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Abstract
Endometriosis affects 5-10% of women and is characterized by the growth of endometrial
tissue outside of the uterus. Treatment for endometriosis primarily focuses on symptom
relief, is short term with severe side effects and often leads to recurrence of the condition.
Establishing new blood supply is a fundamental requirement for endometriosis lesions
growth. This has led to the idea that antiangiogenic therapy may be a successful
approach for inhibiting endometriosis. Recent evidence indicates that endothelial
progenitor cells (EPCs) contribute to neoangiogenesis of endometriotic lesions. These
EPCs are recruited to the lesion site by stromal cell-derived factor-1 (SDF-1). We
hypothesize that SDF-1 is central to the neoangiogenesis and survival of endometriotic
lesions and that administration of SDF-1 blocking antibody will inhibit lesion growth by
inhibiting angiogenesis in a murine model of endometriosis. Immunohistochemistry for
SDF-1 and CD34 was performed on human endometriosis and normal endometrial
samples. Quantification of SDF-1 and EPCs was performed in the blood of
endometriosis patients and controls using ELISA and flow cytometry, respectively. A
new mouse model of endometriosis was developed using BALB/c-Rag2-/-/IL2rg-/- mice to
investigate role of SDF-1 in neoangiogenesis. Either SDF-1 blocking antibody or an
isotype control was administered on a weekly basis for four weeks. Weekly samples of
peripheral blood from mice were analyzed for SDF-1, other cytokines of interest and
EPCs. Mice were euthanized at seven weeks to observe lesion growth and blood vessel
development. Our results indicate overabundance of SDF-1 and CD34+ progenitor cells
in human endometriotic lesions compared to eutopic endometrium. In the mouse model,
SDF-1 and circulating EPC levels decreased from pre-treatment levels after one week,
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and remained constant over the course of the treatment in both SDF-1 blocking antibody
and isotype control groups. In the SDF-1 blocking group, reduced vascularity of lesions,
identified by immunofluorescence staining for CD31, was revealed compared to isotype
controls. These findings suggest that SDF-1 may be responsible for CD34+ progenitor
cell recruitment to the neoangiogenic sites in endometriosis. Blocking of SDF-1 reduces
neovascularization of human endometriotic lesions in a mouse model. Further studies on
blocking SDF-1 in combination with other antiangiogenic agents are needed.
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Chapter 1
Introduction
Endometriosis is characterized by the growth of endometrial tissue (normal uterine
lining) outside of the uterus. It is estimated to affect more than 8.5 million women and
teens in North America alone, with 176 million more worldwide (Ajossa et al., 1994;
Carter, 1994; Giudice, 2010; Olive and Schwartz, 1993; Wheeler, 1989). Despite
numerous medical advances, endometriosis remains a conundrum to patients and
physicians. The economic impact of endometriosis is staggering. The estimated costs of
diagnosis and treatment of endometriosis totalled $22 billion in 2002 in the United States
(Giudice, 2010). In Canada annual estimated cost of endometriosis is $1.8 billion, with a
mean of $1164 per patient in direct health care costs and $5206 in total, including indirect
costs due to loss in productivity (Levy et al., 2011). Despite being one of the most
prevalent global causes of hysterectomy, infertility and pelvic pain, endometriosis
remains poorly diagnosed and ineffectively treated. It is very common for patients to
undergo repeated surgeries and embark on different medical therapies; none offering
long-term relief and many carrying highly negative side effects. Like cancer,
endometriosis lesions must establish a new blood supply to support survival and growth.
Indeed, dense vascularization is characteristic feature of endometriotic lesions (Alcazar
and Garcia-Manero, 2007; Ceyhan et al., 2008; Cho et al., 2007; Fainaru et al., 2008; Hur
et al., 2006). This has led to the idea that suppression of blood vessel growth
(antiangiogenic therapy) may be a successful therapeutic approach for endometriosis.
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Potential effectiveness of anti-angiogenic therapies has been assessed in limited animal
studies but there are no reported human clinical trials (Rogers et al., 2009). Without
understanding the specific mechanism by which endometriosis lesions establish a new
blood supply, short-term animal experiments will have limited value for translation into
human medicine.

Although endometriosis is well known and described for more than a century,
understanding of the mechanisms that cause it remains elusive. Adequate understanding
about susceptibility, pathogenesis and pathophysiology of associated infertilities has been
hampered by late presentation and diagnosis and lack of suitable animal models that
mimic spontaneous human disease. Most of the literature on angiogenesis in
endometriosis draws analogies to cancer research. One of the remarkable differences
between new vessel growth in cancer and endometriosis is that tumours can remain
dormant for days to years then initiate neoangiogenesis for exponential growth
(―angiogenic switch‖). In contrast, endometriosis lesions establish a new vascular supply
immediately after retrograde auto transplantation into the peritoneal or pelvic cavity and
these vessels respond cyclically with the menstrual cycle. Mechanisms promoting blood
vessel growth in endometriosis may be totally different than in cancer, hence exploiting
anti-angiogenic therapeutic strategies developed to restrict tumours may be ineffective for
endometriosis.
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One of the key components of new blood vessel formation is recruitment and retention of
endothelial progenitor cells (EPCs) and hematopoietic stem cells (HSCs) from bone
marrow to the sites of lesion development (Asahara et al., 1999; Ergun et al., 2008; Gao
et al., 2008; Okamoto et al., 2005). Circulating endothelial and hematopoietic progenitors
can originate from the bone marrow but also enter the circulation from other organs
(Kopp et al., 2006). Haematopoietic and endothelial precursors originate from a common
precursor cell, the hemangioblast. Hemangioblasts are pluripotent cells that undergo selfrenewal or differentiate into specific lineages, including erythroid, megakaryocytic,
lymphoid and myeloid progenitors depending on the local microenvironment and need at
sites of recruitment (Ishii et al., 1999; Jin et al., 2006b; Wilson and Trumpp, 2006).
Since progenitor cells transplantation provides long-term hematopoietic reconstitution in
humans and mice, development of strategies that block the mobilization and integration
of endothelial or haematopoietic progenitors or both cell types is an approach to
inhibiting neoangiogenesis.

Recent evidence demonstrates that stromal-cell derived factor-1 (SDF-1, now known as
CXCL12) has a central role in the recruitment and retention of endothelial and
hematopoietic progenitors from bone marrow to the neoangiogenic niches (Butler et al.,
2005; Jin et al., 2006a; Jujo et al., 2010; Kollet et al., 2003; Yu et al., 2009). SDF-1 is a
constitutively expressed and inducible chemokine that regulates multiple physiological
processes, including embryonic development and organ homeostasis (Hernandez-Lopez
3

et al., 2002; Lee et al., 2006; Rosenkranz et al., 2010; Stebler et al., 2004; Tachibana et
al., 1998). Until recently, a single cognate receptor for SDF-1, CXCR4 was known.
CXCR4 is widely and constitutively expressed by numerous tissues, including
hematopoietic and endothelial cells (Beider et al., 2009; Jinquan et al., 2000; Raz and
Mahabaleshwar, 2009; Wang et al., 2009; Wang et al., 2008). Pro-angiogenic CXCR4+
cells include immature and mature hematopoietic cells, endothelial progenitor cells, and
smooth muscle progenitor cells (Nagasawa et al., 1996). The crucial roles of SDF-1 and
CXCR4 in embryonic vasculogenesis are demonstrated by the blood vessel abnormalities
manifested in SDF-1 knockout and CXCR4 knockout mice (Naumann et al., 2010).
Indeed, the expression of SDF-1 in a large number of tumours and injured tissues
strongly suggests that activation of CXCR4 participates in promoting neo-angiogenesis.
No information is available regarding the role of SDF-1 in the pathogenesis of
endometriosis.

In this study, we propose to identify a central role for SDF-1 in neoangiogenesis in
endometriosis lesions and to design and test a new therapeutic strategy by blocking SDF1. We have established a new mouse xenogenic engraftment model and assessed the
efficacy of treatment with an anti-SDF-1 function blocking antibody on growth and
progression of human endometriotic tissue.
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Chapter 2
Literature Review
Endometriosis

Endometriosis is a common gynecological condition comprising of up to 10% of women
of reproductive age, 50-60% of women with pelvic pain and 50% of women with
infertility (Eskenazi and Warner, 1997; Goldstein et al., 1980). Annual estimated cost of
endometriosis in Canada is $1.8 billion, with a mean of $1164 per patient in direct health
care costs and $5206 in total, including indirect costs due to loss in productivity (Levy et
al., 2011). It accounts for over 400,000 hysterectomies (Eskenazi and Warner, 1997) and
total medical costs of over $20 billion in the United States annually (Simoens et al.,
2007). First described by Thomas Cullen at the turn of the 19th century (Benagiano and
Brosens, 2011), endometriosis is defined as ectopic growth of endometrium or
endometrial-like tissue outside of the uterus primarily on the peritoneal wall, the ovaries
or rectovaginal septum (Goldstein et al., 1980). Estrogen dependent endometriotic
lesions implant in the peritoneum and elicit a chronic inflammatory response
characterized by elevated cytokines and growth factors, angiogenesis, adhesions, fibrosis,
scarring and neuronal infiltration (Bulun, 2009; Giudice et al., 2010). Chronic
inflammation and neuronal stimulation in the pelvis thereby leads to pain, impaired
function of uterine tubes, decreased receptivity of the endometrium, impingement of
developing oocytes and embryos and physical blockage of fallopian tubes.
5

Despite extensive research, the etiology of endometriosis is still vaguely understood. The
most widely accepted theory for the pathogenesis of endometriosis is the theory of
retrograde menstruation proposed by John Sampson in 1927. He postulated that
endometriosis develops by the retrograde deposition and implantation of endometrial
fragments supported by the observance of reflux flow of viable tissue in menstruating
women. Increased incidence of endometriosis in women with anatomical obstructed
menstrual outflow and shorter menstrual cycles further bears credence to the theory
(Halme et al., 1984). Retrograde menstruation is a common phenomenon and occurs in
about 90% of women (Eskenazi and Warner, 1997), but only 10% of women develop the
disease. As such, Dmowski and collaborators (1981) advocated a role of the immune
system, in clearing menstrual debris, as being dysfunctional in women who develop
endometriosis. Specifically, macrophages and natural killer (NK) cells have been
implicated in this dysfunction (Keenan et al., 1995; Oosterlynck et al., 1991).

Diagnosis of endometriosis is particularly challenging due to the lack of non invasive
tests and a disconnect between extent of disease and intensity of pain as widespread
endometriosis can remain largely asymptomatic (Rawson, 1991). Additionally,
symptoms of endometriosis often overlap with symptoms of other gynecologic or non
gynecological conditions such as pelvic inflammatory disease or irritable bowel
syndrome (ACOG Practice Bulletin No. 51. Chronic pelvic pain, 2004; Treatment of
6

pelvic pain associated with endometriosis, 2008), resulting in a mean delay of 6.7 years
between the onset of pain and definitive (surgical) diagnosis (Nnoaham et al., 2011). In
symptomatic patients, endometriosis presents as chronic pelvic pain, dysmenorrhea,
dyspareunia, lower abdominal and lower back pain together with infertility (ACOG
Practice Bulletin No. 51. Chronic pelvic pain, 2004; Treatment of pelvic pain associated
with endometriosis, 2008). A revised scoring system developed by the American Society
for Reproductive Medicine (1997) is used to determine stage of disease progression
ranging from stage I to stage IV on the basis of increasing invasion, adhesions and
disease extent as well as location, appearance and type of endometriosis.

Treatment for endometriosis primarily focuses on symptom relief through
pharmacological or surgical methods. A combination of non-steroidal anti-inflammatory
drugs (NSAIDs) for pain relief together with oral contraceptives, progestins, androgens,
or gonadotropin-releasing hormone (GnRH) agonists to manage levels of estrogen is first
line therapy. Surgical procedures include excision or laser ablation of endometriotic
lesions, excision, drainage or ablation of ovarian endometriomas, resection of
rectovaginal nodules, lysis of adhesions, and interruption of nerve pathways and
hysterectomy with or without removal of the ovaries (Jacobson et al., 2009). Although
medical and surgical options are effective, endometriosis has a high rate of recurrence
with only 40%-70% of women reporting pain relief for more than six months (Howard,
2000).
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This highlights the importance of developing new treatment strategies not only to provide
long-term reduction of endometriosis lesions without adverse side effects and recurrence
of disease, but also that affected individuals are not rendered anovulatory and are able to
achieve pregnancy. In the past few years, several attempts have been made to find new
therapeutics to interfere with pathogenic mechanisms of endometriosis such as
interference with implantation, immunological reactions, inflammation and apoptotic
activity (Vercellini et al., 2011). Neoangiogenesis is another hypothesized mechanism
that may be targeted in order to prevent endometriosis.

Angiogenesis

Blood vessel development is critical for growth and development as it allows adequate
perfusion of blood, oxygen and nutrients to tissues and organs. The vascular network is
the first organ system to develop in the mammalian embryo and emerges from a labyrinth
of microvessels that develop from endothelial precursors in a process called
vasculogenesis (Carmeliet and Jain, 2011). This labyrinth progressively expands into an
organized vascular network through vessel sprouting, a process termed angiogenesis.
Vasculogenesis and angiogenesis are tightly regulated processes that lead to the
formation of a vascular network in both, physiological and pathological conditions.
Outside of embryo development, vessel development is essential for physiological
8

processes such as wound repair, ovarian cycling and placental development (Carmeliet,
2005; Jacobson et al., 2009). It is also critical for the development of pathological
conditions such as endometriosis as it ensures sufficient oxygen and nutrient supply for
lesion growth and survival (Laschke et al., 2011).

Until the late 1990s, de novo formation of blood vessels from endothelial precursors, or
vasculogenesis, was assumed to occur only during embryogenesis as endothelial
precursors, or angioblasts arise from the mesoderm and form hemangioblastic cords as
they proliferate towards avascular areas (Carmeliet, 2005). These fuse into the vascular
system. In 1997, Asahara et al. found evidence for post natal vasculogenesis as
circulating endothelial progenitor cells (cEPCs) were found to aid neovascularization in
various animal models of ischemia (Asahara et al., 1997) . Post natal vasculogenesis is
characterized by the activation, mobilization and recruitment of bone marrow-derived
endothelial progenitor cells (EPCs) and other proangiogenic hematopoietic cells into the
bloodstream in response to tissue hypoxia, which drives the production of chemokines
and growth factors such as stromal cell-derived factor-1 (SDF-1) and vascular endothelial
growth factor (VEGF) (Carmeliet and Jain, 2011). Incorporation of cEPCs contributes to
the initiation and maintenance of neovasculogenesis where they differentiate in situ into
endothelial cells (Murasawa and Asahara, 2005).
Angiogenesis, the growth of new blood vessels from pre-existing blood vessels, occurs
either through sprouting or intussusception, the invagination of a vessel through internal
9

splitting to create multiple vessels, or looping angiogenesis (Burri et al., 2004).
Sprouting angiogenesis is a highly regulated and complex process dependant on
numerous angiogenic and angiostatic signals, including integrins, junctional molecules,
angiopoietins, growth factors, cytokines and chemokines as shown in Figure 1. Briefly, it
comprises a series of steps starting with vasodilatation in response to metabolic cues,
primarily hypoxia. This leads to increased permeability and destabilization of the vessel
wall allowing infiltration of angiogenic factors which activate receptors on endothelial
cells to release proteases that degrade the extra cellular matrix (ECM). Angiogenic
factors also stimulate endothelial cell proliferation and migration, finally leading to
lumen formation (Otrock et al., 2007).

Endothelial cells are equipped with oxygen sensors and produce hypoxia-inducible
factors (HIFs) in response to physiological stimuli such as hypoxia or inflammation, key
regulators of angiogenesis (Carmeliet and Jain, 2011). Under such conditions, HIF-1α,
the HIF protein primarily responsible for vessel sprouting, is not hydroxylated, rendering
endothelial cells responsive to angiogenic signals and induces broad transcription of over
40 genes that facilitate metabolic adaptation to low oxygen levels, including VEGF and
its receptors (Carmeliet and Jain, 2011). Increased expression of mitogenic,
proangiogenic factors such as VEGF-A and its VEGF receptor-2 (VEGFR-2) leads to the
up regulation of matrix metalloproteinases (MMPs) which mediate proteolytic
degradation of the basement membrane around the vessel and the ECM (Chung et al.,
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2010). This degradation allows pericytes to detach from the vessel wall destabilizing it;
endothelial cells loosen their junctions, the vessel dilates and perfusion increases
(Carmeliet, 2005; Carmeliet and Jain, 2011; Chung et al., 2010) transitioning endothelial
cells from the nascent state to the activated phenotype inducing rapid cell proliferation
and infiltration into the ECM towards avascular regions (Carmeliet, 2005; Carmeliet and
Jain, 2011; Chung et al., 2010). As MMPs degrade the ECM, plasma proteins lay down a
provisional matrix scaffold which is more angio-competent releasing ECM-bound
angiogenic growth factors (Carmeliet and Jain, 2011). Also, ECM component fragments
are generated and cryptic integrin binding sites are left exposed which assist cell
migration, proliferation, survival and initiate blood vessel morphogenesis (Rundhaug,
2005).

As a VEGF-A gradient develops, one endothelial cell takes on the leading role called the
tip cell and directs the growing capillary. Vascular endothelial growth factor induced
NOTCH ligand Δ-like-4 (Dll4) binds to its NOTCH 1 receptor in tip cells and to NOTCH
4 on adjacent cells. The NOTCH signalling pathway is a highly conserved cell signalling
system important for cell-to-cell communication and involved in cell-fate determination.
The NOTCH 4 signalling pathway leads to alterations in the levels of VEGF receptor
expression, thereby suppressing tip cell fate in adjacent cells (Carmeliet and Jain, 2011).
Tip cells express increased amounts of membrane type 1-matrix metalloproteinase (MT1MMP), assuming a proteolytic phenotype and continue to open up the matrix as they lead
11

trailing stalk cells (Chung et al., 2010), using filopodia to sense environmental guidance
cues (Carmeliet and Jain, 2011). Trailing stalk cells assume secondary positions and
release epidermal growth factor-like domain 7 (EGFL7) to convey spatial information,
proliferate and elongate the stalk. Tip cells and stalk cells are capable of changing
positions in response to NOTCH signalling. This allows cells to not follow a wayward
tip cell blindly (Sheldon et al., 2010). Cell surface expression of MT1-MMP, together
with endothelial cell tight junctions, endothelial cell–mural cell interactions and filopodia
anastamosis to nearby vessels aids lumen formation (Carmeliet, 2005; Carmeliet and
Jain, 2011; Chung et al., 2010). In addition, myeloid cells, part of a heterogeneous
population of BM-derived cells, carry adhesion molecules such as carcinoembryonic
antigen-related cell adhesion molecule 1 (CEACAM1), inter-cellular adhesion molecule 2
(ICAM-2), cluster of differentiation (CD) 31 that aid the new vessel sprout to fuse with
another vessel branch, initiating blood flow.

During physiological angiogenesis, the aforementioned NOTCH signalling also dampens
angiogenesis and prevents excess vascular development resulting in the resolution of the
endothelial cell proliferation phase. These ligands also recruit pericytes and vascular
smooth muscle cells, completing blood vessel maturation, and return endothelial cells to
their quiescent state. As endothelial cells re-establish contact with pericytes, release of
tissue inhibitor of metalloproteinases (TIMPs) switches off the proteolytic phenotype in
cells while tight junction and adherens junctions seal the vessel lumen. Blood flow and
12

increased levels of oxygen result in a decrease in VEGF expression, inhibiting the signal
for sprouting angiogenesis (Chung et al., 2010).

In the adult, many vessels remain quiescent as they do not need to undergo angiogenesis
(Carmeliet, 2005). Quiescence of endothelial cells is maintained by strong
interconnections through junctional molecules such as vascular endothelial (VE)-cadherin
in addition to a layer of pericytes ensheathing the endothelial tubes. The layer of mural
cells suppress cell proliferation, sustains cell survival, provide stability and control
perfusion, while protecting tubules against insults of angiogenic signals in the
environment (Carmeliet and Jain, 2011). Signals in the environment play a role in
angiogenesis, only once the pericytes detach from the vessel wall, exposing endothelial
cells and their receptors to the environment.
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Figure 1: Schematic diagram of the process of angiogenesis
New vessel formation occurs in three steps. (A) Increased vessel permeability and
pericyte detachment initiates the process of angiogenesis in response to angiogenic
factors released by a hypoxic stimulus. This is followed by activation, proliferation and
migration of endothelial cells together with degradation of the basement membrane and
ECM. NOTCH signalling on endothelial cell leads to the selection of a tip cell which
directs the formation of a new sprout. (B) Stalk elongation occurs as trailing endothelial
cells proliferate and elongate in tandem, under the direction of the tip cell towards the
angiogenic stimulus. (C) Resolution of angiogenesis occurs as the elongating stalk
anastamose with a nearby vessel, forming a solid sprout, initiating blood flow.
Endothelial cell quiescence, re-establishment of junctions, deposition of basement
membrane, pericyte recruitment and production of vascular maintenance signals support
vessel maturation. Reperfusion of the hypoxic tissue eliminates the initial stimulus and
angiogenesis concludes. (Adapted from Carmeliet et al., 2011).
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Endothelial Progenitor Cells and their Role in Angiogenesis

Increasing evidence suggests that post-natal vasculogenesis is a significant contributor to
adult neovascularization, through circulating progenitor cells homing to sites of hypoxia
and forming new blood vessels. Differentiation of progenitor cells into endothelial cells
and their incorporation into neovessels was thought to occur exclusively during
embryonic development. This changed when Asahara et al. (1997) purified CD34+
hematopoietic progenitor cells from adults and demonstrated ex vivo differentiation to an
endothelial phenotype through expression of endothelial markers CD34, CD31, VEGFR2, Tie-2, a receptor for angiopoietins, E-selectin, a cell adhesion molecule expressed on
activated endothelial cells, and von Willebrand factor (vWF) (Shi et al., 1998).
Additionally, Rafii et al. (2000) reported the existence of CD34+ circulating EPCs
(cEPCs) by using a canine bone marrow transplantation model. In this model, marrow
cells of genetically distinct donors was transplanted into the host before implanting a
synthetic graft used to replace normal body tissues, in the lower thoracic aorta to prevent
capillary ingrowth. Upon retrieval of the graft, all cells covering the graft were found to
be of donor origin suggesting the mobilization of bone marrow-derived CD34+ cells as
endothelial precursors.

Since the discovery of EPCs, multiple attempts have been made to elucidate their origin.
Presently, myeloid cells, tissue-resident stem cells and multipotent bone marrow
16

progenitor cells have all been known to give rise to EPCs (Beltrami et al., 2003; Camargo
et al., 2003; Reyes et al., 2002). Rehman et al. (2003) demonstrated EPCs to be of
monocyte/macrophage origin and capable of secreting angiogenic peptides such as
VEGF, hepatocyte growth factor (HGF) and granulocyte-colony stimulating factor (GCSF) but had limited proliferative activity. This finding was inconsistent with the
findings of Hebbel and colleagues who identified a subset of EPCs with high proliferative
activity, originating from the in vitro culture of peripheral blood mononuclear cells (Lin
et al., 2000). The difference in findings was resolved when Hur et al. (2004) successfully
classified heterogeneous populations of EPCs into two distinct populations; early EPCs
and late EPCs so called because of their sequential appearance in culture.

Early EPCs have increased secretions of angiogenic growth factors such as VEGF and
interleukin (IL) 8 aiding recruitment, proliferation and survival of mature endothelial
cells from the surrounding environment (Hur et al., 2004). Conversely, late EPCs exhibit
the classic progenitor cell phenotype of high proliferative activity and directly
incorporate into newly forming vessel endothelium (Hur et al., 2004). Gulati et al. (2003)
demonstrated the distinct origins of early and late EPCs by identifying their precursors as
CD14+ and CD14-, respectively (Gulati and Simari, 2005). Cluster of differentiation 14
is a marker for monocytes, macrophages and cells which are a component of the innate
immune system. Further in vitro studies confirmed the heterogeneous origin and
phenotypic differences of EPCs and established early EPCs as monocyte-derived, with
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low proliferative potential and as not true endothelial precursors, but capable of assuming
endothelial features where as CD14- or late EPCs as rare but true endothelial progenitor
cells (Gulati et al., 2003; Rafii, 2000). Hence these cells arise from bone marrow
progenitors and early EPCs arise from leukocytes.

J. Hur and colleagues (2004) further extended these findings and demonstrated that
factors secreted from early EPCs enhanced the angiogenic capacity of late EPCs.
Delivery of a mixed population of late and early EPCs in a murine model of limb
ischemia had greater angiogenic potential compared to delivery of either population alone
(Yoon et al., 2005). The complex pattern of cytokines released by multiple cell types
comparable to that required for physiological angiogenesis results in synergistic effects
on EPCs of the late phenotype.

Endothelial progenitor cells originate from multiple precursors. As such, they are
characterized by the combined expression of several cell surface markers such as CD34,
CD133, CD31, c-Kit, stem cell antigen-1 (Sca-1) demonstrating their stemness,
multipotency and endothelial lineage (Rafii and Lyden, 2003; Urbich and Dimmeler,
2004b). Endothelial progenitor cells are further distinguished from HSCs by the VEGF
receptors they express; EPCs express VEGFR-2 and HSCs express VEGFR1 (Murasawa
and Asahara, 2005; Urbich and Dimmeler, 2004a). Late EPCs can further be
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characterized by selecting CD14- or CD45- cells to eliminate monocytic origin (Gulati et
al., 2003).

The role of EPCs in angiogenesis has been extensively questioned. Different animal
studies have found varying levels of EPC incorporation in the endothelium of vessels
ranging from 0 % to 50 % with the highest levels of incorporation seen in rapidly
proliferating tumours (Crosby et al., 2000; Lyden et al., 2001). The variation in levels of
incorporation can be attested to a number of factors; primarily the animal model itself
which determines the condition requiring angiogenesis, extent of ischemia, the genetic
tag on the cells and the efficiency of angiogenesis dependant on the mouse strain. In
addition, the efficiency of bone marrow transplantation, the extent of injury and
corresponding EPC mobilization and the quality of immunostaining are all potential
factors that explain the variability of EPC incorporation seen between studies (Urbich and
Dimmeler, 2004a).

Studies have also demonstrated the beneficial effects of EPCs in organ revascularization
through in vivo regeneration and tissue repair models (Otani et al., 2002; Zhang et al.,
2002); in myocardial regeneration as evidenced by the presence of donor-derived
neointimal cells within atheromas (Caplice et al., 2003) and acceleration of ischemic limb
function through improvements in collateral vessel formation upon introduction of bone
marrow-derived EPCs (Takahashi et al., 1999). Besides testing EPC incorporation in
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proangiogenic models, antiangiogenic responses due to EPC inhibition have also been
widely studied. Impaired recruitment of bone marrow-derived endothelial precursors
cells has been shown to block tumour angiogenesis and growth (Lyden et al., 2001).

Endothelial progenitor cell recruitment takes place when an angiogenic niche develops
and angiogenic factors in the local microenvironment cause EPC mobilization from the
bone marrow into peripheral blood, resulting in increased levels of available cEPCs for
lumen formation. At rest, stem cells including EPCs interact with stromal cells via
integrins forming adhesive bonds and remain dormant in the bone marrow. Hypoxia, or
other similar stimulus, causes release of mobilizing cytokines and MMPs that cleave
these bonds and allow transendothelial migration of stem cells towards the site of
angiogenesis (Papayannopoulou, 2004). Considering the rarity of EPCs in circulation,
chemoattraction and mobilization are paramount factors primarily mediated by VEGF
and SDF-1 (Moore et al., 2001). SDF-1 acts through the chemokine receptor CXCR4
which is highly expressed on EPCs (Papayannopoulou, 2004; Yamaguchi et al., 2003).
Endothelial colonies were the greatest in SDF-1 treated mice compared to other cytokines
(Moore et al., 2001). Other studies have found SDF-1 to stimulate EPC homing to
hypoxic tissue and over expression of SDF-1 further augmented progenitor cell
recruitment (Yamaguchi et al., 2003).
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Studies assessing the role of EPCs in endometriosis found elevated levels of EPCs in
circulation of mice induced with endometriosis compared to controls that underwent a
sham operation (Becker et al., 2011). Elevations in cEPC levels also coincided with the
highest levels of SDF-1 expression and establishment of a vascular supply (Laschke et
al., 2011). Endothelial progenitor cells were found to comprise 15 % of new developing
microvessels within lesions and administration of AMD3100, a antagonist of the SDF1/CXCR4 axis significantly decreased the recruitment of cEPCs and suppressed capillary
development (Laschke et al., 2011). As such, inhibition of cEPCs through the strategic
blocking of mobilizing cytokines, like SDF-1, provides potential as antiangiogenic
therapy.

Stromal Cell-Derived Factor-1

Cytokines are small cell-signalling protein molecules produced by a variety of cell types
in the body and used extensively in intercellular communication. Chemokines are a class
of chemotactic cytokines which are further divided into C, CC, CXC or CX3C groups
based on the spacing of their four conserved cysteine residues. These molecules interact
with target cells through chemokine receptors which are G protein-linked seventransmembrane receptors that have the amino terminus on the cell surface and carboxyl
terminus in the cell cytoplasm (Shirozu et al., 1995).
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Stromal cell-derived factor-1 also known as chemokine ligand 12 (CXCL12) is a CXC
chemokine that was first discovered by Tashiro et al. in 1993, cloned from bone marrow
stromal cells (Tashiro et al., 1993) and initially identified as a growth factor for B-cell
progenitor cells and a chemotactic factor for B and T cells. It is mainly expressed in two
isoforms, SDF-1α and SDF-1β due to alternative splicing of a single gene. Stromal cellderived factor-1α is the predominant isoform and is identical to SDF-1β except for four
extra amino acids at the carboxyl terminus in the latter (Shirozu et al., 1995). Similar to
other CXC chemokines, SDF-1 primarily exerts its biological effects through the CXC
chemokine receptor type 4 (CXCR4) and both isoforms interact with the receptor with
comparable affinity and show no functional or biological differences. The SDF1/CXCR4 interaction was considered to be exclusive but recent evidence suggests that
SDF-1 also interacts with chemokine receptor type 7 (CXCR7) (Burns et al., 2006). The
role of CXCR7 is not fully understood but is conventionally regarded as a decoy receptor
since it does not lead to downstream intracellular signal transduction events (Burns et al.,
2006; Levoye et al., 2009). Chemokine receptor type 7 has also been found to serve as a
co-receptor for CXCR4 and augment its function(Levoye et al., 2009).

Stromal cell-derived factor-1 has several distinguishing features compared to other
chemokines in the same family. Genes encoding most CXC chemokines reside on
chromosome 4 but the SDF-1 gene is mapped to chromosome 10. Additionally, SDF-1
belongs to the subgroup of angiostatic CXC chemokines which lack the highly conserved
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three-amino acid motif Glu-Leu-Arg (ELR) situated at the amino terminus (Tachibana et
al., 1998). Despite this property, SDF-1 exhibits potent angiogenic activity and
chemotaxis of bone marrow cells. It is highly conserved between human and mouse
proteome with a single amino acid change in position 18 implying it to be a primordial
chemokine with fundamental functions (Aiuti et al., 1997).

The activities of SDF-1 are numerous and varied as it is widely expressed in the body.
Its immunological activities have been extensively studied including chemotaxis of
lymphocytes, B cell development and bone marrow myelopoiesis (Ma et al., 1998;
Nagasawa et al., 1996). Stromal cell-derived factor-1 is also a potent chemoattractant of
HSCs playing a pivotal role in cell trafficking, migration and differentiation of HSCs and
homing and retention of CD34+ stem cells in bone marrow (Aiuti et al., 1997; Dar et al.,
2005). In the embryo, SDF-1 directs hematopoietic migration, neural and vascular
development and craniofacial organogenesis (Ma et al., 1998). Studies in knockout mice
models of SDF-1 and CXCR4 demonstrate the broad physiological role of SDF-1 as the
knockout mice were embryonic lethal with multiple defects and had no surviving pups
beyond the first hour after birth (Ma et al., 1998; Nagasawa et al., 1996; Tachibana et al.,
1998).

Stromal cell-derived factor-1 is highly abundant in bone marrow and is expressed by a
variety of cell types including bone marrow stromal cells, endothelial cells and
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osteoblasts (Sugiyama et al., 2006). Besides the bone marrow, SDF-1 is also found to be
expressed by stromal and endothelial cells of skeletal muscle, liver, brain, heart, kidney
and lymphoid organs (Ratajczak et al., 2006). Correspondingly, CXCR4 expression is
also widespread on mature cells like lymphocytes, monocytes, megakaryocytes as well as
immature CD34+ cells and HSCs (Dar et al., 2005).

In 1998, two independent groups (Ma et al., 1998; Tachibana et al., 1998) observed the
angiogenic activity of SDF-1 when mice lacking chemokine or its receptor had defective
formation of large blood vessels supplying the gastrointestinal tract. Further, in vitro
studies validated the effect of SDF-1 on blood vessel formation through the formation of
capillary like structures with endothelial cells (Tachibana et al., 1998) and induced potent
angiogenesis, when administered with VEGF, in vivo (Kryczek et al., 2005). Supporting
this, Ceradini et al. (2004) found that hypoxia was a key regulator of SDF-1 expression in
the body through its central mediator, HIF-1α. Hypoxia inducible factor-1α acts as a
transcription factor for the SDF-1 gene and leads to increased levels of CD34+ stem and
progenitor cell recruitment including EPCs. Also, discrete regions of hypoxia in bone
marrow showed increased SDF-1 expression and progenitor cell recruitment (Ceradini et
al., 2004). Moreover, HIF-1α was found to increase expression of CXCR4
supplementing SDF-1 signalling (Staller et al., 2003).
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Stromal cell-derived factor-1 exhibits angiogenic activity through its potent effect on
endothelial and progenitor cell migration and differentiation. Blocking SDF-1 through
the administration of AMD3100, a CXCR4 antagonist, prevented recruitment of
circulating progenitor cells and CD34+ cells to sites of ischemia (Imitola et al., 2004).
Blocking surface expression of CXCR4 on CD34+ cells also resulted in their reduced
homing and migration, and decreased engraftment in immunodeficient mice (Lapidot and
Kollet, 2002). The in vivo blockade of the SDF-1/CXCR4 axis is hence a possible
strategy for antiangiogenic therapy for conditions such as endometriosis. Increased SDF1 production due to hypoxia in growing endometriotic lesions can be targeted to prevent
migration of EPCs to the site of angiogenesis, and hinder vascular development and
lesion growth.

Mouse Models of Endometriosis

Pathophysiology of endometriosis still remains elusive due to several practical
constraints. Research into the basic mechanisms that lead to its pathogenesis are limited
due to the presence of established lesions at the time of clinical presentation and
difficulty of monitoring disease non-invasively. Additionally, ethical considerations limit
the feasibility of well-designed controlled experiments in affected women. Hence,
experimental animal models provide a valuable tool in understanding the pathogenic
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process of lesion adherence and invasion, immunomodulatory changes and angiogenesis
that lead to the disease as well as potential therapeutic targets.

Spontaneous development of the disease only occurs in humans and occasionally in nonhuman primates. However, the high cost of animal handling for non-human primates
creates impediments in their use in experimental models. Conversely, non-primates such
as rodents do not shed endometrium and do not undergo spontaneous endometriosis but
can have the disease induced by transplanting endometrial fragments to ectopic sites.
Non-primate models are mostly developed in mouse and rat species and can be classified
as homologous or heterologous. In homologous models, endometrium of autologous
origin or from a syngeneic donor are transplanted, where as in a heterologous model,
human endometrium from either eutopic or ectopic sites is inoculated intraperitoneally
into immunocompromised strains.

Homologous models of endometriosis have been developed not only in rats (Katsuki et
al., 1998; Vernon and Wilson, 1985; Yao et al., 2005) and mice (Hirata et al., 2005;
Somigliana et al., 1999) but also in rabbits (Homm et al., 1989; Schenken and Asch,
1980) and hamsters (Steinleitner et al., 1991). In all models, uterine horns are removed,
cut into small sections and sutured onto the peritoneal cavity of the same subject. In the
case of syngeneic models, minced uteri from the donor are reintroduced into the recipient
animal by inoculation. Differences due to the stage of the estrous cycle can be abrogated
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by doing an ovarectomy and supplementing subjects with estrogen. In most of these
studies, sections of uteri contained both, endometrium and myometrium which could
affect the development of the lesion providing inaccurate results when measuring size
and weight of lesion, not representing true endometriosis. In the rat, transplanted tissue
develops into fluid filled cysts composed of endometrial and myometrial tissue that grow
for eight weeks before stabilizing. In mice, ectopic uterine tissue is more characteristic of
true disease and show endometrial glands, stroma and cysts and is highly vascularized,
typical of lesions in humans. In one study using a syngeneic model (Somigliana et al.,
1999), all recipient mice revealed evidence of neovascularization and peritoneal
endometriosis within three weeks of induction and development of disease was found to
be more robust in mice supplemented with estrogen. The hormone dependency observed
by autologous transplants is comparable to human endometriosis, and thus can be used to
test drugs interfering with steroid hormone action. Additionally, homologous models of
endometriosis are widely used to elucidate the role of the immune system and determine
the responsiveness of immune modulating drugs and anti-inflammatory agents in lesion
development. Nevertheless, there are relevant differences between rodent transplanted
tissues in comparison to endometriosis, primarily the presence of myometrium in
transplants. Moreover, factors leading to the development of endometriosis might
originate in the endometrium itself and may not be present in rodent endometrium. In
order to make a model more translatable to humans, Zammah et al. (1984) first developed
the xenograft model of endometriosis. In brief, an endometrial biopsy from the uterus of
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women with or without endometriosis is inoculated or sutured into the peritoneum of a
strain of immunodeficient mice. Endometrium can be obtained as a biopsy at the time of
surgery for benign conditions or directly from the uterus from patients undergoing
hysterectomy. Samples of ectopic endometrium from women with endometriosis can
also be used for transplantation. The stage of the menstrual cycle at the time of collecting
tissue was found to not influence lesion development (Nisolle et al., 2000). Human
endometrial fragments develop macroscopic and histological appearance like that of
endometriotic lesions in mice (Nisolle et al., 2000) and peritoneal adhesion started within
two days. Angiogenesis and vessel establishment to support lesions was found to occur
from four days after implantation (Grummer et al., 2001; Hull et al., 2003).

Most frequently the athymic nude mouse lacking mature T cells has been used for the
purposes of this model (Grummer, 2006). The severe combined immunodeficient (SCID)
mouse strain has also been utilized in the case of longer term studies as the lack of both,
functional T and B cells allows longer maintenance of human tissue without infiltration
of lymphocytes (Aoki et al., 1994; Awwad et al., 1999). The use of SCID mice revealed
a higher number of lesion adhesions, better morphology and expression of steroid
hormone receptors over a period of four weeks (Grummer et al., 2001). In lieu of these
results, we developed a mouse model of endometriosis using transgenic recombinaseactivating gene-2 and common gamma chain double knockout mice on a BALBc
background (BALB/c-Rag2-/-/IL2rg-/-). This strain of mice lack T and B lymphocytes as
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well as natural killer (NK) cells and are better recipients of human tissue. In addition to
the advantages of the homologous model such as low cost, easy availability, and
reproducibility and testing in large numbers, the heterologous model provides a tool for
elucidating mechanisms involved in the establishment of lesions of human origin.
Although it is not optimum for immune related studies, it is suitable for testing the effects
of pharmacological and hormonal compounds because it is based on human
endometrium. Endometrial xenografts have been found to produce elevated levels of
angiogenic growth factors (Nisolle et al., 2000) and the highly vascular nature of
endometriosis gives anti-angiogenic therapy such as SDF-1 blockade a promising
potential.
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Chapter 3
Hypothesis and Objectives
Hypothesis

Elevated expression of SDF-1 in endometriosis supports the recruitment and retention of
endothelial progenitor cells to the neoangiogenesis niche. Hence, blocking SDF-1 by
administration of a monoclonal antibody for SDF-1 in a mouse model of endometriosis
will result in inhibition of EPC recruitment, angiogenesis and lesion growth (Figure 2).

Objectives

1. To characterize SDF-1 and CD34+ putative EPCs, using immunohistochemistry,
in human endometriosis lesions and compare it to normal endometrium
2. To quantify levels of SDF-1, cEPCs and hormones (estrogen and progesterone) in
peripheral blood of women with and without endometriosis
3. To assess the effects of SDF-1 blocking antibody on vascular development of
endometriotic lesions using a mouse model of endometriosis.
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Figure 2: Hypothetical model for EPC recruitment by SDF-1in endometriosis
Hypoxia and inflammation during endometriosis lesion development will lead to the up regulation of SDF-1. Increase in SDF1 recruits EPCs from the bone marrow towards the neoangiogenic niche. Angiogenic growth factors in the microenvironment
cause differentiation of EPCs and aid new vessel formation. Administration of a monoclonal antibody for SDF-1 will inhibit
its interaction with CXCR4 on EPCs, and prevent their recruitment and retention to endometriotic lesions, ultimately inhibiting
angiogenesis. (Drawn by self).
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Chapter 4
Materials and Methods
Ethics approval for this study was obtained from the Health Sciences Research Ethics
Board, Queen's University and informed consent from all subjects was obtained prior to
endometrial biopsy collection. Similarly, use of animals and all procedures employing
animals were approved by the Queen’s University Animal Care Committee.

An immunodeficient mouse strain created by the double knock out of the recombinase
activating gene 2 (Rag2) and the common gamma chain (IL2rg) gene on a BALB/c
background (BALB/c- Rag2-/-IL2rg-/-) was used for the purposes of this study. Animals
were bred under barrier husbandry at Queen’s University from pairs generously donated
by Dr. Mamuro Ito (Central Institute for Experimental Animals, Kawasaki, Japan) to Dr.
Barbara Anne Croy.

Acquisition of Human Tissue and Blood Collection from Women With and Without
Endometriosis

Endometrial biopsies were obtained from women with no known endometrial pathology
or women with endometriosis during the gynecology clinics held at the Kingston General
Hospital. Biopsies were acquired by Dr. Richard Thomas and stored at 4º C time for
implantation in experimental mice or processed for histological analysis.
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Women with confirmed endometriosis and control with no known endometrial pathology
were recruited for blood collection from gynecology clinics held at the Kingston General
Hospital. Blood was collected by the staff nurse at the blood clinic, in heparin coated
tubes, and stored on ice for flow cytometry and plasma collection.

Immunohistochemical Localization of SDF-1 and CD34+ Progenitor Cells in Human
Endometriosis and Normal Endometrial Samples

Immunohistochemistry was performed on paraffin embedded sections of endometrium
and endometriosis samples obtained from Kingston General Hospital. Five-micron
sections of the lesions were mounted on slides and processed in the Ventana Automated
Stainer Discovery XT (Ventana Medical Systems, Inc., Tucson, AZ, USA). Samples
were immunostained to localize SDF-1 and CD34+ progenitor cells using rabbit
polyclonal anti-human SDF-1 (4 µg/mL) and mouse polyclonal anti-human CD34 (4
µg/mL) antibodies, respectively. For co-localization of SDF-1 with CD34+ cells,
secondary donkey anti-rabbit conjugated to Alexa 488 (1 µg/mL) (Molecular Probes,
Inc., Eugene, OR, USA) and donkey anti-mouse conjugated to Alexa 546 (1 µg/mL)
(Molecular Probes, Inc., Eugene, OR, USA) were used. Samples were also stained to colocalize CD34 with VEGFR-2 using mouse anti-human CD34 (4 µg/mL) antibody and
rabbit anti-human VEGFR-2 (2 µg/mL) antibody, respectively with secondary donkey
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anti-mouse antibody conjugated to Alexa 546 (2 µg/mL) and donkey anti-rabbit antibody
conjugated to Alexa 488 (2 µg/mL).

Briefly, the following protocol was used on the Ventana Automated Stainer for SDF-1
and CD34+ staining. Paraffin embedded tissue sections were deparaffinized using the
standard preloaded protocol. Cell conditioning media consisting of
ethylenediaminetetraacetic acid (EDTA) was applied for heat induced epitope retrieval
for 20 minutes. Sections were incubated for 20 minutes with primary antibody at a
concentration of 4 µg/mL, followed by incubation with secondary antibody (2 µg/mL) for
16 minutes. Counterstaining was done with hematoxylin and slides were coverslipped.

For immunofluorescence co-localization staining, the above protocol was followed with
slight modifications. After deparaffinization, cell conditioning media containing EDTA
was applied for an extended period of time followed by a fixative of 10% hydrogen
peroxide and incubated for 20 minutes. A protein block of Fraction V 1.0% bovine
serum albumin (BSA) was applied after the fixative and allowed to incubate for 12
minutes. Primary and secondary antibodies were applied to the slide and incubated for
60 minutes each. For co-localization staining, primary (20 µg/mL) and secondary
antibodies (1 µg/mL) for epitopes of interest were co-applied. Coverslips coated with
4',6-diamidino-2-phenylindole (DAPI), a nucleic stain that binds to DNA, were mounted
on the slides after the last incubation step.
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Estrogen and Progesterone Analysis in Peripheral Blood of Women With and
Without Endometriosis

Estradiol and Progesterone concentrations were measured in human plasma samples from
healthy adult female subjects and female subjects with confirmed endometriosis using the
Beckman Coulter UniCel DxI 800 Access Immunoassay System Kingston General
Hospital, Clinical Laboratory Services. Briefly, plasma is added to a plate with
paramagnetic particles coated with rabbit anti-estradiol antibody bound to secondary goat
anti-rabbit antibody in a TRIS-buffered protein solution. Estradiol alkaline phosphatase
conjugate is added after 20 minute incubation in order to competitively bind to the antiestradiol antibody. Estradiol from the sample competitively binds to the binding sites on
the anti-estradiol antibody and the resulting antigen:antibody complex binds to the
capture antibody on the solid-phase of the assay. After incubation, unbound substances
are washed away as a magnetic field holds materials bound to the solid phase. LumiPhos 530, a chemiluminescent substrate is then added to the plate and light generated by
the reaction is measured with a luminometer. The light produced is inversely
proportional to the concentration of estradiol in the sample. The absolute amount of
analyte in the sample is determined using a multi-point calibration curve.
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Stromal Cell-Derived Factor-1 Enzyme Linked Immunosorbent Assay in Peripheral
Blood of Women with or without Endometriosis

Stromal cell-derived factor-1 levels in human and mouse plasma samples were analyzed
using the CXCL12/SDF-1α Immunoassay (R&D Systems, Inc., Minneapolis, MN, USA).
Plasma samples were allowed to thaw on ice while standards were prepared as per
manual instructions. One hundred microliters of assay diluent together with a standard, a
sample, or a control was added per well. Plate was incubated for 2 hours at room
temperature on a shaker and then washed four times using the provided wash buffer.
Two hundred microliters of provided SDF-1α conjugate was added to each well,
incubated for two hours and then placed on a shaker. Wash step was repeated four times
before adding 200 µL of substrate solution to each well and incubating for 30 minutes in
the dark. This was followed by pipetting 50 µL of Stop solution and reading the plate at
450 nm.

Flow Cytometry for Circulatory Endothelial Progenitor Cell Analysis in Peripheral
Blood of Women with or without Endometriosis

Circulatory EPCs in women were gated as CD45-/Sca-1+ and CD31+/c-Kit+ cells. One
hundred microliters of blood was added to 2 mL of cold, distilled water in order to lyse
red blood cells. Six hundred microliters of 0.6 M potassium chloride solution was then
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added to restore the isotonic balance of the solution. The solution was then washed twice
by centrifuging at 350 x g for five minutes, and the cell pellet resuspended in 500 µL of
wash buffer (1% FBS in PBS). Rat anti-mouse CD45 tagged to PE-Cy5, rat anti-mouse
Sca-1 tagged to PE-Cy 7, rat anti-mouse CD31 tagged to PE and rat anti-mouse c-Kit
tagged to FITC antibodies were added in a ratio of 1 µL/100 µL of blood to each tube,
vortexed and incubated for 20 minutes at room temperature in the dark. After staining,
cells were washed twice in the same buffer and analyzed by fluorescence-activated cell
sorter (FACS, FACSort and CellQuest software, Becton Dickinson). Same protocol was
followed for detection of cEPCs in peripheral blood from experimental mice.

Mouse Bone Marrow Transwell Migration Assay (In Vitro)

Using the Transwell migration assay, migratory capacity of endothelial progenitor cells in
mouse bone marrow in response to SDF-1 was measured. BALB/c-Rag2-/-/IL2rg-/- double
knockout mice were sacrificed and dissected to obtain tibias, femurs and humerus bones.
The bones were kept in dissection medium prepared with 2% fetal bovine serum (FBS,
Sigma Chemical Co., St. Louis, MO, USA) in RPMI-1640 (Sigma Chemical Co., St.
Louis, MO, USA). Using sterile scissors, bones were cleaned of muscle and the
epiphysis of each bone was cut off. A sterile syringe attached to a 28 gauge needle filled
with dissection media was used to flush out the bones. The flushing was repeated several
times until all bone marrow was washed out into a fresh petri dish. The cell mixture was
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then passed through a 28 gauge needle in order to break up cell clusters and filtered
through a 40 μm cell strainer (BD Biosciences, Bedford, MA, USA) into a 50 mL tube.
Tubes were centrifuged for 5 minutes at 1200 rpm and the cell pellet was resuspended in
500 µL of serum free RPMI-1640 (Sigma Chemical Co., St. Louis, MO, USA) and cells
were counted using a hemocytometer.

Transwell plates with 0.8 µm pores (Corning Inc., Corning, NY, USA) were used to
measure migratory capacity of endothelial progenitor cells. The concentration of viable
cell suspension was adjusted to obtain 6 X 105 cells/mL in serum free RPMI-1640 (Sigma
Chemical Co., St. Louis, MO, USA). One hundred microliters of cell suspension (60,000
cells) was added to each of the top wells and 600 µL of RPMI-1640 (Sigma Chemical
Co., St. Louis, MO, USA) with or without 0.1 µg of SDF-1 was added to the bottom
chambers. AMD3100 (Sigma Chemical Co., St. Louis, MO, USA), a CXCR4 partial
agonist, was pipetted on top of the membrane in one group, at a concentration of 0.1
µg/mL. Negative control wells did not receive SDF-1 or AMD3100. Cells were allowed
to migrate for a period of 24 hours in a humidified incubator.

After the requisite incubation, media containing migrated cells from the bottom wells was
aspirated and fluorescence assisted cell sorting (FACS) was used to determine the
migration of endothelial progenitor cells in response to the presence of a serum free
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control, SDF-1 or SDF-1 and AMD-3100. Gating strategy for FACS was same as
described previously in the cEPC section. Three wells per treatment group were used.

Experimental Mouse Model of Endometriosis

Based on the evidence that SDF-1 is elevated in endometriotic lesions, we developed an
improved mouse xenograft model using Rag2-/-/IL2rg-/- mouse strain to evaluate the
effect of neutralizing SDF-1 on growth of intraperitoneal endometriotic xenografts in
alymphoid mice (Figure 8). These mice lack all mature lymphocytes (T, B and NK
deficient) and are more immunosuppressed than nude mice (commonly used in
endometriosis research). Importantly, alymphoid mice do not demonstrate age-related
compensatory immunity or thymomas as seen in SCID mice permitting xenographic
studies of much longer duration.

A total of ten, five to eight-week-old female BALB/c-Rag2-/-/IL2rg-/- mice were housed in
autoclaved cages and bedding in groups of three, on vent racks. The animal room was
maintained at 23 ˚C with a 12-h light, 12-h dark cycle, and mice were fed ad libitum with
autoclaved laboratory rodent chow with acidified water four days a week (Friday to
Monday) and medicated water for three days a week (Tuesday to Thursday). All animal
handling was performed in laminar flow filtered hoods. Mice were anaesthetized with
isoflurane before invasive procedures. Sixty-day release sterile pellets containing 25 mg
17β-estradiol (SE-271, Innovative Research of America, Sarasota, FL, USA) were placed
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subcutaneously in the neck region of each animal. Two days later, human endometrial
samples were acquired via endometrial biopsies from women with no known endometrial
pathology at Kingston General Hospital, Kingston, ON, Canada. The tissue was
sectioned into 20, 1-2 mm3 pieces in serum free RPMI-1640 medium (Sigma Chemical
Co., St. Louis, MO, USA). Two explants were placed in the peritoneum of each mouse
through a small incision. Endometrium was allowed to implant and grow for a period of
five days before initiation of treatment with SDF-1 blocking antibody (MAB310, R&D
Systems, Minneapolis, MN, USA) for the treatment group or Immunoglobulin G1 (IgG1)
isotype control antibody (MAB002, R&D Systems, Minneapolis, MN, USA) for the
control group. Weekly blood samples were drawn from the submandibular vein from
each animal for multi-plex cytokine analysis and cEPC quantification using flow
cytometry. Experimental and control mice were treated for four weeks, at the end of
which, mice were euthanized for gross and immunohistochemical analysis of endometrial
lesions.

Treatment with SDF-1 Blocking Antibody, MAB310

Five days after establishment of lesions, two experimental groups with five mice each
received intraperitoneal injections of 100 µL of either 1.0 µg/µL SDF-1 blocking
antibody, MAB310, or IgG1 isotype control antibody in phosphate buffered saline (PBS,
Sigma Chemical Co., St. Louis, MO, USA). Treatment and control injections were
administered twice weekly, for four weeks. On Day 56, experimental animals were
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sacrificed by cervical dislocation and the abdominal cavity was opened to examine
visceral organs, lesion development and vascularization.

Blood Collection from Experimental Mice

Experimental mice were bled on a weekly basis for four weeks. One hundred and fifty
microliters of blood was collected in heparin coated tubes from the submandibular vein
of the mouse to assess cEPCs by flow cytometry. Plasma was collected from whole
blood after centrifugation at 1500 rpm for five minutes and stored at -80˚C for future use
(Bioplex Cytokine Assay).

CD31 Immunohistochemistry on Human Endometriotic Lesions Retrieved from
Experimental Mice

Endometriosis lesions acquired from the peritoneum of experimental mice were frozen in
Shandon Cryomatrix (Fisher Scientific, Ottawa, ON, Canada) and sectioned using a Leica
CM1900 (Leica Microsystems Inc., Richmond Hill, ON, Canada). Slides were warmed
to room temperature for five minutes, and then fixed with pre-cooled methanol for five
minutes at room temperature. Slides were then allowed to sit in three changes of 1 %
phosphate buffered saline (PBS) for three minutes each and then covered with 5 % BSA
for 45 minutes to block unwanted epitope binding. Slides were then stained using rat
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anti-mouse CD31 monoclonal antibody (6 µg/mL, BD Biosciences, Bedford, MA, USA)
and incubated for two hours at room temperature in darkness. After incubation, ProLong
gold antifade mounting medium with DAPI (Invitrogen, Inc., Carlsbad, CA, USA) was
used to mount coverslips over dried slides. Slides were visualized and photographed
using the Zeiss Observer Z.1.

Cytokine Analysis on Peripheral Blood of Experimental Mice

Mouse plasma samples stored at -80˚C were delivered to the University Health Network
Microarray Center in 35 µL aliquots on dry ice for quantification of 23-plex mouse
cytokine on the Bio-Plex System (Bio-Rad Laboratories, Richmond, CA, USA). Pro and
anti-inflammatory cytokines and chemokines were analyzed in order to derive a general
view of the inflammatory status of experimental mice during the treatment phase.
Briefly, standards were prepared using the standard and diluent provided with the assay
as per manual instructions to obtain a standard curve. Thawed plasma samples were
aliquoted into 15 µL and diluted four times using the provided sample diluent. Before
addition of standards and samples, a 96-well plate was pre-wet with 100 µL of assay
buffer and 50 µL of magnetic beads provided in the kit. This was followed by two
washes before adding 50 µL of samples, standards, controls and blank as per a planned
plate layout. The plate was covered and incubated in the dark at room temperature on a
shaker for 30 minutes followed by three washes with wash buffer. Twenty five
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microliters of detection antibody diluted in detection antibody diluent was added and
incubated in the dark at room temperature on a shaker for 30 minutes followed by three
washes with wash buffer. Fifty microliters of strepavidin-PE was added to the wells and
incubated for 10 minutes before being washed and read in a luminometer.

Statistical Analysis

Statistical analysis for estrogen, progesterone, SDF-1 levels, cytokine levels and cEPC
numbers was performed with Sigma Stat 3.5. Normally distributed, independent data
with equal variance was analyzed using a One Way ANOVA with a Holm-Sidak Post
Test. Time dependant data was analyzed using a Repeated Measures ANOVA with a
Holm-Sidak Post Test. A p-value of <0.05 was considered significant.
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Chapter 5
Results
Expression of Stromal Cell-Derived Factor-1 in Eutopic and Ectopic Endometrium

The chemokine, SDF-1 is up regulated during hypoxia and leads to the migration and
retention of EPCs and HSCs to the site of hypoxia and inflammation. Rabbit anti-human
SDF-1 antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) was used
determine expression of SDF-1 in eutopic and ectopic endometrial samples from
menstrual stage matched women. Twelve endometrial samples were acquired from
endometriosis patients and six control samples of endometrium were acquired from
women without endometriosis at Kingston General Hospital. Samples of control
endometrium and endometriosis were embedded in paraffin, cut and independently
assessed for histology by a pathologist at Kingston General Hospital. Immunostaining
for SDF-1 was performed using the Ventana Automated Stainer Discovery XT (Ventana
Medical Systems Inc., Tucson, AZ, USA).

Eutopic samples showed typical histology with endometrial glands and blood vessels
surrounded by stroma. Ectopic samples of endometrium presented with blood vessels
and glands surrounded by stroma and peritoneal fat pads. Anti-human SDF-1 stained
both eutopic and ectopic endometrium (Figure 3A and 3B). At eutopic sites, some SDF-1
was present primarily in the stroma. Stromal cell-derived factor-1 was over expressed
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throughout ectopic samples from endometriosis subjects, around the lining of glands and
blood vessels.

Characterization of Cluster of Differentiation 34+ Putative Endothelial Progenitor
Cells in Eutopic and Ectopic Endometrium

Over expression of SDF-1 indicates a state of hypoxia and inflammation in endometriotic
lesions. Hypoxia primarily results due to insufficient oxygenation of growing tissue and
lesions and induces neoangiogenesis through increased expression of angiogenic factors
such as SDF-1. Stromal cell-derived factor-1 is primarily responsible for recruitment and
retention of bone marrow-derived endothelial and hematopoietic progenitor cells to the
sites of neoangiogenesis. Based on this, we hypothesized that expression of SDF-1 will
be elevated in ectopic endometrium and that there will be corresponding increase in the
number of angiogenic progenitor cells the endometriotic lesions. Cell surface marker,
CD34 is ubiquitously present on human bone marrow progenitor cells and is a proven
marker for EPCs. Mouse anti-human CD34 antibody (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA) was used to characterize CD34+ putative EPCs in eutopic and
ectopic samples of endometrium from subjects without and with endometriosis,
respectively. Eutopic endometrium stained positive for CD34 in stroma but was
relatively low in comparison to CD34 staining in ectopic endometrium (Figure 3C and
3D). At ectopic sites, we observed over abundance of CD34+ progenitor cells around the
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newly developing vasculature. Co-localization of SDF-1 with CD34+ cells was
performed in the same stage matched eutopic and ectopic endometrium samples using
rabbit anti-human SDF-1 antibody with a secondary anti-rabbit fluorescence tagged
antibody and mouse anti-human CD34 antibody with a secondary anti-mouse
fluorescence tagged antibody. Cover slip media with DAPI was used to stain nuclei.
Stromal cell-derived factor-1 was strongly co-localized with CD34+ cells in ectopic
endometrium (Figure 4A, 4B, 4C, and 4D). These findings support the notion that
migration of bone marrow progenitors in response to SDF-1 would lead to increased
accumulation of CD34+ cells in ectopic endometrium.
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Figure 3: Immunohistochemistry for SDF-1 and CD34+ progenitor cells
Immunohistochemical localization of SDF-1 and CD34+ progenitor cells in human
eutopic and ectopic endometrium. SDF-1 expression in endometriosis lesions is elevated
(B) compared to normal endometrium (A). Increased numbers of cells positive for CD34
are also present in endometriosis lesions (D) in comparison to eutopic endometrium (C).
Sections were counterstained with hematoxylin. Images were magnified 400 X, with size
bars of 50 µm. ↑: SDF-1. ↑: CD34. G: Glands. S: Stroma.
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Figure 4: Co-localization of SDF-1 and CD34+ progenitor cells
Immunofluorescent localization of SDF-1 (A) and CD34 (B) in ectopic endometrium.
Sections were counterstained with ProLong Gold antifade mounting media containing
DAPI (C). Images were merged to show co-localization of SDF-1 and CD34 protein
expression (D). Images were magnified 400 X, with size bars of 50 µm.
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Co-localization of Vascular Endothelial Growth Factor Receptor-2 and Cluster of
Differentiation 34+ Putative Endothelial Progenitor Cells in Eutopic and Ectopic
Endometrium

Bone marrow progenitor cells arise from a common precursor, the hemangioblast and
hence carry similar markers on their cell surface. As such, multiple markers are required
in order to differentiate between different cell types carrying the same marker such as an
HSC from an EPC. Endothelial progenitor cells are differentiated from HSCs based on
the VEGF receptors they carry. In order to validate CD34+ cells as EPCs, anti-VEGFR-2
antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) was chosen as a
marker. Immunofluorescence staining was performed to co-localize VEGFR-2 with
CD34 in eutopic and ectopic endometrial samples acquired from Kingston General
Hospital. Rabbit anti-human VEGFR-2 and mouse anti-human CD34 antibody bound to
secondary donkey anti-rabbit and donkey anti-mouse fluorescence tagged antibodies,
respectively were used with the Ventana Automated Stainer Discovery XT as before.

Vascular endothelial growth factor receptor-2 was co-localized with CD34 staining
verifying the increased number of CD34+ cells as EPCs in human endometrium (Figure
5A, 5B, 5C, and 5D).
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Cells carrying the CD34 marker but lacking the VEGFR-2 marker comprise of HSCs and
other bone marrow-derived cells recruited by SDF-1. Non-EPC bone marrow progenitor
cells also hold the capacity to differentiate into endothelial cells to aid angiogenesis
directly or differentiate into other required cell types based on factors present in the
microenvironment.
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Figure 5: Co-localization of VEGFR-2 and CD34+ progenitor cells
Immunofluorescent localization of VEGFR-2 (A) and CD34 (B) in human endometrium.
Sections were counterstained with ProLong Gold antifade mounting media containing
DAPI (C). Images were merged to show co-localization of VEGFR-2 and CD34 protein
expression (D). Images were magnified 400 X, with size bars of 50 µm.
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Analysis of Estrogen, Progesterone and SDF-1 in Peripheral Blood from Women
With and Without Endometriosis

Levels of estrogen and progesterone vary widely in women throughout their menstrual
cycles and can be measured in order to estimate the phase of menstrual cycle. . Estrogen
levels can range anywhere from 50 pg/mL to 400 pg/mL throughout a menstrual cycle
(Kratz and Lewandrowski, 1998). Estrogen is also involved in the production of SDF-1
and has previously been found to be up regulated in endometriosis. Plasma samples from
four women with endometriosis and four age matched controls were analyzed to measure
levels of estrogen and progesterone (Figure 6A and 6B) using the UniCel DxI 800 Access
Immunoassay System (Beckman Coulter, Miami, FL, USA), Kingston General Hospital .
Estrogen levels in women with endometriosis were found to be significantly elevated
than control women. No significant difference was found for progesterone between
women with and without endometriosis. Since estrogen modulates SDF-1 expression we
analyzed plasma samples for levels of SDF-1 (6C) in women with and without
endometriosis. We did not find any significant difference in the levels of SDF-1 in
women in the endometriosis group compared to women in the control group.
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Characterization of Circulating Endothelial Progenitor Cells in Peripheral Blood
from Women With and Without Endometriosis

Circulating endothelial progenitor cells, which originate from the bone marrow, are
involved in endothelial regeneration, neovascularization and are usually considered
markers of regenerative vascular response. There is still a widespread debate about the
standardized protocol with regards to reagents and gating strategies to accurately
characterize EPCs from human peripheral blood. In our study cEPCs were evaluated by
the four-colour flow cytometry method using a panel of monoclonal antibodies; CD45
tagged to PE-Cy 5, CD31 tagged to PE, Sca-1 tagged to PE-Cy 7 and c-Kit tagged to
FITC (6D). The analysis gate used excluded hematopoietic cells expressing the CD45
antigen. Circulating EPCs were identified as Sca-1+/c-Kit+/CD31+/CD45-. Similar to
SDF-1, the numbers of cEPCs were not significantly different between women with and
without endometriosis.
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Figure 6: Analysis of Estrogen, Progesterone, SDF-1 and cEPCs in human
peripheral blood
Human peripheral blood analysis for estrogen, progesterone, SDF-1 and cEPCs.
Estrogen and progesterone levels were analyzed using an immunoassay and SDF-1 levels
were analyzed using an SDF-1 ELISA. Estrogen levels were significantly higher in
subjects with endometriosis (598 pmol/L, n=4) compared to control subjects (223
pmol/L, n=4, p <0.05) (A). Progesterone (24.7 nm/L for endometriosis subjects and 13.4
for controls, B) and SDF-1 (2114 pg/mL for endometriosis subjects and 2430 pg/mL for
control, C) levels did not differ significantly in women with (n=4) or without
endometriosis (n=4). Circulatory EPC numbers did not differ significantly between
endometriosis and control groups (D). Error bars represent standard deviation. Data
were analyzed with Student’s t-test. p <0.05 was considered significant. *: p<0.05
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Endothelial Progenitor Cell Migration (In Vitro) in Response to Stromal CellDerived Factor-1

Stromal cell-derived factor-1 is a potent chemoattractant for bone marrow-derived
endothelial and hematopoietic cells and directs the migration and homing of these cells
throughout development. Stromal cell-derived factor-1 is also highly angiogenic and
leads to the recruitment of EPCs and HSCs to sites of hypoxia in humans. Our
immunohistochemistry studies performed on human endometriosis lesions and control
subjects provided strong correlation of increased SDF-1 staining with increased CD34+
EPCs in endometriosis lesions. To determine whether EPCs in bone marrow are indeed
recruited by SDF-1, we utilized an in vitro transwell migration assay using bone marrow
cells from alymphoid (T, B, and NK cell deficient) mice (genotype Rag2-/-/IL2rg-/-).
Migration chambers were with or without recombinant SDF-1 and with SDF-1 as well as
an inhibitor, AMD-3100 (Sigma Chemical Co., St. Louis, MO, USA). Cells responding
to SDF-1 migrated through pores in the membrane from the top to the bottom chamber.
Migrated cells were enumerated and characterized as endothelial progenitor lineage by
flow cytometry using an antibody cocktail as described previously. Significantly more
bone marrow cells migrated through the membrane of the transwell supplemented with
recombinant SDF-1 (R&D Systems, Minneapolis, MN) when compared to the number of
cells in the control well without SDF-1 supplementation (Figure 7).
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Stromal cell-derived factor-1 functions through binding with its primary G-protein
coupled receptor, CXCR4. In order to confirm SDF-1 mediated migration of bone
marrow cells, a CXCR4 inhibitor, AMD3100 was used. AMD3100 acts as a competitive
antagonist for SDF-1 and blocks SDF-1 binding to CXCR4 inhibiting its downstream
effects. Administration of AMD3100 to wells containing media supplemented with SDF1 significantly hindered mouse bone marrow cell migration through the membrane
(Figure 7).
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Figure 7: Transwell migration assay
Mouse bone marrow transwell migration assay confirmed that mouse bone marrowderived CD31+/c-Kit+/Sca-1+/CD45- EPCs are recruited by SDF-1 in vitro. Recombinant
SDF-1 induced greater migration of CD31+/c-Kit+/Sca-1+/CD45- EPCs (n=3) than a
scrambled peptide control (n=3, p <0.05) in a transwell migration assay. This was
blocked by the addition of the CXCR4 antagonist AMD3100 (n=3, p <0.05). Error bars
represent standard deviation. This data is representative of three independent
experiments. *: p<0.05
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Development of a New Mouse Model of Endometriosis

To assess the potential effectiveness of SDF-1 blocking antibody treatment on the
survival and growth of human endometrial xenografts, an improved mouse recipient
model Rag2-/-/IL2rg-/- was developed. These mice lack all mature lymphocytes (T, B and
NK cells) and are referred to as ―alymphoid‖. These mice are more immunosuppressed
than nude mice (commonly used in endometriosis research); lack NK cells that are
commonly activated in nude mice and more widely accept grafts of normal human tissue.
Importantly, alymphoid mice do not demonstrate age-related compensatory immunity or
thymomas as seen in SCID mice permitting xenographic studies of much longer duration.

Based on the evidence that SDF-1 is elevated in human endometriotic lesions, we
developed an improved mouse xenograft model to evaluate the effect of neutralizing
SDF-1 on growth of intraperitoneal human endometriotic xenografts in alymphoid mice.
The study protocol is provided in Figure 8.
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Figure 8: Experimental protocol for mouse model for endometriosis
Six to eight week old BALB/c- Rag2-/-IL2rg-/- mice were implanted with an estrogen pellet on Day 1. Endometriosis was induced by
placing human endometrium, in the mouse peritoneal cavity on Day 3. Lesions were allowed to grow for five days before the start of
treatment. Mice were divided into treatment and control groups and received 1µg of SDF-1 monoclonal antibody in 100 µl of PBS or
1µg of isotype control in 100 µl of PBS twice a week for a period of four weeks. Peripheral blood was collected from the
submandibular vein on Day 11, 18, 25 and 56 for analysis of SDF-1 and other cytokine concentrations and number of cEPCs in
peripheral blood. Mice were euthanized on Day 56 for gross analysis and harvesting of lesions.
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Cytokine Analysis of Peripheral Blood from Mice with Endometriosis Treated with
Stromal Cell-Derived Factor-1 Blocking Antibody or an Isotype Control

Endometriosis lesion development results in chronic hypoxia and inflammation,
increased expression of cytokines, chemokines, growth factors and pro-angiogenic
molecules leading to the recruitment of EPCs and HSCs to the site. Upon induction of
endometriosis in alymphoid mice, plasma samples were collected from experimental
mice on a weekly basis to analyze differences in cytokine expression in SDF-1 blocking
antibody treated and isotype control treated mice. Analysis of cytokines and chemokines
in the peripheral blood of experimental mice was performed to get an overview of the
inflammatory status in the endometriosis induced mice as well as to see if treatment with
SDF-1 blocking antibody had any significant adverse effects. Plasma samples collected
at mid treatment and end of treatment time points were analyzed for cytokines and
chemokines (Figure 9A and 9B) at the University Health Network Microarray Center
using the Bio-Plex System (Bio-Rad, Inc., Hercules, CA, USA). Plasma was analyzed
using the Bio-Plex mouse cytokine 23-plex panel (Bio-Rad, Inc., Hercules, CA, USA)
(Appendix B) for IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12 (p40), IL12 (p70), IL-13, IL-17, Eotaxin, G-CSF, granulocyte-macrophage-CSF (GM-CSF),
interferon-gamma (IFN-γ), keratinocyte chemoattractant (KC), monocyte chemotactic
protein-1 (macrophage/monocyte chemotactic and activating factor) (MCP-1 (MCAF)),
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macrophage inflammatory protein-1α (MIP-1α), MIP-1β, regulated upon activation,
normal T-cell expressed, and secreted (RANTES), and tumour necrosis factor-α (TNF-α).
Of the cytokines and chemokines analyzed, expression levels for most were not
significantly different between control and treatment groups or between time points. At
the mid treatment time point, IL-2 and G-CSF were significantly lower in mice treated
with SDF-1 blocking antibody compared to mice treated with isotype control (Figure
9A). Levels of IL-12 (p40) and IL-13 were found to be significantly higher in the treated
group in comparison to the control group at the end of treatment time point (Figure 9B).
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Figure 9: Cytokine analysis in peripheral blood of mice
Peripheral blood plasma cytokine levels from mice induced with human endometriotic
lesions and treated with SDF-1 blocking antibody or isotype control were analyzed using
a mouse cytokine 23-plex assay on the Bio-Plex System by Bio-Rad Laboratories. On
Day 11, isotype control treated mice (n=3) had elevated expression of IL-2 and G-CSF
compared to mice treated with SDF-1 blocking antibody (n=3, A). On Day 25, SDF-1
blocking antibody treated mice (n=3) had elevated expression of IL-12 (p40) and IL-13
compared to mice treated with isotype control (n=3, B). Data were analyzed with
repeated measures ANOVA. Error bars represent standard deviation. *: p<0.05.
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Figure 9
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Analysis of Levels of Stromal Cell-Derived Factor-1 and Circulating Endothelial
Progenitor Cells in Peripheral Blood of Stromal Cell-Derived Factor-1 Blocking
Antibody Treated or Isotype Control Treated Mice.

Stromal cell-derived factor -1 is up regulated in endometriosis lesions, which leads to the
infiltration of EPCs to aid angiogenesis. Mice induced with endometriosis were treated
with an SDF-1 blocking antibody to assess the effects of inhibiting EPC recruitment and
hindering new blood vessel development on lesion growth. Another group of mice were
induced with endometriosis and treated with an isotype control. An SDF-1 enzyme
linked immunosorbent assay (ELISA) was performed on the peripheral blood (plasma
samples) drawn on a weekly basis from control and treatment groups. Levels of SDF-1
decreased over the course of the experiment and were significantly lower by the fourth
week in both groups (Figure 10A).

During homeostasis, EPCs home in bone marrow and only make up a minor fraction of
blood. In response to SDF-1, EPCs are recruited and mobilized from the bone marrow
and enter the blood stream as cEPCs to the site of angiogenesis to contribute to vessel
development. In relation to the drop in SDF-1 levels over the course of treatment in mice
in the treated and control groups, cEPCs numbers also significantly decreased in
peripheral blood of mice in both groups (Figure 10B).
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Figure 10: Analysis of SDF-1 and cEPCs in peripheral blood of mice
Peripheral blood was collected weekly from treated and control mice with human
endometriotic lesions. Stromal cell-derived factor-1 levels were analyzed using an SDF1 ELISA and cEPCs levels were analyzed using flow cytometry. Both SDF-1 blocking
antibody (SDF-1 BA, n=3) and isotype control treated (n=3) mice showed a decrease in
SDF-1 (A) in peripheral blood. Circulating CD31+/c-Kit+/Sca-1+/CD45-EPCs decreased
(B) during course of treatment (p <0.05). Error bars represent standard deviation. *: p
<0.05.
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Gross Analysis of Endometriotic Lesion Development and Staining for Cluster of
Differentiation 31+ Cells

In the mouse model for endometriosis, human endometrium is implanted into the
peritoneal cavity of immunodeficient mice, allowed to grow for five days before the start
of treatment. Mice are treated on a weekly basis with either SDF-1 blocking antibody or
an isotype control. After culmination of treatment, mice were euthanized to check for
gross lesion and vasculature development. Furthermore, endometriotic lesions were
retrieved from experimental mice for histological assessment.

On Day 56, mice treated with SDF-1 blocking antibody or isotype control were
euthanized by cervical dislocation. Gross assessment of vascular development showed
presence of more blood vessels around endometriotic lesions in isotype control treated
mice (Figure 11B) in comparison to SDF-1 blocking antibody treated mice (Figure 11A).

Endothelial cells line the lumen of blood vessels and can be identified by a CD31 marker
on the cell surface. Lesions from control and treated mice were harvested and frozen in
cryomatrix for evaluation of vascular density. Immunohistochemistry was performed on
frozen cut sections using PE tagged rat anti-mouse CD31 antibody and DAPI for nuclear
stain. Mice treated with SDF-1 blocking antibody showed less staining for CD31+
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(Figure 11C, 11D and 11E) in comparison to isotype control treated mice (Figure 11F,
11G and 11H).
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Figure 11: Gross human endometriotic lesion analysis and immunohistochemistry
for CD31+ cells
Human endometriotic lesions harvested from isotype control treated mice (A) show more
robust blood vasculature compared to SDF-1 blocking antibody treated mice (B).
Immunofluorescence staining on endometriotic lesions from control mice show increased
CD31+ cells (C, D, E) compared to treated mice (F, G, H).
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Chapter 6
Discussion
Although endometriosis is well known and has been described for more than a century,
understandings of the mechanisms that cause it remain elusive. Adequate understanding
about susceptibility, pathogenesis and pathophysiology of associated infertilities has been
hampered by late presentation and diagnosis and lack of suitable animal models that
mimic spontaneous human disease. Retrograde menstruation, leading to the introduction
and adhesion of endometrial tissue in the peritoneum has been implicated in the
pathogenesis of endometriosis (Sampson, 1927). Multiple etiologies have a role in the
pathogenesis of endometriosis including hormonal, immunological, genetic and
environmental factors but complex interactions between ectopic endometrial tissue,
peritoneal microenvironment, infiltrating leukocytes and endothelial cells appear to
underpin this disease. Endometriosis lesions must establish a new vascular supply
immediately after retrograde auto transplantation in the peritoneal cavity and do this
cyclically with each menstrual cycle. Angiogenesis is mediated by a fine balance
between pro and antiangiogenic factors (Otrock et al., 2007). Hampering
neovascularization, by disrupting the balance between pro and antiangiogenic factors
could provide a novel treatment strategy for endometriosis and its recurrence.
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Inflammation associated with growing lesions results in the production of hypoxic factors
such as HIF-1α that bind to the promoter region of the SDF-1 gene and lead to its over
expression (Ceradini et al., 2004). Stromal cell-derived factor-1 is a proangiogenic
molecule responsible for the recruitment and retention of EPCs to the angiogenic niche
(Aiuti et al., 1997; Dar et al., 2005). Endothelial progenitor cells are bone marrowderived pluripotent cells that differentiate into endothelial cells and incorporate into and
aid the development of new blood vessels. Additionally, EPC mobilization from the
bone marrow into the circulation has been documented to augment neovascularization of
ischemic tissue (Takahashi et al., 1999) and reductions in numbers of cEPCs are known
to be a risk factor for vascular events (Hill et al., 2003). In light of this, we postulated
that chronic inflammation and hypoxia in endometriotic lesions would result in the over
expression of SDF-1 and that SDF-1 is central to the recruitment and retention of
angiogenic EPCs to support new blood vessel growth in endometriotic lesions (Figure 2).

The primary goal of this thesis was to analyze the expression of SDF-1 and putative
EPCs in human eutopic and ectopic endometrium and to assess the efficacy of blocking
SDF-1 in a mouse model as an antiangiogenic therapy for endometriosis. To address this
goal, a novel xenograft mouse model of endometriosis, using human endometrium, was
developed and biweekly injections of a monoclonal antibody for SDF-1 were used to
block SDF-1.
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Immunohistochemistry for SDF-1 in eutopic and ectopic endometrium collected from
women stage matched for their menstrual cycle revealed higher expression of SDF-1 in
ectopic sections collected from women with endometriosis. Normal endometrium
presented with some, but minimal SDF-1 staining primarily in the stroma. This could
potentially be due to hypoxia-induced up regulation of SDF-1 resulting from growth of
lesions. Stromal cell-derived factor-1 is a potent chemoattractant for bone marrow cells
(Fedyk et al., 2001).

Since stromal cell-derived factor-1 is responsible for recruitment and retention of bone
marrow derived endothelial progenitor cells, immmunostaining was undertaken to
identify these cell populations. Immunohistochemistry for CD34, a cell surface marker
for bone marrow progenitor cells, revealed increased infiltration of CD34+ putative EPCs
in ectopic sections of endometrium compared to eutopic endometrium. In normal
endometrium, putative EPCs were scarce and localized to the stroma. In endometriotic
lesions, these cells were present in and around newly developing blood vessels and
homed around glandular structures.

Endothelial progenitor cells respond to increasing gradients of SDF-1 through their
expression of the CXCR4 receptor (Ceradini et al., 2004). Incorporation of EPCs into
sites of angiogenesis is mediated through a coordinated sequence of events initiated by
chemoattraction in response to an angiogenic gradient, adhesion and transmigration,
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followed by differentiation into endothelial cells (Urbich and Dimmeler, 2004b). Over
expression of SDF-1 in ectopic lesions provides the angiogenic gradient for EPC
mobilization from bone marrow and migration towards the lesion. Indeed, human
CD34+ cells respond to SDF-1 by cytoskeleton rearrangement (Voermans et al., 2001),
an increase in size and acquisition of a polarized cell shape with a leading edge and a
blunted surface on the opposite side with relocalization of CXCR4 to the leading edge of
cells (van Buul et al., 2003).

Since EPCs are recruited in response to SDF-1, similar expression and localization
patterns were expected as demonstrated by the strong co-localization
immunofluorescence staining for SDF-1 and CD34 in ectopic endometrium. However,
CD34 is a general marker for bone marrow progenitor cells including EPCs and HSCs.
Endothelial progenitor cells primarily express VEGFR-2 whereas HSCs primarily
express VEGFR1. Cluster of differentiation 34+ cells in endometrium were validated to
be EPCs as VEGFR-2 co-localized with CD34+ cells.

Similar to normal endometrium, ectopic endometriotic lesions are estrogen dependent
(Huhtinen et al., 2011). Estrogen is primarily produced by granulosa cells of the ovary
during follicular development in the proliferative phase of the menstrual cycle.
Endometriosis tissue responds to systemic estrogen levels and consequently, growth and
adhesion of lesions is related to menstrual cycle, typically diminishing after the onset of
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menopause. Furthermore, endometriosis cells produce their own estrogen as they are
equipped with all necessary enzymes, such as aromatase, hydroxysteroid dehydrogenase and
prostaglandin, required to convert cholesterol to estradiol to enhance their growth (Simsa et

al., 2007). Local estrogen synthesis in ectopic endometrial cells is dysregulated and leads
to over production of estradiol (Attar and Bulun, 2006; Bulun et al., 2001). In addition,
macrophages and other lymphocytes present in the peritoneum due to the inflammatory
nature of the disease have been implicated in increased estrogen availability for disease
progression (Sacco et al., 2011). In addition, non conventional estrogen signalling may
play a role in augmented lesion growth (Hammes and Levin, 2007). In accordance, our
study revealed significantly higher levels of estradiol in systemic circulation of
endometriosis patients compared to women without the disease. Pathways leading to the
production of estrogen also contribute to the biosynthesis of progesterone. Progesterone
receptor action is also altered in endometriotic cells leading to progesterone resistance
and decreased in activation of estradiol (Puranen et al., 1999). We, however, could not
detect significant differences in levels of progesterone between women with and without
endometriosis. This is consistent with findings from Tsai et al (2001) where unlike
peritoneal fluid progesterone concentrations which were significantly higher in early
stage of endometriosis, serum progesterone concentrations were not different among
women with early stage or advanced stage of endometriosis compared to normal women.
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Like estrogen, hypoxia-induced over expression of SDF-1 occurs locally but can also be
detected systemically. Conditions with generalized inflammatory and angiogenic
responses result in increased levels of circulating SDF-1 in afflicted individuals (Ino et
al., 2009; Theiss et al., 2007). However, since endometrial cells proliferate in response to
estrogen, SDF-1 expression is dependent on phase of menstrual cycle. Our results did not
show significant differences in SDF-1 levels in plasma of women with and without
endometriosis. This could be due to differences in phase of menstrual cycle that were not
accounted for at the time of blood withdrawal or due to differences in stage and severity
of disease and limited number of samples.

Mobilization of progenitor cells from bone marrow into peripheral blood in response to
angiogenic cues is highly regulated to provide directional signals for migration, activate
and proliferate cells in order to regulate neoangiogenesis (Carmeliet and Jain, 2011).
Since SDF-1 mobilizes endothelial progenitor cells from the bone marrow, we sought to
determine if there is a correlation between plasma SDF-1 concentration and cEPC
numbers in peripheral blood of women with or without endometriosis. During
homeostasis, EPCs are dormant and home in pockets of bone marrow, comprising a very
low percentage of circulating blood cells. EPCs mobilize from bone marrow in response
to angiogenic cues and enter circulation as cEPCs (Papayannopoulou, 2004). Evidence
supports the idea of an increase in the number of cEPCs as a marker for angiogenesis
(Vasa et al., 2001) and endometriotic lesions must recruit bone marrow-derived EPCs
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into the peripheral blood for the formation of new blood vessels at the lesions (Becker et
al., 2011). Indeed, the mobilization and recruitment of EPCs from bone marrow to the
endometriotic lesions has been demonstrated in syngeneic mouse models of
endometriosis where green fluorescent protein-positive bone marrow-derived EPCs were
found within lesions seven days after the induction of endometriosis (Laschke et al.,
2011). Similarly, cancer studies have shown the importance of endothelial progenitor
cell recruitment in the pathological neovascularization of tumours (Ding et al., 2008).
However, there have been conflicting reports on subtypes, surface markers, and functions
of EPCs; and thus the exact origin and identity of EPCs remains to be defined.

Our gating strategy used to identify EPCs included CD45- cells to eliminate cells of
leukocytic lineage. This ensured sorting for EPCs of the late phenotype that were found
to exhibit high proliferative activity and direct incorporation into vessels. We also sorted
for Sca-1+ and c-Kit+ cells to establish HSC background and CD31+ cells to ensure
endothelial differentiation. We did not attempt to elucidate the role of early EPCs which
have a secretory profile. Our results did not show an elevation in numbers of cEPCs in
peripheral blood of women with endometriosis compared to controls. Although this
corresponded to systemic levels of SDF-1 which were also not found to be significantly
different, the uncertainty that exists over specific markers of cEPCs leads to inconclusive
results about exact cEPC numbers in peripheral blood of women with endometriosis. On
the other hand, conflicting reports exist about their role in angiogenesis and wound repair
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(Bluff et al., 2007) and may explain the lack of increase in cEPCs in diseased women. As
previously mentioned, limited number of samples, severity of disease or menstrual stage
dependant decrease in inflammation and angiogenesis might account for the lack of
significant increase in cEPC numbers as well.

The data from human patients support a central role for SDF-1 in recruiting EPCs to
endometriotic lesions. The crucial role of SDF-1 during embryogenesis and later in life
renders it highly conserved within species. As such, it exerts downstream effects in cells
through its interaction with CXCR4 in both, mouse and human (Nagasawa et al., 1996).
To test the blocking of SDF-1 as a potential antiangiogenic therapy in a mouse model of
endometriosis and to document that SDF-1 indeed does perform similar functions in
mice, migration of bone marrow cells from alymphoid mice in response to SDF-1 was
confirmed using a transwell migration assay. Effects of SDF-1 were consistent on mouse
bone marrow progenitor cells and led to significantly more numbers of cells migrating
towards the SDF-1 gradient compared with control, serum free media. We further
characterized migrated cells as EPCs based on our previously mentioned gating strategy
of CD45-/Sca-1+, CD31+/c-Kit+ using four-colour flow cytometry. Endothelial progenitor
cell response was confirmed to be specific to SDF-1 as EPC migration was not observed
upon blocking CXCR4 action by the addition of AMD3100, a known CXCR4 inhibitor.
Interaction of AMD3100 with CXCR4 inhibits that of SDF-1 and prevents SDF-1induced calcium ion signalling and intracellular changes in cells (Donzella et al., 1998).
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Inflammation and angiogenesis are hallmarks of endometriosis (Gazvani and Templeton,
2002). Variations in mouse models of endometriosis, such as homologous versus
heterologous transplants, mimic different aspects of real disease conditions. Homologous
models are better suited for the assessment of the role of the immune system and
inflammation in disease progression as opposed to heterologous models that are apt to
assess novel therapies directly on human tissue. Our novel mouse model was based on a
severely immunocompromised mouse strain lacking T, B and NK cells, and utilized
human endometrium to induce the disease. Implantation and growth of human
endometrial fragments in the peritoneum elicits an inflammatory response through the
intact innate immune system in this mouse strain. Cytokine analysis of the main
mediators of inflammation and SDF-1 presented a general idea on the inflammatory
status and effects of the blocking antibody in endometriosis induced mice. Mice treated
with an SDF-1 blocking antibody did not have significantly different inflammatory
conditions and presented with similar levels of cytokines overall. Peripheral blood
analysis on Day 11 revealed G-CSF and IL-2 to be elevated in control mice but not at
Day 25. On Day 25, IL-12 and IL-13 were found to be elevated in SDF-1 blocking
antibody treated mice compared to controls.

Interestingly, cytokine analysis for SDF-1 demonstrated decreasing levels of systemic
SDF-1 in both treated and control mice over the course of the experiment.
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Concentrations of SDF-1 were significantly lower by week four compared to
pretreatment levels in both groups. Increases in the levels of SDF-1 occur due to the
hypoxic nature of endometriotic lesions as angiogenesis is initiated and EPCs are
recruited. Endothelial progenitor cell recruitment and infiltration is one of the aspects of
angiogenesis and analysis of peripheral blood for changes in numbers of cEPCs provides
information on changes in lesion development. Proliferation and migration of existing
endothelial cells from the lumen of neighbouring vessels also plays a role in forming new
sprouts and aiding angiogenesis. Blocking migration of EPCs serves as a hindrance to
the establishment of neovessels but might not suffice to completely inhibit
vascularization of lesions. During the course of the experiment, establishment of a
vascular supply to the lesion would result in overall decrease in systemic SDF-1. As
expected with decreasing levels of SDF-1, a significant decrease in the number of cECPs
in peripheral blood of both groups was also observed.

However, gross analysis of lesion development in the peritoneum of mice at the
culmination of treatment provided evidence for blocking SDF-1 as a potential
antiangiogenic therapy. Although inhibiting EPC migration did not completely inhibit
vascularization of lesions, vessel development was diminished in the peritoneum of mice
treated with an SDF-1 blocking antibody compared to controls. Lesions in treated mice
appeared more avascular and necrosed compared to lesions in mice treated with the
isotype control antibody. Immunohistochemistry performed on lesions using CD31
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antibody confirmed these observations. Endothelial cells lining the lumen of blood
vessels stain as CD31+ cells and were more abundant in lesions from control mice
indicating increased vascularization in these lesions.

The unknown etiology of endometriosis makes it a difficult condition to treat.
Traditional treatment regiments primarily address symptoms, are short term, hinder
pregnancy and often have severe side effects. Recently more research has been
undertaken to develop novel treatment strategies to target endometriosis tailored to
different age groups, with minimal side effects and maintain fertility. Therapies using
anti-inflammatory drugs, selective estrogen or progesterone modulators, aromatase
inhibitors and statins have been evaluated (Taylor et al., 2011). Anti-angiogenic therapy
offers another promising area of research for endometriosis treatment.

The findings presented in this thesis support the idea that anti-angiogenic therapy maybe
a potential treatment strategy for endometriosis. Blocking SDF-1 shows promise as a
potential agent to limit angiogenesis. Analysis of levels of hypoxia at the lesion level as
well as changes in local production of SDF-1 would provide further information about
the efficacy of blocking SDF-1 as antiangiogenic therapy. More research assessing
differences in microvessel density in lesions post treatment also need to be conducted.
Additionally, studies assessing the effects of SDF-1 blocking antibody in combination
with other anti-angiogenic agents are needed. A treatment strategy geared towards
79

blocking EPC migration together with causing apoptosis of existing endothelial cells
would be particularly effective in inhibiting angiogenesis in endometriosis.
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Chapter 7
Summary and Conclusions
Endometriosis affects 5-10% of women and is characterized by the growth of endometrial
tissue outside of the uterus. One of the fundamental requirements for endometriosis
lesions to grow is establishment of a new blood supply. This has led to the idea that antiangiogenic therapy may be a successful approach for endometriosis. Recent evidences
indicate that endothelial progenitor cells contribute to neoangiogenesis of the
endometriotic lesions. These EPCs are recruited to the lesion sites by SDF-1. The goal
of this study was to assess the central role of SDF-1 in the neoangiogenesis associated
with endometriotic lesions and its blocking as a novel antiangiogenic therapy for the
treatment of endometriosis.

To address the goals of this study, firstly, SDF-1 protein and corresponding EPCs
expression was localized using immunohistochemistry in human endometriosis and
normal endometrial samples. Co-localization of SDF-1 andCD34+ EPCs was performed
to correlate homing of EPCs in response to increased SDF-1 at the endometriotic lesions.
Bone marrow cell migration experiments (in vitro) were conducted to prove that SDF-1
indeed is responsible for recruitment of EPCS from the bone marrow. Blocking SDF-1
as an antiangiogenic therapy was then evaluated in a novel xenograft mouse model of
endometriosis by administration of a monoclonal antibody for SDF-1.
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Stromal cell-derived factor-1 protein expression was up regulated in endometriosis
lesions leading to increased infiltration of CD34+ cells. Immunofluorescense colocalization staining for VEGFR-2 with CD34 verified CD34+ cells as EPCs. This
established the basis for part of our hypothesis that elevated SDF-1 in endometriosis
supports the recruitment and retention of EPCs to the neoangiogenesis niche. Analysis of
peripheral blood for systemic increases in SDF-1 and cEPCs numbers in women
presenting with endometriosis did not show similar results but several limitations such as
controlling for stage of menstrual cycle and severity of disease, and limited number of
samples might explain the discrepancy. Analysis of estrogen and progesterone in
circulating blood found significantly elevated levels of estrogen in women with
endometriosis compared to controls.

In order to test blocking SDF-1function as a potential therapeutic option, we first
confirmed the effects of SDF-1 on alymphoid mouse bone marrow cells using an in vitro
cell migration assay. Mouse bone marrow cells that migrated in response to SDF-1 were
further confirmed as EPCs by four-colour flow cytometry. Migration of EPCs was not
observed upon addition of a CXCR4 antagonist, AMD3100.

Our novel mouse model of endometriosis employed an immunocompromised mouse
strain lacking T, B and NK cells that has a high success rate of implanting and sustaining
human xenograft endometriotic lesions. Experimental mice were treated for four weeks
82

with either a SDF-1 blocking or isotype control antibody after the induction of
endometriosis. Over the course of the treatment, levels of SDF-1 and numbers of cEPCs
decreased significantly indicating a reduction in angiogenesis. Interestingly, this
reduction was observed in both, treatment and control groups. Upon euthanasia, gross
and immunohistochemical analysis of endometriotic lesions retrieved from experimental
mice demonstrated reduced vasculature development in SDF-1 blocking antibody treated
mice compared with isotype control. This supports our hypothesis that SDF-1 plays an
important role in the neovascularization of endometriotic lesions in our mouse model.

Further studies assessing the effects of blocking SDF-1 are warranted in order to assess
its potential as a therapeutic for the treatment of endometriosis. Quantification of
hypoxia and SDF-1 messenger ribonucleic acid and protein expression, together with
measurements of microvessel density in lesions harvested from experimental mice are
needed to further validate anti-SDF-1 treatment. The findings of this study confirm that
SDF-1 is up regulated and plays a role in endometriosis but additional research on the
role of cEPCs is also needed. Studies using irradiated mice implanted with fluorescent
tagged human bone marrow cells are underway to determine the role of EPCs in
endometriotic lesion development.
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Appendix A
List of Antibodies

Company

Antibody Name

Concentration

PE-Cy 5 Rat Anti-Mouse
BD Pharmingen

BD Pharmingen

CD45

0.4 µg/mL

PE Rat Anti-Mouse

0.4 µg/mL (flow cytometry)

CD31

6 µg/mL (immunohistochemistry)

PE Cy7 Rat Anti-Mouse
BD Pharmingen

Ly-6A/E (Sca-1)

0.4 µg/mL

FITC Rat Anti-Mouse
BD Pharmingen

CD117 (c-Kit)

1 µg/mL

Mouse polyclonal CD34

4 µg/mL

Biotechnology

Rabbit polyclonal SDF-1

4 µg/mL

Cell Signaling

Rabbit polyclonal VEGF

Technology

Receptor 2

Santa Cruz
Biotechnology
Santa Cruz

2 µg/mL
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Alexa Fluor 546 Donkey
Invitrogen

Anti-Mouse IgG

2 µg/mL

Alexa Fluor 488 Donkey
Invitrogen

Anti-Rabbit IgG
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2 µg/mL

Appendix B
List of Cytokines for 23-Plex Assay

Interleukin-1 alpha
Interleukin-1 beta
Interleukin-2
Interleukin-3
Interleukin-4
Interleukin-5
Interleukin-6
Interleukin-9
Interleukin-10
Interleukin-12 (p40)
Interleukin-12 (p70)
Interleukin-13
Interleukin-17
Eotaxin
Granulocyte-colony stimulating factor
Granulocyte-macrophage-colony stimulating factor
Interferon-gamma
Keratinocyte chemoattractant
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Monocyte chemotactic protein-1 (macrophage/monocyte chemotactic and activating
factor)
Macrophage inflammatory protein-1 alpha
Macrophage inflammatory protein-1 beta
Regulated upon activation, normal T-cell expressed, and secreted
Tumour necrosis factor-alpha
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