagen 
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coatings [28, 29]. These studies are in contrast to our current findings where no exposures were 

found with our new PA meshes and cross-linked gelation coatings were detrimental to mesh 

performance. Gelatin was considered for coating due to its cost effectiveness, biocompatibility, 

and afforded an excellent scaffold for eMSC delivery in a rodent model [34]. In contrast, our 

PA+eMSC/G constructs used a highly flexible, elastic gelatin tissue sealant based on a rapid 

in situ photopolymerised gelatin (“photoseal gelatin”) to separately deliver eMSC after surgical 

implantation of the PA mesh [32]. This approach has previously been shown to evoke no 

inflammatory response in vivo [36]. Employing this system as a two-part protocol for 

delivering autologous eMSC resulted in a greatly reduced immune response and excellent 

tissue integration, possibly due to greater elasticity of the photoseal coating, that combined 

with its adhesive properties created an in vivo construct that moved with the intra-vaginal forces 

of a larger animal model.  

 

This study showed that different synthetic mesh designs impacted the ECM of the ovine vaginal 

wall. Elastin fibres were disrupted following 30 days of implantation with PA/G, with local 

depletion at the PA/G mesh/tissue interface and the distant muscularis. In contrast, elastin fibres 

were maintained or even increased in PA meshes. eMSC did not influence the loss or retention 

of elastin fibers, already detrimentally affected in prolapsed tissue [239]. In our study, 

expression of the fibulin-5 elastin precursor was increased in the eMSC/PA/G samples, 

possibly in response to the loss of elastin protein. eMSC influence ECM remodelling, most 

likely by modulating M2 macrophage polarisation as shown in our previous studies [34, 170], 

and aligns with other findings demonstrating a link between macrophage activation, 

polarisation and tissue remodelling [248, 249]. Furthermore, eMSC upregulated collagen gene 

expression in eMSC/PA/G explants and was possibly mediated by increased M2 macrophages 

or eMSC themselves [250].  

 

Fibrosis was an intended consequence of implanted mesh in order to thicken or strengthen the 

vaginal wall to protect it against further herniation. However, chronic fibrosis and wound 

contraction is a common adverse effect [251], both of which are associated with myofibroblasts 

[252]. PA/G implants provoked a significantly detrimental myofibroblast response at the 

mesh/tissue interface compared with the PA meshes where the predominant αSMA staining 

was reduced and appeared to be mainly neovasculature rather than myofibroblasts. eMSC that 

retain their stemness properties in vitro downregulate myofibroblast and ECM genes [250], 
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which could explain why the lowest myofibroblast area was observed around filaments in 

PA+eMSC/G explants. Additionally, the superior design of the PA meshes and better 

integration could also have contributed to the lower myofibroblast response. Conversely, the 

greater disruption of the smooth muscle layer caused by PA/G implants could have provoked 

the greater myofibroblast response, rather than the material itself. Longer time-points will help 

answer this question. Regardless, due to their antifibrotic effects, the use of this mesh in POP 

treatment could minimise common adverse effects. 

 

MSC have low immunogenicity and are often used in allogeneic applications without 

immunosuppression. However, recent studies show that subsequent doses of allogeneic MSC 

are cleared more rapidly from the body [253]. One advantage of autologous MSC is their 

inherent compatibility with host tissues, allowing the administration of repeated doses. In the 

present study, to the best of our knowledge, we have demonstrated the longest persistence of 

autologous eMSC, showing approximately 6% survived 30 days in vivo. The longer MSC 

persist in the body, the greater their effect is likely to be, particularly in repairing damaged 

tissues or modulating the foreign body response to foreign grafts or mesh [106]. Human eMSC 

only survived up to 14 days in immunocompromised rats, despite having positive wound 

healing effects on the local tissues [34]. We showed that resident CD45+ leukocytes had not 

phagocytosed the implanted autologous eMSC. The exact fate of the eMSC over the time 

period remains unknown, but Ki-67 staining (see Chapter 3, Section 3.4.8) showed that 

implanted eMSC were not proliferating in vivo at day 30. The precise life span of MSC in 

general is also not yet known [254]. It is expected that senescence and cell death may be 

responsible for lack of transplanted MSC persistence in tissues. Arrest of this process or 

transplanting undifferentiated cultured MSC is expected to extend persistence when deployed 

during stem cell-based therapy [142]. Culture methods are now available that prevent 

apoptosis, senescence and spontaneous differentiation of human eMSC into fibroblasts [142, 

250]. We did not observe spontaneous differentiation of IODEX-labelled eMSC to αSMA+ 

cells in vivo, and neither did we see a toxic effect on eMSC viability or proliferative capacity 

in vitro, as has been shown in prior research using the same concentration [226]. The gradual 

expulsion of IODEX nanoparticles from the eMSC cytoplasm from cellular processes is 

another possibility, however the retention of IODEX nanoparticles has been observed in MSC 

for up to eight weeks in ovine spinal columns, and therefore seems unlikely [227]. However, a 

lentiviral labelling vector incorporating a fluorescent dye gene that integrates into the host 
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DNA could be used [32] to avoid any risk of IODEX dilution from cell division, which cannot 

be ruled out as only one time point (30 days) was examined.  

 

The immune system plays a central role in the biocompatibility of mesh implants, and a 

significant factor is the macrophage. Broadly speaking, there are two main populations of 

macrophages at a wound site, classically activated “pro-inflammatory” M1 macrophages and 

“pro-wound healing” M2 macrophages [255]. We observed a different histological immune 

response to eMSC/PA/G and eMSC+PA/G implants, with a greater M1 macrophage and 

reduced M2 response to implanted PA/G constructs compared with PA. There was reduced 

overall leukocyte infiltration in PA+eMSC/G explants, yet greater M1 and M2 positive staining 

area. Our results confirm that of our prior study using an immunocompromised rat model and 

observed particular macrophage activity immediately following surgery (favouring M1 

macrophages) and later days (favouring M2 macrophages), but not significant activity at 30 

days [34]. It is possible that 30 days is not the ideal time point to investigate the effect of 

implanted eMSC on the host immune system, and a more definitive result may be possible at 

earlier (7 days) or later (90 days) time points. In either case, our studies demonstrate the ability 

of eMSC to modulate the immune system to facilitate wound healing and mesh 

biocompatibility in rat, mouse [32, 34, 170] and for the first time in an ovine model. 

 

There are some limitations to our study. Firstly, there was not a PA+G control group to 

determine whether the lightly photo-crosslinked gelatin had any effect on the tissue response. 

However, our data shows that the eMSC on PA+eMSC/G constructs had negligible effect 

compared to PA alone, indicating that if the photo-crosslinked gelatin was having an 

independent effect, we would have observed this. Our most significant findings, such as the 

lack of expsoure of photo-crosslinked PA gelatin coating compared to stiffer PA/G meshes 

stabilised with glutaraldehyde, persistence of autologous eMSC for at least 30 days in the ovine 

vagina and optimisation of the ovine animal model for transvaginal mesh surgery by selecting 

multiparous ewes on the basis of abnormal POP-Q values were not impacted by the lack of this 

control group. Our single 30 day time point also limits our ability to fully observe mesh 

exposure rates in the longer term (eg. 90 days). Secondly, our method of analysing M1/M2 

populations at the tissue-mesh interface, though innovative in its objectivity, was performed 

using a single section for each sample. It is possible that analysis of multiple sections per 

sample could yield more accurate results. Thirdly, while we attempted to surgically implant 
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the PA/G and PA constructs between the muscularis and adventitia of the vagina, the ovine 

vaginal tissue is thin and the mesh location varied between these layers. We used 

urogynaecology training fellows (JM, PK) to surgically insert the mesh to ensure accurate 

positioning. It is unknown to what extend this has impacted the results, but future studies will 

make every effort to standardise the position of the implant. 

 

5. Conclusion  

This study demonstrated that the composition and design of tissue engineering constructs for 

delivering a cell-based therapy is important for transvaginal repair surgery in a novel 

multiparous ovine model of POP. Unlike previous studies using multiparous ewes, we pre-

selected sheep and experimental groups were matched on their POP-Q results. In a 2-step 

surgeon friendly procedure, PA mesh with excellent drapeability, implanted first with eMSC 

delivered subsequently in situ, shows better integration than a composite mesh of PA/G. 

However, we were unable to fully distinguish the impact of the gelatin cross-linking method 

(glutaraldeyde vs blue light) through lack of a PA+no cells/G control.  Implanted autologous 

eMSC persisted for 30 days in the vagina near mesh filaments, influencing both the host 

immune response, ECM remodelling and fibrotic response, demonstrating the value of an 

autologous approach. This study provides new materials for POP research and an improved 

animal model of POP, but it also demonstrates the complexity of the problem. In a time when 

commercial mesh has been withdrawn from several major markets, new bioengineering 

approaches tested in an authentic preclinical POP model offers potential therapies for women 

with POP who currently have few effective treatment options. Such an approach has potential 

to advance towards clinical studies.  
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The main goal of this thesis was to optimise a functional large animal model of POP as a test 

system for evaluating new scaffolds intended for the delivery of eMSC to support and repair 

weakened vaginal walls. For my thesis I focused on refining the ovine animal model and 

demonstrated the importance of mesh design for treating POP. I first characterised the vaginal 

tissue in the ovine animal model using clinical, physical, histological, biochemical and 

biomechanical approaches. I observed that increasing parity thinned the muscularis of the 

vaginal wall and increased the elastic fibre content, which correlated with a weakened and more 

flexible vagina in multiparous ewes. I utilised a modified clinical POP-Q evaluation system 

that measures vaginal tissue distensibility [183]. This allowed the specific selection of ewes 

with vaginal wall weakness and the matching of animals between experimental groups. I 

observed the importance of mesh design and biomechanical compliance, as the stiffer 

glutaraldehyde stabilised gelatin-coated polyamide mesh (PA/G) integrated poorly and had 

high rates of exposure during both the pilot study and 30 day trial. In comparison, a two-step 

protocol in which the same PA mesh without gelatin was implanted followed by a cell/gelatin 

mixture applied and photocross-linked in situ (creating a very elastic/flexible gelatin scaffold), 

proved the superior mesh scaffold system for delivery of eMSC into the vaginal wall. Using 

this animal model allowed us to demonstrate autologous IODEX-labelled eMSC persisted until 

30 days after implantation.  

 

The ovine animal model is emerging as one of the most human-equivalent models available for 

studying the pathology and treatment of POP. Not only do ewes develop POP spontaneously 

at relatively high rates, around 15%, but the most typically affected ewes are older and 

multiparous, similar to onset in women [227, 251, 256]. Similar to women, ewes have a 

comparable vaginal length and diameter, a pelvic anatomy with a tri-level support system, and 

a large head-to-pelvis ratio that impacts vaginally-delivered young [179, 257]. These properties 

have seen the use of ovine models expand rapidly over the past decade, with efforts to map the 

biomechanical and anatomical composition of their vaginal tissue leading to a wealth of 

information for their use as models in the development of POP treatment [175, 258-260]. We 

have further refined the ovine animal model by using the modified POP-Q to select ewes for 

our experimental groups by selecting ewes with abnormal POP-Q measurements at points Aa 

and Ap for use in our TE 7 day implantation pilot and 30 day trial. I identified adverse outcomes 

that did not occur in smaller animal models, such as lack of biocompatibility of PA/G 

composite constructs exemplified by mesh exposure that would have undoubtedly arisen in any 

preclinical trial with women. The optimisation and use of the ovine model has provided insight 
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into the practicality of the surgical procedure itself, particularly the implantation of the TE 

construct. The PA/G constructs were difficult in both handling and implanting, with surgeons 

often commenting on the stiffness of the gelatin-coated mesh and the challenge they posed to 

implant into the vaginal wall. In contrast, non-coated PA mesh was easy to handle and draped 

over the tissue without difficulty.  Minimalizing difficulties associated with cell-seeded TE 

constructs through the use of a simpler 2 step insertion procedure will minimize the learning 

curve required for urogynaecologists to apply this new approach and would contribute to the 

success of future TE-based POP treatment.  

 

In the first aim of my thesis I assessed the effect of parity on the ovine vaginal wall by 

correlating histological, biochemical and biomechanical results with POP-Q and pressure 

sensor measurements in nulliparous, primiparous and multiparous ewes. The two most 

significant alterations to the multiparous vaginal wall was the reduction of the total smooth 

muscle area (muscularis) and the increased elastic fibre content of the lamina propria. These 

two main findings were associated with a mechanically weaker and more flexible vaginal 

tissue, which is similar to what we observed during our previous analysis of ovine vaginal 

tissue from the same region [180]. It is interesting to consider that the original aim of synthetic 

mesh implantation was to instigate a fibrotic response that would thicken the vaginal wall with 

mostly collagenous scar-tissue. However, our data (from both Aims 1 and 3) suggests that the 

vaginal tissue contains sufficient collagen, meaning that the majority of herniation resistance 

is provided by a thinned layer of smooth muscle. Histological examination of prolapsed vaginal 

tissue from parous women exhibited disorganised smooth muscle cells that had been displaced 

by increased collagen III deposition [45]. This was similar to our findings in our ovine model 

with a reduced smooth muscle area and increased lamina propria (composed mostly of 

collagen) portion of the vaginal wall, which supports our suggestion that the integrity of the 

muscularis is important for resisting POP. Other research investigating the effect of parity on 

the structure of the pelvic floor muscles showed increased fibre length and decreased muscle 

tensile strength in older women, likely contributing to POP vulnerability [261]. The 

preservation of the muscularis layer should be a prime consideration for any future mesh 

research, either through surgical avoidance of damaging muscularis integrity or possibly 

through treatment targeting smooth muscle cell replenishment. Though neither of these were 

within the scope of my research project, it would be interesting to investigate the potential for 

targeted smooth muscle restoration within the muscularis, or to prevent its loss, as an 

alternative means of treatment for POP. eMSC are capable of differentiating into smooth 
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muscle cells in vitro, though no evidence was observed for this having occurred in vivo at 30 

days in my study [262]. Our laboratory is currently investigating POP-prevention by assessing 

the effect of autologous ovine eMSC injected into balloon-injured vaginal walls of nulliparous 

ewes as a model of first birth injury, as the most damage occurs during first vaginal delivery in 

women [47]. Promoting the healing of the muscularis layer damaged by vaginal birth could 

prevent the need for future POP treatment altogether and would be a preferable alternative to 

surgically implanted synthetic materials [166, 263]. 

 

Ovine animal models are growing in popularity, but the selection of ewes on the basis of POP-

Q measurements has not previously been undertaken. Our innovation in using an ovine model 

with POP-Q confirmed-vaginal weakness is, we believe, the closest model of recapitulating 

women with POP. The importance of this progress is supported by findings from my first aim, 

where we showed that multiparous vaginal tissue was considerably weaker with reduced 

stiffness than either nulliparous and primiparous ewes. The difference between multiparous 

and primiparous ewes was only the delivery of a single lamb, reinforcing the importance of 

vaginal trauma during first vaginal delivery [47]. Our study was innovative by also correlating 

histological findings with both POP-Q and pressure sensor measurements. Using this method, 

we were able to observe the anatomical effect of parity and statistically link those effects with 

POP-Q measurements of tissue distensibility. 

 

In the second aim of my thesis, I optimised both the IODEX labelling of eMSC and the ovine 

animal model we would use for future preclinical trials of TE constructs to track eMSC fate. 

The fate of IODEX-labelled eMSC implanted in ovine vagina on a TE construct is currently 

unknown. The use of IODEX nanoparticles (a type of superparamagnetic iron oxide 

nanoparticle, or SPION) are well documented for labelling other cell types [225, 226], and 

similar to previous studies using IODEX nanoparticles to label many other cell types, my 

optimisation studies for labelling eMSC showed similar concentrations (10ug/100,000 

cells)were optimal. Even after 6 days culture, IODEX-labelled eMSC still retained 20% of the 

initial IODEX label. Despite poor PA/G mesh integration into ovine vaginal tissue, 

considerable retention of IODEX within the cytoplasm was detected in vivo suggesting 

proliferation of the labelled eMSC. However, no Ki-67+ eMSC were detected, suggesting the 

eMSC were not proliferating in vivo and neither were they cleared by macrophages in vivo. At 

30 days the implanted IODEX-labelled eMSC remain near the implantation site, most likely 

secreting pro-wound healing cytokines until either being taken up by resident macrophages or 
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remaining in the surrounding tissues. This supports the current evidence in rats that eMSCs 

exert a paracrine mechanism of action in improving PA/G mesh integration rather than 

incorporating into surrounding tissues. [34]. The ease and speed of IODEX labelling and their 

nontoxicity to eMSC, makes FITC-IODEX nanoparticles an attractive method of cell tracking 

for short-term time-points of TE construct implantation.  

 

One concern was the variation in the purity of CD271+/CD49f– eMSC in the samples used for 

implantation, even though they were cultured for similar passages. Our measure of ovine eMSC 

“stemness” was using the percentage of CD271+/CD49f– cells, the same markers used to isolate 

eMSC from ovine endometrium [129]. This variability could be due to biological variation 

between individual ewes or perhaps that the ovine eMSC spontaneously differentiated into 

fibroblasts during culture expansion as shown for human eMSC [141, 142]. MSC populations 

losing stemness with is supported by the established literature [142, 232]. Arresting this loss in 

passaged eMSC has been achieved by culturing in a serum-free medium containing the 

transforming growth factor beta (TGFβ) receptor inhibitor, A83-01. A83-01 prevents 

SMAD2/3 phosphorylation [142]. Its inclusion in cultures of late-passage eMSC maintained 

clonogenicity and differentiation potential while blocking senescence and apoptosis. As a small 

molecule inhibitor, A8301 is potentially a useful alternative to current methods of culturing 

eMSC for POP treatment and should be used in future TE preclinical research involving eMSC.  

 

I demonstrated for the first time that autologous eMSC persist for up to 30 days following 

implantation into host recipient vaginal tissue. Our previous research, using human eMSC on 

PA/G meshes implanted into an immunocompromised rat model, showed limited eMSC 

retention. By 14 days most DIO-labelled human eMSC were no longer detectable in rat models 

and it was hypothesised that host macrophages phagocytosed implanted human eMSC. The 

results generated in my third aim supports this hypothesis, due to the persistence of IODEX-

labelled autologous ovine eMSC in sheep for up to 30 days.  The lack of phagocytosed IODEX 

nanoparticles observed in immunostained CD45+ leukocytes in vaginal tissues implanted with 

autologous eMSC suggests they avoid host immune rejection and therefore persist for the long-

term. Xenogenic human eMSC were taken up by the macrophages of the immunocompromised 

rat model after 14 days, yet their influence persisted 30 and 90 days after implantation, likely 

due to the initial secretion of exosomes and cytokines [250]. If xenogeneic eMSC have this far-

reaching influence weeks after their removal, the potential of autologous eMSC for influencing 
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long-term wound healing is an exciting prospect worthy of exploration in longer term (90 days) 

in the ovine vaginal surgery model. 

 

In Aim 3 my comparison between PA/G and PA constructs with incisional controls showed 

that the PA/G constructs were poorly integrated and highly folded, with high rates of exposure. 

This also could have masked detectable changes in the distribution of CD86+ M1 inflammatory 

macrophages and CD163+ M2 macrophages at the filament/tissue interface, hindering 

interpretation on the effect of autologous eMSC on the innate immune system. This is in 

contrast to the well-integrated PA constructs, which exhibited an increase in the M2 population 

compared to incisional controls. The lack of significant difference in macrophage response 

between the 2 mesh designs (PA vs PA/G construct groups) by the presence of autologous 

eMSC was unexpected, given our prior research observing the immune-modulatory properties 

of eMSC by 30 days [34].  In contrast, the PA constructs integrated well regardless of the 

presence of eMSC, with only slight differences in the immune response between PA constructs 

with and without eMSC. Though these data might suggest that the presence of eMSC is not 

necessary and that mesh design takes precedence, our time point was too early to witness any 

potential long-term benefits of eMSC. Longer time points could further explore the long-term 

effects (ie 90 days) of the implanted eMSC. 

 

My third aim also demonstrated the suitability of our improved ovine model of POP and the 

importance of mesh material design on tissue integration and adverse events associated with 

transvaginal implantation of mesh. We used PA mesh which was synthesised by monofilament 

warp knitted to have both large (0.99 +/- 0.10 mm2) and small (0.04 +/- 0.02 mm2) pore areas. 

Established literature on mesh material demonstrated that porosity is of particular importance 

to the biocompatibility and integration of mesh implants [10, 264]. This suggests part of the 

failure of our monofilament PA/G constructs to integrate into the vagina of a large animal 

model was due to the pores of the PA mesh being completely filled with gelatin, which resulted 

in a stiffer, less drapeable mesh [31]. The purpose of the gelatin-coating was to provide a 

biocompatible scaffold to deliver high numbers of eMSC for implantation. However, the 

porcine gelatin we used is aqueous at body temperature. Cross-linking the gelatin with 

glutaraldehyde stabilised the gelatin as a high-density gelatin-coat which provided an adequate 

PA/G scaffold in our smaller animal models [34, 170]. This coat also increased the stiffness of 

the resulting construct compared to PA mesh on its own, which was not apparent in smaller 

animal models but which became evident in our ovine animal model through high rates of 
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exposure. This is likely due to biomechanical mismatching between the PA/G constructs and 

surrounding tissues. The exposure we observed is similar to other studies that also used coated-

mesh implanted into ovine animal models and experienced high rates of exposure [28, 29]. The 

alternative elastic-based gelatin containing eMSC which was cross-linked in a two-step 

protocol that involved a ruthenium-based photo-crosslinking agent produced a less dense and 

more flexible gelatin that biomechanically matched the surrounding tissue [36]. The lack of 

coating is also the likely reason the PA mesh on its own was more drapeable. In addition to the 

increased drapability of PA mesh, the two-step procedure for implanting mesh and cells is 

significantly easier for the surgeons to use. This is an important consideration for clinical 

translation of MSC-based TE treatment for POP, as surgical implantation is a critical step 

which already varies with the skill of individual surgeons.  

 

The implantation process of a TE construct was traumatic to the vaginal tissue, particularly the 

recipients of PA/G constructs with disruption of the muscularis layer and diminishment of 

elastic fibre content compared to controls. Both TE constructs were traumatic, but the PA 

construct was more compliant with the natural tissue, easier to handle and retained ECM and 

smooth muscle content that could be conducive to successful long-term recovery. Furthermore, 

the target for this proposed treatment would be women who already have POP and require TE 

construct insertion to repair the herniation and restore damaged tissue. According to my first 

aim, this muscle layer will have thinned in multiparous, older women who experience POP. 

This should serve to guide future mesh development to not only support the herniated tissue, 

but also regeneration of the thinned vaginal muscularis. Preserving the elastic fibre content and 

assuaging the myofibroblast response in weakened vaginal tissue has promise to improve 

surgical POP repair operations. Our unique multiparous ovine transvaginal surgery model 

using ewes with weakened vaginal tissue and the two-step PA and eMSC implantation protocol 

demonstrated not only a superior method of cell delivery, but also of tissue preservation. It is 

likely such an approach would doubtless improve the regenerative potential of implanted 

autologous MSC. To this end, nanofiber constructs are being investigated for their potential to 

treat POP with an electrospun nanofiber mat that is both extremely light and flexible, [265] and 

are showing potential as a scaffold for the delivery of cells [149, 166, 266-268] where gelatin 

polymer blends are showing excellent biocompatibility. I have performed an innovative 

refinement of the ovine animal model of POP, which could provide these new mesh types with 

a human equivalent model needed to further investigate their potential for clinical translation.  
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Appendix Figure 4: Organised and disorganised collagen content of ovine vaginal wall 30 days 

following implantation of PA/G and PA constructs: Birefringence images of Sirius Red stained tissues 

showing large, organised red fibrils in A) PA/G, B) eMSC/PA/G and C) PA+eMSC/G explants. Thinner, 

disorganised, green collagen fibrils were observed in D) PA/G, E) eMSC/PA/G, F) PA+eMSC/G explants. 
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