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Summary
Tissue engineering, is a prominent alternative solution that aims to restore, maintain and
improve the tissue function. Huge advances in tissue engineering have occurred over the
past two decades and the rapid development of new biomaterials has great potential in
Women’s urogynaecological health. Tissue engineering could revolutionize the treatment
of Stress Urinary Incontinence (SUI) and Pelvic Organ Prolapse (POP), common pelvic
floor disorders affecting large numbers of women worldwide.
Pelvic organ prolapse is the downward descent of one or more of the pelvic organs
(uterus, bladder, and bowel) into the vagina. Women with prolapse commonly have a
variety of pelvic floor symptoms. Generalised symptoms include pelvic heaviness, bulge,
lump or protrusion coming down from the vagina. Symptoms of bladder, bowel or sexual
dysfunction are frequently present. The aetiology of POP is complex and multifactorial.
Possible risk factors include pregnancy, vaginal delivery, congenital or acquired
connective tissue abnormalities, denervation or weakness of the pelvic floor muscles,
ageing, hysterectomy, menopause and factors associated with chronically raised intraabdominal pressure. Reconstructive surgery is the main treatment option for women with
symptomatic POP. However, due to relatively high failure rate of POP native tissue
surgery, synthetic meshes were introduced about 15 years ago. The aim was to provide
additional support not provided by existing and damaged pelvic floor musculature,
ligaments and endopelvic fascia to augment surgical reconstruction. Although mesh
surgery was, until very recently, the most common type of treatment for POP, a wide
range of complications have arisen from the use of transvaginal mesh in POP surgery for
~10% of cases.
xi

Designing new mesh with improved characteristics and investigating the use of a tissue
engineered construct are important advances needed to progress the field. In the first part
of this thesis, I assessed whether the format of collagen coating a mesh affects the ovine
vaginal wall response to the mesh. Meshes containing collagen, either as a coated sheet
or in soluble form around individual filaments, did not reduce leukocyte accumulation
around the mesh filaments and the majority of inflammatory leukocytes around the
filaments were macrophages. Secondly, increased micro-vessel density and therefore
vascularization was found around the collagen coated mesh filaments at 60 days, which
had resolved by 6 months. Thirdly, there were significant differences at the micromolecular level at the mesh-tissue interface, using birefringence of Sirius Red stained
tissues and quantitative morphometric image analysis to track the maturation of newly
laid down collagen fibres during the healing phase following mesh implantation. Both
mesh containing collagen lead to physiological tissue formation approaching that of
normal tissue.
One of the main issues resulting from biomaterial implantation, which should be taken
into account, is the host response to implanted mesh. During this host response, two main
types of macrophages play a key role. M1 inflammatory macrophages which are
responsible for classic signs of inflammation and M2 regulatory macrophages which
promote tissue healing. The balance between the M1 and M2 macrophage response
determines the success or failure of implanted biomaterials. Since non-degradable
biomaterials aim to provide long term mechanical support, it is important that the host
response promotes biomaterial integration into the tissue with minimal M1 macrophage
response. To prevent prolonged detrimental effects of M1 macrophages, a timely switch
xii

from a M1 to M2 macrophage phenotype is required. Since Mesenchymal Stem Cells
(MSC) facilitate the switch from M1 to M2 phenotype, co transplantation of MSC with
biomaterial has been suggested.
Although bone marrow mesenchymal stem cells (bmMSC) showed promising results as
cell-based therapies in preclinical models, their isolation from bone marrow is invasive
and requires anaesthesia. In general, the isolation methods used (plastic adherence) fail
to purify the undifferentiated MSC from the predominant population of fibroblasts and
these cell preparations are heterogeneous. Human Endometrial Mesenchymal
Stem/Stromal Cells (eMSC) are a newly identified MSC type that is easily accessible by
minimally invasive office based procedure not requiring anaesthesia. In the second
chapter of this thesis, the effects of mCherry labelled eMSC on macrophage response to
implanted mesh was assessed in two mouse models; immunocompetent (C57BL6) and
immunocompromised (NSG). Meshes seeded with mCherry eMSC (for tracking
purposes) resulted in a reduced inflammatory response and greater numbers of M2
macrophages in the early days post implantation in C57BL6 and at later time points in
NSG mice. eMSC showed inhibitory effects in both immune intact and immune
compromised systems suggesting that immune intact mice are suitable for tissue
engineering studies using stem/progenitor cells, although the implanted cells do not
persist.
In the third part of my thesis, the source of macrophages responding to implanted mesh
was studied. Following systemic depletion of monocytes with IV injection of clodronate. I
found that the accumulated macrophage population around the mesh filaments were not
blood recruited monocytes. The assessment of resident macrophage behaviour revealed
xiii

that macrophages accumulated around the mesh filaments were not proliferating. The
next step would be assessment of the migration of tissue macrophages to the site of
implantation. However, this was not feasible within the time frame of this thesis.
In conclusion, a tissue engineering construct using MSC could be an appropriate
alternative treatment for POP and eMSC are a promising source of mesenchymal stem
cells for use in tissue engineering studies. Further assessment of responding
macrophages to implanted biomaterials is needed for the future design of materials which
evoke immune responses that improve the integration of biomaterial rather than rejection
and fibrosis.

xiv

General Declaration
In accordance with Monash University Doctorate Regulation 17 Doctor of Philosophy
(PhD) regulations, the following declarations are made:
I declare that this thesis contains no material which has been accepted for the award of
any other degree or diploma at any university or equivalent institution and that, to the best
of my knowledge and belief, this thesis contains no material previously published or
written by another person, except where due reference is made in the text of the thesis.
This thesis includes one original paper published in peer reviewed journal (Chapter 2)
and one submitted manuscripts which is under review (Chapter 3) and one review
manuscript published in peer reviewed journal (included in the appendix). The core theme
of the thesis is tissue engineering and human mesenchymal stem cells. The ideas,
development and writing up of all the papers in the thesis were the principal responsibility
of myself, the candidate, working within the Ritchie Centre, Hudson Institute of Medical
Research under the supervision of Professor Caroline Gargett, Professor Jerome
Werkmeister and Doctor James Deane.
The inclusion of co-authors reflects the fact that the work came from active collaboration
between researchers and acknowledges input into team-based research.

xv

Thesis
Chapter

Publication Title

Publication Nature and extent
Status
of candidate’s
contribution

1

Identification and Characterization of Published
Human Endometrial Mesenchymal (Appended)
Stem/Stromal Cells and Their Potential
for Cellular Therapy

75%

2

Tissue response to collagen containing Published
polypropylene meshes in an ovine
vaginal repair model

80%

3

Endometrial Mesenchymal Stem/
Stromal Cells Modulate the
Macrophage Response to Implanted
Polyamide/Gelatin Composite Mesh in
Immunocompromised and
Immunocompetent Mice

85%

Student signature:

Submitted

Date: 12.08.2017

Main supervisor signature:

Date: 12.08.2017

xvi

Publications and Abstracts
Published Journal Articles
Darzi S, Urbankova I, Su K, White J, Lo C, Alexander D, Werkmeister JA, Gargett CE,
Deprest J. Tissue response to collagen containing polypropylene meshes in an ovine
vaginal repair model. 2016 Jul 15; 39:114-23. doi: 10.1016/j.actbio.2016.05.010
Darzi S, Werkmeister JA, Deane JA, Gargett CE. Identification and Characterization of
Human Endometrial Mesenchymal Stem/Stromal Cells and Their Potential for Cellular
Therapy. 2016 Sep;5(9):1127-32. doi: 10.5966/sctm.2015-0190.
Submitted Journal Articles
Darzi S, Nold C, Deane JA, Edwards S, Daniel Gough, Mukherjee S, Gurung S, Tan KS,
Adi Vashi, Gurung S, Werkmeister JA, Gargett CE. Endometrial Mesenchymal
Stromal/Stem Cells Modulate the Macrophage Response to Implanted Polyamide/gelatin
Composite Mesh in a Mouse Model
Presentations
Saeedeh Darzi, James Deane, Claudia Nold, Sharon Edwards, Daniel Gough, Shayanti
Mukherjee, Shanti Gurung, Kersin Tan, Aditya Vashi, Jerome Werkmeister, Caroline
Gargett. “Endometrial Mesenchymal Stromal/Stem Cells Modulate the Macrophage
Response to Implanted Polyamide/Gelatin Composite Mesh in Immunocompromised and
Immunocompetent Mice”. Society for Reproductive Science, Perth, Australia, 27-30th
August 2017.
Saeedeh Darzi, James Deane, Sharon Edwards, Daniel Gough, Jerome Werkmeister,
Caroline E Gargett. “Interplay Between Macrophages and Human Endometrial

xvii

Stem/Stromal Cells on Mesh Implants in a Mouse Model”. International Congress of
Immunology, Melbourne, Australia. 21-26th August 2016.
Saeedeh Darzi, James Deane, Sharon Edwards, Daniel Gough, Jerome Werkmeister,
Caroline E Gargett. “Interplay Between Macrophages and Human Endometrial
Stem/Stromal Cells on Mesh Implants in a Mouse Model”. International Society for Stem
Cell Research, San Francisco, California, USA. 22-25th June 2016.
Saeedeh Darzi, James Deane, Sharon Edwards, Daniel Gough, Jerome Werkmeister,
Caroline E Gargett. “Interplay Between Macrophages and Human Endometrial
Stem/Stromal Cells on Mesh Implants in a Mouse Model”. 4th World International
Congress on Tissue Engineering and Regenerative Medicine International Society
Boston, USA, 8-11th September 2015.

xviii

Chapter 1
Introduction

19

Chapter 1 - Introduction
1.1.

Pelvic Organ Prolapse

Pelvic organ prolapse is the downward descent of one or more of the pelvic organs
(uterus, bladder, and bowel) into the vagina (Fig.1) It is a disorder exclusive to women
and can affect the anterior vaginal wall, where the bladder herniates to form a cystocele,
and/or, posterior vaginal wall where the prolapsed bowel causes a rectocele. Apical
prolapse involving the small intestine forms a enterocele, and uterine or apex (in
hysterectomised women) causes uterine descent or vault collapse of the vagina, often in
combination.

Figure 1. Different types of Pelvic Organ prolapse
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Anterior vaginal wall (Cystocele), Posterior vaginal wall (Rectocele) and Uterine prolapse.
Image is adapted from www.vanea.com.au

1.1.1.

Anatomy of the pelvis

The anatomic structure of female pelvic floor comprise several muscles of pelvic floor, the
surrounding dense fibromuscular connective tissue of the vagina known as the endopelvic
fascia and the suspensory ligaments. These structures provide three levels of pelvic
organ support (Fig.2) (Ashton-Miller and DeLancey, 2007).

Figure 2. Schematic of the three levels of pelvic organ support
The schematic shows the ligaments at level I, endopelvic fascia at level II and muscles at
level III– Reproduced with permission from Delancey, AJOG 1992.

Endopelvic fascia (level II) is a fibrous connective tissue layer surrounding the vaginal
walls. The levator ani is a broad muscular sheet of variable thickness attached to the
21
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internal surface of the true pelvis. It has the ability to contract quickly with a sudden
increase in abdominal pressure, e.g. during a cough, sneeze or physical activity, thereby
minimizing the maximum stretch the muscle experiences (Schwertner-Tiepelmann et al.,
2012). The interaction between the pelvic floor muscles and the supportive ligaments is
critical for pelvic organ support. Any form of prolapse can occur due to weakened or
damaged muscles and/or any other failure in this supporting complex of the pelvic floor
components e.g. pelvic fascia, ligaments and pelvic floor muscles (Ashton-Miller and
DeLancey, 2007).

1.1.2.

Symptoms, etiology and incidence of POP

Women with prolapse commonly have a variety of pelvic floor symptoms. Generalised
symptoms include pelvic heaviness, bulge, lump or protrusion coming down from the
vagina; a dragging sensation in the vagina or backache. Symptoms of bladder, bowel or
sexual dysfunction are frequently present (Jelovsek et al., 2007).
The aetiology of POP is complex and multifactorial. Possible risk factors include
pregnancy, vaginal delivery, congenital or acquired connective tissue abnormalities,
denervation or weakness of the pelvic floor, ageing, hysterectomy, menopause and
factors associated with chronically raised intra-abdominal pressure (Jelovsek et al.,
2007). During vaginal delivery, pelvic floor muscles, nerves and connective tissues are
stretched and compressed. Neurophysiologic studies revealed that vaginal deliveries
cause partial denervation of the pelvic floor muscles in most women (Snooks et al., 1984,
Sultan et al., 1994) and overstretching of ligaments and endopelvic fascia. In 10-20% of
women delivering their first child, forceps delivery, prolonged second stage labour, large
22
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infant birth weight, anal sphincter laceration and episiotomy exacerbate pelvic floor injury
leading to POP (Ashton-Miller and Delancey, 2009). Women having vaginal delivery have
higher risk of developing POP comparing to those undergoing caesarean (Lukacz et al.,
2006), however 9 caesarean sections are needed to prevent one incidence of POP
requiring surgery (Deprest and Feola, 2013).
Obesity is associated with chronically increased abdominal pressure. An increased body
mass index puts continual extra force on the pelvic support structures that may have a
role in the development of POP. Women who are overweight (body-mass index 2530kg/m2) and obese, are at high risk of developing POP (Moalli et al., 2003).
Collagen concentration could be another important factor in POP pathogenesis. The
endopelvic connective tissue in younger women with POP contains less collagen
compared to controls without POP (Soderberg et al., 2004). However, in a contradictory
study, in women with POP the total collagen, predominantly collagen III, was higher in
vaginal apex, compared to women without POP, which suggested that the tissue is
actively remodelling (Moalli et al., 2005b). Disorders of collagen metabolism are also a
causative factor is some women (Jelovsek et al., 2007). There may be some changes in
collagen metabolism including decreased collagen I and increased collagen III in people
with POP (Jelovsek et al., 2007).
Elastin is one of the most stable protein in extracellular matrix (Mecham et al., 1997).
However, in female reproductive system, the amount of elastin significantly increases
during pregnancy (Woessner and Brewer, 1963). Studies showed that elastin plays an
important role in providing support for female pelvic (Liu et al., 2006) floor and women
with elastin deficiency have higher risk of developing POP (Paladini et al., 2007).
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Aging is considered as a risk factor for POP (Rortveit et al., 2010). However, it is not
clear whether accompanying risks associated with ageing eg diabetes are also
contributing factors. In a study involving 971 interviews of women between 17-90 years
with 31% complaining of prolapse symptoms, the correlation between ageing and POP
development was not significant (Dietz, 2008). The incidence of POP in developing
countries is 19.7% (Walker and Gunasekera, 2011) and 25% of all women in U.S have
one or more symptoms of pelvic floor disorders which includes 2.9% with POP (Nygaard
et al., 2008). In a review by Barber and Maher based on the English-language scientific
literature in PubMed (up to January 2012) POP has a prevalence of 3-6% when defined
by symptoms and 50% when based on vaginal diagnosis (Barber and Maher, 2013). Wu
et al. have predicted that by 2050 the number of women suffering from symptomatic POP
in the United States will increase by a minimum of 46% up to 200% (Wu et al., 2009).
1.1.3.

POP diagnosis

Diagnosis is based on a clinical score. Pelvic organ prolapse quantification (POP-Q) is
the only acceptable grading system which is highly reproducible and reliable (Bump et
al., 1996). In this system, the hymen is the fixed point of reference and six defined points
are measured in centimetres above or below the hymen (Fig.3). POP is categorised into
4 stages based on the POP-Q. (Table 1) (Persu et al., 2011).
Figure 3. Points and landmarks for POP-Q system examination
Aa, point A anterior, Ap, point A posterior,
Ba, point B anterior; Bp, point B posterior; C, cervix or vaginal cuff;
D, posterior fornix (if cervix is present); gh, genital hiatus; pb,
perineal body; tvl, total vaginal length. Adapted from Persu C et al.,
Journal of Med Life, 2011, with permission.
24
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Stage

Clinical symptoms

0

Prolapse is not demonstrated

I

The most distal portion of the prolapse is more than 1 cm above the level of the hymen

II

The most distal portion of the prolapse is 1 cm or less proximal or distal to the hymenal plane

III

The most distal portion of the prolapse protrudes more than 1 cm below the hymen but no
farther than 2 cm less than the total vaginal length (for example, not all of the vagina has
prolapsed).

IV

vaginal eversion is essentially complete

Table 1. Prolapse Classification
Reproduced with permission from Persu C et al., Journal of Med Life Vol. 4, No.1, P7581, 2011

1.2.

Treatment options for Pelvic Organ Prolapse

Treatment of prolapse depends on the severity of the prolapse, the symptoms, the
woman’s general health, and surgeon preference and capabilities. Options available for
treatment are conservative (non-surgical), or surgical interventions. Pelvic floor muscle
training and pessary use are both non-surgical treatments. Pelvic floor exercise may limit
the progression of mild prolapse and lessen mild symptoms (Braekken et al., 2010).
Pessaries are inserted into the vagina to provide support to the related pelvic structures,
and to reduce pressure on the bladder and bowel (Jelovsek et al., 2007).
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1.2.1.

Surgery for POP repair

Reconstructive surgery is a treatment option for women with symptomatic POP. In 1997,
Olsen et al. estimated the incidence of surgically managed POP and urinary incontinence
(UI) in a cohort of women in a general population. They showed 11.1% lifetime risk of a
single operation for POP and UI and a large proportion (29.2%) of women requiring
reoperation (Olsen et al., 1997). In 44,728 incident cases obtained from Western Australia
Data Linkage System of women aged 18 years or older between 1981 – 2005, Smith et
al found that by age 85, 20.5% required POP surgery between 1981–1985, 21.1%
between 1991–1995 and 19.0% for the period 2001–2005 (Smith et al., 2010b). The
annual incidence of POP surgery ranges between 1.5 and 1.8 cases per 1,000 womenyears, and the incidence peak is in women between 60 and 69 years. In USA, POP is the
leading cause of more than 300,000 surgical procedures per year in women (22.7 per
10,000 women) with 25% undergoing reoperations at a total annual cost of more than 1
billion dollars per annum (Barber and Maher, 2013). Reoperation after POP surgery for
recurrence is an important measure of procedure efficacy related to unsuccessful surgical
outcomes or surgical failures. A 5-year prospective follow-up study of community-based
women who underwent POP surgery between 1998 and 2001 found that vaginal prolapse
surgery was associated with a high anatomical recurrence rate with the anterior
compartment most prone (Miedel et al., 2008). A prospective cohort analysis of 374
women who were > 20 years old and underwent surgery for POP and UI in 1995 reported
a 17% reoperation rate (Denman et al., 2008).
Surgical treatment for POP can be categorised into reconstructive and obliterative
techniques. Reconstructive surgery for prolapse aims to correct the prolapsed vagina and
26
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maintain or improve vaginal sexual function along with relieving any associated pelvic
symptoms. There are two routes; abdominal or vaginal surgery. Epidemiological studies
revealed that vaginal surgery is the preferred route with approximately 80–90% of
operations done this way (Olsen et al., 1997). Experts and the majority of published
literature suggest that the anterior wall is the most challenging surgery for POP (Jelovsek
et al., 2007).
1.2.2.

Surgical treatment options with synthetic and biological meshes

Due to relatively high failure rate of POP surgery, synthetic meshes were introduced
about two decades ago (Kohli, 2012). The aim was to provide additional support not
provided by existing and damaged pelvic floor musculature, ligaments and endopelvic
fascia following native tissue surgical reconstruction (Hiltunen et al., 2007). Meshes used
in urogynaecology were initially designed for abdominal hernia repair and the first
synthetic polymeric mesh was made from nylon (polyamide), and introduced in the 1960’s
(Choe, 2003, Winters et al., 2006). Later, polypropylene (PP) which was used in hernia
repair, was adopted for gynaecological applications. PP is the most widely used material
to produce cheap, inert, and easily tailorable implants with appropriate mesh
characteristics (monofilament and large pore size). PP is non-degradable and maintains
its chemical and mechanical integrity for years (Deprest et al., 2006). PP implants work
by inducing an inflammatory foreign body reaction, resulting in fibrosis and scarring that
supposedly provides strength to the weakened support structure (Deprest et al., 2006,
Choe, 2003).
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The PP meshes used in this study were heavy weight PP meshes in clinical use at the
time of commencing this thesis. Lighter weight PP meshes (eg Restorelle) have since
been introduced but not studied herein.
Biological meshes are three dimensional acellular, degradable, extracellular matrices
comprising mainly collagen type I, elastin fibres and other molecules such as
proteoglycans and growth factors (e.g. VEGF) (Peppas et al., 2010). They were
introduced in the 1990s and may be derived from human donor (allograft), self-donor
(auto-graft) or animal (xenograft: porcine or bovine) tissues which have been decellularised. They allow neovascularization and regeneration due to infiltration of
endogenous fibroblasts and provide the extracellular scaffold necessary to the support
reconstruction of healthy tissue (Smart et al., 2012). In one study, a total of 47 women
with Stage III or IV POP underwent surgical treatment with porcine skin collagen
implantation using anterior transobturator and posterior bilateral sacrospinous fixations.
In this study, no rejection of the porcine grafts occurred and the subjective cure rate was
93.6% ) (David-Montefiore et al., 2005). However, a systematic review by Schimpf et al
comparing transvaginal prolapse repair including native tissue repair or use of different
grafts or mesh with anatomic and symptomatic outcomes with minimum 12 months follow
up revealed that mesh surgery for anterior wall prolapse improved anatomic and
symptomatic outcomes compared with native tissue repair. Biological graft did not
improve the outcomes but mesh erosion occurred in about 36% of patients (Schimpf et
al., 2016). Both synthetic and biologic mesh are associated with complications (section
1.3) .There are two routes for mesh insertion; abdominal in which the surgical mesh is
attached to the vaginal vault through an abdominal incision and secured to the sacral
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promontory and vaginal in which the mesh is placed through an incision made into the
vagina (Jelovsek et al., 2007).
1.2.3.

Mesh classification

Synthetic meshes are classified to 4 types with respect to pore size, composition (polymer
type), filament type (monofilament or multifilament), knitted mesh design and surface
properties (coated versus non-coated). Monofilament mesh induces less inflammation
compared to multifilament because immune cells get trapped between the filaments
(Klinge et al., 2002) and larger pore sizes induce better tissue integration and less
inflammation (Pascual et al., 2008). Microporous mesh (10um pores) induces a greater
host response because immune cells are unable to go into the mesh. Overall,
monofilament mesh with large pore size is preferable (Huebner et al., 2006).
1.2.4.

Anterior vaginal wall repair with mesh

The anatomic cure rate for anterior colporrhaphy using degradable or non-degradable
materials ranges from 92 to 97% after 12 months follow up (Hinoul et al., 2008, Milani et
al., 2011, Stanford et al., 2011) (Fig.4).
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Figure 4. Anterior colporrhaphy
Schematic shows placement of synthetic or biological graft material used to repair the
prolapse in the Ba region – reproduced with permission from BARD Medical.

There was 94% success rate in non-absorbable polypropylene mesh-reinforced anterior
colporrhaphy in a group of 63 women (mean age 63 years) who were followed for
17months. In this study, dyspareunia increased by 20%, 6.5% of women had vaginal
erosion of the mesh, and one required mesh removal for pelvic abscess (Milani et al.,
2005).
Comparing the efficacy and safety of anterior colporrhaphy and transvaginal
monofilament PP mesh surgery in a controlled trial study which was carried out on 43
women with prolapse stage II or higher, showed greater improvement in symptoms and
quality of life in mesh treatment group after 2 years, although mesh exposure rate was
13.5% (Dias et al., 2016). In another study by Nieminen K et al, 202 women underwent
colporrhaphy alone or PP vaginal mesh surgery and were followed up for a maximum 36
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months after surgery. Although the anatomic recurrences in mesh treated group was less
than surgery alone, the symptomatic recurrence rate was not significantly different and
mesh erosion rate was high (19%) (Nieminen et al., 2010).
1.2.5.

Posterior vaginal wall repair with mesh

It was reported that the cure rate for posterior vaginal wall repair with mesh is between
75-92% (de Tayrac et al., 2006b) (Fig.5); however, the mesh complication rate is also
high (up to 25%) (Stanford et al., 2011).
Initial experience of surgical rectocele repair used a biological material in the form of a
rectangular dermal allograft in 43 women with advanced posterior vaginal wall prolapse.
At an average follow-up period of 12.9 months, surgical cure was 93% (Kohli and Miklos,
2003). The functional and anatomic outcomes after transvaginal rectocele repair using
Pelvicol (CR Bard), a non-crosslinked porcine collagen mesh, was evaluated in 32
patients. At the 6 and 12-month follow-up visits, five and seven patients were found to
have at least stage II prolapse of the posterior segment, respectively. The authors
concluded that there may be a substantial risk for rectocele recurrence 1 year after
surgery with degradable biological mesh (Altman et al., 2005). Three randomized
controlled trials comparing native tissue repair to synthetic mesh in posterior vaginal wall
prolapse failed to show a significant difference between groups (Carey et al., 2009, Sokol
et al., 2012, Withagen et al., 2011).
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Figure 5. Posterior colporrhaphy
Schematic shows a graft material placed in the Bp region of the posterior vaginal wall.
The schematic is reproduced with a permission from the BARD Medical.

1.2.6.

Apical compartment repair with mesh

Abdominal sacrocolpopexy has remained the best treatment for apical vaginal prolapse
(Fig.6). Success rates to preserve the apical support for this procedure ranged from 78
to 100% over a follow-up period of 6 months to 3 years (Nygaard et al., 2004). Mesh or
erosion rates were between 3-12% of patients after 6-36 month follow up (Drutz and
Alarab, 2006). Prolapse recurrence at the level of the anterior and apical compartment
occurs significantly more often when using a bio-graft, in comparison to polypropylene
(21 vs 3%, p<0.01 and 36 vs 19 %, p <0.05 respectively) (Deprest et al., 2009) indicating
that biological materials fail due to resorption.
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Figure 6. Abdominal sacrocolpopexy
Adopted with permission from American Urological Association Update Series, Vol 31,
lesson 11, Dr. Burgess and Dr. Elliot.

1.3.

Problems associated with synthetic mesh

Although transvaginal mesh surgery is simpler and less invasive than traditional surgical
treatment for POP, it may cause complications in approximately 10% of women (de
Tayrac R, 2006). According to the recent ACOG committee’s opinion (American College
of Obstetricians and Gynaecologists), synthetic mesh erosion or exposure is the most
common complication (Ellington and Richter, 2013a). Other reported problems are
infections, pain, nerve damage, urinary problems and recurrence of prolapse. On Oct. 20,
2008, the FDA issued a public health notification and additional patient Information on
serious complications associated with surgical mesh placed through the vagina
(transvaginal) for POP treatment. From 2008 to 2010, the most frequently reported
complications from vaginal mesh surgery included vaginal mesh erosion (exposure,
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extrusion), pain, infection, bleeding and urinary problems (FDA, 2011). Based on an
updated analysis of adverse events reported to the FDA since 2008 and complications
described in the scientific literature, the FDA identified surgical mesh for transvaginal
repair of POP as an area of continuing serious concern. On Jul 2011 the FDA issued an
update to inform health care providers and patients that serious complications associated
with the use of surgical mesh for transvaginal repair of POP are not rare (FDA, 2008,
FDA, 2011). This led to class action litigation and some companies withdrawing vaginal
surgical mesh from the market.
1.3.1.

Mesh exposure and erosion

An erosion is defined as vaginal mesh visualized through adjacent organs (bladder and
bowel), whereas a mesh exposure is the gradual passage of mesh through vaginal
epithelium (Haylen et al., 2011). Two studies which evaluating the use of polypropylene
mesh to enhance the surgical correction of anterior vaginal prolapse reported an erosion
rate of 8.3–11% (Milani et al., 2005, de Tayrac et al., 2006a). In an update to their original
2008 systematic review, The Society of Gynaecologic Surgeons (SGS) analysed 110
studies reporting adverse events associated with vaginal mesh applications in POP
surgery and revealed an overall erosion rate of 10.3% (Abed et al., 2011).
1.3.2.

Mesh contracture

Another complication of vaginally-placed mesh is contraction, shrinkage, or reduction in
the size of the vaginal mesh implant that may lead to vaginal shortening and pain. The
etiology is still unclear and several possibilities have been suggested. One is inadequate
tissue ingrowth into the mesh. A comparison of tissue ingrowth between large pieces of
polyester (PE) and heavyweight PP and mesh contraction revealed a significant
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correlation between tissue ingrowth force and mesh size. In this study PE resulted in less
contraction than PP, indicating that strong integration of mesh into tissue prevents
contracture. They have also reported the importance of suturing as the meshes which
detached from their anchor point underwent the greatest contraction (Gonzalez et al.,
2005) Another theory is that contracture results from the consequences of inflammatory
response to the mesh. In a study by Garcias, the contraction of PP mesh was assessed
after implantation in an abdominal muscle defect. They found a significant degree of PP
contraction occurred during the scaring and remodeling process. They considered this
contraction as a consequence of mesh incorporation to scar tissue which shrinks as it
matures (Garcia-Urena et al., 2007).
A recent case series reported that all seventeen women undergoing surgical intervention
for mesh contraction presented with severe vaginal pain and focal tenderness over the
contracted portions of the shortened mesh. Furthermore, seven had vaginal tightness,
and five vaginal shortening (Milani et al., 2005, Ellington and Richter, 2013b).
1.4.

Problems associated with biological meshes

Biological meshes can be an alternative for synthetic meshes to avoid local complications
but due to their similarity with native tissue, they also are associated with problems that
should be taken into account. These include autologous grafts which have surgical
morbidity and their unpredictable durability of the repair, because after absorption, the
replacement host connective tissue is inherently weak (Deprest et al., 2006). Allografts
can overcome the problem of surgical morbidity, but do not address the unpredictable
resorption and integration process (de Tayrac R, 2006).
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The recurrence rate of cystocele repair with porcine dermis in 119 patients was 36%
compared with to 4% in PP mesh surgery and 6% in anterior colporrhaphy (Handel et al.,
2007). There was a high anatomical and functional failure rate of 25% in a follow up study
of sacrocolpopexy for apical vaginal prolapse using xenogeneic porcine graft in 22
patients with symptomatic apical prolapse and increased risk of Graft Related
Complication (GRC) (Claerhout et al., 2010). In an animal study, rats were implanted with
Small Intestine Submucosa (SIS) developed seromas with fluid accumulation between
tissue layers in first 14 days, and even some low-grade local infections (Konstantinovic
et al., 2005).
In summary, the ideal mesh for vaginal POP surgery has not yet been reported and given
the complications associated with synthetic and biological mesh, there is an urgent need
for alternative and newly designed mesh for treatment of women suffering from POP.
1.5.

New meshes for vaginal POP surgery

The ideal mesh for POP surgery is inert, sterile, resistant, not carcinogenic, and causes
less inflammatory response (Deprest et al., 2006). In addition, it is inexpensive, readily
available and easy to use. However, none of the currently available graft materials fulfil
the ‘ideal’. Recently, our laboratory has shown that meshes knitted from alternative
materials

(polyether-ether-ketone

and

polyamide

(PA)

with

similar

physical

characteristics to the commercially available PP meshes have improved biomechanical
properties with reduced stiffness and a lower bending rigidity (Edwards et al., 2013)
(Fig.7). Biocompatibility assessment of these meshes in a rat abdominal hernia model
showed that PA and particularly PA+Gelatin (PA+G) composite meshes capable of
delivering cells, resulted in better tissue integration and new collagen deposition as well
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as greater neovascularization compared with PP meshes. In addition, PA and PA+G
meshes induced a milder inflammatory response (Ulrich et al., 2012)

Figure 7. Optical micrograph of fabricated meshes
A. polyamide, B. poly-ether-ether-ketone (PEEK1), C. Polyform (PP) clinical mesh D.
poly-ether-ether-ketone (PEEK2). PEEK2 possessed pores approximately twice the size
of the PEEK1 mesh. Reproduced with permission from Edwards et al.,2013. J Mech
Behav Biomed Mater.

1.5.1.

Mesh products with collagen coating

Several human studies have reported on the use of composite meshes that include
collagen layers (Meschia et al., 2007, Rudnicki et al., 2016, Lo et al., 2016). In these
studies, less erosion, lower reoccurrence rate and increased neovascularization was
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reported in groups treated with collagen-coated mesh. Compared to non-coated mesh,
Soft Prolene, and Ugytex collagen-coated meshes resulted in fewer erosions (16.7% vs.
33.3%) following anterior and posterior implantation in a sheep model (de Tayrac et al.,
2007). The authors hypothesized that this reduction could have been due to lesser
adhesion of the collagen-coated mesh to the wound. However, some studies failed to
show the modulatory effect of collagen coating of PP on the host response compared with
non-coated PP (Feola et al., 2015). Assessing the host response to two synthetic PP
mesh (collagen-coated and non-coated) in rabbit vagina showed that both meshes
induced mild inflammatory responses without evidence of erosion (Huffaker et al., 2008).
More studies are needed to assess the effect of collagen coated PP mesh in the host
response and biocompatibility of the mesh.
1.6.

Mesenchymal Stem Cells

In addition to hematopoietic stem cells and endothelial progenitor cells, bone-marrow
contains a subset of non-hematopoietic stem/stromal cells possessing multi-lineage
mesodermal differentiation potential, commonly called marrow stromal stem cells or
mesenchymal stem cells or multipotent mesenchymal cells (MSC) (Malgieri et al., 2010,
Bianco et al., 2013, Caplan, 2010).
1.6.1.

Properties and phenotype of Mesenchymal Stem Cells

Bone-marrow mesenchymal stromal/stem cells were the first MSC to be isolated and
extensively characterized. Friedenstein et al. were the first to demonstrate that within the
stromal fraction of bone marrow, there existed a clonogenic population with the ability to
create heterotopic bone and bone marrow microenvironment upon in vivo transplantation
in mice (Friedenstein et al., 1968). Based on International Society for Cellular Therapy
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(ISCT) guidelines, MSC must fulfil three criteria including: plastic adherence, multi-lineage
differentiation into osteoblasts, adipocytes, chondrocytes and express the surface
markers such as CD29, CD44, CD73, CD105 and CD146 but not the hematopoietic cell
markers including CD34, CD45, CD14, CD11b, CD79a, CD19 and HLA-DR (Dominici et
al., 2006, Caplan, 2007). However, MSC from different tissues may have unique markers
which can be used for their isolation and the ISCT criteria may not be useful to
characterise MSC from every tissue type. For example, the ISCT surface markers are not
unique and are found on many other cells including fibroblasts (Darzi et al., 2016b).
MSC have colony-forming unit (CFU) activity which is defined as the ability of a single cell
to form a clone of cells when seeded at extremely low density (Deans and Moseley, 2000).
Bone-marrow CFU-F also exhibit self-renewal ability (Bianco et al., 2001). Through
asymmetric divisions, stem cells produce the right number of more differentiated transit
amplifying (TA) cells, as well as daughter stem cells with properties identical to those from
which they arose. TA cells have properties intermediate between stem cells and
differentiated cells. They have limited proliferative potential and inability to self-renew,
however, they undergo several rounds of cell division and acquire differentiation markers
as part of the cellular amplification process. (Morrison et al., 1997) (Fig.8).
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Figure 8. Cellular hierarchy showing self-renewal ability of adult stem cells
Stem cells undergo asymmetric/symmetric cell divisions, which enable them to self-renew
and replace themselves and differentiate to give rise to committed progenitors, then more
differentiated Transit Amplifying cells and finally fully differentiated functional cells of the
tissue. Reproduced with permission from Chan et al Biology of Reproduction 2004.

1.6.2.

MSC niche

The identification of CD146 as a marker of pericytes, shows that MSC with self-renewing
and skeletogenic capacities occupy a perivascular niche in the bone marrow (Sacchetti
et al., 2007). Moreover, non-endothelial, non-hematopoietic cells expressing CD146 from
different tissues overlapped with pericytes in situ and these cells also expressed MSC
markers and had MSC properties in-vitro. Indeed, most of the large and small blood
vessels in the body have a perivascular MSC on the abluminal surface of the endothelial
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cells. When these vascular-associated cells are isolated and assayed in culture, they
have MSC-like characteristics (Caplan, 2007). The observations clearly show that a
subpopulation of cells with MSC markers also express pericyte markers and it is
speculated that all MSC are pericytes (Caplan, 2008). This relationship is further
emphasized by cell sorting for pericytes (CD146+, CD34-, CD45-, CD56-) and their
subsequent in vitro expansion. The sorted cells form clones which are multipotent
differentiation into osteogenic, chondrogenic, adipogenic lineages in vitro, hallmarks of
MSC identity (Caplan, 2007, Caplan, 2008).
Some of the MSC properties including differentiation to mesodermal lineages,
mesenchymal marker expression and proliferation are common with fibroblasts, however
fibroblasts are not clonogenic and they are not perivascularly located (Gargett et al.,
2016).
1.6.3.

Sources of MSC

MSC have been isolated from almost every type of tissue including bone marrow, adipose
tissue, dental pulp, umbilical cord, corneal stroma, cord blood, skeletal muscle, placenta
and endometrium (Gronthos et al., 2000, Gronthos et al., 2001, De Bari et al., 2003,
Schwab and Gargett, 2007, Crisan et al., 2008, Brooke et al., 2009, Branch et al., 2012).
MSC can differentiate to ectodermal and endodermal lineages as well as mesodermal
germ layers which make them an attractive source for cell based therapies (Pittenger et
al., 1999). It is now recognised that MSC home to damaged tissue where they act in
paracrine manner to promote tissue repair by secreting growth factors and bioactive
molecules including Vascular Endothelial Growth Factor (VEGF), Angiotensin (AT I and
II), indoleamine 2,3-dioxygenase (IDO) and Transforming Growth Factor beta (TGFβ).
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These secreted molecules induce angiogenesis, inhibit inflammation and apoptosis and
promote the proliferation of tissue specific progenitor cells (Caplan, 2009, Murphy et al.,
2013).
1.6.4.

MSC as modulator of the immune system

MSC have received renewed interest clinically, particularly for their use in transplantation
medicine as modulators of the immune system. MSC have the ability to influence almost
all cells of the innate and adaptive immune systems, through secretion of bioactive
molecules which modulate cellular proliferation, differentiation, maturation, and function
by exerting anti-inflammatory effects (De Miguel et al., 2012).
1.6.5.

MSC and innate immune system

MSC modulate the innate and adaptive immune systems. Co-culture of monocytes with
human or mouse bone marrow MSC (bmMSC) promotes their conversion to M2
macrophages, which produce high levels of IL-10, increase their phagocytic activity,
reduce their production of Tumor Necrosis Factor alpha (TNF-α) and Interferon gamma
(IFN-γ) production, and lowers MHC class II expression (Le Blanc and Davies, 2015).
These effects on monocyte differentiation results from a combination of cell-contactdependent and soluble-factor-dependent mechanisms. These include increasing MSCderived IDO activity and the binding of MSC-derived PGE2 to macrophage PGE2
receptors (Maggini et al., 2010). Human MSC also modulate NK cell activity by inhibiting
IL-2 and IL-15 driven proliferation but do not affect their cytotoxicity (Sotiropoulou et al.,
2006). By contrast, MSC co-cultured with IL-2 or IL-15 activated NK cells interfere with
cytotoxic activity, cytokine production, granzyme B release and the expression of
activating killer receptors (e.g. NKp30, NKp44 and NKG2D) by these cells (Spaggiari et
42

Chapter 1 - Introduction
al., 2006). MSC can modulate Dendritic Cell (DC) responses. DC bridge the innate and
adaptive immune system by producing cytokines and act as antigen presenting cells.
MSC inhibit endocytosis in DC and suppress MHCII expression on these cells as well as
inhibition of co-stimulatory molecules (Wang et al., 2014). Taken together, MSC modulate
the key cells with specific roles in inflammation, and the innate immune system.
1.6.6.

MSC and adaptive immune system

T lymphocytes (T cells) and B lymphocytes (B cells) are the two major executor cells of
the adaptive immune response, and MSC modulate the function of both cell types. MSC
affect the proliferation, differentiation and maturation of B cells in a dose dependent
manner (Augello et al., 2005, Corcione et al., 2006, Comoli et al., 2008). MSC can inhibit
the T cell response to mitogens, antibodies and allogeneic cells (Bartholomew et al.,
2002, Di Nicola et al., 2002).
MSC release a vast array of molecules e.g. IL-10, TGFβ, Galectin 1, (GAL-1) Galectin 3
(GAL-3) and Leukemia Inhibitory Factor (LIF) and bioactive metabolites e.g. Nitric Oxide
(NO), Carbon Monoxide (CO) and Prostaglandin E2 (PGE2) that have immunomodulating
properties (Le Blanc and Mougiakakos, 2012).They do not express MHC class II or most
of the classical co-stimulatory molecules, CD80, CD86, or CD40, involved in
immunological processes. However, MSC can express class II molecules on their surface
under specific conditions, after induction with IFN-γ (Le Blanc et al., 2003). This is a
relevant finding because in many inflammatory milieus, IFN-γ is up regulated, which in
turn may result in an increase in the expression of MHC class II or MSC in the vicinity.
(Le Blanc et al., 2003). MSC modulate cellular and humoral immunity by affecting T and
B lymphocyte proliferation, maturation and activation.
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1.6.7.

MSC- Graft-Versus-Host-Disease (GVHD)

GVHD is a common problem following allogeneic tissue transplantation and is associated
with high rates of mortality. Recipients of allogeneic transplants often experience acute
GVHD due to alloreactive T cells present in the allograft (Zeng et al., 2004, Elfenbein and
Sackstein, 2004). MSC can effectively suppress the GVHD process. Patients with steroidresistant, severe, acute GVHD were treated with MSC obtained from HLA-identical sibling
donors, haplo-identical donors and HLA-mismatched donors. No patient showed side
effects during or after MSC injection. Seventy percent of recipients responded to MSC
treatment and survival was significantly higher in this group compared to those with partial
or no response (Barrett and Le Blanc, 2008).The ability of MSC to interact with HLAunrelated immune cells and modulate their response has important implications in
transplantation biology.

1.6.8.

MSC role in tissue regeneration and wound repair

MSC respond to stress or injury in a similar manner as the adaptive and innate immune
system cells respond to pathogens (Dimarino et al., 2013). MSC home to sites of injury
and inflammation, sensing the requirement of the environment and producing factors and
bioactive molecules which promote angiogenesis, cellular recruitment and tissue
remodeling. Since MSC are pericytes, injury effects on blood vessels may stimulate their
differentiation into MSC which modulate the microenvironment through trophic factor
secretion (Caplan, 2008, Crisan et al., 2008). The ability of MSC response to different
tissue microenvironments operates through receptor recognition and signal transduction
followed by the release of factors and molecules which in turn contribute to the milieu to
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control inflammation and promote repair (Dimarino et al., 2013). MSC are involved in the
wound healing process mainly through their immune inhibitory effects. They inhibit TNFα production in a co-culture system while simultaneously increasing the secretion of the
anti-inflammatory cytokine IL10 (Aggarwal and Pittenger, 2005). It has also been
recognized that MSC have anti-microbial activity which is mediated by two mechanisms;
secretion of anti-microbial factors such as IL37, and secretion of immune -suppressive
factors (Mei et al., 2010, Nold et al., 2010).
1.7.

Endometrial Mesenchymal Stem Cells

Human endometrium is a highly regenerative tissue which undergoes more than 400
cycles of regeneration, differentiation and shedding during a woman’s reproductive life
(Jabbour et al., 2006, Gargett, 2007a). Human endometrium is structurally and
functionally divided into two regions; 1. The functionalis which comprises the upper layer
of endometrium and is shed every month during menses and the lower layer which
contains dense stroma, gland bases and vessels and is responsible for generating a new
functionalis layer each month (Spencer et al., 2005, Gargett, 2007b). Each month, the
endometrial thickness increases between 4-10mm during the proliferative stage of the
menstrual cycle. This level of new tissue growth is similar to cellular turn over in highly
regenerative haematopoietic tissue of the bone marrow (Gargett, 2007a)
Human endometrial mesenchymal stem cells (eMSC) were first identified in cell cloning
studies, which showed that a small proportion of clonogenic human endometrial stromal
cells can generate colonies containing small, densely packed cells, likely originated from
stromal stem cells or Colony Forming Unit (CFU-F) (Chan et al., 2004). These CFU-F
initiating cells are highly proliferative and are able to undergo more than 30 population
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doublings before reaching senescence. They are able to grow at very low densities (5-10
cell/cm2) in serial cloning assays indicating self-renewal in-vitro (Gargett et al., 2009).
Stromal CFU-F differentiate into classical mesodermal lineages including smooth muscle
and a express the typical MSC surface markers including CD29, CD44, CD73, CD90 and
are negative for hematopoietic markers such as CD31, CD34 and CD45 (Gargett et al.,
2009). Stromal CFU were also detected in non-cycling endometrium from women on oral
contraceptives and also from post-menopausal endometrium (Schwab et al., 2005, Ulrich
et al., 2014c) suggesting that under oestrogen influence, the CFU-F may play a role in
regeneration of atrophic endometrial stroma (Gargett and Masuda, 2010). Indeed, in postmenopausal women treated with oral estradiol valerate for 8 weeks, CFU-F with all the
classic MSC properties were identified in their regenerated endometrium (Ulrich et al.,
2014d).
1.7.1.

Markers identifying eMSC

Clonogenic eMSC express the perivascular markers, CD140b and CD146, with almost
all the endometrial CFU-F found in CD140b+CD146+ sorted population (7.7% versus 0.7%
in the CD140b-CD146- population) (Schwab and Gargett, 2007). In 2012, our group
reported SUSD2 as a novel single perivascular marker enabling the prospective isolation
of multipotent, self-renewing eMSC that generated endometrial stroma in vivo (Fig.9)
(Masuda et al., 2012). In this study, magnetic bead selected SUSD2+ eMSC self-renewed
in vitro and differentiated into adipogenic, osteogenic, chondrogenic, endothelial and
myogenic cell lineages. The CFU-F capacity of sorted SUSD2+ eMSC showed a 3-fold
increase over unsorted stromal cells and 14.7-fold increases over SUSD2- cells. Almost
all the clonogenic stromal cells sorted into the SUSD2+ population. SUSD2+ eMSC
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expressed typical MSC markers, underwent multilineage mesodermal differentiation and
were found in a perivascular region of both basalis and functionalise layers of human
endometrium (Masuda et al., 2012) and in postmenopausal endometrium (Ulrich et al.,
2014d)
1.7.2.

eMSC niche

The putative eMSC niche was first identified in a Label Retaining Cell (LRC) study in mice.
In this study, mouse endometrial cells were labelled with a DNA synthesis label (BrdU)
and the label was chased over a long period of 8 weeks (Chan and Gargett 2006). With
each cell division, the BrdU is diluted 50% until it reaches undetectable levels by
immunofluorescence after 3–4 cell divisions, revealing the location of slow dividing cells,
and their stem cell niche. Six percent of mouse endometrial stromal cells were identified
as LRC, with approximately one third located near blood vessels close to the
endometrial–myometrial junction and expressing αSMA (Alpha Smooth Muscle Actin) ,
suggesting that some LRC are perivascular cells (Chan and Gargett, 2006) similar to
human endometrial CD146+PDGFRβ+ co-expressing cells or SUSD2+ pericyte and
perivascular cells (Fig.9). (Gargett et al., 2016) The role of endometrial stromal cells in
initiating the estrogen-stimulated endometrial growth was investigated with a single
injection of 17ß-estradiol (E2) in BRDU labeled and chased, ovariectomized mice. Eight
hours after E2 injection, 12% of stromal LRC initiated a proliferative response. Stromal
LRC lack the estrogen receptor (ESR1). This finding suggested that the ability of these
cells to act as stem cells receiving proliferative signals from ESR1+ niche cells to initiate
new endometrial stromal growth (Chan et al., 2012)
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Figure 9. Location of eMSC in human endometrium.
a. In human endometrium eMSC are pericytes and perivascular cells of blood vessels in
both the basalis and functionalis. b. in mouse endometrium stromal LRC are located in
perivascular region and endometrial stroma. reproduced with permission from Gargett et
al, Human Reproduction Update 2012, Oxford University Press.

48

Chapter 1 - Introduction
1.7.3.

Endometrial regenerative cells in menstrual blood (ERC)

Since eMSC have been identified in the functionalis and basalis, it is expected that they
would be shed in menstrual blood (Gargett and Masuda, 2010). Indeed, several studies
have cultured stromal cells from menstrual blood in a manner similar to bone marrowderived MSC (Meng et al., 2007, Patel et al., 2008, Darzi et al., 2012). In these studies,
menstrual blood was cultured directly onto plastic flasks resulting in adherent
heterogeneous cultures of stromal fibroblasts and MSC. The adherent cells rapidly
expand, doubling every 18–36 h, and undergoing 25-30 population doublings (Hida et al.,
2008). Cultured menstrual blood MSC (mbMSC) (also called endometrial regenerative
cells and menstrual blood stromal stem cells) have a fibroblastic morphology and express
similar phenotypic surface markers as clonogenic and CD146+PDGF-Rβ+ eMSC, and
similarly lacked haematopoietic, endothelial and other stem cell and MSC (Stro-1)
markers (Cui Ch, 2007, Hida et al., 2008). They fulfilled the ISCT criteria for MSC.
1.7.4.

Immunomodulatory properties of eMSC

Given that the MSC properties of endometrial stem/stromal cells are similar to bone
marrow MSC, their immune regulatory properties are also likely similar. However, few
studies on eMSC-immune system interactions exist. A study by Peron et al revealed that
mice receiving intraperitoneal injection of human endometrial derived MSC (hedMSC)
from endometrial biopsies collected during the proliferative phase, significantly reduced
a clinical score in an experimental autoimmune encephalomyelitis mouse model (Peron
et al., 2012). Fewer infiltrating immune cells were observed in the central nervous system
of hedMSC-treated animals compared to the control group. The hedMSC treated animals
also displayed a lower percentage and absolute numbers of both inflammatory Th149
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(CD4+ IFN-γ) and Th17 (CD4+IL17+) cells. Moreover, the expression of the tryptophandepleting enzyme, IDO, was also up-regulated in the hedMSc-treated group, which was
associated with increased Foxp3 cells, indicating a higher percentage of regulatory T cells
(Peron et al., 2012). Addition of endometrial regenerative cells (ERC) to an ongoing mixed
lymphocyte reaction resulted in suppression of T cell proliferation, inhibition of IFN-γ
production, stimulation of IL-4 secretion, and inhibition of TNF-α after LPS stimulation
(Murphy et al., 2008). These few studies indicate that plastic adherent eMSC/fibroblasts
have immunoregulatory effects. However, it is not known if purified populations of eMSC
have immunomodulatory effects.
1.8.

Tissue engineering

Tissue engineering (TE) is a combination of cells and materials implanted into the body
to improve repair of injured tissues. It is a major area of research in regenerative medicine
that aims to restore, maintain and improve tissue function (Langer and Vacanti, 1993,
Vacanti and Langer, 1999, Shafiee and Atala, 2016). Tissue engineering strategies are
classified into two categories: the use of acellular scaffolds or scaffolds seeded with cells
(Boennelycke et al., 2013, Langer and Vacanti, 2016). A wide range of synthetic nondegradable and degradable polymers as well as biological materials have been used in
tissue engineering applications. Different cell types can be used in TE including
autologous (from same person or animal), allogeneic (from different person or animal
strain) or xenogeneic (different species) (Fisher and Mauck, 2013). Autologous cells are
preferred as they do not evoke an immune response and rejection is unlikely to occur.
MSC can be used for allogeneic transplantation considering their modulatory effects on
immune cells.
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1.8.1.

MSC in tissue engineering

The differentiation ability of MSC has been exploited to restore and regenerate tissues,
by embedding them in scaffolds and implanting them into injured tissues. Different
techniques have been employed to use MSC in tissue regeneration. MSC can be loaded
into the scaffolds in vitro and implanted to the tissue site after short term culture (eg
several days) (Solchaga et al., 2000). Alternatively, MSC-loaded scaffolds are cultured in
differentiation medium to pre-differentiate MSC to the required specific lineage, before
implantation (Ohgushi et al., 2005). These methods have resulted in better integration of
the cells and newly formed tissues.
1.8.2.

Tissue engineering approach for POP treatment – use of eMSC

Stem cell therapy for POP treatment is challenging as the herniated tissue requires
support for the herniated pelvic organs. In tissue engineering approaches, degradable
and non-degradable scaffolds provide a three-dimensional base in which the stem cells
can be delivered, grow and form new tissue. The loaded scaffolds provide the mechanical
support of prolapsed organs either directly by generating new tissue from transplanted
cells or indirectly by paracrine stimulation of resident-tissue stem cells (Ulrich et al.,
2013b). A number of tissue engineering approaches using bmMSC have been explored
in abdominal wall hernia repair (Drewa et al., 2005, Falco et al., 2008, Ayele et al., 2010).
To develop a tissue engineered material for SUI and POP, human adipose-derived stem
cells (ASC) and oral fibroblasts were compared for extracellular matrix (ECM) production
and attachment on a biodegradable scaffold of thermo-annealed poly-L-lactic acid (PLA)
for two weeks. Both cells showed good attachment and proliferation and hAMSC seeded
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scaffolds produced more total collagen and a denser ECM in both conditions than scaffold
alone (Roman et al., 2014).
Recently, our group assessed the biological and biomechanical behavior of a
polyamide/gelatin mesh seeded with eMSC in a subcutaneous rat model of wound repair
as a preclinical model for POP repair surgery (Ulrich et al.,2014).
Our results revealed that eMSC significantly improved the biocompatibility of these novel
mesh designs. The eMSC promoted significantly greater early neovascularization, a
stronger initial M1 inflammatory response which changed to a pro-wound healing M2
(P<0.05) response over time, reducing the chronic inflammatory response around mesh
filaments in the long term (90 days). Meshes seeded with eMSC were less stiff than those
without cells (Ulrich et al.,2014). The amount of deposited rat collagen was similar for
eMSC/mesh and mesh alone but the quality of collagen organization was enhanced in
PA+G mesh seeded with eMSC (Edwards et al., 2015) . Collagen fibers became oriented
in mesh seeded with eMSC, showing physiological crimping rather than bands of scar
tissue observed for mesh alone resulting in reduced stiffness than PA+G mesh without
cells (Edwards et al., 2015).
1.9.

Animal models for investigating POP

To study the natural progression of POP and assess novel treatments in vivo, an
appropriate animal model is necessary. However, developing a functional animal model
for POP is challenging as humans have a unique pelvic floor orientation and a difficult
childbirth delivery process (Couri et al., 2012). Several animal models including small
rodent models can be used to model abdominal hernia while the ovine model
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spontaneously develop POP(Young et al., 2017). Several of these models have been
used for assessing the biocompatibility of our eMSC/mesh tissue engineering constructs
for our POP investigation.
1.9.1.

Rodent models

Currently, rodents are the most widely used animal model for prolapse and incontinence
research. Both rats and mice are small, inexpensive and easy to work with in large
numbers (Abramowitch et al., 2009, Couri et al., 2012). An additional advantage of
working with mice is the use of genetically modified animals to enable mechanism of
action to be determined (Drewes et al., 2007). Rats have 4 day oestrus cycles and
undergo gestation for 19–23 days before delivering litter sizes ranging from 4 to 16
fetuses (Chow and Agustin, 1965). Mice have a similar oestrous cycle between 4 and 5
days in length depending on environmental factors (Champlin et al., 1973). The similarity
between the structure and function of the vaginal connective tissues in rodents and
humans makes the rodent a preferred model for evaluating connective tissue support
(Couri et al., 2012). The rat has been used as a model for evaluating the structural
properties of the vagina and its supportive tissues, showing that rat vagina is supported
by structures analogous to those in humans (Moalli et al., 2005a). In the first tissue
engineering report for vaginal repair in a rodent model, mouse muscle-derived stem cells
(MDSC) cultured on SIS generated smooth muscle cells upon implantation in a rat vaginal
defect model (Ho et al 2009). The results revealed the stimulatory effects of MDSC/SIS
on the regeneration of vaginal tissue 4 weeks after surgery (Ho et al., 2009). An
abdominal hernia model has also been used to assess new mesh designs for potent POP
treatment (Ulrich et al., 2012). Although. rodent models are useful, unlike human, the
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pelvic floor is horizontally oriented and they have a smaller fetal head relative to the pelvic
outlet than do humans (Couri et al., 2012)
1.9.2.

Ovine model

The ewe has been evolving as a large animal model for evaluating POP and POP
treatment. The sheep oestrus cycle is 17 days and average gestation is 147 days
(Abramowitch et al., 2009). Advantages of the ovine model are that ewes have prolonged
labors with relatively large fetuses and spontaneously develop POP postpartum, with an
incidence highest in mature, multiparous sheep (Couri et al., 2012, Young et al., 2016).
The pelvic connective tissue anatomy of the ewe is similar to that of macaque and human
with the same three primary levels of support of the pelvic organs. Their similar vaginal
dimensions to women make them amenable to prolapse repairs (abdominal and vaginal)
with or without mesh implantation (Abramowitch et al., 2009, Urbankova et al., 2017).
However, ewes lack the obturator pelvic floor muscle (Urbankova et al., 2017), which is
frequently damaged in women following childbirth (Dietz et al., 2012). One issue that
potentially limits the utility of the ewe as a pre-clinical model is that they are quadrupedal
as opposed to humans who are bipedal and have upright posture. The ewe does not
therefore experience the same increases in intra-abdominal pressures experienced by
women which is a significant factor in the development of POP (Couri et al., 2012) .This
is partially offset when pregnant ewes ruminate facing uphill and where a perineal bulge
can sometimes be observed (Couri et al., 2012). Our laboratory compared ovine and
human posterior vaginal tissue for histological and biochemical tissue composition.
Quantifying total collagen (collagen type I and III), GAG (Glycose-Amino-Glycans) and
elastin-associated proteins biochemically showed that both sheep and human vaginal
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tissue have comparable tissue composition (Ulrich et al., 2014c). Higher total collagen
and GAG were observed nearest the cervix, but no significant differences were found
along the length of the human vagina for extracellular matrix proteins. Biomechanically,
the proximal region near the cervix was the stiffest and most distensible compared to the
distal region (Ulrich et al., 2014c).
Given the similarities between human and ewe reproductive anatomy including the size
of vagina, the pelvic structure and the biomechanics of vaginal tissue, the ewe may be a
good animal model for POP studies.
Non-human primates could also be a suitable model for POP as they have a similar
anatomy to human, have a more upright posture and spontaneously develop POP (Otto
et al., 2002). However, they are expensive and ethical restrictions are another limiting
factor (Knight et al., 2016).
1.10. Host response to tissue engineering construct
The host response to foreign implanted material occurs immediately after biomaterial
implantation. Blood-material interaction results in protein adsorption to biomaterial
surface which forms a matrix of plasma proteins around the material (Anderson et al.,
2008) This matrix is rich in chemokines, cytokines and growth factors which are important
factors for innate immune cell recruitment and activation in the early wound healing
response (Anderson et al., 2008). Following matrix formation an acute inflammatory
response ensues where the neutrophils along with mast cells are the first cells to arrive
at the implanted wound site. These cells secret histamine, cytokines and chemokines
which then attract monocytes and macrophages to the implantation site (Tang et al.,
1998). After the acute response, resolution or chronic inflammation ensures, depending
55

Chapter 1 - Introduction
on the degradability of the implant. Chronic inflammation is identified by presence of
mononuclear cells including, monocytes, lymphocytes, macrophages and foreign body
giant cells (Anderson et al., 2008). Following resolution of the chronic response,
granulation tissue is observed, comprising macrophages, fibroblast infiltration and
neovascularization (Pascual et al., 2008).
During the host response to biomaterials, two main types of macrophages can be
identified. These have been classified as “M1” and “M2” macrophages. Pro-inflammatory
M1 macrophages are characterized by their role in pathogen killing and are associated
with classic signs of inflammation. In the acute phase of this response, M1 macrophages
promote the invasion of additional inflammatory cells by secreting the proinflammatory
chemokines IL-8, Macrophage Chemotactic Protein (MCP-1), and Macrophage
Inflammatory Protein 1 beta (MIP-1β. Immuno-regulation, tissue repair and constructive
tissue regeneration are promoted by the anti-inflammatory M2 macrophage phenotype
which emerge during the chronic phase of the immune response. These macrophages
inhibit pro-inflammatory cytokine secretion, promote anti-inflammatory cytokine secretion,
and up regulate macrophage mannose receptors which are necessary for Foreign Body
Giant Cell (FBGC) formation and play a role in matrix remodeling (Brown et al., 2009,
Franz et al., 2011, Klopfleisch, 2016).
1.10.1.

Role of macrophage polarization following biomaterial implantation

The macrophage response to biomaterial is very similar to their function in normal wound
healing. Following the acute phase of the wound healing response, fibroblast proliferation
and eventual remodeling of the wound occurs. However, in response to implanted
biomaterials, macrophages attempt to phagocytose the foreign body by secreting
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enzymes (Sridharan et al., 2015b). When macrophages cannot degrade non-degradable
synthetic biomaterials, they fuse to form multinucleated FBGC to surround the material
and prevent host tissue contact. FBGCs and recruited fibroblasts deposit collagen layers
around the biomaterial and finally form a granulated tissue which over the time become
a dense collagen capsule around the mesh which may also infiltrate the material if the
pores are of sufficient size (Klopfleisch, 2016).
Synthetic, non-degradable or slowly degradable materials are normally encapsulated
within 2-4 weeks and as the resident and recruited macrophages cannot ingest the
material and may remain in contact the surface of material for years after implantation.
The porosity and the surface topography of the biomaterial affects the macrophage
response (Madden et al., 2010, Underwood et al., 2011). Material with a 40um pore size
can be maintained for 28 days in C57BL6 mice with minimal fibrosis and extensive
vascularization. The pores were infiltrated by macrophages but not the FBGC due to the
restricted pore size (Fukano et al., 2010). Evaluation of host response to prototypical
polypropylene mesh and Gynemesh PS (Ethicon) implanted by sacrocolpopexy showed
that M1 macrophages are the predominant cell type 12 weeks post-surgery, however
implantation of lighter mesh with higher porosity attenuates this response (Brown et al.,
2015). Small pore size is also a risk factor for infections, particularly for urogynaecological
applications, where a much larger pore size of around 1000 um is commonly used to
avoid this complication, but these meshes will still elicit a foreign body response
(Ridgeway et al., 2008).
Collagen has been suggested as a useful material to promote the efficient healing by
preventing severe mesh adhesion to the wound. The initial inflammatory response is less
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intense to collagen coated PP mesh compared with uncoated PP and there was a
reduced risk of erosion (de Tayrac et al., 2007). However, the M1, M2 macrophage was
not investigated in this study.
1.10.2.

MSC – Macrophage Interaction

Several lines of evidence demonstrate crosstalk between macrophages and MSC.
Assessing the anti-inflammatory effects of MSC in an experimental acute myocardial
infarction model revealed that the M1 macrophage level was reduced in presence of
bmMSC, while the proportion of M2 macrophages significantly increased(Dayan et al.,
2011). Macrophages co-cultured with bmMSC expressed higher levels of CD206, the
Mannose receptor, IL-10 and IL-6 and a low level of TNF-α (Kim and Hematti, 2009). In
a co-culture system, MSC suppressed inflammatory cytokine production in LPSstimulated peritoneal macrophages and increased the expression of anti-inflammatory
cytokines (Maggini et al., 2010). MSC constitutively produce PGE2 which inhibited the
production of TNF-α (Maggini et al., 2010). The relevance of MSC in reprogramming
macrophages in vivo was demonstrated in a sepsis model. In this model, the infusion of
mouse bmMSC decreased lethality, and the protective effect of the MSC was eliminated
by macrophage depletion or by the administration of IL-10-specific neutralizing antibodies
(Nemeth et al., 2009). The IL-10 produced by M2 macrophages blocked excessive
neutrophil infiltration into the injured tissue and prevented further damage. Similar
observations were made in an endotoxin-induced lung injury model, in which
intrapulmonary delivery of mouse bmMSC decreased the production of TNF-α and
CXCL2 and increased the production of IL-10 by alveolar macrophages (Nemeth et al.,
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2009). In summary, MSC exert anti-inflammatory and immunomodulatory effects which
appear to be mediated by their effect on macrophage phenotype and function.
1.10.3.

MSC fate after transplantation

Although cell therapy and in particular MSC therapy is currently being translated into the
clinic, there is no clear understanding of the fate of the transplanted MSC both in terms
of the cells and over time. In a study by Agrawal et al, Dil labelled human adipose derived
stem cell (ASC) were injected into immunocompromised and immunocompetent mice, as
a single cell suspension or as self-assembled spheroids but 95% of the human cells were
undetectable after 10 days(Agrawal et al., 2014).This clearance of implanted cells was
faster in immunocompetent than immunocompromised mice. Unexpectedly, a significant
signal was detected in macrophages and the authors suggested that hAMSC implantation
stimulates a robust macrophage infiltration which correlates with loss of stem cell number
(Agrawal et al., 2014). Tracing fluorescent dye (DIO) labeled eMSC implanted on PA+G
mesh into immunocompromised nude rats showed that the number of labeled eMSC
decreased between days 7 to 14 and had disappeared by day 30 (Ulrich et al., 2014a).
The cells had not migrated to other organs including spleen, liver, brain, lung and heart,
indicating loss at the local delivery site. In another study, labelled bmMSC, were
phagocytosed by lung macrophages 1 day after IV injection, resulting in induction of
suppressive M2 macrophage phenotype (Braza et al., 2016).
Together these studies show that both autologous and allogenic MSC are quickly cleared
by cells of innate immune system. Macrophages play a key role in the interaction between
innate immunity and MSC. It appears that MSC exert their inhibitory effect via
macrophages even after they have been cleared by them.
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1.11. Rationale for the Thesis
Despite the initial broad acceptance of mesh used in POP surgical repair there are an
increasing number of published reports describing local wound disturbance, erosion, or
other complications. This inflammatory reaction and its associated physiological wound
contraction can cause the mesh to shrink and fold. The FDA posted several warnings on
the use of transvaginal mesh insertion for vaginal repair surgery, several major
companies have subsequently withdrawn mesh for POP surgery and they have been or
still are the subject of class action litigations. An alternative POP therapy is urgently
needed as native tissue surgical reconstruction has a high failure rate. New mesh for POP
surgery that better integrates into tissue with a lesser inflammatory response may reduce
the chronic inflammatory response to synthetic mesh and improve clinical outcomes.
Collagen coating added as a surface layer on top of the PP mesh or monofibres of PP
mesh coated with a solubilised layer of collagen may further reduce this chronic
inflammatory response.
MSC have high proliferative capacity, and are attractive for tissue engineering
applications, although invasive methods and anaesthesia are required for their
procurement from bone marrow and adipose tissues (Darzi et al., 2016b). MSC secrete
a variety of factors that promote tissue repair, stimulate proliferation and differentiation of
endogenous tissue progenitors, and decrease inflammatory and immune reactions.
These paracrine non-stem cell factors appear to best explain their healing activity. MSC
can also induce macrophage infiltration to the wound site and convert them into an antiinflammatory wound healing M2 phenotype. This immune cell recruitment may be
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responsible for rapidly decreasing MSC cell numbers following implantation, however
MSC can execute their inhibitory roles even after phagocytosis.
eMSC have been identified as a promising new source of MSC which are easily
accessible from tissue obtained in an office based procedure without the need for
anaesthetic (Darzi et al., 2016b, Ulrich et al., 2013b). eMSC have high proliferative
capacity

and

regenerative

properties(Masuda

et

al.,

2012).

However,

the

immunoregulatory properties of eMSC are poorly understood. Our laboratory has found
that seeding polyamide/gelatin composite meshes with eMSC resulted in anti–
inflammatory effects with promotion of wound repair, new tissue growth with minimal
scarring fibrosis and improved biomechanical properties in a xenogeneic rat model.
These eMSC may act in a paracrine manner to improve the biocompatibility of our new
mesh design for POP surgical repair. The interaction between eMSC seeded on a tissue
engineering construct and innate immune cells, in particular macrophages, has not been
reported. Investigation of the host response to cell-seeded mesh is important as most
mesh complications arise from the host inflammatory response which develop into chronic
fibrosis causing unacceptable symptoms.
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1.12. Hypothesis and Aims
Hypothesis 1
The method of collagen coating polypropylene mesh will alter the host response to this
mesh implanted in the vaginal wall environment.
Aim 1
To compare the long-term host response to synthetic meshes incorporating collagen as
a bilayer or soluble collagen coating of individual mesh filaments using an ovine vaginal
surgery model.
The meshes which are used in this study are commercial meshes (BARD) coated with
porcine collagen.

Hypothesis 2
Human endometrial mesenchymal stem/stromal cells (eMSC) delivered on PA+G mesh
differentially modulates the macrophage response to the implanted mesh in xenogeneic
heterologous models of immune intact and immunocompromised mice.
Aim 2
To determine whether human eMSC delivered on PA+G meshes differentially effect the
macrophage

M1/M2

phenotype

in

NSG

(immunocompromised)

and

C57BL

(immunocompetent) mice using a xenogenic subcutaneous wound repair model.
To determine the survival and paracrine effects of xenogeneic (human into mice) and
heterologous (eMSC to fascial defect) eMSC in mice with normal and depleted immune
systems.
Hypothesis 3
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Circulating blood monocytes are recruited to the site of mesh implantation and determine
the fate of locally delivered eMSC. Systemic depletion of monocytes results in longer
survival of eMSC.
Aim 3
To determine whether blood monocytes or resident macrophages are the source of
inflammatory cells at the mesh-tissue interface.
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2.1. Introductory statement
Despite the broad acceptance of mesh-augmented surgery for treating POP, there are
some associated complications. The most common problem is mesh erosion through the
vaginal epithelium which results in inflammation and pain. Studies have revealed that all
PP mesh induces long lasting chronic inflammation.
It has been reported that collagen-coated mesh delayed the inflammatory response to PP
mesh and reduced the risk of erosion by decreasing adhesion of the mesh to the wound
(Meschia et al., 2007, Lo et al., 2016). In this chapter, I hypothesized that the format of
collagen coating of PP mesh affects the host response and improves tissue healing in
long term. This study was a collaboration with Professor Jan Deprest and his group in the
Katholieke University Leuven, Leuven, Belgium. Animal surgery was performed by Dr Iva
Urbankova in Leuven. I designed Immunohistochemistry experiments to determine the
leukocyte and macrophage response to collagen-coated mesh implants. In collaboration
with CSIRO, I assessed the biochemical properties of the harvested mesh/tissue
complexes. I also determined total collagen content using Sirius Red staining and
collagen fibril structure and organisation assessed by Birefringence analysis.
As there are few available antibodies or kits for sheep model and due to high expense of
this animal model, we studied the host response to implanted mesh in mouse models
which will be discussed in chapter 3 of this thesis.
I acknowledge Dr Kai for assisting with biochemical analysis and Ms Jacinta White for
helping with Sirius Red staining and birefringence analysis. I also thank Dr Camden Lo
for helping with Metamorph software image analysis.
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Supplementary Figure 1
Three Types of mesh implanted in Ovine vaginal wall

Supplementary Figure 2
Collagen quality analysis. The mature red fibrils synthesis increased with the time in Mesh
Tissue Complex (MTC) in both 100 and 200 μm increment zone but not in control (A,B).
However, the green, immature collagen fibrils did not change in either MTC or control
after 60 and 180 days (C,D).
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3.1.

Introductory statement

One of the main concern of biomaterial implantation is the host response to the implanted
mesh. M1 inflammatory and M2 anti-inflammatory macrophages play key roles in this
process. The balance between these two types of macrophages determines the failure or
success of implanted mesh or biomaterial. The wound healing properties of M2
macrophages is increasingly exploited in biomaterial research to promote M2
macrophage dominance around the implanted biomaterial. Mesenchymal stem cells
facilitate M1 macrophage differentiation towards an M2 phenotype. The isolation of MSC
from bone marrow, as a main source of adult MSC, is invasive and needs anesthesia.
Indeed, isolation methods used (plastic adherence) fail to purify the undifferentiated MSC
from the predominant population of fibroblasts and these cell preparations are
heterogeneous, mainly comprising fibroblasts.
Endometrial MSC (eMSC) are a newly identified source of MSC which are easily
accessible without anaesthesia. They are clonogenic at very low densities (5-10 cell/cm2)
in serial cloning assays indicating self-renewal in-vitro. Despite the unique properties of
eMSC, including high proliferative potential, and mesodermal lineage differentiation, there
are scant studies using eMSC for tissue engineering and cell-based therapies. Our group
previously

assessed

the

biological

and

biomechanical

behavior

of

a

novel

gelatin/polyamide mesh (PA+G), seeded with eMSC in a subcutaneous rat model of
wound repair as a preclinical model for POP repair surgery. Our results revealed that
eMSC significantly improved the biocompatibility of these novel mesh designs. In this
chapter, I investigated the effect of eMSC on the macrophage response to implanted
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PA+G mesh. I determined that eMSC modulated the inflammatory response to implanted
mesh and facilitated M2 macrophage differentiation.
Isolated human SUSD2+ eMSC were labelled with mCherry Lentivirus and seeded onto
PA+G mesh, then implanted into a subcutaneous wound in mice and tissue collected at
3, 7, 14 and 30 days.
Collected tissues were assessed for
1. M1 and M2 macrophage markers
2. Inflammatory cytokine secretion
3. M2 macrophage marker mRNA expression
I thank Mrs Kersin Tan and Dr Shanti Gurung for assisting with mouse monitoring, Dr
Shayanti Mukherjee for helping with immunostaining and Dr James Deane for assistance
with animal surgery. I also thank Dr Kirstin Elgass for image analysis and confocal
microscopy training and advice. I would also acknowledge Dr Sharon Edwards and Mr
Aditya Vashi from CSIRO for PA+G mesh preparation.
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3.2.

Abstract

The immunomodulatory properties of human endometrial mesenchymal stem cells
MSC (eMSC) have not been well characterized. Initial studies showed that eMSC
modulated the chronic inflammatory response to a non-degradable polyamide/gelatin
mesh in a xenogeneic rat skin wound repair model, but the mechanism remains
unclear. In this study, we investigated the immunomodulatory effect of eMSC on the
macrophage response to polyamide/gelatin composite mesh in an abdominal
subcutaneous wound repair model in C57BL6 immunocompetent and NSG (NOD Scid
gamma) immunocompromised mice to determine whether responses differed in the
absence of an adaptive immune system and NK cells. mCherry lentivirus-labelled
eMSC persisted longer in NSG mice, inducing longer term paracrine effects. Inclusion
of eMSC in the mesh reduced inflammatory cytokine (Il-1b, Tnf-α) secretion, and in
C57BL6 mice reduced CCR7+ M1 macrophages surrounding the mesh on day 3 and
increased M2 macrophage marker mRNA (Arg1, Mrc1, Il10) expression at days 3 and
7. In NSG mice, these effects were delayed and only observed at days 7 and 30 in
comparison with controls implanted with mesh alone. These results show that the
differences in the immune status in the two animals directly affect the survival of
xenogeneic eMSC which leads to differences in the short-term and long-term
macrophage responses to implanted meshes.
Keywords: endometrium, mesenchymal stem cell, macrophage, tissue engineering
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3.3.

Introduction

Tissue engineering (TE) combines cells and materials to create implants that improve
repair of injured tissues (Langer and Vacanti, 1993, Shafiee and Atala, 2017, Vacanti and
Langer, 1999). Huge advances in tissue engineering have occurred over the past two
decades with the development of new biomaterials and the use of various adult stem
cells, MSC in particular. Tissue engineering has great potential for use in women’s
urogynaecological health including treatment of stress urinary incontinence (SUI) and
pelvic organ prolapse (POP) (Chapple et al., 2015, Gigliobianco et al., 2015, Society,
2017).
Pelvic Organ Prolapse is the herniation of pelvic organs into the vagina. Symptoms
include voiding, bowel and sexual dysfunction and incontinence(Maher et al., 2013). POP
affects more than 25% of all women and 19% of women undergo reconstructive surgical
treatment, often involving surgical mesh to provide mechanical support to damaged
tissue(Olsen et al., 1997, Smith et al., 2010a). Monofilament polypropylene mesh with a
large pore size allows for greater neo-tissue ingrowth and is the most common type of
mesh used in POP surgery (Konstantinovic et al., 2007). However, vaginal insertion of
mesh has resulted in complications in approximately 10% of women (Tijdink et al., 2011)
including mesh erosion, mesh contracture, infection and pain (de Tayrac R, 2006). The
use of tissue engineering constructs may reduce these adverse effects.
Adult mesenchymal stem cells have been used as a cell-based therapy in tissue
engineering applications to deliver reparative cells to damaged tissue sites to effect tissue
repair and regeneration(Matsushima et al., 2009). A number of tissue engineering
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approaches using bone marrow mesenchymal stem cells (bmMSC) have been explored
in abdominal wall hernia repair (Dolce et al., 2010, Zhao et al., 2012). More commonly,
bmMSC have been administered intravenously, where they home to damaged and injured
tissues and exert anti-inflammatory and immunomodulatory effects, without tissue
incorporation (Le Blanc and Mougiakakos, 2012). Human endometrial MSC (eMSC) are
a recently identified MSC type that are easily accessible by a minimally invasive officebased biopsy procedure without anaesthesia (Ulrich et al., 2013a, Darzi et al., 2016b).
Clonogenic eMSC can be purified using co-expression of CD140b and CD146 with a cell
sorter or by a single marker, SUSD2 (recognised by the W5C5 antibody) using magnetic
bead sorting (Masuda et al., 2012, Schwab and Gargett, 2007). These perivascular eMSC
fulfil the International Society for Cellular Therapies minimal MSC criteria, are highly
proliferative, self-renew in vitro and reconstitute stromal tissue in vivo (Masuda et al.,
2012, Gargett et al., 2016).
We are developing and evaluating a new type of mesh for potential clinical use in POP
treatment. In particular, we fabricated a new tissue engineered construct comprising a
novel polyamide knitted mesh coated with stabilised gelatin (PA+G) (Edwards et al., 2013,
Ulrich et al., 2012). Comparison of the structural characteristic and mechanical properties
of the mesh with three commercial PP meshes showed that our PA+G mesh was less
stiff and had lower bending rigidity, more desirable properties for POP surgical repair. We
have also shown the efficacy of using eMSC in PA+G mesh (Ulrich et al., 2012) to deliver
eMSC in a small animal model of wound repair (Ulrich et al., 2014b). In this xenogeneic
model, human eMSC exerted a paracrine effect promoting wound healing, angiogenesis
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and neo tissue formation. Seeding the mesh with eMSC enhanced the biocompatibility of
the mesh by reducing chronic inflammation and promoting the deposition of crimped
physiological collagen around mesh filaments resulting in reduced stiffness of the meshtissue complex in long term (Edwards et al., 2015). Thus, eMSC-seeded PA+G mesh
may provide an alternative treatment option for POP (Ulrich et al., 2013a).
One of the main concerns in tissue engineering is the host response to biomaterials
(Anderson et al., 2008). Macrophages play a key role in host response to biomaterials(Xia
et al., 1994, Labow et al., 2005) by secreting cytokines and chemokines that impact on
tissue repair (Sridharan et al., 2015a). Understanding the exact role of macrophages in
host response to implanted biomaterials and the factors that may secrete to regulate this
response is important.
Several lines of evidence have demonstrated crosstalk between macrophages and MSC.
Macrophages co-cultured with bmMSC expressed higher levels of CD206, the mannose
receptor, and secreted anti-inflammatory IL-10 and reduced levels of Tumor Necrosis
Factor-α (TNF-α) in the microenvironment (Kim and Hematti, 2009). In a sepsis mouse
model, infusion of mouse bmMSC decreased lethality, and the protective effect of the
MSC was eliminated by macrophage depletion or by the administration of Il-10
neutralizing antibodies (Nemeth et al., 2009). Il-10 produced by M2 macrophages blocked
excessive neutrophil infiltration into the injured tissue and prevented further damage
(Nemeth et al., 2009). Similarly, in an endotoxin-induced lung injury model,
intrapulmonary delivery of mouse bmMSC decreased the production of Tnf-α and
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Chemokine Ligand 2 (CXCL2) and increased alveolar macrophage secretion of Il10(Gupta et al., 2007).
To further elucidate the early immune responses to eMSC-seeded PA+G mesh, the aim
of the current study was to determine whether eMSC alter macrophage polarization from
an M1 inflammatory to an M2 wound healing phenotype in response to implanted mesh
in both early and later stages of the host response. We compared two mouse models;
immunocompromised (NSG) and immunocompetent (C57BL6) mice. NSG mice lack an
adaptive immune system and NK cells, and have a defective innate immunity associated
with functionally immature macrophages and deficiencies in several cytokine signalling
pathways

(Shultz

et

al.,

2007).

We

compared

the

anti-inflammatory

and

immunomodulatory effects of eMSC on macrophage responses between mouse strains
with intact (C57BL6) and defective (NSG) immune systems. We also assessed whether
xenogeneic, heterologous eMSC persisted longer in the absence of an adaptive and
deficient innate immune system.
3.4.
3.4.1.

Results
eMSC transduction and survival in vivo on PA+G mesh

In order to track the cells in vivo, eMSCs purified by SUSD2 magnetic bead sorting were
transduced with mCherry lentiviral vector and the SUSD2+mCherry+ cells were sorted and
cultured in DMEM medium containing 10% FBS. More than 95% of cultured eMSCs were
mCherry+ (Fig.1A and B) and around 40% of this population were SUSD2+. Double
positive cells were sorted, expanded and seeded on PA+G mesh (Fig.1C). The
persistence of implanted eMSC was assessed by fluorescence microscopy. Three days
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after mesh implantation, mCherry+ eMSC were found around the mesh filaments and in
the gelatin layer in NSG mice (Fig. 1D and E). Fewer mCherry+ cells persisted after 7
days (Fig.1F and G). No mCherry+ eMSC were detected in C57BL6 mice after 3 or 7 days
implantation.
H&E staining showed the degree of cellularity around the implanted mesh at the later time
points (days 14 and 30) in both NSG and C57BL6 mice of the eMSC/mesh and mesh
control groups. The gelatin layer coated on the top of the mesh gradually degraded with
the time. Visually, there was a higher number of infiltrated cells in immunocompetent mice
compared with immunocompromised mice. (Supplementary Fig.1A-H).

3.4.2.

eMSC induce macrophage polarization

Image analysis quantification within the first 100 µm increment around individual mesh
filaments showed that the percentage of total macrophages (F4/80+) relative to Hoechststained nucleated cells in C57BL6 and NSG mice was relatively constant from day 3 to
30 in both groups; PA+G mesh seeded with and without eMSC (Fig.2A and C).
To determine the phenotype of F4/80+ macrophages accumulating around the
eMSC/PA+G (eMSC/mesh) and non-seeded PA+G (mesh control), dual color
immunofluorescence staining was performed to quantify M1 (CCR7/F4/80) and M2
(CD206/F4/80) macrophages in sections from C57BL6 and NSG mice at 3, 7, 14 and 30
days. In mesh seeded with eMSCs, the number of M1 expressing macrophages was
significantly reduced in comparison to the control implants at day 3 in immune intact
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(C57BL6) mice (P=0.0314) (Fig. 3A and C). No significant differences between
eMSC/mesh and mesh controls were observed at the later time points in C57BL6 mice.
In immunocompromised mice (NSG), there was no difference in M1 macrophages from 3
to 30 days between the eMSC/mesh and mesh control groups (Fig. 3B and D).
We next used CD206 to investigate M2 macrophages, a hallmark cell associated with
tissue regeneration and healing, around the implanted mesh filaments. There was no
significant difference in the proportion of CD206-expressing macrophages between
eMSC/mesh and mesh control groups in immunocompetent mice at any time point. (Fig.
4A and C). In the immunocompromised NSG mice, the M2 macrophage proportion
gradually increased with time in both mesh control and eMSC/mesh groups with
significantly more M2 macrophages present at day 30 compared with day 3, (P=0.028)
(Fig. 4B and D). However, there was no difference between the density of M2
macrophages around mesh filaments whether eMSC were present or not. The M2/M1
ratio was higher in eMSC/mesh compared to mesh control in NSG and C57BL6 mice.
There was a non- significant trend for the M2/M1 ratio to increase from day 3 to day 30 in
NSG mice in either eMSC/mesh and mesh control groups (P=0.9 and P=0.2, respectively)
(Supplementary Fig.2A&B).
3.4.3.

eMSC modulate inflammatory cytokine mRNA expression

To further assess the inflammatory response to the implanted mesh, the mRNA
expression of the inflammatory cytokines, Il1b and Tnfa was quantified by q-PCR. In
C57BL6 mice, no differences were observed in Il1b mRNA expression between the
groups at any time-point (Fig.5A). Tnfa expression was significantly reduced in
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eMSC/mesh group at days 14 (P=0.008) and 30 (P=0.01) compared with mesh control
group (Fig.5C).
In NSG mice, there was a significant decrease in Il1b gene expression eMSC/mesh group
compared with the mesh control group at day 14 (P=0.0023) (Fig.5B) with no differences
at the other time points. No significant difference was observed in Tnfa gene expression
between eMSC/mesh and mesh control groups at any time point (Fig.5D) Comparison
between immunocompetent and immunocompromised mice showed no significant
difference in Il1b and Tnfa gene expression at any of the four time-points (Fig 5E&F).
3.4.4.

eMSC modulate inflammatory cytokine secretion

As the qPCR quantification of inflammatory cytokine mRNA expression was not
conclusive, the secretion of Il-1β and Tnf-α protein was measured in explanted tissue
lysates from C57BL6 and NSG mice. In immunocompetent mice, Il-1β and Tnf-α were
reduced at the early time points (days 3 and 7) in the eMSC/mesh group compared with
the mesh control group (Fig. 6A and C). In the NSG mice, both Il-1β and Tnf-α secretion
levels were significantly reduced in the eMSC/mesh group compared with the mesh
control group at day 7 for both inflammatory cytokines (Tnf-α, P=0.0381 & Il-1β,
P=0.0417), and also at day 30 for Tnf-α (P=0.0122) (Fig. 6B and D). The cytokine levels
were noticeably lower in the tissues from immunocompromised NSG mice than in
immunocompetent C57BL6 mice (Fig.6E and F). There was significantly less Il-1β
secretion in the mesh control group of NSG mice compared to C57BL6 mice at day 3
(P=0.0336) (Fig.6E). Tnf-α was significantly lower in NSG mice in the eMSC/mesh group
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compared to the same group in C57BL6 mice after 30 days implantation (P=0.006)
(Fig.6F).

3.4.5.

eMSC induce the expression of M2 macrophage markers

We next assessed whether M2 macrophage marker mRNA expression was altered by
the eMSC using q-PCR measurement of Il10, Arginase I (ArgI) and Mannose Receptor
(Mrc1). Arg1, Mrc1 and Il10 mRNAs were significantly higher at day 3 in the eMSC/mesh
group compared to the mesh control in immune intact C57BL6 mice (P=0.032, 0.0194,
0.018, respectively)(Fig. 7A, D and G). Similarly, at day 7, both Mcr1 and Il10 were
increased in the eMSC/mesh group (P=0.006, 0.002, respectively). In immunodeficient
NSG mice ArgI expression was significantly increased in the eMSC/mesh group
compared to the mesh control group at 30 days (P=0.0161) (Fig. 7B). Mrc1 expression
was significantly higher in the eMSC/mesh group at 14 days, compared with the mesh
control (P=0.05) (Fig. 7E). Over time, ArgI expression increased in the eMSC/mesh group
from day 7 to day 30 in NSG mice (P=0.002) (Fig. 6C). Comparison between C57BL6
and NSG mice showed that Mrc1 expression was significantly higher in the eMSC/mesh
group in C57BL6 mic, compared with same group in NSG mice at day 7 (P=0.03) (Fig.7F).
Similarly, Il-10 expression was significantly higher in eMSC/mesh group in C57BL6 mice,
compared with NSG mice at days 3 and 7 (P=0.001 and P=0.002, respectively) (Fig.7J).

93

Chapter 3 - Endometrial Mesenchymal Stem/Stromal Cells Modulate the Macrophage
Response

3.5.

Discussion

The main findings of this study are that human eMSC changed the macrophage
phenotype from M1 to M2 in both immunocompromised and immune intact mouse models
resulting in a reduction of inflammatory cytokine secretion and an increase in M2
macrophage marker expression. These immunomodulatory effects mediated by eMSC
were delayed and weaker in immunocompromised compared to immune intact mice,
likely due to the persistence of eMSC and their slower disappearance in NSG mice. It is
likely that eMSC exerted these immunomodulatory effects via a paracrine mechanism in
both mouse models.
The level of the macrophage infiltration around the mesh was similar in the two animal
models and the presence of eMSC had minimal impact on the absolute number of
infiltrating macrophages. In the C57BL6 mice, where eMSC were not readily detected
even as early as 3 days after eMSC/mesh implantation, there was a significant reduction
of the inflammatory CCR7+ M1 macrophages. This was accompanied by reduced
secretion of Il-1β and Tnf-α during the first 7 days and reduced gene expression at later
time-points, and upregulation of the M2 mRNA markers, Arg1, Mrc1 and Il10. These
findings indicate for the first time that the eMSC have significant immunomodulatory and
anti-inflammatory properties in vivo through their effect on macrophage phenotype in
immunocompetent animal models. The effect of eMSC on the macrophage response to
implanted mesh was similar in NSG mice, however it was delayed and the cytokine
response was blunted even though the eMSC survived longer. This was shown by the
prolonged elevation of CD206 M2 macrophages and increased M2 mRNA markers, Mrc1
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and Arg1 up to day 30, accompanied by similar and ongoing reductions of proinflammatory cytokine secretion and mRNA expression. This persistence of xenogeneic
human eMSC in immunocompromised mice suggests that their autologous use in women,
where their removal is expected to be delayed, may have greater long term beneficial
effects in modulating macrophage responses to foreign mesh materials than an
allogeneic source.
Macrophages play a central role in the host response to implanted biomaterials, with both
M1 and M2 macrophages having essential roles and the balance of M2/M1 determining
the failure or success of implantation(Klopfleisch, 2016). To prevent prolonged
detrimental effects of persisting M1 macrophages on implanted non-degradable
biomaterials, a timely switch from a M1 to M2 macrophage phenotype can be favourable,
a process facilitated by eMSC. Our data shows there was a trend for the M2/M1 ratio to
increase over time in the NSG model, suggesting that co-transplantation of eMSC with a
non-degradable biomaterial may be beneficial in reducing the chronic inflammatory
response.
In this study, we quantified the effect of a recently described MSC on macrophage
phenotype after mesh implantation. We showed that eMSC seeded on a synthetic
composite

mesh

significantly

reduced

inflammation

for

up

to

30

days

in

immunocompetent mice, despite their rapid disappearance, indicating that their
modulatory effects influence the acute and chronic phase of the immune response. Other
studies have also shown that injected or implanted MSC (from other sources) do not
survive at the site but nevertheless limit tissue injury during their short stay through a
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variety of mechanisms (Ionescu et al., 2012, Prockop and Oh, 2012). In an immune intact
system as in C57BL6 mice, MSC influence most immune cell types, including those
mediating innate immunity; NK cells, dendritic cells, neutrophils, and adaptive immunity
cells; T and B lymphocytes (Le Blanc and Mougiakakos, 2012). Our study focused on the
effect of eMSC on the macrophage response, showing that they inhibit inflammation by
influencing the switching of M1 macrophages to a M2 phenotype, reducing inflammation
at early and late time points. While we did not examine which eMSC mediators reduced
the inflammatory response to PA+G mesh, it is possible that they operate in a similar
manner to other MSC. For example, bmMSC upregulate the expression of Indoleamin2,3
dioxygenase (IDO), which induce the polarization of M1 macrophages to M2 phenotype
and promote M2 macrophages secretion of Il-10(Le Blanc and Mougiakakos, 2012).
Another possibility is the production of PGE2 and TGF-β by eMSC, since these molecules
induce M2 phenotype switching(Luz-Crawford et al., 2016). To date there are no studies
on the MSC mediators of M2 switching, PGE2 or TGFβ, by eMSC. However, we found
increased COX1 mRNA expression, a key enzyme involved in PGE2 synthesis, in eMSC
treated with A83-01, a TGFβ-receptor inhibitor, to prevent differentiation and maintain
eMSC stemness, compared with non-treated cells (Gurung S, Werkmeister J, Gargett C,
un-published data) suggesting that PGE2 may be involved in eMSC modulatory effects
on

macrophages.

Comparison

of

eMSC

and

endometrial

stromal

fibroblast

transcriptomes also showed higher TGFβ expression in eMSC (Barragan et al., 2016).
These data suggest that eMSC have the potential to function in a similar manner as other
immunomodulatory MSC. Our ongoing studies are investigating these possibilities.
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In NSG mice, the proportion of CD206+ M2 macrophages increased after 30 days in
parallel with reduced levels of inflammatory cytokine secretion and mRNA expression.
The lack of T, B and NK cells and defective dendritic cells (DC) and macrophages in NSG
mice, likely explains the lower cytokine production observed around the mesh filaments
compared with C57BL6 mice. In an immunocompromised system, where longer survival
of implanted stem/progenitor cells is expected, eMSC may also exert longer-term
immunomodulatory effects. In a mouse model of asthma, most of the PKH2-labelled MSC
injected IV into BLALB/C mice were phagocytosed by macrophages and these
macrophages subsequently acquired an M2 suppressive phenotype(Agrawal et al.,
2014). However, it is unknown whether macrophages in NSG mice phagocytose eMSC,
and this needs further investigation. One of the limitations of our previous study on the
paracrine effects of eMSC on mesh implantation(Ulrich et al., 2014b, Edwards et al.,
2015) was the inability to explain the late M1 to M2 switch. In this study only phenotypic
CD profiling was used. Macrophages are heterogeneous, and activation and polarization
into functional subsets is complex. In our current study, we have complimented the CD
phenotype with quantification of more sensitive functional mediators indicative of
macrophage status such as inflammatory cytokines and M2 macrophage markers. We
detected genetically labelled eMSC surviving for at least 7 days in NSG mice, indicating
their potential to have longer term effects as demonstrated by M2 macrophage marker
expression and inflammatory cytokine secretion.
Immunofluorescent staining is a qualitative assessment and we did not find significant
changes in two groups with this technique. This limitation led us to assess the
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macrophage response with mRNA expression (qPCR) and protein secretion (ELISA)
techniques which identified the regulatory effects of eMSC. The other limitation of this
study which could have been assessed was the effect of macrophages on collagen and
elastin synthesis in the area around the mesh fibers and whether the presence of eMSC
can affect the tissue regeneration.
In summary, we have characterized some of the immunomodulatory properties of eMSC
in vivo for the first time. We showed that eMSC mediate inhibitory effects in both immune
intact and immune compromised systems suggesting that immune intact mice are
suitable for tissue engineering studies using eMSC, although the implanted cells do not
persist in the latter. eMSC exert their modulatory effects by secretion of anti-inflammatory
factors. Our ongoing work will characterize these factors to fully understand the
immunoregulatory mechanism of eMSC on innate immune cells, in particular
macrophages.

3.6.
3.6.1.

Material and Methods
Endometrial Tissues

The experimental protocols were performed under the ethical guidelines according to the
National Health and Medical Research Council (NHMRC) of Australia’s National
Statement on Ethical Conduct in Human Research. Endometrial biopsies were obtained
from 8 women undergoing laparoscopic surgery for non-endometrial gynaecological
conditions and had not taken hormonal treatment for three months before surgery. The
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samples were collected during the proliferative or secretory stage and the BMI of these
women was not considered in this study. All women gave written informed consent. Our
protocol was approved by the Monash Health and Monash University Human Research
Ethics committees (09270B). Each patient sample was used to generate an individual
eMSC cell line (n=6).
3.6.2.

Isolation of SUSD2+ eMSC and Culture

Endometrial tissues were minced with scissors and digested using 5% collagenase type
II and 40µg/ml deoxyribonuclease type I (DNAse I) (Worthington-Biochemical
Corporation) at 37°C in Dulbecco’s modified Eagle’s Medium/F12 medium (DMEM/F12)
containing 15 µM Hepes buffer (Invitrogen) in a humidified incubator at 37°C on a rotating
MACSmix (Miltenyi Biotech) for 60-90 minutes. Dissociated stromal cells were separated
from collagenase resistant epithelial cells (as clumps) using a 40µm sieve (BD
Bioscience-Durham) and red blood cells removed by density gradient centrifugation using
Ficoll-Paque (GE Healthcare Bioscience-Bio-Sciences AB) as previously described
(Chan et al., 2004). Single cell suspensions of stromal cells were incubated with PEconjugated SUSD2 (formerly W5C5) antibody (2µg/ml) (Biolegend) for 30 minutes at 4°C
followed by incubation with anti-PE labelled magnetic beads (Miltenyi Biotec) for 20
minutes and SUSD2+ eMSC were selected using a column and magnet (Miltenyi Biotec).
SUSD2+ eMSC were cultured in DMEM/F12 medium containing 10% Fetal Calf Serum
(FCS) (Invitrogen), 1% antibiotic-antimycotic (Life Technologies) and 2 mM glutamine
(Life Technologies) for 2-4 passages. We have previously shown that this protocol
isolates eMSC which robustly express the typical MSC markers when cultured (ie CD29,
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CD44, CD73, CD90, CD105 >90%; CD31, CD34, CD45 <5%). We used cells between
passage 2 and 4 for this study to minimize sample variation.
3.6.3.

mCherry Lentivirus Transduction of eMSC

To detect eMSC in vivo, the cells were transduced with a mCherry lentivirus. Lentivirus
was generated by co-transfection of three plasmids; 10µg pLVX-IRES-mCherry (lentivirus
plasmid which contains mCherry gene) (clontech-6312237), packaging plasmids; 9µg
pSPAX2 (which encodes capsid) (Addgene 12260) and 1µg pMD2.G (encodes reverse
transcriptase

for

lentivirus

replication)

(Addgene

12259),

(https://www.addgene.org/protocols/bacterial-transformation/)

using

into
the

293

cells.

TransIT-X2

(Mirus) transfection reagent according to manufacturer’s protocols. Transfection was
confirmed by monitoring mCherry expression by fluorescence microscopy. Viral
containing supernatant was collected and passed through a 0.45um filter. eMSCs were
grown to 70% confluence and transduced with lentiviral supernatant supplemented with
polybrene (5ug/ml) (Sigma hexadimethrine bromide, catalogue #107689). Viral
supernatant was replenished after 6 hours.
3.6.4.

mCherry+ / SUSD2+ eMSC Sorting

Following 48-72 hours transduction, eMSC were washed with 2% FBS/PBS, trypsinized
with TrypLETM (Life Technologies) and then incubated with APC-conjugated mouse antihuman SUSD2 antibody (2 µg/ml) for 30 minutes in the dark on ice. Cells co-expressing
mCherry and SUSD2 were sorted using a Beckman XDP cell sorter (Beckman Coulter,
Life Science, Australia) and the data were analysed using Summit Cytomation software
version 5.2. Sorted cells were then cultured until confluent for seeding onto the PA+G
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mesh. Lentiviral transduction does not affect the expression of the classic MSC markers
or SUSD2 (Gurung et al., 2015)
3.6.5.

Fabrication of PA+G mesh and seeding with human eMSC

Polyamide (Nylon 6) meshes were warp knitted to a mass per unit area of 42 g/m2 using
80 μm monofilament (Wetekam) and coated with gelatin by immersing in 12% sterile
porcine type A gelatin, 300g Bloom (G1890, Sigma Aldrich) and cross-linked with
0.0125% glutaraldehyde, as previously described (Su et al., 2014). PA+G meshes were
cut into 1x1 cm pieces and gamma sterilized with 25 kGy. Prior to cell seeding, mesh was
coated with 10 μg/ml fibronectin for 30 minutes at 37°C. Mesh was then seeded at a
density of 125,000 mCherry-labelled SUSD2+ cells/cm2 in 30-40 μL of medium per mesh
and cultured for 48-72 hours. Since the mesh size was only 1 cm2 and seeding density of
500,000 cells was not possible (too high for cells to attach), we therefore cultured half of
the cells on the mesh (250,000) (125000 per mesh) and then added another 250,000 of
the same batch of transfected cells onto the mesh (125000 cells per mesh) on the day of
to make sure that enough cells would be delivered to animal. The additional labelled
eMSC were delivered in 12% porcine gelatin mixed with 1 mM ruthenium metal complex,
(2,2’-bipyridyl) dichloro ruthenium (II) hexahydrate [Ru II(bpy)3]2+ (Sigma-Aldrich) and 20
mM sodium persulfate (SPS) (Sigma-Aldrich) to allow cross linking of the gelatin using a
LED dental lamp (460 nm, 1200 mW/cm2, 3M Epilar Free Light 2) for 30 seconds (Elvin
et al., 2010). Control meshes of PA+G (fibronectin coated) without cells were incubated
in culture medium only and on the day of surgery a layer of gelatin without cells was
added to the mesh and similarly cross-linked using blue light.
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3.6.6.

Implantation of eMSC-seeded PA+G Tissue Engineering Constructs

The experimental procedure and mouse husbandry was approved by Monash Medical
Centre Animal Ethics Committee A (2014/03). NSG and C57BL6 mice were housed in
the animal house at Monash Medical Centre according with the National Health and
Medical Research Council of Australia guidelines for the care and use of laboratory
animals and were provided sterile food and water under controlled environmental
conditions. Mice (48 NSG and 48 C57BL6) were randomly divided into two experimental
groups of 24 mice/group and implanted with PA+G mesh seeded with (eMSC/mesh) or
without (mesh control) eMSC. The mice were anaesthetized with 3% w/v Isoflurane® and
carprofen (5 mg/kg body weight) was used as analgesia. The abdomen was shaved and
disinfected with 70% ethanol. A longitudinal 1.2 cm skin incision was performed in the
lower abdomen and the skin was separated from the fascia by blunt dissection to make
two pockets on each side of the midline. Tissue engineering constructs were implanted
into two pockets of each animal, which received either eMSC-seeded or unseeded
meshes. Meshes were sutured to the abdominal fascial layer using Dysilk 4-0® sutures
(Dynek) on two ends. Skin closure was performed with a single intracutaneous Dysilk 40® suture. Animals were euthanized in a CO2 chamber and tissue harvested at 3, 7, 14
and 30 days (8 mice/group/time-point using the 8 different eMSC cell lines/group of mice
for each time point). Explanted meshes were dissected and divided into 3 parts for
immunofluorescence, quantitative RT-PCR and ELISA.
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3.6.7.

Immunofluorescence

Paraformaldehyde (4% for 24 hours at 4°C) fixed tissue samples frozen in OCT were cut
(8 µm) and stained with rat anti-mouse F4/80 antibody (Table 1) to quantify total
macrophages, rabbit anti-mouse CCR7 for pro-inflammatory M1 macrophages and rat
anti-mouse CD206 for anti-inflammatory M2 macrophages (Table 1). Sections were
thawed and blocked with protein block (Dako) for 1 hour at RT. After one wash in PBS,
primary antibodies were incubated for 1 hour at RT. Isotype-matched antibodies (rat
IgG2b, rat IgG2a and rabbit monoclonal IgG) were used as negative controls and applied
at the same concentrations. After washing, Alexa-Fluor-488 and Alexa-Fluor-568conjugated secondary antibodies were incubated for 30 minutes at RT, respectively.
Nuclei were stained with Hoechst 33258 (Molecular Probes) for 3 minutes and the slides
were mounted with fluorescent mounting medium (Dako). To avoid the overlap of the red
Alexa Fluor 568 and mCherry, all the slides used for CCR7 immunostaining were first
checked for the presence of mCherry signal and those containing mCherry+ cells were
excluded from the immunostaining.
3.6.8.

Image analysis

Four images were taken per stained section from one frozen block at each time-point
using a FV1200 confocal microscope (Olympus, Life Science) at 20x magnification. mesh
knots and the gelatin layer were included and images were taken from the center of the
mesh avoiding the sutures. The images were analyzed using Image J software (National
Institute of Health, NIH) (Schindelin et al., 2012) to measure positive signals around mesh
filaments in 100 μm increments, as described previously (Darzi et al., 2016a). The
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percentage of M1 (red) and M2 (white) macrophage immunostaining was calculated as a
proportion of total macrophages (green), co-localised in the same sections. Cell numbers
were calculated as a ratio of co-localized cells (green-red-blue) and/or (green-white-blue)
to total macrophages (green-blue).
3.6.9.

Lysate preparation and protein assay

The frozen collected tissues were thawed and cut in half and 300 µl of lysis buffer (Nold
et al., 2013) was added and homogenized on ice for one min using a homogenizer (IKA
T 10 basic ULTRA-TURRAX). The supernatant was collected following centrifugation at
13,000 rpm for 10 minutes. Then 3 µl of the supernatant was used to quantify total protein
content using a bicinchoninic acid assay (BCA) according to the manufacturer’s directions
(Thermo Scientific) and read at 562 nm using a plate reader (Biotek). Lysate were stored
in -80°C prior to use in ELISAs.
3.6.10.

ELISAs

The inflammatory cytokines, Il-1β and Tnf-α, were assessed by ELISA using mouse
commercial kits (BD Bioscience OptEIA). The plates were coated with capture antibodies
and incubated overnight at 4°C. The following day the plates were blocked with assay
diluent (10% FBS in PBS) for one hour. The samples were diluted 1/10 in assay diluent
and 50 µl of each of the samples and standards were loaded into the wells of 96 well
plates. After 2 hours incubation at room temperature (RT), the plates were washed three
times and incubated with biotinylated detection antibody for 1 hour followed with washing;
then streptavidin-HRP was added to each well and incubated for 30 minutes at RT.
Finally, a stop solution was added and the plates were read at 450 nm using a plate
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reader (Biotek). The cytokine concentration of the samples was obtained from the fourparameter logistic standard curve and normalized to total protein for each sample.
3.6.11.

qRT-PCR

RNA was extracted from explanted tissue using a RNA extraction mini kit (Qiagen-Life
Technologies) according to manufacturer’s protocol and the quality and yield determined
by 260/280 and 230/260 absorbance in a Nanodrop (Lab Gear). The extracted RNA was
stored at -80°C until use. First-strand cDNA was synthesized using SuperScript III firststrand synthesis system (Invitrogen). 100 ng of cDNA was then measured and assessed
by quantitative PCR. M2 macrophage markers including Mannose receptor, Arginase and
Il10 mRNA and M1 macrophage markers including Il1b and Tnfa expression using SYBR
Green Super Mix. Primer sets are detailed in Table 2. The PCR conditions consisted of
initial denaturation at 95°C for 10 minutes, followed by 40 cycles of denaturation at 95°C
for 15 seconds and annealing/polymerization at 60°C for 60 seconds. To determine the
relative expression of target mRNA, the expression level of each gene was normalized to
the expression level of GAPDH mRNA as an endogenous control and relative expression
was reported as ∆Ct.
3.6.12.

Statistics

Statistical analysis was performed using GraphPad Prism v7 and data were normally
distributed and analyzed with unpaired parametric two-tailed t-Test, one way and threeway ANOVA followed by Tukey posthoc test. Data are presented as mean +/- SEM.
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Figures
Figure 1. eMSC transduction and survival of eMSC on PA+G mesh in NSG mice. (A)
cultured mCherry transduced eMSC showing red fluorescence, (B) more than 95% of
transduced and cultured eMSC were mCherry+ by flow cytometry and about 40% of this
population were SUSD2+. Representative trace of n=6 patient samples, (C) PA+G mesh
seeded and cultured with eMSC. (D, E) mCherry+ eMSC were observed after 3 and (F,G)
7 days implantation around the mesh filaments in immunocompromised NSG mice.
Arrows, representative mCherry+ eMSC; m, mesh filament; g, gelatin. Scale Bars 100µm
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Figure 2. Macrophages surround implanted mesh with or without eMSC.
Representative images of F4/80 immunostaining in (A) C57BL/6 mice implanted with
eMSC/PA+G mesh (upper panel) and PA+G mesh control (lower panel) for 3 - 30 days
and similarly implanted (B) NSG mice. Macrophages (F4/80+ , green) as a percentage of
total nucleated cells in the first 100 µm increment around mesh filament in (C) C57BL/6
mice and (D) NSG mice. Data are mean ± SEM of n=8 animals/group. m, mesh, g, gelatin,
white dashed lines, outline of PA+G mesh, yellow dotted lines, 100 um increment around
mesh analyzed eg in (A, D7). Arrowheads, representative F4/80 macrophages both within
and outside the 100 um increment around PA+G mesh. Scale bars 100µm.
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Figure 3. M1 macrophage quantification around implanted mesh in C57BL/6 and
NSG mice. CCR7 M1 macrophage (red) and F4/80 macrophage (green) co-localized
(yellow) around implanted mesh in mesh/eMSC and mesh control groups from day 3 to
day 30 in (A) C57BL6 mice and (B) NSG mice. Ratio of macrophages with co-localized
markers in the first 100 µm around mesh filament in (C) immunocompetent mice and (D)
immunocompromised mice. Data are mean ± SEM of n=8 animals/group. *P < 0.05.
Arrows show representative CCR7+F4/80+ macrophages both within and outside the 100
um increment around PA+G mesh, m, mesh filament; g, gelatin. Scale Bars 100µm.
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Figure 4. M2 macrophage quantification around implanted mesh in C57BL/6 and
NSG mice. CD206 M2 macrophage (white) and macrophage F4/80 (green) colocalization around implanted mesh at day 3 to 30 in (A) C57BL/6 mice and (B) NSG mice.
C and D ratio of macrophages with co-localized markers to total macrophages (MQ) in
the first 100 µm around mesh filament in (C) C57BL/6 Immunocompetent mice and (D)
NSG Immunocompromised mice. Data are mean ± SEM of n=8 animals/group. *P < 0.05.
Arrows show representative CD206+F4/80+ macrophages within and outside the 100 um
increment around PA+G mesh, m, mesh filament; g, gelatin. Scale Bars 100µm.
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Figure 5. mRNA expression of M1 macrophage markers by Quantitative PCR.
Il1b and Tnfα mRNA expression in eMSC/mesh and mesh control groups in (A and C)
C57BL6 and (B and D) NSG mice. (E and F) total comparison of Il1b and Tnfa mRNA
expression between two types of mice, two groups and four time-points. Error bars mean
+/- SEM. *P <0.05
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Figure 6. Inflammatory M1 macrophage cytokine secretion assayed by ELISA. Il-1β
and Tnf-a secretion in eMSC/mesh and mesh control group implants in (A,C)
immunocompetent C57BL/6 mice and (B,D) immunocompromised NSG mice. (E,F)
comparison of cytokine expression between the two mouse models for eMSC/mesh and
mesh control. Data are mean +/- SEM of n=8 animals/group. *P <0.05
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Figure 7. mRNA expression of M2 macrophage markers by Quantitative PCR. ArgI,
Mrc1 and Il10 in eMSC/mesh and mesh control groups in (A,D and G) C57BL6 and (B,E
and H) NSG mice. (C,F and J) comparison of ArgI, Mrc1 and Il10 expression between the
two types of mice, eMSC/mesh and mesh control. Error bars mean +/- SEM. *P <0.05
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Supplementary Figure 1.H&E staining of explanted tissue at day 14 and 30.
eMSC/mesh group in NSG (A,B) and in C57BL6 (C,D). Mesh control group in NSG (E,F)
and C57BL6 (G,H).
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Supplementary Figure 2. M2/M1 ratio in eMSC/mesh and mesh control groups.
(A)C57BL6 and (B) NSG mice.
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Table 1
Details of antibodies used in immunostaining
Primary

Isotype

Supplier

antibody
CCR7

Dilution

Secondary Concentration Supplier

(Concentration) Ab
Rabbit

Abcam

1/200 (1µg/ml)

monoclonal

Donkey

1/500

anti rabbit

Life
Technologies

IgG
CD206

Rat IgG2a- Biolegend

1/100 (1µ/ml)

-

-

-

1/200

Chicken

1/500

Life

Alexa Fluor
647
conjugated
F4/80

Rat IgG2b

BioRad

(1µg/ml)
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anti
IgG

rat

Technologies

Table 2
Primer sequences
Primer sequences

Forward

Reverse

Arginase I (ArgI)

5' CATGAGCTCGCCAAAGT 3'

5' TTTTTCCAGCAGACCAGCTT 3'

Mannose

5' TGGCATGTCCTGGAATGAT 3'

5' CAGGTGTGGGCTCAGGTAGT 3'

Interleukin 10 (Il10)

5' TTTGAATTCCCTGGGTGAGA 3'

5' AGACACCTTGGTCTTGGAGC 3'

Il1b

5' TCACCCAAGACTCTGCCTTTAC 3'

5' CCATGGTGGCAGTGAGGTTT 3'

Tnfa

5' CCCTCACACTCAGATCATCTTCT 3'

5' GCTACGACGTGGGCTACAG 3'

GAPDH

5' AACTTTGGCATTGTGGAAGG 3'

5' ACACATTGGGGGTAGGAACA 3'

Receptor

(Mrc1)
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4.1.

Introductory statement

In Chapter 3 I noticed a considerable accumulation of macrophages around mesh
filaments and a rapid disappearance of mCherry transduced eMSC. In this Chapter I
wanted to further investigate the source of accumulated macrophages and determine
whether eMSC would have a longer survival in the absence of accumulated
macrophages. For this Chapter, I established a systemic macrophage depletion model
using clodronate injections. I assessed the survival of mCherry transduced eMSC as well
as the source of responding macrophages to the implanted mesh. eMSC isolation,
culture, transduction and mouse surgery was the same as described in Chapter 3. I thank
Dr James Deane for doing the clodronate IV injections and scientific inputs. I also thank
Prof. David Nikolic Paterson for his advice on macrophage depletion and Dr Sharon
Edwards for mesh preparation.
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4.2.

Abstract

The tissue response to implantation of a tissue engineering construct comprising a
biomaterial seeded with MSC involves macrophages, which play key roles in the
inflammatory response, tissue regeneration and fibrosis. Macrophages can behave as
pro or anti-inflammatory cells and the balance between these two states results in tissue
remodelling and avoids the extended inflammation and fibrosis following biomaterial
implantation.
Continuing from the previous study (Chapter 3), in this study I further explored the source
of responding macrophages to implanted PA+G mesh seeded with mCherry-labelled
eMSC. To understand the role of macrophages, recruited monocytes were systemically
depleted by clodronate injections. After the last injection, PA+G mesh seeded with
mCherry-labelled eMSC was implanted between the skin and abdominal fascial layer in
C57BL6 mice and tissues were collected and assessed for mCherry eMSC and
macrophages after 3 and 7 days.
Results revealed that 1). Macrophage depletion did not result in longer survival of eMSC,
2). While systemic monocytes were effectively depleted with clodronate, resident
macrophages were not impacted and migrated to the implanted mesh but did not
proliferate. 3). The majority of resident migrating macrophages around the mesh in
systemic monocyte depleted animals were uncommitted M0 macrophages compared with
M1 macrophage accumulation around mesh in untreated animals. However, while our
results demonstrate for the first time the importance of the resident macrophage response
to implanted mesh, further work is required to understand the interplay between
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circulating monocyte migration and the local macrophage response to foreign materials
in a larger number of replicates in animal groups. Inclusion of a further control group of
saline-only treated animals are also required.
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4.3.

Introduction

Tissue engineering (TE) is an emerging alternative and complementary solution for
treating tissue failure and organ loss. Tissue engineering refers to a combination of
scaffolds or biomaterials, cells and bioactive molecules which aims to restore, maintain
and improve the normal function of tissue (Langer and Vacanti, 2016). Huge advances in
tissue engineering using biomaterials have occurred over the past two decades. The
basic strategy in TE uses scaffolds with cells that can be sourced from a variety of tissues
and can include autologous or allogeneic differentiated cells or stem cells (Shafiee and
Atala, 2017). Bone marrow mesenchymal stem cells are nonspecific multipotent cells
which are able to differentiate to a specific cell and display the function of that cell
(Demirbag et al., 2011).
Macrophages play a key role in the response to implanted tissue engineered constructs
containing cells. Studies have shown the robust recruitment of macrophages around the
implanted material along with rapid disappearance of MSC, implying a role for
macrophages in MSC disappearance (Braza et al., 2016, Ulrich et al., 2014b).
Macrophages originate from two distinct sources; circulatory monocyte-derived and
tissue resident. Local macrophages sustain their population by rapid proliferation during
tissue injury and bone marrow-derived monocytes circulate in peripheral blood for several
days before entering inflamed tissues by extravasation through the endothelium (Davies
et al., 2013, Klopfleisch, 2016)
Following our previous study in which I assessed the role of eMSC on macrophage
polarization and response to implanted mesh, in this study I aimed to further understand

139

Chapter 4- Resident macrophages mediate the host response to implanted mesh and impact
the survival of eMSC
the role of circulating monocytes as well as tissue resident macrophages in response to
implanted PA+G mesh seeded with mCherry-labelled eMSC.

4.4.

Material and Methods

4.4.1. Human samples
Endometrial biopsies were obtained from 8 pre-menopausal women undergoing
laparoscopic surgery for gynaecological conditions for non-endometrial pathological
conditions (endometriosis and adenomyosis), who had not taken hormonal treatment for
three months before surgery. All women gave written informed consent. Our protocol was
approved by the Monash Health and Monash University Human Research Ethics
committees.
4.4.2. eMSC isolation, culture and transduction
eMSC were isolated as previously described (Ulrich et al., 2014b). Briefly, endometrial
tissues were mechanically minced and digested using collagenase type II and
deoxyribonuclease type I (DNAse I) at 37C in DMEM/F12 containing 15µM Hepes buffer.
Using a 40µm sieve (BD Bioscience-Durham), stromal and epithelial cells (as clumps)
were separated and the red blood cells were then removed using Ficoll-Paque density
gradient from the stromal fraction. Single cell suspensions of stromal cells were then
incubated with PE-conjugated SUSD2 antibody (2µg/ml) (Biolegend) for 30 minutes at 4C
followed by incubation with anti-PE labeled magnetic beads (Miltenyi Biotec) for 20
minutes and SUSD2+ eMSC were selected using a column and magnet (Miltenyi Biotec).
SUSD2+ eMSC were cultured in DMEM/F12 medium containing 10% Fetal Bovine Serum
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(FBS) (Invitrogen), 1% antibiotic-antimycotic (Life Technologies) and 2mM glutamine (Life
Technologies) for 2-4 passages.
To track the cells in-vivo, eMSC were transduced with mCherry lentivirus plasmids
(https://www.addgene.org/protocols/bacterial-transformation/) and mCherry+ cells were
sorted using a Beckman XDP cell sorter (Beckman Coulter, Life Science) as described in
Chapter 3. Sorted cells were cultured until confluency for seeding onto PA+G mesh.

4.4.3. PA+G mesh fabrication
Polyamide meshes were prepared and coated with 12% gelatin as previously described
and crosslinked with 0.0125 % glutaraldehyde (Ulrich et al., 2014b). Mesh pieces (1 x 1
cm) were seeded at a density of 125,000 mCherry-labelled SUSD2+ eMSC/cm2 in 3040μL of medium per mesh and cultured for 48-72 h. To increase the cell dose, on the day
of surgery, additional eMSC (125,000 cells/mesh) were added to individual mesh pieces,
together with 1mM ruthenium metal complex, (2,2’-bipyridyl) dichloro ruthenium (II)
hexahydrate [Ru II(bpy)3]2+ (Sigma-Aldrich) and 20mM sodium persulfate (SPS) (SigmaAldrich), to increase cell dosage to 500,000 eMSCs/mesh. The gelatin was then crosslinked using a LED dental lamp (460 nm, 1200 mW/cm2, 3M Epilar Free Light 2) for 30
seconds.
4.4.4. Macrophage depletion
Liposome encapsulated clodronate and PBS liposomes (5mg/ml) were purchased from
http://www.clodronateliposomes.org (Nico van Rooijen company). PBS liposomes were
injected as a negative control for depletion of macrophages. 200μL clodronate liposomes
were injected intravenously (IV) every three days for up to three injections (Fig1A and B).
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24 hours after the last injection, the eMSC-seeded mesh was implanted subcutaneously
on the flank as previously described (Chapter 3).

B

A

C

Figue 1. (A). schematic of IV injection. (B). experimental plan showing optimising the
number of clodronate injections. (C). IV injection, eMSC/mesh implantation and tissue
collection diagram.

4.4.5. Animal surgery and tissue collection
The experimental procedure and mouse husbandry was approved by Monash Medical
Centre Animal Ethics Committee A (2016/43). C57BL6 mice were housed in the animal
house at Monash Medical Centre in accordance with the National Health and Medical
Research Council of Australia guidelines for the care and use of laboratory animals and
were provided sterile food and water ad libitum under controlled environmental conditions.
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C57BL6 mice (n = 8) were randomly divided into two experimental groups to receive PBSliposomes or clodronate liposomes with 4 mice/group. Mice were implanted with PA+G
mesh seeded with mCherry+SUSD2+ eMSC.
The surgery procedure was previously described (Chapter 3). Briefly, a longitudinal 1.2
cm skin incision was created on the midline and two pockets were made on each side of
the midline by blunt dissection of skin from fascia. Meshes were implanted into two
pockets of each animal and sutured in place with Dysilk 4-0® sutures (Dynek). Tissues
were harvested 3 and 7 days post implantation and assessed by immunostaining.
Sample size for this study was determined from our previous studies. There was
insufficient time to complete the study for this thesis and only n=2/animals per group could
be done in the time frame available.

4.4.6. Flow cytometry
To assess the efficiency of clodronate- induced macrophage depletion in the C57BL6
mice, spleens were collected every three days after each clodronate injection to detect
macrophages using two markers CD11b and F4/80 (Fig 1B).
To check the repopulation of macrophages, the spleen was collected 3 and 7 days after
eMSC/mesh implantation (last injection) (Fig 1C). Collected spleens were mashed
through a 70µm strainer, washed with 1% PBS/FBS and the red blood cells were lysed
in red cell lysis buffer (Biolegend) for 1 minute at room temperature. The cells were
washed and stained with anti-mouse Alexa Fluor 450-conjugated CD11b (1μg/ml)
(Thermofisher) and APC-conjugated anti-mouse F4/80 (1μg/ml) (Biolegend) for one hour
on ice, washed and analyzed by a flow cytometer (Beckman Coulter, Life Science).
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4.4.7. Immunostaining
Collected mesh/tissue complexes were fixed in 4% paraformaldehyde embedded in 30%
sucrose and then frozen in OCT. Cryo sections were cut (8μm) and stained with APC or
Alexa Fluor 488 rat anti-mouse F4/80 antibody, rabbit anti-mouse CCR7 for proinflammatory M1 macrophages and Alexa Fluor 647 rat anti-mouse CD206 for antiinflammatory M2 macrophages, unconjugated rabbit monoclonal Ki67 and Alexa Flour
594 rat anti mouse CD11b antibodies (Table 1). Sections were thawed and blocked with
protein block (Dako) for 1 hour at RT. After one wash in PBS, the primary antibodies were
incubated for 1 hour at RT. Isotype-matched antibodies (rat IgG2b and IgG2a, rabbit
monoclonal IgG) were used as negative controls and applied at the same concentrations.
After washing, secondary conjugated antibodies were applied for 30 minutes at RT.
Nuclei were stained with Hoechst 33258 (Molecular Probes) for 3 minutes and the slides
were mounted with a fluorescent mounting medium (Dako).
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Table 1. Details of antibodies used in immunostaining
Primary

Isotype

Supplier

antibody
CCR7

Dilution

Secondary Concentration Supplier

(Concentration) Antibody
Rabbit

Abcam

1/200 (1µg/ml)

monoclonal

Donkey

1/500

Life

anti rabbit

Technologies

IgG
CD206

Rat IgG2a- Biolegend

1/100 (1µ/ml)

-

-

-

Alexa Fluor
647
conjugated
F4/80

Rat IgG2b Biolegend
APC

(1µg/ml)

conjugated
F4/80

1/200

Rat IgG2a- Biolegend
Alexa Fluor

1/200
(1µg/ml)

488
conjugated
Ki67

Rabbit

Biolegend

1/100

Chicken

monoclonal

anti
IgG

CD11b

Rat IgG2b

Biolegend

1/100

Alexa Four
594
conjugated
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4.4.8. Image analysis
Three images were taken per stained section from one frozen block from each animal at
each time-point (D3 and D7) using a FV1200 confocal microscope (Olympus, Life
Science) at 20x magnification. The images were analyzed using Image J software
(National Institute of Health, NIH) to measure positive signals around mesh filaments in
100μm increments. The percentage of M1 (red) and M2 (white) macrophages was
calculated as a proportion of total macrophages (green), co-localized in the same
sections. Cell numbers were calculated as a ratio of co-localized cell (green-red-blue)
and/or (green-white-blue) to total macrophages (green-blue).

4.5.

Results

4.5.1. Labelling eMSC for cell tracking in vivo
To track the cells in vivo, SUSD2+ eMSCs were transduced with mCherry lentivirus vector.
More than 95% of eMSC transduced with mCherry and about 40 ± 5 % (n=2) of this
population were SUSD2+. (refer to Chapter 3, Fig1A and B).

4.5.2. Clodronate depletes macrophage from the spleen
To assess the role of recruited monocytes to the implanted eMSC/PA+G construct on
eMSC survival, monocytes and macrophages were systemically depleted by clodronate
IV injection. To optimize the efficiency of clodronate in macrophage depletion, clodronate
and PBS liposomes were injected every three days (Fig 1B). The depletion efficiency of
clodronate was assessed in spleen tissue every three days for CD11b+/F4/80+ , CD11b/F4/80+ , and CD11b+/F4/80- cells. Following each of the three clodronate injections, the
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number of CD11b+F4/80+ and CD11b-/F4/80+ cells decreased in clodronate injected mice
compared with PBS injection. However, the percentage of CD11b+ F4/80- cells did not
decrease after each injection (Fig 2 A-F) (Table2) and I realized that three injections were
sufficient to deplete approximately 90% of macrophages. It should be noted that PBSLiposomes also reduced the various macrophage populations after the first and second
injection. Repopulation of splenic macrophages following the final clodronate injection did
not occur at 3 or 7days post implantation as shown by flow cytometry. (Fig 3A-D).

Table 2. Percentage of CD11b+ F4/80-, CD11b- F4/80+, and CD11b+F4/80+ cells after 1,
2 and 3 injections of clodronate or PBS liposomes.
First injection

Second injection

Third injection

CD11b+ CD11b+ CD11b- CD11b+ CD11b+ CD11b- CD11b+ CD11b+ CD11bF4/80F480+
F4/80+ F4/80F480+
F4/80+ F4/80F4/80F4/80+
PBS 9.63

5.42

3.01

3.65

1.33

1.52

1.87

1.90

2.96

Cl

4.00

1.12

4.47

0.76

0.22

2.28

1.80

0.60

6.95

NB: Results are from the spleen of single mouse for each injection.
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Figure 2. Macrophage detection in mouse spleen after IV injection of 1mg/20gr
body weight clodronate. (A,B) first injection, (C,D) second injection, and (E,F) third
injection.
Detection of CD11b+F4/80+ , CD11b-F480+ and CD11b+F4/80- cells after PBS-Liposome
injection (A, C and E) and (B,D and F) Clodronate-Liposome (CL) injection. Results are
from a single mouse/injection.
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Figure 3. Macrophage detection in mouse spleen 3 and 7 days post eMSC/PA+G
implantation. (A,C) Clodronate-Liposome (CL) injected mice (B,D) PBS-Liposome
injected mice.

4.5.3. eMSC survival in implanted mesh in the absence of macrophages
To determine the effect of systemic macrophage depletion on eMSC survival,
fluorescence microscopy was used to identify m-Cherry labelled eMSC in and around
mesh filaments .However, no mCherry labelled eMSC were found around the mesh
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implanted area 3 and 7 days post implantation in both clodronate injected and PBS control
mice.

4.5.4. Macrophage presence around mesh filament in clodronate and PBS injected
mice
The presence and phenotype of macrophages around mesh filaments was investigated
by immunofluorescence staining. Considerable numbers of F4/80 immunostained
macrophages accumulated around mesh filaments in both control as expected (PBS
liposome injected) (Fig 4A and B) but also in clodronate injected mice (Fig 4C and D)
mice, particularly at day 3. The number of F4/80 macrophages around mesh filaments
was quantified at 3 and 7 days after implantation of eMSC seeded mesh in PBS and Cl
injected mice. There was a higher percentage of macrophages in the first 100μm around
mesh filaments in PBS injected mice compared with clodronate injected mice (Fig 4E).
although sample size needs increasing to determine statistical significant of this result.
The presence of M1 and M2 macrophages was assessed by double staining for
macrophage (F4/80) and/or M1 marker (CCR7) and M2 marker (CD206). The number of
M1 macrophages was higher in the PBS injected group after 3 and 7 days compared with
the CL injected group (Fig 5A-D and E). More samples are required to determine if this
finding is significant. M2 macrophages were less prominent in both groups as expected
at these early time points. (Fig 6A-D and E). Interestingly, at least 50% of F4/80
macrophages around the mesh filaments in CL-treated animals were uncommitted M0
macrophages (M1 and M2 negative).
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E

Figure 4. Macrophages surround implanted m-Cherry-labelled eMSC/mesh in
clodronate and PBS treated mice. (A) F4/80+ macrophages (green) after 3 and (B) 7
days post implantation in PBS injected mice and (C,D) F4/80+ macrophages after 3 and
7 days post implantation in clodronate injected mice, respectively. Arrows show
representative macrophages. Scale bar 100 μm. (E) quantified macrophages (F4/80+,
green) as a percentage of total nucleated cells in the first 100 µm increment around mesh
filament in PBS and clodronate injected mice. Data are mean ± SEM of n=2
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animals/group. m, mesh, g, gelatin, white dashed lines, outline of PA+G mesh, yellow
dotted lines, 100μm increment around mesh analyzed eg in (D). MQ, macrophages

E

Figure 5. M1 Macrophage quantification around implanted mesh in clodronate and
PBS treated mice. (A) CCR7 M1 macrophage (red) and F4/80 macrophage (green) colocalized (yellow) around implanted mesh after 3 and 7 days in (A,B), PBS injected mice
and (C,D) clodronate injected mice. Arrows show representative M1 macrophages. Scale
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bar 100 μm. (E) Ratio of macrophages with co-localized markers in the first 100 µm
around mesh. Data are mean ± SEM of n=2 animals/group. m, mesh, g, gelatin, white
dashed lines, outline of PA+G mesh, yellow dotted lines, 100 μm increment around mesh
analyzed eg in (B).

E

Figure 6. M2 Macrophage quantification around implanted mesh in clodronate and
PBS treated mice. (A) CD206 M2 macrophage (white) and F4/80 macrophage (green)
co-localized around implanted mesh after 3 and 7 days in (A,B), PBS injected mice and
(C,D) clodronate injected mice. Arrows show representative M2 macrophages. Scale bar
100 μm. (E) Ratio of macrophages with co-localized markers in the first 100 µm around
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mesh. Data are mean ± SEM of n=2 animals/group. m, mesh, g, gelatin, white dashed
lines, outline of PA+G mesh, yellow dotted lines, 100μm increment around mesh analyzed
eg in (D).

4.5.5. Absence of immature monocytes in tissue around mesh
The presence of immature monocytes (CD11b+F4/80+) in PBS and clodronate injected
mice was also investigated. CD11b+F4/80+ immature monocytes were not detected 3 and
7 days post implantation in PBS and clodronate injected mice (Fig 8A and B).

4.5.6. Lack of local macrophage proliferation in implanted mesh of clodronate
treated mice
I next determined whether the resident responding macrophages observed around the
PA+G mesh resulted from proliferation of local resident macrophages. Dual color
immunofluorescence staining with F4/80 and Ki67 (proliferation marker) was performed
in sections obtained from C57BL6 mice injected with clodronate and PBS and implanted
with eMSC seeded mesh. The accumulated macrophages around mesh filaments did not
proliferate as no F4/80+ macrophages showed nuclear Ki67 immunostaining (Fig. 7A and
B).
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Fig.7. Macrophage proliferation around implanted eMSC/mesh in clodronate and
PBS treated mice. (A) Ki67+ (green nuclei) mouse endometrial cells (positive control)
(white arrows) and (B,C) co-localization of F4/80 (white) and Ki67 (green) in tissue around
implanted eMSC/mesh in (B) clodronate injected and (C) PBS injected mice Yellow arrow
show representative macrophages Scale bars 100 μm
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Fig.8. Lack of immature macrophages around implanted eMSC/mesh in clodronate
and PBS treated mice. (A) co-localization of F4/80 (green) and CD11b (red) in PBS
injected mice 3 days after mesh implantation and (B) in clodronate injected mouse 7 days
post implantation. Yellow arrow show CD11b-F4/80+ macrophages. No CD11b+F4/80+
were observed. Scale bars 100 μm
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4.6.

Discussion

The main findings of this study are firstly, resident macrophages, independently of
recruited monocytes, are responding to mesh implantation and responsible for clearance
of implanted eMSC. Secondly, I found that local macrophages do not proliferate in
response to the implanted eMSC/mesh tissue engineering construct suggesting that
migrating macrophages are one of the sources of accumulated macrophages. Thirdly, the
majority of resident migrating macrophages around the mesh in systemic monocyte
depleted animals were uncommitted M0 macrophages.
Macrophages are the key cells which determine the success or failure outcome of
implanted biomaterials. I previously showed that eMSC affected macrophage polarization
in response to implanted mesh. I found less inflammatory cytokines including IL1β and
TNF-α and higher expression of M2 macrophage markers including Arginase I, Mannose
receptor and IL-10 in mice implanted with eMSC seeded mesh (Chapter 3). Due to
considerable accumulation of macrophages around mesh filaments and rapid
disappearance of eMSC in C57BL6 mice, I was interested to investigate whether
macrophage depletion resulted in longer survival of eMSC.
I found fewer macrophages in clodronate compared with PBS injected mice which may
indicate that in control animals, recruitment of circulating monocytes was still operating.
However, further replicates are needed to allow statistical comparison between the two
groups. CD11b immature monocytes/macrophages, were not detected around the mesh
which confirms that the source of recruited macrophages was from the local resident
population. This result indicates two possibilities; 1. Recruited circulating monocytes do
not participate in the macrophage response to the implanted mesh or 2. PBS-liposome
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(control) caused some macrophage depletion as suggested (Table 1). The effect of route
of clodronate administration on macrophage depletion in PBS injected mice has not been
studied before and whether macrophage depletion in PBS group is related to the site of
injection or the liposome might be toxic for macrophages, need to be studied.
Several previous studies have investigated the source of macrophages responding to
injured tissues. In a muscle injury rat model, there was a 50% decrease in macrophages
at the site of injury following IV clodronate injection (Cote et al., 2013). Local macrophage
proliferation increased after this systemic depletion of monocytes, contributing to the 50%
of macrophages found at the site. The authors concluded that both recruited and local
macrophages contributed in macrophage accumulation at the muscle injury site (Cote et
al., 2013). In a mouse model of parasitic infection macrophages accumulated in the
pleural cavity of nematode infected mice despite the removal of blood monocytes with
clodronate and about 40% of accumulated macrophages were proliferation (Ki67+). This
result indicates that macrophage accumulation in inflammation occurs independently of
blood monocytes (Jenkins et al., 2011). Indeed, blood recruited monocytes and resident
macrophages maintain different populations during inflammation (Davies et al., 2013).
This together with our findings suggest that the local resident macrophage population
plays a significant role in the foreign body response to subcutaneously implanted mesh.
IV injection of clodronate depletes spleen and liver macrophages but not completely in
bone marrow (Sunderkotter et al., 2004). In our study, due to limited time, the clodronate
efficiency on reducing bone marrow recruited macrophage progenitors (monocytes) was
not assessed, an important limitation of the present study. The other limitations in this
study are the insufficient replicates and lack of liposome control which could have showed
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the effect of liposomes on macrophage depletion, which was reported previously (Weisser
et al., 2011, Qualls et al., 2006, Weisser et al., 2012).
There is no report on the source of responding macrophages following MSC-seeded
biomaterial implantation. Given that our preliminary findings showing a lack of local
macrophage proliferation and depleted splenic macrophages, there is likely an alternative
mechanism involved in the macrophage accumulation around mesh filaments. In the
physiological process of wound healing, macrophages migrate to site of injury from the
bone marrow (Davies et al., 2013). Given that local macrophage proliferation was not
seen in the F4/80+ population around mesh filaments, it is possible that they migrate along
a chemoattractant gradient of CCL3 and CCL5 secreted by other immune cells such as
dendritic and NK cells. This new hypothesis of tissue resident macrophages migration
needs to be further assessed and confirmed by increasing sample size in the present
study.
In this study, for the first time, in a limited number of replicates due to time constraints, I
showed that the source of responding macrophages to an eMSC-seeded mesh in vivo
was neither due to monocyte recruitment, nor to proliferation of local macrophages and
that macrophage response was dominated by M0 macrophages. Although sample size
needs increasing to determine statistical significant of this result and further work needs
to be performed to examine the independent roles of circulating and resident macrophage
recruitment and efficiency of clodronate injection on bone marrow recruited monocytes
and tissue macrophage migration.
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The main goal of this thesis was to examine different approaches to minimize the
inflammation and host response to implanted meshes. I assessed two alternative options
including collagen-coating a conventional polypropylene (PP) mesh and seeding eMSC
onto a novel mesh. To reduce an excessive host inflammatory response, various mesh
modifications have been investigated, including pore size and mesh weight. Another
alteration is coating the mesh with extracellular matrix to provide a biological interface of
the mesh with the tissue. This approach results in less inflammation and reduced
leukocyte accumulation for ECM coated meshes. (Wolf et al., 2014, Valentin et al., 2009).
An entirely new approach is to seed immunomodulatory cells (ie MSC) onto meshes to
modulate the inflammatory response. Both of these approaches were investigated in my
thesis.
In the first aim of my thesis I assessed how different formats of collagen coating impacted
the host response to PP mesh. Collagen is the most common protein in the ECM and
structurally it is classified into fibrillar and non-fibrillar collagen. Accordingly, I assessed
commercially available PP meshes either incorporated with a sheet of natural tissue
based fibrillar collagen that was further cross-linked (Avaulta plus) or coated with tissuesolubilized monomeric collagen (Ugytex) which has physical and biological properties
similar to native collagen. Sheep vaginal surgery was used as a model to evaluate the
role of collagen tertiary structure in modifying the host response. This ovine model has
similarities with the human reproductive system including size of vagina, the pelvic
structure and biomechanics (Urbankova et al., 2017). Furthermore, sheep spontaneously
develop POP. Our results revealed that despite a vigorous leukocyte response around
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both collagen-containing meshes and unmodified control PP meshes, the soluble
collagen-coated mesh resulted in higher numbers of favored M2 macrophages which
promote tissue healing. This, together with an increased number of vWF+ blood vessels
around the implanted mesh, suggests enhanced healing around the soluble collagencoated filament mesh and better integration of the mesh into the tissue. In the soluble
monomeric collagen coated mesh, each mesh filament is coated with soluble non-crosslinked, highly resorbing, collagen allowing rapid penetration of capillaries and greater
vascularization. This finding supports the beneficial effects of collagen incorporation into
PP mesh designs but indicates that the collagen format and rate of degradation can itself
be a critical factor in promoting these outcomes.
One of the limitations of this study is the lack of elastin measurement. Elastin is one of
the important proteins in connective tissue and plays a role in preserving the connective
tissue structure following stretch or contraction.
One innovation our group brought to the field is to use an objective method of cell or
matrix quantification in a defined increment around individual mesh filaments using
Metamorph software to improve on subjective scoring. Using our quantitative
morphometric analysis, I examined Sirius Red birefringence of newly synthesized
collagen fibers and identified the density and maturation of collagen fibers at the tissue
filament interface. I found that the total birefringent collagen deposited in animals
vaginally implanted with collagen-coated mesh was more similar to uninjured tissue than
those implanted with an unmodified control PP mesh.
Macrophages are one of the main immune cells involved in the inflammatory response to
implanted mesh, playing a central role in determining the success or failure of implanted
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mesh. It is both their finely controlled pro- and anti-inflammatory functions that is a major
determinant in the outcomes of tissue engineering and cell transplantation. Apart from the
physical properties of the biomaterial which affects the host macrophage response, any
incorporated cells used in tissue engineered constructs or biomaterials may also
modulate the immune cell response, particularly macrophage responses (Klopfleisch,
2016). M1 pro-inflammatory and M2 anti-inflammatory macrophages orchestrate the
processes associated with the foreign body reaction by producing cytokines and other
bioactive molecules which affect the early (innate) and late (adaptive) immune responses.
While both the M1 and M2 macrophages are temporally important in the response to nondegradable biomaterial implantation, the M2 macrophage response is more beneficial in
the long-term as it facilitates tissue remodeling and stable integration of material, by
promoting angiogenesis and superior healing.
Mesenchymal stem/stromal cells are being explored for their immunomodulatory
properties and their ability to facilitate the switching of M1 macrophages to M2
macrophages (Eggenhofer and Hoogduijn, 2012). In the second result chapter of this
thesis I used a newly identified source of MSC from the endometrium. Endometrial
mesenchymal stem cells (eMSC) are highly proliferative, differentiate to mesodermal
lineages and we have developed methodology for their purification using SUSD2
magnetic bead sorting. We previously reported the beneficial effects of xenogeneic eMSC
in promoting new tissue growth and minimizing fibrosis in a wound repair model using
mesh augmentation (Ulrich et al., 2014b). In Aim 2, I found that eMSC modulated the
inflammatory response to PA+G mesh. Inflammation was reduced, together with
increased M2 macrophage expression markers and cytokine activity in mice with an intact
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immune system several days post implantation. This suggests an immunomodulatory
effect of eMSC on early responding NK, Dendritic Cell (DC) and macrophages. However,
this came at the expense of eMSC survival, as these disappeared in less than three days
in immune intact mice. Activated MSC secrete regulatory factors such as IL10 which
inhibit the production of inflammatory cytokines by DC and macrophages and induce the
generation of regulatory T cells (Kyurkchiev et al., 2014). I did not examine the effects of
eMSC on early responding immune cells including neutrophils and DC but the reduction
in inflammatory response soon after mesh implantation in C57BL6 mice is likely due to
eMSC-induced reduction in inflammatory mediators produced by DCs, neutrophils and
macrophages.
In an NSG immunocompromised mouse system, the adaptive immune system is
defective, as well as some innate immune cells including DC and NK cells. Fewer innate
immune cells responded to the implanted mesh resulting in a reduced acute inflammatory
response in NSG compared with C57BL6 mice. The regulatory effects of eMSC was
subsequently delayed and weaker in NSG mice.
The modulatory effects of MSC on immune cells in vitro and in vivo have been reported
before. MSC decreased the activation of lymphocytes and DC and secreted the inhibitory
cytokines, IL-10 and TGFß in co-culture with these immune cells (Aggarwal and Pittenger,
2005, Singer and Caplan, 2011). Human adipose-derived cells decreased inflammatory
cytokines and chemokines, and increased IL-10 following systemic infusion in acute and
chronic colitis in C57BL6 mouse models. In this study, I used a xenogeneic heterologous
source of adult stem cells and assessed their immunomodulatory activity in both
immunocompetent and immunocompromised mice as I was interested to determine
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whether xenogeneic heterologous MSC differ in their persistence in the absence of an
adaptive immune system and NK cells (immunocompromised mice). Another question I
wished to answer was whether the interaction between eMSC and macrophages differs
in the presence or absence of an intact immune system. In this thesis, I found longer
survival of eMSC in the absence of an intact immune system. However, the shorter
survival of eMSC in an intact immune system, did not affect their modulatory effects.
Assuming that xenogeneic cells may be similar in effect to allogeneic cells, my findings
suggest that there may be similar benefits when using allogeneic compared to autologous
MSC for cell therapies and tissue engineering studies.
Others have also shown that systemic or locally delivered MSC (from other sources) do
not survive at the site but nevertheless limit tissue injury during their short stay through
their immunomodulatory effects via paracrine factor secretion (Braza et al., 2016, Agrawal
et al., 2014). Activated MSC from bone marrow produce COX2 and increase PGE2
secretion which results in switching of M1 macrophages to an M2 phenotype (Prockop,
2013).
In an immunocompromised system, eMSC survived longer as has been shown by others
using different sources of MSC (Bai et al., 2011, Vilalta et al., 2008, Meyerrose et al.,
2007). Intramuscular and intravenous implantation of human adipose derived stem cells
in nude mice showed that 75% of the injected MSC were lost in the first week but the
number of surviving cells (5000 cells in thigh muscle and 3000 cells in lung) remained
stable up to 8 months (Vilalta et al., 2008). In another study, the engraftment and
distribution of injected human adipose derived stem cells (ASC) following acute
myocardial infarction showed that injected ASC survived in infarcted hearts of SCID mice
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during the 10 weeks follow-up (Bai et al., 2011). In my study, irrespective of differing
eMSC survival, eMSC showed regulatory effects in both immune intact and immune
compromised systems suggesting that immune intact mice are an equally suitable if not
better model to study immunomodulatory effects of MSC.
Following the rapid disappearance of mCherry-labelled eMSC in mesh implanted C57BL6
mice, I became interested in understanding whether macrophages, as the major type of
cell accumulating around the mesh, phagocytose the eMSC and contribute to their short
survival in vivo. I also questioned whether eMSC survive longer in the absence of
macrophages. As a first step in investigating this goal in Aim 3, I sought to determine the
source of macrophages accumulating at the site of the mesh, whether they were from
circulating monocytes or tissue resident macrophages. I investigated the role of recruited
monocytes to the injury site and developed a systemic macrophage depletion mouse
model using clodronate IV injection. Macrophage accumulation around mesh filaments
was not affected by systemic macrophage depletion, despite the removal of macrophages
from the spleen, suggesting a role for tissue resident macrophages in the tissue response
to mesh. Furthermore, mCherry-labelled eMSC failed to survive longer in the absence of
macrophages. However, local macrophage proliferation does not appear to have a role
in the tissue response to implanted mesh. My thesis shows for the first time, albeit with
limited sample numbers, that the source of responding macrophages to implanted
biomaterial seeded with eMSC in vivo does not involve local macrophage proliferation. In
contrast, in infectious injury models both recruited monocytes and local macrophage
proliferation played a role in mitigating muscle injury or infections (Jenkins et al., 2011,
Cote et al., 2013). While my result with eMSC supports previous studies regarding the
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role of macrophages, my study found for the first time an alternative mechanism for
macrophage accumulation involving resident macrophages.
Tissue engineering using mesenchymal stem cells, is an emerging alternative solution for
tissue replacement in organ failure and tissue loss. However, when biomaterials are
implanted, the host response should be considered as one of the main factors responsible
for the failure or success of the biomaterial implant. Macrophages are the main cell type
involved in the inflammatory response and its resolution during the wound healing
process. Precise understanding of their role and the factors that might affect the
macrophage responses will improve the outcomes of tissue engineering approaches in
terms of designing improved biocompatible mesh to promote better tissue integration with
less inflammation. The results of this project provide a basis for ongoing studies on the
host response to implanted biomaterials.
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