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Abstract 

Endometriosis is an estrogen-dependent, chronic inflammatory disease characterized by 

the ectopic presence of hormonally-responsive endometrial epithelial glands and stroma 

in the pelvic cavity. Theorized to arise from the phenomenon of retrograde menstruation 

whereby menstrual tissue is refluxed into the peritoneal cavity through the fallopian 

tubes, the pathogenesis of endometriosis is not only characterized by peritoneal 

inflammation, but its development has also been linked to abnormal immune system 

response that is unable to clear away menstrual debris in the pelvic cavity. Numerous 

studies have shown elevated levels of inflammatory cytokines and abnormally activated 

immune cells in the peritoneal fluid and peripheral blood of women with endometriosis. 

However, a comprehensive overview of immune dysfunction and inflammation in 

women with endometriosis is lacking. Therefore, we conducted a targeted transcriptomic 

profiling on the molecular pathways of inflammation and immune cell signaling to 

uncover pathways associated to endometriosis pathogenesis. We hypothesized that genes 

encoding for pro-inflammatory cytokines and immune cell activation will be abnormally 

expressed in patient tissue samples compared to controls. We report that indeed, genes 

involved in inflammation and immune cell signaling are aberrantly expressed in women 

with endometriosis. Further, we explored the potential involvement of interleukin-17A 

(IL-17A) in the pathogenesis of endometriosis. In diseases with chronic inflammation, 

IL-17A is known to exacerbate disease progression by promoting inflammatory cytokine 

production and neutrophil recruitment via the production of IL-6, IL-8, GRO-α, and G-

CSF. We hypothesized that IL-17A will also exacerbate endometriosis development by 

promoting local inflammation. We found increased concentration of IL-17A in plasma of 
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women with disease. It can also promote inflammatory cytokines (G-CSF, IL-6, and IL-

8) in vitro. In mouse model of endometriosis, intraperitoneal injection of IL-17A did not 

promote proliferation of vascularization of lesions compared to controls. We also 

observed increased G-CSF and CD11b+Ly6C+ inflammatory monocytes in mice treated 

with IL-17A. As a whole, we demonstrate how eutopic endometrium and ectopic 

endometriotic lesions are molecularly distinct entities compared to fertile endometrium. 

Further, we provide novel findings on the contribution of IL-17A in peritoneal 

inflammation, macrophage infiltration and polarization using mouse model of 

endometriosis.  
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Chapter 1 

General Introduction 

1.1 Endometriosis: a painful and burdensome disease 

Endometriosis is an estrogen-dependent, chronic inflammatory gynecologic disease 

characterized by the presence of uterine epithelial and stromal tissues outside of the 

uterine cavity 1–5. Theorized to arise from the endometrial fragments escaping into the 

peritoneal cavity through the process of retrograde menstruation 6, endometriosis patients 

experience significant reduction in quality of life owing to increase in symptoms 

including non-menstrual pelvic pain (38.7% vs. 14.3%), dyspareunia (29.5% vs. 13.4%), 

and infertility (11.6% vs. 3.4%) compared with women without endometriosis 7. Indeed, 

epidemiologic data show that in Canada, the inability of women to contribute to society 

because of disease amounts to the economic burden of $1.8 billion 8, which is increased 

to $18–22 billion in the United States 9,10. Although decades of research into the 

pathogenesis of endometriosis have led to insightful elucidations into the hormonal and 

nonhormonal mechanisms involved in disease development and persistence, the 

therapeutic regimens to treat endometriosis and the methods for early diagnosis of 

endometriosis are still lacking. 

 

The economic impact of endometriosis is compounded by the latency in the diagnosis of 

endometriosis, especially in young women that delay seeking medical treatment. Owing 

to the common misinterpretation of endometriosis-induced pain as menstrual-related 

abdominal pain, the diagnosis of endometriosis is typically delayed by 8–10 years. 

Adolescent girls who suffer from the symptoms of endometriosis delay seeking medical 
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attention by 4.6 years, and by the time they seek medical attention, it takes another 

4.7 years until diagnosis 11. In 2004, Ballweg reported an increase of endometriosis-like 

symptoms in girls before the age of 15 years as well as menarche occurring earlier 12, 

indicating the potential need to screen adolescent and younger girls as early as they 

display symptoms of endometriosis for confirmatory diagnosis. Laparoscopic surgery 

remains the current standard diagnostic tool; however, it is unlikely that women of 

reproductive age would subject themselves to such an invasive surgery when they can opt 

to temporarily diminish pain symptoms by means of other therapeutic mechanisms. 

 

Indeed, to diminish the disease burden and minimize symptoms of pain, nonsteroidal 

anti-inflammatory drugs, GnRH agonists, progestins, and oral contraceptive pills are 

mainstream therapeutic options 13. Because estrogen is the primary driver of 

endometriosis lesion development, most of the established therapeutics are targeted to 

create a hypoestrogenic state that offers temporary relief. One of the major disadvantages 

that many of these therapeutics prevent women from pursuing pregnancy. Therefore, 

women are forced to decide whether to improve their quality of life by diminishing pelvic 

pain symptoms, or forgo chances of pregnancy for the sake of minimizing endometriosis-

associated pain. 

 

1.2 Theories on endometriosis development 

Endometriosis can be categorized into three phenotypes, the combination of which is 

used to diagnose the severity of the disease from Stage I to Stage IV 14 based on a 

weighted point system (Figure 2-1). The severity of the disease can only be determined 
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using laparoscopic surgery, and the stage of the disease do not often correlate with the 

frequency and severity of non-menstrual pelvic pain 15. 

 

 

Figure 2-1. Revised American Society for Reproductive Medicine classification of 
Endometriosis. Upon laparoscopic surgery, the severity of endometriosis can be 
determined using a weighted scoring system. Stage I (minimal) disease is characterized 
by peritoneal endometriosis and ovarian endometriomas. Stage II (mild) is characterized 
by the presence of deep endometriosis of certain depth, in addition to ovarian 
endometrioma and formation of adhesions. Stage III (moderate) is characterized by 
presence of deep endometriosis, partial obliteration of cul-de-sac, as well as deep 
endometriosis of ovary. Stage IV is characterized by the presence of extensive adhesions, 
peritoneal endometriosis, ovarian endometrioma and deep infiltrating endometriosis.  
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Peritoneal endometriotic lesions are found on the pelvic peritoneum as tiny foci of 

endometrial like tissue embedded within the peritoneum. Ovarian endometrioma is a 

cystic-like manifestation whereby implanted endometrial tissue grows into a cyst on the 

surface epithelium of the ovary that is often filled with chocolate-coloured fluid, thought 

to be composed of menstrual blood. The most devastating of all is the deep infiltrating 

endometriosis (DIE). For reasons unknown, this invasive type of endometriosis develops 

when endometrial fragments become lodged in concavities of pelvic cavity including the 

rectouterine pouch or the vesiculouterine pouch 16. Compared to peritoneal endometriosis 

that can remain asymptomatic, 75% of DIE cases are often associated with pelvic pain 

symptoms and infertility 16.  

 

The etiology of endometriosis is still debated due to clinical reports of unusual cases of 

endometriosis found outside of the pelvic cavity in women, or in most bizarre of all 

cases, in a male patient with severe abdominal pain 17. To explain such incidences of 

extrapelvic endometriosis, researchers hypothesized a coelomic metaplasia theory, 

postulating that endometriosis develops from metaplasia of cells lining the visceral and 

abdominal peritoneum under abnormal environmental, hormonal or genetic influences 

18,19. Furthermore, the basal stem cell theory of endometriosis also contributes possible 

explanation into extrapelvic location of endometriosis. This theory postulates that the 

endometrial stem cells with enhanced proliferative properties can travel to different areas 

of the body by accessing patent uterine vasculature or lymphatic vessels during 

menstruation 18. This theory is supported by Leyendecker et al. 20, who found that the 

basal stem cells that express estrogen receptors, progesterone receptors, and aromatase 
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P450 at levels similar to of ectopic endometriotic lesions are shed at higher rate in 

women with endometriosis.  

The most widely accepted theory on the pathogenesis of endometriosis is Sampson’s 

theory of retrograde menstruation. This theory proposes that viable endometrial tissue is 

disseminated into the peritoneal cavity via the fallopian tubes during menstruation and 

subsequently implants onto peritoneum or pelvic organs 21. Indeed, in women with 

cervical stenosis, and other congenital outflow obstructions, and in women with longer 

menstrual flow 22, the risk of developing endometriosis is increased 23,24. Further, 

endometriosis can be induced in non-human primates by intrapelvic inoculation of 

menstrual tissue 25. While experimental evidence suggests that increased menstrual flow 

in women with endometriosis may predispose them into developing endometriosis, it is 

likely that women with disease also suffer from fundamental differences in genetic, 

immunological or biochemical factors that contribute to the development of 

endometriosis. 

 

An avid anatomist and clinician himself, Sampson postulated that endometriosis is a 

manifestation of menstrual tissue implants that found their way into the peritoneal cavity 

through patent fallopian tubes 26. He coined this phenomenon “retrograde menstruation”, 

which is widely accepted today as the etiology of endometriosis. In 1961, John Ridley, an 

experimental gynecologist, proved the validity of Sampson’s claim by conducting human 

experimentation in a population mostly composed of African Americans 27. With 

apparent consent from women who already had pre-arranged laparotomies, their 

menstrual effluents were transplanted into the peritoneal cavity to incubate for as long as 
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6 months in some women. In 1 case out of 15 performed, Ridley was able to excise and 

histologically confirm the tissue to be endometriosis by the presence of endometrial 

glands and stroma. While it could be considered most unethical by current standards, 

Ridley’s ambitious experimentation on humans demonstrated that endometriosis can arise 

from menstrual effluents. Furthermore, Sampson’s claim of retrograde menstruation was 

substantiated by observational studies in women who underwent laparoscopy during 

menstruation, which provided evidence for common occurrence of retrograde 

menstruation 28,29. Especially, the observational paper by Halme et al. whereby blood in 

peritoneal fluid was observed in 90% of all women with patent fallopian tubes at 

laparoscopy during perimenstrual phase, is a seminal publication cited by most 

researchers in the field of endometriosis 29. Additionally, another article published in 

1986 confirmed retrograde menstruation to be a normal phenomenon: out of 75 women 

admitted for sterilization during the menstrual phase of the cycle, menstrual blood was 

observed in the peritoneal cavity in 76% of all women, and 97% of those with 

endometriosis 28. Thus, Sampson’s theory of retrograde menstruation became mainstream 

to explain the how endometrial-like tissue is found in extrauterine pelvic locations 

including the ovarian surface, peritoneum and rectovaginal pouches. 

 

The incidence of endometriosis is reported to be around 11% in women of reproductive 

age 30. Certainly, statistics can be misrepresented due to significant delay in diagnosis of 

endometriosis, method of diagnosis, and misdiagnosis as common menstrual cramps by 

gynecologists failing to recognize complaints of pelvic pain as a fundamental symptom of 

endometriosis 31. Additionally, endometriosis can be incidentally discovered during 
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surgeries such as tubal ligation. In one of the studies, 20-44% of women were found to 

have endometriosis during surgery, but were symptom free 32,33. Indeed, physicians 

postulated that the ectopic implantation of menstrual fragment may be a physiological 

phenomenon, not pathological, for majority of women 34. Although, the true incidence of 

the disease in the population is unknown, the discrepancy between the rate of retrograde 

menstruation and the occurrence of endometriosis has fueled scientific investigations to 

identify reasons behind why only a subset of women suffer from endometriosis.  

 

The collective efforts of researchers over the past few decades have revealed the 

underlying molecular complexities of this disease encompassing aberrant immunological 

and endocrine pathways that seems to be modified by the ectopic presence of endometrial 

tissue 25,35–39. Especially, the non-human primate model of endometriosis allowed 

researchers to gain critical insight into how the induction of disease can influence gene 

expression pattern in eutopic endometrium after as little as 1 month 25. Furthermore, 

aberrant gene expression of eutopic endometrium of patients with endometriosis was also 

clarified using the primate model, which allows for repeated collection of samples at 

specific phase of menstrual cycle. Afshar et al. (2013) demonstrated using a microarray 

that the mere presence of the disease leads to molecular dysfunction seen in women with 

endometriosis including estrogen dominance and progesterone resistance 40. 

Investigations into peritoneal immune cells have identified increased concentration of 

activated peritoneal macrophages in women with endometriosis that produced increased 

concentration of vascular endothelial growth factor (VEGF) 41,42. As techniques for 

genome sequencing improved, genome-wide association studies showed how molecular 
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dysregulation of ovarian hormone responsive genes in eutopic endometrium of women 

with endometriosis could disrupt the fecundity of women 38. Further, epigenetic 

modifications of ectopic endometriotic lesions were found to drive endogenous aromatase 

and estradiol production 43,44, explaining the efficacy of pharmaceutical drugs that induce 

hypoestrogenic state as a treatment of endometriosis-derived pain. To this day, oral 

contraceptive drugs, progestins, GnRH agonists, and antagonists that block endogenous 

ovarian hormone production by targeting the hypothalamus-pituitary-gonadal axis have 

been the primary care option for physicians to treat endometriosis-associated pelvic pain 

and other debilitating symptoms 45.  In 2018, elagolix, an GnRH antagonist, will be 

available as an oral drug for women with endometriosis 46–48, which again creates 

hypoestrogenic state in women with associated side effects including decreased bone 

mineral density, nausea, hot flushes, and headaches. To date, no therapeutic drugs have 

been successfully developed that target the immune-inflammation pathway of 

endometriosis pathogenesis, although numerous potential biomarkers have been 

investigated (Fassbender et al. 2015; May et al. 2010; Ahn, Singh, and Tayade 2017). 

The physiological pathways that are aberrant in women with endometriosis including the 

irregularities in estrogen production and progesterone sensitivity by the eutopic 

endometrium and ectopic endometriotic lesions, and dysfunctional activation of innate 

immunity towards menstrual effluents in the peritoneal cavity will be further discussed 

below.  
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1.3 Increased estradiol production and progesterone resistance in endometriosis 

As discussed earlier, the most widely accepted theory of retrograde menstruation 

postulates the pathogenesis of endometriosis to begin with the invasion and proliferation 

of endometrial fragments into the peritoneum of pelvic cavity.  From there, studies 

suggest that aberrant responses to ovarian steroids would lead to the development of 

endometriotic foci. Interestingly, in a baboon model of endometriosis, menstrual 

endometrium injected intraperitoneally displayed enhanced adherence to the peritoneal 

membrane compared to luteal phase endometrium 52. This suggests that menstrual phase 

endometrial fragments express selective factors that are yet to be characterized, allowing 

for subsequent implantation in ectopic locations. Under normal physiological 

circumstances, human endometrium is under cyclical regulation by estrogen and 

progesterone, with the functional layer undergoing proliferation, differentiation and 

shedding if implantation does not occur. However, the cellular components of 

endometriotic lesions respond to ovarian steroids in a different manner when compared to 

normal endometrium 53. Macroscopically apparent structural malformation of the 

endometrial epithelium lends clues to increased incidence of infertility in women with 

endometriosis 54 and perhaps offers an explanation as to why only a subset of women 

develop endometriosis.  

 

Estradiol (E2), a biologically active form of estrogen, plays a critical role in the 

reconstruction of the endometrium post-menstruation. Proliferation of endometrial cells 

and re-establishment of vasculature of the functional endometrial layer are driven by the 

actions of E2 interacting with its nuclear receptors, ER-α and ER-β. Endometrial estradiol 
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arises mainly from the ovaries, but also from extraovarian tissues such as the adrenal 

gland and adipocytes which arrive at tissue via circulation. Aromatase P450 (aromP450) 

is an enzyme that catalyzes the conversion of ovarian androstenedione into estrone. From 

there, 17β-hydroxysteroid dehydrogenase type 1 (17β-HSDT1) further catalyzes the 

conversion of estrone into E2. Prostaglandin E2 (PGE2) is synthesized from arachidonic 

acid by the activity of rate limiting enzyme cyclooxygenase 2 (COX-2). PGE2 induces 

aromP450 production via the cyclic AMP (cAMP) cell signaling cascade in 

endometriotic stromal cells in a dose dependent manner 55. In the endometrium of healthy 

women, the activity of aromP450 is undetectable 43. However, both eutopic endometrium 

and the ectopic lesion of women with endometriosis express this enzyme in significantly 

higher amounts, allowing local production of E2. The ability of the lesion to produce E2 

de novo may facilitate the implantation of endometrial fragments in the peritoneal cavity 

43,56. 

 

Due to the widely implicated roles of E2 in the pathogenesis of endometriosis, a variety 

of pharmaceutical interventions targeting the inhibition of ovarian estrogen production 

are prescribed to women with endometriosis, but with mixed degree of success. Most of 

all, the symptoms of pain may be managed while on treatment; however, pain often 

reappears promptly with the discontinuation of the treatment. Around half of the patients 

using progestins reported recurrence of pelvic pain post treatment cessation 57. 

Furthermore, long term usage may be deterred by the undesirable side effects consisting 

of breakthrough bleeding, weight gain, and bone mineral density loss from treatments 

including GnRH (gonadotropin releasing hormone) agonists, and depot progestins 
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(medroxyprogesterone acetate) 58. A third-line of treatment, aromatase inhibitors, can be 

used in conjunction with other types of inhibitors targeted towards estrogen suppression. 

However, with some women showing development of resistance to current hormonal 

therapies, further investigations are needed to improve current therapeutic interventions 

59. 

 

In addition to enhanced local production of E2 in both eutopic and ectopic endometriotic 

lesions in women with endometriosis, resistance to progesterone also contributes to 

endometriosis development. Progesterone, which is mainly produced during the secretory 

phase of the menstrual cycle, inhibits the action of estrogen and prepares the 

endometrium for embryo implantation. The process of decidualization, whereby 

endometrial epithelial and stromal cells begin to differentiate, is facilitated by 

progesterone. Similar to estrogen, progesterone interacts with two receptor isoforms, PR-

A and PR-B, each with distinct functions. Gene ablation of PR-A in mice leads to uterine 

and ovarian abnormalities, while ablation of PR-B does not affect uterine or ovarian 

function 60. Furthermore, both PR-A and PR-B transcripts are made from a single gene 

with a shorter PR-A transcript than PR-B, which results in the ability of PR-A to become 

transrepressor of PR-B and other nuclear receptors 60. Interestingly, endometriotic lesions 

lack PR-B, and the transrepressor PR-A is barely expressed 61. This is evidence that 

progesterone resistance in endometriosis may lie at the molecular level. Decreased 

responsiveness to progesterone is further substantiated by a study conducted by Bulun et 

al. 37 which showed decreased responsiveness of endometriotic stromal cells to 

progesterone by measuring the levels of prolactin mRNA, which is normally induced by 



 

12 
 

progesterone. Treatment of endometriotic stromal cells with medroxyprogesterone 

acetate (MPA) resulted in much lower levels of prolactin mRNA compared to eutopic 

endometrial stromal cells 37. Such resistance ensures increased local concentration of E2 

due to inability of progesterone to activate 17β hydroxysteroid dehydrogenase type 2 

(17β-HSDT2), which catalyzes deactivation of E2 to estrone 62. Normally, progesterone 

mediated factors from endometrial stromal cells induce expression of 17β-HSDT2 from 

the endometrial epithelial cells in a paracrine manner. This mechanism was suppressed in 

Ishikawa endometrial epithelial cell line cultured with conditioned medium from 

endometriotic stromal cells 62. Thus, studies show that unlike eutopic endometrium, 

progesterone resistance is prevalent in endometriotic lesions, which may contribute to 

increased concentration of local E2 that further promotes the growth of endometriotic 

lesions.  

 

1.4 Angiogenesis and vasculogenesis in endometriosis 

Angiogenesis refers to a complex process of new blood vessel formation from previously 

existing vessels. This process plays a fundamental role in reproduction, development and 

wound repair. In adults, endothelial cell proliferation is a highly regulated process 

established by a balance between angiogenic and angiostatic factors that are activated 

when necessary and then inhibited completely when the need is eliminated 63. Cases of 

increased rate of endothelial cell proliferation are often linked with cancer and tumor 

development 64 which are known to be dependent on angiogenesis for growth and 

metastasis 65. Vasculogenesis, on the other hand, refers to a process of de novo formation 

of blood vessels arising from migration, proliferation and incorporation of angioblasts or 
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endothelial progenitor cells (EPCs) from the bone marrow, usually occurring during 

embryogenesis 66. The survival of endometriotic implants on the peritoneal membrane 

within the peritoneal cavity relies upon the establishment of blood supply for the 

provision of oxygen and nutrients to the developing lesions. Endometriotic lesions are 

densely vascularized, fueling the notion that angiogenesis and/or vasculogenesis may be 

involved 67. Analogous to the process of vascularization of tumors, endometriosis may 

utilize mechanisms of both angiogenesis and vasculogenesis to establish its own vascular 

network to sustain its survival. Here, we discuss potential mechanisms exploited by the 

developing endometriotic lesions towards establishment of its own vasculature supply.  

 

The menstrual effluents of the uterus may harbour innate angiogenic potential due to the 

following characteristics. The human endometrium, composed of funtionalis and basalis 

layers, is a unique organ that undergoes proliferation, differentiation and regeneration 

with each menstrual cycle under the regulation of ovarian steroid hormones, estrogens 

and progesterone. Along with the growth of the endometrium, the vasculature of the 

endometrium will experience proliferation and regeneration each cycle under the 

influence of the ovarian steroids, specifically E2. Shifren et al. 68 measured increased 

expression of VEGF mRNA in the funtionalis layer of the endometrium through 

proliferative and secretory phase of the menstrual cycle, indicating angiogenesis is in 

play. In the same study, E2 was responsible for the stimulation of VEGF expression from 

isolated human endometrial cells, as administration of E2 led to an increase in VEGF 

mRNA expression compared to the endometrial cells without E2 stimulus. Endometriosis 

is theorized to arise from implantation of endometrial fragments in the peritoneal cavity. 
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With healthy endometrium showing innate angiogenic potential under the regulation of 

E2, it is evident that aberrantly regulated VEGF expression and E2 level may facilitate 

the neovascularization of endometriotic lesions that fuels its establishment in aberrant 

locations.  

 

Indeed, VEGF plays a crucial role in facilitating the process of angiogenesis in 

endometriosis. It is a vasoactive substance involved in a variety of normal physiological 

process including wound healing and revascularization of endometrium by mediating 

endothelial cell proliferation and migration. In tumorigenesis, VEGF concentration is 

typically correlated with increased vascularity in various types of tissue associated 

tumors (Reviewed by 69). In normal endometrium, VEGF mRNA and protein expression 

can be driven by hypoxia 70.  The peritoneal fluid (PF) of women with advanced stages of 

endometriosis contains higher concentrations of VEGF compared to women with mild 

endometriosis or healthy patients 71. In addition, this elevated level of VEGF 

concentration in both PF and serum in endometriosis patients is positively associated with 

increased proliferative activity and microvessel density of the endometriotic lesions 72, 

indicating its involvement in the development of blood vessels.  Various sources of 

VEGF have been indicated, including endometriotic lesions 73 and PF macrophages in 

endometriosis, which increase VEGF expression when treated with ovarian steroids such 

as E2 and progesterone 42. This solidifies the notion that VEGF is involved in 

angiogenesis associated with endometriotic lesions.  
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Vasculogenesis was generally accepted to be only prevalent during embryogenesis and 

that postnatal neovascularization of tissues occurred solely through angiogenesis 74. The 

paradigm has shifted with the discovery of CD34+ and Flk1+ circulating endothelial 

progenitor cells (EPCs) in adult peripheral blood with phenotypic characteristics of 

endothelial cells in vitro 75. This study, in addition to the results published two years later 

definitively showed the presence and active involvement of bone marrow-derived EPCs 

in neovascularization of tissues including the endometrium 76. Becker et al. (2011) 

confirmed the incorporation of the bone marrow-derived EPCs into the vasculature of the 

endometriotic lesion by transplanting green fluorescent protein (GFP)+ bone marrow-

derived cells into mice with surgically induced endometriosis 77. Laschke et al. (2011) 

further visualized the recruitment of the bone marrow-derived EPCs into the site of the 

endometriotic lesion development by elucidating the involvement of stromal cell-derived 

factor-1 (SDF-1) in the mobilization of bone marrow derived EPCs into the lesions 78. To 

confirm the chemotactic ability of SDF-1, Laschke et al. (2011) showed that by 

antagonizing SDF-1 receptor – CXCR-4 – with AMD3100, the number of recruited EPCs 

and the subsequent vascularization of endometriotic lesions significantly decreased. 

These results were confirmed by another study that demonstrated SDF-1 to be a 

chemokine capable of trafficking hematopoietic stem cells and EPCs whereby its focal 

concentration lead to increased vascularity of that region 79. Our laboratory demonstrated 

that blocking of SDF-1 in an alymphoid mouse model of endometriosis resulted in a 

decrease in endometriotic lesion vascularization and growth 80. Collectively, these studies 

confirm that vasculogenesis in addition to angiogenesis is taking place, as demonstrated 



 

16 
 

by the capacity of the lesion to mobilize and incorporate EPCs from the bone marrow 

into the vasculature of the lesions. 

 

Furthermore, different types of immune cells are involved in the process of angiogenesis 

by producing proinflammatory and angiogenic cytokines and by increasing their 

concentration within the PF that bathes the endometriotic lesions (Reviewed by 81). Lin et 

al. (2006) elucidated the importance of immune cells by demonstrating that angiogenesis 

of endometriotic lesions occurs post infiltration of VEGF-secreting neutrophils and 

macrophages into the lesions as well as within the peritoneal cavity, indicating the 

essential role played by infiltrating leukocytes in the mouse model of endometriosis (Lin 

et al. 2006). In addition, dendritic cells (DCs) have shown their involvement in 

angiogenesis. A study conducted by Fainaru et al. (2007) supports this argument by 

demonstrating increased perivascular distribution of VEGFR-2 expressing immature DCs 

in the endometriotic lesions with the ability to induce the migration of endothelial cells in 

vitro 83. The presence of DCs in the peritoneal cavity resulted in endometriotic lesion 

growth and vascularization of endometriotic lesion in this mouse model of endometriosis. 

In another study utilizing transgenic mouse model with conditional DC depletion 

(diphtheria toxin-treated B6.FVB-Itgax-hDTR-EGFPtg), researchers found that 

endometriosis lesions in DC depleted mice were significantly greater in size compared to 

control and showed decreased expression of CD69, a marker for T and natural killer cell 

activation 84. It is apparent that DCs directly participate and regulate angiogenic process 

as well as subset of immune activation during endometriosis lesion development. 
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The endometrial fragments sloughed off from the endometrium of the uterus harbour 

innate angiogenic potential due to the following characteristics. Human endometrium has 

the unique ability to undergo cyclical proliferation and regeneration of the funcionalis 

layer after physiological shedding of the endometrium. Thus, endometrial fragments 

exuded from the uterus will retain angiogenic capabilities in the peritoneal cavity. 

Postnatal neovascularization was once thought to be only possible in limited 

circumstances. It is now apparent that in endometriosis vascularization, both angiogenesis 

and vasculogenesis are taking place at the site of the lesion. Under the regulation of E2, 

which augments expression of VEGF from the peritoneal macrophages, 

neovascularization of the endometriotic lesion seems to mainly occur from the pre-

existing blood vessels of the peritoneal membrane under the process of angiogenesis. The 

complete elucidation of mechanisms underlying the process of angiogenesis remains 

complex due to other immune cells and mediators that are involved in neovascularization. 

In comparison, the process of vasculogenesis seems more concise, as demonstrated by 

studies that clearly showed the incorporation and recruitment of bone marrow-derived 

EPCs to the vasculature of endometriotic lesion. Indeed, neovascularization of the lesion 

utilizes both processes of angiogenesis and vasculogenesis. Knowing the mechanisms 

behind the establishment of vasculature will further aid in the development of therapies 

targeted towards lesion ablation, which may prove to be more beneficial compared to 

currently existing hormonal therapies used in treatment of endometriosis. 
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1.5 Immune dysfunction in endometriosis 

Although endometriosis is common among women of reproductive age, the incidence of 

endometriosis is small compared to the occurrence of the retrograde menstruation that is 

experienced by most women of the same category.  One hypothesis that arises then is that 

the women who develop endometriosis compared to those that do not, have a defective 

immune system that is unable to recognize and properly mount an immune response to 

the endometrial fragments within the pelvic cavity. It is speculated that endometrial 

fragments themselves acquire the ability to evade the immune system as they enter the 

pelvic cavity. We cannot exclude the possibility that both the fragments and the immune 

system are aberrant in women with endometriosis. In this section, we summarize the 

potential implication of the innate (macrophages, neutrophils, DCs and NK cells) in 

pathogenesis of endometriosis.  

 

The menstrual endometrial fragments induce inflammation within the peritoneal cavity 85. 

In response to the presence of these fragments, the sentinels of the immune system such 

as neutrophils and macrophages are among the first to be recruited to the area. Indeed, 

macrophage concentration and proportion are increased in the PF of women with 

endometriosis, and they are the primary contributors to the elevated proinflammatory and 

chemotactic cytokines found in the PF 86. In addition to partaking in the growth of 

peritoneal implants, macrophages are a major source of angiogenic mediators including 

TNF-α and IL-8 87. Furthermore, macrophages are involved in the regulation of hypoxia-

induced angiogenesis by producing VEGF 42. Peritoneal macrophage depleted Balb/C 

mice display endometriotic lesions that are not only smaller in weight and size compared 
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to the control mice but also display reduced vascularization of the lesion 88, indicating 

that macrophages are involved in the process of growth and development of blood 

vessels. The same study, however, found that macrophage depletion does not prevent the 

implantation of endometriotic fragments, which suggests different mechanisms are 

involved in the implantation of the endometriotic fragments onto the peritoneal 

membrane.  

 

More recently, neutrophils have gained much attention and have been hypothesized to 

play an important role in the pathogenesis of endometriosis. Neutrophils from disease-

free women, when incubated with plasma or PF from women with endometriosis, show 

decreased rate of apoptosis compared to control women 89. This study clearly indicated 

the potential existence of anti-apoptotic factors in the plasma and PF in women with 

endometriosis that is much elevated compared to disease-free women. IL-8 was one of 

the potential factors investigated given its well-established role as a pro-inflammatory 

cytokine and a key factor involved in the chemotaxis of neutrophils during inflammation. 

However, treatment with anti-IL-8 antibody prior to adding PF or plasma from 

endometriosis patients did not have marked difference in apoptosis rate of neutrophils, 

which may indicate the presence of other factors. This study also showed that neutrophils 

from women with endometriosis may be more resistant to spontaneous apoptosis than the 

neutrophils from control. These findings further contribute to the notion of dysregulated 

immune response in women with endometriosis. 
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Dendritic cells (DCs), a type of antigen presenting cells (APCs), are paramount in the 

activation of adaptive immunity through antigen presentation to naïve T cells. Dendritic 

cells, like macrophages, differentiate from monocytes in the presence of IL-4/GM-CSF in 

vitro. However, in vivo, DCs only require as low as picomolar to nanomolar 

concentrations of antigens for presentation, thus they are powerful at detecting and 

initiating adaptive immunity on foreign or self-antigen 90. Once an antigen is captured, 

maturation of DCs occurs, whereby they gain the ability to activate the naïve T cells into 

cytotoxic or T helper state.  DCs also play a vital role in the prevention of autoimmunity 

by acting as mobile sentinels that bring self-antigens to the lymphoid organ-resident 

naïve T cells to promote induction of self-immunity 90. Immature DCs are nonexistent in 

the peritoneal membrane of healthy women; however, they are found within the 

endometriotic lesions and the surrounding peritoneal membrane of women with 

endometriosis 91. Furthermore, the numbers of mature DCs are significantly decreased in 

both functionalis and basalis layers of endometrium of women with endometriosis 

throughout the menstrual phase compared to the healthy endometrium 92. The implication 

of low distribution of immature DCs in the endometrium or the diminished numbers of 

the mature DCs in both functionalis and basalis layer throughout the menstrual phase in 

women with endometriosis is unclear; however, they likely promote angiogenesis of the 

lesion. Furthermore, conflicting findings from two independent investigations obscures 

the role of DCs in the pathogenesis of endometriosis. Stanic and colleagues (2014) 

reported on the depletion of DCs leading to the growth of the endometriotic lesion 93, 

whereas Pencovich and colleagues (2014) reported on the exact opposite – the depletion 

of DCs attenuated the development of endometriosis 94. One possible explanation of the 
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differing results despite utilizing a similar transgenic mouse model using DT (B6 FVB-

Itgax-hDTR-EGFPtg 93 and B6.FVB-Tg(Itgax-DTR/EGFP) 94) may be that the time for 

lesion retrieval was delayed by 3 days and that the receptor for DT was human compared 

to simian DT receptor. Investigations into the role of DCs need further fine tuning as they 

appear to play a crucial role in the pathogenesis of endometriosis, in particular by 

promoting angiogenesis and inducing activation of adaptive immunity.  

 

Diminished cytotoxicity of natural killer (NK) cells within the peritoneal cavity has also 

been well documented. Somigliana et al. (1996) reported on the presence of 

immunosuppressants in both the conditioned media of normal endometrial stromal cell 

and of endometriotic stromal cells 95. This implies that the normal endometrium harbours 

innate immunosuppressive ability against cytotoxic activity of NK cells, possibly to allow 

the implantation of the embryo. In women with endometriosis, this immunosuppressive 

effect on NK cell cytotoxicity was greater, which in the peritoneal environment may 

allow endometrial fragments to develop into lesions 95. The reduction in NK cytotoxicity 

seems to stem not from decreased quantity, but from functional defects, as the number of 

NK cells did not seem to differ between patients and control 96. Recently, IL-6 in PF of 

women with endometriosis has been identified as a possible immunosuppressant towards 

NK cell cytotoxicity against autologous endometrial fragments 97. These studies indicate 

possible association of NK cells with immune dysfunction in endometriosis. 
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1.6 Interleukin-17A and its role in macrophage polarization 

Interleukin-17A (IL-17A), one of six members of IL-17 protein family (IL-17A to IL-

17F) 98, is a proinflammatory cytokine that is produced by a variety of cells including 

neutrophils 99, mast cells 100, natural killer (NK) cells, γδ T cells 101, and T helper 17 

(Th17) cells 102. Discovered in 1993 as a protein transcribed from CTLA-8 gene in mouse 

and humans 103, IL-17A stimulates fibroblasts, endothelial, epithelial and stromal cells via 

heterodimeric receptor complex, IL-17RA and IL-17RC 104, to produce cytokines and 

chemokines such as G-CSF, IL-6, IL-8, TNF and CXCL2 (or MIP-2) that recruits 

neutrophils to the site of damage or inflammation 104–106. As evidenced by the reduction 

of hematopoietic precursors and neutrophils in IL-17RA KO mice, IL-17A participates in 

hematopoiesis and granulopoiesis after injury such gamma irradiation 107. IL-17A can 

also act synergistically with TNF-α to enhance transmigration of neutrophils through 

vascular endothelium into extracellular matrix 108.  Indeed, in the context of bacterial or 

viral infection at muscosal or surface epithelial barrier sites, the production of IL-17A by 

the damaged epithelial cells is vital in mounting protection against the invading 

pathogens by facilitating the recruitment of neutrophils and macrophages that are capable 

of eliminating the sources of infection 109. 

 

In diseases with elevated levels of IL-17A including rheumatoid arthritis (RA) 110, 

psoriasis 111, and psoriatic arthritis 112, anti-IL-17A antibody treatment have shown 

efficacy in resolving inflammation and disease progression in patients. For example, in 

RA, the efficaciousness of antibody treatment results from preventing bone erosion by 

osteoclasts. In patients with RA, increased concentration of  IL-17A induces bone erosion 
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by activating osteoclast activity 113. In psoriasis, a chronic inflammatory skin condition, 

mast cells and neutrophils are found to be major producers of IL-17A through process of 

ETosis, a specialized cell death process whereby a cell exudes its chromatin laced with 

antimicrobial peptides towards its target 114,115. Interestingly, a combination of IL-23 and 

IL-1β can trigger ETosis and release IL-17A from mast cells in normal human skin 

explants 116, providing rationale behind the efficacy of antibodies against IL-23 for 

treatment of psoriasis 117. Furthermore, Ha et al. recently discovered target cells for IL-

17A in psoriasis, demonstrating that IL-17A/IL-17RA receptor signaling in keratinocytes 

and dermal fibroblasts led to characteristic features of psoriasis, including 

hyperproliferation, differentiation and immune cell infiltration into the site of imiquimod 

induced skin inflammation in mouse 118.  

 

In endometriosis, we also find elevated concentration of IL-17A in plasma along with 

increased levels of CXCL8, IL-6 119 and IL-23 (Ahn et al. unpublished). Especially, IL-

23 plays a role in the maintenance of the Th17 cell phenotype and also elicits IL-17A 

production from Th17 cells 120.  Additionally, IL-6, together with TGF-β, is capable of 

inducing Th17 cell development from naïve T cells in mice model of multiple sclerosis 

121, which can also contribute to elevated plasma concentration of IL-17A. Recently, a 

link between ovarian hormones and IL-17A production from Th17 cells has been 

demonstrated in a mouse model of severe asthma, where both estradiol and progesterone 

mediated IL-23/IL-23R upregulation on Th17 cells in female mice. Specifically, this lead 

to an increased production of IL-17A and infiltration of neutrophils into the lungs, which 

exacerbated symptoms of asthma in females compared to males 122. The evidence is clear 
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in literature that IL-17A, as a pro-inflammatory cytokine, and its production from Th17 

cells, is under the influence of ovarian hormones. These studies offer potential 

mechanistic insight into the involvement of IL-17A in endometriosis development, which 

is supported by ovarian estradiol.  

 

In addition to the inflammatory milieu prevalent in peritoneal cavity and in peripheral 

blood, dysfunctional peritoneal macrophage populations have also been identified in 

women with endometriosis 41,42 with increased diameter and increased production of 

VEGF upon stimulation with LPS compared to peritoneal macrophages obtained from 

fertile women. Peritoneal macrophages from women with endometriosis also express the 

nuclear receptors for estrogen – ER-α and ERβ – at a higher level compared to controls 

without endometriosis 123. Bacci et al. (2009) also demonstrated the potential 

involvement of peritoneal macrophages in endometriosis development by showing that 

endometriotic lesions in mice are smaller in size and reduced in vascularization in the 

absence of peritoneal macrophages 88. Further, recent discovery of different peritoneal 

macrophage populations playing a role in temporal regulation in lesion development in 

mice 124 added to the growing revelation that peritoneal macrophages participate in 

endometriosis pathogenesis. Although the combined evidence suggests the temporal 

association between macrophage recruitment and stage of the disease, we currently do 

not know the factors involved in the recruitment and polarization of peritoneal 

macrophages that participate in development of endometriotic lesions. For this reason, we 

wanted to investigate whether IL-17A could be the prime cytokine involved in this 

process of macrophage recruitment and polarization. In recent literature, the role of IL-
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17A in macrophage polarization has been investigated in cancer, rheumatoid arthritis, and 

myocardial infarction, where inflammation and wound healing play critical role in 

disease pathogenesis. Interestingly, when THP-1 cells are treated with heterodimer IL-

17A/F recombinant protein (20ng/mL) in vitro, transcript levels of IL-8, CXCL-1, TNF-

α, and IL-23 increase 125, the same cytokines increased in the plasma of women with 

endometriosis. This suggests that IL-17A may be the prime cytokine that stimulates 

peritoneal macrophages to produce cytokines that are not only increased in plasma of 

women with endometriosis, but also play key role in the pathogenesis of endometriosis.  

 

Macrophages are plastic cells that can assume different functional phenotype depending 

on the signals of their microenvironment126 . Following the nomenclature of Th1 and Th2 

cells, macrophages can also adapt inflammatory (M1) or anti-inflammatory (M2) 

phenotype when stimulated by either IFN-g/LPS or IL-4/IL-10/IL-13, respectively.  In 

the context of sterile inflammation caused by tissue injury, macrophages can, not only 

participate in wound repair by acting as scavenger cells, phagocytosing cellular debris 

and other apoptotic cells, but also participate in the process of tissue regeneration by 

producing extracellular matrix components 127. Dysregulation in the process of tissue 

debridement and subsequent wound repair due to macrophage malfunction, or failure to 

generate M2 phenotype macrophages that participate in wound repair, can lead to the 

development of chronic inflammatory wounds with formation of pathological fibrosis 127.   

 

Dysregulation of macrophage function is exemplified in diseases including RA and 

atherosclerosis, where IL-17A has been observed to play a critical role in macrophage 
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polarization. In arthrosclerosis, IL-17A contributes to the progression of plaque 

development by enhancing recruitment of proinflammatory macrophages into the 

artherosclerotic lesions, but display no effect on macrophage differentiation or foam cell 

formation 128. The chemotactic ability of IL-17A for monocytes to site of inflammation 

was also observed in a disease model of RA 129, suggesting local increased concentration 

of IL-17A can facilitate monocyte infiltration.  Furthermore, in cancer models, IL-17A 

treated cancer cells (cervical cancer (HeLa), A549 (lung cancer), and Myc-CaP/CR 

(mouse prostate cancer)), produced PGE2, which stimulated mouse RAW264.7 

macrophages and human THP-1 cells to express higher levels of IL-10 (marker of M2) 

rather than TNF-α (marker of M1), concluding that IL-17A can condition cancer cells to 

mediate macrophage polarization into M2 phenotype 130.  

	
Endometriosis is also a chronic, sterile inflammatory disease 131, perpetuated by presence 

of endometrial-like fragments that trigger wound healing responses by implanting onto 

peritoneal surface in the pelvic cavity. PGE2 is also increased in women with 

endometriosis and is involved in the development of endometriosis by orchestrating 

steroidogenesis of estradiol 132. The transcript levels of rate limiting enzymes for PGE2, 

COX-2 and COX-1, are increased in peritoneal macrophages obtained from women with 

disease 133. Finally, IL-17A, which induces PGE2 from cancer cell lines, is chemotactic 

for peripheral blood monocytes, and induces proinflammaory cytokines from 

macrophages in atherosclerosis, the protein levels are also increased in plasma of women 

with endometriosis 134.  

	
In this thesis, we examined the role of IL-17A in endometriosis pathogenesis to 

determine whether it is the key cytokine that promotes peritoneal inflammation and 
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macrophage recruitment, which are two key processes involved in the development of 

endometriotic lesions in the peritoneal cavity. To this end, my research has elucidated the 

potential role of IL-17A in the development of endometriotic lesions by promoting 

vascularization and lesion healing via the production of VEGF, CXCL12 and EGF. This 

was mediated by the direct stimulation of angiogenic cytokines by IL-17A from epithelial 

and endothelial cells, and further promoted by the recruitment of endothelial progenitor 

cells into the peritoneal cavity. Additionally, we demonstrated that IL-17A can promote a 

microenvironment that is conducive to both classically activated (M1) or alternatively 

activate macrophage (M2) phenotype by inducing inflammatory cytokines (IL-1β, IL-6, 

and IL-8) as well as M2 specific markers (CD206, CCL17) from monocytes and 

macrophages co-cultured with IL-17A. Using human endometriotic tissue samples, we 

also characterized the immune-inflammation related gene signatures in ectopic 

endometriotic tissues compared to control endometrial tissues. Overall, this thesis 

elucidated novel immune-inflammatory transcriptomic pathways unique to endometriotic 

lesions. Further, we identified IL-17A as a potential cytokine involved in pathogenesis of 

endometriosis through enhancing vascularization and wound healing, and provided 

evidence that IL-17A can modulate macrophage phenotype by altering the constituent of 

the peritoneal microenvironment in which endometriotic lesions reside.  
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1.7 Hypothesis 

We hypothesize that the systemic increase in IL-17A concentration will contribute to 

increased infiltration of macrophages into the lesion. This will correlate with increased 

vascularization and proliferation within the lesion.  

 

1.8 Objectives 

(1) Uncover the interplay between inflammation and immune dysfunction in 

endometriosis pathogenesis by conducting non-biased transcriptomics of 

endometriotic tissues, matched eutopic endometrium, and control endometrium. 

(2) Characterize the role of IL-17A in the pathogenesis of endometriosis: 

a. Determine the expression of IL-17A receptor in each of the cell lines of 

endometrial epithelial, endometriotic epithelial cells, endothelial cells. 

b. Profile the cytokine expression from each of the cell line in response to 

IL-17A 

c. Determine the ability of IL-17A to induce proliferation or apoptosis of 

cells  

d. Determine if IL-17A can directly induce polarization of macrophages 

using THP-1 cells 

e. Recapitulate in vitro observations of IL-17A mediated polarization of 

macrophages using well-established mouse model of endometriosis. 
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Chapter 2 

Immune-inflammation gene signatures in endometriosis patients 

2.1 Abstract 

Capsule: Using novel Nanostring® platform, the inflammatory-immune molecular 

signatures of endometriotic tissues, we provide information on the potential interplay of 

dysfunctional inflammation and immunity in the pathogenesis of endometriosis.     

Objective: To determine if the molecular profiles of endometriotic lesions contain 

informative measures of inflammation and immune dysfunction that may shed light for 

better understanding of the interplay between immune dysfunction and inflammation and 

their contribution to endometriosis pathogenesis 

Design: Immune and inflammation transcriptomic analysis using Nanostring nCounter 

GX Human Immunology V2 platform (579 human immunology-inflammation related 

genes with 15 housekeeping genes). 

Setting: Academic University and teaching hospital   

Intervention(s): None   

Patient(s): Stage III-IV endometriosis patients with infertility (n=8) and fertile, disease-

free control women undergoing tubal ligation (n=8). Menstrual stage was matched to 

secretory phase in all participants.  

Main outcome measure(s): Immune and inflammation transcriptomics quantification 

from ectopic endometriotic lesions and matched eutopic endometrium from patients. 

Endometrium of fertile women served as controls.   

Result(s): Our results display endometriotic lesions as molecularly distinct entities when 

compared to eutopic endometrium and endometrium of controls. 396/579 immune and 
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inflammation-related genes screened were significantly different in ectopic tissues 

compared to control endometrium. Most importantly, eutopic endometrium of the 

patients displayed a unique molecular profile compared to the control endometrium 

(91/579 genes were significantly different), particularly of genes involved in regulation of 

cell apoptosis and decidualization. 

Conclusion(s): We characterized differential expression of immune-inflammation genes 

in endometriosis patients, and in addition show molecular distinction of eutopic 

endometrium of patients compared to control, fertile women. 

 

2.2 Introduction 

Endometriosis is a disease driven by the inflammatory peritoneal environment 135,136. 

Characterized by the growth of endometrial-like tissue in ectopic locations, endometriosis 

affects millions of women worldwide with chronic pelvic pain and subfertility 137. 

Despite decades of research, pathogenesis of endometriosis is incompletely understood, 

and multiple theories exist regarding its etiology 3. Since Sampson’s theory of retrograde 

menstruation, which proposed the endometrial fragments as the potential source of 

endometriosis 6,27, numerous studies have documented the high prevalence of retrograde 

menstruation in women with endometriosis 138,139. However, this theory does not 

adequately explain disease prevalence, as women with and without endometriosis 

commonly demonstrate retrograde menstruation 29,140, but the disease is present in only 2-

10% of women 141. Indeed, dysregulation of the immune response towards endometriotic 

lesions has been observed in patients including increased inflammatory cytokines and 

activated macrophages and neutrophils in the peritoneal cavity 142,143.  Additionally, 
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autoimmune diseases are commonly diagnosed in endometriosis patients 144, which 

further strengthens the notion of dysfunctional immune regulation in women with 

endometriosis. To provide improved therapeutic options and to increase the diagnostic 

power of this detrimental disease, it is imperative that we aim for dissecting the 

molecular profile of endometriosis pathogenesis 145.  

	
To this end, we hypothesized that endometriotic lesions will have distinct molecular 

profile that will provide insights into biological mechanisms and pathways that govern 

the immune dysfunction and inflammation in women with endometriosis.   

	
In this study, we have profiled the expression of 579 genes involved in immunology and 

inflammation using the nCounter GX Human Immunology v2 Kit (Nanostring 

Technologies. Inc., WA, USA), from three tissue sources: pelvic endometriotic lesions, 

matched eutopic endometrium from the patients, and endometrium samples from fertile 

(disease free) women as controls. All of our samples were matched to secretory phase of 

menstrual cycle. To our knowledge, this study is the first to attempt molecular profiling 

of differential immune and inflammation gene expression between matched ectopic 

tissues to eutopic endometrium from patients, ectopic to control endometrium, and 

eutopic to control endometrium, that are also matched by menstrual cycle. Our results 

demonstrate dysregulation of pathways involving leukocyte activation and cytokine-

cytokine receptor interaction in endometriosis samples. In addition, our data provides 

insights into immune gene expression profile of eutopic endometrium of women with 

endometriosis compared to control endometrium samples.   
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2.3 Materials and Methods 

2.3.1 Ethics approval 

Human eutopic endometrial and ectopic endometriosis tissue samples were collected 

from endometriosis patients and endometrial samples were collected from control 

subjects comprising of healthy women after informed consent using approved protocol by 

the Institutional Review Committees at Greenville Health Systems, Greenville, SC, USA, 

and University of North Carolina, Chapel Hill, NC. USA. Ethics approval for this study 

was provided by the Health Sciences Research Ethics Board, Queen’s University, 

Kingston, ON, Canada.  

 

2.3.2 Sample collection from patients and control women undergoing laparoscopic 

surgery 

Matched human endometrium (n=8) and endometriosis samples (n=8) from patients with 

stage III to IV endometriosis were provided by Greenville Hospital Systems, Greenville, 

SC, USA after informed consent from patients. The stage of endometriosis was 

determined based on the revised American Society of Reproductive Medicine criteria 14. 

From each endometriosis patient undergoing laparoscopic removal of the disease, the 

eutopic endometrium samples were obtained by Pipelle sampling. All patient samples 

used in this study comprised of women diagnosed with infertility and/or pelvic pain, and 

all women, including patients and fertile controls were free from hormonal therapy for 3 

months prior to the collection of samples. For controls, endometrial biopsies (n=8) were 

obtained using Pipelle sampling from healthy, fertile women who underwent tubal 

ligation at the University of North Carolina, Chapel Hill, NC, USA. All samples were 
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snap-frozen using liquid nitrogen, and then stored in -80°C until further use. All patients 

and healthy controls were at secretory phase of menstrual cycle when samples were 

obtained.  

 

 

 

2.3.3 Gene expression profiling using Nanostring nCounter GX Human 

Immunology v2 kit 

Total RNA was isolated from all samples using Norgen Biotek Total RNA isolation kit 

(#17200, Norgen Biotek, ON, Canada) as per manufacturer’s instructions. In brief, tissues 

were homogenized in 600ul of lysate buffer using an electrical mortar and pestle and then 

were centrifuged at 15000 RPM for 1 minute at 20°C. The resulting supernatant was 

collected, mixed with 70% ethanol and passed through the columns provided with the kit. 

The concentration and quality of RNA from each sample was assessed using Nanodrop 

2000 Spectrophotometer (Thermo Scientific, MA, USA). All samples were normalized to 

25-30 ng/uL using RNAse free distilled water. Nanostring nCounter analysis system 

(Nanostring Technoloigies, WA, USA)-based gene expression profiling was performed 

on 100 ng total RNA from each sample as previously reported 146. Briefly. All RNA 

samples were subjected to analysis by nCounter Human Immunology v2 Panel consisting 

of 579 immune/inflammation-associated genes with 15 housekeeping genes as controls in 

a pre-built panel. The samples were subjected to overnight hybridization reaction at 65ºC, 

where 5 ul of total RNA samples were combined with 20 ul of nCounter Reporter probes 

in hybridization buffer and 5ul of nCounter capture probes for a total reaction volume of 
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30ul. Post hybridization of probes with targets of interest in the samples, the abundance 

of target molecules was quantified using the nCounter Digital Analyzer and were 

assessed using nSolver platform.  

 

 

 

2.3.4 Statistical analysis 

The nCounter human Immunology V2 panel included 15 housekeeping genes, 8 negative 

controls and 6 positive controls, which were utilized for background subtraction and 

normalization of the raw mRNA transcript counts of all samples. Using nSolver data 

analysis software provided by Nanostring technologies, the raw data were normalized 

using the geomean of all 6 positive controls, in addition to the geomean of the 

housekeeping genes that displayed % coefficient of variation (%CV) of 55 or lower. The 

list of 10 housekeeping genes used in the normalization process is shown in 

Supplementary Table 1. Post normalization and background noise subtraction using in-

house negative controls, the data were transferred into GraphPad Prism® 6.0 to perform 

multiple t-tests with correction for multiple comparisons using Holm-Sidak method. For 

multiple t-tests, alpha was set to 0.05. We further selected the 299 genes that were 

statistically significant genes between the comparisons of Ectopic vs. Control, and 

Ectopic vs. Eutopic and attributed them as ectopic specific genes. Additionally, the 299 

genes were ranked by signal-to-noise ratio using marker selection analysis provided by 

GENE-E (http://www.broadinstitute.org/cancer/software/GENE-E/). Heat maps for 

visualization of differential gene expression pattern for the following comparisons 
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(Ectopic vs. Control, Ectopic vs. Eutopic, and Eutopic vs. Control) were also generated 

for all 579 genes (Supplementary Figure 1). We used DAVID bioinformatics resources 

6.7 (https://david.ncifcrf.gov/) for KEGG pathway analysis and Gene Ontology (GO) 

terms.  Series of two-tailed paired (Ectopic vs. Eutopic) or non-paired t-tests (Ectopic vs. 

Control; Eutopic vs. Control) were also performed on genes that showed statistical 

significance from multiple t-tests. Outlier identifying test was conducted on comparisons 

of Ectopic vs. Control, and Eutopic vs. Control, which was followed by non-parametric t-

test (Mann-Whitney U test) post removal of the identified outliers using GraphPad 

Prism® 6.0. Non-parametric Wilcoxon signed-rank test was performed on comparisons 

of Ectopic vs. Eutopic. Two-tailed p-value ≤ 0.05 was considered statistically significant 

on the t-tests performed.  

 

2.4 Results 

Using the relatively novel method of quantitating transcriptomics with minimal sample 

manipulation, our study set out to investigate the differential gene transcript counts from 

the matched ectopic endometriotic tissue samples and eutopic endometrium, as well as 

from the endometrium from healthy women, focusing on genes involved in inflammation 

and cellular immunity. Post normalization of the raw counts based on the 10 

housekeeping genes and 6 positive controls, distinct gene expression between 

comparisons were visualized via heat maps for the following groups: ectopic tissues 

(Ectopic) with control endometrium (Control), eutopic endometrium (Eutopic) compared 

to Ectopic, and then Eutopic compared to Control.  Marker selection analysis using 

GENE-E was then performed to rank all 579 genes from most differentially expressed to 
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least between the comparisons, ranking them based on signal-to-noise ratio. The list of 

genes significantly differentially expressed in each comparison was used to generate 

KEGG pathways using DAVID Bioinformatics resources 6.7 

(https://david.ncifcrf.gov/home.jsp). This additionally provided gene ontology terms, 

which were useful in gaining insights into biological processes of the gene clusters that 

showed statistical significance between comparisons.   

 

2.4.1 Heat map analysis shows unique gene expression in ectopic tissue compared to 

matched eutopic endometrium and control endometrium from healthy women 

We first conducted unsupervised hierarchical clustering of 24 samples (8 ectopic, 8 

eutopic endometrium and 8 control endometrium) on all 579 genes screened (Figure 2-

1A) to cluster our samples by differential expression patterns. As seen by the dendogram, 

ectopic endometriotic tissues completely segregated from both eutopic endometrium and 

control endometrium tissues, suggesting molecular abnormality of endometriotic tissues 

even from the molecular profile of patient’s own eutopic endometrium. Surprisingly, the 

eutopic endometrium from patients did not cluster separately from the endometrium of 

control women. This may be due to menstrual cycle being controlled to the secretory 

phase. To visualize differentially expressed genes further, heat maps were generated by 

conducting marker selection analysis using GENE-E for the following comparisons: 

Ectopic vs. Control, Ectopic vs. Eutopic, and Eutopic vs. Control (Supplementary 

Figure 1). This analysis calculates the differences in gene expression using test statistics 

and then estimates the significance of the test score. The analysis also corrects for 

multiple hypotheses testing by computing both the false discovery rate (FDR, Q < 0.01) 
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and the familywise error rate (FWER). The output of the analysis ranked 579 genes from 

the highest to lowest differentially expressed genes in each comparison.  
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Figure 2-1. Unsupervised Hierarchical clustering of 24 samples using GENE-E 
software for 579 inflammation and immune-related genes. Ectopic (n=8), eutopic 
endometrium (n=8) and healthy (control) endometrium samples (n=8) were subjected to 
unsupervised hierarchical clustering analysis (A) followed by marker selection analysis 
(B) to assess differential expression of transcriptomics in each cohort. The dendogram on 
the right-hand side shows complete segregation of the ectopic endometriotic samples 
(Ectopic 1-8) from the eutopic endometrium (Eutopic 1-8) and control endometrium 
tissue samples (Normal 1-8). The top 100 ranked genes from Ectopic vs Normal and 
Ectopic vs Eutopic were further compared to identify transcriptomes that were 
differentially measured in ectopic endometriotic tissues only. This led to the 
identification of 81 genes that were commonly highly elevated in Nanostring counts in 
ectopic endometriotic tissue sample (B). Unsupervised hierarchical clustering of these 81 
genes show ectopic tissues completely segregating from the eutopic endometrium and 
control endometrium tissues (B).  The colour scale bar denotes maximum counts in red 
whereas minimal counts in blue.  
 

A 

B 
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2.4.2 Genes involved in cytokine-cytokine receptor interaction, cellular adhesion, 

immune cell recruitment, and apoptosis are significantly increased in endometriotic 

lesions 

First, to profile the molecular differences in the immune and inflammation composition 

of the ectopic endometriotic tissues, we compared the molecular gene profile associated 

with ectopic tissues compared to that of matched eutopic endometrium and control 

endometrium samples. In comparison to the control endometrium samples, the ectopic 

tissues significantly differentially expressed 396 immune and inflammation-related genes 

out of 579 genes screened (Supplementary Table 2). We expected the ectopic lesions to 

be molecularly different, but this number was surprising. Such a large amount of 

differentially expressed genes poses challenges to dissect out potential biomarkers that 

could be used as a therapeutic strategy. In order to discern the list of genes that were 

specific to the ectopic samples, we compared the list of significantly differentially 

expressed genes in ectopic samples to both eutopic endometrium and control 

endometrium (Supplementary Figure 2). This process produced 299 genes that we 

presume are specific to the ectopic samples, and as such could be discerned as perhaps 

“signature genes” for ectopic samples (Figure 2-1B). Inputting 299 genes into DAVID 

functional annotation tool generated GO terms including immune response, positive 

regulation of immune system process, defense response, and inflammatory response 

(Supplementary Table 3). Furthermore, 299 genes clustered into cellular processes 

relating to increased lymphocyte and immune system process activation. These genes 

were also involved in KEGG pathways including cytokine-cytokine receptor interaction, 
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primary immunodeficiency, cell adhesion molecules, and allograft rejection 

(Supplementary Table 4). 

 

In particular, transcript levels of genes involved in cytokine-cytokine receptor signaling 

including IL18, IL18R1, IL18RAP, CCL5, CCR2, S100A8 (Figure 2-2A-F, respectively), 

and the expression of TNF superfamily genes including FAS, TNFRSF1B, TNFSF13B, 

TNFSF8, TNFSF4, TNFSF12, and CD27 (Figure 2-2G-M, respectively) were 

significantly increased in ectopic tissues compared to both matched eutopic endometrium 

from the same patients and control endometrium samples. Furthermore, genes associated 

with cell surface markers of immune cells including CD4, CD45R0, CD8A, CD40, CD48, 

and co-stimulatory molecule such as CD40 (Figure 2-2N-S) were significantly increased 

in ectopic tissues compared to both eutopic endometrium and control endometrium. 

Similarly, HLA genes including HLA-DRA, HLA-DPB1, HLA-DMA, and HLA-DQA1 

were also significantly increased in expression in the ectopic tissues (Figure 2-2 T-W, 

respectively). Finally, expression of genes for cell adhesion molecules such as ICAM-1, 

and VCAM-1, were also significantly increased in ectopic tissues compared to both 

eutopic endometrium and control endometrial samples (Figure 2-2X and Y, 

respectively).  

 

It is well established that the endometriotic lesions recruit endothelial progenitor cells to 

the site to establish its own network of vasculature. Indeed, the expression of CXCL12 

and PECAM-1, two genes involved in the recruitment of the endothelial progenitor cells 

and other immune cells to the site of damage to promote angiogenesis, are significantly 
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increased in ectopic tissues compared to control endometrium (Supplementary Figure 

3A and B, respectively). Additionally, prostaglandins are associated with the promotion 

of pelvic pain in women with endometriosis. The gene encoding one of the receptor for 

prostaglandin E2, PTGER4, is significantly increased in the ectopic tissue compared to 

control endometrium (Supplementary Figure 3C). Furthermore, endometriosis is often 

referred to as a sterile inflammation, and recent research have shown involvement of 

inflammasome complex in the pathogenesis of endometriosis (13). Indeed, we were 

intrigued to find that the genes involved in the formation of inflammasome complex, 

NLRP3 and CASP1, were increased in expression in ectopic tissues compared to control 

endometrium (Supplementary Figure 3D and E, respectively).  
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Figure 2-2. Representative immune genes significantly increased in ectopic 
endometriotic lesions. The expression of genes encoding for inflammatory cytokines 
and receptors (A-F), receptor for FAS (G) TNF superfamily (H-L), cell surface markers 
for T cell activation and antigen presenting cell activation (M-R), chemoattractants for 
endothelial progenitor cell recruitment (P-Q), cell adhesion molecules (S and T), and 
HLA molecules (U-Y) are significantly increased in the ectopic tissues compared to the 
controls. The graphs represent the scatter plot of all samples. The middle bar denotes the 
mean of the samples, and the error bars represent the standard deviation. *P ≤ 0.05 
between Ectopic vs. Eutopic and Ectopic vs. Control. 
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2.4.3 Genes involved in NK and T cell cytotoxicity, cell signaling, and regulation of 

inflammatory responses are decreased in expression in endometriotic lesions 

Dysfunctional cytotoxicity of NK cells and cytotoxic T cells towards endometrial 

fragments are well documented. Indeed, genes involved NK cell differentiation, 

cytotoxicity and recruitment, including NFIL3, GNLY, and IL15, are significantly 

decreased in expression in ectopic tissues compared to control endometrium (Figure 2-

3A-C, respectively).  Two genes involved in the regulation of inflammatory response in 

immune cells, SIGIRR, and CEACAM-1 (Figure 2-3D and E, respectively) are 

significantly decreased in ectopic tissues compared to both eutopic endometrium and 

control endometrium.  Genes involved in TNF signaling, and MAPK signaling pathway 

including TRAF4, MAPK1, and DUSP4 (Figure 2-3F-H, respectively) were significantly 

decreased in expression in ectopic tissues compared to control endometrium.  
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Figure 2-3. Representative immune genes significantly decreased in ectopic 
endometriotic lesions compared to the matched eutopic endometrium. Genes 
involved in the regulation of NK and cytotoxic T cell activity (A-C) and cell signaling 
mechanism for proliferation and apoptosis (F-H) were significantly decreased in 
expression in ectopic tissues compared to the control. The expression of genes involved 
in the regulation of T cell activity and inflammation are significantly decreased in the 
ectopic tissues compared to the control (D and E).  The graphs are represented as a scatter 
plot of all samples. *P ≤ 0.05 between Ectopic vs. Eutopic and Ectopic vs. Control. 
 

2.4.4 Genes involved in both classical and alternative complement pathways are 

aberrantly expressed in ectopic tissues compared to control endometrium samples  

Genes involved in complement pathways are aberrantly expressed in ectopic tissues 

compared to control endometrium.  Genes encoding for proteins of classical and 

alternative complement pathways including C1QA, C1QB, C1R, C1S, C2, C3, C4A/B, 

C5, C6, C7, C8A, CFB, CFH, CFI (Supplementary Figure 4A-N, respectively) were 

significantly increased in expression, whereas C4BPA (Supplementary Figure 4O) was 

significantly decreased in ectopic tissues compared to controls.  
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2.4.5 Eutopic endometrium of patients aberrantly express genes involved in the 

regulation of decidualization, cellular adhesion, cytokine-cytokine receptor 

interaction, and apoptosis 

To gain better understanding of the immune microenvironment in eutopic endometrium 

obtained from endometriosis patients, we also compared the immune-transcriptome of 

eutopic endometrium to that of control endometrium from healthy women. Using the 

same approach as above, we found 91 genes out of 579 to be differentially expressed in 

the eutopic endometrium compared to the endometrium of the controls (Supplementary 

Table 5). While distinct differences in the level of expression can be visualized in the 

heat maps comparing Ectopic vs. Eutopic, and Ectopic vs. Control, the molecular 

distinction of the eutopic endometrium of patients compared to that of control 

endometrium was not clearly apparent (Supplementary Figure 1).  Nevertheless, a 

number of genes were differentially expressed in the eutopic endometrium. These include 

genes encoding for proinflammatory cytokines, chemokines, and receptors such as 

CXCL1, CX3CL1, CXCL9, CXCL10, IL32, CXCR2, and IL7R and (Supplementary 

Figure 5 A-G, respectively), as well as genes encoding for cell adhesion molecules such 

as ICAM3 and SELL (Supplementary Figure 5H and I, respectively), which were all 

significantly increased in expression in eutopic endometrium of patients compared to 

controls. Furthermore, genes related to allograft rejections including HLA-DPA1, HLA-

DPB1, and HLA-DRA (Supplementary Figure 5 J-L, respectively) were significantly 

increased in expression as well in eutopic endometrium of patients.  Additionally, 31 

genes out of 91 were significantly decreased in expression in eutopic endometrium 

compared to the control endometrium. We inputted these genes into DAVID 
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bioinformatics resources to assess GO terms. Interestingly, the top 5 GO terms were 

related to the regulation of apoptosis, programmed cell death, regulation of cell death, 

regulation of cytokine production, and respond to wound healing (Supplementary Table 

6). The genes found in the top 5 GO terms were BCL6, CD44, SMAD3, CARD9, IKBKG, 

IL6R, PML, and RELA (Figure 2-4A-H, respectively), which were significantly 

decreased in in expression in eutopic endometrium compared to control endometrium. 

Additionally, BAX, which encodes for the protein that functions with Bcl-2 as a promotor 

of anti-apoptosis, was significantly increased in expression in eutopic endometrium 

compared to control endometrium. Most importantly, eutopic endometrium of patients 

had significant decrease in NOTCH1 and NOTCH 2 (genes involved in the process of 

decidualization) compared to control endometrium (Figure 2-4I-K, respectively). 
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Figure 2-4. Genes involved in cell signaling pathway for apoptosis and cell death 
were significantly decreased in the eutopic endometrium. Genes involved in the 
apoptosis and cell death signaling pathway (A-H) and decidualization (J and K) were 
significantly decreased in eutopic endometrium compared to the control endometrium. 
BAX, a gene encoding for a protein involved in apoptosis, was significantly increased in 
eutopic endometrium compared to control endometrium (I). The comparisons made for 
all genes were statistically significant with *P ≤ 0.05. 
 

2.4.6 Eutopic endometrium shows dysregulated immune activation when compared 

to control endometrium 

Genes involved in the complement pathways including C4A/B, CFB, CFH, and CFI 

(Supplementary Figure 6A-D, respectively) were aberrantly expressed in eutopic 

endometrium of patients when compared to control endometrium. In addition to increased 

expression of genes encoding for inflammatory cytokines and chemokines, eutopic 

endometrium of women with endometriosis showed molecular expression characteristics 

that hints at dysregulation of immune cell regulation and cell signaling, especially B cell 

signaling. We found that genes including NFKBIA, CD19, CD28, CD160, SYK, SLAMF1, 

SH2D1A, and STAT1 (Supplementary Figure 6E-L, respectively) were significantly 

increased, whereas genes including IKBKAP, STAT6, and STAT5B were significantly 

decreased in eutopic endometrium compared to the control endometrium 

(Supplementary Figure 6M-O, respectively). The gene expression for immune cell 

surface markers CD40 and CD48 (Supplementary Figure 5P and Q, respectively) was 

increased in the endometrium of patients compared to the control endometrium.  

 

2.5 Discussion 

Peritoneal inflammation and immune system dysregulation are two key components that 

drive the pathogenesis of endometriosis 141,147. Previous studies have reported on the 
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contribution of increased concentration of pro-inflammatory, growth promoting, 

angiogenic factors to the pathogenesis of endometriosis 148. Furthermore, aberrant 

activities of immune system are emphasized in studies that show increased activation of 

macrophages that drive inflammatory network 149, and suppression of NK cell 

cytotoxicity and differentiation 97,150 in women with endometriosis. Previously studies of 

genome wide association 151,152 and microarrays have been conducted in the hopes of 

identifying non-hormonal therapeutic regimens and identifying biological pathways 

relevant to endometriosis pathogenesis 153. These studies, however, focused on 

illuminating genetic susceptibility to endometriosis development, or focused on 

generalized pathway particularly targeting genes regulated by estrogen and progesterone. 

We conducted our study to fill in the gap of knowledge by focusing on the role of 

inflammation and immune system in the pathogenesis of endometriosis. Specifically, we 

wanted to dissect immune-microenvironment contributing to inflammatory processes in 

patients with endometriosis that will aid in finding the answers to pertinent questions 

regarding the disease etiology and pathogenesis.  

 

Primarily, ectopic tissues were significantly different in immune gene signatures 

compared to both matched eutopic endometrium and control endometrium. Genes 

encoding for pro-inflammatory cytokines and receptors were significantly increased in 

ectopic tissues compared to normal endometrial samples. Indeed, increased mRNA 

expression of IL18 and its receptors IL18RAP, IL18R1 was reported in adenomyosis 

patients 154, which may suggest an adenomyosis-like, invasive phenotype of 

endometriosis lesions. Additionally, the expression of TNF superfamily genes were 
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significantly increased in ectopic tissues compared to both matched eutopic endometrium 

and control endometrium samples. TNF receptor superfamily signaling is not only 

involved in apoptosis and inflammation, but also in pathways associated with 

proliferation, survival and differentiation 155,156. Furthermore, increased expression of 

genes associated with leukocytes including CD4, CD45R0, CD8A, CD3D, CD48, and co-

stimulatory molecule such as CD40 in ectopic tissues suggest that the lesions were 

potentially infiltrated with T cells and antigen presenting cells. Increased expression of 

HLA genes in ectopic tissues compared to the matched eutopic endometrium and control 

endometrium also suggests increased accumulation of antigen presenting cells in ectopic 

tissues, which expresses HLA class II molecules on the surface. In addition, expression of 

genes for cell adhesion molecules such as ICAM-1, VCAM-1, and SELL were also 

increased, potentially aiding adhesion or invasion of ectopic tissues onto peritoneum, or 

other surfaces. Interestingly, in concordance with the recent report by Suryawanshi et al., 

genes encoding for complementary proteins were significantly increased in the ectopic 

tissues compared to the controls 157. The contribution of complement proteins towards the 

pathogenesis of endometriosis is unknown; however, we can speculate, from its known 

functions, that they participate not only as a part of immune surveillance system in 

identifying diseased tissues, but also participate in the processes of angiogenesis, 

hematopoietic stem cell mobilization and regeneration of damaged tissues 158. Not 

surprisingly, we also observed significant increase in PECAM1, CXCL10 and CXCL12 

(genes known to play role in angiogenesis) in ectopic tissues compared to eutopic and 

control endometrium. Indeed, we previously reported increased expression of CXCL12 

protein in human endometriotic lesions compared to matched eutopic endometrium 
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samples and demonstrated that blocking of CXCL12 in xenograft mouse model of 

endometriosis impacts neovascularization and survival of endometriotic lesions 80.  To 

this end, these immune gene profiles further support that ectopic endometriotic lesion is 

viewed as foreign, elicits local inflammation, establishes vasculatures, and participates in 

the generation of pain for some patients as suggested by increased PTGER4 expression in 

ectopic tissues. 

 

We also observed that the genes involved in regulation of inflammation, NK and 

cytotoxic T cell activity, and cellular apoptosis are aberrantly expressed in the ectopic 

tissues. This is not surprising as endometriosis is associated with peritoneal 

inflammation. Currently, it is unknown whether women that develop endometriosis 

inherently harbour pro-inflammatory peritoneal microenvironment or it is the presence of 

the disease that leads to the inflammatory milieu. What was interesting was to find two 

novel genes previously unrelated to endometriosis, SIGIRR and CEACAM-1, were 

significantly decreased in expression in ectopic tissues when compared to control tissues. 

Mice deficient in SIGIRR gene showed enhanced inflammatory response following IL-1 

injection and showed increased response to certain Toll ligands 159. Furthermore, a recent 

study demonstrated the role of CEACAM-1 protein in the pro-tumor activity, and that T 

cells deficient in CEACAM-1 gene are hyper-inflammatory in nature, leading to severe 

experimental colitis in mice 160. Consequently, decreased expression of both SIGIRR and 

CEACAM-1 genes in ectopic tissues may explain the dysregulated inflammatory cytokine 

elevation and T cell activation observed in endometriosis patients. Furthermore, 

decreased expression of NFIL3 161, IL15 162, and GNLY 163 in ectopic lesions support 



 

52 
 

diminished cytotoxicity of NK and CD8+ T cells in women with endometriosis towards 

autologous endometrial fragments 164,165. The expression of genes involved in signaling 

pathways including TRAF4, MAPK1, and DUSP4 were significantly decreased in 

expression in ectopic tissues compared to control endometrium. These genes may be 

involved in the regulation of cellular proliferation and apoptosis, and may aid in the 

survival of the endometriotic fragments in ectopic locations.  

 

Interestingly, gene expression of FAS which encodes for FAS receptor or death receptor, 

was significantly increased in ectopic tissues compared to disease-free endometrium. The 

significant elevation of FAS in ectopic tissues contradicts the recent study, which have 

shown decreased FAS expression in the epithelial cells of ectopic tissues by 

immunohistochemistry 166. As such, we attribute increased FAS expression to the resident 

immune cells, which are likely subjected to apoptosis by increased FasL in the peritoneal 

fluid of endometriosis patients 167. Overall, our data characterizes endometriosis as a 

disease where many biological and immune-related pathways are dysregulated.  

 

We have previously reported the potential involvement of IL-17A in the pathogenesis of 

endometriosis 168 and speculated that Th17 cells, or other cells of immune system with 

the capacity to produce IL-17A must be contributing to the recruitment of pro-

inflammatory immune cells into the peritoneal cavity. Interestingly, in this study, we 

observed that the gene expression of RORC, which encodes for the transcription factor 

RORγt that determines Th17 lineage from naïve CD4+ T cells, was significantly 

decreased in ectopic tissues compared to the disease-free endometrium (Supplementary 
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Figure 7A). RORC expression was also decreased in the matched eutopic endometrium 

of patients as compared to the disease-free endometrium (Supplementary Figure 7B). 

However, expression of IL-17A, which encodes for the main effector cytokine IL-17A, 

was significantly increased in the ectopic tissues and in the matched eutopic endometrium 

of patients compared to the disease-free endometrium (Supplementary Figure 7C and 

D). These data suggest the involvement of other immune cell subtypes that express IL-

17A and potentially participate in the promotion of inflammation.  

 

To further contribute to the growing evidence showing molecular differences inherent in 

endometrium of women with endometriosis 169, we compared the gene expression of 

eutopic endometrium of patients to the expression profile obtained from the endometrium 

of healthy controls. As previously reported 170, genes encoding for cell adhesion 

molecules, including ICAM3 and SELL, were significantly increased in expression in the 

eutopic endometrium of patients compared to the controls, which supports their enhanced 

capacity to adhere to the mesothelium. We also observed increased gene expression of 

innate immune cell chemotactic factors such as CXCL1, CXCL9, and CXCL10. However, 

it was interesting to find increased gene expression of CD40 and CD48, which are co-

stimulatory molecules used by antigen presenting cells to activate T and B cells 171. 

Additionally, we found increased B cell activation related genes including SYK, SH2D1A, 

SLAMF1 and CD19 in eutopic endometrium compared to control. Especially, increased 

expression of SYK, SH2D1A, and SLAMF1 is intriguing, as SYK plays a role in 

autoimmune disease development, whereas SH2D1A and SLAMF1 are implicated in T 

cell differentiation and function as well as regulation of T cell dependent B cell 
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activation, respectively 172,173. In particular, the proteins encoded by SLAMF1 and 

SH2D1A, which are CD150 and SAP, interact to promote differentiation of Th17 and 

Tc17 cells and have been shown to contribute to the pathogenesis of autoimmunity in 

experimental autoimmune encephalomyelitis (Huang et al. 2014). Furthermore, 

interesting B cell signaling is shown in eutopic endometrium of patients by increased 

expression of CD40, SYK and decreased expression of BCL6. Downregulation of BCL6 

expression by CD40 signaling have been documented in B cell lymphoma 175. Abnormal 

B cell activity in eutopic endometrium of patients as suggested by our data, further 

substantiate endometriosis as an autoimmune disease.  

 

We also observed significant increase in HLA genes in the eutopic endometrium 

compared to control endometrium, which may confer the ability to escape immune 

surveillance to the exuded endometrial fragments in the peritoneal cavity 176. Specifically, 

HLA-DP proteins are perhaps of importance because they are expressed on activated 

antigen presenting cells and function as peptide-antigen presentation elements to CD4+ T 

cells 177.  Increased expression of certain HLA genes may also contribute to the theory of 

endometriosis as autoimmune disease 144, and potentially explain the mechanism behind 

how fragments may escape the immune surveillance.  

 

Furthermore, the eutopic endometrium of patients show diminished spontaneous 

apoptosis compared to the endometrium from women without disease 178, and increase in 

expression of anti-apoptotic genes in the eutopic endometrium from patients have been 

previously reported 38. Here, we also observed that BAX, a gene encoding for the protein 
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that functions with Bcl-2 as a promotor of anti-apoptosis, was increased in the eutopic 

endometrium compared to that of controls. Such gene expression profile presents eutopic 

endometrium of patients as a curious entity infiltrated with activated T, B, and dendritic 

cells with increased capacity for cellular adhesion and diminished potential for apoptosis 

with the ability to evade immune surveillance. Our study is unique with regard to the 

nature of patient cohort consisting of those diagnosed with infertility, which may explain 

the decreased gene expression of notch signaling molecules, NOTCH 1 and NOTCH 2, in 

endometrium of patients compared to disease-free endometrium of controls. Our 

observation supports previous findings 179 that linked diminished notch signaling to 

defective endometrium decidualization in endometriosis patients.   

 

Recent research into the infertility associated with endometriosis patients revealed that 

eutopic endometrium of patients is molecularly different compared to healthy controls. 

Indeed, women with endometriosis exhibit menstrual cycle irregularities and their 

endometrium have diminished ability of decidualization 169. Our data suggests that once 

endometrial fragment is exteriorized into the peritoneal cavity, it becomes pathogenic by 

undergoing molecular changes. It is still unknown whether the peritoneal inflammatory 

milieu is inherent feature of women with endometriosis, or the presence of endometrial 

fragments initiates sterile inflammation that triggers endometriosis development. Clearly, 

aberrant molecular features of the eutopic endometrium may play a mechanistic role 

towards the formation of endometriotic lesions in the peritoneal cavity. Using cDNA 

microarray technology and microdissection with 9600 genes/expressed sequence tags, 

Wu and colleagues 180 have profiled gene expression differences between ovarian 
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endometrioma and eutopic endometrium from 12 women adjusted for menstrual phase. 

Despite the belief that ectopic lesions arise from the patient’s own eutopic endometrium, 

the researchers were surprised to find significant transcriptional differences between what 

used to be the same tissue in different locations. We also found in our study that out of 

579 genes, 322 genes were significantly differentially expressed when eutopic 

endometrium was compared to ectopic tissues. Undoubtedly, endometrium of women 

with endometriosis, which is molecularly different from healthy controls, undergo further 

changes in the peritoneal cavity that transforms it to an endometriotic lesion.  

 

2.6 Conclusion 

One of the important limitations of this study is the usage of whole tissue lysates to 

discern immune dysfunction and inflammation in women with endometriosis. An 

endometriotic tissue contains myriads of both innate and adoptive immune cells that are 

actively participating in peritoneal inflammation and lesion establishment. Besides, 

endometriotic lesion is composed of complex epithelial, stromal and endothelial cells 

known to respond distinctly to hormonal stimuli. To truly investigate the immune aspect 

of pathophysiology, we need to isolate the infiltrating immune cells and compare the 

differences in their activation status between the disease and control cohorts. This task is 

challenging and to our knowledge have not been attempted as of yet. We partially 

addressed this aspect by consulting a paper on Immune Response In Silico 181, that have 

elegantly compiled list of markers specific to immune cells, which can be utilized to 

study the immune component from non-immune tissues. This article demonstrated that 

the means of identifying immune-specific markers from non-immune tissues, such as 
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endometriotic lesions or endometrium, are not impossible, if we use the markers that are 

specific to immunity. Another important issue that needs to be considered is the 

complexity of endometriosis in terms of stage and type of the disease, pain, age of the 

individual and the impact of hormonal interventions on the disease state. The disease can 

definitely be diagnosed and staged using surgery adding further complexity to 

establishing true controls. For these reasons, the pathophysiology of endometriosis still 

remains elusive. Furthermore, our study specifically focused on the secretory phase of 

endometrium. To fully map out the course of endometriosis development throughout 

menstrual cycle, we need to analyze tissue samples from both proliferative and secretary 

phases of the menstrual cycle to determine whether the differences in immune gene 

profiles are influenced by the menstrual stage/hormones. Finally, low sample numbers 

used in the study did not permit us to tease out specific disease phenotype (ovarian 

endometriosis and deep infiltrating endometriosis) and the stage of the disease.   

 

To this end, out study for the first time to our knowledge, provides a molecular profile of 

ectopic endometriotic lesions compared to the matched eutopic tissues and control 

endometrium focused on genes involved in inflammation and immune system. We show 

aberrant transcription of genes involved in decidualization of endometrium, which may 

explain why our endometriosis patients were referred for infertility related problems. 

Fundamentally, our data provide critical insights into why endometrial fragments of 

women with endometriosis are able to implant, proliferate, establish localized blood 

supply and elicit inflammatory stimulus. Our data also provide explanation, evident from 

molecular profiling as to why endometrial fragments of women with endometriosis are 
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able to implant, proliferate, establish localized blood supply and elicit inflammatory 

stimulus.  Indeed, our data validate the presence of immune dysregulation often observed 

in the peritoneal fluid of women with endometriosis, and further emphasizes the 

importance of utilizing immune gene expression profiles as a guide to better define all the 

facets that contribute to the pathogenesis of endometriosis.   
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Supplementary Figure 1. Marker selection analysis between the tissue types ranks 579 
genes from highest (red) to lowest (blue) differentially expressed genes. To organize 
579 genes into most differentially expressed to least, each comparison – Ectopic vs 
Control (A), Eutopic vs Control (B) and Ectopic vs Eutopic (C) – were subjected to 
marker selection analysis using GENE-E software.   
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Supplementary Figure 2.  Genes involved in angiogenesis, pain, and inflammasome 
complex are significantly increased in ectopic endometriotic lesions. The expression of 
genes involved in endothelial progenitor cell recruitment and promotion of angiogenesis 
(A and B), prostaglandin activity and pain (C), inflammasome complex formation (D and 
E) were significantly increased in ectopic tissues compared to matched eutopic 
endometrium and control endometrium. The graphs represent the scatter plot of all 
samples. *P ≤ 0.05 between Ectopic vs. Eutopic and Ectopic vs. Control. 
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Supplementary Figure 3. Genes involved in classical and alternative complement 
protein pathways are aberrantly expressed in ectopic endometriotic tissues. Genes 
involved in complement pathways are significantly increased in ectopic tissues compared 
to control endometrium (A-N). C4BPA, a gene encoding for C4b-binding protein that 
controls the activation of the classical complement pathway, was the only complement 
pathway protein that was significantly decreased in expression (M). *P ≤ 0.05  
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Supplementary Figure 4. Representative immune genes significantly increased in the 
eutopic endometrium. The expression of genes encoding for proinflammatory cytokines, 
chemokines, and receptors for IL-8 and IL-7 (A-G), cell adhesion molecules (H and I), 
and HLA molecules (J-L) were significantly increased in eutopic endometrium compared 
to the control endometrium. The graphs are represented as a scatter plot of all samples. 
The comparisons made for all genes were statistically significant with *P ≤ 0.05. 
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Supplementary Figure 5. Genes encoding for proteins involved in the complement 
pathway, B and NK cell signaling, cell signaling molecules, and co-stimulatory 
molecules were aberrantly expressed in the eutopic endometrium. The expression of 
genes encoding for classical and alternative complement pathway (A-C), B and NK cell 
activation and signaling (E-K), cell signaling molecules (L, N-O) and immune cell co-
stimulatory molecules (P and Q) were significantly increased in eutopic endometrium 
compared to control endometrium. C4A/B (D) and IKBKAP (M) were significantly 
decreased in eutopic endometrium compared to control. The comparisons made for all 
genes were statistically significant with *P ≤ 0.05. 
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Supplementary Figure 6. RORC and IL-17A expression in ectopic endometriotic 
tissues and eutopic endometrium compared to control endometrium samples. 
Nanostring mRNA transcript counts of RORC and IL-17A (C and D) in ectopic vs. 
control (A and C, respectively), and eutopic vs. control (B and D) shows that RORC 
transcript counts are lower and IL-17A transcript counts are lower in endometriosis 
patients compared to control. P values are denoted in each graph.  
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Supplementary Table 1.  
List of top 10 KEGG pathways determined by inputting top 100 genes from each group 
into nDesigner provided by Nanostring Technologies. 
  

a) Eutopic endometrium vs. Ectopic 

1. NK cell mediated 
cytotoxicity 

15/100 CASP3,CD247,GZMB,HRAS,KIR3DL1,KIR3DL2,KLRC
1,KLRC2,KLRC3,KLRD1,KLRK1,MAPK1,NCR1,PRF1,R
AF1 

2. pathways in cancer 11/100 BAX, CASP3, CDKN1A,HRAS,ITGA6,LEF1, MAPK1, 
RAF1, SLC2A1,TP53,TRAF4 

3. Cytokine-cytokine 
receptor interaction 

10/100 CXCL12,CXCR3,CXCR4,IL15,IL19,IL1B,IL2RB,IL6ST,L
IF,TNFRSF13C 

4. antigen processing 
and presentation 

9/100 HLA-DPB, KIR3DL1,KIR3DL2, KLRC1, KLRC2, 
KLRC3, KLRD1,TAP1, TAP2, 

5. TLR signaling 
pathway 

8/100 IL1B, IRAK1, MAPK1, MYD88, SPP1, TICAM1, TLR3, 
TOLLIP, 

6. graft vs host disease 8/100 GZMB,HLA-DOB,IL1B,KIR3DL1, 
KIR3DL2,KLRC1,KLRD1,PRF1 

7. MAPK signaling 
pathway 

7/100 CASP3, DUSP4, HRAS,IL1B, MAPK1, RAF1, TP53, 

8.Neurotrophin 
signaling pathway 

7/100 BAX, HRAS, IRAK1, IRAK2, MAPK1, RAF1, TP53 

9. Apoptosis 7/100 BAX, CASP3, IL1B, IRAK1,IRAK2, MYD88, TP53, 

10.JAK-STAT 
signaling pathway 

6/100 IL15, IL19,IL2RB,IL6ST,LIF, SOCS1 

  

b) Eutopic endometrium vs. Control endometrium 

1. Cytokine-cytokine 
receptor interaction 

29/100 CCL13, CCL18, CCL26, CCL7, CCR8, CD40, CD70, 
CX3CL1, CXCL1, CXCL10, CXCL11, CXCL9, 
CXCR2, IFNB1, IL13, IL17A, IL17B, IL1R2, IL2, 
IL23A, IL23R, IL4, IL7R, IL9. KIT, PPBP, 
TNFRSF13B, TNFSF4, XCR1  

2. Chemokine signaling 
pathway 

15/100 CCL13, CCL18, CCL26, CCL7, CCR8, CX3CL1, 
CXCL1, CXCL10, CXCL11, CXCL9, CXCR2, 
NFKB1A (IKBA), PPBP, STAT1, XCR1,  

3. JAK-STAT signaling 
pathway 

10/100 IFNB1, IL13, IL2, IL23A, IL23R, IL4, IL7R, IL9, 
SOCS1, STAT1,  

4. Cell Adhesion 
Molecules 

9/100 CD28, CD4, CD40, HLA-DPA1, HLA-DPB1, HLA-
DRA, ICAM3, ITGB1, SELL 

5. Asthma 8/100 CD40, FCER1A, HLA-DPA1, HLA-DPB1, HLA-DRA, 
IL13, IL4, IL9 

6. TLRs pathway 8/100 CD40, CXCL10, CXCL11, CXCL9, IFNB1, LY96, 
NFKBIA, STAT1 

7. intestinal immune 
network for IgA 
production 

8/100 CD28, CD40, HLA-DPA1, HLA-DPB1, HLA-DRA, 
IL2, IL4, TNFRSF13B 
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8. hematopoietic cell 
lineage 

8/100 CD19, CD3D, CD4, HLA-DRA, IL1R2, IL4, IL7R, KIT 

9.Leishmania infection 7/100 HLA-DPA1, HLA-DPB1, HLA-DRA, IL4, ITGB1, 
NFKB1A, STAT1 

10. allograft rejection 7/100 CD28, CD40, HLA-DPA1, HLA-DPB1, HLA-DRA, 
IL2, IL4 

  

c) Ectopic vs. Control endometrium 

1. Cytokine-cytokine 
receptor interaction 

21/100 CCL22, CCL5, CCR2, CD27, CD40, CSF1R, CXCL12, 
CXCR2, CXCR6, Fas, IL18, IL18R1, IL18RAP, 
IL1RAP, IL21R, IL7R, TNFRSF1B, TNFSF12, 
TNFSF13B, TNFSF4, TNFSF8 

2. Cell adhesion 
molecules 

18/100 CD22, CD28, CD4, CD40, CD8A, HLA-DMA, HLA-
DPA1, HLA-DPB1, HLA-DQA1, HLA-DQB1, HLA-
DRA, ICAM1, ICOS, ITGB2, PDCD1LG2, PECAM1, 
SELL, VCAM1 

3. SLE 14/100 C1QA, C2,C3, C7, CD28, CD40, FCGR2A, FCGR2B, 
HLA-DMA, HLA-DPA1, HLA-DPB1, HLA-DQA1, 
HLA-DRA 

4. intestinal immune 
network for IgA 
production 

11/100 CD28,CD40, CXCL12, HLA-DMA, HLA-DPA1, HLA-
DPB1, HLA-DQA1, HLA-DQB1, HLA-DRA, ICOS, 
TNFSF13B 

5. Leishmania infection 11/100 C3, CR1, FCGR2A, HLA-DMA, HLA-DPA1, HLA-
DPB1, HLA-DQA1, HLA-DQB1, HLA-DRA, ITGB2, 
NCF4 

6. Antigen processing 
and presentation 

10/100 CD4, CD74, CD8A, CIITA, HLA-DMA, HLA-DPA1, 
HLA-DPB1, HLA-DQA1, HLA-DQB1, HLA-DRA 

7. Viral myocarditis 9/100 CD28, CD40, HLA-DMA, HLA-DPA1, HLA-DPB1, 
HLA-DQA1, HLA-DQB1, HLA-DRA, ICAM1, ITGB2 

8. Allograft rejection 9/100 CD28,CD40.FAS.HLA-DMA, HLA-DPA1,HLA-
DPB1,HLA-DQA1, HLA-DQB1,HLA-DRA 

9. autoimmune thyroid 
disease 

9/100 CD28,CD40.FAS.HLA-DMA, HLA-DPA1,HLA-
DPB1,HLA-DQA1, HLA-DQB1,HLA-DRA 

10. primary 
immunodeficiency 

9/100 BTK, CD3D, CD4, CD40, CD8A, CIITA,ICOS, 
IL7R,LCK 
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Chapter 3 

IL-17A contributes to the pathogenesis of endometriosis by triggering pro-

inflammatory cytokines and angiogenic growth factors 

3.1 Abstract 

Endometriosis is a chronic, inflammatory disease characterized by the growth of 

endometrial tissue in aberrant locations outside the uterus. Neo-angiogenesis or 

establishment of new blood supply is one of the fundamental requirements of 

endometriotic lesion survival in the peritoneal cavity. IL-17A is emerging as a potent 

angiogenic and pro-inflammatory cytokine involved in the pathophysiology of several 

chronic inflammatory diseases such as rheumatoid arthritis and psoriasis. However, 

sparse information is available in the context of endometriosis. In this study, we 

demonstrate the potential importance of IL-17A in the pathogenesis and pathophysiology 

of endometriosis. The data show a differential expression of IL-17A in human ectopic 

endometriotic lesions and matched eutopic endometrium from women with 

endometriosis. Importantly, surgical removal of lesions resulted in significantly reduced 

plasma IL-17A concentrations. Immunohistochemistry revealed localization of IL-17A 

primarily in the stroma of matched ectopic and eutopic tissue samples. In vitro 

stimulation of endometrial epithelial carcinoma cells, Ishikawa cells and human umbilical 

vein endothelial cells with IL-17A revealed significant increase in angiogenic (VEGF, 

IL-8), pro-inflammatory (IL-6, IL-1β) and chemotactic cytokines (G-CSF, CXCL12, 

CXCL1, CX3CL1). Furthermore, IL-17A promoted tubulogenesis of HUVECs plated on 

matrigel in a dose-dependent manner. Thus, we provide the first evidence that 

endometriotic lesions produce IL-17A and that the removal of the lesion via laparoscopic 
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surgery leads to the significant reduction in the systemic levels of IL-17A. Taken 

together, our data shows a likely important role of IL-17A in promoting angiogenesis and 

pro-inflammatory environment in the peritoneal cavity for the establishment and 

maintenance of endometriosis lesions.  

 

3.2 Introduction 

Endometriosis, one of the most prevalent causes of hysterectomy, infertility and chronic 

pelvic pain 141, is characterized by the growth of endometrial tissue at ectopic sites, 

including the peritoneal cavity. Among multiple factors involved in the complex 

pathophysiology of this disease 3, both a pro-inflammatory peritoneal environment and 

active neo-angiogenesis at the site of lesion development are thought to be integral to 

endometriotic lesion establishment and persistence. This notion is supported with the 

effectiveness of anti-inflammatory and anti-angiogenic drugs in minimizing pain and 

lesion size in mice and humans 182–184. Theorized to originate from menstrual material 

normally shed into the peritoneal cavity through the patent fallopian tube 27, the 

endometrial fragments, only in some women, initiate inflammatory response associated 

with tissue damage 185. This leads to the recruitment and activation of neutrophils and 

macrophages, 82 which secrete and increase the concentrations of chemotactic and 

angiogenic cytokines such as CCL11 186 and VEGF 42 in the peritoneal fluid. Indeed, the 

immune system of women who develop endometriosis is postulated to be abnormal, and 

the atypical activation of macrophages and subsequent recruitment of neutrophils 82, 

dendritic cells 92, T helper 187 NK cells are suggested to play a crucial role in the 

pathogenesis of endometriosis 188,189. 
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IL-17A, a cytokine that was once believed to be primarily produced by T Th17 cells, is 

the most studied cytokine among the family of IL-17 cytokines. Since its discovery as a 

pro-inflammatory mediator 106, IL-17A has been recognized in its critical role in the 

promotion of disease progression and pathogenesis of autoimmune diseases 190. 

Furthermore, expression of IL-17A is associated with the pathogenesis of a variety of 

tumors, where it has been documented to exhibit both tumorigenic and anti-tumor effects 

depending on the tumor microenvironment 191. IL-17A mediates its action by binding to a 

heterodimeric complex of receptor composed of IL-17RA and IL-17RC for downstream 

cell signaling 104. Early in its discovery, majority of its production was thought to 

originate from Th17 cells; however further investigations have documented the 

expression of IL-17A from innate immune cells such as γδT 192–194, NK 195, neutrophils 

196 as well as mast cells 197 , adding complexity to our understanding of the pleiotropic 

functions of this cytokine.    

 

The pro-inflammatory nature of IL-17A was recognized in a seminal experiment 

conducted by Fossiez et al. 106 where rheumatoid synovial fibroblasts produced IL-6, IL-

8, G-CSF and PGE₂ in response to human recombinant IL-17A treatment. This effect was 

promptly abolished with the addition of anti-IL-17A monoclonal antibody. Since then, 

IL-17A has been extensively linked to the pathogenesis of chronic inflammatory diseases 

including rheumatoid arthritis and psoriasis 112. In addition, IL-17A promotes vascular 

remodeling of the airways in the mouse model of asthma via the recruitment of 

endothelial progenitor cells to the allergen exposed airway 198. Furthermore, it confers 
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tumor resistance to anti-VEGF therapy via induction and secretion of angiogenic and 

inflammatory factors such as Bv8 and IL-6 from tumor stromal cells 199. Recently, IL-

17A was demonstrated to be involved in the promotion of ovarian cancer growth in mice 

via up-regulation of pro-angiogenic and inflammatory mediators from small peritoneal 

macrophages 200. Despite much advancement made in understanding the role of IL-17A 

in other disease pathogenesis, little is known regarding its role in endometriosis. So far, 

IL-17A has been documented to induce the production of IL-8 and COX-2 from 

endometriotic stromal cells, in addition to promoting proliferation of the cells 201. 

Furthermore, IL-17A concentration in the peritoneal fluid of women with endometriosis 

correlated with endometriosis disease severity and infertility of the patients 202. These 

reports clearly point towards the potential involvement of IL-17A in the pathogenesis of 

endometriosis that warrants further investigation.   

 

Endometriosis is a chronic disease characterized by the elevation of pro-inflammatory 

cytokines in the peritoneal fluid. Concentrations of cytokines such as TNF-α, IL-6 and 

IL-8 are increased in the peritoneal fluid and are augmented in production from activated 

peritoneal macrophages, which primarily contribute to the inflammatory milieu 

associated with pathogenesis of the disease. Furthermore, secretory factors from immune 

cells mediate vascularization of endometriotic lesions through both neo-angiogenesis 

stimulated by VEGF 203 and de novo vasculogenesis at the site of implantation through 

recruitment of bone-marrow derived endothelial progenitor cells (EPCs) 78,80. Emerging 

evidences from cancer and autoimmune literature suggest that IL-17A contributes to the 

neo-angiogenesis and perpetuates inflammatory responses 112,204, but there are few reports 



 

71 
 

investigating the role of IL-17A in the pathogenesis of endometriosis. Here we show that 

endometriotic lesions are capable of producing variable amounts of IL-17A, depending 

on the disease severity, and that systemic concentrations of IL-17A drop significantly in 

endometriosis patients after surgical removal of endometriotic lesions. In addition, we 

document the effects of recombinant IL-17A on the induction of pro-angiogenic, 

chemotactic, and growth promoting cytokines from EECCs, Ishikawa cells and HUVECs.   

 

3.3 Materials and Methods 

3.3.1 Ethics approval for human samples 

Human eutopic endometrial, ectopic endometriotic tissue samples and plasma samples 

from endometriosis patients and normal eutopic endometrium and plasma samples from 

women without known pathologies were collected and stored after informed consent 

using approved protocols by the Institutional Review Committees at Greenville Health 

System, Greenville, SC, USA, University of North Carolina, Chapel Hill, NC, USA, and 

Ottawa General Hospital, Ottawa, ON, Canada. Normal endometrial tissue and ectopic 

endometriotic tissue sections embedded in paraffin were obtained from the Kingston 

General Hospital, Kingston, ON, Canada with informed consent from the patients. Ethics 

approval for this study was provided by the Health Sciences Research Ethics Board, 

Queen’s University, Kingston, ON, Canada. 

 

3.3.2 Human endometrium, endometriosis and plasma samples 

Human eutopic endometrium, ectopic lesion tissue samples and plasma samples were 

obtained from Greenville Health Systems, Greenville, SC, USA after informed consent 
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from patients between ages of 21 and 39 with confirmed endometriosis at the time of 

laparoscopic surgery. Patients received no hormonal therapy for minimal of 3 months 

prior to laparoscopic surgery, and for the duration of participation in the study. Patient 

characteristics including age, BMI, parity, and stage of endometriosis are provided in 

Table 1.  Eutopic endometrium samples from patients were obtained by Pipelle sampling 

and ectopic lesions were obtained during laparoscopic surgery by excision. Patients were 

consented for additional blood draws at the 2 week post-op visit and at 3 months. Upon 

collection, samples were snap-frozen in liquid nitrogen and stored in -80˚C. All plasma 

samples obtained from the patients and healthy women were separated from peripheral 

blood and stored in -80˚C.  

 

Table 1.  Endometriosis study patients and healthy control subject characteristics 

  

 Endometriosis Control 
Number of patients participated in 
study 

n = 24a n = 10 

Age (years) 26.7 ± 7.6 27.3 ± 5.5 
BMI (kg/m2) 25.3 ± 6.1 22.5 ± 2.4 
Parity 25%b 20%c  

Stage of endometriosis  
Stages I-II n = 16 
Stages III-IV n = 8 

a patients on oral contraceptive therapy, progestins, gonadotrophin releasing hormone 
agonist/antagonist, aromatase inhibitors, or any other medications used towards the 
management of endometriosis during the study were excluded. 
b 6 out of 24 endometriosis patients were parity; all other patients were nulliparous. 
c  2 out of 10 control subjects were parity 1; all other control subjects were nulliparous.  
 

3.3.3 Multiplex cytokine assay 
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To assess the concentration of IL-17A in human samples, a Bioplex Pro human cytokine 

27-plex assay (M50-0KCAF0Y, Bio-Rad Laboratories, Mississauga, Canada) was 

conducted on eutopic endometrial and ectopic endometriotic tissue plasma and peritoneal 

fluid samples from women with endometriosis as per kit instructions. Approximately 20 

mg of endometriotic tissue samples or normal endometrial samples were placed in 1.5 

mL microcentrifuge tubes containing protease inhibitor (1ul/0.01g of tissue, Sigma-

Aldrich, St. Louis, MO, USA) with Tissue Extraction Reagent I (100ul/0.01g of tissue, 

Invitrogen Corp., CA, USA). The tissue was homogenized using a rotor-stator 

homogenizer on ice for 1 minute and then centrifuged at 18,000 rpm for 15 min at 4oC. 

The supernatant was collected, and protein concentration measured using Pierce BCA 

Protein Assay Kit as per kit protocol (Pierce Biotechnology, IL, USA). The samples were 

normalized and stored at -80°C until later assessment. Plasma samples from healthy 

subjects were also included as control for the plasma samples from endometriosis 

patients. Briefly, the 96-well cell culture plate was coated with assay buffer and magnetic 

beads, followed by two wash steps using the wash buffer. Samples, blanks, and diluted 

standards were transferred onto the 96-well plate. The plate was then incubated in the 

dark at room temperature on shaker for 30 minutes. After three washes using the wash 

buffer, detection antibody was added to the plate for 30 minutes followed by a wash step. 

The plate was incubated with Streptavidin-Phycoerythrine for additional 10 minutes. 

Finally, the plate was washed before analysis using Bioplex 2000 Suspension Array 

System (Bio-Rad Laboratories, Mississauga, ON, Canada).  
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3.3.4 IL-17A immunohistochemistry on matched eutopic endometrium and ectopic 

lesions 

Immunohistochemistry was performed on paraffin embedded sections of matched eutopic 

endometrium and ectopic lesion samples obtained from patients. The slides with tissue 

sections cut at 5µm were deparaffinized in Cytrisolv (Fisher Scientific, Ottawa, ON, 

Canada) and subsequent re-hydration in decreasing gradients of ethanol. Heat-induced 

antigen retrieval was conducted using sodium citrate buffer (0.01M, pH 6.0) heated to 

95˚C in a water bath. Endogenous peroxide activity was blocked using 3% H₂O₂, 

followed by incubation with 1% BSA to block non-specific binding. Sections were 

incubated with anti-human IL-17A rabbit polyclonal antibody (1:250 in 1% BSA/PBS, 

ab79056, Abcam, Inc, Cambridge, MA, USA) or isotype antibody as a negative control. 

After overnight incubation in a humidified chamber at 4˚C, sections were incubated with 

biotinylated secondary polyclonal goat anti-rabbit IgG antibody (1:500, Dako, Glostrup, 

Denmark), stained with DAB chromogen (Dako, Glostrup, Denmark) then counter 

stained with Harris hematoxylin (Fisher Scientific, Ottawa, ON, Canada). The sections 

were dehydrated in increasing gradients of ethanol and Citrisolv, coversliped with 

Permount mounting media (Fisher Scientific, Ottawa, ON, Canada), then viewed under 

the microscope.  

 

3.3.5 Cell culture 

Endometrial epithelial carcinoma cells (EECCs, CRL-1671, ATCC, VA, USA) and 

HUVECs (200-05f, Cell applications Inc., San Diego, CA, USA), and Ishikawa Cells 

(99040201-1VL, Sigma-Aldrich, St. Louis, MO, USA) were incubated in a standard cell 
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incubator at 37°C with 5% CO₂. EECCs and Ishikawa cells were maintained in DMEM 

supplemented with 10% FBS and 1% penicillin and streptomycin (Sigma-Aldrich, St. 

Louis, MO, USA). HUVECs were maintained in All-in-one ready to use Endothelial Cell 

Growth Medium (211-500, Cell Applications, Inc., San Diego, CA, USA). All cell lines 

were grown in T75 cell culture flasks (Corning Inc., NY, USA) up to 70-80% confluence 

prior to experimental use.  

3.3.6 WST-1 proliferation assay 

EECCs and HUVECs were harvested with Trypsin-EDTA and seeded onto a 96-well 

tissue culture plate (Sarstedt, Inc. Newton, NC, USA) at 1.25x104 cells/well, followed by 

recombinant IL-17A stimulation at different concentrations (1, 5, 25,50, 100 ng/mL, 

R&D Systems, MN, USA) in triplicates. PBS was used as a control. Post 24-hour 

incubation, WST-1 cell proliferation reagent (Roche Diagnostics, Laval, QC, Canada) 

was added to each well for additional 2 hours at 37˚C. Using spectrophotometer, 

absorbance at 450nm and 690 nm were measured. Optical density was calculated by 

subtracting absorbance at 690nm from 450nm. 

 

3.3.7 Propidium Iodide Cell Cycle analysis 

EECCs were plated onto a 6-well plate (Sarstedt, Inc. Newton, NC, USA) at 5x105 

cells/well and were incubated with different concentrations of IL-17A in triplicates (25, 

50, 100ng/mL, R&D systems, MN, USA) and PBS control for 24 hours at 37˚C with 5% 

CO2. Post treatment, cells harvested from the plate, pelleted and were fixed in 70% 

ethanol at 4˚C overnight. Post fixation and centrifugation to pellet the cells, 1ml of 

propidium iodide (0.04mg/mL, BioShop Canada Inc. Burlington, ON, Canada) and 
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RNase A (0.625mg/mL, Sigma-Aldrich, MO, USA) were added to each condition and 

incubated for 3 hours at 4˚C in the dark. Beckman Coulter Cytomics FC500 (Beckman 

Coulter Inc., Mississauga, ON, Canada) was used to conduct single-color analysis.    

 

 

 

3.3.8 Flow cytometric analysis for IL-17RA 

After removal of the growth media from the flask, EECCs and HUVECs were harvested 

using Trypsin-EDTA, pelleted and washed with cell staining buffer (1% BSA, 0.1% 

sodium azide in PBS). Approximately 1x105 cells were incubated with either mouse anti-

human IL-17RA antibody conjugated with PE (1:50, FAB177P, R&D systems, MN, 

USA) or Mouse IgG1 isotype control conjugated with PE (1:100, IC002P, R&D systems, 

MN, USA) for 30 minutes in room temperature. Cells were fixed with ice cold 2% 

Paraformaldehyde in PBS for 15 minutes and were kept at 4˚C prior to conducting flow 

cytometric analysis (Beckman Coulter Cytomics FC500, Beckman Coulter Inc., 

Mississauga, ON, Canada).   

 

3.3.9 Cell culture supernatant cytokine analysis from EECCs, Ishikawa cells, and 

HUVECs treated with IL-17A 

EECCs and Ishikawa cells were seeded at 5x105 cells/well onto 6 well plate in triplicate 

(Sarstedt, Inc. Newton, NC, USA) and stimulated with different concentrations of IL-17A 

(10, 25, 50, and 100ng/mL, R&D Systems, MN, USA) and PBS as control. HUVECs 

were seeded at 1x105 cells/well onto 6 well plate in triplicate (Sarstedt, Inc. Newton, NC, 
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USA) and were incubated with different concentrations of IL-17A (5 and 50 ng/mL, 

R&D Systems, MN, USA) and PBS as control. The cells were incubated for 24 hours in a 

standard cell culture incubator at 37°C with 5% CO2. The conditioned media was 

collected and were analyzed using Human multiplex cytokine analysis (Eve Technologies 

Corporation, Calgary, AL, Canada).  

 

3.3.10 Endothelial cell tubulogenesis assay 

Tubulogenesis assay was conducted as per kit protocol (CBA-200, Cell applications Inc., 

San Diego, CA, USA). HUVECs grown to 70-80% confluence in T75 cell culture flask 

(Corning Inc., Corning, NY, USA) were trypsinized, pelleted and seeded onto matrigel 

coated ibidi µ-angiogenesis slide (Ibidi USA Inc., WI, USA) at a density of 5x103 

cells/well with a complete medium containing different concentrations of IL-17A (1, 5, 

50 ng/mL, R&D Systems, MN, USA) in triplicate. VEGF (50ng/mL, R&D Systems, MN, 

USA) and PBS was used as a positive and negative control respectively.  

 

3.3.11 Statistical analysis 

All statistical analysis was performed using GraphPad Prism© 6.0. Ordinary one-way 

ANOVA with Tukey post-hoc test was used to analyze the results of WST-1 proliferation 

assay, supernatant cytokine analysis and tubulogenesis assay.  Unpaired t-test was used to 

analyze the results of human tissue and plasma data and flow cytometric data. Data are 

represented as mean ± SD, unless otherwise stated in the figure. Values of P≤0.05 were 

considered statistically significant.  
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3.4 Results  

3.4.1 IL-17A concentration in matched tissue sample and plasma sample form 

women with endometriosis is variable compared to healthy controls 

In the present study, we evaluated the concentration of IL-17A in tissues and plasma 

samples from patients with or without endometriosis (Figure 3-1A-C). Patients were 

further stratified into Stage I, II, III or IV of endometriosis as per the guidelines from 

American Society for Reproductive Medicine. We further grouped Stage I and II patient 

into Early and Stage III and IV into Advanced disease categories. Although statistically 

non-significant, we observed a trend of increasing IL-17A concentration in the ectopic 

lesions compared to the matched eutopic endometrium obtained from same patients 

(Figure 3-1A). In the plasma samples, IL-17A concentration was significantly increased 

in women with endometriosis compared to healthy controls (Figure 3-1B). When the 

matched ectopic lesions and eutopic endometrium were stratified by disease severity, we 

observed persistent increase in IL-17A in ectopic lesion samples compared to eutopic 

endometrium across severity (Figure 3-1C). Note that the concentration of IL-17A from 

normal endometrial tissues of disease-free women was less than 5 pg/mL (n=4, 3.13±1.92 

pg/mL, data not shown) and the concentration of IL-17A in the peritoneal fluid was 

negligible (n=24, data not shown). 
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Figure 3-1.  Interleukin 17A expression in tissue and plasma samples. (A) Matched 
eutopic endometrium (n=14, 23.0±3.84pg/mL) and ectopic lesions (n=14, 
29.77±1.97pg/mL) (B) Plasma samples from women without (n=6, 57.00±12.17pg/mL) 
and with (n=5, 70.16±19.35pg/mL) endometriosis (C) Interleukin-17A concentration in 
matched eutopic endometrium and ectopic lesions distributed by disease severity 
following ASRM staging criteria. All data are represented as mean ± SEM. 
 

3.4.2 Plasma concentration of IL-17A diminishes after laparoscopic lesion removal 

The systemic concentration of IL-17A in women with endometriosis significantly 

declined after surgical removal of lesions, with mean IL-17A plasma concentrations of 

395.1±93.20 pg/mL pre-surgery and 228.6±78.33 pg/mL, 2 weeks after surgery (Figure 

3-2).  
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Figure 3-2. Interleukin 17A concentration in plasma of women (n=11) undergoing 
laparoscopy surgery for the removal of endometriosis. IL-17A concentration was 
measured from the patient prior to undergoing surgery and 2 weeks post-surgical visit to 
the clinic. The concentration of IL-17A diminishes significantly in the peripheral blood of 
women with endometriosis. *P=0.0016 
 

3.4.3 Immunolocalization of IL-17A in human eutopic endometrium and ectopic 

endometriotic lesions 

In the extant literature, there are no reports of IL-17A immunolocalization in the eutopic 

endometrium or peritoneal endometriosis lesions. A single study showed localization of 

IL-17A positive cells in the stroma of an ovarian endometrioma lesion; however, 

expression in peritoneal lesions or matched eutopic endometrium was not examined (28). 

Here, we show the localization of IL-17A positive cells within the stroma and 

surrounding the vasculature in matched eutopic endometrium and ectopic lesion samples 

from women with endometriosis (Figure 3-3A and B). Because of the heterogeneous 

nature of the ectopic lesions, we were unable to concretely conclude whether IL-17A 

staining was increased in ectopic lesions as compared to matched eutopic endometrium 

from same patients. 
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Figure 3-3. Interleukin-17A positive cells are detected in the matched eutopic (A) 
and ectopic lesion (B) samples from women with endometriosis. 
Immunohistochemistry images are representative of 5 matched tissue samples 
immunostained with anti-human IL-17A. 200x magnification with 400x inlet; scale bar 
represents 100µm. 
 

 

3.4.4 IL-17RA is expressed in EECCs and HUVECs 

IL-17RA, the primary receptor for IL-17A is reported to be ubiquitously expressed in 

different cell types in mouse (34) and in human (35). Before conducting functional assays 

with IL-17A, we first wanted to establish whether IL-17RA is present on EECCs and 

HUVECs to rationalize their responsiveness to IL-17A.  Both EECCs and HUVECs were 

incubated with anti-IL-17RA antibody conjugated with PE at 4°C overnight. Flow 

cytometric analysis revealed that EECCs (Figure 3-4A) and HUVECs (Figure 3-4B) 
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indeed express IL-17RA on the cell surface, which suggests their capacity to specifically 

respond to IL-17A stimulation. 

 

Figure 3-4 Interelukin-17RA is expressed on EECCs and HUVECs. EECCs (A) and 
HUVECs (B) were stained with either PE conjugated mouse anti-human IL-17RA or PE 
conjugated Mouse IgG isotype control in room temperature. On average 65.2±3.9% of 
EECCs stained for IL-17RA whereas 58.1±14.6% cell surface staining was seen for 
HUVECs. Representative of three separate experiments.   
 

3.4.5 IL-17A does not induce proliferation in EECCs and HUVECs 

To investigate whether IL-17A exhibit mitotic effect on epithelial and endothelial cells, 

we incubated EECCs (Figure 3-5A) and HUVECs (Figure 3-5B) with different 

concentrations of recombinant IL-17A and PBS control. After 24 hours of incubation at 

37˚C, we did not observe any significant difference in proliferative capacity compared to 

the PBS treated wells on either cell line. Therefore, IL-17A does not directly induce 

proliferation of EECCs or HUVECs in vitro. To determine whether recombinant IL-17A 

would induce apoptosis in EECCs, we performed propidium iodide (PI) flow cytometric 

assay to determine DNA abundance in EECCs treated with IL-17A (25, 50, 100ng/mL) 

and PBS control.  We did not observe any differences between IL-17A treated and PBS 

control groups (data not shown). This further strengthens the notion that IL-17A may not 

directly have proliferative or apoptotic effects of epithelial and endothelial cells. 
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Figure 3-5 WST-1 proliferation assay indicates that IL-17A does not induce 
proliferation of EECCs and HUVECs in vitro. (A) EECCs were treated with different 
concentrations of IL-17A (1, 5, 25, 50 and 100 ng/mL) or PBS control to assess the effect 
of IL-17A on proliferation. (B) HUVECs were treated with different concentrations of 
IL-17A (1, 5, 25, 50 and 100 ng/mL) or PBS control to assess the effect of IL-17A on 
proliferation. VEGF (10, 20, 50 ng/mL) was used as a positive control.  Three separate 
WST-1 proliferation assays were conducted on both (A) and (B) as per standard protocol.  
Data represent the mean ±SD. 
 

3.4.6 IL-17A induces the production of chemokine and angiogenic cytokines from 

EECCs 

IL-17A is known to induce a variety of cytokines from different tissue types with 

pleiotropic downstream effects. We wanted to investigate the cytokine profile of EECCs 

when induced with varying concentration of IL-17A. Stimulation of EECCs with IL-17A 

(10, 25, 50, 100ng/mL led to the significant increase in the production of angiogenic and 

chemotactic cytokines, namely VEGF, PDGF-AA, SDF-1 and G-CSF (Figure 3-6A-D, 

respectively). The cytokine profile suggests a potential involvement of IL-17A in 

mediating neo-angiogenesis and recruitment of lymphocytes and bone-marrow derived 

cells to the site of lesion development. In earlier studies, we (31) and others (32) showed 
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that SDF-1 contributes to the recruitment of endothelial progenitor cells at the 

endometriotic lesions and aid neo-angiogenesis. 

 

 

Figure 3-6 Interleukin-17A induces production of chemokine and angiogenic 
cytokines from EECCs. Endometrial epithelial carcinoma cells (EECCs) were plated 
onto a 96-well cell culture plate in triplicate at a density of 5x105cells/well and incubated 
with different concentrations of IL-17A (10, 25, 50, 100ng/mL) for 24 hours at 37˚C with 
5% CO2. The conditioned supernatants of EECCs were collected and screened for 
cytokine expression from which VEGF (A), PDGF-AA (B), SDF-1 (C), and G-CSF (D) 
showed statistical significance. *P≤0.05 compared with PBS (ordinary one-way 
ANOVA). 
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3.4.7 IL-17A induces the production of pro-inflammatory cytokines and chemokines 

from HUVECs 

Similar to EECCs, different concentrations of IL-17A (5 and 50ng/mL) induced the 

production of pro-inflammatory cytokines and chemokines from HUVECs, namely IL-

1α, CXCL1, IL-6 and CX3CL1 (Figure 3-7A-D, respectively) in a dose dependent 

fashion. These cytokines are well known for their potent pro-inflammatory actions. This 

data suggests the ability of IL-17A to regulate the expression of pro-inflammatory, 

angiogenic cytokines and chemokines in the peritoneal environment.  
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Figure 3-7. Interluekin-17A induces the production of pro-inflammatory cytokines 
and chemokines from HUVECs in a dose dependent manner. HUVECs were plated 
onto a 6-well plate in triplicate at a density of 1x10

5
 cells/plate and were incubated with 

different concentrations of IL-17A (5 and 50 ng/mL) for 24 hours in a standard cell 
culture incubator at 37°C with 5% CO2. Conditioned supernatants were collected and 
screened for cytokine expression from which IL-1α (A), GRO (B), IL-6 (C), CX3CL1(D), 
and G-CSF (E) showed statistical significance. *P≤0.05 compared with PBS (Ordinary 
One-way ANOVA). 
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3.4.8 IL-17A induces the production of pro-inflammatory cytokines from Ishikawa 

cells 

In the endometriosis literature, EECCs and Ishikawa cells have been widely used to 

understand molecular mechanisms involved in the pathogenesis of endometriosis. We 

wanted to establish how Ishikawa cells would respond to IL-17A stimulation. Here we 

report that stimulation of Ishikawa cells with different concentrations of IL-17A lead to 

increased expression of pro-inflammatory and chemotactic cytokines in a dose dependent 

manner, namely IL-1β, IL-8, IL-9, and CCL11. (Figure 3-8A-D, respectively). It is well 

described in literature that IL-1β, IL-8, and CCL11 are increased in concentration in the 

peritoneal fluid of women with endometriosis and are thought to contribute to the 

pathogenesis of the disease.  
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Figure 3-8. Interleukin-17A induces production of chemokine, angiogenic and pro-
inflammatory cytokines from Ishikawa cells. Ishikawa cells were plated onto a 96-well 
cell culture plate in triplicate at a density of 5x105cells/well and incubated with different 
concentrations of IL-17A (5 and 50 ng/mL) or PBS control for 24 hours at 37˚C with 5% 
CO2. The conditioned supernatants of each treatment were collected and screened for 
cytokine expression from which IL-1b (A), IL-8 (B), IL-9 (C) and Eotaxin (D) showed 
statistical significance. *P≤ 0.05 compared with PBS (one-way ANOVA). 
 

3.4.9 IL-17A promotes tubulogenesis from HUVECs in a dose dependent fashion 

The endothelial tube formation assay is a fast, quantifiable method for measuring in 

vitro angiogenesis and is a standard method used to investigate the effects of an 

angiogenic stimulant or inhibitor on endothelial cells. To investigate whether IL-17A can 

induce direct tubulogenesis, HUVECs seeded on a coat of matrigel were treated with 

different concentrations of IL-17A in complete endothelial cell growth medium for 16 

hours at 37˚C prior to the analysis of tubulogenesis, unlike other methods where 

endothelial cells are serum starved prior to tubulogenesis assay (26). Our data showed 

that IL-17A induces tubulogenesis of HUVECs on matrigel in a dose dependent manner 

(Figure 3-9A and B), suggesting that IL-17A is capable of inducing direct tubulogenesis 

of endothelial cells in vitro.    
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Figure 3-9  Interleukin-17A promotes in vitro tubulogenesis in HUVECs. (A) 
HUVECs were plated on Matrigel at 5x103 cells/well using Ibidi µ-slide angiogenesis 
plate (Cat. #81506) in triplicate per treatment. VEGF (50ng/mL) and PBS were used as a 
positive and negative control, respectively. Scale bar represents 10µm. 150x 
magnification using a confocal microscope (Quorum Wave Effects Spinning Disc 
Confocal, Queen’s University Cancer Research Institute Imaging Facility) (B) Total 
length of branches in the field of image was measured using ImageJ Angiogenesis 
Analyzer Macro with HUVECs phase contrast setting. Data represent the mean ± SD. 
*P≤0.05 compared with PBS.  
 

3.5 Discussion 

IL-17A has been implicated in several chronic, inflammatory and autoimmune disorders; 

however, its association with the pathogenesis of endometriosis has not previously been 

well described. We provide the first evidence that endometriotic lesions produce IL-17A 

protein in variable amounts depending on the stage of the disease. Traditionally, IL-17A 

was thought to be produced only by Th17 cells; however, recent reports suggest that 

variety of cell types produce IL-17A including stromal cells, fibroblasts, and endothelial 

cells 205. Immunohistochemical analysis provides further evidence that IL-17A is 

expressed by the endometriotic lesions, but the complexity and heterogeneous nature of 

the endometriotic lesions precludes identification of the specific cell types. Strikingly, we 

demonstrated significant decline in plasma concentration of IL-17A after surgical 

removal of endometriotic lesions. These findings strongly suggest that IL-17A may be a 

contributory factor to the inflammatory peritoneal milieu associated with endometriosis. 

The association between the removal of the lesion and decrease in IL-17A further suggest 

the role of the ectopic lesion as a potential reservoir of IL-17A, or the removal of the 

lesion simply leads to the diminishment in the pro-inflammatory environment, where IL-

17A is a component that mediates the pro-inflammatory status. It is likely that, with the 

removal of the lesion, the tissue resident Th17 cells, and other potential producers of IL-
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17A are also removed, thereby contributing to the significantly lowered concentration of 

IL-17A detected in the peripheral blood.   

 

The source of IL-17A can be speculated by analyzing the data available on the peritoneal 

fluid of women with endometriosis. If the main source of IL-17A is from peritoneal fluid 

resident immune cells, the concentration of IL-17A in the peritoneal fluid will be 

elevated. Zhang et al. 202 documented elevated concentration of IL-17A in the peritoneal 

fluid in minimal or mild endometriosis as compared to severe disease, ranging between 5-

6 pg/mL. This study did not find a significant difference in the peritoneal fluid 

concentration of IL-17A between women with endometriosis and without disease. On the 

contrary, we could not detect measurable levels of IL-17A in the peritoneal fluid from 

women with endometriosis (n=24, data not shown). Since we show that the removal of 

the lesion led to the significant decrease of IL-17A in the plasma, the effect of removal 

likely involves changes within the systemic immune system. It is possible that, unlike 

other proinflammatory cytokines, IL-17A is primarily produced by tissue resident 

immune cells, and as such may not be detectable in the peritoneal fluid. To clarify these 

findings, we need to establish whether IL-17A positive, tissue-resident immune cells in 

women with endometriosis are indeed the source of IL-17A in this disease.   

 

Endometriosis is a disease mediated by inflammatory and angiogenic peritoneal 

environment. Using cell lines well established in the endometriosis literature, we 

document the unique cytokine signatures induced by IL-17A in EECCs, Ishikawa cells 

and HUVECs. In particular, IL-17A induced production of chemotactic and angiogenic 
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factors including G-CSF, VEGF, SDF-1, and IL-8 from EECCs and Ishikawa cells. In 

addition, IL-17A induced the production of chemotactic and pro-inflammatory cytokines 

such as CXCL1, CX3CL1 and IL-6 from HUVECs. Taken together, our data suggests 

that IL-17A may be involved in the orchestration of a paracrine network of cytokines 

between the adjacent cells that leads to the promotion of angiogenesis and inflammation 

in the peritoneal cavity. Specifically, our data suggests that IL-17A has the potential to 

enhance vascularization of the lesion through VEGF and IL-8 mediated pathways. 

Evidence for de novo vasculogenesis at endometriosis lesions has been previously 

suggested by a report of the recruitment of EPCs to the lesion site via a SDF-1 mediated 

pathway 206.  

 

IL-17A may also play a crucial role in the promotion of inflammation via the recruitment 

of immune cells by inducing the production of chemokines such as G-CSF, CCL11, 

CXCL1 and CX3CL1 from the endometriotic lesion. For instance, IL-17A-induced 

CX3CL1 may play a critical role in the mobilization of pro-inflammatory monocytes and 

other immune cells into the lesion. CX3CL1 is both an adhesion molecule and 

chemotactic cytokine for T cells and monocytes that acts by adhering and immobilizing 

the cells to the endothelial cell surface 207,208, and whose production by HUVECs can be 

induced by IFN-γ 209. Thus, IL-17A may not only initiate the process of inflammation in 

endometriosis, but also sustain it through the indirect mobilization of pro-inflammatory 

immune cells by inducing the production CX3CL1 from the endothelial cells of the 

lesion. Taken together, the data suggests a potential therapeutic effect of IL-17A 

blockade in endometriosis. Decoding the paracrine network established between different 
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cell types in the lesion will enhance our understanding of the mechanisms employed by 

IL-17A in establishing the pro-inflammatory and pro-angiogenic environment in 

endometriosis.  

 

Current research suggests inherent molecular differences in eutopic endometrium of 

women with endometriosis that allows the menstrual eflluent to escape 

immunosurveillance and develop into ectopic foci in the pelvic cavity. In addition, the 

immune system of women with endometriosis behaves curiously in the presence of 

endometrial fragments. As such, the pathogenesis of endometriosis may be two-fold: 

women with endometriosis have endometrial cell dysfunction that stimulate aberrant 

innate and adaptive immune responses towards the endometrial fragments found in 

ectopic locations, allowing for the fragments to survive and implant to grow into 

endometriosis. These immune cells are not only producing increased amount of pro-

inflammatory and growth promoting cytokines, but also exhibit diminished 

cytotoxicity/adaptive responses towards the fragments. Such immune cell activity is 

reflected in the inflammatory milieu known to be associated with the peritoneal 

environment of endometriosis. We hypothesize that the immune cells would be the major 

producer of IL-17A, which trigger other cells in the vicinity that express its receptor to 

make cytokine that are typically found in endometriosis environment.       

 

In literature, IL-17A is shown to promote direct endothelial cell tubulogenesis in vitro 

210,211. Here, we also show direct effect of IL-17A in promoting tubulogenesis of 

HUVECs. Typically, studies use serum starved media on matrigel to study the angiogenic 
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effect of IL-17A.  In this study, we opted to use complete growth media supplemented 

with growth factors and FBS. The rational for using the complete endothelial cell growth 

media for our experiment is to achieve the similar angiogenic environment of peritoneal 

fluid that bathes endometriotic lesions in the peritoneal cavity. This allows us to elucidate 

if the presence of IL-17A, in addition to other growth factors, would elicit an additive 

effect in driving tubulogenesis. This method also allows our data to be translatable to in 

vivo situation as endometriotic lesions are exposed to growth promoting cytokines in the 

peritoneal fluid.   

 

Overall, the limitation of the current study is inherent in endometriosis research in 

general. To conduct proper interpretation and comparison of data, the tissue samples 

between patients and controls must be matched in menstrual stage, disease stage, and age 

of the individual. In addition, the medical history of individuals and therapeutic regimens 

needs to be taken into account to consider the effect of estrogen and progesterone on the 

disease state. The analysis is further complicated by the complexity of endometriosis 

which comes in multiple stages and phenotypes. Furthermore, only old-world primate 

species, including humans, develop spontaneous endometriosis, increasing the 

complexity of using animal models. Finally, both the diagnosis and staging of 

endometriosis depends upon surgery, making it difficult to study and establish true 

control subjects. For all these reasons, understanding of the disease remains rudimentary 

and simple classifications lack biological uniformity. As such, wide variations between 

studies are observed, including cytokine concentrations in the peritoneal fluid. Despite 

these issues, this study showing the significant decrease in the plasma concentration of 
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IL-17A post laparoscopic removal of the endometriotic lesion, coupled with the ability of 

IL-17A to induce a myriad of cytokines from stromal, epithelial and endothelial cells 

strongly suggests its potential contribution to endometriosis pathogenesis. Further 

research is required to identify the source and location of IL-17A in endometriosis to 

advance our understanding of the specific role(s) IL-17A may play in the pathogenesis of 

endometriosis.   
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Chapter 4 

Elucidating the role of IL-17A in monocyte recruitment and peritoneal macrophage 

polarization in mouse model of endometriosis 

4.1 Abstract 

Endometriosis is a gynecological condition characterized by the presence of estrogen-

responsive, endometrial-like lesions in extrauterine locations. Sampson’s theory of 

retrograde menstruation postulates that endometriotic lesions develop from viable 

menstrual tissue shed into the pelvic cavity during each menstrual cycle. While menstrual 

effluents may harbor the capacity to evade immunosurveillance, the dysfunctional 

immune system in women with endometriosis is thought to be the underlying mechanism 

driving endometriotic lesion development. In particular, alternatively activated peritoneal 

macrophages (M2) may aid lesion establishment on peritoneal surfaces by promoting 

processes analogous to wound healing, including the reconstruction of extracellular 

matrix and vascularization. Interleukin-17A (IL-17A) can induce M2 macrophage 

polarization characterized by upregulation of arginase-1, IL-10, CCL17, and increased 

cell surface expression of mannose receptor (CD206), and scavenger receptor (CD163). 

IL-17A can also induce pro-inflammatory macrophage phenotype (M1) associated with 

upregulation of IL-6, IL1β, CCL7, and iNOS production. In this study, we hypothesize 

that IL-17A will promote endometriotic lesion growth and vascularization by inducing 

M2 macrophage polarization in the peritoneal cavity. Our in vitro results suggest that 

while IL-17A can directly stimulate M1 markers from PMA-differentiated macrophages, 

it can also indirectly induce M2 markers from monocytic cell line. Further, recombinant 

IL-17A injection did not augment proliferation or vascularization of the lesion in vivo; 
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however, IL-17A can increase circulating number of CD11b+ Ly6C+ pro-inflammatory 

monocytes in mice induced with endometriosis. We conclude that while systemically 

elevated levels of IL-17A could promote pro-inflammatory monocyte population in the 

blood, further studies are required to delineate the role of IL-17A-induced M1/M2 

polarization in the pathogenesis of endometriosis.  

	
4.2 Introduction 

Endometriosis is an estrogen-dependent gynecological disease characterized by the 

development of endometrial-like tissue in extrauterine locations 2. Although etiology of 

endometriosis is debated by multiple theories postulating the mechanism of endometrial 

dissemination outside of the uterus, endometrial fragments show the capacity to implant, 

invade, and develop vascularization on visceral and peritoneal surfaces 52, a process 

analogous to wound healing. Retrograde menstruation may provide new endometriotic 

lesions that require healing and vascularization every month. A family DAMPs and 

products of oxidative stress (i.e. HMGB1 131, HSP70 212, ROS 213) released by necrotic 

menstrual fragments are thought to trigger sterile inflammation in the pelvic cavity, and 

promote macrophage recruitment 131,214. In diseases whereby wound healing and 

vascularization are pathological requirement, alternatively activated macrophages (M2) 

are often at the center of these mechanisms by promoting tissue remodeling and 

vascularization 127,215,216. Indeed, in mouse model of endometriosis, depletion of 

macrophages with clodronate produce lesions reduced in size and vascularity88, 

suggesting that peritoneal macrophages participate in the mechanism of wound healing 

for transplanted self-tissue.  
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Depending on environmental stimuli, macrophages can be polarized into two opposing 

scale: classically activate macrophages (M1) or alternatively activated macrophage (M2) 

217. Inflammatory stimuli such as IFN-γ and LPS induces differentiation of classically 

activate macrophages 218 that produce nitric oxide (NO), as well as pro-inflammatory 

cytokines such as IL-6, IL-1 and IL-23219, all three of which participate in the 

differentiation of IL-17A producing Th17 cells120,121,220. On the other hand, Type-2 

cytokines such as IL-4, IL-13 and IL-10 induces differentiation of alternatively activated 

macrophages (M2) that primarily produce arginase, express mannose receptor (CD206),  

and produce anti-inflammatory cytokines such as IL-10  (Reviewed by 221).  While M1 

macrophages, due to its pro-inflammatory cytokine profile, promote tissue damage and 

worsen inflammatory disease progression, M2 macrophages are thought to participate in 

resolution of inflammation by virtue of producing an anti-inflammatory cytokine, IL-10. 

Furthermore, M2 macrophages are thought to participate in extracellular matrix (ECM) 

remodeling on tissues wounded by acute and chronic inflammatory stimuli by producing 

ECM proteins, fibronectin and βIG-H3 222, thereby implicated in tissue remodeling and 

healing.  

 

In endometriosis, peritoneal macrophages obtained from women with endometriosis have 

been observed to be morphologically different and to produce increased amount of VEGF 

42. In 2009, Bacci et al. demonstrated using mice depleted of macrophages and using 

adaptive transfer of either pro-inflammatory (M1) or anti-inflammatory (M2) 

macrophages, that the latter led to lesions that were vascularized and larger compared to 

the former 88. The scientific evidences suggest that macrophages are involved in 
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vascularization of the lesion by producing VEGF, and especially the M2 macrophages 

seem to partake in endometriotic lesion development. What is not known is the stimulus 

that promotes the polarization of naïve peritoneal macrophage into lesion-promoting M2 

phenotype. We also do not have an evidence of whether peritoneal macrophages assume 

M2 in their steady state, ready to produce VEGF when endometriotic lesions were 

developing, or the presence of endometrial fragments in the peritoneal cavity induces 

differentiation of naïve peritoneal macrophages into wound-healing M2 macrophages. 

  

We showed in Chapter 3, that IL-17A induces 12Zs and HUVECS to dose-dependently 

upregulate the production of pro-inflammatory cytokines and chemokines including G-

CSF, GM-CSF, IL-8, CX3CL1. Interestingly, THP-1 cells treated with heterodimer IL-

17A/F recombinant protein (20ng/mL) increase transcript levels of IL-8, CXCL-1, TNF-α, 

and IL-23 125, similar cytokines that are also increased in the plasma of women with 

endometriosis 119. Further, IL-17A is chemotactic for macrophages via IL-17RA and IL-

17RC signaling, and can also indirectly induce M2 polarization by promoting PGE2 

production by cancer cells 223. In mouse model of DSS-induced colitis, IL-17A exerts 

protective function by inducing development of M2-like macrophages in lamina propria 

of colon 224.  On the other hand, IL-17A deficiency can also promote M2 polarization.  In 

mouse model of retinopathy of prematurity (ROP), IL-17A deficiency not only led to 

decreased vascularization of choroid and retina, but also increased M2 to M1 ratio 225. In 

this study, we hypothesize that IL-17A can create a microenvironment conducive for M2 

macrophage polarization, which will be accompanied by increased vascularization and 
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proliferation of lesions induced in female C57BL/6 mice. We demonstrate previously 

unreported roles IL-17A in macrophage polarization both in vivo and in vitro. 

 

4.3 Methods and Materials 

4.3.1 Surgical induction of endometriosis in C57BL/6 female mice 

C57BL/6 female mice of 6-8 weeks were purchased from Charles River Laboratories for 

each experiment. All mice were housed in conventional cages with automatic watering 

system and 12-hour light/dark cycle at 3-4 animals per cage. To induce endometriosis, we 

dissected 3mm pieces of uterus from donor female C57BL/6 mice, and implanted 2 

uterine fragments per recipient mouse. Briefly, mouse was anesthetized using isofluorane 

chamber and were laid supine on surgical table. Post removal of abdominal hair using 

hair clippers, a small incision was made on the abdominal wall to gain access to the 

peritoneum. Two pieces of uterine fragments were glued onto the peritoneum, followed 

by suturing of the peritoneum and stapling of the skin. All mice were provided with 

Tramadol (30mg/kg) and Bupivacaine (2mg/kg) subcutaneously for 3 days following 

surgery to treat surgery induced pain and discomfort. Seven days after surgery, staples 

were removed, and intraperitoneal injection of either IL-17A (0.5ug or 1ug) or PBS 

began every 12 hours for specified amount of time as outlined in Table 1. All animal 

studies were approved by Queen’s University Ethical committee (Queen’s University, 

Kingston, ON, Canada).  
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4.3.2 Cell culture  

THP-1 cells and 12Z cells were incubated in a standard cell incubator at 37°C with 5% 

CO₂. THP-1 cells were maintained in RPMI-1640 supplemented with 10% FBS (Sigma-

Aldrich, St. Louis, MO, USA). 12Z cells were maintained in DMEM/F12 (Gibco 

#11330) supplemented with 10% FBS (Gibco #16000), 1x penicillin and streptomycin 

(Gibco #15140) and 1x sodium pyruvate (Gibco#11360). 12Z cells are adherent whereas 

THP-1 cells are non-adherent. They were both T75 cell culture flasks (Corning Inc., NY, 

USA) up to 70-80% confluence prior to experimental use.  

 

4.3.3 THP-1 differentiation and treatment with IL-17A 

THP-1 cells were differentiated into macrophages using 10ng/mL PMA. Briefly, 

500,000-800,000 cells were incubated with 10ng/mL PMA constituted in RPMI-1640 

with 10% FBS for 48 hours in the cell incubator maintained at 37°C with 5% CO₂. On 

day 3, media was replaced with PMA-free RPMI-1640+10%FBS, and then incubated for 

further 48 hours. On day 6, PMA-differentiated THP-1 cells were treated with either 

50ng/mL recombinant IL-17A or PBS. After 24 hours, supernatant and cell pellets were 

collected and stored in -80°C until required for supernatant cytokine analysis and qRT-

PCR was conducted using LightCycler ® 480 Real-Time PCR system (Roche Molecular 

Systems, Inc. Basel, Switzerland). Relative gene expression values were calculated by the 

Roche LightCycler ® 480 software using the threshold cycle number, and normalized to 

the house keeping gene (ACTB) expression. The markers tested are as follows: M1 

(CSF3, PTGS2, IL1B, IL6, IL23, IL12, ccl5, ccl7, IFNG) and M2 (CD206, CD163, IL10, 

ccl17, PPARG). 
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4.3.4 42-plex cytokine analysis in THP-1 cells treated with PMA and IL-17A 

Supernatant collected from THP-1 cells treated with PMA and IL-17A were subjected to 

Human cytokine array/ chemokine array 42-plex cytokine analysis (HD42; Eve 

Technologies Inc., Calgary, Alberta, Canada). The experiment was conducted in triplicate 

per treatment. 1 ml of supernatant was collected and 50ul was aliquoted and frozen in -

80°C until analysis at Eve Technologies, Inc. (Calgary, Alberta, Canada). The list of 

cytokines is as follows: EGF, Eotaxin-1, FGF-2, Flt-3L, CX3CL1, G-CSF, GM-CSF, 

GRO-α, IFN-α2, IFN-γ, IL-1α, IL-1β, IL-1ra, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-

9, IL-10, IL-12(p40), IL-12(p70), IL-13, IL-15, IL-17A, IL-18, IP-10, MCP-1, MCP-3, 

MDC, MIP-1α, MIP-1β, PDGF-AA, PDGF-AB/BB, RANTES, sCD40L, TGF- α, TNF- 

β, VEGF-A. 

 

4.3.5 31-plex cytokine analysis in mouse plasma and peritoneal fluid  

Plasma and peritoneal fluid were collected for 31-plex cytokine analysis. 100ul of plasma 

was collected from all mice prior to treatment, 1 week post-treatment and at termination. 

The samples were immediately stored in -80°C prior to shipment to Eve technologies for 

Mouse cytokine array/chemokine array 31-plex (MD31; Eve Technologies Corporation, 

Calgary, AB, Canada). At termination, peritoneal lavage was also conducted with 3-5ml 

of ice chilled PBS using 25G needle and appropriate syringe. First, 1 ml of PBS was 

injected and re-collected for cytokine analysis, and stored in -80°C. Then, the rest of PBS 

was used to collect peritoneal cells. All samples were centrifuged at 2000 rpm for 5 

minutes, and the resulting cell pellet was re-suspended in RPMI 1640 with 5% FBS and 

kept on ice until further analysis. The list of analytes are as follows: Eotaxin, G-CSF, 
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GM-CSF, IFNγ, IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 

(p40), IL-12 (p70), IL-13, IL-15, IL-17A, IP-10, KC, LIF, LIX, MCP-1, M-CSF, MIG, 

MIP-1α, MIP-1β, MIP-2, RANTES, TNF α, VEGF.  

 

4.3.6 Immunolocalization of F4/80+ macrophages, CD163+ macrophages, CD31+ 

endothelium, and Ki-67+ proliferation in mouse endometriotic lesions 

Post-harvest, lesions were immersed in 4% paraformaldehyde for 16 hours in room 

temperature for fixation. The samples were then washed with 10 ml of PBS twice before 

the solution was exchanged with 70% ethanol prior to paraffin embedding. Paraffin 

embedded lesions were sectioned at 5µm in thickness and mounted onto slides and left on 

heating block overnight.  

 

For immunohistochemistry, slides were deparaffinized using xylene for 10 minutes, then 

rehydrated using gradients of ethanol at 100%, 95% and 70% for 5 minutes in each 

concentration. Heat induced antigen retrieval method was used with 10mM sodium 

citrate at pH 6.0 at 95°C for 20 minutes. Endogenous peroxidase activity was quenched 

by incubating slides with 3% H2O2 for 30 minutes at room temperature. To minimize 

background, sections were blocked with CAS-Block™ histochemical reagent (Thermo 

Fisher Scientific Inc. ON, Canada) at room temperature for 10 minutes. After TBS-T 

washes, slides were incubated with either biotinylated rat anti-mouse F4/80 antibody 

(CL8940B, 1:200) or rabbit anti-mouse CD163 antibody (ab182422, 1:500) overnight in 

a humidified chamber at 4°C. After washing with TBS-T, slides were incubated with 

ExtrAvidin®-Peroxidase (1:100, Sigma-Aldrich, St. Louis, MO, USA) for 30 minutes. 
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Slides were washed again prior to being stained using DAB substrate kit for 30 seconds – 

1 minute (ab64238, Abcam Inc., Toronto, ON, Canada) followed by counterstaining with 

Harris hematoxylin (EMD chemicals, NJ, USA) for 2 minutes. Finally, the slides were 

dehydrated in increasing concentrations of ethanol for 5 minutes each in 70%, 90% and 

100%, then cleared in xylene for 6 minutes. All slides were cover-slipped with Permount 

mounting media (Fisher Scientific, Ottawa, ON, Canada). Anti-ki67 and anti-CD31 

immunohistochemstry were performed using Ventana Discovery immunostainer 

(Ventana Medical Systems, Inc., USA) at the Department of Pathology at Queen’s 

University (Kingston, ON, Canada). The slides were scanned using Aperio ScanScope 

SC slide scanner (Leica Biosystems Imaging, Inc., Germany), and images taken using 

Aperio ImageScope© (Leica Biosystems Imaging, Inc., Germany). 

 

4.3.7 Identification of macrophage population in peritoneal fluid and plasma from 

mice treated with IL-17A or PBS 

Flow cytometry was conducted on cells collected from peritoneal fluid to identify 

macrophage population. Anti-CD11b-PE, anti-CD11b-FITC, anti-F4/80-FITC, anti-

Ly6C-PE, and anti-Gr-1-PE antibody were used to detect macrophage 

(CD11b+F4/80+CD206+) and monocytes (CD11b+Ly6C+). After harvesting from 

peritoneal cavity, cells were counted using hemocytometer and re-suspended in RPMI-

1640 with 5%FBS at 1 million cells/100ul and incubated with antibodies for 30 minutes 

at 4°C covered with aluminum foil. Cells were then washed twice with PBS+2%FBS, 

pelleted through centrifugation at 2000 rpm for 5 minutes, then transferred to 5ml round 

bottom tubes for flow cytometry using FACS ARIA III (BD Biosciences, USA).  
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4.3.8 nCounter© PanCancer Immune Profile Pathway Nanostring analysis for 

immune cell infiltration in mouse endometriotic lesions  

Total RNA extraction was conducted on endometriotic lesions collected from Experiment 

3 mice (n=11) using Norgen Biotek Total RNA isolation kit (#17200, Norgen Biotek, 

ON, Canada). After excision from the peritoneum of mice, each lesion was immersed 

immediately into RNA lysis buffer and kept on ice until lesions from all 11 mice were 

collected. Using battery-operated hand-held rotor and pestle, each lesion was 

mechanically pulverized until tissue was fragmented. This was followed by 

centrifugation at 13000rpm for 1 minute to pellet the debris. Supernatant was transferred 

into a new RNase/DNase free microcentrifuge tube and equal volume of 100% ethanol 

was mixed with the supernatant totaling 600ul in volume. Entire volume was transferred 

onto columns for RNA extraction from each sample. Post 3 washes using Wash buffer 

provided with the kit, RNA was eluted using elution buffer at 50ul per sample. RNA 

quality was determined using Nanodrop 2000 Spectrophotometer (Thermo Scientific, 

MA, USA).  

 

As previously described in Chapter 2 (Section 2.3.3), all samples were normalized to 25-

30 ng/uL in RNAse free distilled water, followed by Nanostring nCounter analysis 

(Nanostring Technoloigies, WA, USA) for gene expression profiling on 100 ng total 

RNA226. All samples were analyzed using nCounter® mouse PanCancer Immune 

Profiling Panel consisting of 770 genes from 24 different immune cell types from both 

the innate and adaptive immune response, allowing identification of tumor-infiltrating 

lymphocytes in tumor microenvironment. Briefly, the samples were subjected to 
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overnight hybridization reaction at 65ºC, where 5ul of total RNA samples were combined 

with 20ul of nCounter® Reporter probes in hybridization buffer and 5ul of nCounter® 

capture probes for a total reaction volume of 30ul. Post hybridization of probes with 

targets of interest in the samples, the abundance of target molecules was quantified using 

the nCounter® Digital Analyzer and were assessed using nSolver platform. 

Normalization of data was performed using NanoStringNorm package provided by R 

statistical software. Multiple t-test analysis on normalized data was performed using 

GraphPad Prism®7.02 Software.  

 

4.3.9 Statistical analysis 

GraphPad Prism® 7.02 Software was used for statistical analysis. The comparison of 

mean concentration of cytokines in plasma and peritoneal fluid between the treatment 

groups (i.e. IL-17A vs. PBS) was tested using multiple t-test, which was conducted and 

statistical significance determined using the Holm-Sidak method with α = 0.05. Two-way 

repeated measurement ANOVA was used to compare the mean concentration of 

cytokines between treatment days (i.e. pre-treatment vs. 1 week post-treatment). 

Unpaired t-test with Welch’s correction was used when means of two independent groups 

were tested for statistical significance. Results with P ≤ 0.05 was considered statistically 

significant.   

 

	
4.4 Results 

4.4.1 IL-17A significantly upregulates IL-6, IL-8, GRO-α, G-CSF, and GM-CSF 

from 12Z cells 
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12Zs were treated with different concentrations of IL-17A (5ng/mL, 50ng/mL, 

100ng/mL) and PBS (control) to characterize cytokine profile in the supernatant. Out of 

31 cytokines analyzed, G-CSF, GM-CSF, GRO-α, IL-6, and IL-8 were dose dependently 

increased in concentration compared to PBS (Figure 4-1A-E). 

 

Figure 4-1. IL-17A triggers production of inflammatory cytokines and chemokines 
from 12Z cells in dose-dependent manner. 12Z cells were plated in 6 wells at 1 x 106/ 
well and incubated for 24 hours with different concentration of IL-17A (5ng/mL, 
50ng/mL and 100ng/mL), as well as with PBS as control. Out of 31 cytokines analyzed in 
the supernatant (Eve Technologies, Alberta, Canada), G-CSF (A), GM-CSF (B), GRO-α 
(C), IL-6 (D), and IL-8 (E) showed dose-dependent increase in concentration that was 
significantly different from the level obtained with PBS treatment. One-way ANOVA 
used for statistical analysis between treatment with Bonferroni post-hoc test, *P ≤ 0.05. 
 

4.4.2 IL-17A significantly upregulates mRNA expression of IL1β from differentiated 

THP-1 

THP-1 cells, a monocytic cell line, were differentiated into macrophages using PMA, 

then subjected to either IL-17A (50ng/mL) or PBS treatment to assess transcript 



 

107 
 

expression of M1 and M2 macrophage markers. Out of all markers tested for M1 (CSF3, 

PTGS2, IL1B, IL6, IL23, IL12, ccl5, ccl7, IFNG) and M2 (CD206, CD163, IL10, ccl17, 

PPARG), IL1B showed statistical significance in PMA-differentiated macrophages with 

IL-17A treatment. IL-17A treatment alone did not cause upregulation of transcription in 

THP-1 cells. PMA treatment of THP-1 cells did cause statistically significant 

upregulation of IL-1β transcription levels with PBS treatment alone (Figure 4-2). 

 

Figure 4-2. PMA-differentiated THP-1 cells increase IL1β transcription when stimulated 
with IL-17A. THP-1 cells were differentiated into macrophages using PMA for 3 days, 
followed by IL-17A (50ng/mL) for 2 more days in PMA-free media. Total RNA was 
collected from differentiated THP-1 cells treated with either without PMA and with PMA 
and treated with either PBS or IL-17A. qRT-PCR revealed IL1β to be upregulated in IL-
17A treated cells. Statistical analysis conducted using unpaired t-test with Welch’s 
correction. * P ≤ 0.05. 
 

4.4.3 GRO-α and G-CSF are increased in the supernatant of differentiated THP-1 

cells treated with IL-17A 

We wanted to assess whether IL-17A stimulation will elicit expression of M1 or M2 

markers from naïve THP-1 cells or THP-1 cells differentiated into macrophages using 

PMA. THP-1 cells were treated with PMA (10ng/mL) for 48 hours in RPMI-1640 media 

supplemented with 10% FBS. On the 3th day, the media was replaced with PMA-free 
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media supplemented with recombinant human IL-17A (50ng/mL). Following 24-hour 

incubation, the supernatant was subjected to 31-plex cytokine analysis (Eve 

Technologies, Calgary, AB, Canada). Out of 31 analytes, we saw significant increase for 

GRO-α (Figure 4-3A) and G-CSF (Figure 4-3B), which were expected but were 

interesting results to observe. We also saw that IL-17A also elevated with PMA treatment 

(Figure 4-3C), suggesting autocrine upregulation of IL-17A production in differentiated 

THP-1 cells (blue bars; Figure 4-3C), and that upregulation of IL-17A with PMA 

treatment is not due to PMA alone, as we did not see IL-17A production in cells treated 

with PMA and PBS (PMA/PBS; Figure 4-3C). 

 

Figure 4-3. GRO- α and G-CSF are upregulated in the supernatant of differentiated 
THP-1 cells treated with IL-17A. THP-1 cells were differentiated into macrophages 
using PMA, and then subsequently treated with IL-17A (50ng/mL) for 2 days. In the 
supernatant collected following 2-day incubation with IL-17A, we detected increased 
concentration of GRO-α (A) and G-CSF (B) in differentiated THP-1 cells (blue columns) 
compared to non-differentiated THP-1 cells (grey columns). One-way ANOVA with 
Bonferroni post-hoc test was used for statistical analysis, * P ≤ 0.05 
 

4.4.4 IL-17A-CM from 12Z cells induces CCL17 mRNA transcription expression 

from undifferentiated THP-1 cells 
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Previously, we observed increased G-CSF, GM-CSF as well as inflammatory cytokine 

upregulated in 12Z cells with IL-17A treatment. We wanted to test the hypothesis that the 

12Z supernatant conditioned with IL-17A (IL-17A-CM) will induce the expression of 

macrophage polarization marker from Naïve THP-1 cells. After overnight incubation in 

either IL-17A-CM or PBS-CM, we collected the cells and extracted total RNA. qRT-PCR 

was conducted and markers of both M1 (CSF3, PTGS2, IL1B, IL6, IL23, IL12, ccl5, ccl7, 

IFNG) and M2 (CD206, CD163, IL10, ccl17, PPARG) were tested. We observed that IL-

17A-CM induced significant upregulation of ccl17, a marker of M2 macrophage, from 

naïve THP-1 cells (Figure 4-4A). Additionally, mRNA level of CD206 was also 

increased in cells treated with IL-17A-CM; however, the difference did not reach 

statistical significance (Figure 4-4B).  

 

 

Figure 4-4. IL17A conditioned 12Z cell medium upregulates mRNA transcripts for 
ccl17 and CD206 in THP-1 cells. THP-1 cells were incubated with IL-17A (50ng/mL) 
conditioned 12Z cell media for 24 hours, then total RNA was extracted to test for M1 and 
M2 marker transcription. Marker for M2 macrophages, ccl17 (A) was significantly 
upregulated in THP-1 cells treated with IL-17A-CM compared to PBS-CM. transcription 
level of CD206 (B), also a marker of M2 macrophage, was increased in IL-17A-CM 
treated cells; however, the difference did not reach statistical significance. Statistical 
analysis conducted using unpaired t-test with Welch’s correction. * P ≤ 0.05. 
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4.4.5 Implantation of uterine fragment using tissue glue leads to the formation of 

endometriosis-like lesions on peritoneum of mice 

As explained previously, endometriosis is induced in C57BL/6 mice of 6-8 weeks by 

using 3mm uterine tissue biopsy and gluing it onto the peritoneum of recipient mice. All 

mice were given 7 days to recover from the surgery. During this time, it was assumed that 

the lesion is established by summoning the surrounding vasculature and using 

endogenous estrogen for growth. At day 8, treatment of either IL-17A or PBS control 

began for additional 7-14 days. Upon termination, we exposed the peritoneum to 

visualize the lesion by cutting around the peritoneal membrane. Typically, the lesions can 

be seen on the right upper quadrant peritoneal membrane of mice.  Macroscopically, we 

saw no difference in size and appearance of lesions in mice treated with either IL-17A or 

PBS. Figure 4-5 represents prototypical appearance of endometriosis-like lesions 

established on mouse peritoneal membrane. Blue arrows indicate the location of lesions. 

Table 2 shows detailed outline of 3 separate experiments conducted in vivo.   

 

Figure 4-5. Example of formation of endometriosis-like lesions on peritoneum of 
mice treated with IL-17A or PBS. IL-17A (n=6); PBS (saline) (n=5). Blue arrows 
indicate the location of lesions on peritoneum.  
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Table 2. in vivo Experimental Outline 

 

 

4.4.6 IL-17A treated mouse show decreased plasma levels of MIP-1a and RANTES, 

whereas IL-12(p40) and MIP-1β were decreased in both IL-17A and PBS treated 

groups.  

We tested the hypothesis that IL-17A treatment leads to differential plasma cytokine 

profile compared to PBS treatment. When cytokine levels between pre-treatment and 1 

week post-treatment were compared, mice treated with IL-17A displayed decreased 

plasma levels of MIP-1α (99.16 vs. 67.16pg/mL), MIP-1β (72.27 vs. 28.33 pg/mL), 

RANTES (72 vs. 23.32 pg/mL) and IL-12(p40) (47.47 vs. 22.13 pg/mL) (Figure 4-6). 

Surprisingly, PBS treated mice also showed significantly decreased plasma levels of 

MIP-1β (63.95 vs. 36.45 pg/mL) and IL-12(p40) (48.77 vs. 23.36 pg/mL) (Figure 4-7), 

suggesting that the difference in these two cytokines may stem from transplantation of 

endometrial fragment, and not from IL-17A injection. The level of IL-17A in plasma was 

initially tested to be significantly elevated in IL-17A treated group 1 week post-treatment; 



 

112 
 

however, the significance was abolished after p-value was adjusted for multiple 

comparison.  

 

 

Figure 4-6. 31-plex cytokine analysis in plasma samples of mice treated with IL-17A 
(0.5ug/100ul). Out of 31 analytes assessed, MIP-1α, MIP-1β, RANTES and IL-12(p40) 
were significantly decreased in plasma after 1 week of IL-17A treatment. Repeated 
measurement 2-way ANOVA with Sidak multiple comparison correction method was 
used as statistical analysis, * P ≤ 0.05 
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Figure 4-7. 31-plex cytokine analysis in plasma samples of mice treated with PBS 
(100ul). Out of 31 analytes assessed, MIP-1β and IL-12(p40) were significantly 
decreased in plasma after 1 week of PBS treatment. Repeated measurement 2-way 
ANOVA with Sidak multiple comparison correction method was used as statistical 
analysis, * P ≤ 0.05 
 

4.4.7 Multiple t-test on analytes comparing treatment groups for pre-treatment and 

1 week post-treatment shows no statistical significant difference in cytokine levels in 

plasma 

We also evaluated the difference in cytokine levels between IL-17A treated and PBS 

treated mice on plasma obtained pre-treatment and 1 week post-treatment using multiple 

t-test analysis. There was no statistical difference in the cytokine levels between the two 

groups on either pre-treatment (Figure 4-8A) or 1 week post-treatment (Figure 4-8B). 
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Figure 4-8. Pre-treatment (A) and 1 week post-treatment (B) cytokine concentration 
between PBS and IL-17A treated mice show no significant difference in cytokines 
assessed. Concentration of IL-17A in plasma did increase from 3.12 pg/mL to 6.98 
pg/mL after 1 week post-treatment in IL-17A treated mice; however, the difference was 
not statistically significant. Plasma concentration of IL-17A stayed low from pre-
treatment levels of 2.28 pg/mL and 1 week post-treatment levels of 1.42 pg/mL in PBS 
control mice. (Multiple t-test using Holm-Sidak method to correct for multiple 
comparisons) 
 

4.4.8 Eotaxin and MIP-2 are significantly downregulated in plasma after 1 week of 

either IL-17A or PBS treatment, respectively. 

Next, we tested whether increased dosage of IL-17A would re-create local and systemic 

inflammation of peritoneal fluid and plasma in mouse induced with endometriosis and 

increased the dosage to 1ug/injection. After 1 week of intraperitoneal injection of 

1ug/100ul of IL-17A every 12 hours, plasma levels of Eotaxin significantly decreased in 

concentration from 694.2pg/mL (pre-treatment) to 569.7pg/mL (1 week post-treatment) 

(Figure 4-9A). On the other hand, PBS treated mice showed decrease in MIP-2 (murine 

form of GRO-α in humans) concentration in plasma post 1 week of treatment from 

239.2pg/mL to 136.8pg/mL (Figure 4-9B). 
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Figure 4-9. Eotaxin is decreased in plasma of mice treated with 1ug IL-17A whereas 
MIP-2 is decreased in PBS treated mice 1 week post-treatment. C57BL/6 mice were 
treated with other 1ug/100ul of IL-17A (n=4) or PBS (n=4) every 12 hours for 7 days. 
Plasma was obtained from peripheral blood collected pre-treatment and 1 week post-
treatment for cytokine analysis. Out of 31 analytes, only Eotaxin was found to be 
significantly decreased in plasma after 1 week of IL-17A treatment (A) whereas MIP-2 
was found to be significantly decreased in plasma after 1 week of PBS injection (B). *P ≤ 
0.05. (Repeated measurement 2-way ANOVA) 
 

4.4.9 Multiple t-test on analytes comparing between IL-17A and PBS treatment 

groups for pre-treatment and 1 week post-treatment shows differential level of 

Eotaxin and G-CSF in plasma   

Between mice allocated for IL-17A (n=4) and PBS (n=4) treatment, at baseline (pre-

treatment), level of Eotaxin was significantly higher in mice allocated for IL-17A 

treatment (693.2pg/mL) compared to those allocated for PBS (569.7pg/mL; Figure 4-

10A). At 1 week post treatment, plasma concentration of G-CSF was significantly higher 

in mice treated with IL-17A (414.5pg/mL) compared to PBS (304.5pg/mL; Figure 4-

10B)  
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Figure 4-10. Comparison of cytokine concentration at baseline and at 1 week post-
treatment shows significant difference in Eotaxin and G-CSF. At baseline, Eotaxin levels 
were significantly higher in mice allocated for IL-17A treatment (A). 1 week post-
treatment, G-CSF levels were significantly higher in mice treated with IL-17A 
(1ug/100ul) compared to PBS (100ul). Multiple t-test with Holm-Sidak method for 
multiple comparison correction was used for statistical analysis, *P ≤ 0.05.  
 

4.4.10 31-plex cytokine analysis on peritoneal fluid of mice treated with IL-17A or 

PBS show no statistically significant difference 

Peritoneal fluid was obtained at termination by conducting lavage of peritoneal cavity 

using ice chilled PBS. Due to the volume of PBS used (~3mL), we suspect that the 

concentration of cytokines was diluted as majority of analytes were of below detection 

limit; however, we could obtain measurable concentration for 6 cytokines: Eotaxin, G-

CSF, IL-17A, IP-10, MCP-1 and MIP-2, although none of them were statistically 

significant between treatment groups (Figure 4-11A-F). 
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Figure 4-11. 31-plex cytokine analysis on the peritoneal fluid obtained from IL-17A and 
PBS treated mice show no statistically significant difference in cytokine levels on 
analytes Eotaxin (A), G-CSF (B), IL-17A (C), IP-10 (D), MCP-1 (E), and MIP-2 (F).  
Statistical analysis: unpaired t-test.  
 
 
4.4.11 IL-17A treatment leads to increase G-CSF levels in plasma of mice induced 

with endometriosis.   

Due to inconsistencies in cytokine results from both experiments, we thought perhaps the 

duration of injection was too short to recapitulate the inflammatory microenvironment 

seen in women with disease. Therefore, we decided to conduct another experiment 

whereby mice were injected with 0.5ug IL-17A for 14 days, instead of 7 days. 0.5ug of 

IL-17A were intraperitoneally administered for 14 days, with each injection 12 hours 

apart. Peripheral blood was collected prior to beginning of treatment (pre-treatment), 1 

week post-treatment, and at 2 weeks post-treatment when all mice were euthanized. At 1 
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week post-treatment, plasma concentration of G-CSF was significantly increased in both 

IL-17A and PBS treated groups (645pg/mL vs. 748pg/mL, respectively). Additionally, 

plasma concentration of IL-1α was also significantly elevated in both IL-17A and PBS 

treatment group (167pg/mL vs. 90.94pg/mL, respectively) (Figure 4-12A and C). 

Plasma concentration of IL-17A was only significantly elevated in IL-17A treated mice 

(1 week: 228.1pg/mL vs pre-treatment: 2.9pg/mL; Figure 4-12B).  Interestingly, at 2 

weeks post -treatment, plasma concentration of G-CSF significantly decreased in PBS 

treated mice (340.4pg/mL from 748pg/mL; Figure 4-12C), whereas similar 

concentration was sustained in IL-17A treated mice (523.2pg/mL from 645pg/mL; 

Figure 4-12A). In both groups, IL-1α was significantly increased in plasma at 2 weeks 

post-treatment (422.4pg/mL vs. 400.6pg/mL in IL-17A and PBS, respectively; Figure 4-

8A and C). In PBS treated mice, MIP-1α was significantly increased at 1 week post-

treatment, but the levels declined at 2 weeks post-treatment (pre-treatment: 37.28pg/mL; 

1 week: 43.35pg/mL, 2 weeks: 18.75pg/mL; Figure 4-12D).  
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Figure 4-12. Long term treatment of IL-17A sustains elevated plasma concentration 
of G-CSF in mice induced with endometriosis. C57BL/6 female mice were treated with 
either 0.5ug/100ul of IL-17A (n=6) or PBS (n=5) every 12 hours for 14 days. Plasma was 
obtained from peripheral blood collected pre-treatment, 1 week post-treatment and 2 
weeks post-treatment at euthanasia for cytokine analysis. Both G-CSF and IL-1α are 
increased at 1 week post-treatment in IL-17A treated (A) and PBS treated (C) groups. G-
CSF levels are sustained in IL-17A treated group at 2 weeks post-treatment (A) whereas 
it is significantly diminished in PBS treated group (C). IL-1α is significantly elevated in 
both IL-17A treated (A) and PBS treated (C) group at 2 weeks post-treatment. IL-17A 
levels is significantly increased in IL-17A treated group only (A). MIP-1α is elevated in 
PBS treated group at 1 week post-treatment; however, the level significantly drops at 2 
weeks post-treatment (D). Statistical analysis conducted using two-way ANOVA with 
Sidak multiple comparison correction method. * P ≤ 0.05. 
 

4.4.12 Multiple t-test on analytes comparing IL-17A and PBS treatment groups for 

pre-treatment, 1 week post-treatment and 2 weeks post-treatment show increased 

concentration of G-CSF in IL-17A treatment group 

We also wanted to compare the cytokine concentrations in plasma between IL-17A and 

PBS groups as independent variables. Interestingly, we saw significantly higher 

concentration of G-CSF in the PBS group prior to treatment (Figure 4-13A; 420.7pg/mL 

vs. 466.7pg/mL), however the difference disappeared after 1 week post-treatment. At 2 

weeks post-treatment, we saw significantly higher concentration of G-CSF in the plasma 

of IL-17A treatment group compared to PBS controls, indicating that IL-17A treatment 

leads to increased circulating levels of G-CSF (Figure 4-13C; 523.2pg/mL vs. 

340.4pg/mL). We saw consistent increase in IL-17A concentration in the treatment group 

(Figure 4-13A-C: pre-treatment: 2.5pg/mL, 1 week: 228.1pg/mL, 2 weeks: 369.3pg/mL) 

compared to PBS controls, which stayed at baseline level until termination (Figure 4-

13A-C: pre-treatment: 2.5pg/mL, 1 week: 2.9pg/mL, 2 weeks: 4.2pg/mL).  
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Figure 4-13.  G-CSF is significantly increased at 2 weeks post-treatment in IL-17A 
treated mice compared to PBS. 31-plex cytokine analysis was compared in plasma of 
mice treated with either IL-17A (0.5ug/100ul) or PBS (100ul) pre-treatment (A), 1 week 
post-treatment (B), and at termination (C). The levels of IL-17A and G-CSF were 
significantly increased in mice treated with IL-17A (C). Statistical analysis conducted 
using two-way ANOVA with Sidak multiple comparison correction method. * P ≤ 0.05. 
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4.4.13 31-plex cytokine analysis on peritoneal fluid of mice treated with IL-17A or 

PBS show significant difference in KC and VEGF 

Peritoneal fluid was obtained at termination by conducting lavage of peritoneal cavity 

using ice chilled PBS. We first used 1ml of PBS to collect peritoneal fluid for cytokine 

analysis due to prior volume of 3 ml being too diluted for assessment. Using smaller 

volume of PBS, we obtained measurable protein concentrations from 19 analytes out of 

31, (Figure 4-14A-S) from which VEGF and KC were significantly elevated in IL-17A 

treated group compared to PBS (Figure 4-14J and P). 
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Figure 4-14. KC and VEGF are elevated in the peritoneal fluid of mice treated with 
IL-17A (0.5ug/100ul). (A) to (S) shows analytes where the peritoneal fluid concentration 
was above the detection limit. IL-17A treated mice are indicated as blue squares whereas 
PBS control mice are indicated as black dots. Unpaired t-test with Welch’s correction 
was conducted for each analyte and outliers were removed prior to the test. P-value close 
to significance (p ≤ 0.05) is indicated when suitable. * P ≤ 0.05. 
 

4.4.14 IL-17A treatment does not lead to increased infiltration of macrophages into 

the peritoneum in vivo 

In Figure 4-15, an example of gating strategy for peritoneal macrophages are shown 

from Experiment 3 where mice were treated with either IL-17A (0.5ug/100ul) or PBS for 

2 weeks every 12 hours. Figure 4-15A shows the gating strategy to obtain CD11bhi 

F4/80+ CD206+ population of macrophages from peritoneal fluid samples, whereas 

Figure 4-15B compares the percentage of cells obtained from either IL-17A or PBS 

groups.  
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Figure 4-15 The number of CD11bhi F4/80+ CD206+ peritoneal macrophages do not 
differ regardless of IL-17A treatment. (A) gating strategy to isolate peritoneal 
macrophage population. CD206 was used to define “alternatively activate” macrophage 
population. (B) scatter plot for % F4/80+CD206+ cells from CD11bhi population show no 
difference between IL-17A (n=6) and PBS group (n=4) based on unpaired t-test with 
Welch’s correction. Only positive error bars are shown in (B). 
 

4.4.15 IL-17A treatment does not lead to significant increase in the number of 

CD11b+ Ly6C+ inflammatory monocytes in peripheral blood 

We also analyzed whether IL-17A treatment will lead to increased levels of inflammatory 

monocytes in the periphery by measuring the number of CD11b+ Ly6C+ cells in the 

peripheral blood. As seen in Figure 4-16B, we did not see significant difference in the 

number of inflammatory monocytes in IL-17A treated mice compared to PBS controls.  
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Figure 4-16. IL-17A treatment does not lead to significant increase in the number of 
circulating inflammatory monocytes in mouse model of endometriosis. (A) gating 
strategy for CD11b+ Ly6C+ inflammatory monocytes. (B) scatter plot for % CD11b+ 
Ly6C+ cells from peripheral blood show no significant difference between IL-17A (n=6) 
and PBS group (n=4) based on unpaired t-test with Welch’s correction. Only positive 
error bars are shown (B).  
 

Next, we stained paraffin embedded lesions with antibodies against activated 

macrophages (anti-F4/80), M2 macrophages (anti-CD163), proliferating cells (anti-Ki67) 

and endothelial cells (anti-CD31). IL-17A is known to induce production of chemokines 

for neutrophil and macrophages from epithelial168 and stromal cells106. Here, we assessed 

whether increased systemic and local concentration of IL-17A in mice will increase 

infiltration (quantity in the lesion), activation (F4/80+ cells), and polarization (F4/80+ 

CD163+) of macrophages into the lesions compared to lesions obtained from PBS control 

mice.  

 

4.4.16 F4/80+ macrophage infiltrate into the lesion of mice treated with IL-17A 

F4/80 is a murine glycoprotein, and a specific cell surface marker for mature 

macrophages 227,228. Anti-F4/80 antibody was used to visualize the distribution and 

abundance of macrophages in lesions of mice treated with IL-17A (Figure 4-17A-H) or 

with PBS (Figure 4-17I-N). We did not detect quantitative difference in F4/80+ 
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macrophages in either IL-17A or PBS treated mice, suggesting that IL-17A treatment 

does not lead to increased infiltration of F4/80+ macrophages into the lesion.  
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Figure 4-17. F4/80+ macrophages infiltrate into the lesion of mice treated with IL-17A or 
PBS. Here we show two examples of lesions obtained from mice treated with either IL-
17A (0.5µg/100µL; A-H) or PBS (100µL; I-P) for 14 days every 12 hours. After 2 weeks 
post-injection, lesions were excised with the underlying peritoneum. A, E, I, M are 25x 
magnification of lesions to show the distribution of F4/80+ cells. B, F, J, N represent 
200x magnification of a specific region of the lesion where F4/80+ cells are localized 
with C, G, K, O showing digitally magnified images. D, H, L, P represent isotype control. 
Scale bar for 25x is 800 µm; Scale bar for 200x is 100 µm. Brown staining indicate 
positivity for F4/80 antigen. 
 

4.4.17 CD163+ macrophages are found in the lesion-peritoneal junction, 

peritoneum, or in adipose tissue, and do not overlap with F4/80+ macrophages in 

lesions 

We next used anti-CD163 antibodies to see whether F4/80+ antibodies are indeed M2 

macrophages. CD163 is a monocyte/macrophage differentiation antigen that are 

expressed in tissue resident macrophages that is also used to identify macrophages that 

are M2 polarized 88,229. As seen in Figure 4-18, CD163+ macrophages are localized in the 

connective tissue of skeletal muscle of peritoneum, interspersed within the adipose tissue, 

or found at the lesion-peritoneal junction. Unlike F4/80+ macrophages that are localized 

within the lesion (Refer to Figures 4-17), CD163+ macrophages localized on the 

periphery of the lesion, and the two antigens did not overlap.  
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Figure 4-18. CD163+ macrophages are localized within the peritoneum, adipose 
tissue, and lesion-peritoneal junction, and do not overlap with F4/80+ macrophages. 
Paraffin-embedded lesions were sectioned at 5um thickness and subjected to anti-CD163 
immunostaining to identify M2 polarized macrophages.  Both IL-17A treated (A-D) and 
PBS treated (E-H) lesions show CD163+ macrophages localized within lesion-associated 
adipose tissue peritoneum or at lesion-peritoneal junction (B, C, F, and G). D and H 
represent isotype control. Scale bars are as follows: 500um (A and E), 50um (B-D, E-G). 
 

4.4.18 Quantification of Ki67+ cells in lesions treated with or without IL-17A 

To assess whether IL-17A treatment can influence proliferation of the cells within the 

lesion, we quantified Ki67 positive cells using anti-Ki67 antibody. Ki67+ cells were 

variable between IL-17A treated lesions (Figure 4-19A and B) and PBS control lesions 
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(Figure 4-19C and D). We assessed only 2 mice per treatment from Experiment 1 

(treatment group: 0.5ug IL-17A for 7 days) and therefore lack in statistical analysis. 

Further, we did not verify the estrous cycle of the mice prior to termination. This could 

also confound the number of proliferating cells we observe in the lesion as endometriotic 

lesions in mice are dependent on estrogen for proliferation. Morphologically, Ki67+ cells 

seem to be lymphocyte in nature due to the roundness of their nuclei, but you can also see 

Ki67+ cells in the epithelium of the lesion (Figure 4-19C), suggesting that both 

lymphocyte as well as epithelial cells undergo proliferation in mice treated with either IL-

17A or PBS.  
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Figure 4-19. Quantification of Ki67+ cells in endometriosis-like lesions in mice 
treated with IL-17A or PBS. Paraffin embedded lesions were sectioned at 5um and 
stained with anti-Ki67 antibody to identify proliferating cells. Both IL-17A treated (A 
and B, 24.4% and 30.7%, respectively) and PBS control (C and D, 26.1% and 20.9%, 
respectively) lesions contain Ki67+ cells within the stromal region of the tissue, with 
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occasional positivity shown on the epithelium of the gland (C). Morphologically, Ki67+ 
cells resemble lymphocytes due to their circular nuclei. Quantification of Ki67+ cells was 
conducted using pre-programmed software on Spectrum Version 11.0.0.725 and Aperio 
ImageScope©. Blue indicates nuclei that are negative for Ki67. Yellow, brown and red 
indicates Ki67 positive cells at different staining intensity, with yellow being the lowest 
and red being the highest. Scale bar denotes 300um and 100um for 6.7x and 20x 
magnification, respectively.   
 

4.4.19 Anti-CD31 immunohistochemistry for vascularization cannot differentiate 

between IL-17A and PBS control mice lesions 

We also conducted anti-CD31 staining to visualize vascularization of the lesion treated 

with either IL-17A or PBS. At 20x magnification, (Figure 4-20) you can appreciate that 

CD31 positivity is extensive throughout lesion of both treatment groups. Absolute 

quantification of vascularization using immunohistochemistry is limited by the sections 

of tissues.  

 

Figure 4-20. Vascularization of lesions in mice treated with IL-17A or PBS using 
anti-CD31 antibody. Paraffin embedded lesions were sectioned at 5um and stained with 
anti-CD31 antibody to identify the vessels. Both IL-17A treated (A and B) and PBS 
control lesions (C and D) show extensive vascularization within the stroma as denoted by 
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cross sections of vessels stained in brown. All images were taken using Spectrum Version 
11.0.0.725 and Aperio Imagescope©. Scale bar denotes100 um and all images are taken 
at 200x magnification.  
 

4.4.20 PanCancer Nanostring analysis shows chil3 (YM1) to be downregulated in 

endometriotic lesions of mouse treated with IL-17A (0.5ug/100ul) compared to PBS 

control.  

Tissue-wide transcription can provide robust information on cell signaling pathways, 

transcription factors, and potential proteins that are differentially expressed between 

treatment groups. Similar to Chapter 3, we attempted to profile immune cell subtypes in 

lesions using PanCancer Immune Profile Nanostring Panel, which encompass 770 genes 

capable of identifying 24 different immune cell subtypes. Post, multiple t-test analysis on 

770 genes to identify differentially expressed genes between lesions of treatment and 

control groups, we only found significant difference in one gene, chil3 (Figure 4-18). 

Also known as YM1, the expression level was significantly downregulated in lesions 

obtained from IL-17A treated mice compared to lesions obtained from PBS treated mice.  
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Figure 4-21. IL-17A treatment leads to downregulation of chil3 (YM1) transcript 
levels in mouse endometriotic lesions. Endometriotic lesions were harvested from mice 
treated with IL-17A (n=6; 0.5ug/100ul) or PBS (n=5;100ul/injection) at 2 weeks post-
treatment. Total RNA was extracted and subjected to transcriptomics analysis using pre-
set PanCancer panel from Nanostring technologies. Out of 750 genes scanned and 
subjected to multiple t-test analysis, differential expression level of chil3 was 
significantly different between treatment and control group. *P ≤ 0.05. 
 

4.5 Discussion.  

In this study, we aimed to determine whether IL-17A have direct contribution to 

macrophage infiltration and polarization using both in vivo and in vitro experimental 

approach. The premise was based on evidence demonstrating the involvement of 

peritoneal macrophage in the development and vascularization of lesions established in 

mice82,88, and that macrophages obtained from women with endometriosis produce 

increased concentration of VEGF42. Furthermore, in other disease models, IL-17A 

participated in monocyte recruitment to site of inflammation 230, and through induction of 

PGE2, promoted M2 polarization in monocyte derived macrophages 130. Although studies 

also showed that IL-17A can direct polarization of macrophages into M1 phenotype 
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225,231, nothing was known with respect to whether IL-17A can play a similar role in the 

pathogenesis of endometriosis.  

 

Unexpectedly, we experienced interesting variability between the three experiments.  In 

our first in vivo experiment, we observed significant increase in plasma concentration of 

MIP-1α, MIP-1β, RANTES and IL-12(p40) in IL-17A treated group after 1 week of 

treatment. However, MIP-1β and IL-12(p40) were also significantly increased in PBS 

control group as well, indicating that the injection of IL-17A causes systemic increase in 

MIP-1α and RANTES, and that the increase in MIP-1β and IL-12(p40) were perhaps due 

to the presence of the lesion. Interestingly, MIP-1α and RANTES are produced by 

activated M1 macrophages (Reviewed by 232) and are chemokines for 

monocytes/macrophages, which are recruited to the site of damage via surface expression 

of CCR1, CCR3, and CCR5 from the peripheral blood 233. While we did not assess for 

chemokine receptor expression in the lesions for MIP-1α and RANTES, first experiment 

provided evidence that IL-17A can induce monocyte recruitment into the site of lesion 

growth in the peritoneal cavity by upregulating the respective chemokines.  

 

Aside from first in vivo experiment, we observed consistent production of G-CSF by IL-

17A injection or stimulation from both in vivo and in vitro experiments. This was perhaps 

expected as the primary function of IL-17A is to induce granulopoeisis and neutrophil 

infiltration into sites of inflammation via inducing the production of chemokines and 

growth factors like GRO-α and G-CSF234–237, and in retrospect should have been the 

primary focus of our investigation. However, due to the relatively short lifespan of 
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neutrophils 238, and because neutrophils can recruit macrophages into the tumor 

microenvironment 239, we investigated on the effect of IL-17A in macrophage infiltration 

as our primary focus. To this end, this study showed that F4/80+ macrophages infiltrate 

into lesions of both IL-17A and PBS treated mice, with numbers visibly increased in 

lesions treated with IL-17A. However, our results, as a whole, do not suggest that IL-17A 

treatment induce polarization of resident macrophages into M2 phenotype. This is 

demonstrated by the lack of overlapping F4/80+ macrophages with those that are 

CD163+ and by Nanostring analysis that showed downregulation of murine M2 marker 

chil3 transcript levels in endometriotic lesions from IL-17A-treated mice compared to 

controls. 

 

Our in vitro result, though, showed the capacity of IL-17A to induce heterogeneous 

response from THP-1 cells. When THP-1 cells were co-cultured with IL-17A conditioned 

media from 12Zs, transcription for ccl17 and CD206 was increased. However, transcript 

levels of other M2 markers, CD163, IL10 and IL12, were undetectable in the same THP-1 

cells treated with either IL-17A or PBS conditioned media from 12Zs. In contrast, when 

differentiated THP-1 cells were directly incubated with IL-17A, IL1B only showed 

significant levels of differential expression compared to PBS or undifferentiated THP-1 

group. Upregulation of IL1B transcript levels suggest potential activation of 

inflammasome complex by IL-17A in differentiated THP-1 cells 240. Additionally, IL-

17A stimulation also significantly upregulated the production of GRO-α and G-CSF from 

differentiated THP-1 cells. This has been also observed from human bronchial epithelial 

cells, human dermal microvascular endothelial cells, and human peritoneal mesothelial 
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cells 236,241–243, suggesting that IL-17A also exerts similar response from differentiated 

THP-1 cells.  

	

4.6 Conclusion 

Both in vivo mouse studies as well as data collected from human studies demonstrated 

that alternatively activated macrophages (M2) play an essential role in endometriosis 

pathogenesis by promoting lesion development and vascularization. However, studies 

investigating the mechanism of macrophage polarization into M2 in endometriosis were 

lacking. IL-17A has been showcased in literature as an inducer of either M1 or M2 

macrophages in different diseases. In this study, we demonstrated that IL-17A can induce 

context-specific response from either naïve THP-1 monocytic cells or differentiated THP-

1 cells. We found that IL-17A can directly induce inflammatory cytokines from 

macrophages, or indirectly prime the monocytes into an alternative activated phenotype 

by promoting the upregulation of M2 markers, CD206 and CCL17. This was dependent 

upon the culture condition whereby THP-1 cells were either stimulated with IL-17A in 

naïve media, or cultured in IL-17A-conditioned media from 12Z cells. Indeed, 

macrophages are highly plastic cells that can change their phenotype based on the 

available cytokines in the microenvironment. Our data suggests that IL-17A can 

influence the constituents of the microenvironment, and in turn influence macrophage 

polarization. To this end, IL-17A may play a significant role in creating that 

microenvironment conducive for M2 macrophage development by orchestrating the 

production of polarizing cytokines from different cell types found within endometriotic 

lesion including fibroblasts, endothelial cells, and epithelial cells. Our study highlights 
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the significance of elevated levels of IL-17A in plasma of women with endometriosis by 

demonstrating the potential mechanism utilized by IL-17A to induce macrophage 

polarization. Future studies will further delineate whether IL-17A-induced 

microenvironment in endometriosis is conducive to either M1 or M2 polarization. 
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Chapter 5 

General Discussion 

Endometriosis is a complex disease with variable phenotypic and symptomatic 

presentation in women 244,245. Aside from estrogen dependence, we know that immune 

dysfunction and inflammation play a role in its pathobiology 246–250. In addition, we are 

beginning to elucidate the genetic variants associated with endometriosis risk by means 

of genome-wide assessment studies 152,153,251–253, which have demonstrated that the 

endometrium of endometriosis patients displays aberrant molecular expression patterns 

that give it the ability to implant, invade, and develop into endometriotic foci 37–39,254. We 

are also beginning to map out the epigenetics of endometriosis by identifying aberrantly 

methylated genes (e.g., TNFRSF1B, IGSF21, and TP73 253) involved in the pathogenesis 

of endometriosis 255. It is now well established that endometriosis thrives in an 

inflammatory environment. Our research group, as well as other researchers have 

documented elevated levels of proinflammatory cytokines in the peritoneal fluid, eutopic 

endometrium and ectopic lesion samples, and blood in women with endometriosis 188,256–

260, which can decrease significantly on laparoscopic removal of the lesions 119.  

 

Evidence from non-human primate research suggests that the ectopic presence of 

endometriotic foci can trigger aberrant molecular patterns in eutopic endometrium 

characterized by hyper-responsiveness to estrogen and resistance to progesterone  during 

secretory phase of the menstrual cycle 25,261,262. This shows that endometriosis is indeed a 

chronic inflammatory disease wherein the sterile inflammation induced by cyclic 

deposition of menstrual fragments can lead to pathogenic epigenetic changes in the 
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eutopic endometrium. Intriguingly, the only aspect of its pathogenesis targeted for 

therapeutic approach focus on the dependence of endometriosis on ovarian estrogen for 

growth, the suppression of which remains perhaps the single scientifically and clinically 

proven therapy to work effectively against pelvic pain and disease burden. Indeed, the 

release of new GnRH antagonist, elagolix, in 2018, demonstrates the challenges and 

difficulties we face in developing therapies that target the pathways of immune 

dysfunction and inflammation.  

 

As Sampson postulated in 1920-40s, the evidence is strong that the clinically observed 

different phenotype of endometriosis arises from menstrual effluent refluxed from patent 

fallopian tubes. As the endometrium is shed from the uterine cavity, it is composed of 

viable endometrial cells that carry with it the capacity to implant and promote 

vascularization. In ectopic locations, the local immune system, especially the peritoneal 

macrophages, seems to promote vascularization by enhancing local concentration of 

VEGF 42. Experimental results in mouse model of endometriosis show promises in 

targeting the activation pathway of macrophages whereby an increase in the ratio of 

M1:M2 macrophages may stimulate phagocytosis of menstrual effluents instead of 

promoting its vascularization 88.  

 

What is clear from literature is that retrograde menstruation is a common phenomenon in 

women of reproductive age, and causes acute inflammation 214. To achieve homeostasis, 

immune system will normally be recruited into the peritoneal environment to 

phagocytose menstrual debris and establish homeostasis 263. Macrophages and 
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neutrophils will be key players in resolving this sterile inflammation caused by the 

presence of dying tissue. What differs from women that develop endometriosis and have 

significant symptoms from those that do not, may be attributed to the molecular changes 

that occur to the eutopic endometrium and to the local immune environment. Evidence 

from baboon model shows that the mere presence of ectopic endometriotic foci can alter 

the molecular pattern of eutopic endometrium such that it becomes hypersensitive to 

estrogen and resistant to progesterone, with implication of the tissue being more capable 

of implanting when in ectopic locations with subsequent menstrual cycle. Once the 

disease is established, there may be a constant communication between the ectopic tissue 

and eutopic such that the molecular changes become locked in place. We can postulate 

then, that the stage I disease may progress into stage IV, and the symptoms of pain will 

become gradually severe as the disease develops in woman as she ages.  

 

This theory cannot explain why some women might have stage I endometriosis upon 

laparoscopic diagnosis, and yet suffers from destabilizing pelvic pain with significant 

impact on her quality of life 264. The science on this aspect is that the women may be 

hypersensitive to pain due to increased unmyelinated nerve fiber density on peritoneal 

endometriotic lsions, and on the peritoneum surrounding the lesions 265,266. Simply, it 

could be this anatomical variance between women that may explain differences in 

experiences of pain. Structural MRI study have found differential grey matter volume in 

women with endometriosis who are hypersensitivity to pain 267. As pain can be subjective 

as well, baboon model or mice model of endometriosis are inadequate research model to 

study the relationship between endometriosis and pain. A group from UK have 
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established a link between macrophages and neuronal fibers, demonstrating that 

macrophages activate neuronal fibers sensing pain, and estradiol is at the forefront of this 

pathway 268. Again, this study shows why blocking estrogen also ameliorates symptoms 

of pain in women on contraceptive approach to treat endometriosis.  

 

In Chapter 2, we profiled transcriptomics of eutopic, ectopic and control endometrium for 

genes involved in inflammation and immune cell signaling pathway. We found that out of 

579 genes, 396 genes were differentially expressed in ectopic endometriotic samples 

compared to the control endometrium samples, and the genes were involved in cytokine-

cytokine receptor interaction, cellular adhesion, immune cell recruitment and apoptosis 

signaling.  In particular, transcript levels for genes involved in inflammasome complex 

signaling (IL18, IL18R1, IL18RAP, NLRP3, CASP1), angiogenesis (CXCL12 and 

PECAM-1), and adaptive immune cell signaling molecules (CD40, CD48, CD454R0, 

CD4), were significantly increased in ectopic samples compared to control samples. 

These results suggest that different signaling pathways are involved in endometriotic 

lesions compared to control endometrial tissues that are involved in immune cell 

recruitment, inflammation, and angiogenesis. Additionally, ectopic endometriotic 

samples also displayed decreased transcript levels for genes involved in NK cell 

differentiation, cytotoxicity and recruitment (NFIL3, GNLY, and IL15) compared to 

control samples, validating previous accounts of diminished NK cell cytotoxicity towards 

endometrial fragments in women with endometriosis 95,97,269. 
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In addition to discovering dysregulated patterns of gene transcriptions for pathways 

including immune cell activation, infiltration, and inflammasome complex in ectopic 

samples, we also showed how transcriptionally different eutopic endometrial samples are 

compared to control endometrial samples. We showed elevated transcript levels of 

cytokines, chemokines and receptors (CXCL1, CX3CL1, CXCL9, CXCR2, IL7R) in 

eutopic endometrial samples that were not seen in control samples. Furthermore, 

transcript levels of genes involved in regulation of apoptosis, cytokine production, and 

response to wound healing (BCL6, SMAD3, CARD9, IL6R, IKBKG, BAX) were 

significantly decreased in eutopic endometrial samples compared to control. NOTCH1 

and NOTCH2, genes involved in the process of decidualization, were also decreased in 

transcript levels in eutopic endometrial tissues compared to control endometrium. In 

conclusion, we provided molecular evidence that ectopic endometriotic lesions harbor 

aberrant infiltration and activation of immune cells, and inflammasome complex 

activation, which may participate in creating inflammatory peritoneal environment 

observed in women with endometriosis. 

 

In Chapter 3, we reported for the first time that the removal of lesions decreases plasma 

concentration of IL-17A 2 weeks post-laparoscopic surgery, demonstrating the potential 

involvement of IL-17A in pathogenesis of endometriosis. Indeed, IL-17A induced 

proinflammatory cytokines from 12Zs and EECCs, and directly induced tubulogenesis in 

HUVECs. Both human and in vitro data suggested that increased plasma concentration of 

IL-17A could perhaps participate in the disease pathogenesis by promoting inflammation 

and vascularization of the lesion. Further, induction of G-CSF by IL-17A from 12Zs, 
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EECCs, and HUVECs suggests thatIL-17A can play a key role in neutrophil recruitment 

into the site of lesion growth. Neutrophils have been documented to invade early into the 

growing lesion in mice and promote vascularization by producing VEGF, along with 

lesion-infiltrated macrophages 82.  Thus, neutralization of IL-17A may indirectly provide 

means to inhibit lesion vascularization by prohibiting the induction of G-CSF from IL-

17A target cells, thereby limiting neutrophils and macrophages into the peritoneal cavity.  

 

In Chapter 4, we tested the hypothesis that IL-17A will induce recruitment and 

polarization of macrophages into M2, wound healing, phenotype. Despite in vitro data in 

Chapter 3 demonstrating the potential of IL-17A to promote angiogenesis, we did not see 

increased vascularization of lesions in mice treated with IL-17A. In three separate in vivo 

experiments, we did see macrophage infiltration into the lesion by anti-F4/80+ staining, 

but IL-17A treatment did not influence its number. Further, IL-17A treatment did not 

induce polarization of F4/80+ macrophages in to M2 phenotype, as CD163+ 

macrophages did not overlap with the localization of F4/80+ macrophages. We did 

observe, however that they were congregated at the lesion-peritoneal border, suggesting 

that they may play a role in adhesion of lesions onto the peritoneum. In the peritoneal 

fluid, we did not see increased number of CD11b+F4/80+CD206+ cells, but we did see 

increased number of inflammatory monocyte in the peripheral blood of mice treated with 

IL-17A. This, however, did not reach statistical significance. We further tested the 

hypothesis via in vitro approach by directly incubating THP-1 cells with IL-17A 

conditioned media. Although we did observe significant increase in mRNA levels of 

ccl17 and CD206, which are markers of M2 macrophages, other important M2 marker 
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such as CD163, was not influenced by IL-17A conditioned media. Further, IL-17A 

increased transcription of IL1β from differentiated THP-1 cells, which is a product from 

inflammasome complex activation. In conclusion, our study shows that IL-17A can 

indirectly induce markers of M2 in non-differentiated THP-1 cells but also directly 

induce pro-inflammatory cytokine from differentiated THP-1 cells. Depending on the 

activation status of THP-1 cells, IL-17A elicits different transcriptional profile, indicating 

heterogeneous function of IL-17A on monocytes/macrophages. 

 

Indeed, macrophages can progress through different polarization stages to participate in 

induction of inflammation to resolution of inflammation to facilitate tissue remodeling 

and healing 270. The dysfunction of macrophages to adapt appropriate phenotypes leads to 

pathogenic outcome. In spinal cord injury, inflammatory milieu of injured site prevents 

macrophages from adapting an anti-inflammatory, wound-resolving phenotype271.  

Furthermore, macrophages, as well as neutrophils, are increased in number in diseases 

characterized by non-resolving inflammation. Non-resolving inflammation is a situation 

where acute and chronic inflammation co-exist, and inflammation fails to subside due to 

reintroduction of inflammatory stimulus 272. This type of inflammation is typically found 

in rheumatoid arthritis, artherosclerosis, diabetes and cancer. Endometriosis is a similar 

situation. It is characterized by chronic inflammation due to increased inflammatory 

cytokines in peritoneal fluid and plasma. The inflammation only subsides with removal 

of lesion119, or with administration of anti-estrogenic drugs. The phenomenon of 

retrograde menstruation, and estrogen-responsive ectopic lesions contribute to 

nonresolving inflammation by continuously providing stimuli that promotes 
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inflammation. In literature, aberrantly activated macrophages are increased in number in 

peritoneal fluid. In lesions established in mice, we saw infiltration of F4/80+ 

macrophages. Endometriosis is a non-resolving inflammatory condition, and 

macrophages must be an active participant in the disease pathogenesis. 

 

In this thesis, we sought to demonstrate IL-17A as the driving factor of inflammation and 

macrophage polarization in endometriosis pathogenesis. We did show evidence in vitro 

that IL-17A does indeed stimulate inflammatory mediators from different cell lines. 

However, our in vivo studies did not definitively provide evidence that this is the case. 

We did identify novel heterogeneous role of IL-17A in vitro. It can transcriptionally 

activate monocytes and macrophages to produce either M2 (CD206 and ccl17) or M1 

(IL1B) markers. A different approach by using IL-17A knock out mice, or IL-17RA 

knock out mice will definitively assist in confirming whether IL-17A signaling is 

pertinent in the grand scheme of the pathophysiology of endometriosis.  

  

5.1 Limitations 

Each experiment in this thesis was carefully designed to answer the hypothesis by 

maximizing what we have available in terms of tissue samples and cell lines. However, 

this study was indeed limited by the lack of fresh human samples that are appropriately 

stratified by the stage of the disease, menstrual cycle, and age of the individual. The 

provision of fresh peripheral blood or peritoneal fluid would have provided the 

appropriate tools to characterize the immune subtypes in patients with endometriosis 

using flow cytometry. We could have used fluorescence assisted cell sorting to test 
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immune cell activation between patients and controls.  Instead, we relied on frozen tissue 

samples, which were used to extract protein and RNA for downstream cytokine and 

molecular analysis. Frozen PF and plasma samples were used for cytokine profiling 

analysis. The data generated thus suffer from increased variability due to the potential 

degradation of sample integrity in the process of freezing and thawing. For example, the 

extensive transcriptomic panel can provide information on differential expression of 

genes involved in inflammation and immune activation in patient and control samples. 

Because whole tissue lysate was used for analysis, the data cannot provide meaningful 

information on which cell types are involved in those processes that are differentially 

regulated between samples. Additionally, we were limited by the availability of samples 

from appropriate control group of women of reproductive age. Unlike in baboons, it is 

unlikely that women will voluntarily undergo laparoscopic surgery to provide peritoneal 

fluid samples for scientific investigation. Our control group consist of women that were 

free of endometriosis, but were undergoing surgery for other health related problems.  

 

The translatability of the studies is also limited by the usage of mouse to model 

endometriosis. As mice do not menstruate, endometrial tissues are either surgically 

sutured, glued, or injected into the peritoneal cavity to mimic the physiological 

implantation of endometrial tissue post retrograde menstruation. It does not adequately 

re-create the inflammatory peritoneal environment that is observed in women with 

disease, nor develop systemic increase in proinflammatory cytokines with prolonged 

duration of induced endometriosis. Especially due to its complex and multifactorial 

pathophysiology encompassing endocrine, genetics, and immune dysfunction, it is 
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impossible, using current model of murine endometriosis to recapitulate all facets of 

endometriosis pathophysiology.  

 

5.2 Future directions 

Endometriosis is a complex and multifactorial disease further complicated by lifestyle, 

genetic, hormonal, and dysfunctional immune activation. This thesis predominantly 

focused on establishing the immune and inflammation basis of endometriosis 

pathogenesis, particularly demonstrating that endometriotic lesions and matched eutopic 

endometrial tissues are molecularly different compared to control endometrium.  Future 

studies should delineate whether inflammation is induced prior to immune dysfunction, 

or immune dysfunction is already present in women with endometriosis prior to the 

lesion development. To further characterize and assess the importance of IL-17A in the 

pathogenesis of endometriosis, we should neutralize IL-17A receptor signaling by using 

anti-IL17 antibody to confirm whether IL-17A is required for macrophage recruitment in 

the peritoneal cavity.  

 

Secondly, we should establish a link between IL-17A and immune cells recruitment 

including neutrophils. In women with endometriosis, GRO-α is also significantly higher 

in peritoneal fluid compared to women without endometriosis 273, which may explain 

early infiltration of neutrophils into the lesions in mouse model of endometriosis 82. On 

the other hand, G-CSF levels are significantly decreased in follicular fluid and serum of 

women with endometriosis 274, which is also associated with their diminished in vitro 

fertilization outcome. Interestingly, though, this study has shown repeatedly that IL-17A 
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can induce the G-CSF and GM-CSF production from in vitro cell lines, and also increase 

its production systemically in the mouse model of endometriosis. While mature 

neutrophils will not proliferate and have short lifespan, G-CSF and GM-CSF can promote 

survival of these mature neutrophils by inducing a protein called survivin, which can 

prohibit apoptosis by reducing caspase 3 activation275. Furthermore, a causal link 

between IL-17A and mast cells in the pathogenesis of endometriosis should be explored. 

Mast cells have been previously reported to be highly increased in tissue samples from 

peritoneal, ovarian and deep infiltrating endometriosis, and closely associated with nerve 

fibers within these lesions, suggesting that they may participate in stimulating pain 276. 

Further, mast cells are thought to contribute to fibrosis and inflammation via the 

production of tryptase, and have been found to be highly activated in endometriotic 

lesions compared to the disease-free endometrium 277. Our laboratory has also observed 

higher concentration of mast cell density in endometriotic lesions compared to eutopic 

endometrium from same patients. In fact, a number of recent reports confirmed that IL-

17A is predominantly produced by mast cells in hepatocellular carcinoma 278, and in the 

synovium of RA patients 197. This prompts the necessity of investigating whether 

activated mast cells in endometriosis also are capable of IL-17A production.   

 

Finally, the role of endometriotic lesion-produced estradiol in the recruitment and 

activation of neutrophils and macrophages should be investigated. Macrophages, 

especially, when treated with estradiol release neurotrophic factors such as brain-derived 

neutrotrophic factor and neurotrophin 3, demonstrating that the estradiol-macrophage 

crosstalk can enhance nerve fiber growth 268. Aside from this study, interestingly, 
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literature investigating the connection between estradiol and the immune system is 

sparse. Current evidence indicates that immunological factors are involved in the 

pathogenesis of endometriosis. Abnormal activation of immune system have been 

documented in women with endometriosis in terms of decreased NK cell cytotoxicity, 

and increased activation of peritoneal macrophages 71,97,189. But, we need to establish 

whether aberrant production of estradiol by the ectopic endometriotic lesion contribute to 

such abnormal activation of immune system. For instance, in a mouse model of self-

resolving inflammation, administration of estradiol increases the mRNA expression of 

classical M2 markers in peritoneal macrophages, including Arg1, Ym1, CD206 and 

VEGF-α 279. This suggests that in endometriosis, there is a potential that the lesion-

produced estradiol is a key player in inducing polarization of resident peritoneal 

macrophages into wound healing M2 macrophages.  

 

Indeed, endometriosis still remains to be an enigmatic and challenging disease to study. 

Uncovering its multifaceted pathophysiology have been an international investigative 

effort for decades, and for me it has been an interesting undertaking to be a part of such 

effort.  I hope that this thesis has provided useful scientific evidence to add onto our 

collective knowledge in the pursuit of understanding the complex nature of inflammation 

and immune dysfunction that comprise the facets of the pathogenesis of endometriosis.   
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