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The series on reproductive immunology will provide a comprehensive source of the up-to-
date knowledge on the role of the immune system in normal reproduction and its complications.

Each book discusses a specific clinical complication and its immunological component. A
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immunology.
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Preface

Endometriosis is called an enigmatic
disease, as its causes are unclear, difficult to
treat, and affecting the quality of life of
millions of women worldwide. The 100th
anniversary of Cullen’s report on “adeno-
myomata” (1921)1 and Sampson’s report on
“chocolate cyst” (1921)2 happened in 2021.
Since then, many researchers have been
struggling to unravel the “enigma.” In the
last decade we have experienced major
progress in understanding of the role of
steroid hormones, genetics, the immune
system, the nervous systems, and environ-
mental factors in the pathogenesis and
management of endometriosis.

In this book, the editors have focused on
the role of the immune system, on the
pathogenesis and management of this dis-
ease. To achieve this goal, we have engaged
world’s leading researchers to provide an
immunological perspective on how the
immune system may impact endometriosis-
associated conditions, and novel immuno-
logic approaches for the development of
better therapeutic strategies.

The editors would like to thank all the
authors for their contributions and dedica-
tion to this book.

I have selected for the cover of the book
pictures from one of my patients with
the purpose of emphasize the complexity of
the biological changes taking place in the
suffering women’s body associated with this
disease.

On the cover of the book, I have included
intraabdominal, ultrasound, and patholog-
ical findings of one of my patients to show
what is happening inside the suffering
women’s body.

One hundred years after the reports of
Cullen and Sampson, I hope that from the
pages of this book, researchers, and clini-
cians will gain new insights into the biology
of endometriosis that will help prevent and
halt the suffering of women. I hope that the
chapters presented here will stimulate
further researchers in order to achieve our
final goal to cure endometriosis.

Kaori Koga MD, PhD
The University of Tokyo

Tokyo, Japan

1 Cullen TS, Arch Surg, 1921.
2 Sampson JA, Am J Obstet Gynecol, 1921.
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1

B lymphocytes
L.G.C. Riccio1, 2 and M.S. Abrão1, 2

1Gynecologic Division, BP - A Beneficencia Portuguesa de Sao Paulo, Sao Paulo, SP, Brazil;
2Disciplina de Ginecologia, Departamento de Obstetricia e Ginecologia, Faculdade de Medicina

FMUSP, Universidade de Sao Paulo, Sao Paulo, SP, Brazil

The pathogenesis of endometriosis is multifactorial, and many studies have explored the
role of genetics, environmental factors, and the immune system in contributing to the
development of the disease. Several immunological abnormalities have been reported to
occur in endometriosis, but the role of the immune system in the pathogenesis of the disease
is not completely understood [1,2]. An aberrant immune response associated to a peritoneal
environment that allows proliferation of ectopic endometrial cells contribute to the develop-
ment of the lesions [3].

Many lymphocytes have been identified in endometriotic implants [4] and the immune
cells of lymphoid lineage seem to play a key role in the survival and proliferation of ectopic
endometrial cells that reach the peritoneal cavity. Reduced cytotoxicity of T lymphocytes,
secretion of cytokines by T helper cells and autoantibody production by B lymphocytes
have been described in patients with endometriosis [5,6].

B (bone-marrow derived) lymphocytes, or B cells, produce antibodies against antigens and
are players of humoral immune response. Its subsets are defined accordingly to their distinct
anatomic locations within lymphoid tissues: follicular B cells, marginal zone B cells, and B-1 B
cells [7]. The specific markers expressed by B lymphocytes are CD19 [8], CD22, and CD20 [9],
and their interaction with antigens leads to B cell activation [10]. Consequently, their activa-
tion up-regulates CD40, CD80, CD86, and CD69 in the cell surface [9] and activated B cells
differentiate into plasma cells that secrete antibodies [11].

Although peritoneal immunosurveillance is mostly defective in endometriosis, some
aspects of the immune system are described to be upregulated, such as the widespread poly-
clonal activation of B lymphocytes [12]. These cells seem to contribute to the pathogenesis of
endometriosis by autoantibodies or antibodies against endometrial epitopes secretion in the
lesions, peritoneal fluid and serum [13,14].

C H A P T E R
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The role of estrogens in immunomodulation has been described as a paradox: they can act
both as antiinflammatory and proinflammatory substances, and endometriosis is an
estrogen-dependent disease. This fact may explain why women have a higher inflammatory
response and an increased incidence of autoimmune diseases compared to men. Estrogen can
stimulate antibody production by B cells, probably by inhibiting T cell suppression of these
cells. In contrast, high concentrations of estrogens may lead to a suppression of B lymphocyte
lineage precursors [14].

A recent systematic review [15] evaluated 22 studies concerning the role of B lymphocytes
in endometriosis. Most of the authors have reported increased number and/or activation of B
cells or higher concentration of antibodies in women with endometriosis [16e29], a few
found no difference [4,30e34] and two studies showed decreased number of B cells
[35,36]. The results of the studies that evaluated B cells in endometriosis are summarized
in Table 1.1 [15].

Increased B lymphocyte number and activation

The studies assessed the direct and indirect role of B cells using different markers and sam-
ples, including blood/serum, peritoneal fluid, endometriotic implants, eutopic endometrium,
follicular fluid and lymph nodes. In addition, they have used several methods and techniques
with different levels of sensibility to evaluate the markers, including ELISA, flow cytometry,
immunohistochemistry, immunofluorescence, PCR, avidinebiotin immunoperoxidase (ABC)
technique and immunobead rosette technique (IBT). Some of the methods have been
improved over time and some of them (e.g., ABC and IBT) are no longer used.

Startseva [38] first reported an increased reactivity of B cells in patients with endometri-
osis. Increased number and activation of B lymphocytes in the blood and peritoneal fluid
of women with endometriosis were also demonstrated by Ref. [17] and later by Refs. [26e28].
They have also described higher concentrations of soluble CD23 in patients with stage I and II
endometriosis, suggesting that mild endometriosis may be immunologically more active than
severe endometriosis. These findings were consistent with a previous study [22] that identi-
fied reduced polyclonal IgG2 production in endometriosis stages III and IV.

B lymphocytes were also shown to be increased in both eutopic and ectopic endometrium
and more activated in the lesions of patients with endometriosis [16]. The authors concluded
that the development of peritoneal lesions is associated with the activation of local and sys-
temic humoral response due to an increase in the amount of Th2 lymphocytes.

Immunochemical analysis of immune cell infiltrates in endometriotic lesions, myometrium
and endometrium of women with endometriosis have shown increased concentration of
CD20þ B cells [29]. Increased B lymphocytes were also found in pelvic lymph nodes of
women with endometriosis during proliferative phase of their menstrual cycle.
This observation may support the lymphatic dissemination theory of the pathogenesis of
endometriosis [19].
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TABLE 1.1 Studies that evaluated the role of B lymphocytes in endometriosis.

Samples
Study
design Population Methods Markers B lymphocytes in EDT References

Blood/serum Case-
control

EDT � controls IBT Monoclonal
antibodies

[ B cells [17]

Descriptive 59 EDT ELISA FAN; IgG; IgM lupus
anticoagulant

Abnormal polyclonal B cells
activation

[23]

Case-
control

19 EDT � 26 infertile IBT; ELISA B cells; IgA; IgG. [ B cells and IgG [18]

Case-
control

42 EDT � 20 infertile
� 22 controls

In vitro stimulation with
polyclonal B cell
activators

IgG1; IgG2; IgG3 No difference in B cells.
Y polyclonal IgG2 production in
EDT stages III and IV

[22]

Case-
control

21 EDT � 18 controls ELISA sCD23 Activation of B cells [26]

Case-
control

25 EDT and idiopathic
infertility

Flow cytometry CD19 No difference [31]

Case-
control

57 EDT � 40 controls ELISA sCD23; IgG [ amount and activation of B cells [27]

Case-
control

31 EDT � 14 controls Flow cytometry; IF CD5; ANA B Cells are related to ANA
production

[20]

Case-
control

175 EDT � 131 controls Flow cytometry CD20 Y B cells [35]

Case-
control

15 EDT � 20 controls Flow cytometry CD20; CD5 No difference [16]

Case-
control

10 OMA � 10
adenomyosis � 10
leiomyoma

IHC; PCR; ELISA BLyS; plasma cells [ BLyS [24]

Blood/serum Case-
control

87 EDT � 33 adenomyosis �
205 controls

PCR BLyS 817C/T
polymorphism

Heterozygosity Y risk of DIE; BLyS
may play a role in the pathogenesis.

[21]

Case-
control

165 infertile EDT � 83
idiopathic infertility � 145
controls

PCR BLyS �817C⁄T
polymorphism

No difference [30]

Case-
control

25 EDT � 20 controls Flow cytometry PD-1þ/PD-L1þ
CD19þ

[ PD-1þ/PD-L1þ B cells [37]

Peritoneal fluid Case-
control

EDT � controls IBT Monoclonal
antibodies

[ B cells [17]

19 EDT � 26 infertile IBT; ELISA B cells; IgA; IgG. [ B cells, IgA and IgG [18]

(Continued)
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TABLE 1.1 Studies that evaluated the role of B lymphocytes in endometriosis.dcont’d

Samples
Study
design Population Methods Markers B lymphocytes in EDT References

Case-
control

Case-
control

25 EDT and idiopathic
infertility

Flow cytometry CD 19 No difference [31]

Case-
control

47 EDT � 35 controls ELISA sCD23 [ B cell activation; higher in stages
I and II

[28]

Case-
control

31 EDT � 14 controls Flow cytometry; IF CD5; ANA [ B-1 cells [20]

Case-
control

46 EDT � 52 controls ELISA; PCR IgG; IgA; Bcl-6;
Blimp-1

Y Bcl-6 and [ Blimp-1
No difference in Ig

[34]

Endometrium
(eutopic and
ectopic)

Descriptive 15 EDT ABC; IHC anti-Leu-12 Very few B cells in the lesions [36]

Descriptive IHC CD22 No difference [33]

Endometrium
(eutopic and
ectopic)

Case-
control

21 infertile EDT � 18
controls

IHC CD22 No difference in eutopic
endometrium

[4]

Case-
control

30 infertile EDT � 10
controls

IHC IgG No difference [32]

Case-
control

15 EDT � 20 controls Flow cytometry CD20; CD5 [ B cells; [ activation in ectopic
endometrium

[16]

Case-
control

10 OMA � 10
adenomyosis � 10
leiomyoma

IHC; PCR; ELISA BLyS; plasma cells [ BLyS and plasma cells [24]

Case-
control

87 EDT � 33 adenomyosis
� 205 controls

PCR BLyS 817C/T
polymorphism

Heterozygosity Y risk of DIE; BLyS
may play a role in the pathogenesis

[21]

Case-
control

48 EDT � 24 adenomyosis
� 12 controls

IHC CD20 [ B cells in EDT lesions,
adenomyosis and endometrium

[29]

Follicular fluid Case-
control

12 infertile EDT � 35 tubal
factor � 13 idiopathic

Flow cytometry CD3; CD4; CD8;
CD14; CD20; CD45;
CD56

[ B cells [25]

Pelvic lymph
nodes

Case-
control

7 EDT � 9 controls IHC CD 20; CD79; plasma
cells

[ B cells during proliferative phase [19]

ABC, avidin-biotin immunoperoxidase technique; ANA, antinuclear antibodies; Bcl-6, B cell leukemia lymphoma-6; Blimp-1, B lymphocyte inducer of maturation program-1; BLyS,
B lymphocyte stimulator; DIE, deep infiltrating endometriosis; EDT, Endometriosis; ELISA, enzyme-linked immunosorbent assay; IBT, Immunobead rosette technique; IF, Immuno-
fluorescence; IHC, Immunohistochemistry; OMA, ovarian endometrioma; PD-1, Programmed cell death 1; PD-L1, Programmed cell death 1 ligand; PCR, protein chain reaction.
Reproduced from Riccio LGC, Baracat EC, Chapron C, Batteux F, Abrão MS. The role of the B lymphocytes in endometriosis: a systematic review. J Reprod Immunol. 2017;123:29e34.
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High concentrations of B lymphocyte stimulator (BLyS) were identified in endometriotic
lesions [24]. This molecule is produced by macrophages and induces the development of B
cells and its differentiation into plasma cells [39]. Increased BLyS was also described in
patients with autoimmune diseases and it could be a target for treating diseases with altered
B lymphocytes [40].

While evaluating the BLyS 817C/T polymorphism in women with endometriosis and
adenomyosis [21], observed a reduced risk of deep infiltrating endometriosis associated
with heterozygosity. The authors concluded that BLyS may play a role in the pathogenesis
of the disease. However, these findings were not present in a specific group of women
with endometriosis and infertility [30].

Blimp-1 (that regulates plasma cell differentiation) and its antagonist Bcl-6 are transcrip-
tional factors that play an important role in B cell function and were evaluated in endometri-
osis. Blc-6 mRNA level was significantly lower and Blimp-1 mRNA level was significantly
higher in the endometriosis group, with significant correlations among transcriptional
factors, immunoglobulins and cytokines [34].

The expression of programmed cell death protein 1 (PD-1) and its ligand (PD-L1) in B lym-
phocytes were described to be higher in the blood of patients with endometriosis when
compared to controls. This protein inhibits peripheral immune tolerance, so its overexpres-
sion could lead to continuous B cells activation in women with the disease [37].

Some authors [4,33] analyzed CD22þ cells in eutopic and ectopic endometrium of patients
with endometriosis compared to controls and found no difference. However [4], concluded
that functional differences between these cells could not be excluded and suggested that
an analysis of cytokines secreted by B lymphocytes would be helpful to evaluate cell function.

Another study [35] concluded that although some specific B cell clones are activated to
secrete autoantibodies in the blood of women with endometriosis, the relative number of total
B lymphocytes expressing either HLADR or CD44 was downregulated.

One of the theories to explain infertility in patients with endometriosis includes the effects
of B lymphocytes polyclonal activation with B-1-cell proliferation and autoantibody abnor-
malities [20]. Increased B cells in the follicular fluid of infertile patients with endometriosis
also suggest that this factor could impair their fertility [25].

The role of antibodies

The presence of antiendometrial antibodies in the serum of women with endometriosis
was described in Ref. [41]. Further immunohistochemical analysis showed that these antien-
dometrial antibodies could bind to glands of ectopic endometrium [42].

IgG and complement deposits in the endometrium and decreased serum complement were
described in endometriosis, suggesting complement consumption by the antigen-antibody
complex in an autoimmune response [43].

In addition to antiendometrium, antiovary antibodies, against theca cells and granulosa
cells, were also reported in higher concentrations in women with endometriosis compared
to controls [44]. Biopsies of endometrial tissue and sera from women with the disease were

The role of antibodies 7

I. Immune factors in the pathogenesis, and the potential therapeutic target, of endometriosis



analyzed by immunofluorescence and the antibodies identified were mostly IgG and IgA [44].
Higher IgG and IgA concentrations were also described in the peritoneal fluid of patients
with endometriosis [34].

Badawy [18] described the presence of increased IgG and IgA in peritoneal cell cultures
and also an increased number of B cells and T cells, with increased ratio of CD4þ/CD8þ

lymphocytes in the blood and peritoneal fluid of women with endometriosis. The authors
concluded that the presence of T helper lymphocytes (CD4þ) regulates the production of
immunoglobulins by the activated B cells.

A significantly higher concentration of IgG in the serum of women with endometriosis was
reported. They were shown to be autoantibodies, as they had increased reactivity against
antigens derived from endometrial and ovarian cells [45].

Besides antiendometrium and antiovary antibodies, B lymphocytes seem to contribute to
the development of endometriosis by producing antiphospholipid, antideoxyribonucleic acid
(anti-DNA) and antinuclear antibodies (ANA), usually identified in autoimmune diseases [6].
These changes may be related to specific genetic variants in autoimmune-related genes [46].

Ref. [20] reported that B cells in the blood of women with endometriosis are related to
ANA production and they have also identified increased B-1 cells in the peritoneal fluid of
these patients. Although ANA have been detected in 29%e47% of patients with endometri-
osis [47], their presence seems not to be an aggravating factor to pelvic disease [48].

Endometriosis: an autoimmune disease?

In this context, some authors propose that endometriosis may have an autoimmune etiol-
ogy [20,49]. Inflammatory reactions and proliferation of ectopic endometrial cells [6] seem to
occur due to changes in both humoral and cellular immunity [49], also present in autoim-
mune diseases. Other common characteristics that have been cited: tissue injury, multiple
organ involvement, association with other autoimmune disorders, familial occurrence,
possible environmental and genetic factors associated, changes in apoptosis, abnormalities
of T and B lymphocytes and polyclonal activation of B cells [49].

However, it is not possible to consider endometriosis an autoimmune disease yet, as a spe-
cific association with HLA alleles has not been described [50], neither the specific activation of
complement in the endometrium of patients with the disease [51].

A recently described B cell subtype has an immunomodulatory function. These so-called B
regulatory cells, or simply Breg, secrete IL-10 and control effector immune responses and
even the progression of autoimmune diseases [52]. [53] have compared two strategies in treat-
ing endometriosis in a mice model: B cell inactivation with Bruton’s tyrosine kinase (Btk)
inhibitor Ibrutinib and B cell complete depletion with anti-CD20 antibody. Only the Btk
inhibitor was effective, and the authors observed that Breg were depleted by anti-CD20
antibody and preserved by Ibrutinib, suggesting that regulatory B cells might play a role
in blocking the development of endometriotic lesions.

Future perspectives in treating endometriosis

There is still no consensus about the exact role of B lymphocytes in endometriosis devel-
opment and/or progression. The currently available studies in this field use several
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approaches and techniques to assess these cells in different types of samples, which makes
the comparison of their results very difficult. However, it is possible to consider their findings
complementary in describing the various aspects of the disease, and most of authors report
an increased B cell activity with antibodies production that contributes to worsening endome-
triosis. Moreover, the association of these factors with clinical symptoms, location, and
severity of the disease has not been investigated.

The treatment of endometriosis is still a challenge. Most of drugs that are effective in con-
trolling disease progression are hormonal and contraceptive, leaving women affected by the
disease with the difficult choice between managing the pain and trying to conceive. As the
immune system plays a key role in the pathogenesis of the disease, drugs that target immune
cells could be an alternative therapeutic strategy. Btk inhibitor Ibrutinib is an FDA approved
drug that inactivates B lymphocytes, and it has been recently shown to be effective in control-
ling endometriosis progression in mice [53].

B lymphocytes and antibody production seem to contribute to endometriosis pathogenesis
and development, as summarized in Fig. 1.1. Further studies should evaluate B cells subtypes
and drugs that target these cells in order to better understand the pathogenesis and to
develop new approaches to treat the disease.
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Introduction

Endometriosis is a complex, multifactorial chronic inflammatory disorder defined by the
growth of endometrial-like tissue (lesions) usually within the pelvic cavity. It impacts 190
million women worldwide and is associated with debilitating pelvic pain and infertility [1].
The pathophysiology of endometriosis is driven by local peritoneal inflammation associated
with aberrant cytokine expression, impaired immune surveillance, and ability for the endo-
metrial tissue to persist within the peritoneal cavity [1e4]. Following the attachment of
endometrial-like fragments to the mesothelium of the peritoneal lining, the ectopic tissue
manages to thrive in the peritoneal cavity via the development of a vascular network that
provides the lesions with nutrients and oxygen [5]. Angiogenesis is frequently accompanied
by formation of nerve fibers at the site of implantation, possibly contributing to the chronic
pain associated with endometriosis [6].

The most widely recognized theory for the pathogenesis of endometriosis is Sampson’s
theory of retrograde menstruation, which suggests that endometrial fragments refluxed
through the fallopian tubes during menstruation can implant within the peritoneal cavity,
giving rise to endometriotic lesions [7]. This theory is supported by the fact that approxi-
mately 90% of women experience retrograde menstruation, with viable endometrial epithelial
cells and glandular structures being found in the menstrual effluent [8]. The mechanisms
underpinning the survival of endometrial tissue in women with endometriosis, in contrast
to effective clearance in women without endometriosis, are yet to be fully resolved. Several
additional theories for the development of endometriosis include the existence of Müllerian
remnants and coelomic metaplasia theories based on the assumption that endometriosis
develops in situ from local tissue in the peritoneal cavity [1,9]. While the exact etiology of
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endometriosis is still under debate, mounting evidence implicates immune dysregulation as a
major contributor in the development of endometriosis [10e12].

Complex interactions between ectopic endometrial tissue and leukocytes contribute to the
inflammatory cascade associated with endometriosis disease progression. The presence of
macrophages is a consistent feature of endometriosis lesions and appears to be a significant
driving force in the survival of ectopic endometrial tissue [13]. In 1981, Haney et al. first
described an increase in the number of peritoneal macrophages in women with endometriosis
[14]. Additional studies have since shown that, activated peritoneal macrophages had a
reduced capacity to eliminate refluxed menstrual debris in women with endometriosis
[15e17]. Macrophages appeared to facilitate the survival and proliferation of endometrial
cells in the peritoneal cavity, through the release of multiple growth and vascular remodeling
factors [18]. This chapter summarizes the current understanding of the complex role of
macrophages in endometriosis, highlighting the important immunological and, perhaps
misplaced, homeostatic functions of these immune cells in the pathogenesis of the disease.

Macrophage origins and phenotype

Macrophages, a group of evolutionary conserved mononuclear phagocytes, are a hetero-
geneous population of functionally diverse hematopoietic cells that play critical roles in
response to inflammatory challenges as well as in maintaining tissue homeostasis and
equilibrium. In mammals, macrophage density varies between tissues, constituting high pro-
portions in the liver (Kupffer cells), brain (microglial cells) and skin (Langerhans cells) [19].

Throughout the 20th century, the prevailing view of macrophage ontogeny was that
macrophages arose from monocytes derived from hematopoietic stem cells (HSC) in the
bone marrow [20]. More recently, however, via the use of parabiotic models and fate map-
ping tools, multiple studies have confirmed that HSC-derived monocytes are not the only
source contributing to tissue-resident macrophages. Macrophages derive from three distinct
populations; embryonic progenitors within the yolk sac, fetal liver monocytes and HSC-
derived monocytes in adult tissues. Yolk sac-derived macrophages arise from yolk sac blood
islands, and are identifiable in mice from the ninth gestational day (E9). These cells are then
dispersed throughout the embryo once the circulatory system has been established (day E8.5
to E10) [21e23]. Supporting embryonic microglia development, tissue maturation and clear-
ance of dead cells [24,25], these early erythro-myeloid progenitors are independent of the
transcription factor c-Myb and are instead PU.1-dependent [26].

In contrast, fetal monocytes are c-Myb dependent, and arise from erythro-myeloid progen-
itors seeding the fetal liver between day E11.5 to E12.5 [26e28]. While fetal monocytes are
unable to cross the blood-brain barrier, they rapidly infiltrate all other tissues to generate
the majority of self-renewing adult tissue-resident macrophages in the peritoneum, skin,
spleen, lung, and liver [29e32]. These long-lived tissue-resident cells have important roles
in the maintenance of tissue health and integrity (reviewed in detail by Hoffel and Ginhoux
[28]). Although both fetal monocytes and their adult counterparts share similar phenotypic
traits, fetal monocytes are generated independently of colony-stimulating factor 1 receptor
(CSF-1R) and have minimal expression of genes associated with immune activation and path-
ogen recognition [31,33].
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The generation of HSC in bone marrow occurs concurrently with marrow vascularization
at day E16.5, giving rise to lineage-specific cells including myeloid and lymphoid progenitors
[34]. A proportion of these progenitor cells form the mononuclear phagocyte system,
comprising dendritic cells, monocytes and macrophages. Upon maturation, bone marrow-
derived monocytes enter circulation and are able to respond to inflammatory challenges
(e.g., pathogen exposure, antigenic stimuli, cytokine secretion) by differentiating into effector
phagocytes, such as macrophages once they enter peripheral tissues. In the absence of inflam-
matory stimuli, they perform homeostatic roles (e.g., surveillance of peripheral tissues, tissue
repair, maintenance of endothelial integrity) [35].

Macrophages exhibit a huge phenotypic spectrum, which is characterized by the expres-
sion of various receptor molecules and via the secretion of a vast range of chemokines and
cytokines. Macrophages can be broadly categorized as having primarily either a “proinflam-
matory” or an “antiinflammatory/prorepair” phenotype. Both proinflammatory and prore-
pair macrophages play important roles in the initiation and resolution of inflammation.
In vitro, undifferentiated macrophages derived from bone marrow progenitors can be
induced toward a proinflammatory phenotype following exposure to Interleukin (IL)-1b,
tumor necrosis factor (TNF)-a, Interferon (IFN)-g or lipopolysaccharide (LPS); while
prorepair-like macrophages can be generated by treatment with a combination of macro-
phage colony-stimulating factor (CSF) and IL-10 in mice or the T helper (TH) two cytokine
IL-4 in humans [36e40]. In vivo, macrophage phenotype is infinitely more complex as
they respond to local tissue-specific and/or disease-specific local stimuli and modify their
transcriptional profile and function accordingly.

Physiological roles of macrophages: same cell, many different occupations

Professional phagocyte and antigen presenter

As effector cells of the innate immune system, macrophages mediate the primary response
to pathogens and cellular stress. Recruitment of macrophages to sites of tissue injury or stress
is driven by chemokines such as monocyte chemoattractant protein-1 (MCP-1) as part of the
“leukocyte adhesion cascade” which involves leukocyte recruitment, extravasation and
transendothelial migration [41,42]. Macrophages recognize the presence of either pathogen-
associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs)
via pattern recognition receptors including Toll-like receptors (TLRs), which initiates an
inflammatory cascade [43,44]. Following identification, these foreign, “nonself” molecules
are engulfed by macrophages via phagocytosis [45]. Once encapsulated, these molecules
are degraded within lysosomes via exposure to a combination of antimicrobial cationic
peptides, superoxide and hydroxyl radicals, and various hydrolytic enzymes [46]. Postdegra-
dation, the additional release of pathogenic peptides and ligands activates macrophages such
that they are able to detect viable microbial activity and facilitate effective mechanisms to
protect the host. For example, the stimulation of TLRs are able to induce the nuclear factor
kappa B (NF-kB) signaling pathway, resulting in the release of inflammatory cytokines
including TNF-a and IL-6 [47e49]. Additional procaspase signaling pathways, such as via
the activation of NOD-like receptor �1 (NLRP-1) and NLRP-3 inflammasome, result in the
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release of IL-1b and IL-18, contributing to inflammation and pathogen clearance [50,51].
Moreover, in tandem with dendritic cells, macrophages also function as antigen presenting
cells [52]. Antigenic peptides derived from phagocytosed material are presented on major
histocompatibility complex II (MHC II) molecules, initiating the adaptive immune response
by activating TH cells.

The “healer”

While effective proinflammatory activity is beneficial in limiting antigen transmission,
extended periods of exposure to inflammatory cytokine activity can result in the exacerbation
of inflammation and cellular injury. Following tissue damage, restoration of equilibrium by
tissue-resident macrophages and monocyte-derived macrophages recruited from the bone
marrow, assist in wound repair, remodeling and renewal of tissue function. To facilitate
wound healing, a transition from the predominant proinflammatory macrophage phenotype
to a prorepair phenotype occurs. In a mouse model of tissue repair, it was observed that
proinflammatory macrophages were present for up to 48 h-post injury and were gradually
replaced by increasing numbers of antiinflammatory macrophages [53]. These secondary cells
expressed higher levels of transforming growth factor b (TGF-b) and IL-10 compared to the
initially recruited macrophages, signifying a subtle change from proinflammatory to prore-
pair macrophage profile during the transition to tissue repair [53,54]. In addition, specialized
proresolving lipid mediators such as lipoxins have been shown to reprogram proinflamma-
tory macrophages to proreparative macrophages by stimulating macrophage efferocytosis
and uptake of apoptotic cells, thereby modulating the extent of inflammation and promoting
its resolution [55,56].

Coupled with the release of remodeling proteases such as matrix metalloproteinases
(MMPs) from macrophages, the recruitment and proliferation of keratinocytes and fibroblasts
assist in promoting wound healing or fibrosis. Fibrosis is a pathological endpoint following
tissue injury as remodeling and deposition of extracellular matrix components can lead to
scar tissue formation and loss of normal organ function [57]. Macrophages contribute to
fibrosis via the expression of profibrotic factors including Resistin-like molecule a (RELMa)
to support collagen crosslinking in fibroblasts [58] and platelet-derived growth factor
(PDGF), which induces fibroblast division and chemotaxis [59]. In addition, macrophages
can enhance the survival and proliferation of myofibroblasts, the main cells involved in
fibrotic response, via stimulation of NF-kB activity in fibroblasts [60].

Although an inflammatory response is involved in the development of fibrotic tissue,
inflammation does not inevitably culminate in fibrosis, and can result in the more preferable
outcome of tissue regeneration [61]. The early depletion of macrophages following tissue
trauma was found to attenuate the inflammatory response in a mouse model of liver injury,
resulting in amelioration of fibrosis [62]. In contrast, macrophage depletion in a mouse model
of acute kidney injury resulted in increased histologic injury and delayed regeneration, high-
lighting the essential role macrophages play in wound healing and repair [63]. Indeed, the
complex, multi-faceted role of macrophages in regulating the extent of inflammation, the
time to resolution and the initiation of tissue-healing involves the tightly-regulated release
of a range of cytokines. The interplay of factors such as IL-10, TGF-b, insulin-like growth
factor 1 (IGF-1), PDGF, and vascular endothelial growth factor-a (VEGF-a) act to limit tissue
damage and induce proliferation and angiogenesis [64e67]. Importantly, the absence of
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effective resolution of inflammation may precede the emergence of chronic or sustained
inflammatory disorders. For example, macrophage-driven inflammation and aberrant polar-
ization mechanisms contribute significantly to the pathogenesis of several chronic disorders
including cancer, rheumatoid arthritis, type 2 diabetes and periodontitis [68e70] (discussed
in more detail below).

The “caretaker”

Macrophages are key to regulation of tissue homeostasis and play diverse roles dependent
on their tissue of residence. Microglia, highly specialized macrophages of the central nervous
system (CNS), contribute significantly to neuronal growth. These tissue-resident macro-
phages derive from myeloid progenitors in the yolk sac that migrate to the developing
CNS in early embryogenesis [71]. Although the molecular mechanisms controlling microglial
function remains elusive, within the brain these effector cells are critical for the regulation of
neurogenesis, immune surveillance, synapse regulation, monitoring of cellular turnover and
apoptosis [72]. In addition, following CNS injury, microglial cells contribute to wound repair
by clearing damaged tissue, restoring CNS integrity and promoting resistance to bacterial
infections [73,74]. While complete regeneration of function following central CNS injury is
rare, in vivo experiments in paraplegic rats demonstrated marked improved in spinal cord
regeneration after the introduction of macrophages, highlighting the important role of these
cells in central neuronal repair [75]. In contrast to CNS injuries, strong regenerative capacity is
observed following peripheral nerve damage, with macrophages responding to hypoxic
conditions and stimulating angiogenesis postinjury [76]. Macrophages also activate the
proliferation and differentiation of Schwann cells, which regulate myelin sheath production
around axons [77]. Moreover, macrophages modulate the expression of galectin-1, which
promotes neural stem cell proliferation, regulates gliosis (glial cell inflammation) and axon
growth following nerve damage [78e80].

Macrophages also contribute to the maintenance of homeostasis in other tissues by clear-
ance of apoptotic bodies. As a part of normal tissue turnover, necrosis, and programmed cell
death occurs, with the location of these dying cells determining the extent of an elicited
immune response [81]. The clearance of apoptotic cells within tolerogenic organs such as
the liver and spleen does not commonly elicit an immune response [82]. In contrast,
infiltrating macrophages recruited into an inflamed environment may contribute to an exac-
erbation of inflammation while phagocytosing apoptotic cells [81,83].

In mice, tissue-resident versus monocyte-derived macrophages in the peritoneal cavity are
distinguished based on size and differential expression of the macrophage-associated
markers cluster of differentiation (CD) 11b, Epidermal growth factor-like module-
containing mucin-like hormone receptor-like 1 (F4/80) and MHC II. Self-renewing,
embryo-derived, tissue-resident large peritoneal macrophages (LPM) have high F4/80
expression, low MHC II expression and high T-cell immunoglobulin and mucin domain
containing 4 (Tim4) expression, with proliferative capacity regulated by the LPM-unique
transcription factor GATA-binding factor 6 (GATA6) [84e87]. LPM perform immunosurveil-
lance, have homeostatic functions, regulate intestinal immunity via recruitment of B1 cells
using GATA6-TGFb2 pathways, and phagocytose apoptotic cells during inflammation
[84,88,89].
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Alternatively, the less abundant monocyte-derived small peritoneal macrophages (SPM)
have low F4/80 expression and high MHC II expression [84,87]. Interestingly, in response
to inflammatory challenge in the peritoneal cavity, a phenomenon termed the macrophage
disappearance reaction (MDR) occurs, in which a significant reduction in LPM numbers
coupled with a simultaneous increase in infiltrating SPM and monocytes is observed [90].
When stimulated with LPS in vitro, SPM secrete a range of proinflammatory mediators
including nitric oxide, chemokine ligand �3 (CCL-3), CCL-5, and TNF-a, with in vivo studies
confirming the release of proinflammatory cytokines IL-1b, IFN-g and TNF-a [87,91]. In
contrast, LPM produce CSF-2 and CSF-3 following LPS stimuli in vitro, and a tissue-
healing, regulatory role for any LPM remaining in the peritoneal cavity following MDR
has been proposed [87,92]. At the resolution of inflammation, the secretion of antiinflamma-
tory IL-10 by LPM may assist in regulating the number of SPM persisting in the peritoneal
cavity [93]. Moreover, remaining SPM can either migrate to lymph nodes, apoptose, or even-
tually differentiate into LPM-like cells, with a loss of MHC II expression and an increase in
F4/80 expression, suggesting that multiple mechanisms exist to restore and maintain steady
state conditions in the peritoneal cavity [88,94,95]. Recently, it has been shown that
monocyte-derived macrophages (Tim4 negative) gradually replace embryo-derived LPM
(Tim4 positive) in a sexually dimorphic manner [32,96]. This phenomenon, which occurs
much slower in females, may contribute to differences in homeostasis, susceptibility to
inflammation and resolution of diseases between sexes.

The “shaper”

Macrophages play pivotal roles in development. To facilitate the characterization of
macrophage function throughout development, mutations in the macrophage lineage differ-
entiation factor CSF-1 and its corresponding receptor CSF-1R have resulted in the generation
of mouse models of macrophage ablation. The spontaneous Csf1op/op mutation and the genet-
ically engineered Csf-1r knockout (Csf1r-KO) results in mice with various osteogenic defi-
ciencies, including impaired bone remodeling, altered calcium deposition and defective
tooth growth. These null mutant mice have a systemic reduction in the number of macro-
phages present compared to age-matched wild-type mice, resulting in delayed hemopoietic
development and significantly reduced macrophages in the peritoneal and pleural cavities
[97e99]. Although overt pathology appears similar in both strains, macrophage deficiencies
are tissue-specific and age-dependent in Csf1op/op mice, with higher levels of sustained macro-
phage depletion seen in Csf1r-KO mice. In addition, Langerhans cells and microglia were
found to be rare or absent in Csf1r-KO mice compared to Csf1op/op mice, suggesting CSF-1R
has a crucial role in the development of these cells. The generation of transgenic mice carrying
a human diphtheria toxin receptor (DTR) inducible system linked with macrophage-
associated receptors has allowed for targeted macrophage ablation. Depletion of monocytes
and macrophages in CD11b-DTR transgenic mice occurs following the administration of
diphtheria toxin, and has been widely used to study the functional roles of macrophages
in various physiological conditions, including pregnancy, wherein macrophages promote
vascularization to support corpus luteum integrity [100].

Macrophages contribute to ductal branching, as seen during the development of the mam-
mary gland [101], kidney [102], and pancreas [103]. To facilitate tissue growth, the
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development of a supporting vascular network is paramount. In particular, vasculogenesis,
angiogenesis and the repair of blood vessels, is mediated by Tie2-expressing macrophages
(TEMs). Utilizing the angiopoietin-Tie pathway, TEMs influence the angiogenic cascade by
regulating blood vessel formation, maturation and remodeling. In an oncogenic mouse
model, the expression of Tie2 activates the AKT-dependent signaling pathway to prevent
macrophage apoptosis while conditional deletion of Tie2 expression in macrophages signifi-
cantly impeded angiogenesis [104]. Monocyte-derived macrophages can secrete extracellular
remodeling proteins such as MMP-9, which may support basement membrane remodeling
and capillary sprouting, further facilitating macrophage trafficking and vascular repair [105].

Factors affecting macrophage activity

Macrophages modify their phenotype and function depending on signals received from
their tissue of residence. Macrophage density also alters throughout development, with
intrinsic factors such as glycolysis-mediated-ATP generation and DNA methylation contrib-
uting to macrophage polarization and efficacy [106,107]. However, a number of extrinsic
factors can dictate macrophage activity.

Unsurprisingly, all immune cell populations are affected by exposure to pathogens, which
elicit an inflammatory response. However, the extent and duration of the immune reaction in
turn depends on multiple factors including antigen load, age, and gender [108]. Critically,
sexual dimorphism in macrophage populations have been observed in mice; macrophage
cell surface expression of TLR4 and its co-receptor CD14 is significantly higher in male-
derived macrophages compared to counterparts [109]. Following exposure to LPS, macro-
phages from male mice produce higher levels of IL-1b and C-X-C motif chemokine 10
(CXCL-10), and lower levels of prostaglandin E2 (PGE2) compared to female mice, suggest-
ing that disparity in the expression of TLR4 and CD14 may predispose males toward a
greater susceptibility to bacterial sepsis and septic shock [109]. Mouse models linking obesity
and estrogen have shown inflammatory changes in males, resulting in an expansion of
CD11c þ adipose tissue macrophages, whereas females exhibited an expansion of CD11c-
macrophages [110]. In a mouse model of peritonitis, enhanced phagocytic function was
observed in macrophages recovered from female mice, which exhibited reduced inflamma-
tion and neutrophil recruitment compared to males [111]. As mentioned previously, the
gradual displacement of embryonic-derived macrophages by monocyte-derived macro-
phages in the murine peritoneal cavity occurs more rapidly in males compared to females,
with changes in the local peritoneal microenvironment following sexual maturity contrib-
uting to this sexually dimorphic replenishment of LPM [32,96]. The retention of more
embryo-derived macrophages in the peritoneal cavity of female mice also appears to protect
against pneumococcal peritonitis [96].

Although the exact mechanism governing macrophage sexual dimorphism remains un-
known, it appears to occur independently of estrogen signaling and adiposity in mice [96].
Interestingly, while the expression of the lipid transporter and immunoregulator apolipopro-
tein E (ApoE) is higher in newly differentiated macrophages, the cumulative expression of
ApoE is higher in female-derived macrophages compared to males [96,112]. As ApoE contains
an estrogen response element, it remains possible that estrogen, and the expression of its
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receptor on macrophages may subtly influence macrophage differentiation trajectories and
function. Indeed, throughout the female menstrual cycle, alteration in macrophage numbers
and phenotype in response to changes in ovarian reproductive hormone levels have been
observed [113]. Likewise, the presence of iron-laden heme can modulate macrophage
inflammatory response via transcription factors BTB Domain And CNC Homolog 1
(BACH1) and Spi-C Transcription Factor (SPIC), impacting hematopoiesis and macrophage
polarization [114].

Contact with chemical and environmental toxins also impacts immune activity. For
example, exposure to the common immunotoxicant plasticizer bisphenol A (BPA) and phtha-
late have adverse effects on proinflammatory cytokines and proinflammatory macrophage
phagocytic capacity and hormone metabolism [115]. Likewise, various chemical compounds
are able to affect macrophage activation through epigenetic mechanisms. MicroRNAs, potent
epigenetic regulators of macrophage phenotype programming and plasticity, can be affected
by exposure to environmental toxicants [116]. In addition, aberrant expression of histone-
modifying enzymes following exposure to plasticizers was found to effect peritoneal macro-
phages, resulting in a reduced phagocytic capacity [117].

Role of macrophages in disease

As macrophages are intimately involved in the initiation of an inflammatory response,
wound healing and maintenance of tissue homeostasis, dysregulation in macrophage activity
can contribute significantly to the development and progression of disease. Indeed, a patho-
genic role for macrophages has been proposed in multiple chronic illnesses including cancer,
metabolic disorders and osteologic diseases [70]. For example, the development of the
common autoimmune inflammatory disease, rheumatoid arthritis, is characterized by an
infiltration of macrophages and additional lymphocytes [68]. Both proinflammatory and
prorepair macrophages contribute to repetitive cycles of synovial fibroblast proliferation,
tissue damage and joint destruction [19].

The recruitment of tumor-associated macrophages (TAMs) into the cancer microenviron-
ment is a consistent feature of solid tumors. Although in vitro studies have demonstrated
macrophage capability to eliminate tumor cells, in a clinical setting, macrophages are impli-
cated in promoting the survival and invasiveness of tumors (summarized elsewhere [118]).
Hypoxic microenvironments within tumors result in the chemoattraction of macrophages
expressing the transcription factor hypoxia inducible factor 1a (HIF1a). Expression of
HIF1a potentiates the production of VEGF in macrophages. Thus, macrophages assist in
the induction of the angiogenic switch, facilitating tumor vascularization to create a network,
which supplies oxygen and nutrients to the developing tumor [119]. Macrophages further
support cancer metastasis via the expression of MMPs, which enhance remodeling, and
epithelial-tumor cell invasion and migration through established vascular systems. For
example, following the infiltration of TAMs in the tumor microenvironment, a significant
increase in the expression of CXCL8, MMP-9, and VEGF is observed, resulting in accelerated
cancer progression [120]. Thus, with a reduced expression of immune-activating transcripts,
this prorepair macrophage phenotype observed in cancer promotes malignancy [121].
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Macrophage dysfunction has also been implicated in the development of several metabolic
disorders. Macrophages are adept at clearing lipoproteins from dying cells, digesting these
lipids in the lysosome to generate cholesterol and fatty acids. Ineffective elimination of excess
cholesterol from macrophages results in the generation of foam cells, which have been
implicated in atherosclerotic cardiovascular disease [122]. Likewise, macrophages are
associated with additional diseases including alveolar proteinosis and nonalcoholic fatty liver
disease in which lipid turnover is perturbed. Furthermore, the increasing prevalence of nonal-
coholic fatty liver disease correlates with increases in obesity and type 2 diabetes, wherein
macrophage polarization imbalances contribute to these chronic diseases [123,124]. The accu-
mulation of macrophages is also a contributory factor in the development of several diabetic
complications, including neuropathy, nephropathy, and retinopathy [125].

Macrophages in endometriosis

Endometrial macrophages are elevated during menses: seeds for new soil?

Cyclical changes in hormone levels throughout the menstrual cycle regulate endometrial
proliferation and differentiation, culminating either in successful embryo implantation with
associated vascular modifications or, in the absence of pregnancy, the withdrawal of proges-
terone results in endometrial breakdown and shedding, prior to repair of the denuded endo-
metrium in preparation for the next cycle. Multiple studies have demonstrated fluctuating
immune cell populations throughout the menstrual cycle (reviewed comprehensively by
Oertelt-Prigione [126]). Of particular interest is the influx of leukocytes during the secretory
and menstrual phases [127,128], with an elevation in the numbers of tissue-resident endome-
trial macrophages during the secretory phase [129]. Macrophages have a broad spectrum of
activation states and function as an important source of both pro- and antiinflammatory
mediators in the endometrium [130]. Throughout the menstrual cycle, a steady increase in
the proportion of macrophages within the endometrium is observed, with macrophages
comprising 6%e15% of all endometrial cells following the withdrawal of progesterone
[131]. This increase in macrophage numbers is believed to occur either by in situ proliferation
within the endometrium or via chemotaxis of peripheral monocytes into the endometrium
[132,133]. Macrophages remain heterogeneous in the endometrium, with three distinct endo-
metrial monocyte-macrophage populations (F4/80- monocytes, F4/80þ monocyte-derived
macrophages, and F4/80þ tissue-resident macrophages) identified using flow cytometry in
a mouse model of menstruation [134]. Immunohistochemical analysis showed localization
of these cells to areas of endometrial breakdown, repair and remodeling respectively [134],
suggesting distinct roles for monocytes and macrophages in the initiation of menstruation
[129] and in the resolution and subsequent repair of the endometrium [135,136]. Furthermore,
it has been postulated that macrophages contribute to the restoration of the functional layer
of the endometrium, as studies in an induced menses mouse model have shown increased
influx of monocyte-derived macrophages to the endometrium following endometrial
shedding [137].

In the context of endometriosis and the widely accepted theory of retrograde menstrua-
tion, it is important to consider the contribution of these immune cells and other cellular
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components present in the shed menstrual effluent on disease development, as it has been
demonstrated that macrophages originating from the endometrium can be detected in endo-
metriosis lesions in mice [138]. To this end, we have recently shown that depletion of donor
endometrial macrophages prior to transfer into the peritoneal cavity of recipient mice results
in the development of smaller lesions [139]. As the breakdown phase of menstruation is
similar to the initial inflammatory phase of tissue injury prior to wound repair, we suggest
that the inflammatory tissue forming wounded endometrium that is transferred to the
peritoneal cavity causes activation of wound repair processes and establishment of lesions.
Depletion of monocytes and macrophages during skin repair results in reduced wound
closure [140], thus we postulate that an analogous event could occur in mice receiving
endometrium-depleted of monocytes and macrophages, and this may explain our observed
reduced lesion size in recipient mice [139]. Interestingly, the repair that takes place in the
peritoneal cavity to establish endometriotic lesions is not scar-free, as it is in the eutopic endo-
metrium, as fibrosis is a consistent feature of lesions [141]. Therefore, the environment of the
peritoneal cavity must limit scar-free healing of ectopic endometrium, with repeated cycles of
tissue breakdown and remodeling facilitating lesion survival through the development of
supporting vasculature.

Ectopic endometrium: a new land for colonization

Analysis of eutopic secretory phase endometrium has shown increased proinflammatory
macrophage abundance in women with endometriosis compared to women without endo-
metriosis, suggesting that aberrant proinflammatory macrophage activity may contribute
to endometriosis [142]. The inherent differences in macrophage phenotype in the eutopic
endometrium may affect subsequent recruitment of monocytes following displacement of
endometrial tissue in the peritoneal cavity. Moreover, in mice, the monocyte recruitment
factor, MCP-1, was significantly higher 4 h following intraperitoneal injection of syngeneic
endometrial tissue compared to sham controls [143]. The increased MCP-1 concentration at
this time-point demonstrates a key role for displaced endometrial tissue in release of this
chemokine, and subsequent monocyte recruitment. The chemoattractant CCL-5, a mediator
of leukocyte recruitment in the lesion microenvironment, has also been implicated in the
secondary wave of prorepair macrophages to the site of lesion development [144]. The release
of CCL-5 from endometriotic stromal cells suggests that the presence of lesions may enhance
monocyte recruitment and contribute to peritoneal macrophage accumulation seen in endo-
metriosis. In the peritoneal fluid of women with endometriosis, MCP-1 and CCL-5 (mediators
of acute and chronic inflammation) were found to be present at increased levels, providing
insight into the chemokine-driven mechanism behind increased macrophage numbers during
disease initiation [18,143,144].

Following intraperitoneal injections of endometrial tissue into the peritoneal cavity of
baboons, a surge in inflammatory mediators is seen, as well as increased numbers of leuko-
cytes, T-lymphocytes, and TNF-aþ cells, with an associated increase in the levels of the
chemokine macrophage inflammatory protein (MIP) [145]. In addition, mouse models of
endometriosis have confirmed that the presence of ectopic endometrial tissue triggers an
inflammatory response, characterized by the trafficking of neutrophils and monocytes into
the peritoneal cavity [146,147]. Within 24 h of disease initiation, numbers of proinflammatory
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macrophages in the peritoneal cavity were significantly higher in mice with experimentally
induced endometriosis compared to sham controls. In contrast, the levels of prorepair mac-
rophages were not different between experimental and sham mice up to 72 h postdisease
initiation, further implicating a central role for proinflammatory macrophages in the initial
stages of lesion development [147]. To further evaluate the contribution of macrophages in
a mouse model of endometriosis, the transient depletion of macrophages via intraperitoneal
injection of chlodronate liposomes was performed [13]. In this model, the loss of macro-
phages did not impact the adherence capacity of syngeneic endometrium, however, the
growth of ectopic endometrial lesions was significantly reduced. Likewise, macrophages
were found to predominantly express proinflammatory markers MHCII and inducible nitric
oxide synthase (iNOS) in the early stages of lesion development in a heterologous mouse
model of endometriosis [148]. Collectively, this suggests that classically activated proinflam-
matory macrophages are initially recruited to the localized site of inflammation and could
impact the survival of attached ectopic endometrial cells in the peritoneal cavity, and
contribute to initial disease establishment.

Throughout the reproductive lifespan of women, the endometrium undergoes repeated
cycles of hormone-induced proliferation, decidualization, shedding, and remodeling [149].
Endometriosis lesions are dynamic and are likewise influenced by hormonal fluctuations
and undergo similar cellular responses, leading to continuous phases of ectopic tissue injury
and repair. In women, studying macrophage plasticity during endometriosis is challenging as
ectopic lesions are usually surgically removed and evaluated only once the disease is fully
established [146]. Although recruited macrophages may differentiate into various phenotypes
that assist lesion development, most samples are analyzed at a single menstrual cycle stage,
and may not be representative of immunological changes throughout the various stages of
disease [150].

Evaluation of endometriotic lesion biopsies has confirmed the presence of HLA-DR, a
marker of antigen presenting cell activity [151]. The expression of macrophage markers
CD206 and CD163 was upregulated in the peritoneum and lesions from women with endo-
metriosis compared to disease-free peritoneal samples, suggesting upregulation of prorepair
activity [146]. In addition, the prorepair macrophage marker peroxisome proliferator-
activated receptor-g (PPAR-g) was also found in lesions, being expressed by glandular
epithelial, and stromal cells, demonstrating that this marker is not exclusively expressed by
macrophages, but may be indicative of a predominance of antiinflammatory activity [152].
Collectively, as these studies failed to detect significant presence of proinflammatory macro-
phage markers within endometriotic tissue samples, this suggests a predominant tissue-
healing, prorepair immune profile within lesions, with the caveat that only limited markers
were used for evaluation of macrophage phenotype. However, it is important to consider that
macrophage phenotype may fluctuate throughout the progression of endometriosis and
macrophage heterogeneity within lesions should be investigated. In addition, it remains
unknown if different subtypes of lesions (superficial peritoneal, ovarian endometriomas
and deep infiltrating) have contrasting resident and infiltrating macrophage phenotypes,
which could vastly affect the predisposition for these lesions to persist in the peritoneal cavity
and invade underlying tissue.

The evaluation of peritoneal fluid from women with endometriosis has helped to
determine how the immune microenvironment affects macrophage plasticity. The proinflam-
matory macrophage cytokines IL-6 and IL-8 were reported to be higher in women with
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endometriosis, compared to disease-free counterparts [153,154]. Expression of MCP-1 by
macrophages was also found to be significantly higher in women with severe stage endome-
triosis, compared to women at a milder stage [155]. IL-4, which suppresses the production of
proinflammatory cytokines in human macrophages and polarizes them toward TH2 response
or prorepair phenotype, is elevated in the peritoneal fluid of women with endometriosis and
shows a positive correlation with disease stage/severity [156]. Likewise, levels of TGF-b,
which promotes macrophage proliferation, cell invasion and angiogenesis, is increased in
the serum, peritoneal fluid and ectopic endometrial tissue of women with endometriosis
compared to women without this disease [157e160]. While these observations are consistent
with the proposed theory that prorepair macrophages are important for lesion growth and
maintenance in endometriosis, the characterization of cytokines, chemokines, and growth fac-
tors in peritoneal aspirates has shown elevation in both proinflammatory and antiinflamma-
tory cytokine production by endometriosis-associated macrophages [161]. This suggests
peritoneal macrophage differentiation, phenotype and composition during lesion progression
is likely to be in a constant state of flux, which further influences immune cell recruitment and
disease outcomes. However, in contrast to mouse models, human peritoneal macrophages
have not yet been extensively studied and characterized, and further work is required to bet-
ter understand the diversity and complexity of the macrophage populations that constitute
this compartment.

Evidence from in vivo mouse and primate studies indicate that proinflammatory macro-
phages switch phenotype into prorepair macrophages during the progression of endometri-
osis, but the mechanism behind this change in phenotype remains largely unknown [13]. In a
Rhesus model of endometriosis, CD163þ (prorepair scavenger receptor) were significantly
higher in endometriotic lesions compared to eutopic endometrium [162]. This data presents
the possibility that the peritoneal cavity microenvironment may be responsible for macro-
phage phenotype skewing in endometriosis. Studies in homologous mouse models of
endometriosis have shown a rapid infiltration of macrophages into endometriotic-like lesions
within the first few days following disease induction [163]. A shift in macrophage polariza-
tion status from a predominantly proinflammatory to a prorepair phenotype has been shown
to occur approximately 10 days following disease establishment in mice [148]. Moreover,
studies have shown that MCP-1 is secreted at a higher level by murine prorepair macro-
phages compared to proinflammatory macrophages [164], suggesting a mechanism by which
prorepair macrophages recruit additional monocytes, which ultimately become prorepair
macrophages within the lesion microenvironment. In a TGF-b1 null mouse model of endome-
triosis, reduced lesion size with lower numbers of myofibroblasts and macrophages were
observed compared to wild-type control mice, indicating a key role for TGF-b1 in facilitating
immune cell recruitment in endometriosis [165].

While the classification of proinflammatory and prorepair subsets simplifies the heteroge-
neity of macrophages in endometriosis, subtle changes in macrophage phenotype due to the
cytokine microenvironment or hormone interactions may occur throughout the menstrual
cycle [18]. Macrophage activation is dependent on multiple signals and may dynamically
alter throughout disease progression [166], and although functional testing of the impact of
proinflammatory versus prorepair macrophages in the different stages of endometriosis
has been explored in mouse models, activation pathways and markers over time have
not been described. Importantly, the sequence of causal pathways linking macrophage
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phenotype with the development of endometriosis can only be thoroughly defined in animal
models, where sequential changes in lesion establishment and immune profiles can be
evaluated effectively. Collectively, these findings necessitate the further characterization of
peritoneal macrophages in endometriosis to evaluate the impact of different macrophage
subtypes in disease pathogenesis. In addition, the origins of peritoneal and lesion-resident
macrophages which may dictate their functional contribution to disease pathogenesis was
unknown until recently. We have since demonstrated, using a mouse model of induced endo-
metriosis that lesion-resident macrophages are derived from eutopic endometrial tissue, infil-
trating LPM and monocytes that differentiate into macrophages within lesions [139].
Depletion of endometrial macrophages leads to the development of smaller lesions [139],
and a previous study depleting F4/80þ LPM with an F4/80 antibody also resulted in smaller
lesions [146]. Conversely, when we constitutively depleted monocytes in the mouse model,
we saw a significant reduction in the numbers of LPM, SPM and monocytes and a concom-
itant increase in the number of lesions that developed. This suggests that monocyte-derived
macrophages act to protect the peritoneal cavity when challenged with ectopic endometrial
tissue. Thus, we have proposed a possible model whereby in endometriosis, macrophages
derived from endometrium exhibit proendometriosis functions. Alternatively, monocyte-
derived macrophages from the recipient have an antiendometriosis role and are protective
against the persistence of ectopic endometrial tissue [139]. The transcriptomic profile of
each of these populations and extent of phenotypic heterogeneity is yet to be determined.

Ectopic endometrial lesions as wounds: a perpetual battleground

Following tissue injury, a sequence of four overlapping physiological events occurs (1) an
early attempt to restore homeostasis via blood vessel constriction and the formation of blood
clots or platelet plugs, (2) a proinflammatory phase with the recruitment of inflammatory
immune cells as a defense mechanism and to clear damaged cellular detritus, (3) a prolifer-
ative, tissue-healing phase characterized by fibroplasia and angiogenesis, and (4) the resolu-
tion of inflammation and remodeling to restore tissue architecture and functionality [167,168].
Macrophages play a critical role in all aspects of wound healing, including phagocytosis of
cell debris, collagen degradation, MMP production, neovascularization [168], and are an
important source of IGF-1, a potent enhancer of tissue regeneration [169].

In several chronic diseases, aberrant wound healing can give rise to the persistence of an
injury, resulting in a continuous recurrence of inflammation as the injury does not progress
through the normal sequence toward healing [170]. Likewise, in the peritoneal cavity,
displaced endometrial fragments can be considered as injured tissue [171], and endometriotic
lesions as wounds undergoing recurrent tissue injury and repair (Re-TIAR) [172], due in part
to hormonal changes and cyclic bleeding associated with menses. Remodeling of the endome-
trium occurs naturally during the human menstrual cycle under the control of estrogen and
progesterone, and involves the degradation of the superficial layer of the endometrium and
regeneration of a new layer without fibrosis, resulting in scar-free healing, allowing for full
functionality of the endometrium to be restored [126,173]. MMPs are the main tissue-
remodeling enzyme family involved in this remodeling process, and in endometriosis, the
ectopic endometrium has a higher capacity to produce MMP-2 and MMP-9, compared to
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eutopic tissues [8,11,126,174]. The levels of MMP-9 were found to increase in correlation with
the severity of disease, and the expression of MMP-9 was highest at the proliferative stage
[175]. The presence of these enzymes, typically secreted by prorepair macrophages, suggests
that the tissue-remodeling process may be a precursor, which promotes attachment and
invasion of ectopic endometrial tissue in the peritoneal cavity [13,146,176].

In addition, estrogen contributes to macrophage-mediated tissue regeneration with estro-
gen/estrogen receptor signaling preferentially polarizing macrophages toward a reparative
phenotype [177,178]. In a cutaneous model of wound repair, ablation of estrogen receptor
a (ERa) in vivo resulted in fewer prorepair macrophages with corresponding reductions in
antiinflammatory cytokine profiles, confirming a role for ERa in the generation of tissue-
healing macrophages [177]. In contrast, in a mouse model of endometriosis, macrophages
in the lesions predominantly expressed ERb, with approximately 20% of macrophages
expressing ERa [178], suggesting that the impact of hormone signaling on macrophage-
assisted wound healing in the peritoneal cavity may be different compared to wound healing
elsewhere in the body.

The proposed redefinition of endometriosis as a fibrotic condition [141] supports the
assumption that inappropriate wound healing contributes development of fibrotic endo-
metriotic lesions. Prorepair macrophages have been implicated in promoting fibrosis in
endometriosis [179]. In mice with induced endometriosis, the number of prorepair CD163þ

macrophages significantly increased over time, with a simultaneous increase in markers of
fibrosis (total collagen, myofibroblast expression, platelet aggregation, epithelial cell
abundance), while depletion of macrophages significantly reduces histopathological signs
of fibrosis [179]. This suggests that sustained fibrotic, prorepair macrophage activity may
impede scar-free repair in endometriosis lesions, and could further contribute to the inability
to appropriately resolve inflammation and clear these ectopic sites.

It is particularly interesting that despite repeated cycles of breakdown and repair, eutopic
endometrium is able to achieve scar-free healing, whereas the similar cyclical impact on
ectopic endometrial tissue within the peritoneal cavity results in fibrosis. While thus far
the mechanism differentiating the healing profile in these cells is unknown, it is probable
that the constant exposure to peritoneal immune cells prevents appropriate resolution of
inflammation leading to fibrotic “healing” to prevent further inflammatory damage to
surrounding tissues in the peritoneal cavity. It remains to be determined why ectopic endo-
metrium continues to be recognized as self in women with endometriosis and macrophages
activate processes to repair it, while in women without endometriosis ectopic tissue is
cleared, relatively silently, from the peritoneal cavity.

We have also demonstrated elevated monocyte numbers and constitutive recruitment of
monocytes into the peritoneal cavity in a mouse model of endometriosis [139]. We suggest
that newly recruited monocytes initially differentiate into proinflammatory macrophages
and may modulate their phenotype to become prorepair. Hence, in endometriosis, contin-
uous recruitment and differentiation may lead to the peritoneal cavity being exposed to
both proinflammatory and antiinflammatory cytokines simultaneously [161]. This concurrent
action may exacerbate the development of endometriosis, wherein the shift between phases
of predominantly proinflammatory to prohealing macrophage phenotype as seen in wound
repair is disrupted with continuous waves of proinflammatory cytokine action, healing but
then inappropriately resolved inflammation. Therefore, building upon the Re-TIAR model
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and incorporating the critical role of macrophages in the pathogenesis of endometriosis, we
postulate that the inherent nature of the endometrium to “heal” results in a premature switch
in macrophage phenotype to a prorepair phenotype which leads to an inefficient initial
inflammatory phase, an early “repair” phase and an aberrant “resolution” of the ectopic
tissue such that it forms a fibrotic lesion. With subsequent menstrual cycles, the process of
rapid wound healing is re-initiated in the already inadequately resolved ectopic tissue,
thus creating fibrotic layers to contain the recurrent microbleeding. Further to this is the
assumption that within a single endometriotic lesion, discrete “zones” are established,
supported by functionally diverse endometriosis-associated macrophages that contribute to
lesion architecture through remodeling, vascularization and neurogenesis.

Macrophages promote urbanization once the new land has been colonized

Once macrophages have infiltrated ectopic endometrial tissue implants, they promote in-
vasion of ectopic endometrial tissue, angiogenesis, neurogenesis and generation of pain.
In vitro, coculture systems have been used to evaluate the involvement of macrophages on
the invasive potential and growth of endometrial stromal cells. When cocultured with endo-
metriotic stromal cells, isolated autologous peripheral blood-derived monocyte (PBMC)-
derived macrophages from women with endometriosis exhibited increased expression of
CSF-1 [180]. CSF-1 is known to enhance the attachment, proliferation and invasion of
endometriotic stromal cells, and in this coculture system, the clonogenicity and invasiveness
of endometriotic stromal cells was increased [180e182]. Similarly, increased survival and
growth of ectopic endometrial cells cocultured with PBMC-derived macrophages was
observed as well as a reduction in macrophage phagocytic ability compared to macrophages
cultured with eutopic endometrial cells [183], indicating that the inherent difference in ectopic
endometrial cells may drive a disease-modified macrophage profile. Collectively, these
studies suggest that macrophages support the establishment and invasive potential of endo-
metrial stomal cells.

Establishing a blood supply to newly attached ectopic endometrial implants is vital in dis-
ease progression. Importantly, peritoneal fluid from women with endometriosis is found to
be more proangiogenic than peritoneal fluid from women without endometriosis [151,184].
A combination of macrophage-associated cytokines including VEGF, TNF-a, and IL-8 are
elevated in the peritoneal fluid from women with endometriosis compared to those without
[176,185,186]. Both TNF-a and IL-8 promote adhesion, proliferation, and angiogenesis of
endometrial cells, implying that an overexpression of these cytokines may result in localized
vascularization and remodeling of the mesothelium [184]. VEGF, an important angiogenic
factor, is abundantly expressed in the glandular compartment of endometriomas [184,187].
Activated peritoneal macrophages have also been implicated as mediators of vascular
development, as they are potent sources of VEGF, which results in increased microvascular
permeability and release of MMPs, thus facilitating endothelial cell proliferation and migra-
tion, and remodeling of vascular networks [13,188]. Moreover, neovascularization is a marker
of successful lesion survival, as the development of blood vessels is critical to support lesion
growth [189]. In mice, the depletion of macrophages resulted in disruption of the vasculari-
zation and growth of endometriosis-like lesions over time [146]. Assessment of microvessel
density and endometrial tissue growth in mice highlighted the role of infiltrating VEGF
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receptor I (VEGF-R1)-expressing macrophages in enhancing angiogenesis and lesion survival
[190]. Collectively, while these studies suggest that disrupting proangiogenic macrophage
activity in endometriosis may be beneficial in impeding disease progression, there remains
a need to accurately identify, isolate, and target these endometriosis-associated macrophages
to ensure specificity of treatment.

Macrophages also have key roles in pain generation as demonstrated through animal
models of diabetes [191] and osteoarthritis [192]. Bilateral communication between macro-
phages and pain-sensing neurons (nociceptors) occurs, and is mediated by a cocktail of
proinflammatory cytokines, neurotrophins and microRNAs [193]. Within the endometriotic
milieu, complex interactions between newly formed neurons, vasculature, and immune cells
occur. Macrophages are an important source of neurotrophins such as nerve growth factor,
neurotrophin-3 and brain-derived neurotrophic factor which are essential for neuron sprout-
ing, reorganization and sensitization of peripheral nerve fibers [194]. In endometriotic lesions,
macrophages cluster around nerve fibers [195], with the secretion of CSF-1 and CCL-2 from
neurons further enhancing macrophage chemotaxis [178]. Additionally, increased expression
of cyclooxygenase-2 (COX-2) has been observed in the brain and spinal cord of mice with
endometriosis, likely resulting in enhanced pain perception experienced by women with
this disease [196]. Importantly, the depletion of peripheral macrophages reduces COX2
and TNF-a expression in the CNS, further supporting a role for macrophages in
endometriosis-associated hyperalgesia [197]. In addition, the expression of IGF-1 is increased
in endometriosis-associated macrophages, wherein the inhibition of macrophage-derived-
IGF-1 in vitro limits neuron growth and selective inhibition of IGF-1 receptor in mice with
induced endometriosis reduces endometriosis-associated pain [197].

While the exact mechanisms underpinning neurogenesis in endometriosis are only just
being elucidated, the recruitment of macrophages and nerve fibers results in neuroinflamma-
tion, possibly contributing to the initiation, maintenance and aggravation of endometriosis-
associated pain [198]. As multiple macrophage-associated cytokines can induce neuronal
sensitization, therapies targeting macrophage populations, which overexpress neurotrophins,
may be an innovative method to overcome the debilitating pain associated with endometri-
otic lesion persistence. Altered microglial immunoreactivity and astrocyte activation have
also been observed in mice with endometriosis, suggesting that the presence of lesions in
mice alters spinal glial activity [199] and could contribute to debilitating pain associated
with this disorder. The contribution of neurotransmitters and neuropeptides derived from
peripheral nerve fibers and neurogenic inflammation can impact macrophage phenotype
and differentiation [200,201], and could potentially influence endometriotic stromal cell
adhesion, proliferation and apoptosis. Further studies are required in order to determine
the role of neurogenic signaling in the context of endometriosis.

Local climate impacts macrophage behavior

Oxygenation plays a key role in dictating macrophage phenotype. Due to an initial lack of
supportive vasculature, a hypoxic environment characterizes the early phases of ectopic
endometrial tissue survival in the peritoneal cavity. The generation of this hypoxic milieu
is primarily mediated by HIF-1, a protein complex derived from an inducible a subunit,
comprising three isoforms (HIF-1a, HIF-2a and HIF-3a), and a constitutively expressed b
unit [202]. In macrophages, nitric oxide equilibrium is maintained by HIF-1, wherein
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HIF-1a regulates inducible nitric oxide synthase (proinflammatory), while HIF-2a controls
arginase expression (prorepair) [203]. This suggests that perturbations in oxygen concentra-
tions can influence macrophage polarization, impacting the progression of various
pathologies including endometriosis. For example, a defining feature of tumor microenviron-
ments is the presence of hypoxia, which is associated with an accumulation of TAMs with
dynamic phenotypes [204]. Under hypoxic conditions, HIF-1a�/� macrophages cocultured
with tumor spheroids developed greater antiinflammatory associated TAM markers with
reduced tumor toxicity compared to HIF-1aþ/þ macrophages [205]. In ovarian and breast
cancer, chemokines including MCP-1 and CCL5 recruit TAMs, and are further secreted by
TAMs during malignant transformation to induce tumor immune tolerance [206,207]. The
stabilization of HIF-1 induces a range of proangiogenic mediators including VEGF,
angiopoietin-2, and MMPs [208]. Hypoxic conditions in vitro have shown that macrophages
with a deletion of HIF-1a (HIF-1a�/�) secreted lower quantities of VEGF compared with HIF-
1a replete (HIF-1aþ/þ) macrophages [209].

During the menstrual cycle, HIF-1a supports the regeneration of endometrial tissue via
regulating VEGF [210,211]. In addition, estrogen induces rapid, transient binding of HIF-1
to the VEGF promoter, thus inducing VEGF transcription [212]. In endometriosis lesions,
the expression of HIF-1a was elevated in glandular and stromal compartments, whereas in
eutopic endometrium, significantly lower HIF-1a expression was observed and was mainly
localized in the glandular compartment [213]. Thus, in the estrogen-dependent environment
of endometriosis lesion development, the elevated HIF-1 expression seen in ectopic endome-
trial tissue [214,215] may stimulate peritoneal macrophage production of VEGF, facilitating
disease persistence.

Prolonged periods of oxygen deprivation can initiate cellular epigenetic changes, giving
rise to oncogene activation and malignancy [203]. Cancer-associated mutations have been
identified in women with endometriosis in the absence of cancer or dysplasia, underscoring
the potential for transformation of benign endometriotic lesions into malignant cancers
[216,217]. Likewise, several studies have found that endometriosis has the potential to prog-
ress to endometriosis-associated ovarian cancer (EAOC) [218e220]. In EAOCs coexisting
with endometriosis, the expression of platelet factor 4 (CXCL4) was significantly higher in
CD68þ macrophages infiltrating endometriotic lesions compared to CD68þ TAMS in malig-
nant cells [221]. CXCL4 promotes monocyte adhesion and differentiation into macrophages
[222]. Interestingly, in vitro stimulation of human peripheral blood monocytes with CXCL4
resulted in macrophages with reduced phagocytic capability and increased expression of
MMP-7 and MMP-12 [223,224].

Collectively, these findings suggest that differing patterns of hypoxia in endometriosis
may occur throughout lesion growth resulting in the generation of discrete microenviron-
ments within lesions, which in turn could give rise to distinct subpopulations of
endometriosis-associated macrophages, however this remains to be evaluated. Thus, endo-
metriotic lesions are histologically heterogenous. Discrete areas of stromal and epithelial
cell populations are interspersed with areas of fibrosis, hemorrhage as well as richly vascu-
larized and innervated areas. Macrophage density also differs throughout lesions. Therefore,
we propose a model whereby these discrete microenvironments give rise to varied macro-
phage phenotypes, and that the colonization and role of macrophages in lesions is far
more complex than can currently be appreciated (Fig. 2.1).

Macrophages in endometriosis 29

I. Immune factors in the pathogenesis, and the potential therapeutic target, of endometriosis



Macrophages and endometriosis-associated infertility: a hostile habitat

Although chronic pain is the most common presentation of endometriosis, disease symp-
toms may also include irregular uterine bleeding and infertility [5,126,225,226]. Women with
endometriosis have reduced fecundity, increased prevalence of spontaneous abortion, and
lower live birth rates [227,228]. While a correlation between endometriosis and subfertility
is increasingly apparent, the mechanisms contributing to this phenomenon remains unclear
and is likely to be multifactorial. To this extent, immune cells play important roles from
the initial peri-conception phase throughout gestation [229]. Macrophages play key roles in
the cyclic breakdown and regeneration of the endometrium during the menstrual cycle,
and are essential in the establishment and successful maintenance of pregnancy [100]. In
mice, immediately following copulation, the presence of seminal fluid facilitates the recruit-
ment of macrophages to the endometrium [230], with subsequent activation and regulation of
macrophage proinflammatory/prorepair polarization driving uterine vasculature remodel-
ing to support implantation, placentation, fetal tolerance and growth [231]. In a xenograft
model of endometriosis, human endometrial explants exposed to seminal plasma prior to

FIGURE 2.1 Macrophages exist in a dynamic microenvironment within endometriotic lesions. Here we pre-
sent a putative model where macrophages exist in discrete microenvironments within lesions that drive phenotype
heterogeneity. (A) Proinflammatory macrophages assist in the clearance of ectopic endometrial tissue. (B) Mitogenic
macrophages promote ectopic endometrial cell proliferation. (C) Prorepair and profibrotic macrophages drive tissue-
healing, scarring and fibrosis. (D) Lack of oxygen results in hypoxic pocket formation within lesions, with macro-
phages regulating tissue damage and redox status. (E) Macrophages have critical roles in neurogenesis and contribute
to pain associated with endometriosis. (F) Proangiogenic macrophages facilitate blood vessel formation in established
lesions. Created using Biorender.com.
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transfer into mice showed increased proliferation of endometrial epithelial cells resulting in
significantly larger lesions compared to mice with control (not exposed to seminal plasma)
explants [232]. This suggests that exposure to potential bioactive factors in seminal plasma
may contribute to the survival of refluxed endometrium and contribute to endometriosis.
Elevated levels of MCP-1 and macrophage migration inhibitory factor (MIF) have been
observed in the eutopic endometrium of women with endometriosis compared with controls
[233e235]. MIF, an important regulator of the inflammatory cascade, is able to induce MCP-1
expression following a proinflammatory challenge or injury [236]. The tandem action of these
cytokines may result in aberrant migration of macrophages into the endometrium, which in
turn could negatively impact macrophage availability and function required throughout
periconception, potentially contributing to subfertility, embryo implantation failure and
preeclampsia.

The expression of macrophage-associated proinflammatory cytokines, including IL-1, IL-6,
and IL-8, are elevated in both the eutopic and ectopic endometrium of women with endome-
triosis [237,238]. This overproduction of proinflammatory mediators generates a chronic
inflammatory environment, which is detrimental for trophoblast invasion and generation
of immune tolerance [239]. Moreover, macrophages in endometriosis contribute to oxidative
stress via increased production of reactive oxygen species, hence further impairing reproduc-
tive outcomes [240]. In women, a study evaluating the expression of nitric oxide in endome-
triosis found significantly higher levels in ectopic tissue compared to paired eutopic
endometrial samples [241]. In addition, the same study showed elevated expression of nitric
oxide in endometrial samples from women with endometriosis compared to those without.
Furthermore, higher levels of iNOS were released from peritoneal macrophages derived
from women with endometriosis compared to women without endometriosis, when stimu-
lated with IFN-a in vitro [240]. This finding was linked with the observed subfertility seen
in women with endometriosis, as sustained oxidative stress may impact sperm viability post-
coitus, as well as affect the quality of oocytes and embryos [242,243]. Additionally, nitric ox-
ide release in the human uterus promotes cervical ripening and uterine contractions, enabling
effacement and dilation of the cervix prior to delivery [244]. In early pregnancy however, an
increase in cervical nitric oxide levels is associated with intrauterine miscarriages [245], and
may be linked with progesterone insufficiency in women with recurrent spontaneous
abortions. Therefore, it is possible that progesterone resistance in endometriosis [246] may
exacerbate infertility issues associated with the proinflammatory milieu of this disorder.

While a sustained proinflammatory environment contributes considerably toward detri-
mental fertility outcomes, anomalous tissue-remodeling macrophage activity may also affect
the progression of pregnancy. In endometriosis, increased prorepair cytokines in the perito-
neal fluid [146] and concomitant elevation of tissue-remodeling factors including MMP-9
[247] and MMP-27 [248], as well as elevated secretion of angiogenic factors such as VEGF
[187] is observed. The aberrant expression of angiogenic factors is associated with poor
pregnancy outcomes in women with recurrent pregnancy loss [249]. Development of vascular
networks to support placentation is critical, and tight regulation of angiogenic cascades is
essential at the fetal-maternal interface for successful embryo attachment and development.

Therefore, as macrophages have important roles during gestation, imbalances in proin-
flammatory/prorepair macrophage activity as seen in endometriosis may be a viable cause
for the subfertility seen in women with this disease.
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Summary

The complex, heterogeneous manifestation and symptoms of endometriosis contributes to
the challenge of understanding the etiology of this disease. Mounting evidence from animal
studies implicate multiple roles for macrophages in endometriotic lesion establishment. The
evidence presented also underscores the importance of achieving an appropriate balance
between proinflammatory and antiinflammatory macrophage responses as well as
adequately timed appearance of appropriate macrophage phenotypes in influencing disease
outcomes [138,146,148,250].

While acknowledging that the presence of a chronic disease like endometriosis necessitates
that the immune system remains in a constant state of flux, strategies, which shift the proin-
flammatory/prorepair balance, may prove therapeutic by inhibiting the reparative function
of prorepair-like macrophages which promotes disease progression. Macrophage-
associated therapeutic strategies employed in pathologies with characteristic macrophage-
driven inflammatory responses, such as type 2 diabetes, atherosclerosis, and cancer [70],
should be appraised to determine suitability for clinical translation in endometriosis. For
example, parallels between the heterogeneous tumor microenvironment in cancer and endo-
metriotic lesions comprising similarly diverse cell populations suggests that pharmacological
approaches targeting macrophages within the tumor microenvironment (i.e., manipulating
macrophage recruitment, macrophage depletion, and macrophage reprograming [251])
may be beneficial in treating endometriosis.

A combination of augmented macrophage function, abnormal immune responses, and
epigenetic dysregulation throughout the menstrual cycle may facilitate the growth of endo-
metriotic lesions, and predispose some women to endometriosis, potentially exacerbating
this condition over multiple repeated menstrual cycles. It remains critical not to discount
the possibility that observed changes in macrophage phenotype in endometriosis could be
a consequence of an enhanced inflammatory response toward the presence of ectopic
endometrial tissue, rather than the observed peritoneal inflammation driving disease devel-
opment. Repeated cycles of lesion injury and “repair” may produce discrete microenviron-
ments and heterogeneous lesions, thus influencing macrophage abundance, subtypes, and
polarization in endometriosis.

Despite the significant contribution of macrophages in the pathophysiology of endometri-
osis, it is important to consider the multifactorial nature of this disease. Although studies in
animal models have demonstrated correlations between macrophage polarization imbalances
and lesion development, it is yet unknown if manipulation of the macrophage polarization
balance would be sufficient to reverse established disease, and should be evaluated. Impor-
tantly, better identification of macrophage heterogeneity and origin in endometriosis could
significantly improve our ability to understand the mechanisms giving rise to this disease
and the subsequent persistence of endometriotic lesions. Likewise, it is crucial to define
unique markers, expression profiles and functional roles for endometriosis-associated macro-
phages, with the ultimate goal of developing strategies specifically targeting lesion-associated
macrophages without affecting “healthy” macrophage populations. With better understand-
ing of macrophage biology, targeting of epigenetic modulators of macrophage polarization
may regulate the balance between proinflammatory and prorepair macrophages, and could
prove to be an effective strategy to halt disease progression in women with endometriosis.

2. Macrophages in endometriosis: they came, they saw, they conquered32

I. Immune factors in the pathogenesis, and the potential therapeutic target, of endometriosis



References
[1] Zondervan KT, et al. Endometriosis. Nat Rev Dis Primers 2018;4(1):9.
[2] Aznaurova YB, et al. Molecular aspects of development and regulation of endometriosis. Reprod Biol Endocrinol

2014;12(1):1e25.
[3] Benagiano G, Brosens I, Lippi D. The history of endometriosis. Gynecol Obstet Invest 2014;78(1):1e9.
[4] Iwabe T, Harada T. Inflammation and cytokines in endometriosis. In: Harada T, editor. Endometriosis:

pathogenesis and treatment. Tokyo: Springer Japan; 2014. p. 87e106.
[5] Giudice LC, Kao LC. Endometriosis. Lancet 2004;364(9447):1789e99.
[6] Hey-Cunningham AJ, et al. Angiogenesis, lymphangiogenesis and neurogenesis in endometriosis. Front Biosci

2013;5:1033e56.
[7] Sampson J. Peritoneal endometriosis due to the menstrual dissemination of endometrial tissue into the perito-

neal cavity. Am J Obstet Gynecol 1927;14.
[8] Halme J, et al. Retrograde menstruation in healthy women and in patients with endometriosis. Obstet Gynecol

1984;64(2):151e4.
[9] Schenken RS. Endometriosis: pathogenesis, clinical features, and diagnosis. Endometriosis November 20,

2018;2018. Available from: http://www.uptodate.com.
[10] Herington JL, et al. Immune interactions in endometriosis. Expet Rev Clin Immunol 2011;7(5):611e26.
[11] Maybin JA, Critchley HO, Jabbour HN. Inflammatory pathways in endometrial disorders. Mol Cell Endocrinol

2011;335(1):42e51.
[12] Riccio L, et al. Immunology of endometriosis. Best Pract Res Clin Obstet Gynaecol 2018;50:39e49.
[13] Capobianco A, Rovere-Querini P. Endometriosis, a disease of the macrophage. Front Immunol 2013;4:9.
[14] Haney AF, Muscato JJ, Weinberg JB. Peritoneal fluid cell populations in infertility patients. Fertil Steril

1981;35(6):696e8.
[15] Kusume T, et al. Human leukocyte antigen expression by peritoneal macrophages from women with pelvic

endometriosis is depressed but coordinated with costimulatory molecule expression. Fertil Steril 2005;83(Suppl.
1):1232e40.

[16] Lee K-S, et al. IL-10-dependent down-regulation of MHC class II expression level on monocytes by peritoneal
fluid from endometriosis patients. Int Immunopharm 2005;5(12):1699e712.

[17] Yamamoto Y, et al. Decreased human leukocyte antigen-DR expression in the lipid raft by peritoneal macro-
phages from women with endometriosis. Fertil Steril 2008;89(1):52e9.

[18] Ahmad SF, et al. Macrophages in pathophysiology of endometriosis. In: Harada T, editor. Endometriosis:
pathogenesis and treatment. Tokyo: Springer Japan; 2014. p. 61e85.

[19] Pollard JW. Trophic macrophages in development and disease. Nat Rev Immunol 2009;9(4):259e70.
[20] van Furth R, et al. The mononuclear phagocyte system: a new classification of macrophages, monocytes, and

their precursor cells. Bull World Health Organ 1972;46(6):845e52.
[21] Naito M, et al. Development, differentiation, and maturation of fetal mouse yolk sac macrophages in cultures.

J Leukoc Biol 1989;46(1):1e10.
[22] Takahashi K, Yamamura F, Naito M. Differentiation, maturation, and proliferation of macrophages in the

mouse yolk sac: a light-microscopic, enzyme-cytochemical, immunohistochemical, and ultrastructural study.
J Leukoc Biol 1989;45(2):87e96.

[23] McGrath KE, et al. Circulation is established in a stepwise pattern in the mammalian embryo. Blood
2003;101(5):1669e76.

[24] Squarzoni P, et al. Microglia modulate wiring of the embryonic forebrain. Cell Rep 2014;8(5):1271e9.
[25] Ginhoux F, Guilliams M. Tissue-resident macrophage ontogeny and homeostasis. Immunity 2016;44(3):439e49.
[26] Schulz C, et al. A lineage of myeloid cells independent of Myb and hematopoietic stem cells. Science

2012;336(6077):86e90.
[27] Naito M, Takahashi K, Nishikawa S. Development, differentiation, and maturation of macrophages in the fetal

mouse liver. J Leukoc Biol 1990;48(1):27e37.
[28] Hoeffel G, Ginhoux F. Fetal monocytes and the origins of tissue-resident macrophages. Cell Immunol

2018;330:5e15.
[29] Guilliams M, et al. Alveolar macrophages develop from fetal monocytes that differentiate into long-lived cells

in the first week of life via GM-CSF. J Exp Med 2013;210(10):1977e92.

References 33

I. Immune factors in the pathogenesis, and the potential therapeutic target, of endometriosis

http://www.uptodate.com


[30] Gomez Perdiguero E, et al. Tissue-resident macrophages originate from yolk-sac-derived erythro-myeloid pro-
genitors. Nature 2015;518(7540):547e51.

[31] Hoeffel G, et al. C-Myb(þ) erythro-myeloid progenitor-derived fetal monocytes give rise to adult tissue-
resident macrophages. Immunity 2015;42(4):665e78.

[32] Bain CC, et al. Long-lived self-renewing bone marrow-derived macrophages displace embryo-derived cells to
inhabit adult serous cavities. Nat Commun 2016;7(1). ncomms11852.

[33] Ginhoux F, et al. Fate mapping analysis reveals that adult microglia derive from primitive macrophages.
Science 2010;330(6005):841e5.

[34] Coskun S, et al. Development of the fetal bone marrow niche and regulation of HSC quiescence and homing
ability by emerging osteolineage cells. Cell Rep 2014;9(2):581e90.

[35] Teh YC, et al. Capturing the fantastic voyage of monocytes through time and space. Front Immunol
2019;10:834.

[36] Wynn TA, Barron L. Macrophages: master regulators of inflammation and fibrosis. Semin Liver Dis
2010;30(3):245e57.

[37] Wynn TA, Chawla A, Pollard JW. Macrophage biology in development, homeostasis and disease. Nature
2013;496(7446):445e55.

[38] Italiani P, Boraschi D. From monocytes to M1/M2 macrophages: phenotypical vs. functional differentiation.
Front Immunol 2014;5:514.

[39] Jantsch J, et al. Macrophages in homeostatic immune function. Front Physiol 2014;5:146.
[40] Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage activation: time for reassessment.

F1000Prime Rep 2014;6:13.
[41] Chavakis E, Choi EY, Chavakis T. Novel aspects in the regulation of the leukocyte adhesion cascade. Thromb

Haemostasis 2009;102(2):191e7.
[42] Deshmane SL, et al. Monocyte chemoattractant protein-1 (MCP-1): an overview. J Interferon Cytokine Res Off J

Int Soc Interferon & Cytokine Res 2009;29(6):313e26.
[43] Zhang X, Goncalves R, Mosser DM. The isolation and characterization of murine macrophages. Curr Protoc Im

2008;83(1):14.1.1e14.1.14. Chapter 14.
[44] Mogensen TH. Pathogen recognition and inflammatory signaling in innate immune defenses. Clin Microbiol

Rev 2009;22(2):240e73 [Table of Contents].
[45] Uribe-Querol E, Rosales C. Control of phagocytosis by microbial pathogens. Front Immunol 2017;8(1368).
[46] Odaka C, Mizuochi T. Role of macrophage lysosomal enzymes in the degradation of nucleosomes of apoptotic

cells. J Immunol 1999;163(10):5346e52.
[47] Sato S, et al. Essential function for the kinase TAK1 in innate and adaptive immune responses. Nat Immunol

2005;6(11):1087e95.
[48] Wang N, Liang H, Zen K. Molecular mechanisms that influence the macrophage M1eM2 polarization balance.

Front Immunol 2014;5(614).
[49] Liu T, et al. NF-kB signaling in inflammation. Signal Transduc & Targ Ther 2017;2(1):17023.
[50] Latz E. The inflammasomes: mechanisms of activation and function. Curr Opin Immunol 2010;22(1):28e33.
[51] Lee C, et al. Inflammasome as a promising therapeutic target for cancer. Life Sci 2019:116593.
[52] Roche PA, Furuta K. The ins and outs of MHC class II-mediated antigen processing and presentation. Nat Rev

Immunol 2015;15(4):203e16.
[53] Novak ML, Koh TJ. Macrophage phenotypes during tissue repair. J Leukoc Biol 2013;93(6):875e81.
[54] Sica A, Mantovani A. Macrophage plasticity and polarization: in vivo veritas. J Clin Invest 2012;122(3):787e95.
[55] Mitchell S, et al. Lipoxins, aspirin-triggered epi-lipoxins, lipoxin stable analogues, and the resolution of inflam-

mation: stimulation of macrophage phagocytosis of apoptotic neutrophils in vivo. J Am Soc Nephrol
2002;13(10):2497e507.

[56] Dalli J, Serhan C. Macrophage proresolving mediators-the when and where. Microbiol Spectr 2016;4(3).
[57] Parola M, Pinzani M. Pathophysiology of organ and tissue fibrosis. Mol Aspect Med 2019;65:1.
[58] Knipper JA, et al. Interleukin-4 receptor a signaling in myeloid cells controls collagen fibril assembly in skin

repair. Immunity 2015;43(4):803e16.
[59] Alvarez RH, Kantarjian HM, Cortes JE. Biology of platelet-derived growth factor and its involvement in

disease. Mayo Clin Proc 2006;81(9):1241e57.

2. Macrophages in endometriosis: they came, they saw, they conquered34

I. Immune factors in the pathogenesis, and the potential therapeutic target, of endometriosis



[60] Pradere JP, et al. Hepatic macrophages but not dendritic cells contribute to liver fibrosis by promoting the
survival of activated hepatic stellate cells in mice. Hepatology 2013;58(4):1461e73.

[61] Mack M. Inflammation and fibrosis. Matrix Biol 2018;68e69:106e21.
[62] Duffield JS, et al. Selective depletion of macrophages reveals distinct, opposing roles during liver injury and

repair. J Clin Invest 2005;115(1):56e65.
[63] Zhang MZ, et al. CSF-1 signaling mediates recovery from acute kidney injury. J Clin Invest

2012;122(12):4519e32.
[64] Rappolee DA, et al. Wound macrophages express TGF-alpha and other growth factors in vivo: analysis by

mRNA phenotyping. Science 1988;241(4866):708e12.
[65] Berse B, et al. Vascular permeability factor (vascular endothelial growth factor) gene is expressed differentially

in normal tissues, macrophages, and tumors. Mol Biol Cell 1992;3(2):211e20.
[66] Chujo S, et al. Role of connective tissue growth factor and its interaction with basic fibroblast growth factor and

macrophage chemoattractant protein-1 in skin fibrosis. J Cell Physiol 2009;220(1):189e95.
[67] Wynn TA, Vannella KM. Macrophages in tissue repair, regeneration, and fibrosis. Immunity 2016;44(3):450e62.
[68] Ma Y, Pope RM. The role of macrophages in rheumatoid arthritis. Curr Pharmaceut Des 2005;11(5):569e80.
[69] Hotamisligil GS. Inflammation and metabolic disorders. Nature 2006;444(7121):860e7.
[70] Parisi L, et al. Macrophage polarization in chronic inflammatory diseases: killers or builders? J Immunol Res

2018;2018:8917804.
[71] Kierdorf K, et al. Microglia emerge from erythromyeloid precursors via Pu.1- and Irf8-dependent pathways.

Nat Neurosci 2013;16(3):273e80.
[72] Katsumoto A, et al. Ontogeny and functions of central nervous system macrophages. J Immunol

2014;193(6):2615e21.
[73] Vilhardt F. Microglia: phagocyte and glia cell. Int J Biochem Cell Biol 2005;37(1):17e21.
[74] Jin X, Yamashita T. Microglia in central nervous system repair after injury. J Biochem 2016;159(5):491e6.
[75] Rapalino O, et al. Implantation of stimulated homologous macrophages results in partial recovery of paraplegic

rats. Nat Med 1998;4(7):814e21.
[76] Liu P, et al. Role of macrophages in peripheral nerve injury and repair. Neural Regen Res 2019;14(8):1335e42.
[77] Armstrong BD, et al. Lymphocyte regulation of neuropeptide gene expression after neuronal injury. J Neurosci

Res 2003;74(2):240e7.
[78] Sakaguchi M, et al. A carbohydrate-binding protein, Galectin-1, promotes proliferation of adult neural stem

cells. Proc Natl Acad Sci USA 2006;103(18):7112e7.
[79] Yamane J, et al. Transplantation of galectin-1-expressing human neural stem cells into the injured spinal cord of

adult common marmosets. J Neurosci Res 2010;88(7):1394e405.
[80] Gaudet AD, et al. Galectin-1 in injured rat spinal cord: implications for macrophage phagocytosis and neural

repair. Mol Cell Neurosci 2015;64:84e94.
[81] Hochreiter-Hufford A, Ravichandran KS. Clearing the dead: apoptotic cell sensing, recognition, engulfment,

and digestion. Cold Spring Harb Perspect Biol 2013;5(1):a008748.
[82] Green DR, et al. Immunogenic and tolerogenic cell death. Nat Rev Immunol 2009;9(5):353e63.
[83] Geissmann F, et al. Development of monocytes, macrophages, and dendritic cells. Science 2010;327(5966):656e61.
[84] Ghosn EE, et al. Two physically, functionally, and developmentally distinct peritoneal macrophage subsets.

Proc Natl Acad Sci USA 2010;107(6):2568e73.
[85] Wong K, et al. Phosphatidylserine receptor Tim-4 is essential for the maintenance of the homeostatic state of

resident peritoneal macrophages. Proc Natl Acad Sci USA 2010;107(19):8712e7.
[86] Rosas M, et al. The transcription factor Gata6 links tissue macrophage phenotype and proliferative renewal.

Science 2014;344(6184):645e8.
[87] Cassado Ados A, D’Imperio Lima MR, Bortoluci KR. Revisiting mouse peritoneal macrophages: heterogeneity,

development, and function. Front Immunol 2015;6:225.
[88] Gautier EL, et al. Local apoptosis mediates clearance of macrophages from resolving inflammation in mice.

Blood 2013;122(15):2714e22.
[89] Okabe Y, Medzhitov R. Tissue-specific signals control reversible program of localization and functional polar-

ization of macrophages. Cell 2014;157(4):832e44.
[90] Barth MW, et al. Review of the macrophage disappearance reaction. J Leukoc Biol 1995;57(3):361e7.

References 35

I. Immune factors in the pathogenesis, and the potential therapeutic target, of endometriosis



[91] Ruckerl D, et al. Macrophage origin limits functional plasticity in helminth-bacterial co-infection. PLoS Pathog
2017;13(3):e1006233.

[92] Cain DW, et al. Identification of a tissue-specific, C/EBPb-dependent pathway of differentiation for murine
peritoneal macrophages. J Immunol 2013;191(9):4665e75.

[93] Liao CT, et al. IL-10 differentially controls the infiltration of inflammatory macrophages and antigen-presenting
cells during inflammation. Eur J Immunol 2016;46(9):2222e32.

[94] Bellingan GJ, et al. In vivo fate of the inflammatory macrophage during the resolution of inflammation: inflam-
matory macrophages do not die locally, but emigrate to the draining lymph nodes. J Immunol
1996;157(6):2577e85.

[95] Yona S, et al. Fate mapping reveals origins and dynamics of monocytes and tissue macrophages under homeo-
stasis. Immunity 2013;38(1):79e91.

[96] Bain CC, et al. Origin and microenvironment contribute to the sexually dimorphic phenotype and function of
peritoneal macrophages. BioRxiv 2019:837336.

[97] Wiktor-Jedrzejczak W, et al. CSF-1 deficiency in the op/op mouse has differential effects on macrophage
populations and differentiation stages. Exp Hematol 1992;20(8):1004e10.

[98] Begg SK, et al. Delayed hematopoietic development in osteopetrotic (op/op) mice. J Exp Med
1993;177(1):237e42.

[99] Dai XM, et al. Targeted disruption of the mouse colony-stimulating factor 1 receptor gene results in osteopet-
rosis, mononuclear phagocyte deficiency, increased primitive progenitor cell frequencies, and reproductive
defects. Blood 2002;99(1):111e20.

[100] Care AS, et al. Macrophages regulate corpus luteum development during embryo implantation in mice. J Clin
Invest 2013;123(8):3472e87.

[101] Ingman WV, et al. Null mutation in transforming growth factor beta1 disrupts ovarian function and causes
oocyte incompetence and early embryo arrest. Endocrinology 2006:147.

[102] Rae F, et al. Characterisation and trophic functions of murine embryonic macrophages based upon the use of a
Csf1r-EGFP transgene reporter. Dev Biol 2007;308(1):232e46.

[103] Banaei-Bouchareb L, et al. A transient microenvironment loaded mainly with macrophages in the early devel-
oping human pancreas. J Endocrinol 2006;188(3):467e80.

[104] Chen L, et al. Tie2 expression on macrophages is required for blood vessel reconstruction and tumor relapse
after chemotherapy. Cancer Res 2016;76(23):6828e38.

[105] Deryugina EI, Quigley JP. Tumor angiogenesis: MMP-mediated induction of intravasation- and metastasis-
sustaining neovasculature. Matrix Biol 2015;44e46:94e112.

[106] Cohen HB, Mosser DM. Extrinsic and intrinsic control of macrophage inflammatory responses. J Leukoc Biol
2013;94(5):913e9.

[107] Chen S, et al. Epigenetic regulation of macrophages: from homeostasis maintenance to host defense. Cell Mol
Immunol 2020;17(1):36e49.

[108] Giefing-Kroll C, et al. How sex and age affect immune responses, susceptibility to infections, and response to
vaccination. Aging Cell 2015;14(3):309e21.

[109] Marriott I, Bost KL, Huet-Hudson YM. Sexual dimorphism in expression of receptors for bacterial lipopolysac-
charides in murine macrophages: a possible mechanism for gender-based differences in endotoxic shock
susceptibility. J Reprod Immunol 2006;71(1):12e27.

[110] Griffin C, et al. Sexually dimorphic myeloid inflammatory and metabolic responses to diet-induced obesity.
Am J Physiol Regul Integr Comp Physiol 2016;311(2):R211e6.

[111] Scotland RS, et al. Sex differences in resident immune cell phenotype underlie more efficient acute inflamma-
tory responses in female mice. Blood 2011;118(22):5918e27.

[112] Tedla N, et al. Heterogeneous expression of apolipoprotein-E by human macrophages. Immunology
2004;113(3):338e47.

[113] Brown MB, et al. M1/M2 macrophage polarity in normal and complicated pregnancy. Front Immunol
2014;5:606.

[114] Pradhan P, et al. Interplay of heme with macrophages in homeostasis and inflammation. Int J Mol Sci
2020;21(3).

[115] Li Q, et al. Bisphenol A and phthalates modulate peritoneal macrophage function in female mice involving
SYMD2-H3K36 dimethylation. Endocrinology 2018;159(5):2216e28.

2. Macrophages in endometriosis: they came, they saw, they conquered36

I. Immune factors in the pathogenesis, and the potential therapeutic target, of endometriosis



[116] Shapouri-Moghaddam A, et al. Macrophage plasticity, polarization, and function in health and disease. J Cell
Physiol 2018;233(9):6425e40.

[117] Li L, et al. The immunotoxicity of dibutyl phthalate on the macrophages in mice. Immunopharmacol Immuno-
toxicol 2013;35(2):272e81.

[118] Bingle L, Brown NJ, Lewis CE. The role of tumour-associated macrophages in tumour progression: implications
for new anticancer therapies. J Pathol 2002;196(3):254e65.

[119] Riabov V, et al. Role of tumor associated macrophages in tumor angiogenesis and lymphangiogenesis. Front
Physiol 2014;5:75.

[120] Wu H, et al. Tumour-associated macrophages mediate the invasion and metastasis of bladder cancer cells
through CXCL8. Peer J 2020;8:e8721.

[121] Biswas SK, et al. A distinct and unique transcriptional program expressed by tumor-associated macrophages
(defective NF-kappaB and enhanced IRF-3/STAT1 activation). Blood 2006;107(5):2112e22.

[122] Remmerie A, Scott CL. Macrophages and lipid metabolism. Cell Immunol 2018;330:27e42.
[123] Angulo P. Obesity and nonalcoholic fatty liver disease. Nutr Rev 2007;65(6 Pt 2):S57e63.
[124] Kraakman MJ, et al. Macrophage polarization in obesity and type 2 diabetes: weighing down our understand-

ing of macrophage function? Front Immunol 2014;5. 470-470.
[125] Tesch GH. Role of macrophages in complications of type 2 diabetes. Clin Exp Pharmacol Physiol

2007;34(10):1016e9.
[126] Oertelt-Prigione S. Immunology and the menstrual cycle. Autoimmun Rev 2012;11(6e7):A486e92.
[127] Kamat BR, Isaacson PG. The immunocytochemical distribution of leukocytic subpopulations in human endo-

metrium. Am J Pathol 1987;127(1):66e73.
[128] Poropatich C, Rojas M, Silverberg SG. Polymorphonuclear leukocytes in the endometrium during the normal

menstrual cycle. Int J Gynecol Pathol 1987;6(3):230e4.
[129] Critchley HO, et al. The endocrinology of menstruation–a role for the immune system. Clin Endocrinol

2001;55(6):701e10.
[130] Thiruchelvam U, et al. The importance of the macrophage within the human endometrium. J Leukoc Biol

2013;93(2):217e25.
[131] Salamonsen LA, Zhang J, Brasted M. Leukocyte networks and human endometrial remodelling. J Reprod

Immunol 2002;57(1e2):95e108.
[132] Guo Y, et al. Comprehensive analysis of leukocytes, vascularization and matrix metalloproteinases in human

menstrual xenograft model. PLoS One 2011;6(2):e16840.
[133] Jenkins SJ, et al. Local macrophage proliferation, rather than recruitment from the blood, is a signature of TH2

inflammation. Science 2011;332(6035):1284e8.
[134] Cousins FL, et al. Evidence from a mouse model that epithelial cell migration and mesenchymal-epithelial tran-

sition contribute to rapid restoration of uterine tissue integrity during menstruation. PLoS One
2014;9(1):e86378.

[135] Garry R, et al. Structural changes in endometrial basal glands during menstruation. BJOG An Int J Obstet
Gynaecol 2010;117(10):1175e85.

[136] Maybin JA, et al. The presence and regulation of connective tissue growth factor in the human endometrium.
Hum Reprod 2012;27(4):1112e21.

[137] Cousins FL, et al. Evidence for a dynamic role for mononuclear phagocytes during endometrial repair and
remodelling. Sci Rep 2016;6. 36748-36748.

[138] Greaves E, et al. A novel mouse model of endometriosis mimics human phenotype and reveals insights into the
inflammatory contribution of shed endometrium. Am J Pathol 2014;184(7):1930e9.

[139] Hogg C, et al. Macrophages inhibit and enhance endometriosis depending on their origin. Proc Natl Acad Sci
2021;118:e2013776118. USA.

[140] Lucas T, et al. Differential roles of macrophages in diverse phases of skin repair. J Immunol
2010;184(7):3964e77.

[141] Vigano P, et al. Time to redefine endometriosis including its pro-fibrotic nature. Hum Reprod
2017;33(3):347e52.

[142] Vallve-Juanico J, et al. Macrophages display proinflammatory phenotypes in the eutopic endometrium of
women with endometriosis with relevance to an infectious etiology of the disease. Fertil Steril
2019;112(6):1118e28.

References 37

I. Immune factors in the pathogenesis, and the potential therapeutic target, of endometriosis



[143] Cao X, et al. The presence of endometrial cells in the peritoneal cavity enhances monocyte recruitment and in-
duces inflammatory cytokines in mice: implications for endometriosis. Fertil Steril 2004;82(Suppl. 3):999e1007.

[144] Hornung D, et al. Chemokine bioactivity of RANTES in endometriotic and normal endometrial stromal cells
and peritoneal fluid. Mol Hum Reprod 2001;7(2):163e8.

[145] D’Hooghe TM, et al. Effect of menstruation and intrapelvic injection of endometrium on inflammatory param-
eters of peritoneal fluid in the baboon (Papio anubis and Papio cynocephalus). Am J Obstet Gynecol
2001;184(5):917e25.

[146] Bacci M, et al. Macrophages are alternatively activated in patients with endometriosis and required for growth
and vascularization of lesions in a mouse model of disease. Am J Pathol 2009:175.

[147] Burns KA, et al. Early endometriosis in females is directed by immune-mediated estrogen receptor alpha and
IL-6 cross-talk. Endocrinology 2018;159(1):103e18.

[148] Johan MZ, et al. Macrophages infiltrating endometriosis-like lesions exhibit progressive phenotype changes in a
heterologous mouse model. J Reprod Immunol 2019;132:1e8.

[149] Maruyama T, Yoshimura Y. Molecular and cellular mechanisms for differentiation and regeneration of the uter-
ine endometrium. Endocr J 2008;55(5):795e810.

[150] Halme J, Becker S, Haskill S. Altered maturation and function of peritoneal macrophages: possible role in path-
ogenesis of endometriosis. Am J Obstet Gynecol 1987;156(4):783e9.

[151] Oosterlynck DJ, et al. Immunohistochemical characterization of leucocyte subpopulations in endometriotic
lesions. Arch Gynecol Obstet 1993;253(4):197e206.

[152] McKinnon B, et al. PPAR-gamma expression in peritoneal endometriotic lesions correlates with pain experi-
enced by patients. Fertil Steril 2010;93(1):293e6.

[153] Harada T, Iwabe T, Terakawa N. Role of cytokines in endometriosis. Fertil Steril 2001;76(1):1e10.
[154] Kalu E, et al. Cytokine profiles in serum and peritoneal fluid from infertile women with and without endome-

triosis. J Obstet Gynaecol Res 2007;33(4):490e5.
[155] Gmyrek GB, et al. Differential flow cytometric detection of intracellular cytokines in peripheral and peritoneal

mononuclear cells of women with endometriosis. Eur J Obstet Gynecol Reprod Biol 2008;137(1):67e76.
[156] Fan YY, et al. Expression of inflammatory cytokines in serum and peritoneal fluid from patients with different

stages of endometriosis. Gynecol Endocrinol 2018;34(6):507e12.
[157] Oosterlynck DJ, et al. Transforming growth factor-beta activity is increased in peritoneal fluid from women

with endometriosis. Obstet Gynecol 1994;83(2):287e92.
[158] Dou Q, Williams RS, Chegini N. Inhibition of transforming growth factor-beta 1 alters the growth, anchor-

dependent cell aggregation and integrin mRNA expression in human promonocytes: implications for endome-
triosis and peritoneal adhesion formation. Mol Hum Reprod 1997;3(5):383e91.

[159] Young VJ, et al. Transforming growth factor-beta induced Warburg-like metabolic reprogramming may under-
pin the development of peritoneal endometriosis. J Clin Endocrinol Metab 2014;99(9):3450e9.

[160] Young VJ, et al. The peritoneum is both a source and target of TGF-beta in women with endometriosis. PLoS
One 2014;9(9):e106773.

[161] Beste MT, et al. Molecular network analysis of endometriosis reveals a role for c-Jun-regulated macrophage
activation. Sci Transl Med 2014;6(222):222ra16.

[162] Smith KA, et al. Alternative activation of macrophages in rhesus macaques (Macaca mulatta) with endometri-
osis. Comp Med 2012;62(4):303e10.

[163] Lin YJ, et al. Neutrophils and macrophages promote angiogenesis in the early stage of endometriosis in a
mouse model. Endocrinology 2006;147(3):1278e86.

[164] Lolmede K, et al. Inflammatory and alternatively activated human macrophages attract vessel-associated stem
cells, relying on separate HMGB1- and MMP-9-dependent pathways. J Leukoc Biol 2009;85(5):779e87.

[165] Hull ML, et al. Host-derived TGFB1 deficiency suppresses lesion development in a mouse model of endome-
triosis. Am J Pathol 2012;180(3):880e7.

[166] Cassetta L, Cassol E, Poli G. Macrophage polarization in health and disease. Sci World J 2011;11:2391e402.
[167] Guo S, Dipietro LA. Factors affecting wound healing. J Dent Res 2010;89(3):219e29.
[168] Kloc M, et al. Macrophage functions in wound healing. J Tissue Eng Regen Med 2019;13(1):99e109.
[169] Tonkin J, et al. Monocyte/macrophage-derived IGF-1 orchestrates murine skeletal muscle regeneration and

modulates autocrine polarization. Mol Ther: J. Amer. Soc. Gene Ther 2015;23(7):1189e200.
[170] Nunan R, Harding KG, Martin P. Clinical challenges of chronic wounds: searching for an optimal animal model

to recapitulate their complexity. Dis Model Mech 2014;7(11):1205e13.

2. Macrophages in endometriosis: they came, they saw, they conquered38

I. Immune factors in the pathogenesis, and the potential therapeutic target, of endometriosis



[171] Leyendecker G, Wildt L. A new concept of endometriosis and adenomyosis: tissue injury and repair (TIAR).
Horm Mol Biol Clin Investig 2011;5(2):125.

[172] Guo S-W. Fibrogenesis resulting from cyclic bleeding: the Holy Grail of the natural history of ectopic endome-
trium. Hum Reprod 2018;33(3):353e6.

[173] Hong K, Choi Y. Role of estrogen and RAS signaling in repeated implantation failure. BMB Rep
2018;51(5):225e9.

[174] Guo SW, Zilberberg MD, Hummelshoj L. Endometriosis and ovarian cancer. Lancet Oncol 2012;13(5):e189e90.
Author reply e190.

[175] Liu H, et al. Correlation between matrix metalloproteinase-9 and endometriosis. Int J Clin Exp Pathol
2015;8(10):13399e404.

[176] McLaren J, et al. Vascular endothelial growth factor is produced by peritoneal fluid macrophages in endome-
triosis and is regulated by ovarian steroids. J Clin Invest 1996;98(2):482e9.

[177] Campbell L, et al. Estrogen receptor-alpha promotes alternative macrophage activation during cutaneous
repair. J Invest Dermatol 2014;134(9):2447e57.

[178] Greaves E, et al. Estradiol is a critical mediator of macrophage-nerve cross talk in peritoneal endometriosis. Am
J Pathol 2015;185(8):2286e97.

[179] Duan J, et al. The M2a macrophage subset may be critically involved in the fibrogenesis of endometriosis in
mice. Reprod Biomed Online 2018;37(3):254e68.

[180] Chan RWS, et al. Co-culture with macrophages enhances the clonogenic and invasion activity of endometriotic
stromal cells. Cell Prolifer 2017;50(3):e12330.

[181] Jensen JR, et al. A potential role for colony-stimulating factor 1 in the genesis of the early endometriotic lesion.
Fertil Steril 2010;93(1):251e6.

[182] Aligeti S, et al. Colony-stimulating factor-1 exerts direct effects on the proliferation and invasiveness of endo-
metrial epithelial cells. Fertil Steril 2011;95(8):2464e6.

[183] Mei J, et al. Indoleamine 2,3-dioxygenase-1 (IDO1) in human endometrial stromal cells induces macrophage
tolerance through interleukin-33 in the progression of endometriosis. Int J Clin Exp Pathol 2014;7(6):2743e57.

[184] Groothuis PG. Angiogenesis and endometriosis. In: Endometriosis. Wiley-Blackwell; 2012. p. 190e9.
[185] Maas JW, et al. Tumor necrosis factor-alpha but not interleukin-1 beta or interleukin-8 concentrations correlate

with angiogenic activity of peritoneal fluid from patients with minimal to mild endometriosis. Fertil Steril
2001;75(1):180e5.

[186] Cho S, et al. Expression of vascular endothelial growth factor (VEGF) and its soluble receptor-1 in endometri-
osis. Microvasc Res 2012;83(2):237e42.

[187] Krikun G. Endometriosis, angiogenesis and tissue factor, vol. 2012. Scientifica; 2012. p. 306830.
[188] Lohela M, et al. VEGFs and receptors involved in angiogenesis versus lymphangiogenesis. Curr Opin Cell Biol

2009;21(2):154e65.
[189] Hull ML, et al. Antiangiogenic agents are effective inhibitors of endometriosis. J Clin Endocrinol Metab 2003;88.
[190] Sekiguchi K, et al. VEGF receptor 1-expressing macrophages recruited from bone marrow enhances angiogen-

esis in endometrial tissues. Sci Rep 2019;9(1):7037.
[191] Mert T, et al. Macrophage depletion delays progression of neuropathic pain in diabetic animals. Naunyn-

Schmiedeberg’s Arch Pharmacol 2009;379(5):445e52.
[192] Miller RE, et al. CCR2 chemokine receptor signaling mediates pain in experimental osteoarthritis. Proc Natl

Acad Sci USA 2012;109(50):20602e7.
[193] Chen O, Donnelly CR, Ji RR. Regulation of pain by neuro-immune interactions between macrophages and

nociceptor sensory neurons. Curr Opin Neurobiol 2019;62:17e25.
[194] Samah B, Porcheray F, Gras G. Neurotrophins modulate monocyte chemotaxis without affecting macrophage

function. Clin Exp Immunol 2008;151(3):476e86.
[195] Tran LV, et al. Macrophages and nerve fibres in peritoneal endometriosis. Hum Reprod 2009;24(4):835e41.
[196] Greaves E, et al. Relevant human tissue resources and laboratory models for use in endometriosis research.

Acta Obstet Gynecol Scand 2017;96(6):644e58.
[197] Forster R, et al. Macrophage-derived insulin-like growth factor-1 is a key neurotrophic and nerve-sensitizing

factor in pain associated with endometriosis. FASEB J 2019;33(10):11210e22.
[198] Wu J, et al. Macrophage and nerve interaction in endometriosis. J Neuroinflammation 2017;14(1):53.
[199] Dodds KN, et al. Spinal glial adaptations occur in a minimally invasive mouse model of endometriosis: poten-

tial implications for lesion etiology and persistent pelvic pain. Reprod Sci 2019. 1933719118773405.

References 39

I. Immune factors in the pathogenesis, and the potential therapeutic target, of endometriosis



[200] Ahmed AA, Wahbi AH, Nordlin K. Neuropeptides modulate a murine monocyte/macrophage cell line capac-
ity for phagocytosis and killing of Leishmania major parasites. Immunopharmacol Immunotoxicol
2001;23(3):397e409.

[201] Muschter D, et al. Sensory neuropeptides and their receptors participate in mechano-regulation of murine mac-
rophages. Int J Mol Sci 2019;20(3):503.

[202] Serocki M, et al. miRNAs regulate the HIF switch during hypoxia: a novel therapeutic target. Angiogenesis
2018;21(2):183e202.

[203] Kumar V, Gabrilovich DI. Hypoxia-inducible factors in regulation of immune responses in tumour microenvi-
ronment. Immunology 2014;143(4):512e9.

[204] Tazzyman S, et al. Macrophage-mediated response to hypoxia in disease. Hypoxia 2014;2:185e96.
[205] Werno C, et al. Knockout of HIF-1alpha in tumor-associated macrophages enhances M2 polarization and atten-

uates their pro-angiogenic responses. Carcinogenesis 2010;31(10):1863e72.
[206] Soria G, et al. Concomitant expression of the chemokines RANTES and MCP-1 in human breast cancer: a basis

for tumor-promoting interactions. Cytokine 2008;44(1):191e200.
[207] Pasquier J, et al. CCL2/CCL5 secreted by the stroma induce IL-6/PYK2 dependent chemoresistance in ovarian

cancer. Mol Cancer 2018;17(1):47.
[208] Kelly BD, et al. Cell type-specific regulation of angiogenic growth factor gene expression and induction of

angiogenesis in nonischemic tissue by a constitutively active form of hypoxia-inducible factor 1. Circ Res
2003;93(11):1074e81.

[209] Eubank TD, et al. Opposing roles for HIF-1alpha and HIF-2alpha in the regulation of angiogenesis by mono-
nuclear phagocytes. Blood 2011;117(1):323e32.

[210] Sharkey AM, et al. Vascular endothelial growth factor expression in human endometrium is regulated by
hypoxia. J Clin Endocrinol Metab 2000;85(1):402e9.

[211] Maybin JA, et al. Hypoxia and hypoxia inducible factor-1alpha are required for normal endometrial repair
during menstruation. Nat Commun 2018;9(1):295.

[212] Koos RD, et al. New insight into the transcriptional regulation of vascular endothelial growth factor expression
in the endometrium by estrogen and relaxin. Ann N Y Acad Sci 2005;1041:233e47.

[213] Xu TX, et al. Hypoxia responsive miR-210 promotes cell survival and autophagy of endometriotic cells in
hypoxia. Eur Rev Med Pharmacol Sci 2016;20(3):399e406.

[214] Wu MH, et al. Estrogen receptor expression affected by hypoxia inducible factor-1alpha in stromal cells from
patients with endometriosis. Taiwan J Obstet Gynecol 2012;51(1):50e4.

[215] Wu MH, Hsiao KY, Tsai SJ. Hypoxia: the force of endometriosis. J Obstet Gynaecol Res 2019;45(3):532e41.
[216] Anglesio MS, et al. Cancer-associated mutations in endometriosis without cancer. N Engl J Med

2017;376(19):1835e48.
[217] Suda K, et al. Clonal expansion and diversification of cancer-associated mutations in endometriosis and normal

endometrium. Cell Rep 2018;24(7):1777e89.
[218] Okada H, Kohanbash G, Lotze MT. MicroRNAs in immune regulation–opportunities for cancer immuno-

therapy. Int J Biochem Cell Biol 2010;42(8):1256e61.
[219] Dinulescu D. Molecular mechanisms underlying endometriosis and endometriosis-related cancers. In: Endome-

triosis. Wiley-Blackwell; 2012. p. 512e8.
[220] Yan GJ, et al. MicroRNA miR-302 inhibits the tumorigenicity of endometrial cancer cells by suppression of

Cyclin D1 and CDK1. Cancer Lett 2014;345(1):39e47.
[221] Furuya M, et al. Impaired CXCL4 expression in tumor-associated macrophages (TAMs) of ovarian cancers

arising in endometriosis. Cancer Biol Ther 2012;13(8):671e80.
[222] Pervushina O, et al. Platelet factor 4/CXCL4 induces phagocytosis and the generation of reactive oxygen me-

tabolites in mononuclear phagocytes independently of Gi protein activation or intracellular calcium transients.
J Immunol 2004;173(3):2060e7.

[223] Gleissner CA, et al. CXC chemokine ligand 4 induces a unique transcriptome in monocyte-derived macro-
phages. J Immunol 2010;184(9):4810e8.

[224] Erbel C, et al. CXCL4-induced plaque macrophages can be specifically identified by co-expression of
MMP7þS100A8þ in vitro and in vivo. Innate Immun 2015;21(3):255e65.

[225] Giudice LC. Clinical practice. Endometriosis. N Engl J Med 2010;362(25):2389e98.
[226] Parazzini F, Vercellini P, Pelucchi C. Endometriosis: epidemiology, and etiological factors. In: Endometriosis.

Wiley-Blackwell; 2012. p. 19e26.

2. Macrophages in endometriosis: they came, they saw, they conquered40

I. Immune factors in the pathogenesis, and the potential therapeutic target, of endometriosis



[227] Santulli P, et al. Increased rate of spontaneous miscarriages in endometriosis-affected women. Hum Reprod
2016;31(5):1014e23.

[228] Farland LV, et al. Endometriosis and risk of adverse pregnancy outcomes. Obstet Gynecol 2019;134(3):527e36.
[229] Schumacher A, et al. Immune cells at the fetomaternal interface: how the microenvironment modulates

immune cells to foster fetal development. J Immunol 2018;201(2):325e34.
[230] Robertson SA, et al. Role of high molecular weight seminal vesicle proteins in eliciting the uterine inflammatory

response to semen in mice. J Reprod Fertil 1996;107(2):265e77.
[231] Lash GE, et al. Decidual macrophages: key regulators of vascular remodeling in human pregnancy. J Leukoc

Biol 2016;100(2):315e25.
[232] McGuane JT, et al. Seminal plasma promotes lesion development in a xenograft model of endometriosis. Am J

Pathol 2015;185(5):1409e22.
[233] Akoum A, et al. Secretion of monocyte chemotactic protein-1 by cytokine-stimulated endometrial cells of

women with endometriosis. Le groupe d’investigation en gynecologie. Fertil Steril 1995;63(2):322e8.
[234] Jolicoeur C, et al. Increased expression of monocyte chemotactic protein-1 in the endometrium of women with

endometriosis. Am J Pathol 1998;152(1):125e33.
[235] Veillat V, et al. Macrophage migration inhibitory factor is involved in a positive feedback loop increasing

aromatase expression in endometriosis. Am J Pathol 2012;181(3):917e27.
[236] Xie J, et al. Macrophage migration inhibitor factor upregulates MCP-1 expression in an autocrine manner in

hepatocytes during acute mouse liver injury. Sci Rep 2016;6:27665.
[237] Cao WG, et al. Stimulation of macrophage migration inhibitory factor expression in endometrial stromal cells

by interleukin 1, beta involving the nuclear transcription factor NFkappaB. Biol Reprod 2005;73(3):565e70.
[238] Khoufache K, et al. Anomalies in the inflammatory response in endometriosis and possible consequences: a

review. Minerva Endocrinol 2012;37(1):75e92.
[239] Anton L, et al. Lipopolysaccharide induces cytokine production and decreases extravillous trophoblast inva-

sion through a mitogen-activated protein kinase-mediated pathway: possible mechanisms of first trimester
placental dysfunction. Hum Reprod 2012;27(1):61e72.

[240] Osborn BH, et al. Inducible nitric oxide synthase expression by peritoneal macrophages in endometriosis-
associated infertility. Fertil Steril 2002;77(1):46e51.

[241] Wu MY, et al. Nitric oxide synthesis is increased in the endometrial tissue of women with endometriosis. Hum
Reprod 2003;18(12):2668e71.

[242] Agarwal A, Gupta S, Sharma R. Oxidative stress and its implications in female infertility - a clinician’s perspec-
tive. Reprod Biomed Online 2005;11(5):641e50.

[243] Carvalho LF, et al. Minimal and mild endometriosis negatively impact on pregnancy outcome. Rev Assoc Med
Bras 2012;58(5):607e14.

[244] Vaisanen-Tommiska MR. Nitric oxide in the human uterine cervix: endogenous ripening factor. Ann Med
2008;40(1):45e55.

[245] Vaisanen-Tommiska M, Mikkola TS, Ylikorkala O. Increased release of cervical nitric oxide in spontaneous
abortion before clinical symptoms: a possible mechanism for preabortal cervical ripening. J Clin Endocrinol
Metab 2004;89(11):5622e6.

[246] Patel BG, et al. Progesterone resistance in endometriosis: origins, consequences and interventions. Acta Obstet
Gynecol Scand 2017;96(6):623e32.

[247] Wang DB, et al. [Study of tissue morphology and vascular endothelial growth factor and matrix
metalloproteinase-9 gene expressions in nude mouse endometriosis model]. Zhonghua Fu Chan Ke Za Zhi
2004;39(11):759e62.

[248] Cominelli A, et al. Matrix metalloproteinase-27 is expressed in CD163þ/CD206þ M2 macrophages in the
cycling human endometrium and in superficial endometriotic lesions. Mol Hum Reprod 2014;20(8):767e75.

[249] Su M-T, et al. Gene-gene interactions and gene polymorphisms of VEGFA and EG-VEGF gene systems in recur-
rent pregnancy loss. J Assist Reprod Genet 2014;31(6):699e705.

[250] Capobianco A, et al. Proangiogenic Tie2(þ) macrophages infiltrate human and murine endometriotic lesions
and dictate their growth in a mouse model of the disease. Am J Pathol 2011;179(5):2651e9.

[251] Poh AR, Ernst M. Targeting macrophages in cancer: from bench to bedside. Front Oncol 2018;8:49.

References 41

I. Immune factors in the pathogenesis, and the potential therapeutic target, of endometriosis



This page intentionally left blank



3

Dendritic cells
Gentaro Izumi, Kaori Koga and Yutaka Osuga

Department of Obstetrics and Gynecology, The University of Tokyo Hospital, Tokyo, Japan

Introduction

Dendritic cells (DCs) are heterogeneous bone-marrow derived cells and known to be pro-
fessional antigen-presenting cells. The function of DCs is to recognize antigens, phagocyte
them and present them to T lymphocytes. In addition, DCs also stimulate various cytokines
and costimulatory molecules to determine immune activation or anergy [1]. Thus, DCs bridge
innate and adoptive immune systems and orient immune response.

In 1973, Ralph Steinman and Zan Cohn discovered novel cell types in adherent cells from
mouse lymphoid organs [2]. These cells were a part of mononuclear phagocyte, but they were
distinguished from monocytes and macrophages on the basis of several features. Thus, they
named this population as “dendritic cell” after their unique stellate morphology.

Since DCs controls a variety of immune response, they had been thought heterogeneous.
In reality, technical developments such as monoclonal antibodies enable to analyze DC sub-
sets, and numerous studies have been discussed about the classification of DCs. Broadly, DCs
are divided into two subsets; conventional/myeloid DCs (cDCs) and plasmacytoid DCs
(pDC). cDCs are also called “classical DCs”, and pDCs are an additional DC subset, which
are characterized by their ability to produce large amount of type I interferon.

DCs and monocytes develops from common myeloid precursor cells (CMP). Pre-DC
develops from CMP and they differentiate into pDCs and cDCs. cDCs are divided into
two major subsets: cDC1 and cDC2. They are immature DCs at first, and they have higher
ability to recognize and phagocyte antigens. After inflammatory stimulation with antigen,
they differentiate into mature DCs, which have higher ability of migration, antigen presenta-
tion, and T cell differentiation. Thus, the combination of these DC subsets fine-tuned the
immune environment in steady-state, and their aberrant function causes inflammatory or
immune disease.

As mentioned in other sections, many studies reported aberrant functions of helper T cell
or regulatory T cells, which differentiated under the control of DCs. Macrophages, another
subset of antigen-presenting cells, were also reported as a key factor in the pathogenesis of
endometriosis, however, their ability of T cell differentiation and proliferation is far lower
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than that of DCs. Thus, we can speculate that DCs must play an important role in endome-
triosis development. It is true the number of DC study in endometriosis is relatively lower
than that of T cells and macrophages, but several important studies were published to
develop new insight into endometriosis pathology and novel therapeutic strategies. In this
section, we review these studies and discuss DC contribution in endometriosis and future di-
rection of DC study.

DC population in endometriosis patients

Endometrium and peritoneal cavity were known to be important organ in the develop-
ment of endometriosis. Many studies reported that aberrant T cell profile or function in these
organs [3,4]. Thus, several studies hypothesized that abnormal DC frequency in uterus or
peritoneal cavity may contribute endometriosis (Table 3.1).

Focusing on DC populations in endometrium, Schuke et al. reported two interesting DC
profile change in the endometriosis patients [5]. First, using CD1a as a marker of immature
DC, they reported that fluctuation of immature DC during menstrual cycle were lost in endo-
metriosis patients. Immature DC in basal layers of endometrium were increased during secre-
tory phase than proliferative phase in non-endometriosis patients, however, there are no
difference in endometriosis patients. Next, using CD83 as a marker of mature DC, the
frequency of mature DC were significantly lower in endometriosis patients during all phase
of menstrual cycle.

Focusing on peritoneal DCs, Tariverdian et al. also analyzed peritoneal leukocytes of infer-
tile patients [6]. Their result was not statistically significant, but they revealed moderate
decrease of the number of HLA-DRþ CD11cþ CD123þ peritoneal DC in endometriosis
patients. To analyze peritoneal DC population in detail, we use BDCA3 and BDCA1 as a

TABLE 3.1 Summary of DC frequency analysis.

Tissue DC markers
Feature of endometriosis
patients References

Endometrium CD1aþ immature DC Loss of fluctuation during
menstrual cycle

Schuke et al. [5]

CD83þ mature DC Lower frequency Schuke et al. [5]

Peritoneal cavity HLA-DRþ CD11cþ CD123þ DC Moderate decrease Tariverdian et al. [6]

BDCA3þ CD14� cDC1 No change Izumi et al. [7]

BDCA1þ CD19� cDC2 No change Izumi et al. [7]

BDCA2þ pDC No change Izumi et al. [7]

CD83þ BDCA3þ CD14-mature
cDC1

No change Izumi et al. [7]

CD83þ BDCA1þ CD19-mature
cDC2

No change Izumi et al. [7]
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marker of cDC1 (¼MDC2) and cDC2 (¼MDC1) respectively. In addition, we use CD83 as a
marker of their mature subtypes. However, there was no significant difference of the
frequency of cDC1 and cDC2 and their mature subtypes [7].

The cause of fluctuation of immature DC number in the endometrium during normal men-
strual cycle is still unclear. One hypothesis is DC generation were affected by ovarian steroid.
However, we have no strong consensus about their effect on DC generation. Human hemato-
poietic stem cell express ERs [8]. Mice hematopoietic stem cell, monocyte DC precursors and
common DC progenitors also express Esr1, Esr2 and Pgr (The Immunological Genome
Project; http://www.immgen.org/). Thus, DC generation were thought to be affected by
ovarian steroid. However, both positive effect and negative effect of estradiol on DC gener-
ation were reported [9e11]. In contrast to estrogen, few studies showed progesterone effect
on DC generation, but Ivanova et al. reported that progesterone induce monocyte derived
dendritic cells [12]. Thus, we can speculate that endometrial DC population change during
menstrual cycle is induced not by systematic change but local factors, such as growth factors,
cytokines, and cell-to-cell interactions. The fact that no study reported the fluctuation of DC
frequency in the peritoneal cavity also supports this hypothesis.

Maturation of DC is induced by various factors such as inflammatory cytokines, bacterial,
and viral induced antigens. The frequency of mature DCs is lower in the endometrium of
endometriosis patients [13], but not changed in the peritoneal cavity [7]. In classical para-
digm, mature DCs migrate to lymph nodes to present antigens to naïve T cells. Then, there
is a question why mature DC increased in endometrium of endometriosis patients. One
possible mechanism is endometriosis-related inflammatory stimuli induce DC maturation
and the number of mature DC increased both endometrium and regional lymph nodes.
Another is that a part of endometrium DC is tissue resident DC subtype, which is not migrate
to lymph node even after maturation, and their number increases in endometriosis patients.
To discuss this mechanism, further study with new technology to describe DC heterogeneity
will be needed.

Plasmacytoid dendritic cell

PDC is a distinct DC subset from conventional myeloid DCs. It detects pathogen-derived
nucleic acid and produce massive type I interferon.

Interferon has been postulated to be a therapeutic target of endometriosis. Ingelmo et al.
reported interferon alpha-2b administration to peritoneal cavity or subcutaneous reduced
the size of endometriotic lesion of rat model [14]. On the other hand, a clinical trial showed
interferon alpha-2b progress endometriosis of human. They administrated interferon
alpha-2b into peritoneal cavity during conservative surgery of endometriosis, and showed
higher recurrence rate of endometriosis [15]. Thus, the role of interferon on the pathogenesis
of endometriosis is still unclear.

Few studies on endometriosis examined pDC, which is an important producer of type I
interferon, but one study focused on another feature of plasmacytoid dendritic cell. Suen
et al. reported pDC is a major source of antiinflammatory cytokines, Interleukin 10 (IL10)
in the endometriosis lesion [16]. They also reported that pDC administration increased endo-
metriotic lesion in mouse model, but pDC from IL10 knockout mouse did not [17].
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On the other hand, in the peritoneal cavity, the frequency of pDC is not altered in endo-
metriosis patients compared with control [7], and no study focused on the function of peri-
toneal pDCs. Thus, we need further study to prove that pDC contribute to the
pathogenensis of endometriosis.

Animal study using endometriosis mouse models

To evaluate the development of endometriosis in vivo, endometriosis mouse model is used
[18]. Mice do not develop spontaneous endometriosis because they lack a menstruation, and
their uterine cavity and fallopian tubes are isolated from peritoneal cavity. Thus, to induce
endometriosis-like lesion, we need to transfer endometrial tissue to their peritoneal cavity.
However, the details of the protocols are varied by their aim of the studies. Their whole uter-
ine or scraped endometrium is transplanted to the peritoneal cavity by injection or surgical
suture. After transplantation, endometrial tissue engrafts on the peritoneum and develops
into endometriosis-like lesion. In some study, E2 is administrated to enhance
endometriosis-like lesion formation. Ovariectomized mice may be used to avoid internal
ovarian steroid during estrus cycle.

In 2008, Fainaru et al. demonstrated that injection of granulocyte macrophage colony-
stimulating factor (GMeCSF)ederived DCs into the peritoneal cavity of endometriosis model
mice promoted lesion formation. Their result suggested that DCs, by enhancing angiogenesis,
contribute to the lesion growth [13]. GMeCSFederived dendritic cells are artificially induced
DC-like cells, which develops from mice bone-marrow cells or human blood monocytes after
in vitro culture with GM-CSF and Interleukin-4 [19,20]. It is still discussing that GMeCSFe
derived DC is spontaneous DC, however, it is the best method to obtain large amount of hu-
man DCs. Thus, GMeCSFederived DC is widely used in immune therapy against malignant
neoplasm. Thus, GMeCSFederived DC would be potentially used for the treatment of endo-
metriosis, if future study would reveal novel GMeCSFederived DC subtype to regress
endometriosis.

CD11cþ DTR/GFP trangesnic mice were established by Jung et al. in 2002, to place hu-
man diphtheria toxin receptor (DTR) under the control of the promoter of Itgax (CD11c),
which is DC specific surface marker protein. In these transgenic mice, CD11cþ cells express
DTR and temporarily depleted after diphtheria toxin administration. It is true that certain
macrophage subtypes also express CD11c and their depletion may cause for the effect of
diphtheria toxin administration [21]; however, they were widely used for analysis of DC
functions.

Using the transgenic mice, two studies generated contradictory results. Pencovich et al.
demonstrated that endometriotic lesion formation was reduced in their DC depleted mice
[22]; however, Stanic et al. reported that depletion resulted in greater lesion size [23]. The
comparison of protocol of two studies is shown in Table 3.2. Many difference of the study
design may account for the outcomes; however the timing of diphtheria toxin injection
should be the most important. These results imply that DCs prevent the establishment of
endometriotic lesions by activating T cells, but they promote the progression of endometri-
otic lesions after it formed. Another thing we need to consider when reading these result is a
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part of macrophages also express CD11c and might depleted in these mice model. In fact, a
report in reproductive medicine showed that the response after diphtheria toxin injection
of this transgenic mouse is attributed to not DC depletion but a subset of macrophage
depletion [24].

Molecular target on dendritic cells

As mentioned above, the contribution of DCs on the pathogenesis of endometriosis is still
controversial. One possible reason of that is DCs are heterogenous and multifunctional. Since
total DCs are discussed, their subpopulations which have different functions are huddled,
and may cause these inconsistent results.

Thus, more DC subpopulation specific study is needed to explore therapeutic target on
DCs. Since BDCA1þ cDC2 is a major DC subset in peritoneal cavity, we analyzed their sur-
face markers of the endometriosis patients. Several pattern recognition receptors, such as
DEC-205, DC-SIGN, on the peritoneal cDC2 are evaluated by flow cytometry, and the fre-
quency of macrophage mannose receptor (MMR) positive cells of cDC2s is higher in endome-
triosis patients than in controls [7]. Since retrograde menstruation is well known risk factor of
endometriosis, we hypothesized MMRþ cDC2 interact with debris of retrograde menstrua-
tion to progress endometriosis. In vitro assay indicated that MMRþ DCs had higher ability
of phagocytosis of dead endometrial cells and produce inflammatory cytokines to progress
endometriosis. Thus we concluded MMRþ cDC2 progress endometriosis by interaction
with retrograde menstruation.

TABLE 3.2 Comparison of two studies on endometriosis model of DC depleted mouse.

Stanic et al. [23] Pencovich et al. [22]

Recipient strain C57BL/6, B6.FVB-Itagx-hDTR-EGFPtg

Diphtheria toxin doze 4 ng/g 3 ng/g

Diphtheria toxin administration Day L1 Day 2, 5, and 9

Evaluation date Day 7 Day 10

E2 treatment Subcuateous implant e

Ovaluectomy No

Transplanted tissue Minced uterine Self-uterine hone

Treatment for donor E2 on day �4 e

Method of transplantation Peritoneal injection Punched tissue suture

Main result Lesion weight Lesion area

Result (compared with control) Higher Lower

Other result Lower CD69 MFI on T cell Reduced endometrial tisuue
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Taking this idea one step further, modulating MMR expression and/or activity may enable
the regulation of immune responses and potentially help treat endometriosis. However, it is
still unclear whether MMRþ cDC2 is distinct subset from MMR-cDC2. Further studies about
cDC2 subpopulation are needed to clarify the pathogenesis of endometriosis.

Discussion

Though the relatively small number of studies are published, these studies evidenced that
DCs are not bystander but one of the key players in endometriosis pathology. However, DCs
functions and their subpopulations are still unclear. More precise knowledge of DC subpop-
ulation is needed to reveal the relationship between endometriosis and DCs.

Recent studies showed that cDC2s are divided into several clusters, which have distinct
RNA expression patterns [25]. These clustering will contribute to defining cDC2 subpopula-
tions and their specific functions. In addition, these studies revealed a subgroup of cDC2
showed monocyte markers and monocyte signature genes, and they proposed to call them
“cDC3” [25]. If this concept is established, we need to review all studies about DCs and
monocyte-macrophages, because we have been categorized these DCs as monocyte linage
cells (Fig. 3.1).

It is true that DCs have their tissue specific subtypes, and their surface marker, functions,
and development are not common between all organs, but subpopulation of DCs in endome-
triosis lesion or peritoneal cavity would be revealed in the future, and contribute to establish
novel therapeutic approach against endometriosis.
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Introduction

Endometriosis is a chronic, inflammatory, estrogen-dependent disease defined as a
presence of endometrial tissue outside of the uterine cavity. Although its pathophysiology
is not completely understood, an aberrant immune response seems involved in the develop-
ment of this disease [1]. Leukocytes within the ectopic tissues or peritoneal cavity in patients
with endometriosis contribute to the survival and growth of the endometriotic lesions [2].
Peritoneal fluid leukocyte profiles were comprehensively observed for the first by Hill
et al. to find difference between groups [3]. The most significant elevations in total leukocytes,
macrophages, helper T lymphocytes, and natural-killer cells were observed in women with
stage I and II endometriosis. With respect to neutrophils, Milewski et al. [4] reported the accu-
mulation of neutrophils in the peritoneal fluid of patients with endometriosis, and neutro-
phils accumulation in ovarian endometriosis was also reported later [5].

Neutrophils are derived from the myeloid lineage of hematopoietic stem cells in the bone
marrow and the most abundant granulocytes in the blood. They are the first cells recruited to
the infected inflammatory site to respond to viral, bacterial, and fungal infections, and consti-
tute an integral component of granulocytes and provide the bacterial phagocytic arm of the
innate immune system [6]. Neutrophils fulfill their protective functions through multiple
mechanisms, including phagocytosis, release of antimicrobial peptides and proteases, and
the formation of neutrophil extracellular traps [7]. Their half-life span was thought very short,
namely, 6e8 h in the blood circulation, however in vivo labeling revealed a human neutro-
phil lifespan to be 5.4 days [8].
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With regards to the physiological change and function of neutrophils in endometrium,
leukocytes in general are more abundant in endometrium than in other female reproductive
tracts. Neutrophils in the endometrium profoundly increase in the premenstrual period, up to
6%e15% of endometrial cells [9] and have been suggested to play a pivotal role in the
destruction of endometrial tissue at menstruation and in its concomitant repair [10]. These
neutrophils together with the shed endometrium may play a role in the pathogenesis of
endometriosis.

The neutrophil effector functions are all well-known for their importance in host defense,
but abnormalities in these functions are also associated with development of autoimmune
disease. In SLE, neutrophils are more activated, have a lower phagocytic capacity, a
decreased production of NOX2 ROS, an increase in mitochondrial ROS, and are more prone
to spontaneously release NETs [11]. Similar reports are observed in other chronic disease, RA
[12], and asthma [12]. Given that endometriosis has an aspect of chronic inflammatory
disease and similar pathological features, it can be easily presumed that neutrophils play
an important role in the pathogenesis of endometriosis. In fact, there is emerging evidence
indicating that neutrophils play a very important role in the pathogenesis of endometriosis.
In this review, we will provide an overview of the involvement of neutrophils and discuss
their putative therapeutic target related to neutrophils. The figure later in the chapter
illustrates the summary of this text.

Neutrophil abundance and dysregulated function in endometriosis

Numerous studies focused on neutrophil accumulation in either peritoneal fluid,
endometriotic lesion, or peripheral blood of patients with endometriosis. As for the function
of neutrophils, dysregulated neutrophil-related protein (e.g., cytokines, chemokines,
granules) level has been also reported. These findings have indicated deep involvement of neu-
trophils in the pathophysiology of endometriosis. The representative studies are shown below.

Neutrophil chemokines

More than a quarter century ago, chemotaxis of neutrophils and macrophages by perito-
neal fluid of patients with endometriosis were investigated. In this study, a significantly
higher chemotactic activity was observed compared to that of patients without endometriosis
or with medical suppression. Patients who had received medical treatment had the lowest
chemotactic activity [13]. Many studies have focused on the concentration of chemokines
in peritoneal fluid later. Some of them are known as chemoattractant of neutrophils. One
of the best-known characterized chemokine is interleukin-8 (IL-8). Cell activation in response
to IL-8 is mediated via the receptor either CXCR1 or CXCR2 and neutrophils is known to
express CXCR1. Monocytes and macrophages represent principal cellular sources of IL-8;
however, a wide variety of cell types, including endometrial cells are sources of IL-8 [14].
Besides chemotaxis of neutrophils and other immune cells, the function of IL-8 includes
angiogenesis and endometrial cell proliferation [15]. Most researchers pointed to the
increased peritoneal and serum IL-8 levels and the peritoneal cytokine level correlates with
the severity of the disease, size and number of the active lesions [16]. In women with
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moderately severe endometriosis, the plasma level of IL-8 was significantly higher than in the
controls [17]. Cystic fluids from ovarian endometriosis also contained significantly higher
IL-8 compared to other benign ovarian cysts. Interestingly, the levels of VEGF are also higher
in endometriotic cysts and show correlation with that of IL-8 [18], indicating IL-8 derived
accumulation of neutrophils risen the level of VEGF. The expression of IL-8 is higher in endo-
metriotic tissue compared to eutopic endometrium [19]. This enhancement is thought
through inflammatory stimuli like IL-1b [19], TNFa [20], IL-17A [21], and interferon-
gamma [22] confirmed by in vitro study.

Growth-regulated alpha (Gro-alpha) are also known as neutrophil chemotactic factor and
acts via the same receptor of IL-8. The levels of Gro-alpha are elevated in the peritoneal fluid
of women with moderate and severe endometriosis [23]. Other group also confirmed
Gro-alpha elevation in peritoneal fluids though no correlation between concentration of
Gro-alpha and stage of endometriosis were found [24]. IL-17A increased the secretion
of Gro-alpha from endometriotic stromal cells and localization of IL-17A, Gro-alpha and
neutrophils were similar in stroma beneath the epithelium, indicating this cascade play a
role in recruiting neutrophils in the endometriotic lesion [5]. Epithelial neutrophil-
activating peptide 78 is also known as a chemoattractant of neutrophils. This chemokine is
higher in the peritoneal fluids of patients with endometriosis [25,26].

Compared with the plasma and peritoneal fluid of healthy controls, the addition of plasma
and peritoneal fluid from patients with endometriosis to an in-vitro culture of neutrophils
from healthy subjects reduced the percentage of apoptotic neutrophils. Neutralizing
interleukin-8 antibody abrogated the delay of neutrophil apoptosis induced by peritoneal
fluid.

Indicates that IL-8 is one of the neutrophil survival factors in the peritoneal fluid of endo-
metriosis patients [27].

Indeed, the accumulation of neutrophils was confirmed in a comprehensive investigation
of the frequency and phenotype of leukocytes in peritoneal fluid of infertile women. Neutro-
phils as well as CD4þ and CD8þ cells were increased in endometriosis patients compared to
infertile women without endometriosis while other immune cells were not [28].

Neutrophil in peripheral blood and candidate for disease marker

Patients with endometriosis show increased number of neutrophils in peripheral blood
compared to control group [29]. This observation was also confirmed recently [30]. This
augmentation can be useful for a less invasive method for diagnosing endometriosis.
The most extensively studied marker for endometriosis is CA-125. Although CA-125 is often
elevated in advanced endometriosis, the low sensitivity of this assay limits its usefulness for
detecting minimal and mild disease. Cho et al. advocated the use of WBC subtypes and the
neutrophil-to-lymphocyte ratio (NLR) as simple diagnostic marker for this disease with its
sensitivity of 69.3% and specificity of 83.9% with a cutoff value of 55.7 [31]. In addition to
this, NLR level was also an independent risk factor of endometriosis with infertility [32].

As for the function of neutrophils in peripheral blood, Lukács et al. reported significantly
reduced phagocyte function of monocytes and neutrophil granulocytes in women with endo-
metriosis. Interestingly, this reduction showed significant improvement compared to the
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preoperative results of women with endometriosis and this increment reached the values of
the healthy women [33]. This alteration in phagocyte function can lead the decreased clear-
ance of endometrial tissue from the abdominal cavity, and accordingly illustrate the patho-
genesis of endometriosis. Neutrophils and monocytes are known to play a role in the
defending mechanisms against tumor cells or infections, their decreased phagocyte function
can explain the increased risk of lower genital tract infections and ovarian cancer in patients
with endometriosis. The cause of this alternation was speculated to be circulating factors in
peripheral blood produced in connection with the presence of ectopic endometrial cells since
the postoperative values revealed significant improvement [33].

Dysregulated function of neutrophils in endometriosis

Aberrant function of neutrophils was observed in numerous studies. Most of them are
estimated through the altered concentration of products from neutrophils. Most of them
means augmented function in patients with endometriosis.

Neutrophil extracellular traps (NETs): More than a decade ago, a novel extracellular-
killing mechanism was described in which activated neutrophils may expel their entire chro-
matin, which is scattered with intracellular proteins, serving as catch and kill scaffold against
microorganisms [34] The procedure was designated as NETosis and the expelled structure as
NETs. NETs play a crucial role in fighting against microorganisms, however exaggerated
NET production may lead to tissue damage in their vicinity in pathological conditions and
has been described to be related to the pathogenesis of inflammatory and autoimmune
conditions [35]. A study investigating NETs in peritoneal fluids from patients undergoing
laparoscopic surgery, NETs could be detected in 49% of peritoneal fluid from patients with
endometriosis, meanwhile in the control group NETs were present in only 18% of patients.
The amount of NETs was also significantly higher in endometriosis patients compared to
the controls [36]. A case-control study to compare the circulating plasma NETs levels in
patients with surgically confirmed endometriosis and those of patients without surgical find-
ings of endometriosis revealed circulating plasma NETs levels were significantly higher in the
endometriosis group compared with control group and subanalysis clarified patients with
deep infiltrating endometriosis showed more concentrated plasma NETs levels than those
without deep infiltrating endometriosis [37]. The exact role of NETs in the pathophysiological
mechanisms of endometriosis is necessary for further understanding of these findings.

YKL-40: a new biomarker of inflammation, is secreted by activated macrophages and neu-
trophils in different tissues with inflammation. Serum YKL-40 levels were statistically higher
in the endometriotic group compared to control group. YKL-40 levels were significantly
higher in severe endometriosis group (Stage 3e4) compared to mild endometriosis group
(Stage 1e2) [38]. Other group reported similar result [39].

Human neutrophil peptides 1, 2, and 3 (HNP 1e3): are a-defensin family proteins, play a
crucial role in innate immunity against infections and may exert immunoregulatory effects.
The levels of HNP 1e3 were significantly increased in the peritoneal fluid of endometriosis
patients, compared with control women, and correlated with severity of the disease and
the levels of HNP 1e3 strongly correlated with concentrations of neutrophils [4].
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Oxidative stress: Neutrophils as well as other inflammatory cells like eosinophils and
macrophages generate reactive oxygen species that contribute to the development of oxida-
tive stress in the peritoneal cavity. Oxidative stress augments immune response in affected
sites and can exacerbate the development of endometriosis by inducing chemokines and
endometrial cell growth-promoting activity, however the association of the amount of
oxidative stress and endometriosis is not consistent [40].

PD-L1: In ovarian endometrioma, correlation between the counts of neutrophils and the
severity of ovarian endometrioma was revealed. From the in vitro study using ovarian endo-
metrioma conditional supernatants, ovarian endometrioma microenvironment delayed the
onset of apoptosis of neutrophils and induce PD-L1 expression in neutrophils, which inhibit
CD8 T cell proliferation and activation and may allow the endometrial cells to growth [41].

VEGF: Neutrophil granulocytes infiltrating the human endometrium express VEGF [42]
The peritoneal fluid from endometriosis patients induced the production and release of
VEGF by neutrophils while the release from macrophage did not change, suggesting that
neutrophils may be a source of peritoneal VEGF [43].

Findings obtained from animal model

To elucidate the disease mechanism of endometriosis, surgically transplanted endometri-
osis model has been widely used [44e46] and some of the function of neutrophils has been
clarified through animal model.

Lin et al. observed the sequential change of neutrophil infiltration in mouse endometriotic
lesions and found that neutrophil infiltration peaked early in lesion formation and dramati-
cally dropped in the later stage. Peritoneal neutrophils and macrophages secreted vascular
endothelial growth factor and 4e7 days after transplantation angiogenesis was initiated.
From this observation, neutrophils and macrophages may promote angiogenesis in the early
stage of endometriosis [45]. With neutrophil depleting antibody, neutrophil depletion at the
time of endometrial attachment to the peritoneum reduced the number and total weight of
the endometriotic lesion whereas depletion of neutrophils 8e12 days after transplantation
did not alter the endometriosis formation suggesting the neutrophil function is important
mainly in the early stage of endometriosis [46].

Burns et al. found substantial infiltration of neutrophils and macrophages into the perito-
neal cavity even in estrogen receptor a knockout mice. Estrogen does not further increase
lesion marker gene expression like markers for neutrophils (S100A8), macrophages (F4/80),
and granulocytes (G-CSFR). From these findings it is suggest there are two phases of
endometriosisdan immune-dependent phase and a hormone-dependent phase, and that
targeting the innate immune system could prevent lesion attachment in this susceptible
population of women [47].

Another group confirmed rapidly recruited neutrophils remain present in murine lesions
long term and In vivo neutrophil depletion altered the systemic and peritoneal immune
microenvironment of mice with endometriosis as demonstrated by changes in proinflamma-
tory and angiogenic mediators including VEGF [48].
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Putative therapeutic targets

As is well-known, medical strategy for endometriosis is solely on hormonal ones, like OC
GnRH agonist, and progestin. They all have inhibitory effect on either ovulation or prolifer-
ation of endometrium. Other drugs without hormonal mechanism are definitely necessary.
As discussed above, neutrophils are deeply involved in the pathology of endometriosis,
therefore it is rational to seek the target of endometriosis in the candidates modifying the
function of neutrophils. Below are the lists of putative therapeutic targets.

Cabergoline

Cabergoline is known as a dopamine receptor agonist with a direct inhibitory effect on
pituitary lactotroph and used for patients with hyperprolactinemia. Recently, a Ca2þ

signaling modulator and antioxidant actions of cabergoline has been reported in some cells.
It was also effective in reducing oxidative stress caused by activated neutrophils in endome-
triosis patients via modulating calcium ion signaling [49]. In this study, no information about
the effect on the lesion size and symptom were investigated, further investigation was
necessary.

Formyl peptide receptor 1 (Fpr1)

Formyl peptide receptors are expressed on macrophages, monocytes and neutrophils and
can bind some proinflammatory peptides with chemotactic activity and release reactive oxy-
gen species (ROS) and granule constituents from immune cells [50]. In particular it has been
described the up-regulation of the Fpr1 in patients affected by endometriosis and its role in
cell differentiation and proliferation [51]. Surgically induced endometriosis in Fpr1 KO mice
showed lower duration of uterine pain behaviors, lower size of developed cysts and reduced
neutrophils accumulation and nitrosative stress formation. Fpr1 gene has key role in immune
cell recruitment including neutrophils, suggesting it as a new target to control the pathologic
features of endometriotic lesions [52].

Cyclooxygenase (COX)-2 inhibitor

COX-2 is highly expressed in endometriosis and the application of selective COX-2
inhibitors has been suggested as an option for the management of endometriosis-
associated pain [53]. Experimental studies further indicate that the inhibition of COX-2
reduces the vascularization of endometriotic lesions [54]. In COX-2 inhibitor treated mice,
impaired early vascularization and stromal tissue growth as well as reduced glandular secre-
tory activity of the lesions were observed. Parecoxib-treated lesions further contained less
proliferating and more apoptotic cells and exhibited lower numbers of infiltrating macro-
phages and neutrophilic granulocytes, suggesting these effects were through reduction of
these inflammatory cell recruitment [55]. In this context, prophylactic use may have effect
on preventing the onset of endometriosis.
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All-transretinoic acid (ATRA)

Retinoids are known to regulate growth and induce differentiation of normal and malig-
nant cells, and have been used to treat cancers in which VEGF is overexpressed [56]. Retinoic
acid synthesis appears to be impaired in the endometrium of women with endometriosis [57].
ATRA induced a dose- and time-dependent suppression of VEGF mRNA and protein from
neutrophils like cells: HL-60 cells in vitro, suggesting that the up-regulated VEGF and
angiogenesis in tissue from women with endometriosis may reflect failure of neutrophil
differentiation in these cases. These findings provide a rationale for retinoid therapy in this
condition [56].

Other candidate related to neutrophil function

Conventional disease-modifying drugs like TNF-a monoclonal antibody (Adalimumab),
AnIL-6R monoclonal antibody (Tocilizumab), anti-RANKL monoclonal antibody (Denosu-
mab) cDMARDs (Leflunomide, Methotrexate, Glucocorticoids) used for chronic inflamma-
tory disease like rheumatoid arthritis (RA) have been shown to extensively modify
neutrophil function [58].

Other candidates are inhibitor of cytokines or receptor (anti-IL-8 antibody, anti-IL-17 anti-
body, CXCR1/2 inhibitor, and anti-GM-CSF antibody) or inhibitor of NETs formation
(PAD4-specific inhibitor, and PAD2/4 inhibitor) are putative targets for future treatment
(Fig. 4.1).

Inflammatory cytokines 
・IL-1β    ・IL-17A 
・TNFα  ・IFNγ  

Neutrophil Chemokines   
・IL-8 ・Gro-alpha 
・ENA-78 

Stimulate secretion 

  Accumulation of     
     Neutrophils 

Oxidative Stress  

Formation of NETs 

Low Apoptosis of neutrophils 
・PDL-1   

Secretion of VEGF  

Tissue damage 

     Growth of    
  Endometrial Cells 

Neo vascularization 

Cabergoline 

Knock out of Fpr1 

COX2 inhibitor 
Monoclonal Antibody 

FIGURE 4.1 This figure illustrates the pathology of endometriosis related to neutrophils and their putative
therapeutic targets. Orange box: Alteration of relevant factors observed in endometriosis lesion. Blue box: Histological
changes observed in endometriosis tissue. Green box: Putative therapeutic agents targeting neutrophil-derived eti-
ology of endometriosis. Green T arrows mean the suppression of the targets.
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Abbreviations

B cells B lymphocytes
Ccl-2 CeC motif chemokine ligand 2 (MCP-1)
COX2 Cyclooxygenase 2
ER Estrogen receptor
ESCs Eutopic/ectopic endometrial stromal cells
GnRHa Gonadotropin-releasing hormone agonist
HBD Human beta defensin
IL Interleukin
LPS Lipopolysaccharide
MIP1 Macrophage inflammatory protein 1
MyD88 Myeloid differentiation factor 88
M4 Macrophages
NK cells Natural killer cells
NK-kB Nuclear factor-kappa B
PAMP Pathogen-associated molecular pattern
PB Peripheral blood
PF Peritoneal fluid
PRR Pattern recognition receptor
Ptgs-2 Prostaglandin-endoperoxide synthase-2
revised-ASRM Revised classification of the American Society of

Reproductive Medicine
RIF Repeated implantation failure
SLPI Secretory leukocyte protease inhibitor
TGFb Transforming growth factors beta
Th cells T-helper cells
TIRAP TIR domain-containing adapter protein
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TLR Toll-like receptor
TNFa Tumor necrosis factor alpha
TRAM TRIF-related adapter molecule
Treg Regulatory T cells
TRIF TIR (Toll/IL-1 receptor)-domain-containing-adaptor inducing

IFN-b
VEGF Vascular endothelial growth factor

Introduction

Innate (natural or constitutive) immunity in our body depends on toll-like receptors (TLRs).
From flies to mammals, these proteins provide a first line defense and are implicated in infec-
tious and autoimmune diseases. While scientists have been studying the adaptive (acquired)
immune response for several decades, the recognition of the importance of innate immunity
was established only during the past few years to understand the association between adaptive
and innate immune system. Why is innate immunity necessary for our body? There was al-
ways a question of how an adaptive immune system could defend us if it were alone because
adaptive immunity depends on the multiplication of host cells with a generation time of at least
12 h, whereas microbes can divide every 20 min. To cover this lag, the rapidly reactive innate
immune system responds immediately to infectious agents, protecting the host until slower
adaptive system kicks in and eventually makes memory cells for long-term response [1,2].
Therefore, innate immune responses are, in many cases, necessary for triggering an adaptive
immune response just as adjuvant is necessary for a significant vaccine response.

Functional characterization of TLRs has established that innate immunity is a skillful
system that detects invasion of microbial pathogens. Recognition of microbial components
by TLRs initiates signal transduction pathways, and triggers expression of genes. These genes
control innate immune responses and further instruct development of antigen-specific adap-
tive immunity. In adaptive immunity, B and T lymphocytes utilize antigen receptors such as
receptor for immunoglobulins and T cell receptors to recognize nonself, such as foreign
antigens. However, these receptors are present only in vertebrates. In contrast, innate im-
mune system operates in both vertebrates and non-vertebrates. Mammalian innate immune
cells such as macrophages and dendritic cells can be activated by microbial components
(nonself) such as endotoxin or lipopolysaccharide (LPS) from Gram-negative bacteria.

Analysis of the female reproductive tract indicates that the key cells of the innate and
adaptive immune systems are present and functionally responsive to antigens [3,4]. The
innate immune system has evolved to recognize foreign structures that are not normally
found in the host. It relies on conserved germ-line-encoded receptors that recognize
conserved pathogen-associated molecular patterns (PAMP) found in groups of microor-
ganism [5]. The pattern recognition receptors (PRR) of the host that recognize PAMP in
female reproductive tract are expressed on the cells of the innate immune system. TLRs
are one group of PRRs that are expressed on macrophages (M4), dendritic cells, and as
more recently shown, on neutrophils, natural killer cells, and on epithelial cells [4e6].

At the end of the 20th century, Toll was shown to be an essential receptor for host defense
against fungal infection in Drosophila (fly), which has only innate immunity [7]. One year

5. Th1/Th2/Th17/Treg cells in endometriosis62

I. Immune factors in the pathogenesis, and the potential therapeutic target, of endometriosis



later, a mammalian homolog of the Toll receptor (now termed TLR4) was shown to induce
expression of genes involved in inflammatory responses [8]. In addition, a point mutation
in the Tlr4 gene has been identified in a mouse strain that is unresponsive to LPS [9]. These
studies have made rapid progress in our understanding that innate immune system senses
invasion of microbial pathogens by TLRs. Furthermore, activation of the innate immunity
is a critical step to the development of antigen-specific adaptive (acquired) immunity.

Now it is well recognized that innate and adaptive immune system are the two key
branches that determine host protection throughout the female reproductive tract and at
other mucosal surfaces, including the respiratory, gastrointestinal and urinary tracts. During
the last decade, investigations of the innate immune system have shown that microbial
pathogens are recognized by TLRs that, in turn, regulate the activation of both innate and
adaptive immunity [10,11]. Association of microbial components, their ligands and interac-
tion with M4 and TLR4 in the growth of endometriosis has been reported recently in a
number of literatures [12e15]. Natural Killer (NK) cells are cytotoxic effector lymphocytes
and a defect in NK cell function to distort its ability to eliminate endometrial cells in ectopic
sites is involved in the development of endometriosis. Alteration of the innate immunity
mediated by NK cells may promote impairments of adaptive immunity, can contribute to
the development and progression of endometriosis and infertility associated with endometri-
osis [16e19]. Here we discuss the link between innate and adaptive immunity in the
generation of inflammation and disease and systematically elaborate the involvement of
different components of both innate immunity and adaptive immunity in human endometri-
osis and their experimental evidence in animal model.

Cross talk between innate immunity and adaptive immunity

The TRIF/TRAM pathway provides a direct link between TLR4 activation and adaptive
(acquired) immunity. Although purified LPS acts like a strong adjuvant, its effects are
abolished in the mutant mouse strains. This suggests that both inflammatory and adjuvant
effects of LPS flow through TLR4. Combination of MyD88/TIRAP and TRIF/TRAM
pathways provides a biochemical basis for how adjuvants work. Activation of adaptive
immune system requires antigen-presenting cells such as M4 and dendritic cells to express
costimulatory molecules such as CD40, CD80 and CD86, and to produce proinflammatory
cytokines. When TLR4 recognizes LPS on the surface of M4 or dendritic cells, it leads to
the production of cytokines via MyD88/TIRAP pathway and costimulatory molecules via
TRIF/TRAM pathway, providing both components to activate T helper lymphocytes of the
adaptive immune system [1,3].

Some evidence suggests that the initial innate immune process influences the type of
acquired immune response that is generated [1,20]. When naïve T helper (Th0) cells are
presented with antigens by antigen-presenting cells, they differentiate into four subsets of
CD4þ T cells. Two subsets are classified as proinflammatory, T helper 1 (Th1) cells and
Th17 cells, and the remaining two are antiinflammatory, T helper 2 (Th2) cells and regulatory
T (Treg) cells based on their functionality and type of cytokine produced (Fig. 5.1) [21]. A
balance (Fig. 5.1) between effector T cell subsets such as Th1 or Th17 cells and Th2 or
Treg cells dictate a state of either immune tolerance or immune rejection. In other words, a
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fine-tuning between Th1/Th17 cells, Th2/Treg cells or Th17/Treg cells can decide the occur-
rence or clearance of infection and disease. It has been demonstrated that autoimmune
diseases such as Crohn’s disease and multiple sclerosis are associated with an abnormally
strong Th1 response, whereas allergic diseases seem to involve an abnormally strong Th2
response [22].

Which limb of acquired immunity predominates may be modulated by innate immune
response. For instance, MyD88-deficient mice are skewed toward a Th2 response and activa-
tion of TLR4 by LPS stimulates Th1 activity. In patients suffering from obesity or type 2
diabetes mellitus, there were alterations in the proliferation of T cells and M4 and impair-
ment in function of NK cells and B cells representing abnormal innate and adaptive innate
immunity [23,24]. Similarly, besides estrogen-dependent pathway, an alteration of different
components of innate or adaptive immunity might be involved in the pathogenesis of
endometriosis. This integrated knowledge of innate and adaptive immunity may give future
therapeutic possibilities for infectious diseases, allergic diseases and autoimmune diseases
including endometriosis.

FIGURE 5.1 Shows cross talk between innate and adaptive immunity. Innate immune cells, such as macrophages
and dendritic cells, engulf pathogens by phagocytosis, and present pathogen-derived peptide antigens to naïve
T cells. In addition, toll-like receptors (TLRs) recognize pathogen-derived components and induce expression of
genes, such as costimulatory molecules and inflammatory cytokines. Phagocytosis-mediated antigen presentation,
together with TLR-mediated expression of costimulatory molecules and inflammatory cytokines, instruct
development of antigen specific adaptive immunity. When naïve T helper cells are presented with antigens by
antigen-presenting cells, they differentiate into four subsets of CD4þ T cells. Two subsets are classified as proin-
flammatory, T helper 1 (Th1) cells and Th17 cells, and the remaining two are antiinflammatory, T helper 2 (Th2) cells
and regulatory T (Treg) cells. The production of respective cytokines by each of Th1, Th2, Th17 and Treg cells are
shown on the extreme right side of this figure.
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Role of innate immunity in endometriosis

Microbial agents, ligands and TLRs

For most of the reproductive cycle in humans and animals, the uterus is thought to be a
sterile or at least clear of pathogenic bacteria, but it is readily contaminated with bacteria dur-
ing sexual intercourse and around the time of parturition. In fact, upper genital tract is
vulnerable to the spread of microorganisms from the lower genital tract, resulting in the
development of infectious diseases such as endometritis and salpingitis [25]. An enormous
number of Gram-negative and Gram-positive microbes are present in the vaginal cavity.
All these microbes reside in the vaginal cavity as normal vaginal flora and may cause
genitourinary infections upon ascending migration [26]. Details of normal vaginal flora/mi-
crobes associated with genitourinary tract infection and different TLRs and their ligands are
described elsewhere [14,22].

A number of widely accepted mechanisms (coelomic metaplasia, retrograde menstrua-
tion/transplantation/implantation, and immune defect or tolerance) have been reported to
be involved in the development of endometriosis. The production of proinflammatory cyto-
kines and growth of endometriosis in pelvic environment can be regulated by innate immune
system. We proposed for the first time a new concept “bacterial contamination hypothesis” in
endometriosis and involvement of LPS/TLR4 cascade in the growth regulation of endometri-
osis. Our results suggest that a substantial amount of endotoxin (LPS) in peritoneal fluid due
to reflux of contaminated menstrual blood is involved in pelvic inflammation and may
promote TLR4-mediated growth of endometriosis. Use of anti-TLR4 antibody and/or poly-
myxin B (an LPS antagonist) prior to LPS treatment was able to significantly suppress pelvic
inflammation as well as growth of endometriosis [12]. We proposed that targeting bacterial
endotoxin, TLR4 or NK-kB could be useful as a therapeutic strategy to suppress growth of
endometriosis with consequent improvement in the quality of life and fertility rate of women
who suffer from endometriosis. In fact, different reports demonstrated the involvement of
ligands from Gram-negative and Gram-positive bacteria in both female and male infertility
[27,28].

Subclinical infection as source of initial inflammation

Ligands of different microbial components are a constant source of initial inflammation in
pelvis that in turn stimulate different innate immune cells for the secretion of secondary
inflammatory mediators [12e14]. In addition to bacteria culture system, we confirmed
occurrence of subclinical infection in intrauterine environment and cystic fluid of ovarian
endometrioma using second generation sequencing system [29]. 16S metagenome assay
indicated that intrauterine microbial colonization was significantly increased in GnRHa-
treated women with endometriosis than in GnRHa-untreated women and consequent
occurrence chronic endometritis in GnRHa-treated women with and without endometriosis
[29,30]. Decreased expression of antimicrobial peptides (HBD and SLPI) in endometria in
response to GnRHa-mediated estrogen suppression might be responsible in intrauterine
microbial colonization [30].
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LPS/TLR4/NF-kB in endometriosis: an experimental evidence

The role of LPS, TLR4 and NF-kB has been confirmed in murine endometriosis model.
Intraperitoneal (IP) injection of LPS in BALB/c mice increased the total number and size of
endometriosis-like lesions, increased Ki-67-positive cells and F4/80-positive M4 in endome-
triosis lesions. In addition, IP injection of LPS increased mRNA expression of Ptgs-2, VEGF,
Ccl-2 and Il-6 in endometriosis-like lesions [31]. The same group demonstrated that while LPS
injection up-regulates expression of TLR4 and p65 isoform of NF-kB, simultaneous treatment
with LPS þ parthenolide (an NF-kB inhibitor) and/or LPS þ dexamethasone (an antiinflam-
matory agent) significantly decreased TLR4 and phospho-p65NF-kB expression with conse-
quent decrease of pelvic inflammation and growth of endometriosis in murine model [31].
Based on these findings, LPS enhanced the development of murine endometriosis-like lesions
by activating peritoneal inflammatory status via the pleiotropic TLR4/NF-kB pathway and
reconfirmed our findings in human study [12].

Association between ovarian steroids and immune cells

Besides a role in reproduction, the ovarian steroid hormones such as 17b-estradiol (E2) and
progesterone (P) have been recognized to influence numerous immune and inflammatory
responses. The immunomodulating actions of E2 are thought to mainly result from their
specific effects on the different cellular components of the immune system, because most
of them express estrogen receptors [32]. Local biosynthesis of E2 by endometriotic lesions
in concert with pronounced inflammation in pelvis fosters an aberrant immune-endocrine
microenvironment that may be ideal for growth and survival of ectopic lesions [33,34].

We previously observed that a variable amount of E2 and LPS is available in the pelvis of
women with and without endometriosis across the phases of the menstrual cycle. Since
endometriotic lesions are constantly exposed to a combined milieu of E2 and LPS in pelvic
environment, E2 and LPS might act together as an additive promoter in the growth of
endometriosis [32,33]. Comparing to single treatment, combined treatment with E2 and
LPS additively promoted IL-6 and TNFasecretion by peritoneal M4 and growth of
eutopic/ectopic ESCs. The additive effects of E2þLPS on cytokine secretion and growth of
ESCs were effectively suppressed after combined blocking of ER and TLR4. These findings
confirmed a cross talk between E2 and LPS in promoting proinflammatory response in pelvis
and growth of endometriosis. A recent report provides evidence that the early initiation of
endometriosis is predominantly dependent on immune system, whereas E2/ER-a/IL-
6-mediated cross talk plays a partial role [35,36]. These findings suggest that there are two
phases of endometriosis, an immune-depended phase and a hormone-depended phase,
and that targeting the innate immune system could prevent lesion attachment in this suscep-
tible population of women.

Role of adaptive (acquired) immunity in endometriosis

The cell-mediated and humoral components of adaptive immunity that are regulated by T
lymphocytes (T cells) have been implicated in the pathophysiology of endometriosis. Effector
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T cells or T helper cells are CD4þ T cells that can be categorized into four subsets: Th1, Th2,
Th17 and regulatory T (Treg) cells. Because of the presence of elevated type 2 cytokines in the
plasma and PF, endometriosis has been characterized as skewed toward a Th2 immune
response [37,38]. However, the typical Th2 response associated with wound healing and
fibrosis, has not been fully elucidated in the context of endometriosis [39].

Th1/Th2 cells in endometriosis

Th1 cells are differentiated CD4þ T cells characterized by the production of proinflamma-
tory cytokines. Th2 cells are differentiated from activated CD4þ T cells, which drive the pro-
duction of key Th2 cell lineage-defining cytokines [40,41]. Th1 cells secrete IL-2, IL-12,
interferon-g, which promote mainly cellular immunity; Th2 cells produce IL-4, IL-5, IL-10,
and IL-13, and promote mainly humoral immunity (Fig. 5.1) [1,14]. Studies of M4 have
shown that M2 polarization is associated with the development of endometriosis and Th2
cells have been assumed to cause disease progression [42]. It has been shown that cytokine
secretion by peritoneal T cells is characteristic of Th2 in endometriosis tissue [43]. In the
endometriosis lesion, the frequency of Th1 cells is lower than in normal endometrium [44].
Furthermore, Th2 cytokines, such as IL-4 and IL-10 was found to be involved in disease pro-
gression [45e48]. Studies of peripheral blood, however, have revealed a higher Th1/Th2
cytokine ratio and Th1 cell frequency in endometriosis patients compared with controls
[44]. These findings indicated that CD4þ T-lymphocyte profile in lesions and PB is altered
in women with endometriosis. This increased proinflammatory condition in the pelvis might
be associated with adverse reproductive outcome in women with endometriosis.

There is a general agreement that pregnancy is associated with Th2 dominance and Th1
immune response is associated with embryonic rejection. A recent ART clinical trial
demonstrated that women with RIF have increased Th1 immune responses with increased
peripheral blood Th1/Th2 cell ratio [49,50]. The same group found that an immunosuppres-
sive treatment using tacrolimus improved pregnancy outcome of RIF patients with elevated
Th1/Th2 ratios. These findings indicated that elevation of Th1/Th2 cell ratio in PB/PF can be
utilized as a biomarker to select women with RIF or inflammatory status in the pelvis of
women with endometriosis. A proper selection of immunosuppressive agent might be useful
to suppress both local and systemic immune response in order to achieve successful
reproductive outcome in women with endometriosis. Medications with danazol and GnRHa
seem to down-regulate cellular and humoral immune responses concomitant with their effect
on endometriosis implants [51]. Immunomodulatory effects of danazol and GnRHa are likely
to contribute to the observed clinical improvement associated with their use.

Th17/Treg cells in endometriosis

While Th17 cells produce IL-6/IL-17 in local and systemic environment, Treg cells secrete
IL-10/TGF-b (Fig. 5.1). When CD4þ T cells are encountered by IL-6 and TGF-b, they tend to
differentiate to Th17 cells, which play a pathological role in various inflammatory disorders
[52]. Treg cells express CD4, CD25, and forkhead family transcription factor FoxP3. They
represent a small subset of T lymphocytes constituting only 5%e20% of the CD4þ
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compartment, suppressing effector T cell responses, limiting inflammation, and preventing
autoimmunity [52e54]. Upon its first molecular characterization as CD4þCD25þTreg cells
in 2001, Treg cells were detected in a diversity of inflammatory pathologies such as allergies,
autoimmune diseases, and cancer [55]. Regulatory T cells are potent suppressors of inflam-
matory immune responses and are essential in preventing destructive immunity in all tissues.
Currently, Treg cells are characterized by the expression of CD25þCD127�FoxP3þ cells, since
CD25 and forkhead box P3 (FoxP3) are constitutive markers to isolate Treg cells [56e58].
Among three subsets of T cells (Tr1/Th3/Treg) involved in the suppression of immune
response, FoxP3þTreg cells have been recognized as the main subset in the female reproduc-
tive tract [59].

CD4þ T cells tend to polarize to Treg cells in vitro when treated with TGF-b, which
appears to be dependent upon fatty acid oxidation and cholesterol metabolism rather than
glycolysis [60,61]. Treg cells suppress the levels of effector T cells by various pathways: (1)
inhibition of TCR-induced proliferation and IL-2 transcription of conventional T cells, (2)
release of antiinflammatory cytokines like IL-10 and TGF-b, (3) expression of the coinhibitory
molecule cytotoxic T lymphocyte antigen-4 (CTLA-4), (4) expression of the hallmark
transcription factor of suppressed CD4þ T cells, and (5) ability to migrate by activation of
glycolysis [21,62,63]. The balance between Treg and Th1 or Th17 cells is important in immune
response to different inflammatory diseases including endometriosis.

The production of IL-17 by a subset of T cells was discovered in 1999 using T-cell clones
from the joints of patients with rheumatoid arthritis [64,65]. The results were subsequently
confirmed in mice and the term T-helper-17 (Th17) subset was introduced in 2005 in the
mouse as a T-helper subset distinct from Th1 and Th2 cell [65e67]. Sequence screening iden-
tified an IL-17 family comprising six members from IL-17A to IL-17F. Among them, IL-17A
and IL-17F are the closest members, with 50% homology, and they share most of their activ-
ities, with IL-17A being more potent than IL-17F [65]. Interleukin (IL)-17A is secreted from
Th17 cells, a discovery leading to revision of mechanism underlying the role of Th1/Th2
in the immune response.

The frequency of Th17 cells in endometriosis lesions is higher than in that of the normal
endometrium [44] and their high frequency in peritoneal fluid is associated with the increased
severity of disease [68]. IL-17A was found to enhance IL-8 secretion from ESCs in a dose-
depended manner and this effect was abrogated after treatment with anti-IL-17 receptor A
antibodies or inhibitors of p38MAPK, p42/44MAPK. IL-17A also enhanced expression of
COX2 and proliferation of ESCs [69]. These findings indicate that IL-17A may play a role
in the development of endometriosis by stimulating inflammatory responses and prolifera-
tion of ESCs [70,71]. Many studies have shown that Treg cells are increased in the peritoneal
cavity of endometriosis patients. However, two studies did not find a significant difference
[44,72]. In a mouse study, the inhibition of Treg induction reduced the number and weight
of endometriotic lesions indicating its role in endometriosis progression [73]. In addition to
play a pivotal role in the pathogenesis of endometriosis, IL-17 is also involved in miscarriage,
preterm labor, and preeclampsia [74,75]. A recent study demonstrated that the effects of
exogenous IL-17 on increased abortion rate, as well as decreased IL-10 and TGF-b expression
were reversed by a premating transfusion of Treg cells in a mouse model of pregnancy [76].
Further studies are warranted to discover the mechanism and therapeutic targets of Treg cells
in endometriosis and in women suffering from adverse reproductive outcome.
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Treg cells in ovarian endometrioma and nonendometrioma

Occurrence of peritoneal lesions in women with ovarian endometrioma and
nonendometrioma

Many theories have been proposed to explain the development of endometriosis and one
of the most accepted is the retrograde menstruation theory [77]. It is still unclear the phenom-
enon why endometriosis occurs in only 10% of women while retrograde menstruation occurs
in more than 90% women. It has been proposed that a complementary theory may be
involved by which defective immune response could determine survival and implantation
of ectopic endometrial cells [78e81]. According to this theory, inflammatory reactions send
signals to immune systems to scavenge endometrial cells at the ectopic sites, while in women
with endometriosis an impairment of this process promotes reduced attack to the ectopic
endometrial cells with consequent survival and implantation in pelvis. A number of recent
elegant studies demonstrated that Treg cells are in higher concentration in tissues and
body fluids (eutopic endometrium, PF and PB) of women with endometriosis when
compared to women without endometriosis [82e84]. However, none of these studies could
describe the pattern of Treg cells in different peritoneal lesions coexistent with ovarian endo-
metrioma and non-endometrioma and their association with the revised-ASRM staging of
endometriosis.

In clinical practice, there is a lower occurrence of peritoneal lesions in women with der-
moid cysts, serous cyst adenoma (SCA), and mucinous cyst adenoma (MCA) even these
women experience similar cyclic menstruation with retrograde menstrual flow. A thorough
survey of the coexistence of peritoneal lesions in women with dermoid cyst/SCA/MCA
and how this varies with that of ovarian endometrioma is still unknown. We retrospectively
reviewed recorded files of laparoscopic surgery (September 1982eApril 2008) including
women with ovarian endometrioma, dermoid cysts, SCA and MCA and found 2988 cases
had surgery with a variable indication. Among the 2988 cases, 350 cases (11.7%) were found
to have ovarian endometrioma, 414 cases (13.9%) had mature cystic teratoma (dermoid cysts),
and 101 cases (3.4%) had combined SCA and MCA. Comparing to 269 (76.9%) cases with
endometrioma with coexisting peritoneal lesions, 74 (17.8%) and 12 (11.9%) cases with
dermoid cyst and combined SCA/MCA, respectively, had coexistent peritoneal lesions and
this difference was statistically significant (P < .001 for both) [85]. Multiple logistic regression
analysis after adjustment for the confounding factors further confirmed that occurrence of
peritoneal lesions was significantly higher in women with ovarian endometrioma and that
significantly less occurrence of peritoneal lesions was observed in women with dermoid cysts
(OR 2.36, 95%CI 1.25e4.39, P ¼ .007) [85].

FoxP3DTreg cells in ovarian endometrioma and dermoid cysts

The number of FoxP3þTreg cells was significant higher in the peritoneal lesions coexistent
with both dermoid cyst (F ¼ 22.01, P ¼ <.001) and endometrioma (F ¼ 21.52, P ¼ <.001)
comparing to these two groups of women without any coexistent peritoneal lesions.
Although a significant difference in the amount of FoxP3þTreg cells was observed between
peritoneal lesion and cyst wall derived from women with endometrioma (P < .001), this
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difference was not found for women with dermoid cysts. When we distributed the number of
FoxP3þTreg cells in the combined peritoneal lesions and cyst walls based on the revised-
ASRM staging of endometriosis, one way-ANOVA indicated no significant difference in
Treg cells among the stages of endometriosis (F ¼ 2.42, P ¼ .087) [85]. We learned from these
findings a significantly less accumulation of FoxP3þTreg cells in the cyst wall and peritoneum
of women with dermoid cysts and endometrioma without any coexisting peritoneal lesions
comparing to similar tissues derived from these two groups of women harboring visible
peritoneal lesions. These results indicate that a persistent inflammatory reaction in the pelvis
of women with peritoneal lesions may induce differentiation, maturation and proliferation of
Treg cells in these women with coexisting peritoneal lesions. In contrast, a decreased FoxP3þ-
Treg cell population in women lacking peritoneal lesions may switch signaling to effector
immune cells (T1/Th17 cells, M4, and NK cells) to scavenge adherent endometrial cells in
the peritoneum.

FoxP3DTreg cells in endometria based on phases of the menstrual cycle

The immunoreactions of FoxP3þTreg cells in the eutopic endometria derived from women
with ovarian endometrioma and dermoid cyst had coexistent peritoneal lesions or no lesion
was analyzed based on the phases of the menstrual cycle. There was no significant difference
in the number of FoxP3þTreg cells in the eutopic endometria between peritoneal lesions (þ)
and peritoneal lesion (�) groups across the phases of the menstrual cycle. KruskaleWallis
test indicated a higher tendency in the accumulation of FoxP3þTreg cells in the endometria
from the secretory phase to the menstrual phase in groups of women coexistent with
peritoneal lesions. These findings are in agreement with the report of Prieto et al. [86],
who demonstrated that patterns of FoxP3þTreg cells in the endometria were independent
of the phases of the menstrual cycle. However, a differential increased pattern of FoxP3þTreg
cells accumulation in the endometria was observed during the proliferative phase [87] or
during the secretory phase [88] of the menstrual cycle. The current findings together with
the results of Berbic et al. [88] may propose the fact that women with FoxP3þTreg cells in
the endometria may decrease the ability of the newly recruited effector immune cells to
effectively recognize endometrial antigens during the secretory or the menstrual phase,
thereby allowing their survival and consequent implantation in the pelvis.

FoxP3DTreg cells based on the color appearance of peritoneal lesions

We were curious to know the distribution of FoxP3þTreg cells in the coexisting peritoneal
lesions derived from women with ovarian endometrioma and dermoid cysts based on the co-
lor appearance of these lesions. The color appearance of peritoneal lesions was characterized
as nonopaque transparent lesions (clear papule, serous bleb), blood-filled opaque red lesions
(blood bleb), and black lesions (blue berry spot) [89]. Blood bleb lesions showed significantly
higher number of FoxP3þTreg cells than in serous blebs and blue berry spots (P < .05 for
each, ManneWhitney U test). The number of FoxP3þTreg cells in the peritoneum adjacent
to serous bleb and blood bleb lesions were significantly higher than that in the peritoneum
adjacent to blue berry lesions (P < .05 for each, ManneWhitney U test) [85]. This differential
expression of FoxP3þTreg cells can be explained by an increased tissue inflammatory reaction
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in the pelvis of women harboring active peritoneal lesions. Different macromolecules in
pelvis with variable inflammatory condition may differentially trigger Treg cells in women
harboring different types of peritoneal lesions.

TGF-beta/IL-6 in PF of women with or without peritoneal lesions

A tug of war between destructive immune cells (Th1/Th17) and protective or immuno-
tolerant cells (Treg cells) operates in human body in an attempt to clear microbes or
unwanted attached cells, thereby protecting our body against infection or development of
a lesion [90]. The balance of these two compartments of immune system has been reported
to be regulated by interleukin (IL)-6/IL-17 and transforming growth factor beta (TGF-b)/
IL-10 in systemic or local pelvic environment [91,92]. The competition between the levels
of IL-6 and TGF-b plays a key role in the priming of Th17 cells, one of the effector T cells
or Treg cells in pelvic environment. When TGF-b levels in sera or peritoneal fluid (PF)
dominates over IL-6/IL-17 levels, an increase in the number/activity of FoxP3þTreg cells
induces strong suppression to Th17 cells resulting in a state of immune-tolerance and in
less clearance of attached cells to the peritoneum with consequent survival of cells and devel-
opment of lesions in the pelvis. A delicate balance between Treg cells and Th17 cells may be
involved in the occurrence of endometriosis (Fig. 5.2).

With this concept in mind, we measured concentrations of TGF-b (one of the differentia-
tion factors of Treg cells) and IL-6 (one of the potential cytokines released by the effector
immune cells) in the PF collected from women with ovarian endometrioma and dermoid
cyst had coexistent peritoneal lesions or without peritoneal lesions. It was found that PF
levels of TGF-bwas significantly higher in women with ovarian endometrioma and dermoid
cyst harboring peritoneal lesions comparing to these two groups of women without any coex-
istent peritoneal lesion in their pelvis. Interestingly, PF levels of IL-6 was significantly
decreased than TGF-b in women with ovarian endometrioma and a modest decrease in PF
levels of IL-6 was observed in women with dermoid cyst had coexisting peritoneal lesions
[85]. These results indicates that an altered cytokine environment in pelvis and consequent
abundant generation of Fox3þTreg cells might be involved in immune escape of destructive
immune cells (Th1/Th17 cells), thereby resulting in the development of peritoneal lesions. On
the other hand, a switching of this event toward Th17 cells in response to low PF levels of
TGF-b may be involved in decreased or no occurrence of peritoneal lesions (Fig. 5.2). Consid-
ering significantly less occurrence of peritoneal lesions in women with dermoid cyst, our
study may clarify the phenomenon why 10% of women in the general population develop
endometriosis even cyclic menstruation with retrograde flow occurs in more than 90% of
women.

Role of activated Treg cells in endometriosis: human and animal study

Recent studies suggest the presence of a subpopulation of Fox3þTreg cells may control
immune response in human tissues because FoxP3þ cells in human but not in murine, include
not only pure suppressive T cells but also effector T cells. Miyara et al. [93] demonstrated that
CD4þFox3þTreg cells could be composed of three phenotypes based on the expression of
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FoxP3, cell surface phenotype, DNA methylation of FoxP3, DNA microarray profile, prolifer-
ation status, T-cell receptor repertoire, and in vitro suppressive activity. The distinct subpop-
ulation consists of (i) CD45RA þ FoxP3low resting (naïve) Treg cells, (ii) CD45RA�FoxP3high

activated Treg cells, and (iii) CD45RA�FoxP3low non-Treg cells. It has been proposed that
activated Treg cells should be considered as possessing the true suppressive characteristics
of Treg cells. The functional behavior of activated Treg cells in controlling immune response
in endometriosis and how depletion of activated Treg cells in mouse model switch immune
modification were investigated [94].

CD45RALFoxP3high activated Treg cells in human endometriosis

The percentage of activated Treg cells in eutopic (1.5%) and ectopic (2.6%) endometria
derived from women with ovarian endometrioma was significantly less than that in
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FIGURE 5.2 Shows the biological events between cytokine environment in pelvis and their association with Th17
cells/FoxP3þTreg cells priming. A tug of war between destructive immune cells (Th17 cells) and protective or
immuno-tolerant cells (Treg cells) operates in human body in an attempt to clear microbes or unwanted attached
cells, thereby protecting our body against infection or development of a lesion. The balance between these two
compartments of adaptive immunity has been reported to be regulated by interleukin (IL)-6/IL-17 and transforming
growth factor beta (TGF-b)/IL-10 in systemic or local pelvic environment. The competition between the levels of
IL-6/IL-17 and IL-10/TGF-b plays a key role in the priming of either Th17 cells or Treg cells in pelvic environment.
When IL-10/TGF-b levels in sera or peritoneal fluid dominates over IL-6/IL-17 levels, an increase in the number/
activity of FoxP3þTreg cells induces strong suppression to Th17 cells resulting in a state of immune-tolerance or
surveillance and in less clearance of attached cells to the peritoneum with consequent survival of cells and devel-
opment of lesions in the pelvis (left side). A reverse effect of cytokine levels with weak suppression of Treg cells
dominates the function of Th17 cells resulting in effective cell clearance and less or no cellular survival and less
occurrence of lesion in pelvis (right side).
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endometria (8.9%) derived from control women without endometriosis. This finding was not
consistent with the previous report that FoxP3þTreg cells were more elevated in endometri-
otic lesions than in normal tissues, resulting in Treg cell-mediated immunosuppression to
facilitate the survival of endometrial fragments [88]. The discrepancy between these two
studies could be explained by Treg cell definition. No substantial differences were found
in the activated Treg cells in PB and PF among patients with and without endometriosis.
This contradicts with the findings of Hanada T et al. [95] who found that the proportion of
CD45RA�FoxP3high Treg cells was significantly higher in the PF samples of women with
endometriosis than in those of control women but this did not differ between the PB samples
of patients and controls. A difference in the proportion of activated Treg cells across the phases
of menstrual cycle was not observed. Interestingly, the percentage of both total (CD25þFoxP3þ

cells) Treg cells and activated Treg cells in control endometria was significantly higher than
that in PF and PB in patients without endometriosis. In contrast, activated Treg cells in the
eutopic/ectopic endometria derived from women with endometrioma were not different
from the level in PF and PB, although the percentage of total Treg cells in ectopic endometria
was significantly higher than that in PF and PB of women with endometriosis [94].

A model of temporary depletion of Treg cells in mice

A mouse model of endometriosis was made in FoxP3tm3Ayr/J (FoxP3DTR) C57BL/6 Treg
cell-depleted mice. Female FoxP3tm3Ayr/J mice which express the diphtheria toxin (DT) recep-
tor (DTR) fused to enhanced green fluorescence protein under the control of FoxP3 promoter
[96]. An IP infection of 0.5 mg DT was administered to both FoxP3DTR and WT mice
(FoxP3DTR/DT and WT/DT, respectively) on days 25 and 32 to ablate Treg cells temporarily
in mice [96]. Time-course analysis of Treg cell-deleted mice showed Treg cell reduction in
FoxP3DTR mice after DT injection on days 23 and 30 and slight restoration on day 40. While
CD4þ T cells were increased, the relative ratio of FoxP3þ cells in CD4þ cells was significantly
decreased. This result indicated that Treg cells were ablated in endometriosis-like lesions.

Changes in endometriosis-like lesions and inflammation in Treg cell ablated
mice

The number and weight of endometriosis-like lesions in FoxP3DTR/DT mice was signifi-
cantly more increased than those in the other control mice. In contrast, no difference was
found in number, weight, or size of endometriosis-like lesions between the control mice
[WT/DT (þ) versus WT/DT (�)]. This was confirmed by the higher immunoreactivity of
Ki-67, a cell proliferation marker, in the FoxP3DTR/DT mice than in control mice. As a marker
of tissue inflammation, expression of F4/80þCD11bþ (M1 macrophages) was higher in
endometriosis-like lesions of FoxP3DTR/DT mice than that in the control mice. Analysis of
different inflammatory markers showed that gene expression of IL-6, CCL2, MIP1, and
VEGF were elevated in endometriosis-like lesions in FoxP3DTR/DT mice. Among these
markers, only IL-6 in both PF and PB was significantly increased in FoxP3DTR/DT mice
compared with control mice [94]. These results suggests that true suppressive phenotype
of Treg cells indeed exist that regulate tissue inflammatory reaction as well as growth of
endometriosis.
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All these findings in human and animal model demonstrated that decrease of true sup-
pressive activated Treg cells might be involved in the growth, maintenance and progression
of endometriosis. Accumulating evidence from both experimental and clinical studies have
indicated that the decrease in Treg cells is associated with increased risk of reproductive
and prenatal complications such as recurrent spontaneous abortion [97], repeated failure of
artificial insemination [98], and preeclampsia [99] by increasing the effector T cell response.
Comparing to control women, a significantly less proportion of activated Treg cells in the
eutopic endometria derived from women with endometriosis might account not only for
the growth of endometriosis but also for the occurrence of endometriosis-associated
infertility. Further studies are warranted to confirm this issue and also to clarify the role of
activated Treg cells in early and advanced endometriosis.

Treg/Th17 cells in early and advanced endometriosis

The Treg/Th17 balance is critical in maintaining immune homeostasis and persistence of
inflammation because of the opposite effect on the immune response [91,100]. Detailed infor-
mation on Treg and Th17 cell profiles in the peripheral blood (PB) and peritoneal fluid (PF)
derived from women with early (revised-ASRM stage I-II) endometriosis and those with
advanced (revised-ASRM stage III-IV) endometriosis is limited. The differential levels of
CD25þFoxP3þTreg cells and IL-17AþTh17 cells within the CD4þT-cell population in the PB
and PF collected from control women, women with early and advanced endometriosis are
described here.

Treg/Th17 cells in PF/PF of early and advanced endometriosis

A comparison of total CD25þFoxP3þ cells within CDþ cells was done in the PB and PF of
the control group and women with endometriosis. Compared with PB, the percentages of
CD25þFoxP3þ cells were significantly higher in the PF of control subjects and of women
with endometriosis. No significant difference was found in the percentage of CD25þFoxP3þ

cells in either PB or PF between control women and women with endometriosis. Although no
significant difference was observed in the percentages of CD25þFoxP3þ cells in the PB
between women with early endometriosis and advanced endometriosis, a significantly higher
percentage of CD25þFoxP3þ cells was found in the PF of women with advanced endometri-
osis (median 10.1%) than in women with early endometriosis (median 6.0%) or in control
women (median 6.8%). The differential pattern of PB and PF concentration of Treg cells in
both control women and women with endometriosis may reflect their active translocation
from the PB to the peritoneal cavity [101]. As a component of effector immune cells, both
PB and PF collected from these three groups of women retained one-fifth to one-10th concen-
tration of IL-17AþTh17 cells comparing to CD25þFoxP3þ cells. There was no difference in the
distribution of IL-17AþTh17 cells either in PB or in PF between control subjects and women
with endometriosis or between early and advanced endometriosis [101]. We postulate that
higher Treg cells in the PF of women with advanced endometriosis may be responsible in
the suppression of effector immune cells resulting in the maintenance and progression of
higher grades of endometriosis. This was consistent with the persistently lower prevalence
of Th17 cells in the PF of both early and advanced endometriosis. Our findings are in agree-
ment with two recent publications [84,85].
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Treg/Th17 cells in PB/PF based on the phases of menstrual cycle

A higher trend in the accumulation of Treg cells was found in the proliferative phase and
menstrual phase than in the secretory phase. However, a prevalence difference between PB
and PF indicated a significantly higher percentage of Treg cells in the PF in any phase of
the menstrual cycle than in PB of women with endometriosis. There was so apparent differ-
ence in the distribution of Treg cells in the PB and Th17 cells in the PB/PF of women with and
without endometriosis. Comparing with CD25þFoxP3þ cells in PB and PF, a persistently
lower percentage of IL-17AþTh17 cells was found in control subjects and in women with
endometriosis across the phases of the menstrual cycle [101]. The persistently low levels of
proinflammatory IL-17AþTh17 cells in PB and PF across the phases of menstrual cycle may
be due to the antagonistic effect of CD25þFoxP3þ cells on Th17 cells [92,100] or plasticity
properties of Th17 cells with a rapid shifting toward the Th1 lineage [102]. This may further
confirm a peculiar feature of human Th17 cells that they are very rare in the inflammatory sites
in comparison with Th1 cells [103]. These features implicate that the Th17/Treg balance plays
a major role in the development of human autoimmune and inflammatory diseases including
endometriosis. We found that this balance was disturbed and may promote the initiation,
maintenance and progression of endometriosis. There are diverse opinion regarding the
interaction between Treg cells and effector immune cells. Recent reports have revealed that
the suppressive activities of Treg cells on effector immune cells are related to both cell-
contact dependent and cell-contact independent mechanisms of suppression [104,105].

Treg/Th17 cells based on the color appearance of peritoneal lesions

The distribution of CD25þFoxP3þ cells and IL-17AþTh17 cells within CD4þ T cell popula-
tion in the PB and PF of women with stage I-II endometriosis based on the color appearance
of dominant peritoneal lesions in pelvis was analyzed. It is difficult to collect and recognize
color of peritoneal lesions in women with stage III-IV endometriosis due to coexistent
adhesions. Peritoneal fluid level of CD25þFoxP3þ cells was significantly higher in women
harboring red lesions than in black lesions. These women with red lesions also showed a
statistical significance in the levels of CD25þFoxP3þ cells between PF and PB. IL-17AþTh17
cells in the PB did not differ among peritoneal lesions. In contrast, PF levels of IL-17AþTh17
cells in women with black lesions in the pelvis were significantly higher than in mixed lesions
(coexistence of either black and white or black and red peritoneal lesions) and modestly
higher than in red lesions [101]. Different macromolecules in pelvis with variable inflamma-
tory condition may differentially trigger Treg cells and Th17 cells in women harboring
different types of peritoneal lesions.

Comparison of Treg cells and effector T cells in PB and PF

CD25þFoxP3� effector T (Teff) cells and CD25þFoxP3þ regulatory T (Treg) cells within
CD4þ T cell population in the PB and PF of control group and women with endometriosis
were analyzed. In the PB, although there were no difference between Teff cells and Treg cells
in the control group, the percentage of Teff cells was significantly higher than that of Treg
cells in women with endometriosis. This difference between Teff cells and Treg cells was
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lost in the PF of control group and women with endometriosis. When we compared the
results of Teff cells and Treg cells on the basis of the revised-ASRM staging of endometriosis,
we found a significant increase in the percentage of Teff cells relative to Treg cells in the PB of
women with only stage I-II endometriosis. No significant difference between Teff cells and
Treg cells was observed in the PF of control group, women with early endometriosis and
women with advanced endometriosis [101].

The higher percentages of CD25þFoxP3� T-effector cells in the PB of women with early
endometriosis may indicate that the function of effector immune cells may start in the
systemic environment but this effect is lost in local environment. On the basis of these find-
ings, we may speculate that an immune defect with less clearance capacity of Th17 cells or
other immune cells in the pelvis during retrograde flow of menstruation may facilitate initial
survival and implantation of endometrial cells with subsequent maintenance and progression
to advanced endometriosis.

TGF-beta/IL-17 levels in PF of early and advanced endometriosis

The balance of Th17/Treg cells, two cellular components of immune system, has been
reported to be regulated by interleukin (IL)-6/IL-17 and transforming growth factor beta
(TGF-b)/IL-10 in systemic or local pelvic environment [91,92]. The competition between the
levels of IL-17 and TGF-b plays a key role in the priming of Th17 cells, one of the effector
T cells or Treg cells in pelvic environment (Fig. 5.2). PF levels of both TGF-band IL-17 were
significantly higher in women with endometriosis than in control women. This pattern was
also observed in women with early and advanced endometriosis. Interestingly, as a marker
of effector immune cells, PF levels of IL-17 was significantly decreased than TGF-b in women
advanced endometriosis and a modest decrease in women with early stage endometriosis. A
menstrual phase-dependent increasing concentration of both TGF-band IL-17 was found in
the PF of women with endometriosis but this pattern was not observed in control women [101].

A significantly higher PF levels of TGF-b than in IL-17 in women with stage III-IV endo-
metriosis and during the secretory phase coincided with increased prevalence of Treg cells in
women with advanced endometriosis. Increased amounts of TGF-band IL-17 have been
reported in the PF of women with endometriosis [106,107]. It is important to mention that
in addition to active translocation to the peritoneal cavity, increased numbers of Treg cells
may be a result of their local induction in response to some cytokines such as TGF-band
IL-10 [108,109]. Tone et al., demonstrated that TGF-b is necessary for the differentiation
and maturation of Treg cells via Smad3 pathway [110]. These results indicate that an altered
cytokine environment in pelvis and consequent abundant generation of Treg cells might be
involved in immune escape of destructive immune cells (Th1/Th17 cells), thereby resulting
in the development of peritoneal lesions and consequent progression to advanced stage of
the disease.

Summary and perspective

We demonstrated here the potential role of different components of innate and adaptive
immune system either alone or in combination in the pathogenesis of endometriosis. A cross
talk between innate and adaptive immune system indeed exists. Delivery of antigen-
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presenting cells with expression of costimulatory molecules and production of proinflamma-
tory cytokines by innate immune system activates naïve T-cells to generate different subsets
of T helper lymphocytes of the adaptive immune system. Besides ovarian steroid hormones,
the initiation, growth and progression of endometriosis can be regulated by the different
components of innate and adaptive immune system. When we consider innate immune
system, a cascade between effector immune cells and LPS/TLR4/NF-kB may be involved
in promoting inflammatory response in pelvis and growth of endometriosis. An imbalance
of T cell subsets leads to aberrant cytokine secretion and inflammation that results in further
growth and progression of endometriosis. It is still uncertain whether the activity of these
immune cells causes endometriosis or whether they act as secondary enhancers to maintain
and progress the disease.

Immune studies so far have been observational measuring immune cells and their cytokine
products in the systemic and local environment. Moreover, lack of spontaneously menstru-
ating animal models that recapitulate human disease along with the chronic and heteroge-
neous nature of endometriosis and the confounding influence of concurrent hormonal and
pain-related interventions further complicate the cause-effect relationship in immune context
in endometriosis. In this critical situation, we have recently progressed our understanding
about issues surrounding immune rejection and immune-surveillance or tolerance in endo-
metriosis. Here, we systemically demonstrated the disturbance in the balance between proin-
flammatory (Th1/Th17 cells) and antiinflammatory (Th2/Treg cells) cellular components in
endometriosis.

Considering lower occurrence of peritoneal lesions in women with ovarian nonendome-
trioma and associated lower or no tissue expression of FoxP3þTreg cells may clarify the
phenomenon that only 10% of women in the general population develop endometriosis
even though cyclic menstruation with retrograde flow occurs in more than 90% of women.
Study using mouse model of endometriosis and Treg-depleted mice confirmed that Treg
cell deficiency exaggerates local inflammation and growth of endometriosis. Depletion of
Treg cells and consequent promotion of local inflammatory response in eutopic endometria
of women with endometriosis may also contribute to the occurrence of endometriosis-
associated infertility. We postulate that exogenous transfer of Treg cells may resolve this
problem. With the support of this proposal, a recent study in animal model demonstrated
that abnormally elevated expression of Th17 cells in the fetomaternal interface may result
in miscarriage and transfer of antigen-specific Treg cells before mating may have the potential
application in preventing abortion rate [76].

In our separate human study we demonstrated that advanced endometriosis may be asso-
ciated with disturbed compartmentalization of CD25þFoxP3þTreg cells within CD4þ T cell
population but this abrogated immune response was not observed in women with early
endometriosis. A persistently lower concentration of CD4þTh-17Aþ cells in peritoneal
environment comparing to Treg cells may disturb the balance between proinflammatory
and antiinflammatory condition in pelvis and trigger initiation of early endometriosis with
time-dependent transition to advanced endometriosis. Our findings reconfirmed the current
speculation that endometriosis is related to Treg and Th17 cells alteration causing survival
and implantation of ectopic endometrial lesions in the early stage of endometriosis with
consequent progression toward the advanced stage of endometriosis. At this moment, we
do not know whether increased PF levels of TGF-b and Treg cells precede or follow the
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development of endometriosis. A retrograde menstruation, endometrial cells in pelvis, induc-
tion of variable degree of inflammation, and most importantly, a competition between Treg
cells and effector immune cells such as Th17 cells in peritoneal environment may decide the
occurrence, maintenance, and progression of endometriosis. Manipulation of Treg cells to
suppress and/or of Th17 cells to increase in the peritoneal environment may be the potential
target in the treatment of endometriosis. Our studies on activated Treg cells in animal model
and Treg/Th17 cell profiles in human body fluids may shed new light in searching and
understanding the exact pathogenesis and open new avenues for the diagnosis and manage-
ment of endometriosis.
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Introduction

Endometriosis，defined by the presence of endometrial tissues outside the uterus, is a
common but complex gynecological disorder. The most common locations are the anatomi-
cally closed pelvic organs (ovaries, fallopian tubes, and peritoneum) and it seldomly occurs in
remote organs, such as lungs and intestines. It affects up to 10% of the females in the general
population during their reproductive age, and 20%e90% of women with pelvic pain and
infertility [1,2]. Laparoscopy is the gold standard of diagnosis, which is invasive and only
indicated in women with symptoms including dyspareunia, pelvic pain, and infertility.
Therefore, the exact prevalence remains unknown, especially in asymptomatic women. The
current treatments are very limited and often unsatisfactory, resulting in poor life quality
in affected women. Although many possible etiologies and theories had been proposed in
the literatures, the underlying mechanisms of endometriosis remains unclear.

The most popular and widely accepted etiology is the retrograde menstruation and trans-
plantation theory proposed by Sampson in 1920s [3]. This theory describes how viable endo-
metrial tissue can be spread into the peritoneal cavity through the fallopian tubes during
menstruation and found in most common affected sites, including ovaries, uterosacral liga-
ments and cul-de-sac peritoneum. This was further supported by findings showing women
with endometriosis have greater volume of refluxed blood during menstruation than those
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without endometriosis. However, this may not be the only factor as retrograde menstruation
has been observed in approximately 76%e90% of women of reproductive age [4]. To explain
this discrepancy, the immunological anomalies in women with endometriosis have been
postulated to contribute to the survival and growth of ectopic endometrial cells [5e7]. Owing
to the remarkable immunological changes, including the higher incidence of autoantibodies,
evidence of chronic inflammatory response and presence of traits similar to other autoim-
mune diseases, endometriosis has often been debated as an autoimmune disease [8]. If it is
indeed the case, immunomodulatory therapy should provide an alternative treatment option
to the traditional hormonal and surgical therapy, possibly with reduced side effects. In this
chapter, the comparison of, and association between, endometriosis and autoimmune dis-
eases, current evidence, and the link of their underlying mechanisms (Table 6.1) are discussed
with a view to identifying potential treatments for endometriosis (Fig. 6.1).

The association between endometriosis and autoimmune diseases

The immune system is delicately educated to develop tolerance to self-antigen. In normal
individuals, potentially self-reactive lymphocytes are either deleted or inactivated (clonal
deletion and clonal anergy) before encountering self-antigens. The loss or breakdown of

TABLE 6.1 Features in endometriosis which are indicative of autoimmune disease.

Population-based association with autoimmune
diseases

• increased incidence of autoimmune diseases in women with
endometriosis and vice versa.

• higher risk for women with endometriosis to develop
autoimmune diseases and vice versa.

B-lymphocyte immunological abnormalities
(organ-specific and nonspecific autoantibodies)

• anti-endometrial and antiovarian antibodies
• Laminin-1, 40% women with endometriosis and infertility

were positive, 31% women with endometriosis and
recurrent miscarriage were positive

• IgA and IgG autoantibodies in the serum, cervical and
vaginal secretions of women with endometriosis

• IgG and complement deposits in the ectopic endometrium
• higher complement C3 and C4 levels in the serum and

peritoneal fluid
• antinuclear antibodies, positive in 58% of women with

endometriosis

T-lymphocyte immunological abnormalities • alteration of Th cells and effector T cells in peritoneal fluid
and ectopic endometrium

Estrogen related • involvement of estrogen-mediated inflammation
• beneficial of low-estrogen state for improving disease

activity

Multiorgan involvement • ovary, peritoneum, intestine, lung

Possible genetic basis • FOXP-3, FCRL3, NF-kB, and B lymphocyte stimulator

Beneficial potential of immunotherapy • potential application of TNF-a, pentoxifylline, vitamin D in
endometriosis
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this property leads to autoimmune diseases which can affect many parts of body. There are
more than 80 autoimmune diseases. The most common ones include systemic lupus erythe-
matosus (SLE), rheumatoid arthritis (RA), Addison’s diseases (AS), Celiac diseases (CD), mul-
tiple sclerosis (MS), inflammatory bowel diseases (IBD), and SjÖgren’s syndrome (SS).

In 1985, Grimes and his colleagues reported that endometriosis was associated with a
twofold increased risk of SLE [9]. In later studies, the association between endometriosis
and other autoimmune diseases had also been investigated [10]. A more recent metaanalysis
study reviewed a total of 26 published population-based, cross-sectional, case-control, and
cohort studies to investigate the association between endometriosis and autoimmune dis-
eases. This metaanalysis supported an association between endometriosis and autoimmune
diseases [11]. The association remained statistically significant in patients with SLE, SS,
RA, CLD, MS, or IBD after excluding poor quality studies [11].

Whether the association between endometriosis and autoimmune diseases is casual or
causal remains a matter of debate. The exact relationship between these two diseases cannot
be analyzed from cross-sectional and case-control studies which are the majority of currently
available association studies. Prospective longitudinal studies in women with endometriosis
prior to occurrence of autoimmune diseases could provide better evidence on temporality.
Two cohort studies investigated the association between laparoscopically confirmed endome-
triosis and subsequently diagnosed SLE, but their results were not consistent. Harris’s study
found that laparoscopically confirmed endometriosis was significantly associated with subse-
quent SLE or RA diagnosis [12] while this phenomenon was not found in Nete’s study [13]. A
significantly increased incidence of IBD was also observed in women with endometriosis
confirmed during surgery compared with women without endometriosis in a large sized
nationwide Danish cohort study [14]. Another study found the absolute risk of endometriosis

FIGURE 6.1 Potential immunotherapies for endometriosis based on the immunological similarities to autoim-
mune disease.
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in patients with prior CD was increased with the highest risk in the first year after diagnosis
[15]. These findings suggest that endometriosis may share some etiological factors with auto-
immune diseases. However, several limitations have to be considered. First, there is an esti-
mated average delay of seven years between onset of endometriosis relevant symptoms and
its diagnosis by laparoscopy [16]. It is difficult to define the exact time of the start of the dis-
ease. Similarly, some cases with autoimmune diseases do not manifest typical symptoms and
could remain undetected for years. Secondly, the selection of control subjects might have lim-
itations. For instance, some study recruited women with fibroid confirmed during gyneco-
logic surgery [11] but it can be argued that they were not strictly speaking healthy controls
and there is clinical evidence to suggest an association between endometriosis and fibroids
as they are both estrogen dependent gynecological pathology [17]. Other studies recruited
women who attended obstetrical/gynecological clinics or family planning units and friends
of women with endometriosis as endometriosis-free controls, but the absence of endometri-
osis had not been verified by laparoscopy [11]. Some women with asymptomatic endometri-
osis could have been inadvertently recruited. Last but not least, almost half of associated
studies lack adjustments of confounding factors, such as age, residence location, hormonal
factors, sampling year and other potential confounding health conditions [11].

In brief, evidences from the current studies suggest an increased risk of comorbidity of
autoimmune diseases in women with endometriosis. Larger follow-up studies in the future
would not only help to ascertain the risk, but also understand whether causal relationship
exists between endometriosis and autoimmune diseases.

Autoimmune-related mechanisms in endometriosis

The association between endometriosis and autoimmune disease is not only indicated in
population-based studies, they also share some serological and pathophysiological
characteristics.

Humoral-mediated immunity

Humoral-mediated immunity refers to the antibody-mediated immune responses. Anti-
bodies are produced by plasma cells (activated B cells) and provide immediate protection
against infection. Most B cells are tolerized where they are borndin the bone marrow. In
some pathological conditions or rare healthy situations, they are activated and produce au-
toantibodies against self-antigens to destroy self-tissues, resulting in autoimmune diseases
or prevent inflammation by binding and removing oxidized lipids and proteins and
apoptotic cells [18].

Immunological abnormalities in B cell

The increased B-cell function in women with endometriosis was firstly documented in the
1980’s [19]. Around the same year, Weed and coworkers reported that IgG deposited in the
endometrium of women with endometriosis is associated with a reduction in the serum total
complement level, which suggested an intraendometrial antigen-antibody reaction [20].
Further studies demonstrated higher incidence of auto-antibodies in sera, cervical and

6. Auto-immunity and endometriosis: evidence, mechanism and therapeutic potential88

I. Immune factors in the pathogenesis, and the potential therapeutic target, of endometriosis



vaginal secretions from women with endometriosis [21]. Moreover, the autoantibody profiles
of patients with endometriosis, including autoantibodies of IgG, IgM and IgA isotypes
against phospholipids, histones, polynucleotides and even lupus, were very similar to
patients with autoimmune diseases [22e24]. Likewise, a higher frequency of antitissue auto-
antibodies, antiendometrial, and antiendothelial autoantibodies, was also identified in
various reports on women with endometriosis [25]. However, the correlation between auto-
antibodies concentration and the severity of endometriosis remains controversial [26e28].
Hence, the presence of autoantibodies has been considered to be a secondary immunological
response which would not play an aggravating role on the pathogenesis and development of
endometriosis [29].

On the other hand, the exact reason behind the increased abundance of autoantibodies in
women with endometriosis is still uncertain. It has been proposed that excess endometrial
proteins outside the uterus during retrograde menstruation may provoke an autoimmune
response, immunologic tolerance or rejection of the homograft, resulting in the survival of
endometrial implants [30]. Another possible explanation is the overexpression of B lympho-
cyte activating factor of the tumor necrosis factor family (BAFF) can lead to self-tolerance
breakdown [31]. This factor was first identified as a new ligand of the TNF cytokine family
and shown to act as a critical regulator during B cell maturation [32]. It has been shown that
an increase in plasma concentration of BAFF is found in patients with autoimmune disorders
[33]. In a study reported by Aniko et al., it was demonstrated that the B lymphocyte stimu-
lator protein levels in serum were elevated in patients with endometriosis [31]. In addition,
the mRNA levels expressed by macrophages and its receptor BCMA expressed by plasma
cells has been found to be strongly upregulated in endometriotic lesions, which may play
a role in facilitating the survival of plasma cells [31]. Moreover, excessive expression of
BAFF might impair B cell tolerance resulting in autoimmune diseases [34]. Thus, future
studies on BAFF could provide new insights on the understanding of autoantibodies produc-
tion in endometriosis and its impact on potential treatment regime.

Autoantibodies associated with infertility

Antiendometrial antibodies are the most well-studied autoantibodies; they have been
postulated to be potential diagnostic or prognostic marker of the assessment of treatment
and recurrence of endometriosis. The antiendometrial antibodies include transferrin and
alpha 2 Heremans Schmidt (a2-HS) glycoprotein. The serum from patients with endometri-
osis with positive antiendometrial antibody could migrate and react with the luminal epithe-
lium, glandular epithelium, and stroma to alter endometrial receptivity and increase
implantation failure [35]. With the concentration of transferrin and a2-HS glycoprotein being
found higher in peritoneal fluid from women with endometriosis, it has been shown that
transferrin attenuates FSH-induced differentiation of granulosa cells and might consequently
lead to a varying degrees of ovarian dysfunction [36]. On the other hand, a2-HS glycoprotein,
a negative acute phase protein, suppresses the maturation conversion of mouse embryo zona
pellucida protein ZP3 to ZP3f and causes polyspermia [37]. Furthermore, the addition of an-
tibodies specifically against transferrin and a 2-HS glycoprotein to sperm cells in vitro can
inhibit motility and survival [30].

Laminin is a major multifunctional basement membrane glycoprotein with at least 15
known isoforms. It plays a critical role during embryo implantation by synthesizing
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network-forming complement during early embryo development. Also, it has been found to
increase the trophoblast adhesion to the maternal extracellular matrix and decidua in endo-
metrium, which further promotes proliferation and differentiation of trophoblast upon inter-
action with integrin receptors. In a study conducted by Inagaki and coworkers, they found a
significant association between IgG ani-laminin-1 antibodies and infertile patients with endo-
metriosis at stage II or more [38]. The same group also demonstrated that antilaminin-1 an-
tibodies are significantly higher in women with recurrent miscarriage when compared with
healthy controls, presumably they interfere with embryogenesis and placental development
[39,40]. Moreover, antilaminin-1 in follicular fluid was found to be related to oocyte matura-
tion and adversely affect oocyte quality resulting in reduced fertility [41].

Other autoantibodies have also been found in women with endometriosis undergoing
assisted reproduction. A retrospective study examined the impact of circulating IgG, IgM
and IgA isotype antibodies to cardiolipin, phosphatidylserine (PS), phosphatidylethanol-
amine (PE), phosphatidylglycerol (PG), phosphatidylinositol (PI), phosphatic acid (PA),
histone 2A (H2A) and 2B (H2B) fractions, single-stranded DNA (ssDNA), and double-
stranded DNA (dsDNA) on IVF outcome in women with and without endometriosis
[42]. The result showed three or more positive autoantibodies were detected in 50% of pa-
tients with endometriosis. The pregnancy rates in autoantibody-positive group and
autoantibody-negative group was 23% and 46%, respectively [42]. Importantly, adminis-
tration of corticosteroid for patients with autoantibodies improved the pregnancy rate
[42]. A similar study analyzed the presence of several different antinuclear antibodies
(ANA), antiphospholipid antibodies (APA), antithyroid antibodies (ATA), and lupus anti-
coagulant in infertile women with recurrent pregnancy loss [43]. The result showed that
rate of positive autoantibodies was similar in women with reproductive failure and endo-
metriosis, which is higher than fertile controls [43]. Based on these evidences, autoanti-
bodies could be a potentially useful marker in infertility and recurrent miscarriage
associated with endometriosis.

Immunological abnormalities in T cell function

Two of the most important weapons in adaptive immune system are helper T (Th) cells
and killer (cytotoxic) T cells. Th cells can produce many different cytokines by which they
communicate with the rest of the immune system. So far, three major subsets have been iden-
tified: Th1, Th2 and Th17 based on the secreted cytokines profile. In addition, there is another
subset of Th cells, Foxp3þ regulatory T cells (Tregs), which functions to control and suppress
a range of immune responses by production of IL-10, TGF-b, and antiinflammatory cytokines
that inhibit Th cell activation. Th1/Th2 and Th17/Tregs must be balanced in healthy condi-
tions to eliminate pathogens.

Th cells are central mediators of autoimmune pathology although it is still not yet
possible to precisely define their exact functions in specific autoimmune disease. An
excessive Th1 or Th2-like response may favor the development of different autoimmune
diseases. Th1 cytokines participate in the process of autoimmune disease in which cyto-
toxic T cells attack organ-specific component. Th1 dominant autoimmune diseases include
Hashimoto’s thyroiditis and insulin-dependent diabetes mellitus [44]. On the other hand,
Th2-driven autoimmune response is involved in Grave’s disease and SLE with a strong
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humoral component which amplifies the activation of B cells [44]. In addition to the spe-
cific cytokines profile, the conventional Th cells (CD4þ T-cells) are characterized by
unique expression of chemokine receptors which mediate cells migration to inflamed sites
to promote B cell responses and antibody production within pathologically inflamed non-
lymphoid tissues in patients with RA [45]. These suggest the chemoattractant from
inflamed lesions might be the regulators for modulating T-B-cell interactions. With
regards to the balance of Th17/Tregs, the activity of Th17 is usually in excess of that of
Tregs and the defect in either the number or the function of Tregs have been found in
various autoimmune disorders, which suppresses the self-tolerance of the activation of
B cells and promotes the production of auto-antibodies [46,47]. In recent years, high-
throughput genomic at a single-cell level discovered the existence of instability and plas-
ticity within the Tregs compartment in different local environments. Hence, modulating
Tregs function might be a therapeutic option for patients with autoimmune diseases
[48,49]. In brief, the imbalance of Th cells, Th1/Th2, and Th17/Tregs, is involved in auto-
immune disease through driving autoantibody response and chronic tissue inflammation
[50,51], which could be a target for immunotherapy.

Several studies revealed that total lymphocyte numbers and the ratio of helper/suppres-
sor in peripheral blood and peritoneal fluid were not obviously altered [52e54], while one
study reported that helper/suppressor ratio was increased in infertile women with endo-
metriosis [55] and another study showed a decrease in affected women [56]. Nevertheless,
the reported balance of Th1/Th2 is consistent in women with endometriosis in published
studies. Podgaec et al. found that there was a predominance of IL-4 and IL-10 in peritoneal
fluid of women with endometriosis, suggesting endometriosis involves a possible shift to-
ward Th2 immune response component [57] which might stimulate the differentiation and
proliferation of B cells through the synthesis of IL-4, IL-5 and IL-10. This observation was
reinforced by other studies showing that endometriosis was associated with decreased peri-
toneal Th1 immune response in peritoneal fluid which may allow the survival, implanta-
tion, and proliferation of endometrial cells under conditions that are not yet fully
understood [54]. The animal study using a murine model showed that the promotion of
a Th1 milieu in the peritoneum reduced the weight and area of the implant [58]. It suggests
that the imbalance of Th1/Th2 is involved in the pathogenesis of endometriosis and might
be modulated as a therapeutic target. In the local sites, there is no significant difference in
total lymphocyte number and helper/suppressor ratio in the eutopic endometrium of
women with and without endometriosis [59]. In contrast, the number of T lymphocytes
is significantly elevated in the stroma of endometriotic lesions compared with control group
during both proliferative and secretory phases [60]. Moreover, the number of activated
T cells was increased in ectopic endometrium as compared to eutopic endometrium [60].
This might be caused by the abnormal chemokines such as Interleukin-8 (IL-8) expressed
in endometriotic lesions [61], which induces the chemotaxis of T lymphocytes. Unfortu-
nately, previous studies mainly measured the percentage or cell numbers of T cells. Nowa-
days, with the development of high-throughput sequencing and proteomics at single-cell
level, further studies are required to better explore the characteristics and pathological roles
of T cells in endometriosis.

In recent years, Th17 cells and Tregs have been investigated in endometriosis. It has
been found that the percentage of Th17 cells in peritoneal fluid was significantly higher
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in patients with severe endometriosis compared with women with a minimal/mild stage
of the disease, namely the increased percentage of peritoneal Th17 cells is associated with
the severity of endometriosis [62]. Th17 cells were also found in ectopic endometrium. It
has been found that IL-17A, the representative cytokines secreted by Th17, could directly
stimulate the production of IL-8 and proliferation of stromal cells [63]. The concentration
of IL-8 is significantly increased in peritoneal fluid of women with endometriosis and it is
involved in several key steps of endometriosis development through stimulating prolifer-
ation, matrix metalloproteinase activity, invasive capacity, angiogenesis, Fas ligand pro-
tein expression, and adhesion capability of endometrial stromal cells [64e66]. The same
group also found that inflammatory cytokines including IL-17A stimulated the produc-
tion of CCL-20 in ectopic endometrial stromal cells which regulate the chemotaxis of
Th17 cells expressing CCR6 (the receptor of CCL-20) [67]. Th17 cells, IL-17A and ectopic
endometrial stromal cells seems to work as a positive feedback loop in the progression of
endometriosis. However, there are also debatable findings. In a recent study, Khan et al.
reported that the percentage of Th17 cells was persistently lower in both peripheral blood
and peritoneal fluid of women with early and advanced endometriosis [68]. The changes
and roles of Th17 in the development of endometriosis still need more studies for clarifi-
cation. In line with a role for a modified immunity in the pathogenesis of endometriosis,
CD4þ/FoxP3þ Tregs are present in endometriotic lesions [69]. In humans, conflicting re-
sults have been obtained regarding whether populations of Tregs in the peritoneal fluid
(PF) or peripheral blood (PB) differ significantly between patients with EMS and controls
[70e72]. The percentage of Tregs and its cytokines products are significantly higher in pe-
ripheral fluid from women with endometriosis, which may contribute to immunotoler-
ance of ectopic endometrium. TECK derived from endometrial stromal cells and
macrophages promotes the differentiation and cytokines production of Tregs [73]. Ac-
cording to several studies, a strong association between transforming growth factor-b
(TGF-b) levels in PF and EMS has been observed [74], and TGF-b induces FoxP3þ Tregs
and inhibits the proliferation of immune cells and cytokine production via FOXP3-
dependent and independent mechanisms [75]. On the other side, decreased percentage
of Tregs might favor autoimmune activity and inflammatory response. However, there
is no study on the correlation of the percentage of Tregs with autoantibodies or autoim-
mune diseases in women with endometriosis. Alternatively, the changes of Tregs might be
caused by the polymorphisms of FOXP3, the key transcription factor of Tregs. In reflecting
the immune response, the polymorphisms of FOXP3 gene may change the quantity or
function of Tregs. As shown in autoimmune disease, FOXP3 gene was predominantly
restricted to the function or cell numbers of Tregs [76]. A remarkable association between
polymorphisms of FOXP3 and endometriosis was also observed [128], but the studies
exploring the percentage of Tregs in endometriosis did not analyze the polymorphisms
of FOXP3. In addition, the differences may be caused by the different recruiting criteria
of affected subjects and controls discussed as above. Hence, further studies are warranted
to clarify the precise role of Tregs in endometriosis. In future study, it would be of interest
to examine the ratio of Th17/Tregs (like the ratio of Th1/Th2) as it is more meaningful
than single percentage or absolute number of Th17 and Tregs as immune cells collaborate
as a team like “Yin” and “Yang” to maintain the homeostasis.
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Estrogen related immune response in autoimmune diseases and endometriosis

Estrogen plays a critical role not only in reproduction, but also in autoimmune diseases by
interacting with immune system. That is also one of the reasons why women during fertile
age are more often affected by autoimmune diseases than men [77]. Many immune cells
have been found to possess estrogen receptors, such as CD8þ T cells, B cells, monocytes
and macrophages [78,79]. Estrogens increase humoral immunity while progesterone exerts
as a natural immunosuppressor [80e82].

In systemic inflammatory diseases, 17b-estradiol enhances IgG and IgM production
by peripheral blood mononuclear cells (PBMCs), leading to increased levels of poly-
clonal IgG including anti-dsDNA antibody in PBMCs from patients with SLE by
enhancing B cell activity via IL-10 [83]. Estrogen is also able to enhance the secretion
of proinflammatory cytokines TNF-a, IL-1 and IL-6 by macrophages and CD4þ T cells
[84,85]. It has been found that the concentration of estrogen is increased in synovial fluid
from patients with RA and it promotes the production of matrix metalloproteinase and
IL-1b-induced IL-6 from human fibroblast-like synoviocytes and macrophages [86].
Furthermore, the inflammatory cytokines are able to stimulate the aromatase activity,
which mediates the conversion of androgens to estrogens [87,88]. Therefore, the positive
feedback loop between estrogens and inflammatory cytokines in synovial fluid
might explain the altered balance of androgen (low) and estrogen (high) as well as their
pathological roles in RA. The increased aromatase activity and shifted balance of andro-
gens and estrogens is also presented in women with SLE [89]. In all, the interaction
between estrogen and immune system is involved in the pathogenesis of autoimmune
diseases.

Endometriotic lesion is characterized by the higher biosynthesis and lower inactiva-
tion of estradiol compared to healthy women [1], which are caused by aberrant expres-
sion of several enzymes metabolizing estrogen (aromatase, 17b-Hydroxysteroid
dehydrogenase type 2-17b-HSD2). In addition to directly stimulates the proliferation
of ectopic endometrial cells through estrogen receptors, estrogen might be also involved
in the pathogenesis of endometriosis by interacting with immune response as above. Es-
trogen receptor is reported to be expressed in the majority of immunoreactive macro-
phages isolated from peritoneal cells of women with or without endometriosis [90]. It
is also expressed by the macrophages infiltrated into the endometrium. With pretreat-
ment of estrogen at pregnancy level, lipopolysaccharide (LPS) stimulated nitrite produc-
tion, and TNF-a secretion produced by murine peritoneal macrophages are decreased
[91]. This indicates that the increase of estrogen concentration may promote the cytokine
production from macrophages in women with endometriosis. The main hormonal treat-
ments for endometriosis including Danazol, GnRH agonist and dienogest are able to
suppress the concentration of autoantibodies and peritoneal IL-1b, TNF-a, monocyte
chemoattractant protein (MCP)-1 [92e95]. Therefore, estrogen-mediated proinflamma-
tory immune response may favor the development of endometriosis, which further pro-
vides the evidence for the potential of developing immunomodulatory therapies for
endometriosis.
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Autoimmune-related genetics in endometriosis

There is without a doubt that endometriosis is a genetic disease [96,97]. Common genetic
polymorphisms related to immune system were both detected in endometriosis and autoim-
mune disease, including region of the genes, FOXP-3 (discussed as above), FCRL3, NF-kB
and B lymphocyte stimulator.

Fc receptor-like 3 (FCRL3) gene encodes a glycoprotein belonging to the immunoglob-
ulin receptor superfamily. It plays a role in B cells differentiation into autoreactive cells
through the modulation of signal transduction via activation/inactivation of signaling
tyrosine protein kinases [98]. As reported by Bianco et al., FCRL3-169C/T was signifi-
cantly associated with risk of endometriosis regardless of the stage of the disease [99].
Also, the FCRL3-169C allele was found to be correlated with an increased production
of autoantibodies [100].

NF-kB, a major transcription factor of immune response leading to cell apoptosis
and growth, was reported to play an important role in mediating antiapoptosis, growth
of endometriotic cells, invasion, angiogenesis and cytokine production in endometriosis
[101]. Recently, a common insertion/deletion polymorphism (�94 insertion/deletion
ATTG) in the NF-kB gene was identified in SLE [102]. The depletion of ATTG results
in the loss of binding to nuclear proteins and reduces promoter activity. In endometriosis,
the frequency of the ATTG (2)/ATTG (2) genotype and ATTG (2) allele was significantly
increased when compared with healthy individuals. This suggested that the
polymorphism of NF-kB gene might be a predisposition gene toward endometriosis
susceptibility [103].

B lymphocyte stimulator (BLyS), a member of the TNF superfamily implicated in
other autoimmune diseases, is necessary for B-cell development and differentiation
into plasma cells [32]. When the prevalence of BLyS-817C/T polymorphic variant was
assessed in women with endometriosis, it revealed that patients with deep infiltrating
endometriosis were less likely to have a BLyS-817C > T genotype as compared with
the group of gynecologic patients without symptomatic endometriosis and group of
healthy women [104].

Autoimmune diseases are usually associated with certain HLA alleles [105]. Similar phe-
nomenon has also been observed in endometriosis [24]. In the Japanese population, Class I
HLA-B54 and HLA-Cw7, class II HLA-DRB1*1403 and HLADQB1*0301 were associated
with endometriosis [106,107]. Another study found that endometriosis was associated with
class I HLA-B*0702 alleles, in linkage disequilibrium with HLA-A24, HLA-Cw*0702 and class
II HLA-DRB1*0101 alleles [108]. While in the Chinese population, class I HLA-B46, class II
HLA-DRB1*15, and HLADQA1*0401 were reported to be associated with endometriosis
[109e111]. However, this was not replicable in the Korean population [112]. Similarly, the as-
sociation between HLA alleles and endometriosis was not consistent in Europe. In a study
conducted by Sundqvist et al. they found significant association between CCL21, HLA-
DRB1 and endometriosis in the Swedish/Belgian population [113], however this association
was not found in the Polish population [114]. The disparity between the different populations
indicated multiple genetic factors might be involved in variable prevalence of endometriosis
among different ethnicities.
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Potential immunomodulatory therapy for autoimmunity in endometriosis

Hormonal therapies

Endometriotic lesions are associated with hormonal imbalance, including increased
estrogen synthesis and metabolism and progesterone resistance which cause proliferation
of endometriotic cells and inflammation [115]. Accordingly, hormonal medication targets
on the hormonal imbalance by decreasing systemic and local estrogen synthesis or estrogen
activity, counteracting progesterone resistance by progestins or by selective progesterone-
receptor modulators [115]. The most commonly used drug acting on estrogen secretion
and/or ER activity is GnRH-analogs (GnRH-a) which is highly effective to inhibit the growth
of the ectopic endometrial tissue and control pelvic pain [116]. The limitations of GnRH-a
include the recurrence rate after therapy discontinuation and side effects associated with
low estradiol: bone density loss, worsening of serum lipoprotein cholesterol distribution,
hot flashes, genitourinary atrophy, depression, and decreased libido [117]. Danazol
(a derivative of 17a-ethynyl testosterone with mild androgenic but strong antiestrogenic
activity) is also useful to improve endometriosis-associated symptoms by inhibiting the con-
centration of estradiol [115]. However, the side effects of androgenic and anabolic properties,
including weight gain, acne, oily hair, headache, seborrhea, and liver function are poorly
tolerant for the majority [115]. In addition, progestin, combined hormonal contraceptive
agents, and selective progesterone-receptor modulators are options to inhibit endogenous
ovarian estradiol production and ovulation and create a progestin-dominant hormonal
milieu that suppress the growth of endometriotic lesions [118,119], but the incidence of irreg-
ular bleeding is high.

Due to the inflammatory effects mediated by estradiol in autoimmune disease, especially
in SLE and RA discussed as above, inhibition of estrogen has been proposed to reduce disease
activity. An open-labeled and longitudinal study evaluated the use of pregnane progestins in
187 SLE patients over 48 months. It was reported that the disease activity was reduced after
progestins treatment although the breakthrough bleeding was reported in 17.7% patients us-
ing cyproterone acetate and 12.6% patients using chlormadinone acetate [120]. The recent
data from the Norfolk Arthritis Register (NOAR) showed that oral contraceptive use is gener-
ally associated with a beneficial functional outcome in women with recent-onset inflamma-
tory polyarthritis [121]. However, another cohort study found the improvement in disease
activity and damage was not significant in 54 oral contraceptive users with RA compared
to 58 non-users [122]. This inconsistent finding was also reported in earlier small-sized
studies [123,124]. The controversial results might be caused by the different assessment of dis-
ease activity, follow-up years and confounding factors such as the age of symptom onset, and
duration of oral contraceptive use and so on. On the other hand, a large population-based
case-control study of 445 women showed reduced risk of developing RA in the following
years when oral contraceptive exposure occurred in earlier years [125]. All the studies are
mainly assessing the safety of oral contraceptives in women with RA and the results are
consistently showing that oral contraceptives can be safely used as contraception in RA. At
this point, there is no strong evidence to recommend that oral contraceptives can be used
as a preventive or therapeutic regime in RA. It is worthwhile to continue to seek potential
applications of hormonal (progestin and androgenic compounds) or antihormonal (estrogen
receptor modulators and antagonist metabolites) therapies for autoimmune diseases.
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Taken together, hormonal treatment of endometriosis targets on reducing estrogen levels
and reversing progesterone resistance, leading to decrease in the growth of both eutopic and
ectopic endometrial cells. This regime maybe also have a beneficial effect in treating autoim-
mune diseases due to the effects of estrogen on immune response, which further sheds light
on the potential of developing immunomodulatory therapies or synergistic combination ther-
apies, a strategy which can avoid hypoestrogenic state associated side effects and restoring
fertility.

Immunomodulatory therapy

Anti-TNF-a therapies

TNF-a is a cytokine involved in systemic inflammation, which stimulates inflammatory
response in the acute phase by activating a cascade of cytokines, such as IL-1,IL-6, etc. and
influences the reaction, proliferation and differentiation through binding to either one or
both of the two membrane-bound receptors, TNFR1 and TNFR2. It is mainly produced by
activated macrophages, lymphocytes and NK cells. Its excessive production is involved in
the pathogenesis of some autoimmune inflammatory diseases, such as RA, CD and UC
[126]. TNF-a inhibitors are highly effective in the induction and maintenance of clinical remis-
sion in about 60%e70% of patients [127]. Different ratio of the two TNF-a receptors on
different T cell subsets and the formation of antidrug antibodies induced by TNF-a might
decrease the functional drug concentration, leading to a reduced response of treatment
[126,128].

TNF-a is involved also in the pathogenesis of endometriosis since higher expression level
of TNF-a was found in PF of women with endometriosis [129]. TNF-a expression in endome-
trial epithelial cells during the secretory phase can be upregulated by IL-1 [130]. Keenan and
coworkers demonstrated that peritoneal macrophages might be another potential source to
induce elevated TNF-a in PF [131]. Furthermore, TNF-a enhances the adhesion of cultured
endometrial stromal cells to mesothelial cells [132]. This may help retrograde endometrial
cell attach to peritoneum. In addition to adhesion, TNF-a also stimulates the proliferation
of endometrial cells. In a rat model of endometriosis, TNF-a binding protein-1 was found
to inhibit the proliferation of endometrial stromal cells [133]. Furthermore, TNF-a induces
higher synthesis of IL-8 in endometrial stromal cells, which causes the proliferation of endo-
metrial stromal cells in a dose dependent fashion [134].

Since increased TNF-a has been found in women with endometriosis and plays an essen-
tial role in mediating the pathological change of immune response, it is a potential target to
suppress endometriosis progression. TNF-a inhibition by administration of TNF binding
protein-1 (TBP-1) has been demonstrated to successfully prevent and treat induced or spon-
taneous endometriosis in rats [133] or baboons model [135] respectively. Infliximab, TNF-a
monoclonal antibody, is used to treat RA and inflammatory bowel disease. A small sample
randomized controlled trial conducted a decade ago reported that infliximab appeared not
to affect the pain associated with deep endometriosis [136]. Etanercept, a recombinant human
TNF binding protein-1 binding to TNF-a and inhibiting its action, is one of the treatments for
RA and other arthritis types. Barrier et al. found that etanercept effectively reduced the extent
of endometriotic lesions and the surface area of red lesions in baboons [135]. Unfortunately,
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there has not been any sufficiently powered and well-designed clinical trials to determine the
efficacy of TNF-a inhibitors in endometriosis. More trials are required to determine its effi-
ciency as a treatment for endometriosis. Moreover, the ratios of TNF-a receptors and antidrug
antibodies should also be considered in the future trials.

Pentoxifylline

Pentoxifylline is a multi-site immunomodulatory agent, which plays an important role in
controlling inflammation and apoptosis in different autoimmune diseases [137]. It suppresses
phagocytosis and production of toxic oxygen species and proteolytic enzymes by macro-
phages and neutrophils. Besides, it also inhibits TNF-a generation by macrophages and the
proinflammatory effect of TNF-a and IL-1 on granulocytes [137]. In 1991, Steinleitner and col-
leagues reported that the use of pentoxifylline dramatically abrogated the adverse influence
of endometriotic implants on infertility in rodent mice [138]. Later, the same group showed
that endometriosis-associated subfertility in mice model were induced by the transfer of
hyperactivated macrophages, not basal state macrophages, into peritoneal cavity. The subfer-
tility was reversed with the treatment of periovulatory pentoxifylline [139]. Moreover, pen-
toxifylline inhibited the growth of endometriotic implants in rat model and did not affect
the circulating estrogen and progesterone levels [140]. In 1997, Balasch and coworkers
demonstrated that treatment of oral pentoxifylline for 12 months enhanced the pregnancy
rate of women with infertility associated with asymptomatic minimal or mild endometriosis
[141]. However, a Cochrane review (187) evaluated four clinical trials, and demonstrated a
lack of evidence to recommend pentoxifylline for pain relief or to improve the chances of
spontaneous pregnancy. So, even if these novel therapeutic agents appear promising in the
treatment of endometriosis, further studies from multi-center clinical trials are needed to
confirm if it could be recommended as a routine regime for women with endometriosis.

Vitamin D

In recent years, accumulating evidences showed that Vitamin D (VD) supplementation
could also be a therapeutic agent for managing endometriosis. VD is a pleiotropic molecule
and exerts a broad range of biological activities [142]. It has been well-documented to play a
vital role in bone mineralization as well as regulation of plasma calcium levels, and VD has
shown immunomodulatory effect [142]. Deficiency in VD is associated with pathogenesis of
several autoimmune diseases, including SLE and MS [143]. The active form of VD, 1,25(OH)
2D3, has been reported to inhibit dendritic cell maturation and Th17 cells activation in SLE
patients, which decreases autoantibody production [144]. It promotes antiinflammatory cyto-
kine profile and reduces the Th17/Tregs ratio in MS [145] and supresses the migration and
function of macrophages to produce cytokines [146,147]. Therefore, VD supplementation
has been proposed as an immunomodulator for autoimmune diseases treatment [148,149].

The VD receptor is expressed in multiple reproductive tissues and cells, including granu-
losa cells [150], decidua [151], placenta [151], endometrium [152], fallopian epithelial cells
[152], and pituitary glands [153]. This indicates that VD should be closely associated in the
physiologic reproduction process. In a study conducted by Agic et al. they found that the
expression of VD receptor at both mRNA and protein levels of the endometrium was signif-
icantly higher in women with endometriosis compared with healthy controls [152]. However,
there were conflicting reports regarding the serum levels of 1,25(OH)2D3 in women with
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endometriosis. The study reported by Hartwell et al. found that 1,25(OH)2D3 levels were
higher in women affected by endometriosis [154]. Another study observed a similar trend to-
ward a higher level of 1,25(OH)2D3 in women with endometriosis compared with control
women [155]. In contrast, the study of Mariko et al. revealed that serum 1,25(OH)2D3 was
significantly lower in women with severe endometriosis compared with controls and women
with mild endometriosis, and there was no difference between women with and without
endometriosis [156]. A possible explanation for the discrepancy among these studies might
be due to the heterogeneity of population studied and the relatively small sample size.

Recently, the therapeutic effect of 1,25(OH)2D3 on endometriosis has been highlighted as a
potential therapeutic agent. In brief, rodents supplemented with 1,25(OH)2D3 showed
regression of endometriotic lesion by significantly reducing VEGF and MMP-9, and
increasing MMP-2 inhibitors [157e159]. The addition of 1,25(OH)2D3 in culture medium
of endometriotic stromal cells significantly inhibited IL-1b or TNF-a induced inflammatory
responses, such as IL-8 expression and prostaglandin activity [160]. Moreover, 1,25(OH)
2D3 can reduce the expressions of MMP-2 and MMP-9 through inhibiting the NF-kB
signaling pathway [156]. Importantly, dairy products rich in calcium and VD have been
claimed to lower the risk of developing endometriosis in humans [160]. Therefore, VD sup-
plementation may be considered a novel therapeutic approach for the management of endo-
metriosis through its immunomodulatory and antiinflammatory properties. However, the
role of VD in cellular and hormonal immune response in endometriosis has not been clearly
investigated yet. Randomized clinical trials are required to verify if VD supplementation is
indeed beneficial.

Conclusion

Endometriosis shares many characteristics and fulfills some criteria of autoimmune dis-
eases, including immunological abnormalities in T- and B-cell functions, polyclonal B-cell
activation, presence of various autoantibodies, aberrant apoptosis, multiorgan involvement,
tissue damage, genetic preference, female preponderance, and association with other autoim-
mune diseases. Although endometriosis is still not currently defined as an autoimmune dis-
ease, the link between endometriosis and autoimmune disease provide a new approach to
improve and optimize the therapy for patients with endometriosis, with fewer side effects
compared with currently used hormonal therapies. Therefore, more research about the mech-
anisms of chronic local inflammation/autoantibodies in endometriosis and well-designed
clinical trials regarding immunomodulatory therapy are needed to improve outcome.

References
[1] Bulun SE. Endometriosis. N Engl J Med 2009;360(3):268e79.
[2] Mathias SD, et al. Chronic pelvic pain: prevalence, health-related quality of life, and economic correlates. Obstet

Gynecol 1996;87(3):321e7.
[3] Sampson JA. Metastatic or embolic endometriosis, due to the menstrual dissemination of endometrial tissue

into the venous circulation. Am J Pathol 1927;3(2):93e110. 43.
[4] Halme J, Becker S, Wing R. Accentuated cyclic activation of peritoneal macrophages in patients with endome-

triosis. Am J Obstet Gynecol 1984;148(1):85e90.

6. Auto-immunity and endometriosis: evidence, mechanism and therapeutic potential98

I. Immune factors in the pathogenesis, and the potential therapeutic target, of endometriosis



[5] Olovsson M. Immunological aspects of endometriosis: an update. Am J Reprod Immunol 2011;66(Suppl.
1):101e4.

[6] Kanzaki H, Nakajima T, Yoshimura T. Immunological aspects of endometriosis. Nihon Rinsho 2001;59(Suppl.
1):44e7.

[7] Sidell N, Han SW, Parthasarathy S. Regulation and modulation of abnormal immune responses in endometri-
osis. Ann N Y Acad Sci 2002;955:159e73. Discussion 199e200, 396e406.

[8] Matarese G, et al. Pathogenesis of endometriosis: natural immunity dysfunction or autoimmune disease?
Trends Mol Med 2003;9(5):223e8.

[9] Grimes DA, et al. Systemic lupus erythematosus and reproductive function: a case-control study. Am J Obstet
Gynecol 1985;153(2):179e86.

[10] Greenbaum H, et al. Evidence for an association between endometriosis, fibromyalgia, and autoimmune dis-
eases. Am J Reprod Immunol 2019;81(4):e13095.

[11] Shigesi N, et al. The association between endometriosis and autoimmune diseases: a systematic review and
meta-analysis. Hum Reprod Update 2019;25(4):486e503.

[12] Harris HR, et al. Endometriosis and the risks of systemic lupus erythematosus and rheumatoid arthritis in the
Nurses’ Health Study II. Ann Rheum Dis 2016;75(7):1279e84.

[13] Nielsen NM, et al. The co-occurrence of endometriosis with multiple sclerosis, systemic lupus erythematosus
and Sjogren syndrome. Hum Reprod 2011;26(6):1555e9.

[14] Jess T, et al. Increased risk of inflammatory bowel disease in women with endometriosis: a nationwide Danish
cohort study. Gut 2012;61(9):1279e83.

[15] Stephansson O, Falconer H, Ludvigsson JF. Risk of endometriosis in 11,000 women with celiac disease. Hum
Reprod 2011;26(10):2896e901.

[16] Nnoaham KE, et al. Impact of endometriosis on quality of life and work productivity: a multicenter study
across ten countries. Fertil Steril 2011;96(2):366e373 e8.

[17] Uimari O, Jarvela I, Ryynanen M. Do symptomatic endometriosis and uterine fibroids appear together? J Hum
Reprod Sci 2011;4(1):34e8.

[18] Lleo A, et al. Definition of human autoimmunity–autoantibodies versus autoimmune disease. Autoimmun Rev
2010;9(5):A259e66.

[19] Startseva NV. [Clinical immunological aspects of genital endometriosis]. Akush Ginekol (Mosk)
1980;(3):23e6.

[20] Weed JC, Arquembourg PC. Endometriosis: can it produce an autoimmune response resulting in infertility?
Clin Obstet Gynecol 1980;23(3):885e93.

[21] Mathur S, et al. Autoimmunity to endometrium and ovary in endometriosis. Clin Exp Immunol
1982;50(2):259e66.

[22] Gleicher N, et al. Is endometriosis an autoimmune disease? Obstet Gynecol 1987;70(1):115e22.
[23] Rote NS, Dostal DA. Is endometriosis an autoimmune disease? Obstet Gynecol 1988;71(2):280e2.
[24] Nothnick WB. Treating endometriosis as an autoimmune disease. Fertil Steril 2001;76(2):223e31.
[25] Fernandez-Shaw S, et al. Anti-endometrial and anti-endothelial auto-antibodies in women with endometriosis.

Hum Reprod 1993;8(2):310e5.
[26] Taylor PV, et al. Autoreactivity in women with endometriosis. Br J Obstet Gynaecol 1991;98(7):680e4.
[27] Evers JL, Dunselman GA, Van der Linden PJ. Markers for endometriosis. Baillieres Clin Obstet Gynaecol

1993;7(4):715e39.
[28] Badaway SZ, et al. Endometrial antibodies in serum and peritoneal fluid of infertile patients with and without

endometriosis. Fertil Steril 1990;53(5):930e2.
[29] Dias Jr JA, de Oliveira RM, Abrao MS. Antinuclear antibodies and endometriosis. Int J Gynaecol Obstet

2006;93(3):262e3.
[30] Mathur SP. Autoimmunity in endometriosis: relevance to infertility. Am J Reprod Immunol 2000;44(2):89e95.
[31] Hever A, et al. Human endometriosis is associated with plasma cells and overexpression of B lymphocyte stim-

ulator. Proc Natl Acad Sci USA 2007;104(30):12451e6.
[32] Schiemann B, et al. An essential role for BAFF in the normal development of B cells through a BCMA-

independent pathway. Science 2001;293(5537):2111e4.
[33] Moisini I, Davidson A. BAFF: a local and systemic target in autoimmune diseases. Clin Exp Immunol

2009;158(2):155e63.

References 99

I. Immune factors in the pathogenesis, and the potential therapeutic target, of endometriosis



[34] Bosello S, et al. BAFF and rheumatic autoimmune disorders: implications for disease management and therapy.
Int J Immunopathol Pharmacol 2007;20(1):1e8.

[35] Gajbhiye R, et al. Multiple endometrial antigens are targeted in autoimmune endometriosis. Reprod Biomed
Online 2008;16(6):817e24.

[36] Sensky TE, Liu DT. Endometriosis: associations with menorrhagia, infertility and oral contraceptives. Int J
Gynaecol Obstet 1980;17(6):573e6.

[37] Kalab P, Schultz RM, Kopf GS. Modifications of the mouse zona pellucida during oocyte maturation: inhibitory
effects of follicular fluid, fetuin, and alpha 2HS-glycoprotein. Biol Reprod 1993;49(3):561e7.

[38] Inagaki J, et al. An association of IgG anti-laminin-1 autoantibodies with endometriosis in infertile patients.
Hum Reprod 2003;18(3):544e9.

[39] Inagaki J, et al. Pregnancy loss and endometriosis: pathogenic role of anti-laminin-1 autoantibodies. Ann N Y
Acad Sci 2005;1051:174e84.

[40] Inagaki J, et al. IgG anti-laminin-1 autoantibody and recurrent miscarriages. Am J Reprod Immunol
2001;45(4):232e8.

[41] Caccavo D, et al. Anti-laminin-1 antibodies in sera and follicular fluid of women with endometriosis undergo-
ing in vitro fertilization. Int J Immunopathol Pharmacol 2011;24(2):481e8.

[42] Dmowski WP, et al. The effect of endometriosis, its stage and activity, and of autoantibodies on in vitro fertil-
ization and embryo transfer success rates. Fertil Steril 1995;63(3):555e62.

[43] Kaider AS, et al. Immunodiagnostic evaluation in women with reproductive failure. Am J Reprod Immunol
1999;42(6):335e46.

[44] Kroemer G, et al. Differential involvement of Th1 and Th2 cytokines in autoimmune diseases. Autoimmunity
1996;24(1):25e33.

[45] Rao DA, et al. Pathologically expanded peripheral T helper cell subset drives B cells in rheumatoid arthritis.
Nature 2017;542(7639):110e4.

[46] Petro TM. Regulatory role of resveratrol on Th17 in autoimmune disease. Int Immunopharm 2011;11(3):310e8.
[47] Miyara M, et al. Human FoxP3þ regulatory T cells in systemic autoimmune diseases. Autoimmun Rev

2011;10(12):744e55.
[48] Dominguez-Villar M, Baecher-Allan CM, Hafler DA. Identification of T helper type 1-like, Foxp3þ regulatory

T cells in human autoimmune disease. Nat Med 2011;17(6):673e5.
[49] Daniel C, von Boehmer H. Extrathymic generation of regulatory T cells–chances and challenges for prevention

of autoimmune disease. Adv Immunol 2011;112:177e213.
[50] Carbajal KS, et al. Th cell diversity in experimental autoimmune encephalomyelitis and multiple sclerosis.

J Immunol 2015;195(6):2552e9.
[51] Hoyer KK, et al. Distinct roles of helper T-cell subsets in a systemic autoimmune disease. Blood

2009;113(2):389e95.
[52] Gleicher N, et al. Lymphocyte subsets in endometriosis. Obstet Gynecol 1984;63(4):463e6.
[53] Hill JA, et al. Characterization of leukocyte subpopulations in the peritoneal fluid of women with endometri-

osis. Fertil Steril 1988;50(2):216e22.
[54] Mier-Cabrera J, et al. Quantitative and qualitative peritoneal immune profiles, T-cell apoptosis and oxidative

stress-associated characteristics in women with minimal and mild endometriosis. BJOG 2011;118(1):6e16.
[55] Badawy SZ, et al. Immune rosettes of T and B lymphocytes in infertile women with endometriosis. J Reprod

Med 1987;32(3):194e7.
[56] Gallinelli A, et al. Different concentrations of interleukins in the peritoneal fluid of women with endometriosis:

relationships with lymphocyte subsets. Gynecol Endocrinol 2004;18(3):144e51.
[57] Podgaec S, et al. Endometriosis: an inflammatory disease with a Th2 immune response component. Hum

Reprod 2007;22(5):1373e9.
[58] Mier-Cabrera J, Gonzalez-Gallardo S, Hernandez-Guerrero C. Effect of nitric oxide and TH1/TH2 cytokine

supplementation over ectopic endometrial tissue growth in a murine model of endometriosis. Reprod Sci
2013;20(11):1332e8.

[59] Mettler L, et al. Lymphocyte subsets in the endometrium of patients with endometriosis throughout the men-
strual cycle. Am J Reprod Immunol 1996;36(6):342e8.

[60] Witz CA, et al. Characterization of lymphocyte subpopulations and T cell activation in endometriosis. Am J
Reprod Immunol 1994;32(3):173e9.

6. Auto-immunity and endometriosis: evidence, mechanism and therapeutic potential100

I. Immune factors in the pathogenesis, and the potential therapeutic target, of endometriosis



[61] Dmowski WP, Gebel HM, Braun DP. The role of cell-mediated immunity in pathogenesis of endometriosis.
Acta Obstet Gynecol Scand Suppl 1994;159:7e14.

[62] Gogacz M, et al. Increased percentage of Th17 cells in peritoneal fluid is associated with severity of endome-
triosis. J Reprod Immunol 2016;117:39e44.

[63] Hirata T, et al. Interleukin (IL)-17A stimulates IL-8 secretion, cyclooxygensase-2 expression, and cell prolifera-
tion of endometriotic stromal cells. Endocrinology 2008;149(3):1260e7.

[64] Arici A. Local cytokines in endometrial tissue: the role of interleukin-8 in the pathogenesis of endometriosis.
Ann N Y Acad Sci 2002;955:101e9. Discussion 118, 396e406.

[65] Mulayim N, et al. Regulation of endometrial stromal cell matrix metalloproteinase activity and invasiveness by
interleukin-8. Fertil Steril 2004;81(Suppl. 1):904e11.

[66] Selam B, et al. Regulation of fas ligand expression by IL-8 in human endometrium. J Clin Endocrinol Metab
2002;87(8):3921e7.

[67] Hirata T, et al. Recruitment of CCR6-expressing Th17 cells by CCL 20 secreted from IL-1 beta-, TNF-alpha-, and
IL-17A-stimulated endometriotic stromal cells. Endocrinology 2010;151(11):5468e76.

[68] Khan KN, et al. Differential levels of regulatory T cells and T-helper-17 cells in women with early and advanced
endometriosis. J Clin Endocrinol Metab 2019;104(10):4715e29.

[69] Maridas DE, et al. Peripheral and endometrial dendritic cell populations during the normal cycle and in the
presence of endometriosis. J Endometr Pelvic Pain Disord 2014;6(2):67e119.

[70] Gogacz M, et al. T regulatory lymphocytes in patients with endometriosis. Mol Med Rep 2014;
10(2):1072e6.

[71] Olkowska-Truchanowicz J, et al. CD4(þ) CD25(þ) FOXP3(þ) regulatory T cells in peripheral blood and peri-
toneal fluid of patients with endometriosis. Hum Reprod 2013;28(1):119e24.

[72] Takamura M, et al. Simultaneous detection and evaluation of four subsets of CD4þ T lymphocyte in lesions
and peripheral blood in endometriosis. Am J Reprod Immunol 2015;74(6):480e6.

[73] Li MQ, et al. CD4þFoxp3þ regulatory T cell differentiation mediated by endometrial stromal cell-derived
TECK promotes the growth and invasion of endometriotic lesions. Cell Death Dis 2014;5:e1436.

[74] Harada T, Iwabe T, Terakawa N. Role of cytokines in endometriosis. Fertil Steril 2001;76(1):1e10.
[75] Yoshimura A, Wakabayashi Y, Mori T. Cellular and molecular basis for the regulation of inflammation by TGF-

beta. J Biochem 2010;147(6):781e92.
[76] Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell development by the transcription factor Foxp3.

Science 2003;299(5609):1057e61.
[77] Kvien TK, et al. Epidemiological aspects of rheumatoid arthritis: the sex ratio. Ann N Y Acad Sci

2006;1069:212e22.
[78] Cutolo M, et al. Presence of estrogen receptors in human myeloid monocytic cells (THP-1 cell line). Eur Cyto-

kine Netw 2001;12(2):368e72.
[79] Cutolo M, et al. Androgen and estrogen receptors are present in primary cultures of human synovial macro-

phages. J Clin Endocrinol Metab 1996;81(2):820e7.
[80] Bijlsma JW, et al. Neuroendocrine immune system involvement in rheumatology. Ann N Y Acad Sci

2006;1069:xviiiexxiv.
[81] Cutolo M, et al. Nocturnal hormones and clinical rhythms in rheumatoid arthritis. Ann N Y Acad Sci

2005;1051:372e81.
[82] Guery JC. Estrogens and inflammatory autoimmune diseases. Joint Bone Spine 2012;79(6):560e2.
[83] Kanda N, Tsuchida T, Tamaki K. Estrogen enhancement of anti-double-stranded DNA antibody and immuno-

globulin G production in peripheral blood mononuclear cells from patients with systemic lupus erythematosus.
Arthritis Rheum 1999;42(2):328e37.

[84] Hu SK, Mitcho YL, Rath NC. Effect of estradiol on interleukin 1 synthesis by macrophages. Int J Immunopharm
1988;10(3):247e52.

[85] Correale J, Arias M, Gilmore W. Steroid hormone regulation of cytokine secretion by proteolipid protein-
specific CD4þ T cell clones isolated from multiple sclerosis patients and normal control subjects. J Immunol
1998;161(7):3365e74.

[86] Cutolo M, et al. Synovial fluid estrogens in rheumatoid arthritis. Autoimmun Rev 2004;3(3):193e8.
[87] Macdiarmid F, et al. Stimulation of aromatase activity in breast fibroblasts by tumor necrosis factor alpha. Mol

Cell Endocrinol 1994;106(1e2):17e21.

References 101

I. Immune factors in the pathogenesis, and the potential therapeutic target, of endometriosis



[88] Purohit A, et al. Aromatase activity and interleukin-6 production by normal and malignant breast tissues. J Clin
Endocrinol Metab 1995;80(10):3052e8.

[89] Folomeev M, et al. Plasma sex hormones and aromatase activity in tissues of patients with systemic lupus er-
ythematosus. Lupus 1992;1(3):191e5.

[90] Khan KN, et al. Estrogen and progesterone receptor expression in macrophages and regulation of hepatocyte
growth factor by ovarian steroids in women with endometriosis. Hum Reprod 2005;20(7):2004e13.

[91] Kim JY, Jeong HG. Down-regulation of inducible nitric oxide synthase and tumor necrosis factor-alpha expres-
sion by bisphenol A via nuclear factor-kappaB inactivation in macrophages. Cancer Lett 2003;196(1):69e76.

[92] Taketani Y, Kuo TM, Mizuno M. Comparison of cytokine levels and embryo toxicity in peritoneal fluid in infer-
tile women with untreated or treated endometriosis. Am J Obstet Gynecol 1992;167(1):265e70.

[93] Kennedy SH, et al. Antiendometrial antibodies in endometriosis measured by an enzyme-linked immunosor-
bent assay before and after treatment with danazol and nafarelin. Obstet Gynecol 1990;75(6):914e8.

[94] Ferrero S, et al. Endometriosis: the effects of dienogest. Clin Evid 2015;2015.
[95] Andres Mde P, et al. Dienogest in the treatment of endometriosis: systematic review. Arch Gynecol Obstet

2015;292(3):523e9.
[96] Kennedy S, Mardon H, Barlow D. Familial endometriosis. J Assist Reprod Genet 1995;12(1):32e4.
[97] Hadfield RM, et al. Risk factors for endometriosis in the rhesus monkey (Macaca mulatta): a case-control study.

Hum Reprod Update 1997;3(2):109e15.
[98] Chistiakov DA, Chistiakov AP. Is FCRL3 a new general autoimmunity gene? Hum Immunol

2007;68(5):375e83.
[99] Bianco B, et al. Association of FCRL3-169T/C polymorphism with endometriosis and identification of a protec-

tive haplotype against the development of the disease in Brazilian population. Hum Immunol
2011;72(9):774e8.

[100] Owen CJ, et al. Analysis of the Fc receptor-like-3 (FCRL3) locus in Caucasians with autoimmune disorders sug-
gests a complex pattern of disease association. J Clin Endocrinol Metab 2007;92(3):1106e11.

[101] Gonzalez-Ramos R, et al. Involvement of the nuclear factor-kappaB pathway in the pathogenesis of endome-
triosis. Fertil Steril 2010;94(6):1985e94.

[102] Gao M, et al. NFKB1 -94 insertion/deletion ATTG polymorphism contributes to risk of systemic lupus erythe-
matosus. DNA Cell Biol 2012;31(4):611e5.

[103] Zhou B, et al. A functional promoter polymorphism in NFKB1 increases susceptibility to endometriosis. DNA
Cell Biol 2010;29(5):235e9.

[104] de Graaff AA, et al. B lymphocyte stimulator -817C>T promoter polymorphism and the predisposition for the
development of deep infiltrating endometriosis. Fertil Steril 2010;94(3):1108e10.

[105] Kong YC, et al. Application of HLA class II transgenic mice to study autoimmune regulation. Thyroid
2007;17(10):995e1003.

[106] Ishii K, et al. Studies on the human leukocyte antigen class I antigens in Japanese patients with macroscopically
diagnosed endometriosis. Gynecol Obstet Invest 2002;54(3):150e3.

[107] Ishii K, et al. Studies on the human leukocyte antigen-DR in patients with endometriosis: genotyping of HLA-
DRB1 alleles. Hum Reprod 2002;17(3):560e3.

[108] Kitawaki J, et al. Association of HLA class I and class II alleles with susceptibility to endometriosis. Hum
Immunol 2002;63(11):1033e8.

[109] Wang X, et al. [Study on polymorphism of human leukocyte antigen-DRB1 allele in patients with endometri-
osis]. Zhonghua Fu Chan Ke Za Zhi 2002;37(6):346e8.

[110] Zong L, et al. [Comparative study of HLA-DQA1 and HLA-DRB1 allele in patients with endometriosis and
adenomyosis]. Zhonghua Yi Xue Yi Chuan Xue Za Zhi 2002;19(1):49e51.

[111] Zong L, He Y, Pan D. [Association of human leukocyte antigen-DQA1 with endometriosis of women in south-
ern China]. Zhonghua Fu Chan Ke Za Zhi 2001;36(7):405e7.

[112] Whang DH, et al. No association between HLA-DRB1 alleles and susceptibility to advanced stage endometri-
osis in a Korean population. Hum Reprod 2006;21(1):129e33.

[113] Sundqvist J, et al. Endometriosis and autoimmune disease: association of susceptibility to moderate/severe
endometriosis with CCL21 and HLA-DRB1. Fertil Steril 2011;95(1):437e40.

[114] Roszkowski PI, et al. Susceptibility to ovarian endometriosis in Polish population is not associated with HLA-
DRB1 alleles. Hum Reprod 2005;20(4):970e3.

6. Auto-immunity and endometriosis: evidence, mechanism and therapeutic potential102

I. Immune factors in the pathogenesis, and the potential therapeutic target, of endometriosis



[115] Tosti C, et al. Hormonal therapy for endometriosis: from molecular research to bedside. Eur J Obstet Gynecol
Reprod Biol 2017;209:61e6.

[116] Abrao MS, et al. Deep endometriosis infiltrating the recto-sigmoid: critical factors to consider before manage-
ment. Hum Reprod Update 2015;21(3):329e39.

[117] Streuli I, et al. An update on the pharmacological management of endometriosis. Expet Opin Pharmacother
2013;14(3):291e305.

[118] Angioni S, et al. New trends of progestins treatment of endometriosis. Gynecol Endocrinol 2014;30(11):769e73.
[119] Bergqvist A, Theorell T. Changes in quality of life after hormonal treatment of endometriosis. Acta Obstet

Gynecol Scand 2001;80(7):628e37.
[120] Chabbert-Buffet N, et al. Pregnane progestin contraception in systemic lupus erythematosus: a longitudinal

study of 187 patients. Contraception 2011;83(3):229e37.
[121] Camacho EM, et al. The relationship between oral contraceptive use and functional outcome in women with

recent-onset inflammatory polyarthritis: results from the Norfolk Arthritis Register. Arthritis Rheum
2011;63(8):2183e91.

[122] Drossaers-Bakker KW, et al. Pregnancy and oral contraceptive use do not significantly influence outcome in
long term rheumatoid arthritis. Ann Rheum Dis 2002;61(5):405e8.

[123] Hazes JM, et al. Oral contraceptive treatment for rheumatoid arthritis: an open study in 10 female patients. Br J
Rheumatol 1989;28(Suppl. 1):28e30.

[124] Gilbert M, et al. Norethynodrel with mestranol in treatment of rheumatoid arthritis. J Am Med Assoc
1964;190:235.

[125] Doran MF, et al. The effect of oral contraceptives and estrogen replacement therapy on the risk of rheumatoid
arthritis: a population based study. J Rheumatol 2004;31(2):207e13.

[126] Pecoraro V, et al. The impact of immunogenicity of TNFalpha inhibitors in autoimmune inflammatory disease.
A systematic review and meta-analysis. Autoimmun Rev 2017;16(6):564e75.

[127] Ford AC, et al. Efficacy of biological therapies in inflammatory bowel disease: systematic review and meta-
analysis. Am J Gastroenterol 2011;106(4):644e59. Quiz 660.

[128] Bystrom J, et al. TNFalpha in the regulation of Treg and Th17 cells in rheumatoid arthritis and other autoim-
mune inflammatory diseases. Cytokine 2018;101:4e13.

[129] Eisermann J, et al. Tumor necrosis factor in peritoneal fluid of women undergoing laparoscopic surgery. Fertil
Steril 1988;50(4):573e9.

[130] Bergqvist A, et al. Production of interleukins 1beta, 6 and 8 and tumor necrosis factor alpha in separated
and cultured endometrial and endometriotic stromal and epithelial cells. Gynecol Obstet Invest
2000;50(1):1e6.

[131] Keenan JA, et al. IL-1 beta, TNF-alpha, and IL-2 in peritoneal fluid and macrophage-conditioned media of
women with endometriosis. Am J Reprod Immunol 1995;34(6):381e5.

[132] Zhang RJ, Wild RA, Ojago JM. Effect of tumor necrosis factor-alpha on adhesion of human endometrial stromal
cells to peritoneal mesothelial cells: an in vitro system. Fertil Steril 1993;59(6):1196e201.

[133] D’Antonio M, et al. Ability of recombinant human TNF binding protein-1 (r-hTBP-1) to inhibit the development
of experimentally-induced endometriosis in rats. J Reprod Immunol 2000;48(2):81e98.

[134] Iwabe T, et al. Tumor necrosis factor-alpha promotes proliferation of endometriotic stromal cells by inducing
interleukin-8 gene and protein expression. J Clin Endocrinol Metab 2000;85(2):824e9.

[135] Barrier BF, et al. Efficacy of anti-tumor necrosis factor therapy in the treatment of spontaneous endometriosis in
baboons. Fertil Steril 2004;81(Suppl. 1):775e9.

[136] Koninckx PR, et al. Anti-TNF-alpha treatment for deep endometriosis-associated pain: a randomized placebo-
controlled trial. Hum Reprod 2008;23(9):2017e23.

[137] Hendawy N. Pentoxifylline attenuates cytokine stress and Fas system in syngeneic liver proteins induced
experimental autoimmune hepatitis. Biomed Pharmacother 2017;92:316e23.

[138] Steinleitner A, et al. Immunomodulation in the treatment of endometriosis-associated subfertility: use of pen-
toxifylline to reverse the inhibition of fertilization by surgically induced endometriosis in a rodent model. Fertil
Steril 1991;56(5):975e9.

[139] Steinleitner A, Lambert H, Roy S. Immunomodulation with pentoxifylline abrogates macrophage-mediated
infertility in an in vivo model: a paradigm for a novel approach to the treatment of endometriosis-
associated subfertility. Fertil Steril 1991;55(1):26e31.

References 103

I. Immune factors in the pathogenesis, and the potential therapeutic target, of endometriosis



[140] Nothnick WB, Curry TE, Vernon MW. Immunomodulation of rat endometriotic implant growth and protein
production. Am J Reprod Immunol 1994;31(2e3):151e62.

[141] Balasch J, et al. Pentoxifylline versus placebo in the treatment of infertility associated with minimal or mild
endometriosis: a pilot randomized clinical trial. Hum Reprod 1997;12(9):2046e50.

[142] Bouillon R, et al. Vitamin D and human health: lessons from vitamin D receptor null mice. Endocr Rev
2008;29(6):726e76.

[143] Wahono CS, et al. Effects of 1,25(OH)2D3 in immune response regulation of systemic lupus erithematosus
(SLE) patient with hypovitamin D. Int J Clin Exp Med 2014;7(1):22e31.

[144] Shahin D, et al. Serum 25-OH vitamin D level in treatment-naive systemic lupus erythematosus patients: rela-
tion to disease activity, IL-23 and IL-17. Lupus 2017;26(9):917e26.

[145] Lu M, Taylor BV, Korner H. Genomic effects of the vitamin D receptor: potentially the link between vitamin D,
immune cells, and multiple sclerosis. Front Immunol 2018;9:477.

[146] Riek AE, et al. 25(OH) vitamin D suppresses macrophage adhesion and migration by downregulation of ER
stress and scavenger receptor A1 in type 2 diabetes. J Steroid Biochem Mol Biol 2014;144 Pt A:172e9.

[147] Zhang Y, et al. Vitamin D inhibits monocyte/macrophage proinflammatory cytokine production by targeting
MAPK phosphatase-1. J Immunol 2012;188(5):2127e35.

[148] Marinho A, et al. Vitamin D supplementation effects on FoxP3 expression in T cells and FoxP3(þ)/IL-17A ratio
and clinical course in systemic lupus erythematosus patients: a study in a Portuguese cohort. Immunol Res
2017;65(1):197e206.

[149] Simpson Jr S, der Mei IV, Taylor B. The role of vitamin D in multiple sclerosis: biology and biochemistry, epide-
miology and potential roles in treatment. Med Chem 2018;14(2):129e43.

[150] Thill M, et al. Expression of prostaglandin metabolising enzymes COX-2 and 15-PGDH and VDR in human
granulosa cells. Anticancer Res 2009;29(9):3611e8.

[151] Tanamura A, et al. Purification and characterization of 1,25(OH)2D3 receptor from human placenta. J Obstet
Gynaecol 1995;21(6):631e9.

[152] Agic A, et al. Relative expression of 1,25-dihydroxyvitamin D3 receptor, vitamin D 1 alpha-hydroxylase,
vitamin D 24-hydroxylase, and vitamin D 25-hydroxylase in endometriosis and gynecologic cancers. Reprod
Sci 2007;14(5):486e97.

[153] Perez-Fernandez R, et al. Vitamin D receptor gene expression in human pituitary gland. Life Sci
1997;60(1):35e42.

[154] Hartwell D, et al. Vitamin D metabolites–relation to age, menopause and endometriosis. Scand J Clin Lab
Invest 1990;50(2):115e21.

[155] Somigliana E, et al. Vitamin D reserve is higher in women with endometriosis. Hum Reprod 2007;22(8):2273e8.
[156] Miyashita M, et al. Effects of 1,25-dihydroxy vitamin D3 on endometriosis. J Clin Endocrinol Metab

2016;101(6):2371e9.
[157] Mariani M, et al. The selective vitamin D receptor agonist, elocalcitol, reduces endometriosis development in a

mouse model by inhibiting peritoneal inflammation. Hum Reprod 2012;27(7):2010e9.
[158] Abbas MA, et al. Regression of endometrial implants treated with vitamin D3 in a rat model of endometriosis.

Eur J Pharmacol 2013;715(1e3):72e5.
[159] Yildirim B, et al. 1-alpha,25-dihydroxyvitamin D3 regresses endometriotic implants in rats by inhibiting neo-

vascularization and altering regulation of matrix metalloproteinase. Postgrad Med 2014;126(1):104e10.
[160] Jurkiewicz-Przondziono J, et al. Influence of diet on the risk of developing endometriosis. Ginekol Pol

2017;88(2):96e102.

6. Auto-immunity and endometriosis: evidence, mechanism and therapeutic potential104

I. Immune factors in the pathogenesis, and the potential therapeutic target, of endometriosis



7

Role of estrogen and estrogen-related
factors in endometriosis

Taisuke Mori and Jo Kitawaki
Department of Obstetrics and Gynecology, Graduate School of Medical Science, Kyoto

Prefectural University of Medicine, Kyoto, Japan

Introduction

Endometriosis is a chronic disease characterized by the presence of endometrial tissue
outside the uterus. Its affects approximately 6%e10% of the general female population of
reproductive age [1]and it is associated with various clinical symptoms including chronic
pelvic pain, dysmenorrhea, dyspareunia, and infertility, seriously affecting women’s health
and quality of life [2]. Although extensive studies have provided some established theories
to understand the etiology of the endometriosis, its exact pathogenesis remains poorly
defined.

Scientific evidence has established that endometriosis is foremost an estrogen-dependent
disease [3], characterized by estrogen-dependent growth and maintenance of ectopic endo-
metrium and by increased local estrogen production. Clinically, endometriosis-associated
pain improves dramatically after menopause in most of cases. Additionally, the lesions
usually shrink in a low-estrogen environment after treatment with a gonadotropin releasing
hormone (GnRH) agonist [4]. Previous studies have shown that estrogen is elevated in local
endometriotic lesions, although serum estrogen levels are not elevated in women with
endometriosis [5e8]. The biological action of estrogen is mediated by estrogen receptors
(ERs). Estrogen responsiveness depends on the balance of ER expression, distribution, and
ER protein function. These features differ between endometriotic tissue and normal endome-
trium, contributing to the pathological characteristics of endometriosis [9]. Thus, previous
evidence suggests the existence of a proliferative signaling mechanism in endometriotic
tissues mediated by the estrogen-ER axis [10]. Here we provide current insight into the
biological process of estrogen-mediated signaling in endometriosis and the development of
therapeutic strategies targeting local estrogen formation.
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Estrogen production in endometriosis (Fig. 7.1)

In situ estrogen synthesis and metabolism have been considered to play an important role
in the development and progression of an estrogen-dependent disease [11,12]. Estrogen is one
of the steroid hormones synthesized from cholesterol. Cholesterol is transferred from the
cytoplasm to the mitochondrion by steroidogenic acute regulatory protein (StAR). StAR is
expressed in adrenal glands and gonads. The expression is stimulated initially by follicle-
stimulating hormone (FSH) and luteinizing hormone (LH) secreted from the pituitary. The
function of StAR in the regulation of steroidogenesis involves transport of cholesterol for es-
trogen production [13]. Previous studies have shown that StAR expression at the protein and

FIGURE 7.1 Steroid hormone biosynthesis pathway. Estrogen is one of the steroid hormones synthesized from
cholesterol. Cholesterol is transferred from the cytoplasm to the mitochondrion by steroidogenic acute regulatory
protein (StAR) which is expressed in adrenal glands and gonads. Pregnenolone is converted to progesterone by 3b-
hydroxysteroid dehydrogenase (3b-HSD). 3bHSD is also responsible for converting 17-hydroxyprognenolone to 17-
hydroxyprogesterone, dehydroepiandrosterone (DHEA) to androstenedione. Aromatase is the enzyme that converts
testosterone and androstenedione to estradiol (E2) and estrone (E1), respectively. In situ estrogen synthesis and
metabolism have been considered to play an important role in the development and progression of an estrogen-
dependent disease. The 17b-hydroxysteroid dehydrogenase type1 (HSD17b1) catalyzes 17b-reduction of biologi-
cally inactive E1 to E2, while HSD17 type 2 (HSD17b2) preferentially catalyzes the oxidation of E2 to E1. The other
major source of estrogens is estrone sulfate, an inactive conjugated form abundant in the circulation. Estrone sulfate
(S) is desulfated to estrone by steroid sulfatase (STS) and estrone is inactivated by estrogen sulfotransferase (EST).
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mRNA level is significantly higher in peritoneal endometriosis and endometriotic stromal
cells, when compared with normal endometrium [14,15]. Treatment with prostaglandin E2
(PGE2) significantly increased StAR expression in human endometriotic stromal cells. This
response could be mediated via phosphorylation of cAMP response element-binding protein
(CREB) and binding of CCAAT/enhancer-binding protein (C/EBP) to a cis-element of the
StAR promoter [16,17]. Thus, aberrant expression of StAR in endometriotic stromal cells
plays a critical role in the development of endometriosis.

3b-hydroxysteroid dehydrogenase (HSD3b2) is responsible for converting progesterone,
17-hydroxyprognenolone to 17-hydroxyprogesterone, dehydroepiandrosterone (DHEA) to
androstenedione. HSD3b isozymes are encoded by HSD3b1 and HSD3b2. HSD3b1 is
expressed in placenta peripheral tissues including the mammary gland, prostate, and skin;
whereas HSD3b2 is exclusively expressed in classic steroidogenic tissues including the adre-
nal gland, ovary, and testis. In endometriotic tissues, HSD3b2 is highly expressed in compar-
ison with normal endometrium [14,18]. IL-4, a cytokine known to be highly expressed in local
endometriotic tissues, in combination with PGE2, have been shown to enhance the expression
of HSD3b2 in endometriosis [18].

Aromatase is the enzyme that converts testosterone and androstenedione to estradiol (E2)
and estrone (E1), respectively. Aromatase is expressed in a number of human tissues and
cells, such as ovarian granulosa cells, adipose tissue, skin fibroblasts, placental trophoblasts,
osteoblasts, and brain. In women of reproductive age, aromatase is most potent and period-
ically secreted by the ovary. Ovarian granulosa cells express high levels of aromatase under
the influence of FSH [19]. In contrast, estrogen formation in postmenopausal women takes
place in extraglandular sites such as adipose tissue and skin. The main substrate of aromatase
in adipose and skin tissues is androstenedione, secreted from adrenal tissues. Interestingly,
previous evidence demonstrates that aromatase is highly expressed in endometriosis [12].

Aromatase is detected in endometriotic implants in much larger amounts than in eutopic
endometrium, although it is not detected in normal endometrium from disease-free women.
Our group showed that local estrogen production by aberrantly elevated aromatase takes
place in endometriosis and adenomyosis, but not in normal endometrium tissue using immu-
nochemistry analysis [4]. Conversely, some studies have shown an absence of aromatase ac-
tivity in endometriotic tissues. This discrepancy may be due to differences in the specificity of
the antibodies used or differences between the biopsy specimens investigated. Recently, Huh-
tinen et al. found that ovarian endometriotic lesions have markedly higher intratissue estro-
gen concentrations than in those found in normal endometrium, peritoneal, and deep
endometriosis [12]. These findings suggest that aromatase plays a critical role in local estro-
gen production, especially in ovarian endometriosis, and indicates the existence of autocrine
and paracrine sources of estrogen in local lesions.

The 17b-hydroxysteroid dehydrogenase (HSD17b) enzyme family is also prominently
involved in the local estrogen formation process. These enzymes participate in the formation
of biologically active steroid hormones including testosterone, estrone (E1), and estradiol (E2).
They are responsible for catalyzing the reversible interconversion of E1 and E2. Specifically,
HSD17b type1 (HSD17b1) catalyzes 17b-reduction of biologically inactive E1 to E2, while
HSD17b2 preferentially catalyzes the oxidation of E2 to E1. In endometriotic tissues,
HSD17b1 expression and enzyme activity are increased when compared with those in normal
endometrium without endometriosis [20,21]. Our recent study revealed that expression levels
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of HSD17b1 at both the mRNA and protein level in endometriotic tissues, including deep
infiltrating endometriosis (DIE) lesions, are higher than in normal endometrium. We also
showed that progesterone therapy significantly suppressed the catalytic activity of
HSD17b1 in ovarian endometrial stromal cells [22]. In contrast, the expression and the enzy-
matic activity of HSD17b2 in endometriotic tissues is still not well characterized. Some
studies have shown that HSD17b2 expression is decreased in endometriotic tissues, including
eutopic and ectopic endometrium, resulting in the inactivation of E2. On the other hand, our
group reported that HSD17b2 expression in secretary endometrium was increased with endo-
metriosis, but not in normal endometrium [23]. Other investigators have shown that there are
no observable differences in the expression of HSD17b2 between normal endometrium and
endometriotic tissue [24]. Our data also showed that progesterone treatment did not alter
the expression of HSD17b2 in endometriotic stromal cells [25].

The major source of estrogen is estrone sulfate, an inactive conjugate form abundant in
peritoneal tissues, such as circulation serum. Estrogen sulfate is desulfated to estrone, an
active form, by steroid sulfatase (STS), and estrone is inactivated by estrogen sulfotransferase
(EST) [26]. STS is highly expressed in endometriotic tissues and has been shown to correlate
with disease severity [27]. EST is highly expressed in ovarian endometrioma, though its
expression is not detectable in normal and eutopic endometrium. Taken together, these find-
ings indicate that aberrant expression of these enzymes in endometriosis contributes to local
production and metabolism of estrogens.

Aromatase regulation in endometriosis

The human aromatase gene, mapped to chromosome 15, band q21, is controlled in a
tissue-specific manner through the alternative use of at least eight untranslated exons/pro-
moters (I.1, I.2, I.3, I.4, I.5, I.6, I.7, and PII). Various exon I-containing mRNAs are present
at different levels in different aromatase-expressing tissues. For example, exon I.1 transcripts,
located most distally upstream from the coding region, were found to be elevated in placental
tissue [28]. The major exons in breast cancer specimens include I.3 and PII [29]. On the other
hand, a very low level of exon/promoters I.3/PII and a low level of exon/promoter I.4 are
present in normal breast adipose tissues. These findings suggest that a different regulatory
mechanism for aromatase expression could exist between normal breast adipose and cancer
tissues. For endometriotic tissues, our group and other investigators have demonstrated that
the exon/promoters I.3 and PII are the main regulatory promoters [7,30]. Previous evidence
has demonstrated that a positive feedback loop enhances aromatase expression in endome-
triosis [31]. Prostaglandin E2 (PGE2) stimulates aromatase expression in endometriotic stro-
mal cells [32], and PGE2 is stimulated by the cyclooxygenase type 2 (COX-2) enzyme in
endometriotic stromal cells [33]. Furthermore, estrogen-mediated action is directly linked
to the promotion of local inflammation, as verified by the induction of various cytokines
[34]. Interleukin (IL)-6 and IL-8, one of the representative inflammatory cytokines elevated
in local endometriotic tissues, activate a prosurvival signaling pathway as well as COX-2
and PGE2 [35]. Thus, there is the existence of a feed-forward mechanism controlling the over-
production of estrogen, PGE2, and various cytokines which promotes the persistence of endo-
metriotic lesions (Fig. 7.2) [36].
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Transcriptional regulation of aromatase expression in endometriosis

It is important to understand the regulatory mechanism controlling aromatase expression
in normal ovarian granulosa cells during the menstrual cycle. Ovarian follicles are the pri-
mary source of local and circulating estrogen in humans. Estrogen synthesis is stimulated
through the binding of FSH to granulosa cells. Once FSH is secreted from the pituitary gland,
a cyclic AMP (cAMP)-dependent signaling cascades is triggered to regulate the transcription
of aromatase. Previous studies have shown that steroidogenic factor-1 (SF-1) and cAMP
response element-binding protein are recruited to bind to aromatase promoter II to enhance
estrogen production at the preovulatory phase [37,38].

In endometriotic tissues, aromatase expression, elevated by cAMP-dependent cascades
and PGE2, is controlled by the binding of SF-1 to the nuclear receptor half-site upstream of
aromatase promoter II [7]. In contrast, chicken ovalbumin upstream promoter-transcription
factor (COUP-TF) inhibits aromatase expression. SF-1 is expressed in endometriosis but not
in normal endometrium, while COUP-TF is expressed in endometriosis in both normal and
eutopic endometrium. Importantly, SF-1 can compete with COUP-TF for the same binding
site on aromatase promoter. In addition, previous studies have demonstrated that various
transcriptional factors could be involved in the regulatory expression of aromatase. Of these,
Wilms’ tumor-1 acts as a corepressor of SF-1 at the nuclear half-site of aromatase promoter I.3
and II. CCCAAT-enhancer-binding protein (C/EBP)a and C/EBPb bind to the cAMP
response element site, located just upstream of the nuclear half-sites of aromatase PI.3 and

FIGURE 7.2 The vicious cycle of local estrogen production during endometriosis through PGC-1a and
inflammatory cytokines. The vicious cycle of local estrogen production during endometriosis through PGC-1a and
TNF-a. PGC-1a enhanced local estrogen production through aromatase in endometriotic lesions. Estrogen stimulates
endometriotic cell proliferation and the activity of macrophages in peritoneal fluid. TNF-a secreted from both
endometriotic cells and macrophages upregulates the expression of PGC-1a by a positive feedback mechanism. These
findings suggest that this cycle is predominantly involved in the pathogenesis of endometriosis and PGC-1a could be
a promising candidate for developing novel therapies for endometriosis.
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PII. C/EBPa functions as an enhancer of aromatase expression, while C/EBPb acts as an in-
hibitor. C/EBPb is expressed at a lower level in endometriosis, but not in eutopic endome-
trium. Dosage-sensitive sex reversal, adrenal hypoplasia critical region, on chromosome X,
gene 1 (DAX-1) regulates SF-1 transcription in a dominant-negative manner to inhibit SF-1
dependent expression of aromatase in endometriosis [39]. Taken together, these findings indi-
cate that the above described transcription factors play important roles in the regulation of
aromatase expression, which differs significantly between endometriotic tissues and
normal/eutopic endometrium.

Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a) is another
important factor in the regulation of aromatase expression. PGC-1a is a multifunctional coac-
tivator interacting with a broad range of transcription factors in multiple biological responses
including adaptive thermogenesis, mitochondrial biogenesis, oxidative metabolism, and ste-
roidogenesis [40,41]. It is known that PGC-1a is differentially expressed in different tissues
and functions as a coactivator interacting with tissue-specific transcription factors. For
example, PGC-1a interacts with peroxisome proliferator-activated receptor gamma (PPARg)
to stimulate adipocyte differentiation in brown adipose tissues [42]. On the other hand, PGC-
1a plays an important role in progesterone production in ovarian granulosa cells where it acts
as a coactivator of SF-1 and LRH-1 [41]. In skeletal muscles, PGC-1a is involved in glucose
uptake to downregulate the expression of insulin-sensitive glucose transport type 4 [43]. In
endometriosis, our group discovered that PGC-1a is aberrantly elevated in ovarian endome-
trioma, correlating with the localization of aromatase in endometriotic tissues [30]. We also
showed that PGC-1a enhanced aromatase expression at the mRNA level and induced tran-
scriptional activity at the aromatase promoter I.3 and II in ovarian endometriotic stromal cells
(OESCs). In general, PGC-1a increases aromatase enzyme activity in the cells. Our chromatin
immunoprecipitation assay showed that endogenous PGC-1a can recruit the nuclear receptor
half-site 50-AGGTCA-30 site between aromatase promoter I.3 and PII. It is also notable that
tumor necrosis factor (TNF)-a, produced by peritoneal macrophages and endometriotic le-
sions, induces PGC-1a expression in OESCs. Despite numerous studies, further investigation
to understand the regulation of aromatase in endometriosis is required.

Aromatase targeting as a treatment option for endometriosis

Endocrine agents including oral contraceptives (OC), progestins, and GnRH agonists are
current methods of treatment for endometriosis. OC are widely used in women with
chronic pelvic pain and clinically suspected endometriosis. OC operate by inhibiting ovula-
tion and substantially reducing the volume of menstrual flow, however, OC might interfere
with implantation of refluxed endometrial cells. A recent systematic review of previous
clinical studies demonstrated that OC use might reduce the risk of the incidence of
endometriosis [44].

Progestins are also used to reduce the symptoms of endometriosis. Progestins inhibit the
hypothalamic-pituitary-ovarian axis leading to anovulation, reduction of the serum estrogen
level and atrophy of eutopic/ectopic endometrium. Dienogest (DNG) is a fourth-generation
progestin with potent oral progesterone activity and no androgenic activity [45]. A double-
blind randomized control trial from multicenter institutions demonstrated that DNG exerts
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potent efficacy in relieving endometriosis-associated pelvic pain [46]. The efficacy of long
term DNG use was verified in other studies [47]. In addition, evidence from basic scientific
research supports the hypothesis that DNG directly inhibits progesterone receptor-
mediated cell proliferation [48] and the production of inflammatory cytokines including
COX-2 and PGE2 [49,50], toll-like receptor 4 [51], and nerve growth factor [52]. Using a
spheroid culture system and endometriotic stromal cells, our group showed that DNG
reduced the expression of aromatase and the enzyme activity of HSD17b1, but not of
HSD17b2 [25,53]. These findings indicate that DNG not only reduces local estrogen produc-
tion through aromatase, but also converts the less potent E1 form to the more potent E2 form.

Gonadotropin releasing hormone agonist (GnRH-a) is known to cause pharmacological
menopause by depleting the production of gonadotropins and suppressing ovulation to
reduce ovarian steroidogenesis. Hypogonadism by GnRH-a treatment results in the shrink-
ing of endometriotic lesions and can achieve relief of severe endometriosis-associated pelvic
pain [54]. Side effects include hot flashes, vaginal dryness, decreased libido, insomnia, and
depression. Therefore, a modification of GnRH-a treatment is to supplement estrogen and
progestin using doses typically given to postmenopausal women. Long term use of GnRH-
a causes hypoestrogenic side effects and a substantial reduction in bone mineral density
[55]. Another issue with GnRH-a treatment is that endometriosis-associated pain often recurs
if treatment is interrupted. There are two reasons for the shortfall of GnRH-a treatment of
endometriosis. The first is that local estrogen secretion from ovaries resumes after discontin-
uation of the treatment allowing the development of endometriotic lesions. The second is that
GnRH-a treatment affects only the hypothalamo-pituitary-gonadal axis, but does not affect
extraglandular lesions, including adipose tissues, skin, and local endometriotic lesions, which
can produce estrogen in women.

Aromatase inhibitors (AIs) can also suppress estrogen production by inhibiting the enzy-
matic activity of aromatase. Recent development of more potent AIs with high specificity,
such as anastrozole, letrozole, and exemestane, have led to their use as first line endocrine
therapy for postmenopausal women with breast cancer [56]. AIs maintain low-estrogen levels
in extraovarian lesions during the course of treatment. However, AIs are known to enhance
FSH levels, through positive feedback of the hypothalamo-pituitary-gonadal axis, when used
in premenopausal women, occasionally leading to the development of ovarian cysts. There-
fore, it is recommended to use AIs with progestins, OC, or GnRH-a for women of reproduc-
tive age with endometriosis. A systematic review, evaluating eight clinical studies, showed
that AIs decreased pain, reduced the size of extrauterine endometrial lesions, and improved
patients quality of life when used in combination with conventional endocrine agents [57]. A
more recent meta-analysis of 10 clinical studies including a total of 251 women showed
similar results. Of these, letrozole in combination with norethisterone acetate was found to
be more effective than norethisterone acetate alone in reducing pain and dyspareunia. In
addition, letrozole in combination with GnRH-a for 6 months after surgery, was more
effective than GnRH-a alone in patients with endometriosis. Thus, the European Society of
Human Reproduction and Embryology (ESHIRE) guidelines recommend concomitant use
of AIs and OC, progestins, or GnRH-a in patients suffering from pain associated with
drug-resistant and surgery-resistant recto-vaginal endometriosis [58].

We previously demonstrated that PGC-1a contributes to aberrant local estrogen produc-
tion through aromatase stimulation in ovarian endometrioma, but not in endometrium
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with endometriosis or normal endometrium [30]. More recent data revealed that PGC-1a
overexpression promoted proliferation of OESC. In addition, PGC-1a knockdown inhibited
the proliferation of OESC but not normal endometrial cells. These findings suggest that
PGC-1a represents a promising candidate for targeted therapies in the treatment of endome-
triosis. However, ligands that possess an inhibitory effect on PGC-1a are yet to be found. A
chromatin immunoprecipitation assay revealed that PGC-1a was recruited to a region
containing the estrogen-related responsive element (ERRE) site. Based on this finding, we
established a luciferase assay to screen potential compounds. Of those tested, we found
that RXRa antagonist HX531 inhibited PGC-1a-induced ERRE activity in ovarian endome-
trioma cells [59]. Interestingly, HX531 suppressed PGC-1a-induced cell proliferation and
the expression of aromatase, inflammatory cytokines including IL-6 and IL-8, as well as
survivin, which is a key molecule in apoptosis resistance in endometriosis. Thus, the
PGC-1a-mediated pathway could represent a potential target for molecular therapy of endo-
metriosis, although further studies are required to confirm this issue.

Isoflavones are plant-derived nonsteroidal compounds that exert weak estrogenic activity.
Isoflavones also demonstrate estrogen-like activity due to structural similarities allowing
isoflavone to bind to ER. Although the estrogenic activity of isoflavones is very weak, i.e.,
1/1000 to 1/10,000 that of estradiol, some isoflavones exert antiestrogenic effects in
reproductive-aged women with high levels of estrogen. Accumulating evidence has shown
that isoflavone intake might reduce the incidence of breast, prostate, and colon cancer, while
improving climacteric disorder in peri- or postmenopausal women [60,61]. Previous studies
demonstrated that two flavonoids, namely, puerarin and parthenolide, inhibited the prolifer-
ation of endometriotic stromal cells [62,63]. Another study revealed that genistein caused
regression of an endometriotic implant in a rat model [64]. In addition, our group demon-
strated that a dietary supplement, daidzein-rich isoflavone aglycones (DRIAs), suppressed
proliferation in OESCs at clinically feasible concentrations [65]. DRIAs decreased IL-6, IL-8,
COX-2, and aromatase expression at the mRNA level in OESC. This compound also inhibited
aromatase enzymatic activity in these cells. Using a mouse model, DRIAs was found to
reduce the extent of endometriotic-like lesions. Therefore, our findings suggest that DRIA
might be useful for the management of endometriosis.

Suppression of in situ estrogen production could be a potential therapeutic option for
endometriosis. A more detailed understanding of the regulatory mechanisms controlling aro-
matase expression in endometriosis will provide further insight on aberrant estrogen produc-
tion in local lesions.

Estrogen receptors in endometriosis

Estrogens promote physiological action after binding to an ER. ER subtypes a and b are
proteins with high affinity for estradiol, and are encoded by separate genes. The classical hu-
man ERa was first cloned in 1986, and a second receptor, ERb, was isolated from human
testis in 1996 [66,67]. The expression of these receptors is tissue-specific. ERa is highly
expressed in bone, kidney, liver, mammary glands, and reproductive organs; while ERb is
expressed in the prostate, ovary, bladder, uterus, and central nervous system [68]. A physi-
ological response to estrogen occurs after the binding of classical estrogen-response elements
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(EREs), and is followed by the action of the nuclear activation complex stimulating transcrip-
tion of a target gene. This represents the classical genomic pathway of estrogen action. Alter-
natively, estrogen can exert its effect through nongenomic signaling via cell membrane ERs.
A seven-pass transmembrane G protein-coupled receptor has been identified as a novel ER
with binding capability to E2 in the cell membranes and the endoplasmic reticulum [69].
The response is regulated by downstream molecules including the phosphatidylinositol-3-
kinase (PI3K) and MEK/ERK mitogen-activated protein kinase (MAPK) pathways. Below,
we discuss the mechanism responsible for the expression of ERs in endometriosis (Fig. 7.3).

Classical estrogen receptors in endometriosis

Nuclear estrogen receptors have two isoforms, ERa and ERb. They are encoded by
different genes but share significant similarities in their DNA-binding domain. The classic ac-
tion of estrogen receptors involves estrogen binding to specific response elements, known as
ERE, located in target genes that regulate the growth of the tissues. One study revealed that
the upregulation of ERs caused the activation of their target genes, c-Myc, cyclin D1, and
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FIGURE 7.3 Estrogen action through several types of estrogen receptors. In addition to the classical estrogen
receptors (ERa and ERb), a novel estrogen receptor, a seven-pass transmembrane G protein-coupled receptor (GPER)
has been identified. This transmembrane ER mediates the balance between non-genomic rapid cell signaling
mechanisms through PI3K and MEK/ERK pathways and slow genomic transcriptional activities in the response to
estrogens.
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GREB1, to regulate cell mitogenesis in endometriotic tissues. Previously, several studies
focused on the functional role, and the expression of classical ERs in endometriosis. In normal
endometrium, expression of ERa is significantly higher than that of ERb, whereas in endome-
triosis, the expression of ERa is attenuated compared with normal endometrium, and in
contrast, ERb is upregulated [24,70,71]. Although the detailed mechanism involved in the
attenuation of ERa and the increase of ERb remains unclear, previous studies showed that
hypomethylation of the ERb promoter could be associated with the upregulation of this pro-
tein in endometriotic tissues [71]. Other investigators have shown that ERb suppressed ERa
expression in stromal cells from ovarian endometrioma, leading to augment ERb/ERa ratios,
which might cause a shift from E2 stimulation to inhibition [72]. Importantly, a loss of func-
tion experiment using siRNA showed that ERb inhibited the proliferation of endometrial stro-
mal cells. In contrast, treatment with an ERb agonist reduced endometriotic lesion size in a
mouse model, which contradicts the finding that ERb plays a critical role in the suppression
of cell growth and exhibits antiinflammatory action. One recent study clearly demonstrated
that ERb in the cytoplasm suppressed TNF-a induced apoptosis, increased IL-1b-mediated
cellular adhesion, and increased epithelial-mesenchymal transition, resulting in enhanced
growth of endometriosis. This action, mediated by ERb, is a nongenomic example of
estrogen-mediated action and occurs in the presence of ectopic endometrial tissues. Thus,
the complete functional role of ERb has not been fully elucidated, although evidence for
the potential of ERb as a therapeutic target in endometriosis has been recognized [73].

GPER in endometriosis

G protein-coupled estrogen receptor 1, GPER, mediates the balance between nongenomic
rapid cell signaling mechanisms and slow genomic transcriptional activity, in the response to
estrogens. GPER is expressed in most tissues, for example heart, brain, placenta, and liver.
GPER is also expressed in both within the cell membrane as well as in the surface membrane
of intracellular organelles including the endoplasmic reticulum and the Golgi apparatus. It
stimulates both the phosphatidylinositol 3-kinase (PI3K) and MEK/ERK mitogen-activated
protein kinase (MAPK) pathways. Although there have only been a few reports on GPER
in endometriosis, it has been demonstrated that it is expressed at a higher level in endometri-
otic tissues and in the endometrium of patients with endometriosis when compared with
normal endometrium [74] and healthy women, respectively [75]. Furthermore, aberrant
expression of GPER in estrogen-dependent diseases suggests its potential involvement in
the pathogenesis of endometriosis [76,77]. To further understand the mechanism of GPER ac-
tivity in endometriosis, we conducted experiments using a GPER agonist called G-1. We
found that G-1 inhibited proliferation in a dose-dependent manner and caused G2/M cell cy-
cle arrest in endometriotic stromal cells, leading to the induction of caspase-3-dependent
apoptosis [78]. Interestingly, such inhibitory effects might surprisingly occur independently
of GPER. Although our preliminary findings suggest that G-1 might represent a therapeutic
option for endometriosis treatment, further investigation is required to obtain a more com-
plete understanding of the functional mechanism of GPER.
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Estrogen-related receptors in endometriosis

Estrogen-related receptors (ERRs) are members of the nuclear receptor super family that
are most closely related to estrogen receptors. ERRs can bind to estrogen receptor elements
in DNA-binding domain like ERs and modulate target gene expression, however, endoge-
nous ligands for the ERRs have not been identified. The ERR family consists of three mem-
bers: ERRa and ERRb and ERRg [79]. Of these, ERRb has been detected in normal
endometrium tissue throughout the menstrual cycle [80]. In addition, ERRa and ERRg
have been reported to be expressed in normal endometrium, however, little is known about
these receptors in endometriosis. Recently, Cavallini A et al. showed that increased levels of
ERb was associated with a reduction of ERRa, ERRa, and ERRg in endometriotic lesions, but
not in eutopic endometrium with endometriosis or normal endometrium [81]. In addition,
ERRb were found at a similar level in women with and without endometriosis. However,
the functional mechanism of ERRs in endometriosis remains unknown. A recent study
showed that decidualization of human endometrial stromal cells enhanced the expression
of ERRa and its target genes, pyruvate dehydrogenase kinase 4 (PDK4) and medium
chain-specific acyl-CoA dehydrogenase (MCAD). These finding indicate that ERRa plays
an important role in decidualized stromal cells in preparation for implantation and tropho-
blast invasion [82]. Further evaluation of the molecular mechanism of ERRs in endometriosis
is required.

Summary and perspective

Although the pathogenesis of endometriosis remains unclear, it is apparent from previous
basic scientific studies and clinical evidence that it is an estrogen-dependent disease. Howev-
er, the disease cannot be explained solely by classical proliferative activity, mediated by the
ER. In addition to the expression of several ERs, the activities mediated by numerous regu-
latory factors could play important roles in disease development involving complicated
network. Nonetheless, it remains to be determined the important targets for treatment and
areas of future research including local estrogen production in endometriotic tissues and es-
trogen activity via the ERs.

Acknowledgments
We thank Dr. Hisashi Kataoka and Dr. Osamu Takaoka for the contribution to this work.

References
[1] Buck Louis GM, Hediger ML, Peterson CM, Croughan M, Sundaram R, Stanford J, et al. Incidence of endome-

triosis by study population and diagnostic method: the ENDO study. Fertil Steril 2011;96(2):360e5.
[2] Zondervan KT, Becker CM, Koga K, Missmer SA, Taylor RN, Vigano P. Endometriosis. Nat Rev Dis Primers

2018;4(1):9.
[3] Xiong W, Zhang L, Yu L, Xie W, Man Y, Xiong Y, et al. Estradiol promotes cells invasion by activating beta-

catenin signaling pathway in endometriosis. Reproduction 2015;150(6):507e16.

References 115

I. Immune factors in the pathogenesis, and the potential therapeutic target, of endometriosis



[4] Kitawaki J, Ishihara H, Kiyomizu M, Honjo H. Maintenance therapy involving a tapering dose of danazol or
mid/low doses of oral contraceptive after gonadotropin-releasing hormone agonist treatment for
endometriosis-associated pelvic pain. Fertil Steril 2008;89(6):1831e5.

[5] Kitawaki J, Noguchi T, Amatsu T, Maeda K, Tsukamoto K, Yamamoto T, et al. Expression of aromatase cyto-
chrome P450 protein and messenger ribonucleic acid in human endometriotic and adenomyotic tissues but
not in normal endometrium. Biol Reprod 1997;57(3):514e9.

[6] Yang S, Fang Z, Suzuki T, Sasano H, Zhou J, Gurates B, et al. Regulation of aromatase P450 expression in endo-
metriotic and endometrial stromal cells by CCAAT/enhancer binding proteins (C/EBPs): decreased C/EBPbeta
in endometriosis is associated with overexpression of aromatase. J Clin Endocrinol Metab 2002;87(5):2336e45.

[7] Zeitoun KM, Bulun SE. Aromatase: a key molecule in the pathophysiology of endometriosis and a therapeutic
target. Fertil Steril 1999;72(6):961e9.

[8] Huhtinen K, Desai R, Stahle M, Salminen A, Handelsman DJ, Perheentupa A, et al. Endometrial and endometri-
otic concentrations of estrone and estradiol are determined by local metabolism rather than circulating levels.
J Clin Endocrinol Metab 2012;97(11):4228e35.

[9] Burney RO, Giudice LC. Pathogenesis and pathophysiology of endometriosis. Fertil Steril 2012;98(3):511e9.
[10] Burns KA, Rodriguez KF, Hewitt SC, Janardhan KS, Young SL, Korach KS. Role of estrogen receptor signaling

required for endometriosis-like lesion establishment in a mouse model. Endocrinology 2012;153(8):3960e71.
[11] Sasano H, Miki Y, Nagasaki S, Suzuki T. In situ estrogen production and its regulation in human breast carci-

noma: from endocrinology to intracrinology. Pathol Int 2009;59(11):777e89.
[12] Huhtinen K, Stahle M, Perheentupa A, Poutanen M. Estrogen biosynthesis and signaling in endometriosis. Mol

Cell Endocrinol 2012;358(2):146e54.
[13] Bulun SE, Lin Z, Imir G, Amin S, Demura M, Yilmaz B, et al. Regulation of aromatase expression in estrogen-

responsive breast and uterine disease: from bench to treatment. Pharmacol Rev 2005;57(3):359e83.
[14] Attar E, Tokunaga H, Imir G, Yilmaz MB, Redwine D, Putman M, et al. Prostaglandin E2 via steroidogenic

factor-1 coordinately regulates transcription of steroidogenic genes necessary for estrogen synthesis in endome-
triosis. J Clin Endocrinol Metab 2009;94(2):623e31.

[15] Tsai SJ, Wu MH, Lin CC, Sun HS, Chen HM. Regulation of steroidogenic acute regulatory protein expression
and progesterone production in endometriotic stromal cells. J Clin Endocrinol Metab 2001;86(12):5765e73.

[16] Sun HS, Hsiao KY, Hsu CC, Wu MH, Tsai SJ. Transactivation of steroidogenic acute regulatory protein in hu-
man endometriotic stromal cells is mediated by the prostaglandin EP2 receptor. Endocrinology
2003;144(9):3934e42.

[17] Hsu CC, Lu CW, Huang BM, Wu MH, Tsai SJ. Cyclic adenosine 30,50-monophosphate response element-binding
protein and CCAAT/enhancer-binding protein mediate prostaglandin E2-induced steroidogenic acute regulato-
ry protein expression in endometriotic stromal cells. Am J Pathol 2008;173(2):433e41.

[18] Urata Y, Osuga Y, Akiyama I, Nagai M, Izumi G, Takamura M, et al. Interleukin-4 and prostaglandin E2 syn-
ergistically up-regulate 3beta-hydroxysteroid dehydrogenase type 2 in endometrioma stromal cells. J Clin Endo-
crinol Metab 2013;98(4):1583e90.

[19] Dewailly D, Robin G, Peigne M, Decanter C, Pigny P, Catteau-Jonard S. Interactions between androgens, FSH,
anti-Mullerian hormone and estradiol during folliculogenesis in the human normal and polycystic ovary. Hum
Reprod Update 2016;22(6):709e24.

[20] Dassen H, Punyadeera C, Kamps R, Delvoux B, Van Langendonckt A, Donnez J, et al. Estrogen metabolizing
enzymes in endometrium and endometriosis. Hum Reprod 2007;22(12):3148e58.

[21] Colette S, Defrere S, Van Kerk O, Van Langendonckt A, Dolmans MM, Donnez J. Differential expression of ste-
roidogenic enzymes according to endometriosis type. Fertil Steril 2013;100(6):1642e9.

[22] Mori T, Ito F, Matsushima H, Takaoka O, Koshiba A, Tanaka Y, et al. Dienogest reduces HSD17beta1 expression
and activity in endometriosis. J Endocrinol 2015;225(2):69e76.

[23] Kitawaki J, Koshiba H, Ishihara H, Kusuki I, Tsukamoto K, Honjo H. Progesterone induction of 17beta-
hydroxysteroid dehydrogenase type 2 during the secretory phase occurs in the endometrium of estrogen-
dependent benign diseases but not in normal endometrium. J Clin Endocrinol Metab 2000;85(9):3292e6.

[24] Smuc T, Pucelj MR, Sinkovec J, Husen B, Thole H, Lanisnik Rizner T. Expression analysis of the genes involved
in estradiol and progesterone action in human ovarian endometriosis. Gynecol Endocrinol 2007;23(2):105e11.

[25] Mori T, Ito F, Matsushima H, Takaoka O, Koshiba A, Tanaka Y, Kusuki I, Kitawaki J. Dienogest reduces
HSD17b1 expression and activity in endometriosis. J Endocrinol 2015;225(2):69e76.

7. Role of estrogen and estrogen-related factors in endometriosis116

I. Immune factors in the pathogenesis, and the potential therapeutic target, of endometriosis



[26] Suzuki T, Miki Y, Nakamura Y, Ito K, Sasano H. Steroid sulfatase and estrogen sulfotransferase in human car-
cinomas. Mol Cell Endocrinol 2011;340(2):148e53.

[27] Purohit A, Fusi L, Brosens J, Woo LW, Potter BV, Reed MJ. Inhibition of steroid sulphatase activity in endometri-
otic implants by 667 COUMATE: a potential new therapy. Hum Reprod 2008;23(2):290e7.

[28] Kumar P, Kamat A, Mendelson CR. Estrogen receptor alpha (ERalpha) mediates stimulatory effects of estrogen
on aromatase (CYP19) gene expression in human placenta. Mol Endocrinol 2009;23(6):784e93.

[29] Chen S, Itoh T, Wu K, Zhou D, Yang C. Transcriptional regulation of aromatase expression in human breast tis-
sue. J Steroid Biochem Mol Biol 2002;83(1e5):93e9.

[30] Suganuma I, Mori T, Ito F, Tanaka Y, Sasaki A, Matsuo S, et al. Peroxisome proliferator-activated receptor
gamma, coactivator 1alpha enhances local estrogen biosynthesis by stimulating aromatase activity in endome-
triosis. J Clin Endocrinol Metab 2014;99(7):E1191e8.

[31] Bulun SE. Endometriosis. N Engl J Med 2009;360(3):268e79.
[32] Noble LS, Takayama K, Zeitoun KM, Putman JM, Johns DA, Hinshelwood MM, et al. Prostaglandin E2 stimu-

lates aromatase expression in endometriosis-derived stromal cells. J Clin Endocrinol Metab 1997;82(2):600e6.
[33] Wu MH, Wang CA, Lin CC, Chen LC, Chang WC, Tsai SJ. Distinct regulation of cyclooxygenase-2 by

interleukin-1beta in normal and endometriotic stromal cells. J Clin Endocrinol Metab 2005;90(1):286e95.
[34] Reis FM, Petraglia F, Taylor RN. Endometriosis: hormone regulation and clinical consequences of chemotaxis

and apoptosis. Hum Reprod Update 2013;19(4):406e18.
[35] Monsivais D, Dyson MT, Yin P, Coon JS, Navarro A, Feng G, et al. ERbeta- and prostaglandin E2-regulated

pathways integrate cell proliferation via Ras-like and estrogen-regulated growth inhibitor in endometriosis.
Mol Endocrinol 2014;28(8):1304e15.

[36] Bulun SE, Monsivais D, Kakinuma T, Furukawa Y, Bernardi L, Pavone ME, et al. Molecular biology of endome-
triosis: from aromatase to genomic abnormalities. Semin Reprod Med 2015;33(3):220e4.

[37] Michael MD, Michael LF, Simpson ER. A CRE-like sequence that binds CREB and contributes to cAMP-
dependent regulation of the proximal promoter of the human aromatase P450 (CYP19) gene. Mol Cell Endocri-
nol 1997;134(2):147e56.

[38] Michael MD, Kilgore MW, Morohashi K, Simpson ER. Ad4BP/SF-1 regulates cyclic AMP-induced transcription
from the proximal promoter (PII) of the human aromatase P450 (CYP19) gene in the ovary. J Biol Chem
1995;270(22):13561e6.

[39] Gurates B, Amsterdam A, Tamura M, Yang S, Zhou J, Fang Z, et al. WT1 and DAX-1 regulate SF-1-mediated
human P450arom gene expression in gonadal cells. Mol Cell Endocrinol 2003;208(1e2):61e75.

[40] Cormio A, Guerra F, Cormio G, Pesce V, Fracasso F, Loizzi V, et al. The PGC-1alpha-dependent pathway of
mitochondrial biogenesis is upregulated in type I endometrial cancer. Biochem Biophys Res Commun
2009;390(4):1182e5.

[41] Yazawa T, Inaoka Y, Okada R, Mizutani T, Yamazaki Y, Usami Y, et al. PPAR-gamma coactivator-1alpha reg-
ulates progesterone production in ovarian granulosa cells with SF-1 and LRH-1. Mol Endocrinol
2010;24(3):485e96.

[42] Finck BN, Kelly DP. PGC-1 coactivators: inducible regulators of energy metabolism in health and disease. J Clin
Invest 2006;116(3):615e22.

[43] Miura S, Kai Y, Ono M, Ezaki O. Overexpression of peroxisome proliferator-activated receptor gamma
coactivator-1alpha down-regulates GLUT4 mRNA in skeletal muscles. J Biol Chem 2003;278(33):31385e90.

[44] Vercellini P, Eskenazi B, Consonni D, Somigliana E, Parazzini F, Abbiati A, et al. Oral contraceptives and risk of
endometriosis: a systematic review and meta-analysis. Hum Reprod Update 2011;17(2):159e70.

[45] Sasagawa S, Shimizu Y, Kami H, Takeuchi T, Mita S, Imada K, et al. Dienogest is a selective progesterone re-
ceptor agonist in transactivation analysis with potent oral endometrial activity due to its efficient pharmacoki-
netic profile. Steroids 2008;73(2):222e31.

[46] Harada T, Momoeda M, Taketani Y, Aso T, Fukunaga M, Hagino H, et al. Dienogest is as effective as intranasal
buserelin acetate for the relief of pain symptoms associated with endometriosisea randomized, double-blind,
multicenter, controlled trial. Fertil Steril 2009;91(3):675e81.

[47] Momoeda M, Harada T, Terakawa N, Aso T, Fukunaga M, Hagino H, et al. Long-term use of dienogest for the
treatment of endometriosis. J Obstet Gynaecol Res 2009;35(6):1069e76.

References 117

I. Immune factors in the pathogenesis, and the potential therapeutic target, of endometriosis



[48] Shimizu Y, Takeuchi T, Mita S, Mizuguchi K, Kiyono T, Inoue M, et al. Dienogest, a synthetic progestin, inhibits
the proliferation of immortalized human endometrial epithelial cells with suppression of cyclin D1 gene expres-
sion. Mol Hum Reprod 2009;15(10):693e701.

[49] Shimizu Y, Mita S, Takeuchi T, Notsu T, Mizuguchi K, Kyo S. Dienogest, a synthetic progestin, inhibits prosta-
glandin E2 production and aromatase expression by human endometrial epithelial cells in a spheroid culture
system. Steroids 2011;76(1e2):60e7.

[50] Horie S, Harada T, Mitsunari M, Taniguchi F, Iwabe T, Terakawa N. Progesterone and progestational com-
pounds attenuate tumor necrosis factor alpha-induced interleukin-8 production via nuclear factor kappa B inac-
tivation in endometriotic stromal cells. Fertil Steril 2005;83(5):1530e5.

[51] Mita S, Shimizu Y, Notsu T, Imada K, Kyo S. Dienogest inhibits Toll-like receptor 4 expression induced by cos-
timulation of lipopolysaccharide and high-mobility group box 1 in endometrial epithelial cells. Fertil Steril
2011;96(6):1485e1489.e4.

[52] Mita S, Shimizu Y, Sato A, Notsu T, Imada K, Kyo S. Dienogest inhibits nerve growth factor expression induced
by tumor necrosis factor-alpha or interleukin-1beta. Fertil Steril 2014;101(2):595e601.

[53] Yamanaka K, Xu B, Suganuma I, Kusuki I, Mita S, Shimizu Y, et al. Dienogest inhibits aromatase and
cyclooxygenase-2 expression and prostaglandin E(2) production in human endometriotic stromal cells in
spheroid culture. Fertil Steril 2012;97(2):477e82.

[54] Vercellini P, Buggio L, Frattaruolo MP, Borghi A, Dridi D, Somigliana E. Medical treatment of endometriosis-
related pain. Best Pract Res Clin Obstet Gynaecol 2018;51:68e91.

[55] Olive DL, Pritts EA. Treatment of endometriosis. N Engl J Med 2001;345(4):266e75.
[56] De Placido S, Gallo C, De Laurentiis M, Bisagni G, Arpino G, Sarobba MG, et al. Adjuvant anastrozole versus

exemestane versus letrozole, upfront or after 2 years of tamoxifen, in endocrine-sensitive breast cancer (FATA-
GIM3): a randomised, phase 3 trial. Lancet Oncol 2018;19(4):474e85.

[57] Nawathe A, Patwardhan S, Yates D, Harrison GR, Khan KS. Systematic review of the effects of aromatase in-
hibitors on pain associated with endometriosis. Bjog 2008;115(7):818e22.

[58] Dunselman GA, Vermeulen N, Becker C, Calhaz-Jorge C, D’Hooghe T, De Bie B, et al. ESHRE guideline: man-
agement of women with endometriosis. Hum Reprod 2014;29(3):400e12.

[59] Kataoka H, Mori T, Okimura H, Matsushima H, Ito F, Koshiba A, et al. Peroxisome proliferator-activated
receptor-gamma coactivator 1alpha-mediated pathway as a possible therapeutic target in endometriosis.
Hum Reprod 2019;34(6):1019e29.

[60] Adlercreutz H. Phyto-oestrogens and cancer. Lancet Oncol 2002;3(6):364e73.
[61] Khaodhiar L, Ricciotti HA, Li L, Pan W, Schickel M, Zhou J, et al. Daidzein-rich isoflavone aglycones are poten-

tially effective in reducing hot flashes in menopausal women. Menopause 2008;15(1):125e32.
[62] Takai E, Taniguchi F, Nakamura K, Uegaki T, Iwabe T, Harada T. Parthenolide reduces cell proliferation and

prostaglandin estradiol synthesis in human endometriotic stromal cells and inhibits development of endometri-
osis in the murine model. Fertil Steril 2013;100(4):1170e8.

[63] Cheng W, Chen L, Yang S, Han J, Zhai D, Ni J, et al. Puerarin suppresses proliferation of endometriotic stromal
cells partly via the MAPK signaling pathway induced by 17ss-estradiol-BSA. PLoS One 2012;7(9):e45529.

[64] Yavuz E, Oktem M, Esinler I, Toru SA, Zeyneloglu HB. Genistein causes regression of endometriotic implants in
the rat model. Fertil Steril 2007;88(4 Suppl):1129e34.

[65] Takaoka O, Mori T, Ito F, Okimura H, Kataoka H, Tanaka Y, et al. Daidzein-rich isoflavone aglycones inhibit cell
growth and inflammation in endometriosis. J Steroid Biochem Mol Biol 2018;181:125e32.

[66] Green S, Walter P, Kumar V, Krust A, Bornert JM, Argos P, et al. Human oestrogen receptor cDNA: sequence,
expression and homology to v-erb-A. Nature 1986;320(6058):134e9.

[67] Mosselman S, Polman J, Dijkema R. ER beta: identification and characterization of a novel human estrogen re-
ceptor. FEBS Lett 1996;392(1):49e53.

[68] Matthews J, Gustafsson JA. Estrogen signaling: a subtle balance between ER alpha and ER beta. Mol Interv
2003;3(5):281e92.

[69] Revankar CM, Cimino DF, Sklar LA, Arterburn JB, Prossnitz ER. A transmembrane intracellular estrogen recep-
tor mediates rapid cell signaling. Science 2005;307(5715):1625e30.

[70] Matsuzaki S, Murakami T, Uehara S, Canis M, Sasano H, Okamura K. Expression of estrogen receptor alpha and
beta in peritoneal and ovarian endometriosis. Fertil Steril 2001;75(6):1198e205.

7. Role of estrogen and estrogen-related factors in endometriosis118

I. Immune factors in the pathogenesis, and the potential therapeutic target, of endometriosis



[71] Xue Q, Lin Z, Cheng YH, Huang CC, Marsh E, Yin P, et al. Promoter methylation regulates estrogen receptor 2
in human endometrium and endometriosis. Biol Reprod 2007;77(4):681e7.

[72] Han SJ, O’Malley BW. The dynamics of nuclear receptors and nuclear receptor coregulators in the pathogenesis
of endometriosis. Hum Reprod Update 2014;20(4):467e84.

[73] Han SJ, Jung SY, Wu SP, Hawkins SM, Park MJ, Kyo S, et al. Estrogen receptor beta modulates apoptosis com-
plexes and the inflammasome to drive the pathogenesis of endometriosis. Cell 2015;163(4):960e74.

[74] Samartzis N, Samartzis EP, Noske A, Fedier A, Dedes KJ, Caduff R, et al. Expression of the G protein-coupled
estrogen receptor (GPER) in endometriosis: a tissue microarray study. Reprod Biol Endocrinol 2012;10:30.

[75] Plante BJ, Lessey BA, Taylor RN, Wang W, Bagchi MK, Yuan L, et al. G protein-coupled estrogen receptor
(GPER) expression in normal and abnormal endometrium. Reprod Sci 2012;19(7):684e93.

[76] Chevalier N, Vega A, Bouskine A, Siddeek B, Michiels JF, Chevallier D, et al. GPR30, the non-classical membrane
G protein related estrogen receptor, is overexpressed in human seminoma and promotes seminoma cell prolif-
eration. PLoS One 2012;7(4):e34672.

[77] Tian R, Wang Z, Shi Z, Li D, Wang Y, Zhu Y, et al. Differential expression of G-protein-coupled estrogen
receptor-30 in human myometrial and uterine leiomyoma smooth muscle. Fertil Steril 2013;99(1):256e63.

[78] Mori T, Ito F, Matsushima H, Takaoka O, Tanaka Y, Koshiba A, et al. G protein-coupled estrogen receptor 1
agonist G-1 induces cell cycle arrest in the mitotic phase, leading to apoptosis in endometriosis. Fertil Steril
2015;103(5):1228e35.

[79] Vernier M, Dufour CR, McGuirk S, Scholtes C, Li X, Bourmeau G, et al. Estrogen-related receptors are targetable
ROS sensors. Genes Dev 2020;34(7e8):544e59.

[80] Bombail V, MacPherson S, Critchley HO, Saunders PT. Estrogen receptor related beta is expressed in human
endometrium throughout the normal menstrual cycle. Hum Reprod 2008;23(12):2782e90.

[81] Cavallini A, Resta L, Caringella AM, Dinaro E, Lippolis C, Loverro G. Involvement of estrogen receptor-related
receptors in human ovarian endometriosis. Fertil Steril 2011;96(1):102e6.

[82] Bombail V, Gibson DA, Collins F, MacPherson S, Critchley HO, Saunders PT. A Role for the orphan nuclear re-
ceptor estrogen-related receptor alpha in endometrial stromal cell decidualization and expression of genes impli-
cated in energy metabolism. J Clin Endocrinol Metab 2010;95(10):E224e8.

References 119

I. Immune factors in the pathogenesis, and the potential therapeutic target, of endometriosis



This page intentionally left blank



8

Hypoxia and immune factors
Wan-Ning Li1, Meng Hsing Wu2,3 and Shaw-Jenq Tsai1, 2
1Institute of Basic Medical Sciences, College of Medicine, National Cheng Kung University,
Tainan, Taiwan; 2Department of Physiology, College of Medicine, National Cheng Kung

University, Tainan, Taiwan; 3Department of Obstetrics and Gynecology, College of Medicine,
National Cheng Kung University, Tainan, Taiwan

Introduction (immunology in endometriosis)

Endometriosis is a common gynecological disease, which is characterized as aberrant
growth of endometriotic lesions outside of the uterine cavity. These endometriotic tissues,
without clear mechanism, grow well under the hostile microenvironment and further cause
clinical symptoms such as chronic pelvic pain, dysmenorrhea, dyspareunia, and even infer-
tility [1]. Although not being viewed as a malignant disease, endometriosis shows high recur-
rent rate even after surgical removal in only 1e3 years [2], which severely reduces the quality
of life of affected individuals. According to Sampson’s theory, lesions are originated from the
site of endometrium, reaching the peritoneal cavity by retrograde flow during menstruation
[3]. Since over 90% of the women in reproductive age have retrograde menstruation but only
10%e15% suffer from endometriosis [4,5], it is generally believed that there must be other
critical factors involved in the pathogenesis of endometriosis.

Endometriosis is a disease of chronic inflammation [6]. It has been hypothesized that im-
mune system first recognizes the abnormally detached cells retrograded to the peritoneal cav-
ity, and initiates the innate immune response to attack and prevent the growth of these
foreign invaders [7]. However, due to both strong survival abilities of the endometriotic le-
sions and the incompetence of immune system, endometriosis develops and the body com-
promises to a chronic inflammatory state. Elevated levels of proinflammatory cytokines
and recruited immune cells are found in ectopic lesions and peritoneal fluid of patients
with endometriosis [8e10]. Moreover, it has also been demonstrated these immune factors
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consequently serve as effectors for the pathogenesis of endometriosis. Interleukin-1 (IL-1)
family cytokines, as one example, are crucial factors in promoting the survival of endometri-
otic tissues [11]. IL-1b was found highly expressed in endometriosis patients [12], which pro-
motes cyclooxygenase (COX)-2 expression [13] thus enhances angiogenic activity of the
endometriotic lesions through increasing the production of prostaglandin (PG) E2. On the
other hand, impaired function of macrophages was also found in patients with endometriosis
[14e16]. Wu et al. showed COX-2-derived PGE2 decreases the phagocytic ability of macro-
phages through the suppression of matrix metalloproteinase-9 (MMP-9), annexin A2, and
CD36 [14e16]. These lines of evidence show that dysfunction and/or imbalance of immune
factors may facilitate the survival of the retrograded endometrial cells, and ultimately lead to
the development of endometriosis.

The chronically inflamed microenvironment in patients with endometriosis is a hotbed for
the growth of endometriotic tissues. However, a great percentage of retrograded endometrial
tissues can still grow in this hostile microenvironment. Therefore, it is intriguing to unravel
what drives these lesions to survive, implant, and grow in ectopic sites. It has been reported
endometriotic lesions are featured with higher adhesive ability, good capability of antiapop-
tosis, and stronger angiogenesis activity [17e19]. Many studies have indicated that hypoxia
plays an important role in promoting lesion growth through mediating the expression of a
number of genes [17,19]. Distinct patterns of gene expression regulated by hypoxia in endo-
metriotic cells end up with different characteristics, which may account for different patho-
logical consequences in patients. In this chapter, we summarize the effect of hypoxia on
the immunology of endometriosis and discuss the potential therapeutic strategy by targeting
hypoxia-mediated gene expression network.

The role of hypoxia in the pathogenesis of endometriosis

The first challenge that retrograded endometriotic tissues encounter in peritoneal cavity is
hypoxia. Under hypoxic condition that lacks enough oxygen, most cells die but some survive
owing to undergoing epigenome reprogramming so they acquire self-supporting capacity
[20]. From the general concepts, hypoxia was originally considered to be hostile for the cells
in the microenvironment; however, on the contrary, these endometriotic cells show good
adaptabilities to hypoxic stress. The response to hypoxia enables cells to be more resistant
to apoptosis and to develop ways of maintaining cellular homeostasis (Fig. 8.1). Moreover,
it has been reported hypoxia induces steroidogenesis [17,21], angiogenesis [22,23], cell prolif-
eration [21], and migration/invasion [24] in endometriotic cells, consequently resulting in the
sustainable growth of these unwelcome residents.

Hypoxia-inducible factors (HIF), a heterodimeric complex composed of a and b subunits,
are the potent regulators in controlling numerous pathophysiological processes during hyp-
oxic response. Both subunits contain basic helix-loop-helix motifs for DNA-binding and
dimerization, but only the a subunit possesses oxygen-dependent degradation (ODD)
domain (Fig. 8.2). The b subunit, also known as aryl hydrocarbon nuclear translocator, consti-
tutively expresses under both normoxic and hypoxic conditions while the a subunit
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FIGURE 8.1 Hypoxia promotes endometriotic lesion development and progression. Hypoxia enables the ret-
rograded tissues to migrate, and be more adhesive to peritoneal wall or organ surface in the peritoneal cavity. It also
enhances cell survival by transforming cell phenotype to be more resistant to programmed cell death and immune
clearance. Higher angiogenic and proliferative abilities of endometriotic tissues are found largely contributed by the
hypoxic effect. Overall, hypoxia shows extensive effect on endometriotic lesions during the disease progression.

FIGURE 8.2 Regulation of hypoxia inducible factor-1a (HIF-1a) stability and transcriptional ability under nor-
moxic and hypoxic conditions. Under normoxia, HIF-1a undergoes 26S proteasome degradation due to the effect of
hydroxylation of proline residues in its oxygen-dependent degradation (ODD) domain. Under low oxygen situation
(hypoxia), stabilized HIF-1a, together with HIF-1b, forms heterodimer and translocates into the nucleus for gene
regulation. p300 and CREB binding protein (CBP) are cofactors that are essential for HIF-1a binding to hypoxia response
element (HRE).
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undergoes 26S proteasome degradation under ambient oxygen concentration due to the hy-
droxylation on ODD domain. When cells are exposed to low oxygen, HIF-1a accumulates in
the nucleus and regulates the target genes expression through transcriptional modulation by
binding to hypoxia response element (HRE) within promoter, 50, or even 30 untranslated re-
gions [17,19]. Higher expression levels of HIF-1a mRNA and protein are found in endometri-
otic tissues compared to the eutopic counterparts [25]. Additionally, there are two
coactivators, p300, and CREB binding protein that bind to transactivation domain of HIF-
1a, which are essential for HIF-regulated transcription activity [26]. Therefore, upon hypoxia
stimulation, stabilized HIF complex alters the gene expression pattern and thus causes func-
tional changes of the cells that enables endometriotic cells to live despite without enough
fundamental supplies for survival.

A number of HIF-1a-targeted genes are reported in endometriosis [22,27]. For instance, it
has been reported that leptin, a gene that is found highly expressed in endometriotic stroma,
is directly regulated by HIF-1a [25]. Wu et al. demonstrated the stabilized HIF-1a under hyp-
oxia promotes the expression of leptin through direct transcriptional binding to the 50 region
of leptin promoter, thus enhances cell proliferation in endometriosis [25]. Hypoxia also upre-
gulates vascular endothelial growth factor A (VEGF-A) in endometriosis. Sharkey et al. pro-
vided the evidence that two- to six- fold increase of VEGF-A secretion from both stromal cells
and epithelial cells under hypoxia [28], which was thought to be important for angiogenesis
in endometriosis [29]. In addition, besides directly controls target genes expression through
transcriptional modulation, hypoxia also regulates global gene expression through epigenetic
modification [30]. It has been shown that hypoxia causes global hypomethylation in endo-
metriotic stromal cells through destabilizing DNA methyltransferase 1 (DNMT1) mRNA
[30]. Hypoxia-mediated DNMT1 downregulation results in upregulation of many genes
that had been reported to be critical for and overexpressed in endometriotic cells. These lines
of evidence demonstrate that hypoxia plays a critical role in promoting endometriosis devel-
opment via regulating numerous pathological processes in endometriosis.

Hypoxia modulates immune responses in endometriosis

Hypoxia and inflammation are considered as two main stress factors that regulate the
development of endometriosis. Many studies suggest two signaling pathways crosstalk
with each other to set up the complicated network [26]. This section will summarize the
recent findings regarding the role of hypoxia in immune responses contributing to the devel-
opment of endometriosis. Herein, we roughly classify immune factors into two parts, proin-
flammatory cytokines and immune cells, to discuss the regulatory role of hypoxia in
regulating the immune responses in endometriosis.

Proinflammatory cytokines

As mentioned in the previous section that IL-1b plays important roles in endometriosis. IL-
1b is elevated in the peritoneal fluid of women with endometriosis [12] and contributes to the

8. Hypoxia and immune factors124

I. Immune factors in the pathogenesis, and the potential therapeutic target, of endometriosis



upregulation of COX-2 [13,31], VEGF-A [32], and chemoattractant for immune cells [33].
However, why is IL-1b upregulated in the endometriotic lesion was not clearly delineated un-
til recently (Fig. 8.3). Lin and colleagues reported that hypoxia induces Yes-associated
protein-1 (YAP1), a key effector in the HIPO pathway, to cause IL-1b upregulation in endo-
metrial stromal cells [22]. Hypoxia transcriptionally suppressed the expression of large tumor
suppressor kinase 1 (LATS1), a kinase that directly phosphorylates and inactivates YAP1, in a
HIF-1a-dependent manner. Hypoxia-suppressed LATS1 results in activation and nuclear
translocation of YAP1, which then turns on numerous genes critical for endometriosis pro-
gression, including IL-1b.

IL-6 is another proinflammatory cytokine found highly expressed in endometriosis [34].
Previous studies have shown IL-6 can be secreted from both endometriotic cells and activated
macrophages, and are mainly through activation of nuclear factor-kB (NF-kB) and mitogen-
activated protein kinase (MAPK) pathway [35]. The study by Hsiao et al. [21] identified a
novel pathway by showing that downregulation of dual-specificity phosphatase 2
(DUSP2), a critical threonine/tyrosine phosphatase in extracellular signal-regulated protein
kinase (ERK)/MAPK signaling, increases IL-6 expression in ectopic endometriotic stromal
cells (Fig. 8.3). Since DUSP2 has been reported as a target gene of HIF-1a, the authors further
investigated whether elevated IL-6 is mediated by hypoxia. Indeed, they not only proved that
it is hypoxia-inhibited DUSP2 that promotes the expression of IL-6, but also indicated IL-6
promotes cell proliferation and prevents apoptosis through activating signal transducer
and activator of transcription (STAT) three signaling in endometriotic stromal cells.

FIGURE 8.3 Summary of the immune factors modulated by HIF-1a in endometriosis. Proinflammatory cy-
tokines and chemokines such as interleukin (IL)-1b, IL-6, IL-8, transforming growth factor (TGF)-b1, and CXCL6 are
regulated by HIF-1a in different ways. Suppressed phagocytic ability of macrophages is also modulated by HIF-1a.
Evidence shows HIF-1a accumulation suppressed the effect of dual specificity protein phosphatase 2 (DUSP2), a
phosphatase responsible for ERK inactivation, resulting in the increase of cyclooxygenase-2 (COX-2) and prosta-
glandin E2 (PGE2). High level of PGE2 further reduces phagocytic function of macrophages in endometriosis.
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Apart from IL-6, the expression of IL-8 in endometriosis is also found to be regulated
through hypoxia-DUSP2 axis [23]. Hypoxia suppresses DUSP2 leading to prolonged ERK
phosphorylation and recruitment of C/EBPa protein onto IL-8 promoter region to increase
the transcription of IL-8, which results in subsequent induction of angiogenesis in endometri-
osis (Fig. 8.3). Using reparixin, an inhibitor for IL-8 receptor, the authors demonstrated that
angiogenic effect enhanced by hypoxia can be abolished and the severity of endometriosis is
ameliorated [23]. This finding not only reveals underlying mechanism of IL-8 overexpression
in endometriotic lesion but also provides answer for the puzzle that blocking VEGF-A
signaling is ineffective in treating endometriosis.

Hypoxia also plays an influential role in modulating transforming growth factor (TGF)-b
signaling [36]. HIF-1a induces the release of TGF-b1 from endometrial stromal cells, which
further promotes the expression of integrin a5, integrin aV, integrin b3, and integrin b5 via
autocrine manner [36]. Hypoxia is a strong factor to activate TGF-b1-mediated Smad2/
Smad3 phosphorylation in endometriosis, resulting in the highly expressed integrins in endo-
metriotic stromal cells (Fig. 8.3). These data provide the evidence that hypoxia is critically
involved in the molecular mechanism of cell adhesion in endometriosis.

Additionally, chemokines are also found to be regulated by hypoxia (Fig. 8.3). It was
shown that chemokine ligand 6 (CXCL6) is increased by hypoxia [37], resulting in higher
angiogenic activity in endometriotic tissues. Tan et al. indicated hypoxia not only induces
angiogenic factors such as CXCL6, but also downregulates migration inhibitor CD26/dipep-
tidyl peptidase IV; both effects could syngergistically promote the development of endome-
triosis. These lines of evidence prove that hypoxia modulates cytokines expression may
ultimately lead to facilitating ectopic endometriotic lesion growth.

Immune cells

The functions of peritoneal macrophages are closely related to the immune status in peri-
toneal cavity [38]. The ectopic tissues are enriched with infiltrated leukocytes, such as lym-
phocytes, neutrophils, and macrophages [39]. Macrophages, served as a master scavenger
during innate immune response, are reported to be disabled in endometriosis in many studies
[38]. To eliminate cell debris and the invaders, macrophages are regularly recruited to the
sites of tissue stress such as hypoxia and inflammation; however, the gathered macrophages
in endometriotic lesions show impaired phagocytic capability [8,40] and even being as
helpers for lesions growth [41,42]. Hypoxia is reported as a key role in mediating the phago-
cytic functions of macrophages in endometriosis [38]. Wu et al. showed hypoxia-suppressed
DUSP2 enhances COX-2 expression in endometriotic cells, resulting in high level of PGE2 in
peritoneal cavity of patients [43], and the increased PGE2 has been reported to weaken the
phagocytic functions of macrophages. Results from a series of studies indicated PGE2 sup-
presses macrophage’s phagocytic activity through three distinct but complement mecha-
nisms. First, PGE2 inhibits macrophage’s MMP9 expression and enzymatic activity that
weakens the ability of degrading ectopic endometriotic tissues [16]. Second, phagocytosis de-
pends on a group of membrane receptors, called scavenger receptors, to facilitate the recog-
nition and engulfment of foreign entities. CD36, a member of group B scavenger receptor, is
especially critical for macrophage’s phagocytic ability. Levels of CD36 in peritoneal
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macrophages isolated from women with endometriosis are significantly lower than those
from normal women [44]. It was later identified that reduced expression of CD36 in perito-
neal macrophages in women with endometriosis was due to PGE2-mediated transcriptional
suppression [14]. Third, Annexin A2, a membrane-bound and secreted molecule that func-
tions as an activator to facilitate MMPs-dependent extracellular matrix degradation or serve
as scavenger receptor to enhance phagocytosis, is downregulated in peritoneal macrophages
isolated from women with endometriosis. Downregulation of Annexin A2 is mediated by
PGE2 via EP2/EP4 signaling, which consequently reduces the scavenger ability of these
phagocytes [15].

Previous studies have suggested HIF-1a is able to induce metabolic reprogramming in
macrophages, leading to M1/M2 polarization in inflammation [45]. In endometriosis, alterna-
tive activation of macrophage has been found to facilitate the growth of endometriotic lesion
[41] and may contribute to the development of fibrosis in mouse model of endometriosis [46].
However, whether the M1/M2 polarization of macrophage is modulated by hypoxia or
hypoxia-induced proinflammatory cytokines remain to be determined.

Regulation of HIF-1a by immune factors

As we mentioned above, it is reported hypoxia promotes the secretion of TGF-b1 from
endometriotic stromal cells, which results in higher adhesive ability via autocrine manner
[36]. On the other hand, TGF-b1 directly increases the expression of HIF-1a mRNA and pro-
tein in endometriotic cells [26,47e49]. Young et al., showed that alteration of metabolic pro-
files of endometriotic lesion is a consequence of Warburg effect, and TGF-b1 plays an
important role in regulating the expression of some metabolic drivers such as HIF-1a [48].
They also found the expression of inhibitor of DNA-binding (ID), a protein with bHLH
but lack of DNA-binding domain, in peritoneal mesothelial cells is suppressed by TGF-b1
[49]. They further hypothesized ID could heterodimerize with other transcription factors
with bHLH such as HIF-1a, causing their destabilization to interfere transcription processes.
Indeed, they demonstrated TGF-b1-inhibited ID increases the expression of HIF-1a, which
may explain the Warburg effect caused by TGF-b1 in endometriosis [49]. Furthermore,
some studies suggested the reason why TGF-b1 could lead to HIF-1a stabilization is due
to tissue fibrosis [26]. The high level of TGF-b1 during prolonged inflammation increases
ECM accumulation which leads to hypoxic microenvironment in endometriosis. Conclu-
sively, the association between hypoxia and TGF-b1 signaling is a bidirectional regulation,
and this causes the repeated processes of the tissue damage and reconstruction in endometri-
otic lesions.

Besides TGF-b1, IL-6 also regulates the accumulation of HIF-1a protein in endometrium of
patients with endometriosis [50]. IL-6-activated STAT3 not only phosphorylates and stabi-
lizes HIF-1a protein but also induces HIF-1a mRNA expression [50]. The observation that
overexpression of estrogen receptor-b in endometriotic cells induces IL-6/Janus kinase
(JAK)/STAT3 signaling and HIF-1a expression, further suggesting that endometriosis is a
consequence of complicated network composed of hormone dysregulation, chronic inflam-
mation, and hypoxic effect [51].
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The activated immune cells also serve as inducers for HIF-1a expression. Recently, it was
shown that activated platelets are responsible for local estrogen production in endometriosis,
which is through activation of NF-kB and TGF-b1 signaling [52]. In addition, they also found
HIF-1a mRNA is upregulated in endometriotic stromal cells upon the stimulation of platelet,
which suggests activated platelets may also participate in hypoxic response at early stage of
endometriosis.

The potential approaches for therapy

Targeting HIF as a therapeutic strategy has been reported in many cancer articles [53];
however, only handful of articles adapted similar approach to treat endometriosis. Most
drugs focus on targeting the synthesis of HIF-1a mRNA and protein, and the inhibition of
HIF-1a protein accumulation and dimerization [54,55]. In 2007, Becker et al. released a paper
that indicated 2-Methoxyestradiol, a drug that inhibits the synthesis and nuclear translocation
activity of HIF-1a, downregulates the expression level of HIF-1a-targeting genes such as
VEGF, phosphoglycerate kinase, and glucose transporter-1, which leads to the suppression
of lesions growth in endometriosis mice model via decreasing vascular permeability [56].
However, the potential adverse effect on other organs was not accessed. Besides directly tar-
geting HIF proteins, other studies have declared their inhibitory effects on HIF-1a by using
different signaling blockers. For instance, Romidepsin, a kind of histone deacetylase
(HDAC) inhibitor, showed the successful inhibition on both HIF-1a and VEGF in endometri-
otic cells, resulting in an antiangiogenesis effect [57]. In addition, Sorafenib, a multiple kinase
inhibitor, can decrease the expression level of HIF-1a in ectopic mesenchymal stem cells,
finally results in the suppression of endometriotic cell proliferation, migration, and angiogen-
esis [58]. An in vivo study done by Ren et al. also showed the mammalian target of rapamy-
cin inhibitor, Rapamycin, effectively decreases the serum level of HIF-1a and VEGF in the
circulation, and showed good effect on restricting endometriotic lesions growth in mice
[59]. Although these animal studies seem promising, since HIF is a master regulator involved
in a variety of biological processes and endometriosis is a benign disease, both efficacy and
the side effects should be strictly evaluated for clinical treatment of patients with
endometriosis.

Conclusion

Hypoxia is a critical factor that mediates many physiological and pathological processes in
organisms. A number of studies have reported hypoxia is critically involved in the develop-
ment of endometriosis through promoting cell survival, adhesion, proliferation, and angio-
genesis in endometriotic cells [17,26]. Considering its versatile effects, hypoxia may be a
crucial factor to cause the phenotypic and functional remodeling of immune cells in the peri-
toneal microenvironment. Since immune dysfunction and chronic inflammation had been
found in endometriosis, the interaction between hypoxia and immune factors in disease pro-
gression is of interesting. Surprisingly, not many studies have been done to investigate the
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mutual regulation of hypoxia and immune system. Therefore, further investigation in
delineating interplays between hypoxia and immune factors is required in endometriosis.
It is undoubtedly that targeting hypoxia and immune system will be a potential therapeutic
approach in the future.
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Background

Endometriosis, defined as the presence of endometrial glands and stroma outside the uter-
ine cavity, is a common gynecological disease [1]. It is an estrogen-dependent and chronic
inflammatory disease, affecting 10% of women during their reproductive years [2]. It is
frequently associated with chronic pelvic pain, dyspareunia, and subfertility, negatively
impacting on the afflicted women’s quality of life [3]. Although the etiology and pathogenesis
of endometriosis are still unclear, Sampson’s theory of implantation of endometrial cells and
fragments refluxed during menstruation is generally accepted. It holds that endometriosis is
caused by retrograde menstruation with intraperitoneal spilling of endometrial cells [4], from
the mucosa lining of the uterine cavity, and then implanted into the endoabdominal struc-
tures, in particular the peritoneal wall and ovaries [5]. However, nearly all healthy women
with patent fallopian tubes undergo retrograde menstruation, yet only 1%e10% of women
are diagnosed with endometriosis [6]. Given such a huge gap, it is likely that the genesis
of endometriosis is affected by many factors, such as the immune state, inflammation and
the changes of hormones levels. It is generally regarded that the pathogenesis of endometri-
osis is complex, characterized by inflammation of peritoneum, macrophage chemotaxis and
polarization, nerve infiltration and increased local estrogen biosynthesis [7].
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In recent years, much attention has been paid to the immune aspect of endometriosis, with
macrophage being the major focus [8]. The inflammation of peritoneal cavity can be induced
by regurgitated endometrial debris during or after menstruation, and the sentinels of the im-
mune system are first recruited to the area harboring the ectopic endometrial cells. Macro-
phages, as one of the abundant common immune cells in the abdominal cavity, are
activated. Consequently, macrophages are likely to be responsible for the elevated proinflam-
matory and chemotactic cytokines in the pelvic cavity and are involved in the regulation of
hypoxia-induced angiogenesis [9]. In addition, the peritoneal macrophages isolated from pa-
tients with endometriosis are found to have multiple phenotypes and function [10]. In addi-
tion, an imbalance between sympathetic and sensory nerve fibers has been found in
peritoneal endometriosis, suggesting that inflammation, neurogenesis and fibrogenesis are
important players in driving the pathogenesis of endometriosis [11]. Moreover, estradiol is
also implicated as a critical mediator of macrophage-nerve cross talk in peritoneal endome-
triosis [12]. Therefore, macrophages seem to play a significant role in the genesis and devel-
opment of endometriosis and its associated dysmenorrhea and chronic pelvic pain. The
future therapeutics could pay more attention to the interaction among endometriotic lesions,
macrophages, nerve fibers and estrogen.

The aim of this review is to enumerate the roles and functions of macrophage in the devel-
opment of endometriosis to expose areas in need of further research, and to explore new
effective treatment for endometriosis.

The origin, activation, subtype, and biological function of macrophages

Macrophages are classified as part of the mononuclear phagocyte system by Furth and
Cohn, and derived mostly from progenitor cells in the bone marrow [13]. It argued that
tissue-resident macrophage homeostasis relies on the constant recruitment of blood mono-
cytes [14]. As phagocytic immune cells, they play significant roles in homeostasis and orches-
trate multiple responses to pathogens [15]. Interestingly, numerous macrophage subtypes
have been identified in different organs, anatomical locations and different pathologies, sug-
gesting that macrophages are heterogeneous, and they acquire specific phenotypes and are
activated depending on their respective microenvironment, and perform diverse functions
according to their phenotypes, from potent proinflammatory response in eliminating
invading pathogens to antiinflammatory response conferring tissue protection, repair and
remodeling [16].In this guidance, it is difficult to explain monocytes are the only components
of tissue macrophages in the homeostasis. Therefore, recent researches have suggested a new
origin for macrophages [17].

Different tissue macrophages may origin either from embryonic progenitors (mainly yolk
sac macrophages and fetal monocytes), or from adult blood monocytes [18]. Tissue macro-
phages derived from embryonic progenitors exist briefly in the yolk sac and the fetal liver,
and continue to self-renew throughout adulthood [19]. When infected or inflamed, adult
blood macrophages can replace embryonic-derived macrophages and exhibit similar pheno-
types and functions [20,21]. Hence, tissue macrophages show functional differences accord-
ing to their different ontogeny, and the proinflammatory cytokines have various effects on
the macrophages [22].
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In normal endometrium, macrophages are believed to play important roles during the
menstrual cycle, especially in the context of tissue degradation, repair, regeneration, and
phagocytic clearance of endometrial tissue debris to reestablish tissue integrity in preparation
for implantation and pregnancy [23]. According to the theory of new origin, macrophages in
the peritoneal cavity may be also derived from different progenitors, and then be activated to
different phenotypes. All these are regulated by estradiol and progesterone [24].

Macrophage recruitment, polarization and their corresponding
activating factors

Nearly all women with patent fallopian tubes have endometrial cells reflux, but only a few
of them suffer from endometriosis. This seems to indicate that the host immunity and the
microenvironment of the peritoneal cavity of the patients with endometriosis are conducive
for the growth and infiltration of endometriotic lesions. Indeed, endometriotic lesions exist in
a unique microenvironment consisting of epithelial, stromal, endothelial, glandular, and im-
mune cells characterized by increased concentrations of estrogens, and increased degree of
inflammation, oxidative stress and iron overload [25]. Furthermore, endometriotic lesions
may possess a distinct immune microenvironment reminiscent of a tumorlike inflammatory
profile [26].

Specifically, transcriptomic profiling of inflammation-associated alterations within endo-
metriotic lesions compared to matched eutopic and healthy control endometrium revealed
elevated expression of genes associated with immune cell recruitment, cytokineecytokine re-
ceptor interactions, cellular adhesion, and apoptosis in ectopic lesions [27]. Endometrial cells
refluxed into the peritoneal cavity secrete various chemokines, creating a feed-forward loop
that stimulates the infiltration of immune cells especially macrophages [28,29]. In endometri-
osis patients, macrophage populations are significantly elevated in the peritoneal fluid and
eutopic endometrium. In addition, macrophages have been shown to invade endometriotic
lesions in greater abundance than healthy peritoneum in both endometriosis patients and
control women [30], suggesting that there must be some form of cross talk between endo-
metriotic lesions and macrophages.

Numerous molecular aberrations in the endometriotic lesion have been identified to be
responsible for the recruitment of macrophages, including two major classes of chemokines:
the CC-chemokine ligands (such as CCL5, CCL2, and CCL11) that target monocytes, T cells
and eosinophils and the CXC-chemokine ligands (such as CXCL1, CXCL8, CXCL5, and
CXCL12) that recruit monocytes and neutrophils [31].

For instance, an increased secretion of monocyte chemotactic protein-1 (MCP-1, also
known as CCL-2) from peritoneal macrophages of women with endometriosis may
contribute to paracrine and autocrine activation, leading to increased macrophage accumu-
lation in the peritoneal cavity of patients with endometriosis [32].The ectopic tissue can be
stimulated by IL-1b to produce MCP-1, and this response is affected by estradiol [33]. To be
more specific, the activation of ERb in endometriotic stromal cells (ESCs) is involved in
macrophage recruitment via NF-kB/CCL2 signaling and subsequently appears to promote
the development of endometriosis [34]. These results not only show the important role
of MCP-1 in the development of endometriosis, but also reveal the key role of estrogen
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in enhancing chemokine induced endometriosis immune-mediated recruitment [35].
This may help to explain the complex interaction between endocrine and immune systems
within the lesion. In addition, hypoxia-inducing factor 1a (HIF-1a) mediated vessel remod-
eling in injured and regenerating tissues may play an important role in macrophage recruit-
ment, as evidenced by the report that ablation of HIF-1a in tumors is associated with
decreased CXCL12/SDF1a levels and a less effective recruitment of bone marrow-
derived macrophages [36].

According to the function, receptor components, secretion characteristics of macrophages
and the response to external stimulation, macrophages have been divided into classically acti-
vated macrophage (M1) and alternatively activated macrophage (M2). Many studies [12,37]
have shown that M1 macrophages can promote inflammatory response, present antigens, kill
invading pathogens and increase the production of reactive oxygen intermediates (ROI). In
contrast, M2 macrophages express more antiinflammatory mediators such as IL-10, and are
involved in adaptive immune response, angiogenesis, the resolution of inflammation
and the coordination of tissue repair [8]. Once stimulated by the signal triggered by the
lesions, the macrophages may polarize to the appropriate phenotype. For example,
tumor-associated macrophages (TAM) can be polarized to M2 phenotype to promote tumor
angiogenesis, growth and metastasis; TAM can also be polarized to M1 phenotype to
inhibit tumor growth and progression under opposite stimulation [38,39]. Thus, macro-
phages can exhibit plasticity and different functional characteristics under different micro-
environment induction.

Ectopic endometrium can induce macrophages to polarize to M2, in turn the coculture of
macrophages with ESCs increases cellular proliferation and invasiveness of ESCs [40], indi-
cating that lesion growth is likely enhanced in the presence of macrophages. Conversely,
Itoh et al. reported no difference in peritoneal M2 macrophages between endometriosis pa-
tients and women with other benign gynecologic conditions [41]. Moreover, M1 macrophages
have been shown to be predominate in eutopic endometrium from patients with endometri-
osis as compared with healthy controls [42]. In previous studies, macrophages that coexist in
mouse peritoneal cavity (PerC) are defined as two different macrophage subsets. One, provi-
sionally called the large peritoneal macrophages (LPM), contains approximately 90% of the
PerC macrophages in unstimulated animals but disappears rapidly from PerC following lipo-
polysaccharide (LPS) or thioglycolate stimulation. These cells express high levels of the ca-
nonical macrophages surface markers, such as CD11b and F4/80. The second subset,
referred to as small peritoneal macrophages (SPM), expresses substantially lower levels of
CD11b and F4/80 but expresses high levels of MHC-II, which is not expressed on LPM.
SPM, which predominates in PerC after LPS or thioglycolate stimulation, does not derive
from LPM. Instead, it derives from blood monocytes that rapidly enter the PerC after stimu-
lation and differentiate to mature SPM within 2e4 d. Both subsets show clear phagocytic ac-
tivity and both produce nitric oxide (NO) in response to LPS stimulation in vivo [43]. The
research by Yuan et al. provides a new explanation for the functional status of peritoneal
macrophages in endometriosis. Different origins of peritoneal macrophages (SPM and
LPM) play different roles in endometriosis in mouse. Specifically, SPMs are polarized to
M2 and the LPMs are transformed to M1.Therefore, the entire peritoneal macrophages
show a complex phenomenon of mixed, bipolar polarization [44]. Although women with
endometriosis have increased production of chemokines and increased local macrophage
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recruitment, the potency of the macrophage scavenger function and phagocytic potential
seem to be depressed [45], as is shown by reduced expression of the class B scavenger recep-
tor CD36 [46].

Activated macrophages secrete a plethora of adhesion molecules, growth factors and
proinflammatory cytokines into the lesional microenvironment and the peritoneal fluid
[31] with aberrant activation of the NF-kB pathway. Among these factors, fibronectin, inter-
cellular adhesion molecule 1 (ICAM1), insulin-like growth factor I (IGFI), IL-1, IL-6, IL-8, IL-
12, platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF), and
tumor necrosis factor (TNF) have been widely reported [47]. More importantly, it has been
proved that endometriotic lesions develop their own innervation, and macrophages are
found to migrate to the nerve. Therefore, the pathophysiology of endometriosis is the
end result of complex cross talks among endometriotic lesions, macrophages, nerves and
hormones [47].

Thus, macrophages are recruited and polarized in endometriotic lesions, display a contin-
uum of functional status, and vary with disease phenotype, effectively treating endometriotic
lesions as a wound and activating accordingly, leading to enhanced cell survival and growth.

Roles and functions of macrophages in endometriosis

Inflammation

During menstruation, the species and contents of various immune cell-derived factors
(such as cytokines, chemokines, and growth factors) in eutopic endometrium and peritoneal
fluid have been changed. In addition, macrophages are recruited to endometriotic lesions by
chemotaxis induced by above factors [34]. The recruited macrophages then release proinflam-
matory cytokines, which may also accelerate the polarization and recruitment of macro-
phages, ultimately promoting the development of endometriosis.

Inflammation and macrophages

Cytokines, acting as chemo-attractant mediators, are mainly produced and released by
immune cells such as macrophages, including macrophage inflammatory protein (MIP)
and MCP-1. Several animal studies have suggested that proinflammatory mediators have
the capacity of activating macrophage precursors [48]. Proinflammatory factors such as IL-
6 and microbial components especially LPS could induce macrophages to the M1 subtype
[8]. The level of IL-6 in the peritoneal fluid and ESCs is higher in patients with endometriosis
than controls. It has been reported that the increased IL-6 could promote the secretion of
CCL17 in ESCs, and then CCL17 can elevate the expression of CCR4, the receptor on macro-
phages, which in turn effectively induces the increasing of IL-6 [49]. Similarly, principle
source of IL-8 is monocytes and macrophages, and the endometrium has been proven to pro-
duce IL-8 [50]. It can not only attract and stimulate the migration of macrophage, but also
promote the growth of endometriotic tissue directly. In addition, many other proinflamma-
tory factors are also associated with this process [49]. More importantly, macrophages that
are recruited and activated in endometriotic lesions can secrete a variety of cytokines, which
in turn promote the development of endometriosis. TNF-a has very proinflammatory,
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cytotoxic potential and angiogenesis, which was also found elevating in PF of endometriosis
[51]. The most commonly accepted pathways associated with endometriosis include NF-kB
and Toll-like receptors (TLR)4-mediated pathway. LPS, an inflammatory medium, is regu-
lated by TLR on the surface and NF-kB at the nucleus. TLRs are mainly expressed in macro-
phages, dendritic cells, and epithelial cells and macrophages can be activated by LPS,
suggesting that LPS/TLR4 and macrophages are involved in endometriosis through NF-kB
pathway [51]. MCP-1, secreted by peritoneal macrophages in patients with endometriosis,
has significantly increased, and could accelerate the recruitment of macrophages [52].

The interaction between inflammation and macrophages

Macrophages play different roles in regulating the immune response in different microen-
vironments and different settings, and their functions may be modified by inflammatory me-
diators in lesions [53]. The prolonged inflammation in the perC results in the reduction of the
ability of phagocytosis and removing the endometrial debris. In the recent years, there has
been growing evidence suggesting that M2 macrophages are the primary components of
macrophages in human endometrium, and are increased in number in the peritoneal cavity
and peritoneal fluid from women with endometriosis. As mentioned above, M2 macrophages
play a crucial role in tissue remodeling, angiogenesis and tumor progression [42]. MCP-1 as
well as RANTES promote the polarization of macrophages from M1 to M2 phenotype, and
Arginase 1 is considered as the marker of M2 macrophage [54]. It has been shown recently
that endometriosis-exosome is associated with formation of ectopic lesions and infiltration
of M2 macrophage in mice, suggesting that M2 macrophages and the factors and pathways
that polarize macrophages may be one of the therapeutic targets of endometriosis [55]. In
addition, 17b-estradiol has long been found to be at a higher level in ectopic endometrial tis-
sue [34], and that the lesional expression of ERb may promote endometriosis progression,
which provides a new thought about the interaction between estradiol and macrophages
[56]. On the other hand, the recruitment and polarization of M2 macrophages are associated
with the epithelialemesenchymal transition (EMT), and it is likely that EMT may be the
origin of endometriosis lesion [57]. Furthermore, the level of MIF is consistent with the num-
ber of M2 macrophages in the peritoneal cavity, and, as such, MIF may contribute to the inci-
dence of endometriosis by activating macrophages and inducing the polarization
[58].Therefore, although endometriosis is a benign disease, it also has several malignant fea-
tures of hyperplasia, infiltration, recurrence and metastasis, and M2 macrophages play an
important role in all these molecular events. However, some researches hold that M1 macro-
phages are the dominant phenotype, which might be attributable to methodological differ-
ences [42]. More studies are needed to further delineate the exact role of macrophages and
inflammation in the pathogenesis of endometriosis.

Angiogenesis

Angiogenesis is a prerequisite for successful implantation and long-term survival of ectopic
endometrium. However, the vasculature of ectopic lesions remains dependent on the systemic
concentration of hormones. As such, these structures undergo a cyclic remodeling, with
synchronized tissue destruction and bleeding [8]. Multiple mechanisms contribute to the vascu-
larization of endometriotic lesions, including angiogenesis, vasculogenesis and inosculation.
The basis of angiogenesis is the complex regulation of angiogenic factors and hormones,
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and the activation of intravascular pathways and related signaling molecules. In addition,
circulating endothelial progenitor cells (EPCs) are mobilized from the bone marrow and
collected into the endometriosis and incorporated into the new microvascular endothelium,
which is called vasculogenesis. Finally, the preformed microvasculature in the endometrial
debris combines with the microvascular system of the surrounding host, so as to establish
a rapid blood supply system of the ectopic tissue [59]. Common angiogenic factors such as
VEGF and matrix metalloproteinase (MMP) whose production may be the result of macro-
phages action play a key role in promoting endometriosis’s angiogenesis. In human endo-
metriotic lesions, VEGF expression has been localized to the stroma, glandular epithelium
and infiltrating macrophages [60,61]. A large body of evidence indicates that macrophages
are responsible for the angiogenic switch, i.e., the increase in the density of vessels that often
characterizes the benign-to-malignant transition in cancer, being involved both in the initial
establishment of the vasculature and in the subsequent remodeling of the vessels [62].

In mice, depletion of macrophages using chlorinate liposomes, monoclonal antibodies, or
ganciclovir has been shown to reduce lesion weight and vascularity [30,63]. Another mouse
model implicated both macrophages and neutrophils in the promotion of angiogenesis in le-
sions as in vitro culture of isolated peritoneal macrophages and neutrophils in the presence of
IL-6, TNF-a, LPS, and estrogen-enhanced VEGF release by these cells [64]. The underlying
mechanism may be demonstrated in experimental models in which early phases of lesion
establishment are characterized by a transient hypoxia, which results in the up-regulation
of HIF-1a, with subsequent overexpression of VEGF [65,66].

Hypoxia and tissue injury within the inflammatory niche are some of the major drivers of
CXCL12 production. Indeed, the expression of CXCL12 in a large number of tumors and
injured tissues strongly suggests that activation of CXCR4 participates in promoting neo-
angiogenesis. Then CXCL12 in concert with VEGF aids in recruitment of bone marrow-
derived hematopoietic and EPC, their differentiation, and incorporation in the newly
formed blood vessels. Under the influence of hypoxia, CXCL12 production is regulated
by HIF-1a [67].

Estrogen biosynthesis

Endometriosis is an estrogen-dependent disease, and local production of estrogens pro-
motes endometriotic cell growth. Moreover, estrogen is associated with the immune
response, and macrophages in the peritoneal cavity of endometriosis express more estro-
gen receptors than that of healthy women, suggesting estrogen may be an important
mediator for macrophages to promote the pathogenesis of endometriosis [68]. In the
women’s pelvic, steroid hormone, especially estrogen and its receptors regulate the status
and function of the endometrium. There are two subtypes of ERs, Era, and ERb. Some
studies considered ERb as more important in the pathogenesis of endometriosis on ac-
count of the production of CCL2 via NF-kB signaling, and then recruit macrophages to
the ectopic microenvironment [34].

Estrogen is reported to promote the expression of IRF4 in macrophages induced by macro-
phage colony-stimulating factor (M-CSF) and induce polarization of macrophages to M2
macrophages [69]. In mice with induced endometriosis, the recruitment and activation of
macrophages treated with estrogen were increased, and macrophages were stimulated to
release neurotrophic factors, thus participating in mediation of pain [12]. Cytokines released
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by activated macrophages could promote the adhesion, proliferation, invasion and angiogen-
esis of endometrial tissue in the peritoneal cavity. Meanwhile, these cytokines could also
regulate the macrophages in the endometriosis microenvironment, resulting in changes in
gene expression and behavioral function, and high expression of G-protein-coupled estrogen
receptor (GPER), thus increasing the sensitivity to estrogen and participating in the develop-
ment of endometriosis [70]. Hence, estrogen, through its receptors, interacts with macro-
phages, prompting the development of endometriosis [71].

Endometriosis-associated pain

Pain is one of the most prevalent clinical symptoms of endometriosis, including dysmen-
orrhea, deep dyspareunia and nonmenstrual chronic pelvic pain [72]. Several studies report
that the presence of nerve fibers in the peritoneum is of great significance for endometriosis-
associated pelvic pain and dysmenorrhea [73]. There is also evidence that the M2 macro-
phages polarized in the chronic inflammatory microenvironment may be responsible for
the axonal regeneration and the increased density of nerve fibers, which result in the pain
symptom with endometriosis [74]. Hence, it is plausible that the interaction between macro-
phages and nerves may lead to the pathogenesis of endometriosis.

Macrophages and neurogenesis

In recent studies, nerve fiber has been detected with the use of immunohistochemistry
with markers, especially protein gene product 9.5 (PGP 9.5) and neurofilament (NF), and
found that the nerve fiber density is higher in endometriosis, in line with the amount of mac-
rophages [75]. Neurotrophins play a vital role in the development and differentiation of neu-
rons. It is not only found in endometriosis, but also expressed in macrophages in lesions [76].
One study reports that macrophages are closely related with nerve fibers in lesions of
endometriosis, and the neurotrophin-3 (NT-3) and brain-derived neurotrophic factor
(BDNF), as members of neurotrophins, are released by macrophages stimulated with
colony-stimulating factor 1 (CSF-1) [12]. In addition, nerve growth factor (NGF) has been
identified to be responsible for the imbalance of sympathetic and sensory innervation in
endometriosis, and it induces the neuropathic pain [11]. Aside from releasing neurotrophins,
M2 macrophages could mediate neurogenesis by regulating semaphorins [77]. However,
some evidence suggests that the effect of neurotrophins and semaphorins repel each other.
It is likely that this may be the reason for the imbalance of sympathetic and sensory innerva-
tion, in favor of more sensory innervation with increased pain in endometriosis. Therefore,
macrophages mediate the neurogenesis in endometriosis lesions by secreting neurotrophic
factors at the expense of sympathetic nerves [78].

Interaction between macrophages and nerve fibers

Not only macrophages could regulate the neurotrophins, nerve fibers can also produce at-
tractants to promote the recruitment and polarization of macrophages. For example, a study
demonstrated that CSF-1 produced by nerve fibers play a role on the migration of macro-
phages [54]. Hence, macrophages and nerve fibers both play important roles in the develop-
ment of endometriosis, with associated inflammation and hyperinnervation. Sympathetic
nerve fibers could secrete norepinephrine (NE), which interacts with the adrenergic b2 recep-
tor (ADRB2) on the macrophages. Then macrophages could generate more TNF-a to regulate
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the inflammation, which in turn promotes the recruitment, migration and polarization of
macrophages. This also accelerates hyperinnervation in lesions [79,80].The active cross talk
between macrophages and nerve fibers impacts on the inflammatory microenvironment in
the peritoneal cavity, and exacerbates the painful symptoms of endometriosis. More research
is warranted to unravel the underlying pathways and molecules in order to provide better
care of women with endometriosis.

Fibrogenesis

Macrophages are well-documented to be a key regulator of tissue repair as they scavenge
invading pathogens, remove cellular debris, and express a multitude of cytokines, chemo-
kines, and growth factorsdall of which are necessary to mediate tissue repair [81,82]. Since
endometriotic lesions are fundamentally wounds undergoing repeated tissue injury and
repair (ReTIAR) [83e85], not surprisingly macrophages have long been reported to be
involved in the development of endometriosis, as alluded to above.

In fact, one mouse study, published well over a decade ago, showed kinetic changes in
the number of lesional immune cell infiltrates. It clearly demonstrates that the number of
neutrophils increased dramatically shortly after induction of endometriosis and then
declined precipitously, and there was also a significant infiltration of macrophages after
the surge of neutrophil infiltration [64]. This pattern is remarkably similar to that of
wound healing [81]. Similar to the finding that macrophage depletion impairs tissue
repair [86,87], depletion of macrophage also results in attenuated initiation and growth
of ectopic implants [30,52].

The analogy/similarity between wound healing and the progression of endometriotic le-
sions can be exploited further. As alluded to above, macrophages can be classified as M1
and M2 subtypes. Based on their activators, markers of activation, and function, secreted cy-
tokines and chemokines, M2 macrophages can be further classified as four discrete
subtypesdM2a, M2b, M2c, and M2d macrophages [88e90]. M2a macrophages promote
type 2 immune responses (as opposed to microbial-induced type 1 inflammation), M2b mac-
rophages are involved in immunoregulation, and M2c macrophages are antiinflammatory
and initiates tissue remodeling, while M2d macrophages are involved in antiinflammation
and angiogenesis [91]. As wound healing typically undergoes four ordered but somewhat
overlapping phases, i.e., hemostasis/coagulation, inflammation, proliferation/migration,
and remodeling [81], M1 macrophages are found to be involved in the early stages of wound
healing while M2 macrophages are involved in middle stages [92]. Not surprisingly, a pre-
emptive depletion of macrophages before induction of endometriosis did not impact much
on lesion weight, but depletion after induction resulted in reduced lesional growth and
vascularization [30]. Hence, M2 macrophages are involved in the development of endometri-
osis [30,41].

Unfortunately, tissue repair in endometriotic lesions, as wounds undergoing ReTIAR, is
far from normal or well controlled. In fact, the repair simply goes awry because of its repet-
itive and chronic nature, as seen by the presence of smooth muscle cells and dense fibrotic
tissue in and surrounding the lesions [93e96], especially in deep infiltrating endometriosis
[93,97e99].
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Consistent with the documented M2 macrophages as a key regulator in fibrogenesis
[100e102], it is recently reported that lesional infiltration of M2 macrophages increases pro-
gressively as lesions progress undisturbed, concomitant with progressive EMT, FMT, SMM
and fibrosis [103]. In addition, macrophage depletion after induction of endometriosis sub-
stantially reduced lesional infiltration of macrophages, moderately reduced lesional infiltra-
tion of M2 macrophages, and significantly reduced lesion weight as well as the lesional
fibrotic content [103]. Moreover, adoptive transfer of M2a, but not M1 or M2c, macrophages
systemically following macrophage depletion significantly increased the extent of lesional
fibrosis [103]. These findings are consistent with the previous report of the roles of M2 mac-
rophages in endometriosis [30,52], and in particular with the finding that the transfer of M1
macrophages reduced the lesion weight [30].

Persistent or prolonged recruitment of the M2a macrophages has been hypothesized to
contribute to pathological fibrosis [102]. Macrophages have been demonstrated to promote
fibrogenesis through its release of profibrotic TGF-b1 [104], probably enhanced by hypoxia
[105], which itself is found to play critical role in the development of endometriosis [106].
Macrophages can also induce NF-kB activation in fibroblasts, promoting their activation
[107], and contribute to fibrogenesis.

Of course, macrophages do not act alone. The lesional microenvironment is also conducive
for activation of M2a macrophages. M2a macrophages can be induced by.

IL-4/IL-13, and IL-4 greatly stimulates the expression of mannose receptor, which is
widely accepted as the canonical marker for M2a macrophages [91]. Despite conflicting re-
ports of IL-13 levels, the IL-4 concentrations in peritoneal fluid from women with endometri-
osis are reported to be elevated [108e110], and ESC express IL-4 receptor [111]. Once M2a
macrophages are recruited and activated, they can induce EMT and FMT in endometriotic
lesions through activation of TGF-b1/Smad3 signaling pathway in ESC, with increased
cellular contractility and collagen production in vitro [83].

Macrophages undergoes dynamic changes during different stages of tissue repair.
Depending on the wound healing phases, M1 macrophages mediate tissue damage and
initiate inflammatory responses. This is followed by the involvement of M2 macrophages
in mediating tissue repair through synthesizing pro-fibrotic mediators [112] in later phages
of tissue repair. Similar to wound healing, in which macrophage depletion suppresses
VEGF expression and thus disrupts neovascularization [87,113], macrophage depletion
immediately after induction of endometriosis also results in reduced angiogenesis [30].
In agreement with the report that macrophage ablation yielded reduced myofibroblast
activation, and decreased expression of TGF-b1, a-SMA, and reduced collagen deposition
[87,92,100], similar changes in endometriotic lesions also occur in mouse with induced
endometriosis [103].

All these data highlight not only the roles of different macrophage subsets in lesional
progression but also the importance of timing of the presence of specific macrophage sub-
sets in the development and fibrogenesis of endometriosis. Viewed from the looking glass
of ReTIAR, this is not surprising since in wound healing insufficient accumulation of
either M1 macrophages at early stages of tissue repair or of M2 macrophages at later
stages have both been associated with disrupted tissue repair [114e117]. Similarly, exces-
sive accumulation of either subtype of macrophages can also be deleterious, since
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excessive M1 macrophages would result in chronic inflammation and tissue destruction
[118,119] while excessive M2 macrophages would promote fibrogenesis [104,120].

Fig. 9.1 summarizes various roles and functions of macrophages in the development of
endometriosis.

Potential therapeutic targets regarding macrophages

Although a large sum of research on endometriosis has been published in the last decade,
the innovation drought in drug research and development has been glaring, especially in
nonhormonal drugs [85,121]. Currently, the treatment arsenal includes levonorgestrel-
releasing intrauterine system (LNG-IUD), gonadotropin-releasing hormone analogues

FIGURE 9.1 Endometriotic lesions exist in a unique microenvironment characterized by increased concentrations
of estrogens, and increased degree of inflammation, oxidative stress and iron overload which can induce macro-
phages polarize to M2.Mcrophages that coexist in mouse PerCare defined as two subsets. One, provisionally called
the LPM, originating from progenitors from yolk sac, contains approximately 90% of the PerC macrophages. The
second subset, referred to as SPM, which derives from blood monocytes. SPM are polarized to M2 and the LPM are
transformed to M1. The development of endometriosis may be due to an active crosstalk between macrophages and
other multi-factors. Inflammation: During menstruation, macrophages are recruited to endometriotic lesions by some
chemotaxis, and the recruited macrophages then release pro-inflammatory cytokines, which may also accelerate the
polarization and recruitment of macrophages. Angiogenesis: Hypoxia drives the production of CXCL12, which
regulated by HIF-1a. Then CXCL12 in concert with VEGF aids in the angiogenesis. Neurogenesis: Macrophages are
closely related with nerve fibers in lesions of endometriosis, and the NGF has been identified to be responsible for the
imbalance of sympathetic and sensory innervation in endometriosis. Fibrogenesis: Macrophages increased cellular
contractility and collagen production through activation of TGF-b1/Smad3 signaling pathway. Moreover, estrogen is
also a critical mediator in all of the process. Abbreviation: HIF-1a, hypoxia-inducing factor 1a; LPM, large peritoneal
macrophages; NGF, nerve growth factor; PerC, peritoneal cavity; SPM, small peritoneal macrophages; VEGF,
vascular endothelial growth factor.
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(GnRH-a), progestins such as dienogest, and laparoscopic ablation and excision [122]. How-
ever, a reappearance of the lesion after surgery is common and repeated surgery increases
the risk of premature ovarian failure, adhesion, and organ injury [123e125]. Repeat surgery
also diminishes the pregnancy rate in women with infertility [126]. On the other hand, a
drug induced hypo-estrogenic state for women who desire a family is simply not conducive
to fertility, suggesting that additional approaches are required [25,127].

Since endometriosis and tumors have similar microenvironments and similar biological
behaviors, and are closely related to immune disorders, perhaps we can emulate the targeting
of tumor-associated macrophages. The potential approaches for treating endometriosis-
associated macrophages are described below.

Independent lines of evidence indicate that macrophages undergo activation as a conse-
quence of signals generated within endometriotic lesions, or possibly due to the lack of
hormone-regulated anti-inflammatory signals in the ectopic but nonetheless present in the
eutopic primary defects, or simply a consequence of endometriosis [8]. Targeting dysregu-
lated immune pathways represents a potential avenue for novel therapeutic development
that may not affect fertility negatively. While so far much research has been devoted to inter-
rupt the aberrant interaction of various components in endometriosis or to inhibit various in-
flammatory pathways, this research has not been translated into better clinical care. This may
be due to the fact that a single signal molecule may participate in multiple signal pathways,
and suppression one particular pathway may also cause untoward collateral damage to other
pathways, resulting unintended side-effects, such as teratogenesis, damage of immune func-
tion with increasing infection, etc. In addition, endometriosis is likely to be heterogeneous,
with different patients displaying different predominant pathways. For example, NF-kB
may represent a potential therapeutic target due to its constitutive activation in peritoneal
endometriotic lesions [128]. An overexpression of NF-kB has been confirmed in cultured
endometrial stromal cells [129] and peritoneal macrophages [130] isolated from women
with endometrioma. But anti-NF-kB treatment has achieved only partial success in treating
adenomyosis [131], even though NF-kB has been shown to be activated in adenomyosis
and andrographolide is shown to be promising in in vitro and in vivo studies [132,133].

Furthermore, inflammation, oxidative stress and hormones stimulate the immune path-
ways in endometriotic tissue and therefore they represent a potential target for therapeutic
intervention [25]. As described previously, macrophage are an important player in the devel-
opment chronic pelvic pain. The potential treatment of endometriosis could pay more atten-
tion to the interaction of macrophage, nerve fibers and estrogen production, such as the
combination therapy of antiinflammatory, antiestrogen, and antinociceptive factor.

It is reported that the anticoagulant treatment using recombinant P-selectin, which is asso-
ciated with macrophage infiltration, is promising in treating endometriosis [134]. Another
study found that dual suppression of estrogenic and inflammatory activities by chloroindazole
(CLI) and oxabicycloheptene sulfonate (OBHS) could restrain endometriosis [56]. Similar effect
may be achieved by suppressing the recruitment of macrophages, and regulating their func-
tion. Bonapace et al. confirm previous findings that when mice with mammary tumors are
treated with anti-CCL2 antibodies, the egress of monocytes from the bone marrow is blocked
and macrophage infiltration into primary tumors is impaired, leading to reduced formation of
lung metastases(136). Unfortunately, the cessation of anti-CCL2 therapy is rapidly followed by
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a mobilization of monocytes from the bone marrow to the circulation and their differentiation
to macrophages in metastatic tumors, where they promote the formation of tumor blood ves-
sels and tumor growth [135]. Chen’s research shows that chloroquine (CQ), a proven antima-
larial drug, can function as an antitumor immune modulator that switches TAMs from M2 to
tumor-killing M1 subtype in a mice model. They observed that intraperitoneal injection of CQ
(75 mg/kg) effectively inhibited melanoma growth and prolonged the survival of the mice
[136]. Blood mononuclear cells or CD34þ bone marrow cells could be induced into pluripotent
stem cells. These macrophages or induced pluripotent stem cells could then be transfected with
the gene or genes of interest, conferring an appropriate regulatory signaling system for thera-
peutic purpose. In a murine disease model, intrapulmonary transplanted macrophage progen-
itors displayed selective, long-term pulmonary engraftment and differentiation into functional
alveolar macrophages. A single transplantation ameliorated the hereditary pulmonary alveolar
proteinosis (herPAP) phenotype for at least nine months, resulting in significantly reduced
alveolar proteinosis, normalized lung densities in chest computed tomography, and improved
lung function [137]. The efficacy of this intervention would depend on engraftment of these
modified cells [138]. Although previous studies provided various novel ideas about these
possible intervention modalities, more research is needed to evaluate their safety and efficacy.
In future studies, more evidence is needed to demonstrate the potential role of blocking macro-
phage recruitment, inducing macrophage function changes, and macrophage transplantation in
the treatment of endometriosis.

Conclusions and future perspectives

Endometriosis is a common, enigmatic and complex disease. In this review, we have
enumerated various the important roles and functions of macrophages recruitment and po-
larization in the pathophysiology of endometriosis, and briefly touched up the interactions
between macrophages and inflammation, angiogenesis, estrogen production and neurogene-
sis. In conclusion, macrophages are involved in the development of endometriosis via form-
ing the local inflammatory and relatively tolerant immune microenvironment of peritoneal
cavity, promoting M2 macrophages polarization, angiogenesis and neurogenesis, and their
functions are regulated by estrogen, cytokines and chemicals released by endometriotic cells
and other cells in the lesional microenvironment.

However, current treatment such as LNG-IUD, GnRH-a, progestins, and laparoscopic exci-
sion only reduce symptoms or stall the lesional development, but still cannot fulfill the press-
ing need for minimizing or elimination of the risk of recurrence after surgery. At present, the
exact regulatory mechanism underlying macrophage recruitment, polarization, and interac-
tion with endometriotic lesions are still largely unclear, and future research is warranted.

In the future, individualized, refined and molecular therapies may be necessary for
macrophages-associated interventions to treat endometriosis. On the one hand, precise macro-
phage markers should be explored to establish a complete and informative signal transduction
pathway mechanism. On the other hand, more attention should be paid to the interaction be-
tween macrophages and other cells/factors in the lesional microenvironment, such as estrogen
levels and angiogenesis. Furthermore, large-scale clinical studies should be carried to verify their
safety and effectiveness.
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Introduction

Endometriosis is an estrogen-dependent chronic inflammatory disease that affects at least
3.6% of women of reproductive age [1]. Pain is a central symptom of this benign chronic dis-
ease: in fact, patients may experience a variety of pain symptoms, such as dysmenorrhea,
chronic pelvic pain, dyspareunia, and dyschezia. Overall, these symptoms have a negative
impact on quality of life, working efficiency and social activities [2]. No direct correlation
exists between the extent of endometriosis according to widely accepted classifications
(such as that by American Society for Reproductive Medicine [ASRM]) and intensity of
pain symptoms [3].

Multiple mechanisms can be involved in the pathogenesis of pain related to endometriosis:
in particular, inflammation, nociception, and alterations in peripheral and central neurolog-
ical pathways may have a critical role in this physio pathological process [4].

It is widely accepted that psychological, physical stress [5] and hormone status [6] may in-
fluence pain perception. In particular, chronic pelvic pain is often associated with negative
cognitive, behavioral, emotional and sexual impact; these factors can potentially further exac-
erbate the pain experience [7]. Alterations in both the peripheral and central nervous systems
have been reported in women with endometriosis; furthermore, abnormal direct innervation
of unmyelinated nociceptive nerve fibers has been reported in endometriotic lesions [8].
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Pressure on deep endometriotic nodules during vaginal examination and sexual inter-
courses causes an exacerbation of pain. This phenomenon of heightened pain arising when
a normally nonpainful stimulus is applied is called “hyperalgesia.” It is characterized by a
displacement to the left of the curve stimulus/response which induces an increase in the
pain sensation associated with a lower threshold of pain perception and an increased sensi-
tivity of nociceptors (primary hyperalgesia). In addition, the lower threshold of pain recep-
tors is also observed in surrounding regions (secondary hyperalgesia). In fact, with
continuous noxious input into the central nervous system, alterations in gene transcription
and expression of neurotransmitters cause a hypersensitive state well beyond the area of
the initial noxious input [9].

Overall, the precise mechanisms by which endometriotic lesions cause pain are poorly un-
derstood. However, inflammatory mediators and prostaglandins are deeply involved in the
pathogenesis of endometriosis-related pain. Moreover, increasing evidence suggests a role of
new sensory fibers innervating endometriotic lesions in maintaining the inflammatory
phenotype through the release of proinflammatory mediators.

Hormonal and inflammatory microenvironment in endometriosis: a vicious
circle

An aberrant hormonal proinflammatory environment is strictly involved in the pathogen-
esis of endometriotic implants and subsequently in pain related to the disease. Until now,
different studies have shown possible mechanisms which may be implicated in the develop-
ment and progression of endometriosis; however, the precise etiology of this benign chronic
disease is still unclear [10,11].

Estrogens and progesterone are key hormones regulating the activity of the endometrium.
Similarly to eutopic endometrium, endometriotic lesions are influenced by endocrine envi-
ronment and subjected to cyclic modifications during the menstrual cycle [12]. In fact, ectopic
and eutopic endometrial tissues have apparently similar histological changes in response to
estrogens and progesterone [13] and endometriotic implants may cyclically bleed during
menstrual period [14,15]. These observations are justified by the fact that both estrogen recep-
tors (ERs) and progesterone receptors (PRs) are present in endometriotic implants [16,17].

It is largely known that estrogens have a pivotal role in the pathogenesis of endometriosis.
In particular, estradiol produced in both the ectopic and eutopic endometrium influences the
regulation of several immunological mechanisms [18,19]. In endometriotic implants, local
production of estradiol can sustain the synthesis of prostaglandins by stimulating COX-2 ac-
tivity; this constitutes a positive feedback loop augmenting estrogen formation and
enhancing inflammation [20]. The synthesis of proinflammatory prostaglandins, such as
COX-2-derived PGE2, can be activated by proinflammatory transcriptional factor nuclear fac-
tor (NF)-kB [21]. In general, NF-kB is able to upregulate the expression of proinflammatory
genes including cytokines, chemokines, translocating into the nucleus where it binds to spe-
cific sequences of DNA (known as response elements) [22].

The development of endometriosis may be favored by the aberrant synthesis of the
aromatase enzyme. Whereas there is no detectable aromatase enzyme activity in normal
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endometrium, endometriotic tissue has elevate expression of aromatase; its action leads to
production of significant quantities of estrogens [23,24], which can further enhance synthe-
sis of prostaglandins by activating COX-2 expression (Fig. 10.1) [20].

At least several growth and proangiogenic factors, such as vascular endothelial growth
factor (VEGF), are regulated by estradiol and produced also in response to an inflammatory
microenvironment; they promotes proliferation of endothelial cells [12], an essential aspect in
the sprouting of blood vessels that vascularize nerve fibers.

Pathogenesis of inflammation in endometriotic implants

Retrograde menstruation of endometrial tissue and intermenstrual bleeding of endometri-
otic lesions may directly contribute to inflammation with subsequent activation of innate im-
mune cells and mediators within implants of patient with endometriosis [25]. Supporting this
concept, higher concentration of innate immune cells have been found in peritoneal fluid of
women with endometriosis compared to healthy women; moreover, activated mast cells and
macrophages can be detected within peritoneal, ovarian, and deep endometriotic implants

FIGURE 10.1 The bidirectional signaling mechanism constituting neuroinflammation in the pathogenesis of pain
related to endometriosis. Under the action of estrogens, produced by aberrant aromatase activity, endometriotic
implants can proliferate, promoting the expression and release of pro-inflammatory factors. Moreover, products
released from tissue necrosis, such as DAMPs, can activate the innate immune cells through the NF-kB pro-
inflammatory pathway. Mediators released during this process by activated mast cells, dendritic cells and macro-
phages, including cytokines (PGE2) and pro-inflammatory mediators (IL-1b and TNF-a) chemokines can exert a
direct stimulation to sensory nerve ending, which generates the nociceptive signal. In response to stimulation, sen-
sory nerves further increase and maintain inflammation by secreting proinflammatory products, such as substance P.
NGF is upregulated by inflammatory cytokines and is involved in persistent inflammatory pain by activating further
mast cell degranulation and cytokine production.
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[26e28]. In particular, ERa and ERb have significantly higher expression on macrophages of
women with endometriosis than in controls. The ERa expression is positively correlated with
the expression of inflammatory cytokines, such as tumor necrosis factor alpha (TNF-a), inter-
leukin (IL)-1b, and IL-6, only in patients affected; on the other hand, ERb expression is corre-
lated to the expression of inflammatory cytokines in the both groups [29,30].

Several cellular products released during cell necrosis can induce sterile inflammation by
the activation of innate immune cells [31,32]; for this reason, it has been hypothesized that
degenerating and necrotic tissue originating from extrauterine menstruation may directly
release biological products into the peritoneal cavity, thus leading to a diffuse intraperitoneal
sterile inflammation [33].

Damage-associated molecular patterns (DAMPs) are endogenous danger molecules
released from damaged or dying cells, activating innate immune system by interacting
with pattern recognition receptors (PRRs). The nuclear protein high-mobility-group box 1
(HMGB1), heat shock protein 70 (HSP70), S100, nucleic acids, and soluble extracellular matrix
components are only some of the most known DAMPs [34]. Several studies have described
the implication of DAMPs in the establishment of the inflammatory microenvironment of
endometriotic implants: HMGB1 and HSP70 have been found expressed in endometriotic le-
sions and present in serum at elevate concentration, respectively, in patients with endometri-
osis [35,36]. Also subtypes of the S100 family of calcium-modulated proteins (S100A13) have
been found to be abnormally expressed in endometriotic implants and in the peritoneal fluid
of women affected [37,38]. At least, the presence of extracellular DAMPs, such as fibrinogen,
fibronectin, or hyaluronic acid, has been described in endometriotic implants [39].

Overall, the proinflammatory NF-kB pathway is activated in macrophages and mast cells,
through the predominant action of the DAMPs on PRRs, which includes, among others, toll-
like receptors (TLRs). These are single-pass membrane-spanning proteins usually expressed
on immune sentinel cells such as macrophages and dendritic cells, recognizing structurally
conserved molecules derived from microbes [40]. Even in endometrium, several TLRs are
expressed by immune, epithelial, and stromal cells [41]. In endometriosis, TLR2 and TLR9
are overexpressed in the peritoneal fluid, and TLR4 is upregulated on macrophages and den-
dritic cells in endometriotic lesions, especially during the secretory phase [42e44]. Interest-
ingly, high concentrations of Escherichia coli-derived endotoxin, which is recognized by
TLR4, have been found in peritoneal fluid and menstrual blood of patients affected in com-
parison to healthy women [45]. This suggests that also pathogen-associated molecular pat-
terns (PAMPs) may contribute to generation of inflammatory process in endometriosis.

Iron and oxidative stress also derive from tissue degeneration and cellular injury and for
this reason they can be implicated in inflammation within endometriotic tissue. Reactive ox-
ygen species (ROS) produced subsequently to the iron overload enhance activity of mast cells
and macrophages through NF-kB action [46]. As proof of this, elevate concentrations of iron
have been detected in peritoneal fluid of women affected [47].

The activation of macrophages and mast cells is responsible of stimulating cytokines and
chemokines production by lymphocytes. In women with endometriosis, there is substantial
evidence of aberrant function of almost all types of acquired immune cells, among which
decreased Th1 and Th2 lymphocytes reactivity and polyclonal B cells activation [48,49].

Overall, the secretion of pronociceptive and proinflammatory mediators, which contribute
to the generation of nociceptive signals and the feed-forward loop, maintaining and strength-
ening the inflammation in endometriotic implants [50].
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Neurogenesis in endometriotic implants

Neurogenesis is related to both inflammatory response and angiogenesis and, along with
an imbalance in sensory and sympathetic innervation, contributes to the growth of nerve fi-
bers, subsequent peripheral neuroinflammation, and generation of chronic pain [12]. The acti-
vation of sensory nerve fibers generates nociceptive signals to the central nervous system; this
is a critical step in the pathophysiology of pain occurring in endometriosis [50].

Sensory nerve endings are present in endometriotic lesions. Moreover, a positive corre-
lation between the amount of nerve fibers and pain symptoms has been described in the
different phenotypes of endometriosis [46]. Persistent nociceptive input originating from
endometriotic implants is supposed to cause central sensitization due to the higher respon-
siveness of spinal cord dorsal horn neurons processing input from the lesions and adjacent
viscera [51]. Peripheral sensitization promotes central sensitization, and this is subsequently
maintained by persistent input to the central nervous system from sensitized sensory
afferent fibers [52].

A greater presence of multiple, small unmyelinated nerve fibers has been reported in peri-
toneal endometriotic lesions of women with confirmed endometriosis compared with the peri-
toneum of women without endometriosis. Similarly, there is higher density of nerve fibers in
ovarian endometriomas compared with normal ovaries of women with ovarian endometrio-
mas and normal ovaries of healthy women. Deep endometriotic lesions have not only higher
fibromuscular content [53], but also higher nerve fiber density than peritoneal and ovarian le-
sions [54,55]. This phenotype of endometriosis tends to develop in richly innervated anatomical
sites, such as uterosacral ligaments or bowel (Fig. 10.2A and B) [8]. These reasons may explain
why deep endometriosis is considered the most severe form of endometriosis, causing severe
pain in the majority of patients [56]. Whereas a direct correlation between a higher density of
nerve fibers in endometriotic lesions and the pain perceived has been reported for peritoneal
lesions, this evidence is more controversial for deep rectovaginal nodules [57].

Some authors postulated that a qualitative imbalance of nerve fibers, consisting in an in-
crease of sensory nerve fibers and a concomitant loss of sympathetic nerve, may contribute
to the genesis of pain in endometriotic implants. This autonomic dysregulation has been pre-
viously reported in peritoneal and deep endometriosis [58,59].

Immune system and neuroangiogenesis: a bidirectional signaling mechanism

One of the consequences of immune cell activation in the endometriosis microenvironment
is the production of cytokines, growth factors, and eicosanoids that can simultaneously stim-
ulate lesion innervation and neovascularization through a coordinated mechanism known as
neuroangiogenesis [12].

Patients affected by endometriosis have an elevate number of inflammatory cells in proximity
to nerve fibers; interestingly, the presence of inflammatory cells near the new peri-endometriotic
nerves seems to be more pronounced in women with more severe symptoms [57,60].

Activated mast cells and macrophages can release numerous pronociceptive mediators.
Cytokines, chemokines, complement components, hydrolytic enzymes, ROS, and growth
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factors, which have higher concentrations in the peritoneal fluid or endometriotic lesions of
patients affected [61], are able to directly activate sensory nerve ending [8]. In fact, a prono-
ciceptive effect through the sensitization of sensory nerve fibers by PGE2, having elevate con-
centrations in peritoneal fluid of women with endometriosis [62,63], has been largely
demonstrated [51].

It is well known that cell necrosis and tissue degeneration can lead to acidification of
extracellular microenvironment [52]. This pH decrease is directly detected by several recep-
tors present on sensory nerve fibers, such as transient receptor potential cation channel sub-
family V member 1 (TRPV1) [64]. Notably, production of ROS can directly exert a
pronociceptive effect by sensitizing sensory nerve fibers through TRPV1 action [65,66]. In

FIGURE 10.2 (A and B) Immunohistochemical staining of ganglionic and nervous cells within a rectal endo-
metriotic nodule. The purified immunoglobulin fraction of rabbit polyclonal anti-serum for cow S-100 protein (Dako,
Denmark) is used.
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a rat model of endometriosis, sympathetic and sensory C and Ad fibers expressing TRPV1
protein largely innervated endometriotic lesions. It is presumable that these fibers may
contribute to the formation of a proinflammatory microenvironment of dorsal root ganglion
neurons from L1-S1, which specifically innervate the pelvis and pelvic organs and, prob-
ably, are responsible for pelvic floor hyperalgesia [67]. Furthermore, an increased numbers
of TRPV1-positive nerve fibers have been found in endometriotic lesions of women with
chronic pelvic pain compared to endometriotic lesions of women without chronic pelvic
pain [68].

Nerve fibers themselves also have an active role in the mechanism of inflammatory
pain by secreting proinflammatory neuromediators (Fig. 10.1) [69]. In fact, the peritoneal
fluid of patients with endometriosis contains high concentrations of nerve growth factor
(NGF) and other neuromediators, such as brain-derived neurotrophic factor (BDNF) or neu-
rotrophin (NT) �4 and �5 [70]. Notably, it has been reported that, in an abnormal proin-
flammatory microenvironment, macrophages can directly stimulate the synthesis of these
neurotrophins [71].

NGF is one of most important neurotrophic factor and neuropeptide involved in the regu-
lation of neuronal growth, proliferation, and survival [72]. Produced by innate immune cells
under the stimulus of IL-1 and TNF-a [73], this neuropeptide may promote a positive proin-
flammatory feedback stimulating macrophage chemotaxis, activation of mast cells [74,75]
and release of other neuroactive cytokines or inflammatory mediators [76]. Some authors
found an elevated immune-intensity of NGF in endometriotic stroma and epithelium from
women suffering deep dyspareunia compared to women without deep dyspareunia [77].

Angiogenic and neurogenic growth factors, VEGF and NGF, respectively, are largely coex-
pressed in both eutopic endometrium and ectopic endometrial tissue of women affected by
endometriosis [8]. These molecules can stimulate neuronal migration, axonal growth and
blood vessels growth; in fact, the filopodia of both endothelial cells and axons express several
receptors, accounting for the different roles of several biological factors in nerve and blood
vessel remodeling [8].

Additionally, the presence of substance P has been described within sensory nerve fibers of
peritoneal and deep endometriosis lesions [78,79] (Fig. 10.3). This neuropeptide acts as a
neurotransmitter and neuromodulator, being able to induce vasodilatation dependent on ni-
tric oxide release and being involved in the axon reflex-mediated vasodilatation to local heat-
ing as well as wheal and flare reaction. In endometriotic implants, substance P can enhance
activity of mast cells and macrophages, inducing the release of IL-8, IL-6 and TNF-a [57].
Moreover, higher substance P and NGF expressions were found in the superficial dorsal
horn of the spinal cord in rats with deep sciatic endometriosis [80]. An aberrant expression
of the neurokinin 1 receptor (NK1R) of substance P has been also reported in endometriotic
lesions [81]. Notably, the NK1R polymorphism rs811 seems to be associated with a lower risk
of disease recurrence; thus, supporting the pathogenic role of neurogenic inflammation in this
benign chronic condition [82].

In summary, neurogenic inflammation has a critical role in pain related to endometriosis.
Proinflammatory mediators and neuropeptides released by endometriotic cells and sensory
nerve fibers, respectively, may constitute a bidirectional signaling mechanism, which acti-
vates the nociceptive system response as well as further maintains and increases the inflam-
matory microenvironment in ectopic implants.
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Overall, persistent nociceptive input from endometriotic implants may cause central sensi-
tization due to the higher responsiveness of spinal cord dorsal horn neurons processing input
from the implants and adjacent viscera. Peripheral sensitization promotes central sensitiza-
tion, and this can be maintained by persistent input to the central nervous system from sensi-
tized sensory afferent nerve fibers [83]. Thus, in women with a long-standing history of this
disease, central neural processing can be altered; therefore, initially peripherally induced cen-
tral sensitization becomes independent of peripheral sensitization. Clinical manifestations of
central sensitization consist in regional allodynia and hyperalgesia, which nevertheless tend
to have modest clinical response to current medical options [83,84].

The role of drug therapy in immunomodulation of pain

COX-2 is an essential therapeutic target for antiinflammatory drugs, such as nonsteroidal
antiinflammatory drugs (NSAIDs), routinely employed for treating pain related to
endometriosis.

The current hormonal medical options for endometriosis comprises combined oral contra-
ceptives, progestins, or short-term treatment with gonadotropin-releasing hormone (GnRH)
agonists or antagonists [85e87]. Aromatase inhibitors, such as anastrozole and letrozole,
which selectively inhibit the action of the aromatase enzyme, have been investigated as single

FIGURE 10.3 Immunofluorescence staining of a rectosigmoid endometriotic nodule showing the presence of
sensory nerve fibers expressing the neuropeptide substance P. A goat polyclonal antibody against substance P is used
(Santa Cruz Biotechnology, Santa Cruz, CA, USA).
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regimen or combined with other hormonal drugs. However, their administration is consid-
ered off-label in women with endometriosis-related symptoms resistant to other therapies
and it should be considered only in the setting of scientific research [88].

All the routinely employed hormonal treatments for endometriosis interfere indirectly
with inflammatory pain by suppressing the cyclical impact of steroid hormones on the le-
sions. Nevertheless, hormonal therapies may have both antinociceptive and immunomodu-
latory proprieties [89,90]; in fact, a substantially reduction of nerve fiber density in eutopic
endometrium and myometrium in women with endometriosis and in peritoneal endometri-
otic implants has been reported after the use of hormonal drugs [91]. As they can upregulate
NGF as well as modulate receptors of neurotrophins [92], estrogens may have a pivotal role
in immune system and nerve fiber modulation, in particular, acting on sympathetic nerve
sprouting.

Overall, the development, maintenance and progression of endometriotic lesions depend
on a variety of altered mechanisms including cell proliferation, immune function, angiogen-
esis and apoptosis. The growing understanding of the mechanisms that are responsible for
the development of pain related to endometriosis is allowing the investigation of new med-
ical opportunities.

Inflammation occurring in endometriosis have been recently targeted by innovative ap-
proaches [93]. TNFRSF1A and c5N, two human recombinant TNF-a antagonists, demon-
strated an inhibitory action against the growth of endometriotic implants in baboons
[94,95]. Etanercept, a dimeric fusion protein consisting of the extracellular ligand-binding
portion of TNF receptor linked to the Fc portion of human IgG1, given to rats with endo-
metriotic implants reduced the volume and histopathologic scores and serum levels of
VEGF, IL-6, and TNF-a [96e98]. Infliximab, a monoclonal antibody directed against TNF-
a, was efficacious in decreasing the size of endometriotic lesions and the plasma levels of ni-
tric oxide in rat model of endometriosis [99]. These results paved the way to a randomized
controlled trial including women suffering severe pain caused by rectovaginal endometriosis.
Contrary to expectations, infliximab was not able to improve pain related to endometriosis
[100]. Several inhibitors of NF-kB, such as urinary preparation human chorionic gonado-
tropin A, BAY 11e7085 and IkB protease inhibitor (TPCK) have been tested in vitro and
on animal models of endometriosis. All these studies showed a reduction of the expression
of genes regulating the production of inflammatory mediators, extracellular matrix metallo-
proteinases and angiogenetic factors [101e103].

A preliminary clinical trial has shown that the administration of palmitoylethanolamide
and polydatin, aiming to inhibit degranulation of mast cells, is able to control pain in women
affected by deep endometriosis [104]. In a preclinical study on rat model of surgically induced
endometriosis, a siRNA blocking b-NGF caused a higher decrease of the spherical volumes of
implants in comparison with the control group; the concentrations of NGF-b in the sera and
supernatants obtained by peritoneal fluid decreased more in the treatment group compared
to control [105].

As reviewed earlier, new innovative targets for the therapy of endometriosis have been
identified; however, the majority of new compounds have only been investigated in
in vitro/animal studies; in the near future novel experiments should elucidate their efficacy
and safety before translating their investigation in humans.
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Introduction

The endometrium is a steroid hormone-dependent tissue that is the anatomic prerequisite
for successful pregnancy, and in the absence of pregnancy is sloughed as the menses, self-
renewing in subsequent nonpregnancy cycles and postpartum [1]. The tissue is comprised
of multiple cell types, including glandular epithelium, luminal epithelium, stromal fibroblasts
(eSF), vascular endothelium and smooth muscle cells, resident and transient immune cells,
and stem cells. Normal tissue homeostasis and regeneration require programmed cellular
proliferation, differentiation, apoptosis, and migration in response to dynamically changing
circulating levels of estradiol (E2) and progesterone (P4) and in response to paracrine
interactions among tissue cellular constituents. Critical are communications among different
endometrial immune cells with each other, with other endometrial cells types, and with the
invading trophoblast. Abnormalities in any of these cellular responses to steroid hormones or
paracrine crosstalk can disrupt the homeostasis and functionality of the tissue. Indeed,
several reproductive disorders, including endometriosis, polycystic ovarian syndrome, uter-
ine fibroids, adenomyosis, endometrial hyperplasia, and cancer are associated with abnormal
endometrial cellular interactions and hormonal responses that result in tissue dyshomeosta-
sis, infertility, and poor pregnancy outcomes [2].

Endometriosis is a common, E2-dependent inflammatory disorder causing chronic pelvic
pain and infertility [3,4]. Retrograde migration during menses of endometrial tissue into
the pelvis results in peritoneal and ovarian disease accompanied by neuroangiogenic and
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inflammatory responses, scarring and fibrosis [5]. Abnormalities within the eutopic endome-
trium (within the uterus) are believed to lead to disease formation, with epithelial cells being
clonal in endometriotic lesions [6]. There is local inflammation in the ectopic pelvic lesions and
within the eutopic endometrium; additionally, women with endometriosis display signs of
systemic inflammation [3,4,7]. The inhospitable environment in the pelvis and uterus
contribute to infertility in affected women, largely due to adverse inflammatory effects on
oocytes, sperm, embryos, and in the endometrium, as well as anatomic distortion due to
scarring and fibrosis [8]. Moreover, women with endometriosis who achieve pregnancy
have poorer outcomes than those without disease, believed largely due to the proinflammatory
environment in the endometrium and effects on the processes of nidation and placentation [2].

We have previously shown that the endometrium of women with endometriosis displays a
proinflammatory phenotype [9]. What contributes to this phenotype is an area of active
investigation. A recent meta-analysis of mostly our whole genome endometrial transcriptome
data reveal activated dendritic cells (DCs), CD4 T effector memory phenotype cells, eosino-
phils (EN), macrophages (M4), and natural killer T cells in endometrium of women with
versus without endometriosis [10]. Moreover, other endometrial cells in women with endo-
metriosis contribute to an abnormal endometrial environment and tissue dysfunction [7].
Specifically, eSF display a proinflammatory phenotype acquired within the endometrial
niche, and this cell type and its progenitor, the endometrial mesenchymal stem cell
(eMSC), from women with versus without endometriosis display abnormal responses to P4
(see below). The proinflammatory cytokine IL-1 and the endometrial niche play roles in these
phenotypes [11,12], and IL-11 and seminal plasma can reverse the abnormal P4 responsive-
ness of eSF from women with endometriosis [13].

In addition to advances in the field of immunology, technological advances have been
made in identifying immune cell activation status and elucidating immune cell differentiation
programs and roles of immune cells in the innate and adaptive immune responses, as well
cell-cell interactions at the tissue level. Recently, we have described in detail the immune
populations and their phenotypes in endometrium of women with versus without endome-
triosis [7]. Altered immune cells in eutopic endometrium of women with disease can affect
other endometrial cell populations, predisposing to lesion establishment, survival, and
growth. Several studies have reported changes in eutopic endometrium of women with
and without endometriosis in terms of gene expression, angiogenesis, immune components,
cytokine production and presence of nerve fibers [9,14e18]. The current chapter focuses on
the endometrial immune niche and its role in endometrial dysfunction. We focus on immune
and nonimmune cell types in endometrium of women with endometriosis that display a
proinflammatory phenotype, their secreted cytokines and chemokines, and how these
secreted products affect other immune and nonimmune endometrial cells. Moreover, we
discuss the roles of these cells on endometriosis pathogenesis and endometrial dysfunction
in women with disease relevant to menstruation, dysmenorrhea, endometrial regeneration
and repair, infertility, and poor pregnancy outcomes.

Immune cells in endometrium of women with endometriosis

Leukocytes (CD45þ) represent 10%e20% of all endometrial cells [19] and increase in the
secretory and menstrual phases versus the proliferative phase of the menstrual cycle
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[19e23]. Different immune populations, including those in the innate and adaptive immune
systems, are present in this tissue. In women without endometriosis, most endometrial
leukocytes in the proliferative phase are T cells (TCs), uterine natural killer (uNK) cells,
and M4 [24]. In contrast, uNK cells predominate (70%e80%) in the secretory phase with
M4 w30%, and TCs <10% [23]. Not all endometrial immune populations vary equivalently
throughout the menstrual cycle in women with and without endometriosis (Figs. 11.1e11.3);
herein, we highlight these differences.

Innate immune system

There is a large presence of innate immune populations in the endometrium. M4 comprise
the most abundant immune population in the tissue [19,25e28] and, under normal condi-
tions, they increase in the secretory phase [27,29e33]. However, this increase is not observed
in endometrium of women with endometriosis [7]. M4 are traditionally classified as proin-
flammatory (M41) and antiinflammatory (M42). M41 are involved in proinflammatory
responses and M42 in angiogenesis, antiinflammatory processes, and tissue repair [34,35].
The latter constitute the main M4 population in healthy endometrium [34,36,37]. However,
in endometrium of women with disease, M41 predominate throughout the cycle [37,38],
suggesting a persistent, proinflammatory microenvironment therein (Fig. 11.2).

Another antigen-presenting cell found in endometrium is the DC [39]. In normal condi-
tions, immature DCs increase in the secretory phase and menstruation. In contrast, in
endometriosis women, this increase is not observed [40]. Densities of immature and mature

FIGURE 11.1 Different fluctuations of specific endometrial immune populations across the menstrual cycle in
women with and without endometriosis. Dashed lines indicate the distribution of populations in the different cycle
phases (regenerative, proliferative, secretory and menstruation) in endometrium of women with disease, and the solid
lines represent the distribution of the cells in healthy endometrium. Each population is represented with different
colors: purple: T cells and regulatory T cells (Treg); red: uterine natural killer cells (uNK); green: mast cells (MCs) and
neutrophils (NT); yellow: immature dendritic cells (iDCs); and blue: macrophages (M4).
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FIGURE 11.2 Proinflammatory environment in eutopic endometrium of women with endometriosis and its
effects. The main characteristic of eutopic endometrium of women with endometriosis is its proinflammatory
phenotype, which is believed to contribute to symptoms of hypermenorrhea and dysmenorrhea and/or aberrancies
in embryo implantation. Abnormalities in specific immune cells also may lead to endometriotic lesion formation and
development in the peritoneal cavity. The figure shows that defective neutrophils (NT) and macrophages (M4) are
not able to defend the endometrium from microbial attack during menses, leading teleologically to an altered
microbiome in endometrium of women with endometriosis. Moreover, mast cells (MC) in endometriosis, together
with M4, produce MMPs during menses, and angiogenic factors are decreased, resulting in a decrease in angio-
genesis. Thus, the data support abnormalities during menses and during regeneration of the endometrium
concomitantly and thereafter. These factors could result in associated hypermenorrhea. Regulatory T cells (Treg) do
not decrease during the secretory phase of the cycle in endometriosis, enhancing the proinflammatory environment.
This phenomenon can be further enhanced by higher production of proinflammatory factors from MC, M4, dendritic
cells (DC), and endometrial stromal fibroblasts (eSF). Furthermore, M4 also enhance neurogenesis and, along with
eSF, produce prostaglandins (PGE2), which contribute to dysmenorrhea. The proinflammatory environment leads to
an increase in ROS, producing constitutive activation of the NFkB pathway, leading to transcription of inflammatory
genes, including prostaglandin synthase. The hypoxic environment together with the proinflammatory factors lead to
an increase of endometrial breakdown and with suboptimal repair can lead to hypermenorrhea. In addition, M4 and
DC do not increase during the secretory and menstrual phases (and endometrial DC exhibit defective maturation in
women with disease), potentially resulting in compromised clearance of endometrial cells and cell debris during
menses. Thus, endometrial cells (eSF and epithelial cells (Ep)), which have higher adhesion properties and are less
apoptotic in women with versus without endometriosis migrate to the peritoneal cavity, adhere, and develop
endometriotic lesions. Finally, the proinflammatory endometrium could lead to abnormal embryo implantation,
exacerbated by uterine natural killers (uNK), which are more cytotoxic in infertile women with endometriosis.
Altogether, the evidence suggests that the proinflammatory environment in endometrium of women with versus
without endometriosis, is a result of multiple types of endometrial immune and nonimmune cells and results in
disease-associated symptoms, as well as the pathophysiology of endometriosis and reproductive outcomes in
affected women. Nonetheless, this diagram should be taken with some reservation, as it is a general summary of
multiple factors involved in the endometrial dysfunction in women with endometriosis. More studies are needed to
elucidate the specific roles of each endometrial cellular population and their secreted factors in dysfunctionality of the
tissue in affected women.
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FIGURE 11.3 Model of disease phenotype of eMSC and eSF in eutopic endometrium of women with
endometriosis. Top panel: normal eMSC progenitors differentiate both in vivo and in vitro to eSF that decidualize in
response to P4. Bottom panel: in endometriosis, in vivo differentiated eSF inherit P4-resistance from eMSC pro-
genitors, failing to decidualize, and acquire a proinflammatory phenotype within the endometrial niche. The eMSC
from endometriosis women differentiate in vitro to eSF that inherit P4-resistance with impaired decidualization, but
eMSC differentiated to eSF outside of the endometrial niche do not acquire the proinflammatory phenotype
displayed by their in vivo differentiated counterparts. eMSC, endometrial mesenchymal stem cells; P4, progesterone.

FIGURE 11.4 eSF as master regulators of eutopic endometrium of women with endometriosis phenotype. The
eSF as a “master regulator” of endometrial function has multiple interactions with immune, epithelial, and endo-
thelial cells and sensorial neurons throughout the menstrual cycle as well as in early pregnancy (along with tro-
phoblasts). As the figure shows, eSF can mediate multiple functions, such as recruitment of cells, migration,
angiogenesis, synthesis of lipids, proliferation, and other.DC, dendritic cells; End, endothelial cells; Ep, epithelial cells;
eSF, endometrial stromal fibroblasts; MC, mast cells; M4, macrophages; NT, neutrophils; TC, T cells; uNK, uterine
natural killer cells.



endometrial DCs are higher and lower, respectively, in women with versus without disease
[40,41], suggesting blunted DC maturation in women with endometriosis (Fig. 11.2). Recent
evidence suggests activation of endometrial DCs in women with disease [10].

Mast cells (MCs), neutrophils (NT), and other innate immune populations do not change in
numbers across the cycle [42,43]; however, their activities increase prior to menstruation in
normal endometrium [42,44], but not in women with endometriosis [45], indicating a more
dormant state in the latter. MCs can be activated by EN, which are granulocytes involved
in initiation of inflammatory responses [46]. In general, EN mediators have vasoactive effects,
promote histamine release by MCs, and activate M4 and endothelial cells [44], implicating
them in angiogenesis and tissue remodeling. Another key population in endometrium are
uNK [47], which increase markedly in the secretory phase and are important in pregnancy
establishment [21,23,25,32,48e53]. In women with endometriosis, however, while uNK
display the same pattern [54,55], their cytotoxic activity is diminished, suggesting a role in
infertility and poor pregnancy outcomes in women with this disorder [56] (Fig. 11.4).
Recently, uNK T cells have been suggested to be higher in women with stage I/II disease
versus controls [10]. Their roles in the endometriosis proinflammatory endometrial pheno-
type remains to be determined.

Adaptive immune system

In addition to the innate immune system, the adaptive immune system is a major player in
endometrial biology. Regulatory T cells (Tregs) increase prior to ovulation [57], providing an
immune-tolerant environment for embryo implantation through secretion of immunosup-
pressive cytokines such as IL-10 and TGF-b [57e60]. Tregs regulate M4, MC degranulation,
DCs, NT, EN, B cells, TCs, and uNK cell function and proliferation, all of which having a role
in menstruation [22,61]. Conflicting information prevails in the literature about TCs variation
across the cycle in women with versus without endometriosis [7]. The most consistent data
reveal that TCs are higher in the proliferative phase of women with versus without disease;
whereas, in the secretory phase numbers are roughly equivalent and decrease similarly in
both groups [62,63]. Some studies have demonstrated higher numbers of Treg cells in the
secretory phase compared with the other phases of the cycle (Fig. 11.1), which could have
effects in embryo implantation, and others have reported no differences across the cycle.
However, it is believed that these cells are abnormal in endometriosis [57,64e67].

CD8þ TC toxicity decreases in normal endometrium during the secretory phase, mediated
by progesterone, to minimize an inhospitable environment for an implanting embryo. Their
cytotoxicity, however, has been reported to be elevated in endometrium of women with
endometriosis [68].

Steroid hormone dependence

Variation of immune cell numbers and activities across the cycle suggests regulation by
ovarian-derived steroid hormones. However, there are controversies across studies about
steroid hormone receptor expression in endometrial immune populations [7]. Fortunately,
technological advances are rapidly developing, providing additional information. Single
cell RNA sequencing, e.g., has opened new possibilities to detect expression of these
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receptors. In addition, other technologies, such as mass cytometry, will allow detection of
specific receptors at the protein level in single cells and activation status of individual cellsd
something that has been wanting historically in most studies on endometrial immune cells
broadly and which can also serve to validate deconvolution analyses. Furthermore, visuali-
zation of the combination of RNA and protein at the single cell level is available through
in situ hybridization to detect RNA transcripts combined with immunohistochemistry to
detect proteins [69]. A major opportunity for future research involves whether steroid
hormones directly or indirectly modulate endometrial immune cell functions and why
some populations behave differently in endometrium of women with endometriosis.

Proinflammatory endometrial environment in women with endometriosis

Different cell populations and factors are responsible for the characteristic proinflamma-
tory environment in eutopic endometrium of women with endometriosis, and the most
common are summarized here.

Immune cells

Macrophages (M4)

In healthy endometrium M42 (antiinflammatory responses) are the predominant pheno-
type [34,36,37]; while in endometrium of women with endometriosis the M41 population
(proinflammatory responses) predominates throughout the menstrual cycle [37]. A recent
deconvolution study demonstrated that in early stages of the disease (phase I and II), M41
are predominant in endometrium of women with endometriosis and M42 are predominant
in advanced stages (IIIeIV) [10]. We recently demonstrated that M42 in eutopic endome-
trium of women with endometriosis exhibit proinflammatory properties rather than their
normal antiinflammatory phenotype [38]. Our results indicate that M42 could enhance the
proinflammatory environment in endometrium of women with endometriosis (Fig. 11.2),
as well as have several functional defects, e.g., lack of clearing of endometrial cells and tissue
fragments shed during menstruation, as well as promoting a disadvantageous environment
for embryo implantation during the secretory phase of the cycle. Also, M4 promote a proin-
flammatory gene signature in eSF, including IL-8, CXCL8, MMP3, CYR61, CTGF, among
others [70], which are also related to menstruation and cell adhesion.

Dendritic cells (DCs)

DCs produce cytokines and chemokines, such as IL-6, IL-10, IL-12, TNFa, RANTES, and
MCP-1 that regulate other lymphocyte populations [33,71], and they have a role in the proin-
flammatory environment in endometriosis (Fig. 11.2), in the pathophysiology of the disease
and they may have a role in embryo implantation (see below). The deconvolution study cited
above demonstrated that activated DCs are higher in endometrium of women with endome-
triosis, reinforcing the fact that they are involved in the proinflammatory phenotype of this
tissue [10].
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Mast cells (MCs)

MCs may also contribute to the proinflammatory phenotype observed in endometrium of
women with versus without endometriosis. These cells secrete IL-4, IL-5, IL-6, and TNF-a [44]
which stimulate collagenase and prostaglandin E2 (PGE2) production by eSF [72], which, in
turn, activate M4. In addition, MCs secrete chemoattractant molecules for EN and NT,
including LTC4, LTB4, PGD2, PAF, IL-5 and GM-CSF [44]. The presence of these proinflam-
matory populations, EN, NT, and M4 in endometrium of women with endometriosis is
enhanced [44], supporting a role for MCs in attracting proinflammatory immune cells in
inflammation sites, in this case, the endometrium of women with endometriosis (Fig. 11.2).

Regulatory T cells (Treg)

Another population implicated in the enhanced proinflammatory phenotype in endome-
trium of women with endometriosis is TCs. Treg cells produce potent antiinflammatory im-
mune responses. They regulate M4, MC degranulation, DCs, NT, EO, B cells, TCs and uNK
cell function and proliferation [61,73]. Normally, they increase prior to ovulation, creating a
hospitable environment for embryo implantation [73]. However, this increase is not consis-
tently observed in endometrium of women with endometriosis [74], suggesting that Tregs
cannot trigger the optimal antiinflammatory conditions for embryo implantation in women
with disease and contributing to a more proinflammatory phenotype in this tissue (Fig. 11.2).

Nonimmune cells

Microbial environment

Recently, it has been postulated that the microbiota in eutopic endometrium of women
with endometriosis may promote a dysfunctional immune response, enhancing the influx
of immune populations to the sites of inflammation and thus increasing the proinflamma-
tory phenotype in the endometrial tissue. Different studies have found an increase of
Proteobacteria in endometrium of endometriosis cohorts [75]. However, more studies are
needed to determine the presence and role of the microbiome in endometrium of women
with endometriosis [75].

Endometrial epithelial cells

Endometrial epithelial cells can secrete IL-11 by the action of other cytokines and may be
involved in the pathophysiology of the disease (see below). However, to our knowledge, a
clear role of epithelial cells to the proinflammatory phenotype observed in eutopic endome-
trium of women with endometriosis has not been described.

Endometrial stromal fibroblasts (eSF)

While immune populations predominantly demonstrate a proinflammatory phenotype in
endometrium of women with endometriosis, other cell types also dodin particular the eSF.
Abnormalities in eSF within the uterus of women with disease (and in ectopic lesions) include
aberrant production of E2 and PGE2 [76], resistance to P4 action and a proliferative and inva-
sive phenotype [14,77e79], fibroblast activation marker expression [80], incomplete lineage
differentiation and resistance to apoptosis [80]. Thus, there is a defect on eSF differentiation
program (“decidualization”) during the secretory phase of the menstrual cycle, which is crit-
ical for a proper embryo implantation. In addition, eSF in endometriosis exhibit a
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proinflammatory phenotype in vivo that is retained in vitro over multiple passages (Fig. 11.3)
[79,80]. They exhibit gene expression profiles associated with activation and recruitment of
immune cells [14,79,80], and both eutopic and ectopic eSF secrete cytokines, chemokines,
and angiogenic and pronociceptive mediators [67,80e82]. The eSF as a “master regulator”
of endometrial function has multiple interactions with immune cells, epithelium and
endothelial cells throughout the menstrual cycle and in early pregnancy (Fig. 11.4). As che-
mokines, cytokines and growth factors produced by eSF in response to E2 and P4 normally
directly affect endometrial leukocyte function [83], aberrancies in the eSF steroid hormone
response and paracrine modulators may adversely impact immune cells in endometrium
(and in lesions). Therefore, the endometrial immune niche likely contributes significantly to
establishing the proinflammatory state of eSF (Fig. 11.2). Recently, we found that eMSC
are the progenitors of eSF and that the endometriosis eSF P4-resistance phenotype, but not
its proinflammatory phenotype, is inherited from endometriosis eMSC [80] (Fig. 11.3).

The findings that lineage gene instability and P4-resistance are inherited from the endome-
triosis eMSC progenitor, but the proinflammatory phenotype is not, suggest that the endome-
trial niche may act during the differentiation of eMSC to eSF to confer a persistent
proinflammatory phenotype to the progeny eSF in disease [80]. Given the centrality of eSF
in endometrial function and of disease-specific fibroblasts in other inflammatory disorders,
eSF could be key effector cells in the pathogenesis and pathophysiology of endometriosis
with potential as a therapeutic target for disease control and pain relief.

Endometrial mesenchymal stem cells

While eMSC confer on eSF its P4-resistance and abnormal lineage differentiation, it does
not set its inflammatory phenotype [80]. In addition, eutopic eMSC in endometriosis do
not display a proinflammatory profile [80]. This leads to the hypothesis that other cells in
the endometrial niche establish the inflammatory phenotype of eSF in women with endome-
triosis. There is growing evidence that eMSC and perhaps other endometrial stem cells
contribute to endometriosis lesion formation [84,85], although direct proof is wanting.
Stem cells, which express SSEA1 and SOX9, are usually located in the basalis layer. Women
with endometriosis display an abnormal location of epithelial cells in the functionalis layer
with this stem cell-like phenotype, compared to controls during the secretory phase [86].
This indicates that they might have an aberrant function in disease and could be involved
in the pathogenesis of endometriosis. Finally, in experimental models, lymphocytes can affect
MSC differentiation by multiple mechanisms including upregulation of proinflammatory
cytokines, suggesting that crosstalk between MSC and resident immune cell niches may
play a key role in determining the fate/function of MSC in tissues [87,88]. Whether stem cells
are affected by immune cells in endometrium is currently not known and warrants further
investigation.

Cytokines and chemokines

Proinflammatory milieu

In endometriosis, there is clear evidence that the immune niche in the endometrium is
altered, producing a proinflammatory microenvironment, as described above. Genes encod-
ing for proinflammatory cytokines, chemokines and receptors, including CXCL1, CXCL3,
CXCL9, CXCL10, IL-32, CXCR2, and IL-17R are increased in endometrium of women with
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endometriosis [89,90]. Elevated expression of other proinflammatory factors have been re-
ported, including hepatocyte growth factor (HGF) [91], monocyte chemoattractant protein
1 (MCP-1, CCL2) [92], macrophage inhibitory factor (MIF) [93], and eotaxin (CCL11) [94]
that can trigger a cascade of proinflammatory reactions in endometrium of women with dis-
ease. In addition, some of these cytokines and chemokines, among others, have been related
to infertility, including CCL2, CCL5, CXCL1, CXCL8, CXCL13, CXCL14, CX3CL1, CXCL9,
CXCL10, IL-32, CXCR2, and IL-7R [90,94]. Herein, we describe the most studied cytokines
and chemokines in the context of endometrium in women with endometriosis (Fig. 11.5).

Interleukin-1 (IL-1)

There are 11 members of the IL-1 family that display proinflammatory properties [95]. IL-
1a and IL-1b are produced by mononuclear and epithelial cells in response to injury, leading
to inflammation [96]. They act on mononuclear cells by positive feedback, increasing further
production of IL-1 and IL-6 [97]. IL-1b is increased in eSF of women with endometriosis as
well as in ectopic lesions [91,98]. In endometriosis, IL-1b inhibits connexin-43 (Cx43), a critical
protein for embryo implantation; moreover, it also inhibits eSF differentiation/decidualiza-
tion [99], key for pregnancy establishment. Of note, eSF treated with IL-1b in vitro display
decreased Cx43, along with inhibited secretion of the decidualization markers prolactin
and IGFBP-1 [99]. Mechanisms underlying this process have promise to reveal therapeutic
targets to correct the dysregulated decidualization in women with endometriosis.

FIGURE 11.5 De-regulated cytokines in eutopic endometrium of women with endometriosis. The figure
shows the endometrial cells that produce specific cytokines that are deregulated in endometrium of women with
endometriosis. Green arrows indicate that they activate or promote the expression of the molecules. Red arrows indicate
inhibition of molecules or processes. The deregulation of these specific cytokines have different consequences (black
arrows). BC, B cells; deSF, decidualized endometrial stromal fibroblasts; Ep, endometrial epithelial cells; eSF, endo-
metrial stromal fibroblasts; M, monocytes; MN, Mononuclear cells; M4, macrophages; NT, neutrophils; TC, T cells;
Th1, T helpers one; uNK, uterine natural killers.
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Interleukin-6 (IL-6)

IL-6 is a cytokine that it is primarily produced in sites of acute and chronic inflammation.
Increased production of macrophage-derived IL-6 and IL-8 have been described in patients
with endometriosis [8]. IL-6 plays a role in many chronic inflammatory conditions, promotes
B cell and TC activation and is secreted by endometrial M4 and epithelial cells [8]. IL-6 is
involved in growth and differentiation of many immunocompetent cell, and is increased in
endometrium of women with endometriosis and in ectopic lesions [91,98]. In addition, Tseng
et al. found increased basal and IL-1b-stimulated production of IL-6 in an in vitro study by
using eSF from endometrium of women with endometriosis compared to controls without
the disease [82]. This indicates that endometrium of women with endometriosis displays a
chronic inflammatory milieu.

Interleukin-8 (IL-8 or CXCL8)

IL-8 has a role involved in the chemotaxis of NT during inflammation [96] and is a potent
angiogenic agent [97]. This molecule, as well as its receptors, is overexpressed in whole tissue
endometrium of women with endometriosis and may act as an autocrine growth factor
therein [91,98]. It stimulates adhesion of endometrial cells to fibronectin, suggesting a role
for it in the pathophysiology of the disease by promoting cell attachment [100]. In addition,
IL-8 is elevated in peritoneal fluid of women with endometriosis and its levels correlate with
the disease severity [100]. Thiazolidinedione drugs attenuate IL-6 and IL-8 production, result-
ing in a potent antiinflammatory effect [94] and making these two chemokines candidate
targets for endometriosis treatment.

Tumor necrosis factor alpha (TNF-a)

TNF-a is produced by M4, uNK, NT, and Th1 cells [101]. It has angiogenic effects, acti-
vates the NFkB inflammatory pathway and is increased in endometrium and peritoneal fluid
and endometrium of women with early stage endometriosis [96]. TNF-a activates inflamma-
tory leukocytes and stimulates M4 to produce other proinflammatory cytokines such as IL-1,
IL-6, and more TNF-a [97], thereby enhancing the proinflammatory phenotype of endome-
trium of women with endometriosis. It also induces expression of COX2, an enzyme that
regulates the formation of PGE2, which can attenuate M4 cytotoxicity and promote local
E2 synthesis, cell proliferation, and angiogenesis, promoting an enhanced tissue growth.

RANTES (CCL5)

RANTES, a chemoattractant for monocytes, secreted by some epithelial and mesenchymal
cells [101], T helper cells and EN, is also upregulated in eSF in response to IL-1 and TNF-a
[102], suggesting that it is an important mediator in acute and chronic inflammation [101].
In addition, it has been demonstrated that eSF from women with and without endometriosis
also produce this cytokine in vitro after stimulation with TNF-a, IFN-g, E2 and MPA, the
latter mimicking the secretory phase of the menstrual cycle [103]. As with most of the
cytokines noted herein, CCL5 is also increased significantly in peritoneal fluid of women
with endometriosis compared to controls and correlates with disease stage [104]. There is
clear evidence that CCL5 recruits M4 in ectopic endometriotic lesions [94]. By extrapolation,
it is tempting to propose that elevated CCL5 in endometrium of women with disease contrib-
utes to the proinflammatory endometrial phenotype detrimental to pregnancy establishment
and maintenance in affected women.
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Monocyte chemoattractant protein 1 (MCP-1/CCL2)

As its name indicates, monocyte chemoattractant protein 1 (MCP-1), regulates infiltration
and migration of monocytes and M4 to sites of inflammation. In endometrium of women
with endometriosis, CCL2 is increased compared to controls. It is produced by epithelial cells
and M4, consistent with greater infiltration of M4 in endometrium of women with endome-
triosis (see above). CCL2 is also increased in peritoneal fluid of women with endometriosis,
and its levels correlate with the disease severity [94], suggesting that this chemokine contrib-
utes to the proinflammatory environment in the endometrium and the pelvic cavity of
women with disease.

Eotaxin (CCL11)

Eotaxin, produced by endometrial epithelium, is a chemoattractant for NT and EN and is
believed to be involved in the pathogenesis of endometriosis and angiogenesis [105,106].
Epithelial cells in endometrium of women with endometriosis secrete more CCL11, compared
to controls [95]. As with CCL2, CCL11 is elevated in peritoneal fluid and is related to disease
severity [94].

Interleukin 11 (IL-11)

Interleukin-11 is a member of the IL-6 family of cytokines and is released by decidualized
cells and acts on adjacent nondecidualized eSF [22]. In addition, it is released by epithelial
cells and eSF in human endometrium, and its release is enhanced by other cytokines, such
as TNF-a, IL-1a and TGF-b in vitro, all postulated to have a role in embryo implantation
[107]. This interleukin is essential for embryo implantation in mice [108]. In eutopic endome-
trium of infertile women with endometriosis (regardless of disease stage), IL-11 is decreased
during the window of implantation [109]. However, no significant differences between IL-11
levels in uterine flushings of women with minimal stage of disease have been reported [110],
suggesting no receptivity defect promoted by endometrial IL-11 levels in infertile women
with disease.

Role of endometrial cells in endometriosis pathogenesis and tissue
function/dysfunction

Endometriosis pathogenesis

Differences in numbers and, to some extent, activation status of endometrial immune pop-
ulations in women with and without endometriosis (Fig. 11.1) suggest potential roles for
these cells in the pathogenesis of the disease. For example, endometrial M4 and DCs increase
in the secretory and menstrual phases normally, presumably to eliminate cell debris and
apoptotic endometrial cells during the endometrial shedding [111]. However, this phenome-
non does not occur in women with endometriosis [111], suggesting inefficient clearance of
endometrial cells and debris during menses and thereby facilitating establishment of
endometriotic lesions (Fig. 11.2). Moreover, coculture of eSF with M4 significantly increased
the eSF clonogenic and invasion properties [112]. These studies overall support the theory
that abnormal M4 can promote establishment of endometriosis. Survival of endometriotic le-
sions is due mainly to their highly angiogenic characteristics and decreased apoptotic
potential [113e115].
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Another immune population that could be involved in the pathogenesis of the disease is
Treg, as in one study, Foxp3, a marker of Treg, was significantly higher in endometrium of
patients with advanced endometriosis compared to lesser disease and controls [116].

In addition, BCL2, as well as adhesion molecules, such as ICAM3 and SELL, are increased
in endometrium of women endometriosis [89,117]. This indicates that endometrial epithelial
cells and eSF in some women have higher survival and greater adhesive properties,
increasing their capacity to implant and adhere to the mesothelium favoring, therein, the
development of endometriosis (Fig. 11.2). Importantly, cyclic fluctuations of endometrial
immune populations and their aberrant functionalities may also affect endometrial
functionde.g., embryo implantation (see below).

Tissue shedding

Some immune populations are involved in menstruation, the process involving tissue
breakdown and bleeding due to multiple factors and involving multiple cell types. An
increase of ROS in eSF activates the NFkB pathway, which activates transcription of proin-
flammatory genes resulting in increased prostaglandins, chemokines and matrix metallopro-
teinases (MMPs). These activate secretion of degradative enzymes from different leukocytes
and other cell types (e.g., eSF) that, together with the hypoxic environment induced by
prostaglandins, produce endometrial desquamation. The NFkB pathway is constitutively
activated in eSF in women with endometriosis [118], suggesting it may enhance duration
of menstruation (Fig. 11.2). Hypermenorrhea is a common symptom of endometriosis, and
some immune populations are implicated in heavy menstrual bleeding in some women
with disease. In general, the main endometrial immune populations involved in this process
are M4, MCs, DCs, NT, Treg, and EN [61]. Withdrawal of progesterone during the secretory
phase enhances the secretion of specific molecules by endometrial cells, such as IL-8 and
MCP-1, which, in turn, increase the influx of these populations to the endometrium.

Importantly, the increase of M4 during menses suggests an important role for this cell type
in defending the host from microbial entry into the degraded endometrium when the epithe-
lial layer is breached. NT have a similar role, as they express defensins. That these two
populations behave differently in endometriosis during menstruation suggests that protec-
tion against microbial agents may be altered in women with disease (Fig. 11.2). Notably,
the endometrial microbiome of women with endometriosis is different from healthy endome-
trium [75].

Another population involved in the process of menstruation are MCs. MCs trigger a
cascade of MMPs necessary to degrade the extracellular matrix resulting in tissue desquama-
tion. As described above, in healthy endometrium, these cells increase their activity during
menses; however, this process does not occur in endometriosis [7], indicating that the detach-
ment process of endometrium may be altered in women with disease. Nonetheless, their
influx is also increased in menstrual phase [7]. The increase of proinflammatory mediators
produced by these cells may contribute to prolonged bleeding during menses in women
with endometriosis and can affect recruitment of other endometrial leukocytes necessary
for a programmed endometrial breakdown (Fig. 11.2). In addition, MCs also secrete heparin,
an anticoagulant, which could also contribute to abnormal uterine bleeding [61].

Role of endometrial cells in endometriosis pathogenesis and tissue function/dysfunction 181

II. The role of immune factors in endometriosis-related conditions



Dysmenorrhea and pelvic pain

The most common symptoms of endometriosis are dysmenorrhea and chronic pelvic pain.
Other symptoms are pain during intercourse (dyspareunia), diarrhea, constipation, fatigue,
and nausea [4]. Some symptoms may derive from immune cell aberrations. For example,
among other functions, M4 are also involved in neurogenesis [119]. An imbalance in sensory
innervation together with secretion of different cytokines increase neurogenesis in endome-
trium of women with endometriosis and peripheral neuro-inflammation, which may increase
pain perception [119]. Moreover, dysmenorrhea and chronic pelvic pain are mostly derived
from the actions of proinflammation cytokines, chemokines and prostaglandins. The latter
are key modulators of dysmenorrhea (Fig. 11.2). Under the influence of P4, prostaglandin
dehydrogenase (PGDH) levels are maintained in endometrium, metabolizing prostaglandins
[22]. With progesterone withdrawal preceding menses, PGDH is downregulated. As endome-
trium in women endometriosis is P4-resistant [11], this mechanism could result in elevated
levels of prostaglandins, accompanied by increased uterine peristalsis and cramping during
menstruation.

Tissue regeneration and repair

Some immune populations are also involved in tissue regeneration and repair. M4 and NT
can change their phenotypes from pro- to antiinflammatory and contribute to reepithelializa-
tion and endometrial repair [22]. M42 are known to have tissue regenerative and angiogen-
esis properties but, in endometriosis, they show an M41 phenotype. Thus, it is feasible to
extrapolate that it could delay regeneration of the endometrium, as they do not express their
normal angiogenic phenotype (Fig. 11.2). Since endometrial breakdown and repair occur
simultaneously, it is difficult to define the phenotypes associated with each condition and
more studies are needed to determine which mechanisms are dysfunctional in this popula-
tion in endometriosis, e.g., altered activation/inhibition pathways or receptors.

Another population involved in tissue regeneration is the CD8þ TCs, which are cytotoxic
in the regenerative and proliferative phases, likely facilitating clearance of tissue debris from
the endometrial cavity after endometrial breakdown [61]. However, in endometriosis, and as
discussed above, their cytotoxicity is diminished, contributing as well to ineffective cell debris
clearance. Endometrial cells that are dysfunctional in women with endometriosis, by either
not clearing the cell debris or not properly regenerating the endometrial layer, could have
an effect on the duration and volume of menstruation. More studies are needed to elucidate
specific mechanisms underlying dysfunctions in endometrial cells from women with
endometriosis, as the roles of these populations and mediators in the menstrual phase
have been mostly described in women without the disease.

Implications for pregnancy

Immune cells

The immune system is fundamental to human reproduction, since pregnancy success
depends on its homeostasis. A network of chemokines and cytokines mediates the dialogue
between the maternal immune cells, the trophoblast, and the decidua. The endometrium
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takes on great importance, as it plays an indispensable role in embryo implantation and
successful pregnancy. Appropriate cytokine balance, sufficient levels of steroid hormones,
and correct phenotype of endometrial immune cells and other endometrial cell functionalities
are key. Given the dynamic involvement of the endometrial immune niche in endometrial
function, pregnancy establishment, tolerance of the fetus, and custodians against infection,
abnormalities in this niche can have severe consequences.

Appropriate functions of specific immune populations are crucial for cell-mediated im-
mune tolerance. For example, TCs promote maternal-fetal immune tolerance; uNK cells regu-
late trophoblast invasion and enhance vascular remodeling by the extravillous trophoblast;
and M4 and DCs and their subtypes protect against infection [48,120,121]. Abnormal func-
tions could result in infertility or have adverse consequences for the fetus. During pregnancy,
there is influx of immune cells in the endometrium that are necessary for placental formation
and fetal development. However, in abnormal microenvironments, recognizing the embryo
as foreign and attacking it, could lead to adverse pregnancy and reproductive outcomes.
Notably, women with endometriosis have higher risk of infertility due, in part, to endome-
trial abnormalities [7,102]. They also have higher risks of ectopic pregnancy and miscarriage,
and implantation disorders, e.g., preeclampsia [122].

Specific immune populations may be implicated in embryo implantation abnormalities or
complications in pregnancy in women with endometriosis, including mature DCs (mDCs),
NT, T helper cells, and uNK cells. For example, mDCs density is significantly reduced in
women with the disease [40,123] accompanied by predominance of iDCs in women endome-
triosis, resulting in a more proinflammatory and inhospitable environment for pregnancy
compared to controls. Another example is the augmented NT influx (see above) that may
also have implications in pregnancy success. NT produce IFN-g in eutopic endometrium
[124]. This cytokine has different roles in endometrium by controlling its growth, differenti-
ation and immune responses accompanying implantation and/or maintenance of pregnancy
[125]. If there is dysregulation of NT homeostasis in endometrium, consequences in reproduc-
tive outcomes could be significant.

Th2 cells increase during the secretory phase [126] and their numbers are increased in
successful early pregnancies [127]. The suppression of a proinflammatory environment in
normal eutopic endometrium is a mechanism that facilitates embryo implantation and preg-
nancy maintenance. Th1 predominate in normal nonpregnant human endometrium, while
Th2 are higher in early pregnancy [126]. Cytokines released by Th1 are associated with
pregnancy loss and infertility [124], while enhanced Th2 responses are associated with fetal
survival [128]. There is lack of information of Th1 in endometrium of women with endome-
triosis. However, it is known that Th1 responses are increased in peripheral blood of women
with endometriosis [74] as well as in endometriotic lesions [59]. Therefore, it is of great
interest to study these two populations in endometrium of women with endometriosis. In
addition, Treg cells were increased in endometrium of women with primary infertility and
endometriosis, compared to controls [116]. Furthermore, one of the most important endome-
trial immune populations in pregnancy establishment and maintenance is uNK cells [129].
They produce angiogenic factors, such as angiotensin 2 (ANG2), to promote blood vessels
maturation, facilitating formation of endometrial spiral arterioles, crucial for a successful
implantation and pregnancy [130,131]. They also secrete cytokines such as TNF-a, TGF-b,
IL-2, LIF, GM-CSF, CSF-1, CXCL10, and CXCL12 [131] that regulate trophoblast invasion
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and promote decidualization of eSF and successful development of the placenta. Hence, uNK
are key players in embryo implantation [132]. Dysregulation of their numbers or functionality
could produce implantation failure, as has been reported in women with endometriosis [132]
(Fig. 11.2). In normal conditions, uNK have decreased cytotoxicity during secretory phase,
which allows a suitable environment for the development of the placenta, facilitating embryo
implantation [50]. In endometriosis, uNK cells have less cytotoxicity [56]. However, in infer-
tile, but not fertile women with endometriosis, uNK cytotoxicity is increased [133]. uNK may
produce cytotoxic factors against trophoblast cells, leading to infertility and/or miscarriage,
which are both more prevalent in women with versus without endometriosis [133].
Therefore, uNK have an essential role in infertility in women with disease. A lack of uNK
maturation in endometrium of women with endometriosis has been reported [47], suggesting
that development of mature uNK cells is dysfunctional in affected women. These defects
could lead to an abnormal endometrial environment during pregnancy and increase implan-
tation failure in women with endometriosis.

Nonimmune cells

Cells other than endometrial immune populations are implicated in potential implantation
defects in women with endometriosis. As described above, eSF cultured in vitro from women
with endometriosis display a P4-resistance and a proinflammatory phenotype compared to
controls [80] and endometrium of women with endometriosis has reduced decidualization
capacity [78] due to their resistance to P4 [80,134]. Teleologically, this may lead to compro-
mised implantation [135]. Interestingly, P4 has well described antiinflammatory properties
[8], suggesting that due to the low response to this hormone by eSF, the endometrial environ-
ment may be even more proinflammatory compared with P4-responsive tissue. During the
secretory phase, epithelial cells and eSF differentiate in response to P4. However, in women
with endometriosis P4-target genes and key receptivity markers are dysregulated during the
window of implantation, suggesting aberrant epithelial glandular development in endome-
trium of women with endometriosis [136]. The poor differentiation of the eSF, due to its
P4-resistance, compromises its paracrine signaling to adjacent epithelial cells and thus
differentiation of the latter, important for nidation and pregnancy success (Fig. 11.2). Notably,
deficiency of retinoic acid produces deficiency of HDS17B2, an essential enzyme to inactivate
E2 in the epithelium-embryo interface during the implantation window [137]. Thus, an
increase of E2 that enhances estrogen-driven inflammation by recruiting proinflammatory
immune cells, may lead to implantation failure in endometrium of women with disease [138].

Altogether, these processes can compromise implantation and lead to poor obstetric out-
comes in women with endometriosis. Nonetheless, more studies are needed to elucidate
the role of each specific endometrial cell population and the factors involved in these
interactions, to drive discovery of practical treatments for implantation failure and poor
pregnancy outcomes in women with endometriosis.

Conclusions

Altogether, multiple studies support the concept that the endometrial niche in endome-
trium of women with endometriosis is more proinflammatory than in women without dis-
ease, disrupting endometrial function and contributing to associated symptoms and
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compromised pregnancy outcomes. Fig. 11.2 shows a summary of the concepts proposed in
this chapter. The impact of the proinflammatory endometrial environment on pregnancy out-
comes of women with endometriosis awaits further study. Moreover, deep phenotyping of
the immune populations within the endometrium of women with disease is of paramount
importance.

Funded by: NIH NICHD National Centers for Translational Research in Reproduction and
Infertility P50-HD055764.
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Introduction

Endometriosis is an estrogen dependent chronic inflammatory disease. Pelvic pain and
infertility are main symptoms of the disease. Although exact pathogenesis of this enigmatic
disease is not fully understood, retrograde menstruation may evoke local inflammation via
activating innate immune system in pelvis [1]. Although most of women of reproductive
age may show retrograde menstruation, the prevalence of endometriosis is estimated as
about 10% of women at reproductive age and they may be found in 50% of women with
infertility [2]. Implantation and survival (and/or metaplastic change) of cellular components
in menstrual reflux may be affected by specific pelvic environment in women with endome-
triosis. These observations may indicate that individual immune response in pelvic cavity
may contribute to the development of endometriosis.

Endometriotic lesions develop at pelvic peritoneum surrounding uterus and adnexa are
designated as pelvic peritoneal endometriosis. These lesions may show varieties of color
and shape depending on their activity (red, black, and white lesion). In the ovary, superficial
implants may progress into cyst which contain chocolate like fluids (endometrioma or choc-
olate cyst). At the pouch of Douglas, uterosacral ligament, and recto-vaginal septum, fibrotic
nodular lesions may be formed, of which are designated as deep infiltrating endometriosis
(DIE). Different phenotype of endometriotic lesions may have different pathogenesis [3]. It
may also discernible that immune response and inflammation surrounding the lesions may
differ according to the anatomical site and phenotype of endometriosis.

There may be three distinct functions of ovary. (1) Follicular development: development of
mature follicle from dormant primordial follicles to ovulation. (2) Secretory functions:
maturing follicle and corpus luteum secrete sex steroid hormones that could prepare endome-
trium for embryo implantation. (3) Reservoir of primordial follicles: in women, the number of
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follicles is finite. Ovarian reserve is designated as the amount and quality of remaining folli-
cles at certain time [4]. Protecting the dormancy of primordial follicles is one of the key roles
of ovaries. Endometriosis possibly affect these ovarian functions.

In this chapter, the association between endometriosis and ovarian dysfunction are dis-
cussed according to the association between ovarian functions and local inflammation and
immune reaction evoked by endometriosis. Clinical significances of ovarian dysfunction
related to endometriosis also discussed.

Functional structure and cellular components of human
ovary and endometriosis

Adult human ovary can be separated into two parts, the cortex and the medulla. The
ovarian cortex is the outer part of the human ovary and it is covered by ovarian surface
epithelium (OSE), which is a continuum of pelvic peritoneum, common developmental site
of endometriosis. The OSE may show monolayer of flat, cuboidal, and columnar appearance
in different areas of the same ovary. These ovarian epithelia can be invaginated into the inside
of ovarian cortex to form epithelial inclusion glands. They become cystic, resulting in epithe-
lial inclusion cysts, which have been postulated as the origin of ovarian endometrioma based
on the metaplasia hypothesis [5]. Beneath the OSE, tunica albuginea, a zone of hypocellular
connective tissue, and an area of cortex-specific stroma with early stage follicles are present in
a layered structure.

Follicles are functional units which maintain the competence of dormant and growing oo-
cytes via surrounding granulosa cells and theca cells. Folliculogenesis in human ovaries be-
gins in the inner part of the cortex at 14e20 weeks of gestation. At birth, approximately
400,000e800,000 primordial follicles are diffusely packed in the ovarian cortex without
gap. Primordial follicle is then progressively disappeared due to atresia. As a result, primor-
dial follicles are found scattered irregularly in clusters (nests) throughout a narrow band of
densely accumulated stroma in the superficial cortex in women of reproductive age. Fibro-
blast like stromal cell and connective matrix with microvasculatures surrounding follicle
act as mediators of nutrients and molecular signals as well as a source of somatic cells for
growing follicles [6e9]. Extracellular matrix in the ovarian cortex and specific collagen fibers
may serve as a rigid frame supporting follicles and stromal cells [10]. Microfibrils, a subset of
the collagen fibers that form extracellular matrix may also serve as signal transduction medi-
ators for dormant and early growing follicles that lack vascular channels [11,12]. Spindle-
shaped ovarian stromal cells are typically arranged in a storiform pattern. The appearance
and density of stromal cells may differ according to the histological sites of the ovarian cortex
and medulla [13,14]. The characteristics of these cellular components may be affected by men-
strual cycles and the developmental stage (maturation) of follicles that differ in sensitivity to
gonadotropin or juxtacrine stimuli.

The mechanism of development of endometriomas is not fully understood. The ovary is
one of the most frequent anatomic sites where endometriotic lesion develop. Ovarian
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endometriotic lesion can be divided into superficial ovarian lesion and ovarian endometriotic
cyst. Similar to peritoneal endometriosis, superficial ovarian endometriosis may be devel-
oped by implantation of endometrial tissue derived from retrograde menstrual flows. These
superficial lesions may form adhesion with pelvic peritoneum nearby. Then incessant
bleeding and secretion from growing endometriotic lesion may form pseudocyst [14].
Although most of the cyst show adhesion stigma and histological structure of pseudocyst,
ovarian endometriomas may also develop from the metaplasia of ovarian inclusion cyst or
corpus luteum cyst [5,15]. From these points of view, endometriomas can be regarded as het-
erogenetic cyst mixed with multiple pathogenesis.

Along with the development of ovarian endometriotic lesions, local inflammation may
occur at surrounding normal ovarian tissue. Even the microscopic superficial lesions may
deteriorate homeostasis of residual normal ovarian tissue. Immune cells, such as macro-
phages, may accumulate at the site of implantation (Fig. 12.1). These macrophages may
secrete varieties of macromolecules that promote growth, metaplasia, migration, and inflam-
mation. Infiltrated immune cells in microscopic endometriotic lesion may affect homeostasis
of dormant and growing follicles in ovarian cortical tissue (Fig. 12.1).

FIGURE 12.1 Representative photomicrograph of hematoxylin-eosin (H.E.) staining, immunohistochemical
detection of CD68 positive cells, and Ｍasson’s trichrome (M.T.) staining of superficial ovarian cortex with endo-
metriotic implants (E). Fibrotic deposits (F) are present at the beneath of endometriotic implants. These are confirmed
by Masson’s trichrome staining. Cortical specific stroma with follicles (C) suppressed under the fibrosis. At these
cortical areas, morphologically atretic early follicles are found (arrow heads in solid line square, which is the view of
high-power field of dotted line square). At the border of endometriotic lesion, the accumulation of CD68 positive
macrophages are confirmed.
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Histological alteration of ovarian cortex in women with
endometriosis: burn-out hypothesis

Most of the follicles in the ovaries are dormant (primordial follicle). The growth and matu-
ration of follicles are controlled by several growth factors depending on the different stage of
follicular development. Anti-Müllerian hormone (AMH), which is predominantly produced
by the granulosa cells of the recruited preantral and early antral follicles from the nest of
primordial follicle (AMH negative) until they become sensitive to gonadotropin [16]. AMH
may work as inhibitor of activation of primordial follicles [17]. In ovaries affected by endo-
metriotic cyst (endometriomas), enhanced activation of primordial follicles is present [18].
At the same time, increased follicular atresia (apoptosis) simultaneously may occur [19].
Inflammatory response may be evoked at the site of microimplants of superficial endometri-
osis. Focal inflammation may cause fibrotic deposits on the surface of ovarian cortex, which
may alter specific histological structures. Progression of fibrosis may destruct densely packed
cortical specific stroma which maintain dormancy of primordial follicles (Fig. 12.1). Once
primordial follicles have activated from resting state, these growing follicles may be exposed
to inflammatory environment, which may be detrimental. Atresia of early growing follicles
may decline local concentration of AMH, which may in turn decrease inhibitory signals to
primordial follicles. This vicious circle of local inflammation can be hypothesized as the
“burn-out” phenomenon (Fig. 12.2). As a result, the demise of early growing follicles is
hole mark of dysregulations of follicular development found in the normal ovarian cortex
affected by endometriomas.

Dysregulation of ovarian functions in endometriosis and
clinical consequences in infertility therapy

Dysregulations of follicular development may result in lower quality oocytes, lower serum
sex steroids levels, and defects in corpus luteum formation. In assisted reproduction tech-
niques (ART), clinical outcomes related to ovarian function, such as ovarian responses to
controlled ovarian stimulation (COS), the number of retrieved oocytes, the quality of
retrieved oocytes, serum estradiol (E2) levels, the fertilization rate, etc., in infertility women
with and without endometriosis had been studied. The results were controversial. These may
be due to the difference in study design and heterogeneity of the subjects. In addition,
compensatory effects of COS should be considered. From the recent systematic review, in
ART treatment in women with endometriosis comparing to women without disease, cycle
cancellation due to poor response of ovary is higher, the number of retrieved oocytes is lower,
the fertilization rate is comparable, the implantation rate and clinical pregnancy rate is
comparable but may be compromised in women with severe disease, miscarriage rate and
take-home baby rate are comparable [20]. Although these results may indicate that quantity
rather than quality of follicles are mainly deteriorated in women with endometriosis, oocyte
quality may be deteriorated in women with endometriomas [21,22].

In women with endometriomas, the surgery, especially cystectomy for bilateral lesions,
may cause detrimental effects on ovarian reserve [23]. COS could overcome decreased
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ovarian reserve though the cycles with lower number of growing follicles and low number of
retrieved oocytes may be increased and cancellation of the treatment due to poor ovarian
response cannot be avoided [24]. The effect of surgery on ovarian reserve may be affected
by several confounding variables, such as age, size, the characteristics of the cyst wall,
applied surgical technique, and surgeon’s skill [25].

The effects of the endometriomas without previous surgical interventions on ART results is
controversial. As afore mentioned, endometrioma per se may affect ovarian reserve [14].
However, similar to normal population, ovarian reserve may show large interindividual
variance in women with endometriosis. Severity and durations of intrapelvic inflammation
in women with endometriomas may be affected by coexisting other phenotypes of endome-
triosis, such as pelvic peritoneal lesions or DIE. Prior medical treatment and the methods of
ovarian stimulation in ART cycle may modify the results. These biases should take into
consideration.

There have been a few reports evaluating ovarian reserve in women with endometriosis
who do not have ovarian involvement. The direct effects of pelvic subtle lesions on ovarian
functions may be restrictive. Although some study indicated diminished ovarian reserve
even in women without endometriomas, the data were controversial [27,28]. The efficacy
of ART for women without ovarian involvement may not depend on ovarian functions.

FIGURE 12.2 Altered early follicular development in the ovaries affected by endometriosis may be regarded as
“burn-out” by inflammation, the hypothesis which may explain the mechanism partly responsible for the diminished
ovarian reserve in women with endometriosis. Formation of ovarian endometriotic lesion may cause focal inflam-
mation in ovarian cortex. This inflammation could result in structural alteration to the ovarian cortex, which manifest
as massive fibrosis and loss of cortex-specific stroma that protect the nests of dormant primordial follicles. Focal loss
of follicular density may be associated with a vicious circle of dysregulated follicular development that eventually
results in burn-out of the stockpile of dormant follicles. AMH, anti-Müllerian hormone.
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The metaanalysis revealed that women with endometriosis but without ovarian lesions may
show similar clinical results in ART therapy comparing to women without endometriosis
[21,29]. On the other hand, recent reports evaluated the efficacy of endometriosis in ART
treatments in women with poor ovarian response with women had been operated for endo-
metriomas, women with unoperated endometriomas and control women with diminished
ovarian reserve. The results indicated that the impact of endometriosis on ART is limited
in women with already diminished ovarian reserve [30].

Immunocomplexome analysis of follicular fluids of women with endometriosis

As afore mentioned, local inflammatory reactions surrounding endometriotic lesions may
affect follicular development and the process of oocyte maturation. On the other hand,
several studies have reported a relationship between endometriosis and autoimmune disease
[31,32]. In these reports, endometriosis shows symptoms similar to those of autoimmune
disease. In addition, various auto-antibodies are found in women with endometriosis [33].
Although the relationship between autoimmune oophoritis and endometriosis had not
been clearly demonstrated, a case with mild endometriosis and autoantibodies showed pre-
mature ovarian insufficiency and histological autoimmune oophoritis was reported [34].

Immune complexes (ICs) are formed by noncovalent interactions between foreign antigens
or autoantigens and antibody molecules [35]. Enhanced formation and defective clearance of
ICs occurs in autoimmune diseases [36]. Disease-specific antigens in circulating ICs
(CIC-antigens) in serum or cerebrospinal fluid recovered from subjects with autoimmune
diseases, infectious diseases, and cancers, as well as those who are liver transplant recipients
were reported [37e41]. Formation and deposition of ICs may evoke local inflammatory reac-
tions. In addition, formation of ICs with disease-specific antigens may be involved in disease
pathophysiology by loss of functions of specific molecules that related to these antigens.

The contents of follicular fluid are formed by osmotic pressure gradient generated by
hyaluronan and versican recruits blood exudate into the follicle, and antibodies can pass
through into the fluid [42,43]. Moreover, cytokines, reactive oxygen species, and antioxidants
produced by local inflammation may also be accumulated in the follicular fluid of women
with endometriosis [44]. As well as defective oocyte maturation, altered follicular milieu
may affect the growth of endometriosis. Follicular fluid may spill over the surface of ovary
at the time of ovulation, and may affect the activity of ovarian endometriotic lesion [45].

Follicular fluids derived from women with and without endometriosis were examined by
immunocomplexome analysis, in which ICs are separated from certain body fluids and then
subjected to direct tryptic digestion and nano-liquid chromatography tandem mass spec-
trometry [38] to comprehensively identify and profile constituent antigens in ICs [46]. These
analyses revealed that eight disease-specific antigens were present in women with endome-
triosis. Among them, antigens related to proteins might be involved in the pathogenesis of
endometriosis, such as interleukin-6 receptor subunit beta (also known as gp130), probable
ubiquitin carboxyl terminal hydrolase FAF-Y (deubiquitinating enzyme FAF-Y), and fibro-
blast growth factor receptor 1 (FGFR1) [46]. These proteins are known to regulate local
inflammation, inflammasome formation, or the epithelial-to-mesenchymal transition (EMT)
[47e50]. Loss of function of these molecules by formation of immunocomplex may be related
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to the pathophysiology of endometriosis. Aberrant formation of immune complex in follic-
ular fluids of women with endometriosis may indicate that immune reactions in follicular
microenvironment are altered and it can deteriorate oocyte maturation in growing follicles
and may affect the growth and progression of superficial ovarian endometriotic lesion or
pelvic endometriosis.

Conclusions

Ovarian dysfunction is relevant in infertility associated with endometriosis. Local inflam-
mation may affect follicular growth and primordial follicle dormancy. Diminished ovarian
reserve is hole mark of dysregulation of ovarian functions in women with endometriosis.
Local immune reaction participate in the development of ovarian endometriotic lesion may
also affect homeostasis of follicles. Immunologically altered follicular milieu may disturb
oocyte maturation and growth of endometriosis via ovulation.

References
[1] Khan KN, Kitajima M, Fujishita A, Nakashima M, Masuzaki H. Toll-like receptor system and endometriosis.

J Obstet Gynaecol Res 2013;39:1281e92.
[2] Burney RO, Giudice LC. Pathogenesis and pathophysiology of endometriosis. Fertil Steril 2012;98:511e9.
[3] Nisolle M, Donnez J. Peritoneal endometriosis, ovarian endometriosis, and adenomyotic nodules of the rectova-

ginal septum are three different entities. Fertil Steril 1997;68:585e96.
[4] Broekmans FJ, Kwee J, Hendriks DJ, Mol BW, Lambalk CB. A systematic review of tests predicting ovarian

reserve and IVF outcome. Hum Reprod Update 2006;12:685e718.
[5] Donnez J, Nisolle M, Gillet N, Smets M, Bassil S, Casanas-Roux F. Large ovarian endometriomas. Hum Reprod

1996;11:641e6.
[6] Van Langendonckt A, Donnez J, Defrère S, Dunselman GA, Groothuis PG. Antiangiogenic and vascular-

disrupting agents in endometriosis: pitfalls and promises. Mol Hum Reprod 2008;14:259e68.
[7] Skinner MK. Regulation of primordial follicle assembly and development. Hum Reprod Update 2005;11:461e71.
[8] Oktem O, Urman B. Understanding follicle growth in vivo. Hum Reprod 2010;25:2944e54.
[9] Motta PM, Nottola SA, Familiari G, Makabe S, Stallone T, Macchiarelli G. Morphodynamics of the follicular-

luteal complex during early ovarian development and reproductive life. Int Rev Cytol 2003;223:177e288.
[10] Gilks CB, Clement PB. Ovary. In: Mills SE, editor. Histology for pathologist. 4th ed. New York: Lippincott

Williams & Wilkins; 2003. p. 1119e48.
[11] Gregory KE, Ono RN, Charbonneau NL, Kuo CL, Keene DR, Bächinger HP, Sakai LY. The prodomain of BMP-7

targets the BMP-7 complex to the extracellular matrix. J Biol Chem 2005;280:27970e80.
[12] Sengle G, Charbonneau NL, Ono RN, Sasaki T, Alvarez J, Keene DR, Bächinger HP, Sakai LY. Targeting of bone

morphogenetic protein growth factor complexes to fibrillin. J Biol Chem 2008;283:13874e88.
[13] Reeves G. Specific stroma in the cortex and medulla of the ovary. Cell types and vascular supply in relation to

follicular apparatus and ovulation. Obstet Gynecol 1971;37:832e44.
[14] Kitajima M, Defrère S, Dolmans MM, Colette S, Squifflet J, Van Langendonckt A, Donnez J. Endometriomas as a

possible cause of reduced ovarian reserve in women with endometriosis. Fertil Steril 2011;96:685e91.
[15] Gordts S, Campo R, Brosens I, Puttemans P. Endometriosis: modern surgical management to improve fertility.

Best Pract Res Clin Obstet Gynaecol 2003;17:275e87.
[16] Vercellini P, Somigliana E, Vigano P, Abbiati A, Barbara G, Fedele L. ‘Blood on the Tracks’ from corpora lutea to

endometriomas. BJOG 2009;116:366e71.
[17] Weenen C, Laven JS, Von Bergh AR, Cranfield M, Groome NP, Visser JA, Kramer P, Fauser BC, Themmen AP.

Anti-Mu€llerian hormone expression pattern in the human ovary: potential implications for initial and cyclic
follicle recruitment. Mol Hum Reprod 2004;10:77e83.

References 199

II. The role of immune factors in endometriosis-related conditions



[18] Visser JA, Themmen AP. Anti-Mullerian hormone and folliculogenesis. Mol Cell Endocrinol 2005;234:81e6.
[19] Takeuchi A, Koga K, Satake E, Makabe T, Taguchi A, Miyashita M, Takamura M, Harada M, Hirata T, Hirota Y,

Yoshino O, Wada-Hiraike O, Fujii T, Osuga Y. Endometriosis triggers excessive activation of primordial follicles
via PI3K-PTEN-Akt-Foxo3 pathway. J Clin Endocrinol Metab 2019;104:5547e54.

[20] Kitajima M, Dolmans MM, Donnez O, Masuzaki H, Soares M, Donnez J. Enhanced follicular recruitment and
atresia in cortex derived from ovaries with endometriomas. Fertil Steril 2014;101:1031e7.

[21] Prefumo F, Rossi AC. Endometriosis, endometrioma, and ART results: current understanding and recommen-
ded practices. Best Pract Res Clin Obstet Gynaecol 2018;51:34e40.

[22] Sanchez AM, Vanni VS, Bartiromo L, Papaleo E, Zilberberg E, Candiani M, Orvieto R, Viganò P. Is the oocyte
quality affected by endometriosis? A review of the literature. J Ovarian Res 2017;10:43.

[23] Orazov MR, Radzinsky VY, Ivanov II, Khamoshina MB, Shustova VB. Oocyte quality in women with infertility
associated endometriosis. Gynecol Endocrinol 2019;35(Suppl. 1):24e6.

[24] Younis JS, Shapso N, Fleming R, Ben-Shlomo I, Izhaki I. Impact of unilateral versus bilateral ovarian endometri-
otic cystectomy on ovarian reserve: a systematic review and meta-analysis. Hum Reprod Update
2019;25:375e91.

[25] Kitajima M, Khan KN, Harada A, Taniguchi K, Inoue T, Kaneuchi M, Miura K, Masuzaki H. Association
between ovarian endometrioma and ovarian reserve. Front Biosci 2018;10:92e102.

[26] Carrillo L, Seidman DS, Cittadini E, Meirow D. The role of fertility preservation in patients with endometriosis.
J Assist Reprod Genet 2016;33:317e23.

[27] Lemos NA, Arbo E, Scalco R, Weiler E, Rosa V, Cunha-Filho JS. Decreased anti-Müllerian hormone and altered
ovarian follicular cohort in infertile patients with mild/minimal endometriosis. Fertil Steril 2008;89:1064e8.

[28] Seyhan A, Ata B, Uncu G. The impact of endometriosis and its treatment on ovarian reserve. Semin Reprod Med
2015;33:422e8.

[29] Hamdan M, Dunselman G, Li TC, Cheong Y. The impact of endometrioma on IVF/ICSI outcomes: a systematic
review and meta-analysis. Hum Reprod Update 2015;21:809e25.

[30] Yang X, Huang R, Cai M, Liang X. Endometriosis has no negative impact on outcomes of in vitro fertilisation in
women with poor ovarian response. BJOG 2016;123(Suppl. 3):76e81.

[31] Eisenberg VH, Zolti M, Soriano D. Is there an association between autoimmunity and endometriosis? Autoim-
mun Rev 2012;11:806e14.

[32] Riccio LDGC, Santulli P, Marcellin L, Abrão MS, Batteux F, Chapron C. Immunology of endometriosis. Best
Pract Res Clin Obstet Gynaecol 2018;50:39e49.

[33] Caccavo D, Pellegrino NM, Totaro I, Vacca MP, Selvaggi L, Depalo R. Antilaminin-1 antibodies in sera and
follicular fluid of women with endometriosis undergoing in vitro fertilization. Int J Immunopathol Pharmacol
2011;24:481e8.

[34] Bats AS, Barbarino PM, Bene MC, Faure GC, Forges T. Local lymphocytic and epithelial activation in a case of
autoimmune oophoritis. Fertil Steril 2008;90:849. e5-8.

[35] Nezlin R. A quantitative approach to the determination of antigen in immune complexes. J Immunol Methods
2000;237:1e17.

[36] Chauhan AK. Editorial: immune complexes in disease pathology. Front Immunol 2017;8:173.
[37] Aibara N, Ichinose K, Baba M, Nakajima H, Satoh K, Atarashi R, Kishikawa N, Nishida N, Kawakami A,

Kuroda N, Ohyama K. Proteomic approach to profiling immune complex antigens in cerebrospinal fluid sam-
ples from patients with central nervous system autoimmune diseases. Clin Chim Acta 2018;484:26e31.

[38] Ohyama K, Huy NT, Yoshimi H, Kishikawa N, Nishizawa JE, Roca Y, Revollo Guzmán RJ, Velarde FUG,
Kuroda N, Hirayama K. Proteomic profile of circulating immune complexes in chronic Chagas disease. Parasite
Immunol 2016;38:609e17.

[39] Ohyama K, Yoshimi H, Aibara N, Nakamura Y, Miyata Y, Sakai H, Fujita F, Imaizumi Y, Chauhan AK,
Kishikawa N, Kuroda N. Immune complexome analysis reveals the specific and frequent presence of immune
complex antigens in lung cancer patients: a pilot study. int j Cancer 2017;140:370e80.

[40] Aibara N, Ohyama K, Hidaka M, Kishikawa N, Miyata Y, Takatsuki M, Eguchi S, Kuroda N. Immune complex-
ome analysis of antigens in circulating immune complexes from patients with acute cellular rejection after living
donor liver transplantation. Transpl Immunol 2018;48:60e4.

[41] Haller-Kikkatalo K, Salumets A, Uibo R. Review on autoimmune reactions in female infertility: antibodies to fol-
licle stimulating hormone. Clin Dev Immunol 2012;2012:762541.

12. Endometriosis and ovarian dysfunction200

II. The role of immune factors in endometriosis-related conditions



[42] Rodgers RJ, Irving-Rodgers HF. Formation of the ovarian follicular antrum and follicular fluid. Biol Reprod
2010;82:1021e9.

[43] Wu G, Bersinger NA, Mueller MD, von Wolff M. Intrafollicular inflammatory cytokines but not steroid hormone
concentrations are increased in naturally matured follicles of women with proven endometriosis. J Assist Reprod
Genet 2017;34:357e64.

[44] Bahtiyar MO, Seli E, Oral E, Senturk LM, Zreik TG, Arici A. Follicular fluid of women with endometriosis
stimulates the proliferation of endometrial stromal cells. Hum Reprod 1998;13:3492e5.

[45] Ohyama K1, Ueki Y, Kawakami A, Kishikawa N, Tamai M, Osaki M, Kamihira S, Nakashima K, Kuroda N. Im-
mune complexome analysis of serum and its application in screening for immune complex antigens in rheuma-
toid arthritis. Clin Chem 2011;57:905e9.

[46] Murakami N, Kitajima M, Ohyama K, Aibara N, Taniguchi K, Wei M, Kitajima Y, Miura K, Masuzaki H.
Comprehensive immune complexome analysis detects disease-specific immune complex antigens in seminal
plasma and follicular fluids derived from infertile men and women. Clin Chim Acta 2019;495:545e51.

[47] Rose-John S. IL-6 trans-signaling via the soluble IL-6 receptor: importance for the pro-inflammatory activities of
IL-6. Int J Biol Sci 2012;8:1237e47.

[48] Dupont S, Mamidi A, Cordenonsi M, Montagner M, Zacchigna L, Adorno M, Martello G, Stinchfield MJ,
Soligo S, Morsut L, Inui M, Moro S, Modena N, Argenton F, Newfeld SJ, Piccolo S. FAM/USP9x, a deubiquiti-
nating enzyme essential for TGFbeta signaling, controls Smad4 monoubiquitination. Cell 2009;136:123e35.

[49] Weng L, Mitoma H, Trichot C, Bao M, Liu Y, Zhang Z, Liu YJ. The E3 ubiquitin ligase tripartite motif 33 is essen-
tial for cytosolic RNA-induced NLRP3 inflammasome activation. J Immunol 2014;193:3676e82.

[50] Shimbori C, Bellaye PS, Xia J, Gauldie J, Ask K, Ramos C, Becerril C, Pardo A, Selman M, Kolb M. Fibroblast
growth factor-1 attenuates TGF-b1-induced lung fibrosis. J Pathol 2016;240:197e210.

References 201

II. The role of immune factors in endometriosis-related conditions



This page intentionally left blank



13

The role of immune-related redox
biology in malignant transformation

of endometriosis
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Introduction

Endometriosis is an estrogen-dependent, chronic inflammatory disease that affects
approximately 10% of reproductive age women and accounts for up to 50% of female infer-
tility cases [1,2]. Endometriosis is defined as the presence of endometrial glands and stroma
in extrauterine locations, which is commonly found in the pelvic cavity, namely peritoneal,
ovarian, and deep infiltrating endometriosis. This disorder often causes dysmenorrhea and
pelvic pain that affects patients’ quality of life [3,4]. Although the etiology of endometriosis
remains elusive, endometrial debris generated by retrograde menstruation can escape
immune surveillance and progress to ectopic lesions, suggesting immunological dysfunc-
tion as one of the multiple mechanisms [4e6]. Different types of immune cells are involved
in the process of endometriosis development: the recruitment of macrophages and their
polarization phenotype and impaired function of T cells, B cells, and natural killer (NK)
cells [7]. Macrophages are recognized to regulate a wide range of processes, such as removal
of tissue debris, inflammation, antiinflammation, and tissue remodeling. Although a cause
or a consequence is not easy to distinguish, immune dysfunction may be involved in the
etiology of endometriosis.

Furthermore, endometriosis is clearly associated with an increased risk for type 1 epithelial
ovarian cancer (EOC), including clear cell carcinoma and endometrioid carcinoma
(endometriosis-associated ovarian cancer, EAOC) [8]. Similar risk factors interact to predis-
pose to both endometriosis and type 1 EOC [8]. The proposed etiology and observed patho-
physiological factors, including steroid hormone, altered immune system, inflammation,
oxidative stress, environmental factors, familial predisposition, genetic alterations, diet, early
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menarche, low parity, late menopause, or infertility, may have similar characteristics or be
causative factors in carcinogenesis [9]. Among these factors, aberrant immune system and
inflammation may mainly stimulate the progression of both endometriosis and its malignant
transformation [8]. In this review, we will summarize the current knowledge in the develop-
ment and maintenance of endometriosis and its malignant transformation, with a focus on
recent progress in oxidation-reduction (redox) signaling, regulating immune function, and
redox biology.

Immune dysfunction linked to endometriosis development and malignant
transformation

Immune cells ingest and process endometrial debris, dead cells, and heme-iron, and then
protect the development of endometriosis in normal individuals. Therefore, the occurrence of
retrograde menstruation may be insufficient to explain the development of endometriosis in
women with normal immune system. These observations suggest that immunomodulatory
activities and factors are the main biological and molecular mechanism underlying the devel-
opment of endometriosis. Endometriosis has been associated with risk of several chronic
diseases or autoimmune diseases, including systemic lupus erythematosus, Sjögren’s syn-
drome, rheumatoid arthritis, autoimmune thyroid disorder, celiac disease, multiple sclerosis,
or inflammatory bowel disease [10], but the etiology and exact molecular relationship
between them remains largely unknown. These observations suggest that there are possible
mechanisms, shared risk factors and predisposing factors underlying the link between endo-
metriosis and adverse immune diseases. Like autoimmune diseases, immune suppression or
dysfunction of the innate and adaptive immune system may interferes with an effective
elimination of endometriosis [11]. The following hypothesis could help to analyze the com-
plex mechanisms of endometriosis development. A functional immunosurveillance process
consists of three phases, including elimination, equilibrium and escape in endometriosis
suppression and promotion [11]. In the elimination (immunosurveillance) phase, immune
cells in women who are likely to be predisposed to endometriosis have limited capability
of eliminating eutopic endometrial cells generated by retrograde shedding into the pelvic cav-
ity. The equilibrium phase is the period of immune-mediated endometrial cell dormancy.
During this latent phase, endometrial cells acquire biological functions, such as the capacity
to proliferate. In the escape phase, the incompetent immune system fails to restrict endome-
triosis outgrowth; endometriotic cells begin to grow progressively, invade surrounding tis-
sues and promote carcinogenesis. The eutopic endometrium of women with endometriosis
or those who appears to predispose to endometriosis later in life may contribute to a variety
of functions including endometrial tissue survival, resistance to apoptosis, adhesion, growth,
angiogenesis, and invasion within the host tissue and progression to disease [12].

Immune cells, such as macrophages, lymphocytes, mast cells, neutrophils, and NK cells in
endometriotic lesions or peritoneal cavity are suggested to play important roles in the pro-
gression of the disease [13]. In addition, macrophages particularly provide support to
tumor-initiating cells during the transition to malignancy by suppressing immune clearance,
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stimulating angiogenesis, promoting proliferation and modulating redox biology that inter-
fere with an antitumor response and tumor elimination, and greatly contributes to carcino-
genesis [14]. In the next section, we summarize current knowledge about the potential
implication of macrophages contributing to immunomodulatory, antiinflammatory and the
antioxidant activities in the pathogenesis of the development of endometriosis and its malig-
nant transformation. In particular, we focus on deciphering the role of redox biology in
neoplastic transformation.

The recruitment and phenotype of macrophages in endometriosis and its
malignant transformation

The toxic factors, such as menstrual endometrial fragments, apoptotic endometrial tis-
sues, lysed erythrocytes, hemoglobin (Hb), heme and free iron, can induce inflammation
and immune response in the peritoneal cavity [15]. Macrophages recruited to this environ-
ment release a wide array of proinflammatory chemotactic cytokines and propagate inflam-
mation and tissue damage [16]. Macrophages alter multiple aspects of humoral and
cell-mediated immunity [17]. The concentration and proportion of macrophages in the
various types of immune cells are increased in the peritoneal fluid of women with endome-
triosis [18,19]. In addition, the abnormal accumulation and distribution of macrophages are
observed within the endometriotic lesion [18,19]. The recruitment, distribution, and changes
in macrophage subsets in the peritoneal fluid and within the endometriotic lesion likely
compromise immune fitness and facilitate endometriosis initiation and progression. Indeed,
an in vivo animal model revealed that macrophage depletion displayed reduced weight,
size, vascularization and attenuation of the endometriotic lesion, supporting the notion
that macrophages play a direct role in endometriosis pathology [27]. Other immune cells,
including neutrophils, mast cells, and dendritic cells, are activated by menstrual debris or
in response to these cytokines produced by macrophages [4]. These immune cells also
play an important role in the pathogenesis of endometriosis [20e22]. Neutrophils from
women with endometriosis entail apoptosis resistance [20]. Dendritic cells are paramount
in the activation of adaptive immunity through antigen presentation to naïve T cells. Den-
dritic cells are found within the endometriotic lesions and promote angiogenesis [21].
Somigliana et al. [22] indicated possible association of diminished cytotoxicity of NK cells
with immune dysfunction in endometriosis.

Tissue-resident macrophages are characterized by great functional diversity and plasticity
and produce both proinflammatory and antiinflammatory cytokines [23,24]. Macrophage
plasticity and polarization are mainly controlled by epigenetic pathways, microRNA
(miRNA), the tissue microenvironment (pathogen-associated molecular pattern molecules
[PAMPs] and damage-associated molecular pattern molecules [DAMPs]), and cytokines
released in inflammation (granulocyte-macrophage colony-stimulating factor [GM-CSF],
interferon-beta [IFN-b], IFN-g and lipopolysaccharide [LPS] vs. IL-4, IL-10 and IL-13)
[23,24]. Macrophages are divided into two main phenotypes: the classical macrophages
(known as proinflammatory M1 macrophages) and alternatively activated macrophages
(antiinflammatory M2 macrophages) [23]. Upon exposure to hemorrhage and lysed
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erythrocytes, recruitment of monocytes from the systemic circulation and activation toward
M1 macrophages are enhanced at the lesion site, which produces a variety of proinflamma-
tory cytokines, nitric oxide, ROS, and exhibits tissue injury and impaired tissue remodeling
and wound healing [25]. Once activated in response to new environmental influences, M2
macrophages retain the ability to continue changing and exhibit phagocytosis of red blood
cells and apoptotic cells. The shift between M1 and M2 states of macrophage polarization
contributes to maintain tissue homeostasis and diverse immune functions including
apoptotic cell removal, inflammatory resolution, myofibroblast proliferation, fibrosis, and tis-
sue healing. Macrophage recruitment and progressive shift in M1 to M2 macrophage polar-
ization are central players in endometriosis development in both human specimens and
mouse models [26e29], but the results are inconclusive [30].

In general, M1/kill-type macrophages can stop cancer growth, whereas M2/repair-type
macrophages are immunosuppressive cells that can promote cancer growth [31e33]. A high
M1/M2 ratio of tumor-associated macrophages is reported to be associated with improved
survival in patients with type 2 EOC (i.e., high grade serous ovarian cancer) [34], nonsmall
cell lung cancer [35], and other cancers [36]. In contrast, the number of M1 and M2 macro-
phages were significantly lower in patients with EAOC than in women with endometriosis,
although M2 macrophages predominantly infiltrated into the type 1 EOC [28]. We hypoth-
esize that ROS production in endometriotic lesions plays critical roles in the activation and
functions of M1 macrophages, which is necessary for the shift in M1 to M2 macrophage po-
larization to suppress excessive oxidative stress (see the next section).

The role of oxidative stress in endometriosis and its malignant transformation

We highlight emerging concepts of how the redox balance has advanced our understand-
ing in the pathophysiology of endometriosis and discuss molecular mechanisms of redox
biology. When erythrocytes are lysed in peritoneal fluid or within endometriotic cysts, Hb,
heme and free iron are released from lysed erythrocytes [19]. Once cell-free Hb massively
released into the peritoneal cavity or endometriotic cyst fluid space during menstruation,
oxyhemoglobin (oxyHb [Hb � Fe2þ]) is converted to methemoglobin (metHb [Hb � Fe3þ])
by autooxidation [37]. Toxic ROS such as O2.

� are produced during Hb autoxidation, as fol-
lows [37]: Hb � Fe2þ þ O2 5 Hb � Fe2þO2 / Hb � Fe3þ þ O2

�. In addition, free iron (Fe2þ)
also stimulates Haber-Weiss-Fenton reaction, contributing to the generation of harmful ROS
(�OH) in endometriotic cyst, as follows [37]: Fe2þ þ H2O2 / Fe3þ þ OH- þ �OH In endome-
triosis, autoxidation and Fenton reaction of Hb from the ferrous Fe2þ (oxyHb) state to the
ferric Fe3þ (metHb) state lead to production of excess ROS such as O2

� and �OH, which causes
distortion in the homeostatic redox balance [37]. Therefore, metHb and oxyHb are considered
to be markers of oxidative stress and antioxidant capacities, respectively. Excessive metHb
and free iron induces the ROS-activated signaling pathways, which regulates DNA damage
and cell death or is linked to DNA mutations and carcinogenesis, depending on the ROS
dose. ROS is involved in redox biology; Redox activates protumorigenic signaling at low
ROS levels, while oxidative stress causes damage to DNA, proteins and lipids at high ROS
levels [38].
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The role of the redox/metallobiology in the malignant transformation of endometriosis is
still poorly understood. Iwabuchi et al. [39] for the first time assessed the levels of cyst fluid
Hb species and investigated the role of redox status in endometriosis and its malignant trans-
formation. They have investigated a spectrophotometric determination of Hb species such as
metHb and oxyHb contents on the basis of wavelength spectrophotometry in the cyst fluids
of endometriosis and EAOC. The ratio of each peak wavelength, 620 and 580 nm, in the
absorbance spectra (the 620/580 nm ratio) was used as a surrogate indicator of the
metHb/(oxyHb þ metHb) ratio in each cyst fluid [39]. The 620/580 nm ratio in EAOC
patients was significantly lower than that in women with endometriosis (0.39 � 0.27 vs.
0.67 � 0.19, P ¼ .021), demonstrating that oxyHb is the abundant Hb species in EAOC cyst
fluids. EAOC is associated with decreased oxidative stress in cyst fluids, marked by an in-
crease in oxyHb production. These data suggest that metHb shift to oxyHb state plays a
role in the process of malignant transformation, which creates a favorable microenvironment
for tumor progression by increasing the antioxidant property. Taken together, redox biology
is required for cancer initiation, while antioxidant property may be a potent regulator of tu-
mor progression.

The role of antioxidant property in endometriosis and its malignant
transformation

Iron deposits, a characteristic of endometriosis, originate from retrograde menstruation
or bleeding in the ectopic endometrial lesions [40]. Macrophages phagocyte lysed erythro-
cytes and also actively participate in iron homeostasis. Macrophages upregulate several
antioxidant enzymes including heme oxygenase 1 (HO-1), a stress-inducible protein,
through the two main pathways of NF-E2-related factor 2 (NRF2)/BTB domain and CNC
homolog 1 (BACH1) system and IL-10/HO-1 axis [37]. HO-1 is induced by various signals
such as heme, apoptotic cell supernatants, inflammation and oxidative stress [23,41,42].
HO-1 catalyzes heme and produces carbon monoxide, biliverdin/bilirubin and free iron,
which has been shown to have antioxidant, antiinflammatory, antiproliferative, immuno-
modulatory and neuromodulatory effects in animal and human systems [23,41]. HO-1 in-
duction can promote phenotypic switch toward M2 macrophages [23,41]. How is the role
of redox signaling and oxidative stress in endometriosis? Cyst fluid levels of 8-OHdG, a
marker of oxidative stress, in women with endometriosis were significantly increased
compared with patients with EAOC (median, 2.023 ng/mL [range, 0.16e49.98 ng/mL]
vs. 0.820 ng/mL [0.39e3.89 ng/mL], P ¼ .013) [43], while the levels of antioxidation TAC
(total antioxidation capacity) in women with endometriosis were also significantly higher
compared with those in patients with EAOC (median, 0.973 mmol/L [range,
0.230e1.957 mmol/L] vs. 0.616 mmol/L [0.401e0.883 mmol/L], P < .001) (unpublished
data; personal communication from Yuki Yamada, Nara Medical University). Thus, endo-
metriosis is considered to be characterized by an increase in oxidative stress and also anti-
oxidant capacity, triggering cell death at high ROS levels.

We next focus on the expression of HO-1 protein in both cyst fluids and tissue specimens
of endometriosis and EAOC. Fujimoto et al. [43] reported that compared to endometriosis,
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EAOC is associated with a decreased antioxidant capacity and also a marked reduction of
oxidative stress in cyst fluids. Yamada et al. [28] have quantified the numbers of macrophages
polarized as M1 or M2 phenotypes and the expression of HO-1 in tissue sections from patients
with endometriosis and its malignant transformation. HO-1 expression in two conditions was
primarily detected in CD163þ macrophages, which are known to exhibit the M2 phenotype. As
reported previously, CD163 is a member of scavenger receptor family that contributes to the
clearance of Hb [44]. The number of the M1 phenotype (CD11cþ, P ¼ .001) and the M2 pheno-
type (CD163þ, P ¼ .009) was significantly lower in EAOC patients than in endometriosis pa-
tients [28]. The number of M2 phenotypes expressing HO-1 was also significantly decreased
in the EAOC group, compared with the endometriosis group (P < .001), demonstrating sus-
tained downregulation of HO-1 in EAOC [28]. Furthermore, the antioxidant-to-oxidant ratio
was significantly higher in EAOC group compared with endometriosis group because of an
increase in oxyHb levels, possibly activating protumorigenic signaling at low ROS levels
[28,43]. This may be a reason why the distortion of the prooxidation (oxyHb) and antioxidation
(HO-1) balance has an important role in promoting the carcinogenic process.

In addition, CD44 is another key regulator of antioxidant factors. Expression of CD44
variant isoforms (CD44v8-10) on the cell surface has been identified as a candidate marker
for cancer stem cells and metastatic features [45]. CD44v9 modulates intracellular glutathione
synthesis and contributes to ROS defense through upregulation of the intracellular antioxi-
dants through the glutamate-cysteine transporter solute carrier family 7 member 11
(SLC7A11, also known as xCT) [46]. In general, CD44v9 expression has been associated
with chemoresistance, tumor recurrence, metastasis and poor prognosis of a variety of can-
cers [47e49]. On the other hand, the clinical impact of CD44v9 on the progression of type
1 EOC showed opposite results [46]. Niiro et al. [46] evaluated the expression of CD44v9 pro-
tein in endometriosis, endometriosis adjacent to clear cell carcinomas (benign-adjacent) and
clear cell carcinomas. Percentage of CD44v9 positive cells was 68.5% of endometriosis,
25.0% of benign-adjacent and 16.7% of clear cell carcinomas (P < .001) [46]. The analysis
revealed a remarkable immunoreactivity for CD44v9 in endometriosis and a decreasing
gradient of staining in benign-adjacent, and then up to become negative in the majority of
clear cell carcinomas. Interestingly, endometriosis adjacent to EAOC showed significantly
less CD44v9 staining as compared with distant endometriosis [46]. This is the first study
that showed a decreasing gradient of CD44v9 expression in benign, adjacent-benign and can-
cer tissues in malignant transformation of endometriosis. These data allow us to speculate
that loss of CD44v9 is an early event although this loss is not sufficient to drive the develop-
ment of EAOC. However, the molecular mechanisms regulating loss of CD44v9 protein
expression during the process of malignant transformation remain unknown. Considering
a clear separation between the overall redox state in endometriosis and its malignant trans-
formation, characteristic alterations in redox balance may be helpful for understanding the
pathogenesis of the malignant transformation of endometriosis.

Mechanism underlying malignant transformation of endometriosis

Endometriosis is considered to be a common precursor lesions to ovarian cancer, however,
the pathogenesis of EAOC is poorly understood. It was hypothesized that endometriotic
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lesions would progress, over time, to potential precursor or premalignant lesions (atypical
endometriosis) and then EAOC. This review discusses the fine tuning of the generation of
ROS and their antioxidant/detoxification capacity during the process of malignant transfor-
mation of endometriosis.

Both genetic mutations and epigenetic silencing of AT-rich interaction domain 1A
(ARID1A) [50,51] and phosphatase and tensin homolog (PTEN) [52] genes have been recog-
nized as a fundamental mechanism that promotes EAOC carcinogenesis. Loss of ARID1A
and PTEN genes has been demonstrated in several cancers and was found to be indepen-
dent prognostic factors [53]. Mutation of these genes contributes to carcinogenesis via the
PI3K/AKT pathway [54]. Furthermore, innate and adaptive immunity system triggers an
inflammatory process in endometriotic foci, which releases various mediators, including
cytokines and ROS [55]. ROS can be T cell immunosuppressive [56]. ROS is excessively
generated in endometriosis, promoting an oxidative stress in its microenvironment. Since
ROS (O2

� and �OH) is created mainly through metHb (Hb � Fe3þ) and free iron (Fe2þ) in
endometriotic cyst fluids, elevated expression of 8-OHdG is observed in the endometriotic
epithelial cells [28]. Oxidative stress promote many aspects of tumor development and
progression such as aberrant promoter hypermethylation of tumor suppressor genes,
ARID1A and PTEN [50e52]. The local and mutagenic concentrations of ROS are important
for the cellular functions or gene promoter hyper-methylation via the upregulation of DNA
methyltransferase 1 (DNMT1) gene expression [51]. Excess production of ROS causes cell
death [37]. On the other hand, reductase systems catalyze the reduction of ferric iron
Fe3þ to the ferrous Fe2þ state in EAOC, demonstrating that metHb shift to oxyHb state plays
a critical role in the downregulation of oxidative stress. HO-1 [28], CD44v9 [46], cytochrome
P450 family and glutathione transferases are involved in antioxidant defense in EAOC.
Thus, EAOC appears to be associated with an increase in the antioxidant-to-oxidative stress
ratio, which alleviates cell death by scavenging ROS and allows neoplastic cells to survive
and proliferate.

Fig. 13.1 summarizes the mechanism of malignant transformation of endometriosis asso-
ciated with a fine-tuned balance between oxidants and endogenous antioxidants. The first
phase of the carcinogenic process in endometriosis is generally associated with epigenetic
alterations and genetic mutations. Prolonged exposure to high ROS concentrations may
lead to DNA damage. ROS cause a loss-of-function of tumor suppressor genes, ARID1A
[50,51] and PTEN [52]. Genetic and epigenetic events give birth to a subclone that acquired
high levels of autonomous proliferation. Despite high-level concentrations of ROS, endome-
triosis possesses defense mechanisms, including scavenger and enzymatic systems (HO-1,
CD44v9, catalase, or superoxide dismutase), against the intrinsic mutagens, such as metHb,
free iron, and ROS. An increased antioxidant capacity in endometriosis may reduce further
DNA damages and be involved in the elimination process of endometriotic cells with
unrepaired or misrepaired DNA (i.e., cancer immunosurveillance). In the second phase,
antioxidant capacity may decrease in precancerous lesions due to the reduced accumulation
of activated M2 macrophages. Uncontrolled production of ROS as an imbalance in the
oxidant/antioxidant mechanisms leads to a state of excessive oxidative stress. The steady
accumulation of oxidative stress has adverse consequences. Unrepaired DNA lesions intro-
duce genome instability and is implicated in not only compromising cell viability, but also
alterations in gene expression levels, signal transduction pathways, DNA mutations, and
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cancer initiation. In the final phase, reduced oxidative stress may favor the survival of pre-
cancerous cells and contribute to tumor progression, clonal amplification, and all phases of
tumorigenesis.

Conclusion

We summarize the fine-tuned balance between immune-related oxidative stress, antioxi-
dant capacity, and cellular transformation and discuss the advances in understanding of
the mechanisms of malignant transformation of endometriosis. Although it has not yet
been experimentally and clinically investigated, the redox imbalance hypothesis might be
currently the best explanation for malignant transformation.
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The data on the association between pregnancy and endometriosis are limited or have
poor-quality available evidence [1e3]. Historically, pregnancy was typically considered to
haveapositive effect, although temporary, onendometriosis probablydue toanovulation, amen-
orrhea andpregnancy-related hormonal changes, preventingbleedingwithin ectopic endometri-
otic tissues [4]. Pregnancy complications have been reported to be increased in women with
endometriosis [5]. Growth changes of ectopic endometriotic lesions are variably observed [1].
In addition, rare but severe and unpredictable complications during pregnancy have been re-
ported with puerperal changes in ectopic lesions [6]. The relationship between endometriosis
and pregnancy can be considered from two keyperspectives:first, the influence of endometriosis
onpregnancyoutcomes; second, the influence ofpregnancyon the endometriosis natural history.

Pathogenesis of the relationship between endometriosis and pregnancy

Decidualization

The menstrual cycle is the natural modification of the female reproductive system that al-
lows implantation of pregnancy: estradiol and progesterone induce cyclical changes in the
endometrium in preparation for blastocyst implantation [7]. There are two dominant succes-
sive phases including the proliferative phase, which follows menstruation and precedes
ovulation, and the secretory phase, which occurs after ovulation. During the secretory phase,
the endometrium transforms into a receptive tissue that is suitable for implantation [8].

This endometrial transformation after ovulation, named decidualization, results in the con-
version of the endometrium into a specialized uterine tissue [9]. This process prepares the
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endometrial surface for pregnancy, and is maintained when implantation of the blastocyst
occurs [10,11]. The decidualization aims to control trophoblast invasion guaranteeing optimal
accommodation of the gestation [12] and protect the embryo from maternal immunological
rejection.

The decidualization, mainly induced by estrogen and progesterone, consists of the trans-
formation of endometrial stromal fibroblasts into particular secretary decidual cells [13].

This transformation involves different metabolic, hormonal (estradiol and progesterone),
angiogenic (soluble fms-like tyrosine kinase-1 [SflT1]), vascular endothelial growth factor
(VEGF), and immune system changes related to steroid exposure [13]. The two main
secretory proteins of decidual stromal cells include prolactin and insulin-like growth
factor-binding protein-1 (IGFBP -1) that may participate to stimulate trophoblast growth
and invasion, to prevent immune rejection, to modulate uterine natural killer cell survival,
and to promote angiogenesis. Specific hormonal changes involved in decidualization
notably the estradiol interaction with the progesterone receptors expression during secre-
tory phase.

In mice, decidualization is controlling tolerance toward allogenic fetus through several
process including [14]: (1) lack of direct allorecognition of paternal major histocompatibility
complex expressed by fetal cells, (2) trapping of dendritic cells within the decidua mini-
mizing the immunogenic presentation of conceptus-derived antigens, (3) suppression
T cell activation by Tregs in response to conceptus-derived antigens, (4) epigenetic silencing
of chemokine genes in decidual stromal cells which prevents activated T cells to decidual-
ization. These local and systemic processes participate to maintain the tolerance of the semi-
allogenic fetus [14]. Altogether, these molecular processes observed during normal
decidualization are the cornerstone of normal placentation that is a prerequisite to normal
pregnancy outcomes.
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From Gellersen B, Brosens JJ. Cyclic decidualization of the human endometrium in reproductive health and failure. Endocr Rev
2014;35:851e905.

Compromised decidualization in case of endometriosis

Decidualization defect are a major cause of reproductive failures. In a mouse model eval-
uating the uterus age on pregnancy courses, young mice showed litter pattern that appears
normal without defect, whereas aged mice showed altered litter pattern with more heteroge-
neity and fetal resorptions. These clinical observations were correlated to a clear change in
gene expression in placenta with age, reduction of cell proliferation with change in KI-67
expression [15]. Likewise to age, several data have demonstrated the alteration of eutopic
endometrium in endometriosis and adenomyosis by numerous cellular and biochemical al-
terations. Women with endometriosis, alteration of endometrium could contribute to
impaired reproduction and decidualization processes [13]. Several structural and molecular
features of the endometrium are deregulated including immune factors and adhesion mole-
cules [16], cell proliferation and apoptosis [17] cytokine and inflammatory mediators [18,19],
steroid and epigenetic factor [20], oxidative stress and free radical metabolism [18,19]. This
participate to a presupposed sequence that profoundly compromise the normal decidual
response [21]. More specifically, several genes have been shown aberrantly expressed in
endometrium from women with endometriosis including aromatase, 17b hydroxysteroid de-
hydrogenase, Hoxa-10, Hoxa-11, Lif, MMP progesterone receptors [22,23].

One of the suspected pathogenesis is based on the potential increased risk of defective
deep placentation in an altered eutopic endometrium due to endometriosis [24,25]. During
decidualization, in case of endometriosis, endometrium showed histologic changes with
lower molecular changes and progesterone resistance linked to failure to metabolize estradiol
[26]. Other studies showed reduced decidualization capacities with a decrease PRL secretion
in cultured stromal cells also a decrease of IGFB-1, molecules that are both main actors of
decidualization process [27]. Decreased PRL and IGFBP1 associated with increased aroma-
tase activity [28] and activation of the PI3/AKT signaling pathway participate to the reduced
expression of the decidua-specific gene potentially through reduced levels of nuclear factor
FOXO1 [29]. All these alterations may participate to affect normal development of fetal
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adnexes and in this way fetal membranes have also been reported to show structural
(endometriosis-like glands) and molecular changes (gene expression and methylation) in
the choriodecidual layer in case of endometriosis [30].

Decidualization of ectopic lesions

Formation of ectopic decidua (deciduosis) during pregnancy is a well-documented phe-
nomenon, usually asymptomatic, that has been attributed to hormonal effects on the ectopic
endometrium [31]. Ectopic decidua formation during pregnancy (defined as stromal cell
transformation of peritoneum) has been attributed to hormonal effects during pregnancy
(mainly progesterone) on the ectopic endometrium [31].

Decidualization also occur in the ectopic endometriotic lesions [32,33]. This pregnancy-
associated ectopic decidualization could however lead to suspect image mimicking malig-
nancy [9,34,35]. Historically, ectopic endometriotic lesions were reduced in size at inspection
and clinical pelvic examination [36] probably secondary to decidualization of the lesions [32].
It is not clear whether these changes in ectopic lesions persist after delivery. A previous study
evaluated the clinical features and the change in size based on US during pregnancy of 25
endometrioma [37], and a three-case series of deep infiltrating endometriosis (DIE) lesions
[32], both of which exhibited a change in size. Although there is limited data regarding the
growth dynamics of lesions with pregnancy, most investigators have reported regression
or cessation of growth during pregnancy [38,39]. In a retrospective study, Ueda et al. reported
on the natural progression of 25 ovarian endometriotic lesions observed during pregnancy in
24 women, with a decrease in the volume for 13 lesions (52%), and an increase in the volume
for five lesions (20%) [37]. It has been reported that MRI-based DIE lesion size changes before
and after pregnancy with a significant decrease in the volume of DIE lesions and endome-
trioma after pregnancy [40].

Both estrogen and progesterone are key regulators of ectopic endometrial tissues that
respond to hormonal stimulation [26]. Hence, the specific hormonal environment during
pregnancy may impact the physical appearance of ectopic lesions through several processes:
(1) amenorrhea and the absence of cyclic retrograde fallopian bleeding could contribute to a
reduction of peritoneal and ectopic implant stimulation [41]; (2) anovulation secondary to the
well-known hormonal ovarian blockade occurring during pregnancy may be beneficial to
endometriotic lesions [42]; (3) during pregnancy, high placental production of steroid hor-
mones might directly and positively impact endometriotic lesions [43], with a decrease in
the intra- and perilesional inflammatory status and a reduced production of prostaglandins
and cytokines [6]; and (4) decidualization of endometrium during pregnancy corresponds
with the transformation of stromal fibroblasts into epithelioid-like decidual cells and to an
adjoined massive influx of immune cells [10,11]. Hence decidualization of ectopic endome-
trial lesions may participate in the intrinsic changes that can persist long after delivery.

Impact of pregnancy on endometriosis symptoms

Traditionally, pregnancy has been considered to have beneficial effects on endometriosis.
In 1949, Beecham considered pregnancy as an efficient prophylactic and curative measure
against endometriosis, probably due to exposition of high level of progesterone [4].
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Interestingly, pregnancy appears to have a beneficial, albeit transient, effect on
endometriosis-related symptoms [44e46]. It appears that the intensity of dysmenorrhea
significantly improves over time in multiparous patients, but it is not specific to endometri-
osis patients [47]. Previously published studies have reported a beneficial role of pregnancy
on endometriosis-related symptomatology when comparing symptoms before et after preg-
nancy notably severe dysmenorrhea (before pregnancy 69% after pregnancy 34%,
P < .001), severe deep dyspareunia (before pregnancy 40%; after pregnancy 24%; P ¼ .001),
severe nonmenstrual pelvic pain (before pregnancy 17% after pregnancy 10%, P < .01) and
severe dyschezia (before pregnancy 27% after pregnancy 13%, P < .01) [45,46].

Impact of endometriosis on pregnancy outcomes

Evidence is accumulating of a slightly increased obstetrical risk in endometriosis-affected
women [33,48] including miscarriage, premature birth, fetal growth retardation, preeclamp-
sia, placentation disorder, and cesarean section [49e56], irrespective of the use of assisted
reproductive technologies [57e59].

Miscarriage

Available studies that have investigated the association between endometriosis and
miscarriage are controversial. Some previous uncontrolled studies plead for increased previ-
ous miscarriages in endometriosis [60e62], whereas other studies suggest that the sponta-
neous abortion rate in endometriosis may not be as high as previously reported [63].
Based on an IVF-based population, an increased previous spontaneous abortions rate was
found in endometriosis-affected women [64]. In a systematic review and metaanalysis, Bar-
bosa et al. observed a miscarriage relative risk of 1.31 (95% CI, 1.07e1.59) in case of endome-
trioisis, without any difference in women with different stages of the disease [65]. In a
retrospective cohort study comparing exposed women (with histological confirmation of
endometriosis) and control (without visible endometriosis at surgery) the previous miscar-
riage rate was significantly higher in women with endometriosis compared with the controls
(139/478 [29] vs. 187/964 [19%], respectively; P ¼ .001). After a subgroup analysis, the
miscarriage rates of women with endometriosis and the controls were, respectively: 20 versus
12% (P ¼ .003) among women without a previous history of infertility and 53 versus 30%
(P ¼ .001) for women with a previous history of infertility [54]. Recent metanalysis from Zullo
et al. found an increased risk of miscarriage (OR 1.75; 95% CI, 1.29e2.37) [48].

Preterm birth

Major studies assessing the relationship between endometriosis and preterm birth are con-
tradictory. The nationwide study found a higher risk of preterm birth in women affected with
endometriosis aOR ¼ 1.33; 95% CI, 1.23e1.44 [55], aOR ¼ 1.26; 95% CI, 1.07e1.49 [66]. How-
ever, in the Swedish study, adjusted Odd Ratios for preterm birth stratified by assisted repro-
ductive technology were not statistically significant in case of pregnancy with assisted
reproductive technology OR ¼ 1.24, 95% CI, 0.99 �1.54 [55]. In a 12 years cohorts study
Aris et al. didn’t found any statistical difference for preterm birth between woman with
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and without endometriosis, with the particularity that all women were issued from a socially
deprivated milieu OR ¼ 1.15; 95% CI, 0.91e1.45 [67]. Recent metaanalysis, found that women
who had a prior diagnosis of endometriosis had a statistically significantly higher risk of pre-
term birth <37 weeks (OR 1.63; 95% CI, 1.32e2.01) and <34 weeks (OR 1.58; 95% CI, 1.09e2.
67) [48], and preterm birth <37 weeks (OR ¼ 1.70; 95% CI, 1.40e2.06), that remain significant
in subgroups of women with and without assisted reproductive technologies [59], or preterm
birth <37 weeks OR ¼ 1.38, 95% CI, 1.01e1.89) [5]. Conversely, in a study based on women
achieving in vitro fecundation singleton pregnancies, the rate of preterm birth was similar be-
tween woman with endometriosis and controls [68]. However, in these studies no precaution
was taken about the nature of preterm delivery (spontaneous or induced) and the impact of
disease phenotype on preterm birth remain questioning.

Intrauterine growth retardation, low birth weight and small for gestational age

Data regarding association between endometriosis and small for gestational age (SGA),
low birth weight (LBW), and intrauterine growth restriction (IUGR) baby risk are still contro-
versial. Due to study designs, nature of control groups and definitions of SGA, LBW and
IUGR. Among large nationwide studies, conflicting result are available about IUGR; Signif-
icant association between endometriosis and LBW have been previously reported (aOR ¼ 1.7,
95% CI, 1.0e2.6) [69]. An association between endometriosis and LBW (<2500 g) in the group
of endometriosis without assisted reproductive technology treatment (adjusted OR 1.46, 95%
CI, 1.07e1.99; P < .05) but not in the group of endometriosis who underwent assisted repro-
ductive technology (aOR ¼ 0.97; 95% CI, 0.70e1.33) [70]. Conversely, in the Swedish and
Scottish cohort, no statistical association was found between IUGR and endometriosis after
adjusting for confounding factors (aOR ¼ 1.04, 95% CI, 0.92e1.17) [55], (aOR ¼ 1.12; C95%
CI, 0.94e1.32). In a study based on women achieving in vitro fecundation singleton pregnan-
cies, SGA newborns did not differ between woman with endometriosis and control [68]. In a
large nationwide Danish study, based on birth weight related to the sex and gestational agee
specific average, but without adjusting for assisted reproductive technology procedures, the
risk of SGA was higher in the endometriosis cohort (OR 1.5; 95% CI, 1.4e1.6; P < .05) [71].
Metaanalysis also found higher risk for SGA <10th% (OR ¼ 1.27; 95% CI, 1.03e1.57 [48],
and LBW OR ¼ 1.28; 95% CI, 1.11e1.49 [59].

Hypertensive disease

The potential correlation between endometriosis and hypertensive disease during preg-
nancy is still matter of debate. Most of studies did not found any association between endo-
metriosis and preeclampsia. Among population based studies, no association between
endometriosis and preeclampsia was found in Scottish (aOR: 1.06; 95% CI, 0.91e1.24) [66],
or Australian population (OR 0.96; 95% CI, 0.9e1.3) [72]. Conversely, the Swedish study
observed an increased risk for preeclampsia among women with endometriosis (adjusted
OR ¼ 1.13, 95%; CI, 1.02e1.26; P, 0.05), but no stratification was done for assisted reproduc-
tive technology and no systematic surgical confirmation for endometriosis was provided [55].
A recent review and metanalysis regarding specifically the association of endometriosis and
preeclampsia in women conceiving spontaneously or through assisted reproductive

14. Pregnancy complications220

II. The role of immune factors in endometriosis-related conditions



technology did not found any association between preeclampsia, eclampsia, and HELLP syn-
drome risk in women with endometriosis conceiving spontaneously (OR 1.21; 95% CI,
0.94e1.56) or through assisted reproductive technology (OR 0.74; 95% CI, 0.41e1.35) [73].
Metanalysis of Lalani et al. doesn’t found association between gestational hypertension
and/or preeclampsia and endometriosis in both subgroup of women with known sponta-
neous conception and with known assisted reproduction [59]. In women achieving in vitro
fecundation singleton pregnancies, hypertensive disorders did not differ between woman
with endometriosis and controls [68].

Placenta abnormalities

Previous studies on IVF cohort showed an increased risk of placenta previa (aOR ¼ 2.31;
95% CI, 9e2.9) [74]. Available studies are in favor of the association between endometriosis
and placenta previa. The metanalysis of Lalani observed an increased risk (OR ¼ 3.31; 95%
CI, 2.37e4.63), in both subgroup of women with known spontaneous conception
(OR ¼ 6.83; 95% CI, 2.10e22.24) and with known assisted reproduction (OR ¼ 3.33; 95%
CI, 1.52e7.30) [59]. In a specific population pf pregnancy obtained by IVF, placenta previa
was more common in women with endometriosis than controls (6% vs. 1%, respectively;
P ¼ .006, aOR ¼ 4.8; 95% CI, 1.4e17.2) [68]. No evident data are available on the association
of placenta accreta spectrum and endometriosis.

Cesarean section

Most of available studies demonstrated an increased risk of cesarean section in case of
endometriosis (aOR: 1.47; 95% CI, 1.40e1.54) [55], aOR: 1.40; 95% CI, 1.26e1.55) [66]. The
available metanalysis are in line with these observation with increased OR ¼ 1.76; 95% CI,
1.51e2.06) [59], OR 1.57; 95% CI, 1.39e1.78 [48], OR ¼ 1.98; 95% CI, 1.64e2.38 [5].

Surgical endometriosis-related complication during pregnancy

Surgical endometriosis-related complication during pregnancy is routinely reported. The risk
of such complications during pregnancy is particularly low but severe, potentially life-
threatening and unpredictable complications [6]. These complications are mainly due to gesta-
tional changes of ectopic lesions, due to likewise in eutopic endometrium, ectopic endometriosis
changes due to decidualization processes during pregnancy. However it cannot be excluded
either that local inflammation associated with endometriosis may concomitantly weaken the
vessel urinary tract and bowelwall. Finally, adhesions associatedwith presence of endometriosis
may lead to unnatural traction that may further facilitate anatomical damages [75].

Spontaneous hemoperitoneum in pregnancy

Spontaneous hemoperitoneum during pregnancy is rare, but a dramatic cause of perinatal
mortality and morbidity which occurs predominantly during the third trimester of preg-
nancy. Emerging evidence suggests that pelvic endometriosis may play an important role
in the pathogenesis [10,11]. A case note review reports on 15 events of spontaneous
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hemoperitoneum in pregnancy in 11 women and reported absence of maternal-fetal or peri-
natal mortality, despite a high rate of preterm births (54.5%), an increased value of imaging as
a diagnostic tool, notably presence of hemoperitoneum, and recurrence within the same or a
subsequent pregnancy. In all women, endometriosis was diagnosed at a certain moment in
time before pregnancy, suggesting increasing awareness of this serious complication of preg-
nancy especially in women diagnosed with history of endometriosis [76].

Uterine rupture

The question of uterine rupture in case of endometriosis is not well addressed, and to date,
few cases of uterine rupture related to adenomyosis have been reported. Based on a recent
study enrolling 605,362 deliveries, uterine rupture reported rate was 5.6/10,000 deliveries
[77]. The global incidence of rupture of an unscarred uterus is one in 8000 to 15,000 deliveries,
or 0.006% [78], with various etiopathogenic factors including adenomyosis [79]. Berlac et al.
reported 52 cases of uterine rupture before and during labor. In women with endometriosis
risk of uterine rupture was higher than without (OR ¼ 2.7; 95% CI, 2.0e3.6). Among those
cases, 15/52 (28.8%) occurred in women with history of gynecologic surgery [71]. Sponta-
neous uterine on primigravid women and unscarred uterus rupture before labor and before
term [80] or at term [81] have been previously reported. The transformation of stromal cells in
adenomyosis could lead to atrophy and necrosis of the myometrium with reduction of the
uterine muscle mass that weak the myometrium during pregnancy [81e83].

Urinary tract complications

Very rare case of urinary tract injuries related to endometriosis have been reported during
pregnancy. A case of active hemorrhage arising from right uterine artery and interruption of
the ureter in an area of previously documented but not treated endometriotic nodule at
31 weeks of gestation, with fetal death, have been described [84]. Another case of uroperito-
neum was observed 6 h after a preterm delivery at 27 weeks of gestation in a patient with
clinical history remarkable for intestinal and bladder endometriosis and who undergone tran-
surethral resection of a bladder nodule two years before conception [85].

Bowel complications

There are several reports of bowel perforations during pregnancy and all are not related to
endometriosis. In a literature review, Roberti Maggiore et al. [86] reported total of 17 cases of
bowel perforations during pregnancy related to the presence of endometriosis. The most
frequent location of perforations was the sigmoid colon or rectum. Decidualized endometri-
osis was demonstrated in most of the cases after histological, and all pregnancy ended in live
births [86]. Rare cause of acute appendicitis during pregnancy have been reported, attributed
to decidualization of appendiceal locations of endometriosis [87e90].

Conclusion

Women with endometriosis have a higher but low risk of perinatal complications with rare
but severe surgical complication during pregnancy. Assisted reproductive therapy does not
appear to increase perinatal risk. It is nonetheless not demonstrated that modification of con-
ventional pregnancy monitoring for patients with endometriosis is needed.
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Introduction

Endometriosis is an inflammatory gynecological disease that affects approximately 1 in 10
reproductive age women globally [1]. The disease is characterized by the presence of ectopic
endometrial tissue (uterine lining/mucosa), developing outside uterus [1,2]. Endometriotic
lesions are typically observed developing superficially on the pelvic peritoneum, ovaries
(as endometriomas), and/or invading the rectovaginal septum (deep-infiltrating endometri-
osis, DIE) and other pelvic structures. The most commonly accepted etiology is Sampson’s
theory of retrograde menstruation, which suggests that these ectopic lesions originate from
within the uterus, whereby during menses, menstrual debris is refluxed via the fallopian
tubes into the peritoneal cavity and proliferate [3]. This phenomenon is believed to be accom-
panied by a variety of immunological responses [4]. Invasion of lesions into these structures is
typically accompanied by adhesions and fibrosis causing anatomical distortions, in addition
to becoming highly vascularized and innervated during development [2]. Clinically, patients
will often present with symptoms including chronic pelvic pain, menstrual irregularities, and
infertility, which significantly reduce quality of life for afflicted women [5]. As a remarkably
under studied disease, we are only just beginning to understand the complex origin of ectopic
endometrial lesion origin and development, the interplay between the local immune micro-
environment and the induction of inflammation, and the synergistic role of endocrinological
factors, which combine to promote disease pathophysiology. In this chapter, we provide crit-
ical insights into the complexities of immune-inflammatory pathways and mediators relevant
to the pathophysiology of endometriosis.
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The dynamic immune landscape in the eutopic endometrium

Endometrial cyclicality is accompanied by dramatic morphological changes driven by
cycling ovarian hormones. Indeed, the proliferation of the endometrium is accompanied by
alterations in the local immune cell populations in a menstrual phase dependent manner,
and has been reviewed masterfully by Vallvé-Juanico et al. [6]. In summary, leukocytes
may comprise up to 10%e20% of cells in the endometrial functionalis layer during the secre-
tory phase, increasing from only 6%e8% during the proliferative phase [6e8]. Most immune
cells in the healthy endometrium are presumed to be tissue-resident, while some populations
have been speculated to arise from peripherally circulating sources [9]. Immune cells are
commonly observed to be dispersed throughout both the stromal compartments and intrae-
pithelial regions in the functionalis layer, in addition to lymphoid aggregates in the basalis
layer. These aggregates develop transiently during the proliferative phase and comprise a
core of B cells surrounded by a population of CD8þ T lymphocytes and macrophages
[6,10]. The complexity of the endometrial immune landscape has likely evolved to satisfy spe-
cific demands and immunological challenges associated with human pregnancy. As a result,
it is unsurprising that the evolutionary need for such a highly regulated uterine immune envi-
ronment or disruption of immunological niches, either by alterations in cell function or pro-
portion, have devastating consequences on reproductive capacity and the promotion of
gynecological pathologies.

Retrograde menstruation theory commonly proposes that during menstruation, refluxed
endometrial tissue may adhere and invade at ectopic sites, where they may ultimately pro-
liferate and sustain lesion growth [1,2]. Many evidences support that the eutopic endome-
trium from patients who develop disease may harbor predisposing immunomodulatory
factors which may ultimately support peritoneal invasion and the stimulation of inflamma-
tion from refluxed menstrual debris. Evidence for this hypothesis falls into three broad obser-
vations, collectively discussed as (1) retrograde menstruation occurs ubiquitously among
women lacking fallopian tube pathology (i.e., maintenance of patency), (2) endometrial cells
from menstrual debris are viable and maintain proliferative status should favorable condi-
tions be provided by the aberrant immune response, and (3) alterations in immunological ho-
meostasis which promote tissue remodeling and lesion development [4]. Ultimately, it has
been proposed that these changes in immunological condition of the eutopic endometrium
are responsible for transforming the reflux cellular debris to a phenotype with aptitude for
ectopic growth. This refluxed tissue in endometriosis patient may therefore be capable of
avoiding apoptosis and immune clearance, as well as predisposing the patient to chronic pel-
vic inflammatory sequela.

Prominent roles of macrophages in endometrial-associated inflammation

Macrophages have an intimate relationship with the dynamic physiological changes in the
uterus. In the healthy endometrium, macrophages can be observed throughout epithelial and
stromal compartments and can accumulate up to 15% of total endometrial cells by the men-
strual phase [11]. This increase in population has likely evolved as a product of their
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phagocytic properties and ability to clear cellular debris and apoptotic cells, as well as facil-
itate endometrial repair following menses. As such, it has been suggested that macrophages
in the uterus assume varying activation states depending on the menstrual phase. Fluctua-
tions in uterine macrophage populations may be a direct or indirect effect of cycling ovarian
hormones; however, little is known about their specific roles in the healthy endometrium or
how they interact with other resident immune cells (i.e., uterine natural killer cells) to facil-
itate normal menstrual regeneration, facilitate implantation/placentation, promote mucosal
immunity, or cause adverse inflammation and disease. Nonetheless, evidence suggests that
women with endometriosis experience perturbations in both the cyclical turnover of endome-
trial macrophages throughout the menstrual cycle and activation phenotypes. Varying re-
ports suggest that women with endometriosis have significantly greater abundance of
macrophages in the proliferative phases compared to the typical decrease seen in healthy
women, while others have observed increases macrophage numbers in all menstrual phases,
not adhering to typically cycling dependent behavior [6,12,13]. It has been proposed that in-
creases in macrophage accumulation may be caused by higher local concentration of the
potent macrophage chemokines such as monocyte chemoattractant protein-1 (MCP-1)
[14,15]. It has been suggested that this may ultimately lead to aberrant cytokine signaling
eutopically, stimulating local proinflammatory responses which may induce an antiapoptotic
state in endometrial cells, enhancing their aptitude for survival upon reflux and facilitating
the ability for these cells to avoid senescence prior to peritoneal invasion and lesion establish-
ment. Specifically, macrophages may secrete tumor necrosis factor (TNF) to induce apoptosis
in endometrial cells in the homeostatic clearing of menstrual debris. Han et al. demonstrated
that endometrial cells from endometriosis patients conveyed resistance to TNF-mediated
apoptosis, in which apoptotic signaling was diverted to induce inflammasome activation
and avoid cellular senescence [16]. This accumulates to increased production of interleukin
(IL)-1b, which has been documented to predominate the endometriotic milieu, promote peri-
toneal inflammation and drive the adhesive and invasive phenotypes observed in endometri-
otic cells [16]. Further investigation into the relevance of the phenomenon of macrophage
accumulation and their functions in the eutopic endometrium toward promoting endometri-
osis are required. In vivo animal models focusing on manipulating local macrophage recruit-
ment and activation status are likely to be beneficial to explore the causative roles of
macrophages in predisposing the eutopic endometrium for lesion formation and if these pop-
ulations can be altered therapeutically to reduce disease incidence and support fertility.

Macrophage activation paradigms

Macrophages were originally classified as bona fide members of the mononuclear phago-
cyte system, the family of leukocytes comprising bone marrow progenitors, blood monocytes,
tissue macrophages, and professional antigen presenting cells including dendritic cells [17].
Macrophages are a major resident leukocyte population in most tissues of the body whose
resident population can increase significantly in response to a variety of inflammatory stimuli
not limited to infection, tissue regeneration/wound healing, and malignancy. Perhaps the
most critical function of macrophage is to serve as master regulators of the innate immune
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response, primarily by coordinating the release of key chemokines and cytokines involved in
the recruitment and regulation of leukocyte activity, respectively. Thus, macrophages have
central functions in the elicitation of inflammatory responses and promotion of homeostatic
resolution. In the case of sterile inflammation and wound healing, macrophages are respon-
sible for the clearance of cellular debris, release of matrix metalloproteases to facilitate tissue
remodeling, and facilitate the neovascularization of hypoxic tissue by secreting potent angio-
genic factors, including vascular endothelial growth factor (VEGF) [18]. Nonetheless, this
broad scope of macrophage activity and tissue-specific functions require these cells to be
highly plastic and acquire a variety of functional states. Indeed, macrophages adopt distinct
activation paradigms in response to local microenvironmental cues and as a result may prop-
agate inflammatory responses or promote resolution, tissue remodeling and neoangiogenesis.
The “classical” proinflammatory phenotype (M1) is most commonly seen in the immune
response to pathogen associated molecular patterns (i.e., lipopolysaccharides) and endoge-
nous danger signals released during cellular damage [18,19]. These cells secrete inflammatory
cytokines, including IL-1b and TNF, and generate molecules involved in the antimicrobial re-
sponses, such as reactive oxygen species. Conversely, alternative activated macrophages (M2)
are generally involved in wound healing and tissue remodeling and are often observed in the
resolution stages of the immune response. This phenotype is responsible for the secretion of
IL-10 (an immunosuppressive cytokine), the production of tissue growth factors, and are
typically associated with the T-helper 2 response [18]. Importantly, we must appreciate
that the acquired macrophage phenotypes are dictated by local microenvironmental signal
and are bidirectional and transient in the process of inflammatory homeostasis. Many disease
conditions seek advantages in the extremes of macrophage activation status. For example,
developing tumors may thrive by promoting in the immunosuppressive and highly vascular-
ized environments induced by M2 macrophages, whereas chronic inflammation in inflamma-
tory bowel disease can be attributed, at least in part, to unregulated M1 macrophage activity
[20,21]. Homeostasis between phenotypes ensures the successfully instigation and resolution
of inflammation and it is probable that these phenotypes exist on a spectrum of activation
states in both health and disease.

Macrophages are major constituents of the endometriotic lesion-immune
microenvironment

The endometriotic lesion-immune microenvironment is undoubtably a complex and dy-
namic landscape that is only recently undergone evaluation. Many studies to date are begin-
ning to characterize the various leukocyte populations which fluctuate in both local
peritoneal and systemic compartments and appear to correlate with clinical findings of endo-
metriosis. Of these reports, macrophages are consistently among the most commonly associ-
ated leukocyte population accompanying the development of endometriosis in women [22].
Indeed, macrophage populations are significantly elevated in the local peritoneal environ-
ment, which we believe is likely in response to inflammatory signals derived from refluxed
menstrual debris [23]. As innate immune sentinels, macrophages are likely among the first
leukocytes recruited to the developing endometriotic lesions in attempt to phagocytose
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cellular debris. Additionally, macrophages have been suggested to possess active roles in the
pathophysiology and development of endometriotic lesions and are not merely inert immu-
nological bystanders [4]. Specifically, macrophages in the peritoneal fluid of endometriosis
patients have been observed to produce increased peritoneal concentration of both proinflam-
matory and proangiogenic cytokines, including VEGF, TNF, and IL-1b and IL-8 [4,18].
Specially, TNF has been reported in higher levels in the endometrium and peritoneal fluid
of women with endometriosis in mild or early stages of the disease, suggesting that it may
have a role in the early stages of disease while lesions are establishing [24,25]. TNF can
also stimulate the expression of prostaglandin synthase-2, which in turn increases the produc-
tion of prostaglandin E2 (PGE2) [26]. In addition to the diverse role of PGE2 in promoting
inflammatory effects, it may also up-regulate the expression of aromatase in endometriotic
lesions, leading to excessive endogenous steroid synthesis which may further promote lesion
development [26]. Although endometriosis is a benign condition, the functionality of macro-
phages and their interaction with the developing lesions shares many characteristics with
tumor-associated macrophages (TAMs). During the development of neoplastic tissues, mac-
rophages have prominent role in inducing inflammation, tissue remodeling, and neovascula-
rization and much of their role in endometriosis has been evaluated thorough the lens of
cancer immunology [18].

The infiltration of macrophage is a consistent feature of endometriosis, however the stimuli
responsible for the recruitment and pathological activation of macrophages remains elusive.
Nonetheless, macrophage activation has been demonstrated to have vital roles in the progres-
sion of endometriosis. Experimental evidence has demonstrated that depletion of macro-
phage from mouse models results in endometriotic lesions which are not only smaller in
volume, but accordingly display reduced vascularization compared to their immunological
competent counterparts [27]. Importantly, depletion of macrophage did not inhibit the devel-
opment of endometriosis in this model, but rather attenuated the lesion development. Cocul-
ture systems of endometriotic stromal cells with patient macrophages support the role of
immune cells in promoting the invasive phenotypes of endometriotic cells observed, indi-
cating they may only function to facilitate lesion development inadvertently, but are not
essential to disease progression [28]. Furthermore, Bacci et al. was able to provide evidence
that adoptively transferring M2 polarized macrophages were able to significantly enhance le-
sions growth and vascularization, whereas the adoptive transfer of classically M1 macro-
phages resulted in smaller, poorly vascularized structures [27]. Although M2 macrophages
have been reported to dominate the intralesion environment, the activation of macrophages
is likely to comprise of a variety of functional states depending on a variety of microenviron-
mental queues and the presence of TNF and IL-1b suggesting M1 macrophages are likely to
have some role in endometriosis pathophysiology. Ultimately, there are substantial differ-
ences in macrophage recruitment and activation phenotypes between healthy women and
those who develop endometriosis. However, significant work is required to elucidate the
functional and casual roles of subpopulations that comprise the lesion and peritoneal micro-
environments. As such, we can predict that the detrimental activities of macrophages in
endometriosis are likely the product of disruptions in normal homeostatic responses to endo-
metrial DAMPs and their propensity for lesion development is a consequence of a failure to
eliminate these endometriosis-related inflammatory stimuli.
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T lymphocytes: adaptive immune roles in endometriosis

Retrograde menstruation is a common phenomenon among women of menstruating age
with a prevalence of approximately 9 out of 10 women [29]. However, risk of menstrual
debris proliferating in ectopic locations is largely reduced by the process of apoptosis without
eliciting extensive inflammation [30,31]. This physiological function of clearing menstrual
debris specifically is regulated by immune cells such as macrophages, cytotoxic T lympho-
cytes, and natural killer (NK) cells, while sparing eutopic endometrium that undergoes
reconstruction [32,33].

Lymphocyte subpopulation broadly include CD4 and CD8 T cells and several other sub-
types discussed below. CD4þ T cells are instrumental in achieving immune response against
pathogens. The cytokine profile in the local environment leads to activation of naïve CD4þ
T cells and its subsequent function, discussed in detail elsewhere [34]. On the other hand,
pathogens in the system trigger the activation and differentiation of naïve CD8þ T cells
into cytotoxic effector cells to clear the pathogens effectively [35]. Extensive studies on endo-
metriosis suggests considerably higher number of CD4þ and CD8þ T cells infiltrating the
lesion microenvironment when compared to normal endometrium [36e38]. CD4þ T-helper
cells are further segregated into four groups based on the type of immune response. Type
1 (Th1) response activates T cell mediated cytotoxicity via secretion of cytokines such as
IL- 2, IL-12, TNF and interferon gamma (IFNg). Apart from Th2 cells promoting antibody
mediated response, they also counteract the Th1 mediated cytotoxicity through secretion of
cytokines such as IL-4, -5, -6, -10, and -13 [39,40]. Th1 and Th2 type responses are strictly
balanced under normal circumstances [41]. However, elevated levels of Th2 type cytokines
such as IL-4 and IL-10 have been reported in the peritoneal fluid and plasma of patients
with endometriosis when compared to normal healthy controls [42e44]. Furthermore, IL-4,
IL-5 and IL-10 cytokines have been linked with cellular proliferation, adhesion and suppres-
sion of cell mediated immunity [45,46]. Due to this imbalance in the regulation of Th1 and
Th2 responses, a potential bias of Th2 cytokines (i.e., IL-10) might suppress the cytotoxic
T cell activity in the peritoneum of women with endometriosis. CD8þ cytotoxic T cells are
subsets of T cells that are imperative in cell mediated immunity [47]. Activated CD8þ
TCR-MHC class 1 complex eliminates antigen containing cells by releasing cytokines, cyto-
toxins or by Fas receptor (FasR) and ligand (FasL) signaling, all of which leads to apoptosis
[48]. FasR-FasL signaling in the immune system also regulates the cytotoxic T cell activity
which eventually leads to the apoptosis of cells that present foreign antigens. Interestingly,
Garcia-Velasco et al. in 2002 found that soluble levels of Fas ligand in the serum and perito-
neum fluid of patients with endometriosis were significantly increased when compared to
healthy fertile controls [49]. Although speculative, these findings suggest that higher levels
of soluble FasL could perhaps induce apoptosis by activating FasR expressed on cytotoxic
T lymphocytes which in turn attenuates scavenging activity. Likely, endometriotic lesions
develop higher resistance to FasL induced apoptosis in the peritoneum leading to increased
rate of survival and proliferation [30].

Additional subsets of T cells include T-helper 17 cells (Th17) and T regulatory lymphocytes
(Treg). Th17 cells are found to be the predominant source of IL-17A production. Apart from
mediating defense against pathogens, IL-17 has also been linked with the pathogenesis of
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various autoimmune diseases, discussed elsewhere [50]. Treg possess a wide variety of
immunoregulatory roles controlling proliferation of T lymphocytes [51,52], B lymphocytes,
macrophages and dendritic cells, while also mediating cytokine release [53]. Th17 and Treg
were found to be increased in numbers in the endometriotic lesions [38,54] and peritoneal
fluid [55] of women with endometriosis when compared to women without endometriosis.
Similarly, Braundmeier et al. in 2012 showed that by inducing endometriosis in nonhuman
primates, they observed increased transcript levels of FOXP3 (regulator of T-reg develop-
ment) in the ectopic tissues of animals with endometriosis, when compared to the eutopic
endometrium. However, they also found that Treg numbers were significantly reduced in
the eutopic endometrium of nonhuman primates when compared to animals without endo-
metriosis [56]. Increased Treg populations may have a role in suppressing local immune
response that ultimately prevents the elimination of ectopic tissues in the peritoneum cavity
[57]. On the contrary, a study conducted by Y. Tanaka et al. demonstrated that Treg that are
suppressive in nature (CD45RA�Foxp3hi) were found to be significantly lower in the endo-
metriotic lesions when compared to the normal endometrium [58]. Additionally, absence
of Treg cells in a mouse model of endometriosis showed increased lesion growth and
elevated inflammatory cytokines (IL-6, MIP-1, VEGF and MCP-1), indicating that complete
ablation of Treg could worsen endometriosis by facilitating cellular proliferation [58] and
angiogenesis via indirect mechanisms such as, suppressing angiostatic cytokines (TNF and
IFNg) producing Th1 effector cells [59]. Likely, IL-17, a predominant functional product of
Th17 cells and a known proinflammatory cytokine was found to be significantly elevated
in the peritoneal fluid of women with endometriosis [60e62]. Chang et al. in 2017 showed
the elevated numbers of IL-10 producing Th17 cells in the peritoneal fluid of women with
endometriosis as opposed to women without endometriosis [63]; suggesting a potential inter-
play that aids in development and progression of endometriotic lesions, as IL10þ Th17 cells
are pivotal in limiting autoimmunity and inflammatory responses [64]. Although, these inter-
actions of Th17 cells and cytokines are significant, robust and reliable mechanistic evidences
in endometriosis are limited.

The role of B cells and correlative autoimmune features in endometriosis

Endometriosis is generally not considered as an autoimmune disease. However, dysregu-
lation in the immune system has been explored as cause of ectopic lesion development
[65,66], and hence, potential association between endometriosis and autoimmune diseases
has been proposed [67]. A metaanalysis by Shigesi et al. in 2019 has showed that women
with endometriosis have a higher risk of acquiring autoimmune comorbidities including sys-
temic lupus erythematous, rheumatoid arthritis, celiac disease, Sjogren’s syndrome, autoim-
mune thyroid disorder, inflammatory bowel disease, multiple sclerosis and inflammatory
bowel disease [68]. However, there are discrepancies in associating endometriosis with auto-
immune disease as Nielsen et al. in 2011 reported no significant correlation [69]. Consistent
with the established role of CD4þ T cells in activating B cells for antibody production, there
are several reports confirming increased CD4þ T cells correlated with increased antibody
production in autoimmune-inflammatory conditions [70,71]. Lang et al. in 2001 demonstrated
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that patients with endometriosis had higher amounts of auto-antibodies against the endome-
trial antigens such as a2-Heremans Schmidt glycoprotein (a2-HSG), transferrin, and carbonic
anhydrase in the serum when compared to healthy fertile controls [72]. Similarly, Inagaki
et al. in 2003 analyzed IgG antilaminin-1 antibody of endometriosis patients, which were
significantly increased in the serum when compared to healthy fertile controls [73]. Likewise,
R. Gajbhiye et al. demonstrated that over 60% of the endometriosis patients showed presence
of IgG and IgM classes of endometrial antibodies in the serum. Moreover, there are several
studies in the past that have confirmed the presence of antiendometrial antigens around
30e45 kd molecular weight [74,75].

B lymphocytes are primary source of antibodies that are produced upon activation by Th2
type cells. The role of B cells in the pathophysiology of endometriosis is not well established.
Thus, studies interpreting endometriosis as an autoimmune condition have focused to estab-
lish the presence of autoantibodies against refluxed endometrial debris [76]. In concordance,
studies have found elevated levels of circulating B cells in blood and peritoneal fluids [77]
with higher concentration of autoantibodies among women with endometriosis when
compared to healthy fertile controls [72,73,78]. Mathur et al. reported the presence of IgG
and IgA antibodies in ectopic tissues and sera of women with endometriosis [79]. Surpris-
ingly, there were no differences observed in mature B cell activity when characterized via
CD22 surface marker. Contrary to that, lower levels of IgG antibodies [80] and increased acti-
vation of B cells [81] have been identified in blood and peritoneal fluid of women with endo-
metriosis. Additionally, B cell lymphoma 6, a transcription factor responsible for the
development and regulation of B cells has been found to be highly expressed in endometrium
of women with endometriosis [82]. On the other hand, Yeol et al. show contrary evidences in
this regard, where Bcl-6 mRNA has found to be decreased in the endometriosis group [83].
Interestingly, Riccio et al. in their murine model of endometriosis have adopted the idea
that B cells might be responsible in developing antiendometrial antibodies and have inter-
vened the mechanism using Bruton’s tyrosine kinase (Btk) inhibitor. They have utilized Ibru-
tinib, a drug that can induce regulatory phenotype of activated B cells. On the other hand,
they depleted B cell population in the mice using anti-CD20 antibody as a proof of concept.
The authors found that the animals treated with Ibrutinib showed reduced lesion growth and
increased regulatory B cells in the spleen and peritoneal fluid, whereas the animals treated
with depleting antibody did not show any changes in the progression of endometriosis
[84]. Although these evidences are convincing, B cell involvement and its role in the context
of endometriosis is arguably most controversial topic due to confounding and unreliable re-
sults. Additionally, as mentioned above, potential autoimmune disease comorbidities are
associated with endometriosis [68,69] and so far, studies have not completely addressed
this. Hence, further research is required to completely understand the involvement of B cells
in terms of their activation status, regulatory phenotype and association with specific types of
antibodies claimed in the literature associated with endometriosis. This knowledge will
potentially help us to determine diagnostic/therapeutic relevance of endometriosis specific
autoantibodies in near future.

Recent developments in the field of genome-wide association studies (GWAS) has helped
us to better understand the correlation and risk of various diseases [85]. To date there are over
eight GWAS involving endometriosis patients among three different ancestry to map herita-
bility of endometriosis influenced by environmental and genetic factors [86]. A metaanalysis
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in 2017 has demonstrated the involvement of 14 independent SNP risk loci, while discovering
novel secondary risk loci that includes genes such as estrogen receptor 1 (ESR1) and kinase
insert domain receptor (KDR) [87]. KDR gene encodes VEGF receptor two and evidences sug-
gest that high levels of estrogen triggers upregulation of KDR, which further contributes to
survival and migration of endothelial cells [6]. On the other hand, GWAS have also been
instrumental in showing the risk of developing autoimmune comorbidities among women
with endometriosis when compared to healthy fertile controls. A metaanalysis of population
based cross-sectional and case study in 2019 has showed the significant association between
endometriosis and autoimmune diseases such as rheumatoid arthritis, systemic lupus
erythematous, Sjogren’s syndrome, Celiac disease, inflammatory bowel disease and multiple
sclerosis in close to 30% patients when compared to normal female population [68].
Although, GWAS studies provide a potential connection between endometriosis and autoim-
mune diseases, there are certain limitations that appears to be challenging to address. As
mentioned above several studies have identified the autoantibodies in circulation in patients
with endometriosis suggesting autoimmune disease phenotypes. However, one of the major
limitations is that knowledge is limited regarding the biological pathways shared between
endometriosis and autoimmune diseases. Additionally, predicting risk of complex diseases
through GWAS studies based on genetic profiles has picked up traction due to increase num-
ber of GWAS being analyzed [85]. However, due to low sample size and small number of
disease risk loci identified (predicted to be around 2%) of all the risk variants restricts the abil-
ity to predict disease risks among endometriosis patients.

The endocrine-immune interface in endometriosis

While immune dysfunction is recognized as a driving factor, endometriosis has long been
characterized as endocrinological in nature. Specifically, estrogen dominance is a key charac-
teristic of endometriosis, which occurs largely due to the excessive local production of estro-
gen by lesion-specific aromatase activity. Consequently, hormone therapy dominates in the
clinical management of endometriosis patients. In fact, all of the available pharmacological
therapies for endometriosis are endocrine modulating drugs: hormonal contraceptives,
GnRH agonists, and synthetic androgens including danazol [84e86]. The underlying objec-
tive is to regulate the patient’s hormonal imbalance by suppressing endogenous estrogen pro-
duction. Importantly, these treatment options are counterproductive regarding patients
seeking counseling for endometriosis-related infertility who wishes to become pregnant.
As well, many patients report persistence of pain symptoms after treatment with hormonal
contraceptives, and none of the aforementioned hormonal therapies are curative [87]. The
dilemma remains that endometriosis cannot be effectively treated by addressing a patient’s
endocrine factors alone, as a consequence of the acknowledged multi-faceted nature of the
disease.

The interface of immune and endocrine systems is complex and its role in health and dis-
ease is poorly understood. While many of the mechanisms remain elusive, aberrant endocrine
regulation of immune cells has been implicated in the pathogenesis of endometriosis. Several
researchers have considered that hyperphysiological estrogen secretion from lesions acts as
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an activating factor for many different leukocytes in the lesion microenvironment [6,87e89].
The functions of estrogen in immune modulation is complex, as it has both anti- and proin-
flammatory actions identified on different cell types and at different phases of the menstrual
cycle [88,90,91]. Different actions of estradiol often depend upon what receptor is expressed
by the leukocyte. There are two main estrogen receptor (ER) subtypes: ERa and ERb. These
receptor subtypes are distributed differently in various tissues, with ERa generally domi-
nating the reproductive organs and tissues, notably uterus, theca cells of ovary, testes, mam-
mary glands, bone, and liver [92]. Meanwhile ERb are found more abundantly in the prostate,
bladder, colon, granulosa cells of ovary, and immune system generally [92,93].

Progesterone also has immune modulating roles, and acts on cells via progesterone recep-
tor A (PR-A) and progesterone receptor B (PR-B) [94,95]. ERs and PRs act as nuclear tran-
scription factors, and it is now known they can function via nongenomic membrane
receptor activity in certain leukocytes to produce a rapid onset of cellular effects [93,96,97].
A notable endocrine characteristic of endometriosis is progesterone resistance. This refers
to the observed lack of responses from endometriotic tissue to progesterone stimulation. Pro-
gesterone acts to regulate endometrial apoptosis rate and limit proliferative effects of estra-
diol. Researchers have found that endometriotic tissue from patients contain significantly
low levels of PR-A mRNA and no PR-B mRNA when compared to samples from healthy
controls [98]. This observation is particularly relevant because in order to produce the
estradiol-metabolizing enzyme 17b-HSD-2, endometrial stromal cells require stimulation
by progesterone [99]. The lack of PR expression by stromal cells in endometriotic lesions
therefore likely contributes to excess estradiol production and in turn lesion proliferation
[99]. These findings may also explain why progestin-based endometriosis therapies often
fail to ameliorate disease. Progesterone resistance and its impact on fertility in endometriosis
patients has been extensively reviewed elsewhere [1,100,101]. The roles of estrogen and pro-
gesterone imbalance in endometriosis pathophysiology have been extensively reviewed in
the literature, however the translation of this knowledge to the clinical management of
inflammation in patients remains to be demonstrated [1,93,99,100].

Many leukocytes express ERs and PRs, including mast cells, macrophage, T lymphocytes,
and NK cells. Activation of these receptors by their respective steroid hormones modulates
the leukocyte function relating to proliferation and inflammation. However, there are some
indirect ways by which sex hormones influence immune cell activity in the endometrium.
For example, estradiol acts on endometrial stromal cells via the b-catenin/Wnt pathway to
induce secretion of VEGF, which could then act as a chemokine to monocytes and macro-
phage and contribute toward angiogensis [102,103]. There are several other chemokines pro-
duced by stromal and epithelial cells upon hormonal stimulation that result in chemotaxis of
immune cells including RANTES, macrophage-inflammatory protein 1b, CXCL9, and stromal
cell-derived factor-1 [104e107].

It is established in the literature that immune cell numbers fluctuate in the menstrual cycle
[108e110]. Mast cells have been documented to be present in the endometrium throughout
the uterine cycle and high rates of degranulation are observed just before and during
menstruation, indicating mast cells have a role in menstruation and are cyclically, hormonally
regulated [111]. Expression of both ERs and PRs have been identified in mast cells in humans
and mice [112]. In a study by Jensen et al. [113] it was found that both estrogen and proges-
terone treatment could increase mast cell number at the mouse uterus, and that treatment
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with either hormone appeared to induce maturation and degranulation [113]. Progesterone
has also been found to decrease secretion of histamine by mast cells in vivo [114]. Estradiol
can initiate a Ca2þ influx via membrane receptor ERa and kinase activation in mast cells aid-
ing the release of allergic mediators [96]. Aberrant mast cell behavior has been noted in pa-
tients with endometriosis. Specifically stem cell factor, which signals through c-Kit and is
required for maturation and differentiation of mast cells was present in higher concentrations
in the peritoneal fluid from patients with endometriosis as compared with healthy controls
[115]. Similarly, endometriotic lesions from endometriosis patients reported to have high
numbers of activated mast cells when compared to normal peritoneum, eutopic endome-
trium, and healthy controls [116,117]. Notably, a positive correlation has been found between
number of mast cells and disease stage, with highest mast cell number found in deep-
infiltrating endometriosis when compared to peritoneal or ovarian endometriosis [117].

Macrophage number varies over the course of the menstrual cycle, increasing during the
proliferative phase, aligning with hormonal regulation [13,118]. In endometriosis patients,
macrophage number has been found to be significantly greater in samples from the functional
layer of eutopic endometrium when compared to healthy controls [13]. This may be due in
part to the endocrine dysregulation characteristic of endometriosis, specific chemokines
from the lesion microenvironment, or these in concert together. Macrophage express both
ERa and ERb, and it has been found that ERb expression in macrophage is positively corre-
lated with the expression of proinflammatory cytokines such as TNF, IL-1⍺ and IL-1b
[119,120]. As well, Montagna et al. found that the expression of ERawas positively correlated
with production of proinflammatory cytokines such as TNF-a, IL-6, and IL-1b specifically in
women with endometriosis [120]. Estradiol was found to classically activate macrophage,
polarizing to the M1 phenotype to produce proinflammatory cytokines such as TNF-a, IL-
1b, and IL-6; and also stimulates macrophage proliferation in the presence of IFNg [121].
Multiple other studies have found that ERa activation causes macrophage to polarize toward
the M2 “permissive” phenotype, which might allow proliferation of ectopic endometrial le-
sions in endometriosis[122e124]. The mechanisms of this phenomenon have not yet been
delineated, and describing the actions of macrophage has been a challenge in the field due
to the tendency of these cells to switch phenotypes [125,126]. At present, evidence is incon-
clusive as to whether dendritic cells, another predominant antigen presenting cells, are modu-
lated cyclically. Some reports have found no difference in dendritic cell numbers across
menstrual cycle while others have noted an increase during the secretory and menstrual
phases [127,128].

T lymphocytes are the predominating leukocyte in the endometrium during the prolifer-
ative phase and decrease significantly during the secretory phase correlating with estrogen
levels [109]. As with most leukocytes, hormonal modulation is indicated. Faas et al. [129]
was the first to describe the shift of Th1 (proinflammatory) to Th2 (immune-regulatory) domi-
nance between the follicular (estrogen dominant) and luteal (progesterone dominant) phases
[129]. Progesterone appears to influence a shift toward the Th2 type cytokine profile, marked
specifically by a significant increase in Th2 cytokine IL-4 in the luteal phase. Polanczyk et al.
[130] conducted experiments that elucidated the role of estradiol in T regulatory cell suppres-
sion, both through programmed death (PD)-1 -dependent and -independent pathways [130].
Mohammed et al. conducted a study wherein mice with a T cell ERa knockout consistently
expressed significantly lower concentrations of proinflammatory cytokines TNF, IFNg, and
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IL-6; severely dampening T cells’ pathogenic capacity within the disease model of colitis,
representing autoimmune inflammation [131]. This showed that activation of ERa has an
important role in T cell activation, survival, and regulation of T cell functions.

Based on the literature, we can conclude that (1) majority of the immune cells express re-
ceptors for estrogen and progesterone, (2) both estrogen and progesterone has activating and
or inhibitory effects on the immune cell functions depending on the disease or health status,
and (3) both estrogen and progesterone modulate chemokine expression in the tissues ulti-
mately regulating leukocyte traffic. However, the major knowledge gap revolves around
the crosstalk between endocrine and immune functions and whether the aberrant signaling
(endocrine or inflammation) is independently contributing to endometriosis pathology. In
other words, does hormonal imbalance contribute to abnormal resolution or triggering
inflammation, or it is the inflammation that modulates hormone receptor expression in im-
mune cells and their end response to the environmental cues? Regardless, immune modu-
lating effects of estrogen are well established in the literature. One of the simple ways
some of these questions can be addressed is by performing prospective studies in endometri-
osis patients undergoing hormonal treatment and broadly assessing the impact on systemic
immune cell profiles, similar to a CyTOF-based study that documented immunological
events in pregnancy [132]. Although descriptive, these studies will shed light on the intri-
cacies of inflammation and endocrine issues. Most of the literature in endometriosis have
tackled these two issues independently by either measuring hormones or cytokines in the sys-
temic circulation without any correlations in the disease context. If the consensus is that endo-
metriosis patients experience chronic inflammation combined with hormonal imbalance,
future therapeutics should be aimed at targeting both of these processes.

Immunomodulatory therapeutic opportunities and future of endometriosis
management

The progression of endometriosis is intimately connected with estrogen-dependence,
which has largely predominated our understanding of treatment options for patients. How-
ever, the last several decades of research, and even earliest modern documentations of endo-
metriosis, have provided evidence for the critical role of dysregulated immunologic function
in the development and progression of disease. Despite being one of the most frequently
encountered gynecological diseases, new developments in therapeutic management remain
limited, likely as a result of our poor understating of disease pathogenesis in patients. At
the time of clinical presentation, most individuals will already have established disease,
and it is not always feasible to conduct long-term studies in human populations due to a va-
riety of ethical considerations, primarily those concerning the lack of nonsurgical/invasive
imaging modalities [5]. Current therapies are often unsatisfactory as they are primarily con-
cerned with managing symptoms, rather than treating the causes of disease. Many of these
therapies focus on targeting the hypothalamic-pituitary axis through the use of
gonadotrophin-releasing hormone agonist to maintain a hypoestrogenic state [1]. Although
these hormonal therapies do provide benefits to some patients with regards to limiting le-
sions proliferation and decreasing pain symptoms, patients are often unsatisfied with side
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effects, may be unlikely to maintain long-term compliance, and active disease often returns
upon cessation of treatment [3]. There is subsequently a strong argument to suggest that hor-
mone therapies for endometriosis are not entirely sufficient for managing disease. Therefore,
manipulating the most well understood immunological dysfunctions in endometriosis may
be beneficial for addressing the clinical concerns of endometriosis patients by targeting the
specific pathobiological mechanisms not currently addressed.

Endometriosis remains a difficult disease to study clinically due to heterogeneity in presenta-
tion and difficulty in long-term disease monitoring, as previously mentioned. As a result, it is
likely that the future of immunotherapy in endometriosis will rely on adapting the safe and effi-
cacious therapies developed in analogous inflammatory disorders for clinical trial in endometri-
osis patients. One of the most obvious immunotherapy candidates for endometriosis is
etanercept, a fusion protein consisting of human recombinant soluble TNF receptor-2 (p75) con-
jugated to a human Fc antibody subunit, which can functionally neutralize the activity of TNF
and is currently used to reduce signs and symptoms of disease including rheumatoid arthritis
and psoriasis [133]. A study from 2004 conducted by Barrier et al. demonstrated that etanercept
effectively reduced the amount of spontaneously occurring active endometriosis in the baboon
model of endometriosis [134]. However, to date only few case reports have debated the utility
of this biologic therapy for endometriosis with limited clinical success [135]. Interestingly, in
2018, Önalan et al. evaluated the therapeutic benefit of etanercept on pregnancy outcomes in
womenwith endometriomawhowere pursuing assisted reproductive technologies and demon-
strated that antagonizing TNF may be a promising nonhormonal adjunct in the treatment of
endometrioma-associated infertility [136]. Nonetheless, our group has published several papers
highlighting the pathologic functions of IL-17 in endometriosis [53,137,138]. IL-17 is the major
effector cytokine produced from Th17 cells and serves to induce proinflammatory responses
and has been associated with promoting allergy and inflammatory disorders, notably psoriasis
[139,140]. We recently demonstrated that IL-17 is elevated in the plasma and peritoneal fluid
of women with endometriosis compared to controls and that endometriotic lesions produce
IL-17 [53]. Additionally, Th17 cells are also elevated in women with endometriosis, increasing
in stage dependentmanner, compared to healthy controls [45].We are hopeful that the successes
of biological therapy in psoriasis through the development of IL-17 neutralizing antibodies, may
provide amenable therapeutic benefits, at least inpart, to relatedTh17-mediatedpathologies such
asendometriosis [141].Ultimately,webelieve that thesenovel immunomodulatory therapieswill
likely serve to augment today’s standards of care, rather than replace traditional therapies
outright. Endometriosis is a highly complex and broad classification of what is believed to be a
variety of different subtypes of disease, which may have different clinical presentations and
may respond differently to endocrinological and immunological therapies altogether.
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Novel therapeutic strategy:
antiinflammatory reagents

Role of NF-kB in endometriosis

Hiroaki Komatsu, Fuminori Taniguchi and Tasuku Harada
Department of Obstetrics and Gynecology, Tottori University School of Medicine, Yonago,

Tottori, Japan

Introduction

Endometriosis was first described by Daniel Shroen in 1690 in a book entitled “Disputatio
Inauguralis Medica de Ulceribus Ulceri” [1]. He described the lesions as inflammations with a
tendency to form adhesions that linked visceral areas together [2]. The most important char-
acteristic of endometriosis is that it is a local pelvic inflammatory process with altered func-
tion of immuno-related cells in the peritoneal environment. Studies have demonstrated that
the peritoneal fluid of women with endometriosis contains an increased number of activated
macrophages that secrete various local products, such as growth factors and cytokines [3e5].
Thus, the cytokines secreted in chronic pelvic inflammation are crucial in the pathogenesis of
endometriosis. These cytokines include interleukin (IL)-1, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12,
IL-13, interferon-g, tumor necrosis factor (TNF)-a, regulated upon activation normal T-cell
express sequence (RANTES), monocyte chemotactic protein-1 (MCP-1), macrophage colony
stimulating factor, transforming growth factor (TGF)-b, and vascular endothelial growth fac-
tor (VEGF). Macrophages are believed to be the primary source of cytokines. However, endo-
metrial cells produce cytokines independent of macrophages, which contributes to their
survival in the peritoneal cavity [6]. We concluded that IL-8 significantly enhanced the
proliferation of stromal cells derived from ovarian endometriomas, suggesting that IL-8
promotes the progression of endometriosis [7]. We also found that TNF-a promoted the pro-
liferation of endometriotic stromal cells by inducing IL-8 gene and protein expression [8].
Therefore, it is possible that an altered peritoneal microenvironment with increased expres-
sion of proinflammatory cytokines and growth factors enhances the capability of endometrial
cells to implant and grow in the peritoneal cavity. Thus, Inflammatory responses are new
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thought to be mediated by the activation of the transcription factor, nuclear factor-kappaB
(NF-kB), which can be activated by various stimuli, including cytokines.

The NF-KB signaling pathway

NF-kB is a complex protein that acts as a transcription factor. Stimulus-induced NF-kB ac-
tivity, the central mediator of inflammatory responses and immune function, comprises a
family of dimeric transcription factors that regulate diverse gene expression programs
comprising several genes. NF-kB may allow cells to be protected and proliferate and can
simultaneously initiate an inflammatory response through the recruitment and activation
of effector cells of the immune system. p50, p52, p65 (RelA), c-Rel, and RelB are five known
proteins of the NF-kB family [9e11] that form various homo- and heterodimers, the most
common activated forms of which are the p50/RelA or p52/RelA heterodimers. The
NF-kB dimers bind to specific inhibitors of NF-kB (I-kB), forming a complex that is inactive
because it is unable to bind to DNA. A family of I-kB proteins controls NF-kB DNA-binding
activity and nuclear localization. Cellular stimulation results in specific phosphorylation,
ubiquitination, and proteasome-mediated proteolysis of the NF-kB-bound I-kB protein,
which renders NF-kB capable of binding DNA and being localized to the nucleus. Some
I-kB proteins have different affinities for Rel/NF-kB complexes; these proteins are regulated
slightly differently and are expressed in a tissue-specific manner. The I-kB proteins include
p105, p100, IkBa, IkBb, IkBg, IkBe, IkBz, Bcl-3, and the Drosophila cactus protein [12,13]. Acti-
vation of the cytoplasmic NF-kB occurs mainly through I-kB kinase (IKK)-dependent phos-
phorylation and degradation of I-kB inhibitory proteins. Moreover, IKK activation induces
the polyubiquitination and fast proteolysis of I-kB peptides by the 26S proteasome, leading
to the liberation and activation of NF-kB. The active NF-kB translocates into the nucleus
where it regulates gene expression by binding to kB elements in the enhancer or promoter
regions of the genes [11,12,14e17].

Three pathways of NF-kB activation have been identified. First, the canonical pathway
depends on the inducible degradation of inhibitory I-kB proteins, which retain most NF-kB
dimers (except those that contain RelB) in the cytoplasm [18]. This pathway can be induced
by proinflammatory stimuli such as TNF-a, IL-1, and lipopolysaccharide (LPS). Second, the
noncanonical pathway is triggered by stimuli activating IKK-a and is mainly associated
with the presence of RelB in the cytoplasm. Finally, atypical pathways are induced by diverse
stimuli and activate different forms of NF-kB dimers with distinct functions [19]. In the clas-
sical pathway, one of the target genes activated by NF-kB is that which encodes I-kBa. Newly
synthesized I-kBa can enter the nucleus, remove NF-kB from the DNA, and export the com-
plex back to the cytoplasm to restore the original latent state. Thus, the activation of the
NF-kB pathway is generally a transient process that lasts from 30 to 60 min in most cells [16].

NF-kB activation is required for the regulation of many inflammatory and immune
response genes, such as genes involved in cellular proliferation, cell adhesion, and apoptosis
[20]. The physiologic role of NF-kB is considered to regulate B-cell development, prolifera-
tion, and effector functions [16]. Several reports indicated that NF-kB also controlled the
expression of some cytokines and various T-cell functions [21e23].
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NF-KB expression in normal endometrium

Some functions of the endometrium in humans are associated with inflammatory-like re-
sponses, e.g., implantation and menstruation [24]. Human endometrial cells can constitutively
express NF-kB proteins [25,26]. NF-kB is involved in the inflammatory events associated with
menstruation periods [26,27]. The immune-cyto-chemical analysis in the cultured epithelial
endometrial cells reveals that the staining intensity of p65 is low during the proliferative
phase, increases during the secretory phase, and reaches it maximum at the time of implanta-
tion [25]. During the secretory phase and implantation, there was decreased staining of the
I-kB [26,28]. In contrast, these differences in the expression of NF-kB family members were
not so remarkable in human endometrial stromal cells [28].

Progesterone withdrawal induces vasoconstriction with associated hypoxia, which in turn
induces I-kB-a phosphorylation and ubiquitination and subsequently NF-kB activation
[26,29]. Furthermore, NF-kB activation will induce the production of proinflammatory cyto-
kines that will affect lytic enzyme activity and the production of matrix metalloproteinases
(MMPs), which are involved in tissue breakdown [30]. In addition, mediators known to acti-
vate NF-kB are present in the endometrium during menstruation and likely to contribute to
the stimulation of NF-kB at this time [26].

The IKK complex is also expressed in human endometrium. IKK-a is expressed in the
endometrium throughout the menstrual cycle with increased expression in the decidua,
whereas IKK-b is decreased in the decidua [26]. IKK-a may be involved via NF-kB and
COX-2, in the expression of mediators, e.g., prostaglandin E2, which are vital for implanta-
tion and successful pregnancy [26,31]. The reduced amount of IKK-b in the decidua may sug-
gest a mechanism to decrease proinflammatory signaling to NF-kB at a time when local
immunosuppression is occurred.

NF-KB expression in women with endometriosis

In the eutopic endometrium of patients with endometriosis, the transcriptional dysfunc-
tion of the NF-kB is observed during the late secretory phase. IKK is strongly reduced coin-
cidently with the reduction of NF-kB DNA binding compared with the normal endometrium
at the same stage of the menstrual cycle [32]. In addition, NF-kB expression was evaluated in
the eutopic endometrium of patients with endometriosis [33]. NF-kB alterations in the eutopic
endometrium of women with endometriosis may be involved in other processes contributing
to the establishment and development of the disease. Higher expression of nuclear p65 and
p52 together with lower expression of progesterone receptor-B and cytoplasmic I-kB-a was
observed compared with the expression of these molecules in normal endometrium [33].
NF-kB activation has been concerned with the early development of endometriotic lesions
in vivo [19,20,34]. In the development of endometriosis, NF-kB is involved in the immune
and inflammatory response and modulates cell proliferation, apoptosis, adhesion, invasion,
and angiogenesis in various cell types [34]. Furthermore, local deranged immune abnormal-
ities in the peritoneal cavity may enhance the growth of endometriosis.
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Constitutive activation of NF-kB has been shown in ectopic endometrial cells and pelvic
macrophages in women with peritoneal endometriosis in vivo [34,35]. Gonzalez-Ramos
et al. concluded that active endometriotic lesions show a higher degree of activation of the
NF-kB pathway than black, inactive lesions. Transcriptional active p50/p65 heterodimer
expression was abundant in red-active endometriotic lesions. Both the canonical and atypical
NF-kB activation pathways can produce p50/p65 dimers: the canonical pathway in response
to inflammatory stimuli (TNF-a, or IL-1b) in endometrial and endometriotic stromal cells and
the atypical pathway in response to hypoxia and genotoxic stress [36e40]. Therefore, it sug-
gesting that both pathways are activated in the red endometriotic lesions.

The role of NF-KB to promote inflammation in endometriosis

Various cytokines are produced by many cell types in the peritoneal fluid; they play a
diverse role in constructing the peritoneal environment that induces the development and
progression of endometriosis. We previously revealed that IL-6, IL-8, and TNF-a are signifi-
cantly elevated in the peritoneal fluid of women with endometriosis compared with that of
women without endometriosis [4,7].

TNF-a, by mediating the NF-kB pathway, can alter cytokine expression in endometriotic
cells, contributing to the progression of the disease. The TNF-a-induced activation of
NF-kB and other transcription factors can set off a cascade of changes in the expression of
their target genes, resulting in increased production of proinflammatory cytokines and che-
mokines and increased antiapoptotic, angiogenic, and invasive capabilities [20]. In addition,
TNF-a enhances mitogenic activity and up-regulates IL-8 expression through NF-kB activa-
tion in endometriotic stromal cells [41].

The involvement of NF-kB activation in LPS-inducible TNF-a and IL-8 up-regulation was
verified in experiments using an inhibitor for NF-kB N-a-tosyl epsilon-phenylalanyl-chloro-
methyl ketone (TPCK) [42]. TPCK reduced LPS-induced IL-8 protein production in endo-
metriotic stromal cells [42]. The fact that IL-8 enhances the proliferation of ectopic
endometriotic cells and activates angiogenesis and neutrophil migration and differentiation
suggests that IL-8 may promote the progression of endometriosis [7]. Progesterone and pro-
gestational compounds (dienogest) attenuate the expression of IL-8 by reducing TNF-
a-induced NF-kB activation in endometriotic stromal cells [43]. Furthermore, LPS-induced
pelvic inflammation status enhanced the development of murine endometriosis-like lesions
via the NF-kB pathway [44].

NF-kB and activator protein (AP-1) activation is critical for TNF-a-induced IL-6 expression
in endometriotic stromal cells [45]. Increased serum and follicular fluid levels of IL-6 atten-
uate aromatase activity and estrogen biosynthesis, which affects the fertility of women
with endometriosis [46]. TNF-a gene silencing results in the attenuation of the expression
of (cIAP2: cellular inhibitor of apoptosis protein-2) and IL-8 genes, which are major marker
genes of the NF-kB pathway [47].

When attempting to define the characteristics of the TNF-a-induced signaling pathway
and gene expression in endometriotic stromal cells, Ninomiya et al. observed a novel
signaling molecule, transforming growth factor b-activated kinase 1 (TAK1) [48]. TAK1 is a
member of the MAPK kinase kinase (MAPKKK) family that can be activated by various
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cytokines, such as TGFb, IL-1b, TNF-a, and toll-like receptor ligands [48,49]. MAPKK kinases
are involved in the phosphorylation of the IKK complex. In addition, TAK1 activates the
MAPK pathway. TNF-a plays a major role in the constitutive activation of NF-kB via the
TAK1-IKK pathway, and TNF-a-activated-TAK1 leads to the activation of downstream
kinases, including ERK1/2, p38, and IKK [50,51]. We showed that endogenous TAK1
silencing represses TNF-a-enhanced phosphorylation of I-kBa or MAPKs in ESCs and atten-
uates IL-6 and IL-8 synthesis and cell proliferation in ESCs [52]. Therefore, it is possible that
TAK1 possesses the ability to regulate proinflammatory cytokine synthesis and the mitogenic
activity of ESCs, and this mechanism depends mainly on the activation of the NF-kB and
MAPK pathways.

Some studies have shown that NF-kB mediates macrophage migration inhibitory factor
(MIF) gene activation in response to IL-1B or TNF-a in ectopic and eutopic endometrial stro-
mal cells [39,53,54]. MIF is a multifunctional proinflammatory cytokine that activates a num-
ber of immunocompetent cells, promotes endothelial cell proliferation, stimulates in vivo
angiogenesis, and induces the synthesis and secretion of matrix metalloproteinases
[55e58]. The NF-kB-dependent transcriptional activation of MIF in endometriotic stromal
cells may provide a mechanism by which ectopic endometrial cells resist apoptosis, prolifer-
ate, and exacerbate the local peritoneal endometriosis-associated inflammatory reaction
[59,60].

We have shown that IL-10 attenuates TNF-a-induced IL-6 synthesis in cultured endometri-
otic cells via a mechanism that is definitively dependent on the activation of the NF-kB
pathway [61]. Specifically, the administration of exogenous IL-10 reduced the intranuclear
concentration of p65 in endometriotic stromal cells, suggesting that IL-10 possesses antiin-
flammatory effects through the NF-kB pathway [30]. In addition, other authors have proved
that IL-10 inhibits TNF-a expression by interfering with NF-kB [59,60]. Another factor with
antiinflammatory effects caused by antagonizing the activities of NF-kB is the peroxisome
proliferator activated receptor (PPAR)-g ligand, pioglitazone. We also observed that pioglita-
zone effectively reduces TNF-a-induced IL-8 expression in endometriotic stromal cells, likely
through an NF-kB-dependent pathway [62]. In addition, the intranuclear concentration of the
p65 protein is reduced after the addition of pioglitazone in these cells. Ligands of PPAR-g
have been shown to inhibit the expression of many cytokines in macrophages and other cells,
principally by preventing the activation of NF-kB [62,63].

These findings suggest that endometriotic cells might have characteristics that cannot be
controlled to maintain the balance between pro- and antiinflammatory cytokines. Mechanisms
that alter the cytokine profiles in these cells are mainly modulated through the NF-kB pathway.

NF-KB and macrophages

Peritoneal macrophages have been identified as the crucial cells in the regulation and
promotion of pelvic inflammatory disease in women with endometriosis. Once they are
activated, macrophages can release a wide range of factors (cytokines, growth factors, angio-
genic factors) and express cyclooxygenase-2 (COX)-2 and nitric oxide synthase (iNOS),
contributing to the maintenance and progression of endometriosis. The increased activation
of NF-kB in peritoneal macrophages may alter their physiological functions. A significant
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higher proportion of NF-kB nuclear translocation was found in peritoneal macrophages from
women with endometriosis compared with women without the disease [35]. Iron is one of the
mediators of the endometriosis-associated inflammatory response and oxidative stress and is
a known inducer of the NF-kB pathway [64e66]. In fact, iron overload may be one of the fac-
tors explaining the increased activation of NF-kB in peritoneal macrophages of women with
endometriosis [19].

Macrophages from women with endometriosis have an increased expression of MIF that
likely contributes to the increased macrophage infiltration in the peritoneal fluid of these
women [51e53]. Activated macrophages can induce the production of proinflammatory
cytokines that are able to potentiate the activation of NF-kB, thereby providing a type of pos-
itive feedback [67].

NF-KB regulates cox-2 and prostaglandin expression

Several pieces of evidence indicate that prostaglandins (PGs) contribute to the pathophys-
iology of endometriosis. The concentration of PGE2 in the peritoneal fluid is higher in women
suffering from the disease, and COX-2 is more abundantly expressed in ectopic endometriotic
tissues compared with eutopic endometrial tissues [68]. LPS, an inducer of the NF-kB
pathway, promotes the proliferation and invasion of endometriotic stromal cells via the
up-regulation of COX-2 expression and PGE2 synthesis [69]. COX-2 is an NF-kB-target
gene and can be up-regulated via NF-kB activation. An inhibitor of NF-kB activation was
able to decrease COX-2 mRNA expression and PGE2 levels in endometrial stromal cells
[70]. A region of the COX-2 promoter gene contains a variant nuclear factor NF-kB site
that, when mutated, completely abolishes COX-2 promoter activation [71]. Binding of
NF-kB p65 to this site is, in part, responsible for the COX-2 promoter activation. However,
PGE2 could integrate multiple cell survival signaling pathways that promote the survival
of endometriotic cells via the action of its receptors, EP2 and EP4 [72]. Banu and coworkers
(2009) proposed a mechanism of action of these receptors: PGE2/EP2/EP4/Src/B-arrestin
1 complex/epidermal growth factor receptor and/or TNF-a/IL-1B/ extracellular signal
regulated kinases (ERK) 1/2 and/or protein kinase AKT and/or NF-kB and/or b-catenin
[72]. It is possible that the selective inhibition of these receptors could potentially suppress
the adverse effects of most of the pathways contributing to the propagation of endometriosis.

NF-KB and angiogenesis

NF-kB regulates the expression of several angiogenic factors. Macrophages and tumor cells
have been reported to produce VEGF under the control of NF-kB activation [72]. Macro-
phages and endometriotic cells show increased VEGF gene and protein expression in women
with peritoneal endometriosis [73,74] Therefore, it is possible, indicating that angiogenesis in
endometriosis is an NF-kB-dependent process. The deletion of putative NF-kB-binding sites
from the VEGF promoter does not affect LPS-induced VEGF promoter activity, suggesting
that NF-kB is not solely and directly involved in VEGF transcription [75]. Other angiogenic
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factors include NF-kB target genes, such as MCP-1, intercellular adhesion molecule 1 (ICAM-
1), IL-8, and MIF [41,42,54,55,76,77]. Recently, in a rat endometriosis model, a significant
reduction in microvessel density was achieved by inhibiting the NF-kB pathway [19,78].
These evidences suggest the involvement of NF-kB with the control of angiogenesis in endo-
metriosis. However, additional in vivo experiments are necessary to unravel the exact mech-
anism of NF-kB-mediated action in these circumstances.

Future perspective focused on the NF-KB pathway for the treatment of
endometriosis

Current therapeutic alternatives consist of various treatments aimed to decrease the
inflammatory process. Whereas none of the established drugs for treating endometriosis
inhibit specifically NF-kB, most of them likely affect the NF-kB pathways. Thus, NF-kB is
an excellent potential candidate to target the inflammatory response in endometriotic cells.
Efforts have been made for the development of specific drugs targeting the NF-kB pathway.
The inhibition of NF-kB could be achieved by: (1) the direct inhibition of NF-kB; (2) the pre-
vention of NF-kB precursors from processing into mature forms by proteasome inhibitors; (3)
the prevention of I-kB degradation; (4) the inhibition of IKK; and (5) the inhibition of NF-kB
nuclear translocation [78].

The best-known mechanism of the parthenolide is the direct inhibition of NF-kB activity
[79]. We previously exhibited that parthenolide repressed the development of endometriosis
by suppressing the inflammatory peritoneal environment through the NF-kB pathway [80].
However, a clinically important issue is whether the dose of parthenolide used in this study
corresponds to a reasonable dose for human use. We determined the parthenolide dose based
on other cell and animal models [30,31]. In addition, we proved LPS-induced pelvic inflam-
mation enhanced the development of murine endometriosis-like lesions via the NF-kB
pathway [44]. We also noted the effects of Tokishakuyakusan (TSS), a traditional Japanese
medicine (Kampo), on a murine endometriosis model [81]. TSS ameliorated the hyperalgesia
and lesion formation on the endometriosis-like model. Thus, TSS represents a possible ideal
target of novel therapeutics for endometriosis patients with dysmenorrhea.

Recently, we showed that another NF-kB inhibitor, apigenin, inhibits TNF-a-induced cell
proliferation and prostaglandin E2 synthesis in human endometriotic stromal cells [82]. The
in vitro application of various other NF-kB inhibitors (e.g., curcumin, IKK-2 inhibitor, PPAR-
g ligand, IL-10) on endometrial and endometriotic cells resulted in decreased proliferation
and invasion and increased apoptosis of these cells [19,39,61,62,83,84]. The introduction of
these NF-kB modulators in clinical practice will hopefully enable more effective treatment
for endometriosis.

Many efforts have been made to manufacture compounds that suppress NF-kB activa-
tion in endometriosis and in patients with tumors. However, NF-kB is one of major tran-
scription factors involved in many cellular signaling pathways that are essential for
normal cellular function. Currently, several compounds that suppress NF-kB activation
have already been available. In clinical practice, these compounds may result in severe
adverse effects and cellular toxicity. The strong inhibition of NF-kB might not be practical,
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since its absence would result in the severe immunodeficiency. Investigators should
be cautious considering the dual role of this transcription factor and existing crosstalk
between individual signaling pathways. There are significant challenges for the
manufacturing of drugs that (1) normalize and do not abolish the activity of NF-kB, (2)
specifically block NF-kB activation in target cells leaving normal cells unaffected, or (3)
target the regulation of specific genes whose expression is regulated by the NF-kB tran-
scription factor. Further extensive research is necessary for treatment of endometriosis as
the future clinical applications.
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General remarks

Microbiota

Microbiota is “ecological communities of commensal, symbiotic and pathogenic microor-
ganisms” found within and on the host. Microbiota includes bacteria, archaea, protists, fungi,
and viruses. The collective genomes of the microorganisms are named the microbiome. The
human microbiome involves approximately 150-fold more genes than the human genome [1].
16S ribosomal-RNA gene sequencing has been established as a standard method to identify
microbiota. In addition, new advanced techniques such as Amplicon sequencing, shotgun
metagenomic sequencing, and next-generation RNA sequencing (NGS) have made it possible
to detect changes in the expression of microbial genes and their functions in the host [2].
There is growing evidence that microbiota plays essential roles in our bodily functions in
the induction, training, and enhancement of the host immune system [3,4]. In biological clas-
sification, taxonomic ranks of microbiota are classified as domain, kingdom, phylum, class,
order, family, genus, and species. The Bacteroidetes, Firmicutes, Actinobacteria, Proteobacte-
ria, and Verrucomicrobia are known to be the dominant bacterial phyla in the gut in the
healthy gastrointestinal tract [5]. Moreover, the small intestine is dominated by Lactobacilla-
ceae and Enterobacteriaceae, whereas the colon is characterized by the presence of Bacteroi-
daceae, Prevotellaceae, Rikenellaceae, and Lachnospiraceae and Ruminococcaceae [5].

Gut microbiota could be inherited and affected by various factors, including diverse envi-
ronmental conditions, intake of diet, and medication [5e7]. Buffington et al. reported that the
maternal high-fat diet led to a shift in microbial ecology that negatively influenced the social
behavior of offspring. Social and behavioral deficits associated with gut microbiota imbalance
in offspring, a condition of dysbiosis due to maternal high-fat diet, can be prevented by co-
housing of offspring and mothers with a balanced diet and transferable to germ-free mice [7].
Moreover, in the microbial communities, their metabolites and components are essential for
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immune homeostasis of the host [8]. Therefore, aberrant microbial communities dysregulate
immune homeostasis, causing impaired innate immune responses [3,8]. Recently, aberrations
in the communication between the gut microbiota and the innate immune system are known
to be associated with a variety of diseases, such as obesity, insulin resistance, atherosclerosis,
Alzheimer’s disease, and inflammatory bowel diseases [9e12].

Dysbiosis

Dysbiosis is a condition of a microbial imbalance or maladaptation on or inside the body
[11] Dysbacteriosis is synonymous with dysbiosis. Microbiota, which composes skin flora,
gut flora, and vaginal flora can be disturbed as a result of decreasing of typically dominant
species and increasing of usually outcompeted or eliminated species to fill the void. Recently,
there is growing evidence on the relationship between dysbiosis and various diseases
including inflammatory bowel disease, juvenile idiopathic arthritis, and colon cancer, sug-
gesting that gut microbiota play a pivotal role in systemic inflammatory cellular responses
[11,13,14].

Diversity of microbiomes: a-diversity, b-diversity, and F/B ratio

Microbial communities can be represented by the use of diversity indices, a and b diver-
sity. a-diversity describes the diversity of a microbial community within a single sample or
site. b-diversity, on the other hand, is an index used to compare the diversity of microbial
communities across multiple samples or loci [15].

As mentioned above, in humans, healthy adult gut microbiota is mainly dominated by spe-
cific phyla such as Bacteroidetes, Firmicutes, Actinobacteria, Proteobacteria, and Verrucomicro-
bia [5]. A condition of dysbiosis, an imbalance in the microbiota, could induce alterations in the
ratio of the microbe communities Firmicutes (F), and Bacteroidetes (B). Therefore, the F/B ratio
can be a potential biomarker for pathological conditions [16]. It has been widely considered
that the increase of F/B ratio, caused by an expansion of Firmicutes (F) or a contraction of Bac-
teroidetes (B), was a signature of gut dysbiosis. A high F/B ratio is also reported to be related to
obesity [17], hypertension [18], and irritable bowel function [19].

Endometriosis and microbiome

In the development of endometriosis, little is known about the presence and composition
of the microbiome and its role. However, recent data revealed that patients with endometri-
osis tend to be at high risk of chronic diseases, such as cardiovascular diseases [20] and in-
flammatory bowel diseases [21], which are related to abnormal microbial communities as
described above. Additionally, the levels of proinflammatory cytokine such as IL-1b, IL-6,
and IL-8 are typically elevated in peritoneal fluid of endometriosis patients. Gut bacteria
can modulate systemic inflammatory responses [22], and the release of bacterial products
into the peritoneal cavity accelerates auto-immunity [23]. Accordingly, endometriosis is a dis-
ease that has a strong relationship with complex immune disorders and may be associated
with gut microbiota through the altered immune system [24].
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Endometriosis is also regarded as (1) estrogen-dependent disease and (2) a condition of im-
mune disorder. Notably, some reports demonstrated that in endometriosis, helper T cells
exhibit characteristics featured by Th2 skewed, Th17 activated and decreased activity of reg-
ulatory T cell. The microbiotas related to these events are described below. However, it re-
mains to be elucidated whether these microbiotas are actually involved in the pathogenesis
of endometriosis.

Estrogen and microbiome

The gut microbiota influences estrogen metabolism through b-glucuronidase production,
and estrogen, on the other hand, also influences the gut microbiota [25,26]. The gut micro-
biome, including Bacteroides, Bifidobacterium, Escherichia, and Lactobacillus might increase
the circulating estrogen levels by encoding for b-glucuronidase production [27]. Considering
that endometriosis is an estrogen-dependent disease, gut dysbiosis may lead to the develop-
ment of endometriosis through the upregulation of serum estrogen levels [25,28].

Helper T cells (Th1, Th2, Th17, and regulatory T cells) and microbiome

Many types of effector cells, including natural killer cells, macrophages, dendritic cells, help-
er T cells, and cytotoxic T cells, play critical roles in the activation of the immune response. A
dysregulated immune response may cause an abnormal environment that enables the growth
of escaped ectopic endometrial cells outside the uterus [29]. As for helper T cells, the feature of
endometriosis is Th2 skewed, Th17 activated and attenuated function of regulatory T cell.

Th1/Th2 cells

Polysaccharide A (PSA), which is produced by the intestinal commensal Bacteroides fragi-
lis, activates CD4þ T cells, resulting in a Th1 response via toll-like receptor (TLR)-2 activation
[30]. N-palmitoyl-S-(2,3-bis(palmitoyloxy)-(2RS)-propyl)-Cys-Ser-Lys4 (Pam3) of gram-
positive bacteria binds to TLR-2 as a ligand and promotes IFN-g production, which leads
to differentiation of Th1 cells [31] As for Th2 cells, a yeast b-1,3-glucan increased the Th2
cell regulator GATA3 [32]. Commensal A4 bacteria, a member of Lachnospiraceae family,
which produces an immunodominant microbiota CBir1 antigen, inhibits Th2-cell develop-
ment through the induction of TGF-b production from dendritic cell [33].

Th17 cells

Th17 cells, also known as inflammatory helper T cells, are derived from natural T cell pre-
cursors and produce interleukin-17. Excessive Th17 responses are also involved in a variety of
pathogenic conditions, including endometriosis [34]. The retinoid-related orphan receptor-gt
(ROR-gt) is a specific transcriptional regulator of Th17 cells [35]. It has been reported that
segmented filamentous bacteria (SFB) nesting in the ileum could induce the differentiation
of Th17 cells in mice [36]. Also, Candida albicans, Escherichia coli O157 and Citrobacter roden-
tium are known to recruit Th17 cells [37e39]. Atarashi et al. reported that adhesion of mi-
crobes to intestinal epithelial cells is a critical trigger of Th17 induction. The group
identified 20 bacterial strains isolated from fecal samples of a patient with ulcerative colitis
in order to cause a robust induction of Th17 cells in mice colon (Table 17.1) [37].
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Treg cells

Regulatory T (Treg) cells are known to be a subpopulation of T cells that maintain immu-
nological self-tolerance and homeostasis and suppress the excessive immune response to the
host [41]. The differentiation and function of Treg cells are regulated by the transcription fac-
tor Foxp3 [41]. Tanaka et al. reported that in women with endometrioma, the proportion of
activated Treg cells in the endometrioma and the endometrium is significantly decreased
compared with that in women without endometriosis. Treg cell deficiency enhances local
inflammation and angiogenesis, and simultaneously facilitates the attachment and growth
of endometrial implants in mice model [42]. It is well established that colon mucosal Tregs
require the presence of microbiota for their development, sustenance, and function
[43e45]. In humans, inflammatory bowel diseases (IBD) such as Crohn’s and ulcerative coli-
tis, are considered to be associated with depletion of commensal bacteria from the phyla
Firmicutes and Bacteroidetes [46]. Not only gut microbiota, but also their metabolites,
short-chain fatty acids (SCFA), including butyrate, induce the differentiation of Treg
cells [47].

TABLE 17.1 Microbiota to induce Th17 or regulatory T cell (Treg) cells.

Th17 Candida albicans [38]
Escherichia coli O157 [39]
Citrobacter rodentium Erysipelatoclostridium ramosuma

Flavonifractor plautiia

Clostridium hathewayia

Clostridium bolteaea

Dielma fastidiosaa

Clostridium symbiosuma

Clostridium innocuum
Bacteroides dorei
Clostridiales bacterium
Anaerostipes caccae
Ruminococcus gnavus
Coprobacillus sp.
Bifidobacterium breve
Bifidobacterium pseudolongum [37]

Treg Lactobacillus murinus
Clostridium saccharogumia
Clostridiales bacterium
Anaerotruncus colihominis
Clostridium asparagiforme
Clostridium scindens
Erysipelatoclostridium ramosa

Flavonifractor plautiia

Clostridium hathewayia

Clostridium bolteaea

Dielma fastidiosaa

Clostridium symbiosuma [40]

aCommon in Th17 and Treg cell induction.
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Also, the metabolites of gut microbiota control gut function with its integrity. Butylate
derived from lactic acid are known to maintain gut integrity by regulating mucin production
and the tight junction of epithelial cells [48]. As shown in Fig. 17.1, Lactobacillales or Bifido-
bacteriales produce lactic acid. Bifidobacterium is a commonly used probiotic to strengthen
the intestinal barrier, modulation of the immune response, and pathogen antagonism [47].
And the metabolites of the lactic acid produced by bacteria are dependent on gut microbiota.
In the presence of butyrate producers, such as Faecalibacterium, Eubacterium, and Anaeros-
tipes of Firmicutes phylum, lactic acid is metabolized to butylate, which govern healthy gut
function. If the microbiome of the gut encourages the production of other SCFA, such as pro-
pionate, acetate, and succinate, mucin synthesis and tight junctions is reduced, and gut
permeability may be induced [47]. The decreased gut integrity and leakage of bacterial prod-
ucts from the gut might influence other immune cells, including macrophages [49]. It is
known that peritoneal macrophages regulate communication between endometriosis and
gut microbiota. In a condition of high gut permeability, dysregulated macrophage can permit
the survival of endometrial lesions in the peritoneal cavity [50].

Lactobacillus murinus colonization increases Treg cells in the colon [40]. Atarashi et al.
proved that the strains affiliated to clusters IV, XIVa, and XVIII of Clostridia, belonging to
Firmicutes phylum, promote the expression of Foxp3þ in Tregs by providing bacterial anti-
gens and a TGF-b-rich environment. Oral administration of the combination of 17 strains
to mice is effective to suppress colitis in allergic diarrhea model (Table 17.1) [40]. Note that
there are some strains that overlap to induce Th17 and T-reg cells, suggesting that not
only the presence of specific microbiota but other factors might also be critical to induce
Th17 or Treg cells [37,40].

Lac�c acid-producing bacteria
(such as Lactobacillales Bifidobacteriales)

Lactate 

Butyrate producing bacteria
such as Faecalibacterium, Eubacterium
and Anaeros�pes

Propionate, acetate or succinate-producing bacterial
such as Veillonella Megasphaera, Alis�pes, Bacteroides

Propionate, acetate, succinate  Butyrate  

↓ mucin synthesis and �ght junc�ons

Permeable gut 

healthy

↑ mucin synthesis and �ght junc�ons

Gut integrity 

unhealthy

FIGURE 17.1 The concept of healthy and unhealthy gut from the point of lactic acid cascade. (Modified from
Brown C.T., Davis-Richardson A.G., Giongo A., Gano K.A., Crabb D.B., Mukherjee N., Casella G., Drew J.C., Ilonen J., Knip
M., Hyöty H., Veijola R., Simell T., Simell O., Neu J., Wasserfall C.H., Schatz D., Atkinson M.A., Triplett E.W., Gut
microbiome metagenomics analysis suggests a functional model for the development of autoimmunity for type 1 diabetes PLoS
One 2011;6(10):e25792. doi:10.1371/journal.pone.0025792.)
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Data of gut microbiota in endometriosis

As described above, the gut microbiota is likely to be involved in an etiology of endome-
triosis, but the numbers of studies using feces are too small in both human and animal models
to conclude. Leonardi et al. did great work to summarize the relationship between micro-
biomes located in various tissues and endometriosis [28].

Human endometriosis

• a- and b-diversity

Ata et al. reported that there was no significant difference of a- and b-diversity in human
stool samples from patients with and without endometriosis [51].

• Firmicutes/Bacteroidetes ratio

There is no robust data regarding F/B ration in endometriosis patients.

• Gut microbiota characteristic in endometriosis

At the phylum, class, order, family level.
In the human sample, there is no solid conclusion regarding the difference between endo-

metriosis patients compared to control.
At the genus level.
Genus Sneathia (phylum Fusabacteria), Barnesella (phylum Bacteroidetes) and Gardner-

ella (phylum Actinobacteria) were significantly decreased in the stool of the endometriosis
group [49].

Animal endometriosis model

The phylum-level composition of mice gut microbiota is Firmicutes, Bacteroidetes, and
Proteobacteria. Mouse and human share similar gut microbiota composition and function
[52]. One of the significant limitations of mice endometriosis models is that mice do not
menstruate and therefore require the surgical induction of lesions. Yuan et al. and Chadchan
et al. performed a comprehensive study using a murine endometriosis model to determine
the changes in gut microbiota [49,53]. Notably, the latter group found that administration
of metronidazole, antibiotics, reduced endometriotic lesions in a mouse model of endometri-
osis, as well as the magnitude of the inflammatory response [53].

• a- and b-diversity

Yuan et al. observed no significant differences in a-diversity, while Chadchan et al. found a
difference in the induction of endometriotic lesions. The b-diversity index was significantly
higher in the endometriosis mice group compared with controls, suggesting that the gut mi-
crobial composition in endometriosis group was altered by the persistent existence of ectopic
endometrial tissues in the peritoneal cavity [49].

• Firmicutes/Bacteroidetes ratio
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The Firmicutes/Bacteroidetes ratio was elevated in endometriosis mice model [49], indi-
cating that endometriosis may induce dysbiosis.

On the other hand, there is another report that mice with induced endometriotic lesions
exhibited lower F/B ratio [53]. Therefore, the studies of the F/B ratio in mice endometriosis
model were controversial.

• Gut microbiota characteristic in endometriosis

At the phylum level.
In the mice endometriosis model, the proportions of Actinobacteria and Bacteroidetes were

significantly increased, compared to controls [49,53]. Antibiotics treatment decreased endo-
metriotic lesions with a reduction of Bacteroidetes, suggesting that Bacteroidetes are a crucial
microbiota to develop endometriotic lesions [53]. As for Firmicutes, data are conflicting.

At the class, order and family level.
The endometriosis mice model exhibited an abundance of Actinobacteria and Betaproteo-

bacteria (the class level), Bifidobacteriales, and Burkholderiales (the order level) and Bifido-
bacteriaceae and Alcaligenceae (the family level) in the stool compared to control [49].

At the genus level.
Ruminococcaceae-UGG-014, Bifidobacterium, Parasutterella [49], and Bacteroides genera

[53] were abundant in the endometriosis mice model.

Conclusion

To date, there are few papers to examine the relationship between the gut microbiomes
and endometriosis from the viewpoint of estrogen, helper T cells-related gut microbiome.
Endometriosis is a disease that has a strong relationship with complex immune disorders
and may be associated with gut microbiota through the altered immune system. Further
studies will shed light on the chance of probiotic, prebiotic, and symbiotic strategies in the
treatment of endometriosis.
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Introduction

Endometriosis is a common and complex benign gynecological disorder characterized by
the presence of endometrial glands and stroma outside the uterine cavity. Affecting around
10% of women of reproductive age [1] and still under-diagnosed due to the requirement for
surgical and pathological diagnosis. Many theories have been proposed to describe the path-
ogenesis of the disease, including Sampson’s retrograde menstruation theory [2] and coelomic
metaplastic theory [3], but still cannot explain all the pathogenesis of endometriosis. Endome-
triosis women have diverse clinical signs and symptoms including pelvic pain, dysmenorrhea,
and dyspareunia, which can impact their physical, mental health status, and even social
well-being [4]. There is no cure, but treatments are mainly for symptom relief, such as
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hormonal therapies or pain relief, while the recurrence rate of endometriosis after the treatment
is high [5]. During the past decade, we have seen a considerable amount of research involving
alterations of the immune system in endometriosis women and varies of immunotherapies
have been tested in clinical trials. In this review, we focus on the underlying mechanisms of
immunosuppression and crosstalk of different immune factors in endometriosis. We also sum-
marize current available potential strategies in endometriosis immunotherapy.

Immunosuppressive network in endometriosis (Table 18.1, Fig. 18.1)

Endometriosis establishes a complex microenvironment by immunity, angiogenesis, and
endocrine signals. It displays altered immunoinflammatory profiles, which facilitate endome-
trial tissue to escape immunosurveillance. The immune system has a dual role in endometriosis
development, it not only inhibits growth of ectopic endometrial tissue but also promotes the
disease progression. Immunosuppressive cells as well as immunosuppressive cytokines form
an immunosuppressive network and thereby play a critical role in peritoneal implantation,
angiogenesis, and local proliferation of endometrial cells [20,27e30].

Immunosuppressive immune cell in endometriosis

Neutrophils are the most abundant type of granulocytes and one of the first cell types to
reach the site of an infection. Only recently it has been accepted that neutrophils have
different phenotypes, the N1 antitumor phenotype and N2 protumor phenotype. Neutrophil
in early stage endometriosis women may not exhibit a normal inflammatory response in
ectopic endometriotic tissue and might have a low respondents to activation signals as in
N2 neutrophils. But when endometriosis progresses, and stronger proinflammatory signals
are present, the neutrophils become activated [12]. Neutrophils promote angiogenesis of
ectopic uterine tissue in the early stage of endometriosis in mouse model [31]. Increased pro-
duction of vascular endothelial growth factor (VEGF) and matrix metalloproteinase 9
(MMP9) may contribute to the angiogenesis process of neutrophils [32]. Although many
studies show women with endometriosis have a higher percentage of peritoneal neutrophils,
the potential contribution of neutrophil to disease pathogenesis and subtypes distribution are
still unknown [33].

Mast cells Mast cells play an important role in recognition of pathogens or inflammatory
disease. Mast cells can regulate immunosuppressive functions in vivo by producing IL-10
which promotes the development of regulatory T cells, inhibits the migration, maturation
and activation of DCs, inhibits the production of prostanoids by neutrophils and proinflam-
matory cytokines by macrophages [34]. Mast cells can also recruit and promote the suppres-
sive activity of MDSCs through CD40: CD40L interaction [35]. Mast cells and degranulating
mast cells are significantly more abundant in endometriotic lesions, especially in deep infil-
trating lesions than in nonaffected tissues. It indicates that mast cells are associated with
pain and hyperalgesia in endometriosis [36]. Numerous mast cells were activated and degra-
nulated in endometriosis lesions which show pathognomonic for a hypersensitivity reaction,
presenting a morphological evidence to support the correlation between human endometri-
osis and allergic disorders [13]. Studies have found that the number of activated mast cells
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TABLE 18.1 Abnormal immunological changes in endometriosis.

Biological role Finding in endometriosis References

Cytokines

IL-4 Antiinflammation IL-4 increased [6]

IL-10 Antiinflammation and
immunosuppression

IL-10 increased in early stages of endometriosis [7]

IL-13 Antiinflammation and
immunosuppression

IL-13 increased [8]

TGF-b Antiinflammation and
immunosuppression

Promote the growth of the ectopic endometrial
implants, correlate with the severity of the disease

[9]

VEGF Angiogenesis, inflammation, and
immunosuppression

VEGF, VEGFR-2, and VEGF-A increased [10,11]

Immune cells

Neutrophils Protection against infection Low respondents to activation signals [12]

Mast cells Recognition of pathogens or
inflammation

Activated and degranulated mast cells increased [13,14]

Macrophages Phagocytosis, function both in
innate and adaptative immunity

M2 activation [15]

Dendritic
cells

Antigen presentation Immature DCs increased and mature DCs decreased [16]

T Cells Key lymphocytes in cell-mediated
immunity

Th17 and Treg increased [17,18]

B Cells Key lymphocytes in humoral
immunity

Bregs increased [19]

MDSCs Suppress T cell responses MDSCs increased [20]

Immune checkpoints

CTLA-4 Negative regulatory molecules on
lymphocytes

PD1/PD-L1 Negative regulatory molecules on
lymphocytes

PD-1/PD-L1 expression upregulated [21]

(Continued)
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in endometriotic lesions are significantly increased, and most of them are concentrated in the
vascular and interfiber spaces of ectopic cysts, and are participated in the formation and
adhesion of ectopic lesions [14].

Macrophages are derived from monocytes. One of the important functions for
macrophages is phagocytosis. In women with endometriosis, scavenger receptor CD36
expression is decreased in the peritoneal macrophages, which contribute to the reduced
phagocytic ability of macrophages [37]. Besides phagocytosis, macrophages also play an
important role in immunity. Monocyte chemotactic protein-1 (MCP-1) produced by perito-
neal mesothelial cells or endometrial cells may attract the accumulation of macrophage
[38,39]. Macrophage can in turn produce VEGF and promote angiogenesis of endometriotic
lesions [40]. In vitro coculture of endometrial stromal cells (ESCs) from endometriosis
women, macrophages and NK cells, cytotoxicity of NK cells was dramatically decreased,
and the production of IL-10 and TGF-b were markedly increased [41]. Macrophages are
the major immune cells that produce IL-8, which can promote the accumulation of neutro-
phils [42]. Macrophages have different subsets and functions, classically M1 macrophages
are proinflammatory, M2 macrophages are anti-inflammatory that promote tissue repair
and fibrosis [43] and could be further divided into M2a, M2b, and M2c [44]. Macrophages
from endometriosis women and experimental mice show M2 activation by upregulation of
CD163 and CD206 [15]. In endometriosis mouse model, M1 secreted significant amounts of
TNF-a while M2 produced higher IL-10, lesions growth was significantly decreased in the
presence of M1 macrophages but on the contrary significantly enhanced in the presence of
M2 macrophages [15]. Adoptive transfer of M2a macrophages after macrophage depletion

TABLE 18.1 Abnormal immunological changes in endometriosis.dcont’d

Biological role Finding in endometriosis References

Tissue

MMP Adhesion MMP-3 and MMP-9 increased [22]

NF-kB Infections Constitutive activities [23]

PPARg Regulator of adipocyte
differentiation

Altered expression [24]

MAPK Protein kinases Increased activation [25]

COX PGs synthesis COX-2 increased [26]

VEGF Angiogenesis VEGF increased [10,11]
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in endometriosis mouse model significantly increased lesion weight, lesional fibrosis and infil-
trated macrophages [27]. Whereas the underlying mechanism of M2c and M2b macrophages
in endometriosis is still poorly understood.

Dendritic cells (DCs) are key immune cells for antigen presentation to activate specific
T cell response. Under physiological conditions, progenitor cells differentiate into immature
DCs (iDCs) then migrate to peripheral tissues to present antigens of diverse origin and
initiate their maturation process. The density of endometrial iDCs in peritoneal endometriotic
lesions and in the surrounding peritoneum was significantly increased in women with endo-
metriosis compared with controls, while the mDCs was significantly decreased, it indicated

FIGURE 18.1 Immunosuppressive cells and cytokines promote the development of endometriosis. Immuno-
suppressive cells such as N2 neutrophils, M2 Macrophage, Mast cells, iDC, Tregs, Th17, Breg, MDSCs, and,
immunosuppressive cytokines TGF-b, IL-4, IL-10, growth factors VEGF, inhibition factors such as PD-1, CTLA-4, and
apoptosis factor Fas suppress the T cell function and NK cell cytotoxicity and promote endometrial cells immune
escape and favor their survival.
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the antigen presentation function of dendritic cells is decreased in endometriosis [16].
Vascular endothelial growth factor receptor 2 (VEGFR2) expressed immature DCs were
found to infiltrate peritoneal endometriosis lesions and promote angiogenesis and lesion
growth in a murine model [28].

T cells T cells are kind of lymphocyte that play a crucial role in cell-mediated immunity.
Once naive CD4þ T helper cells are activated, it can secrete different cytokines and differen-
tiate into several lineages of T helper (Th) cells, including Th1, Th2, Th17, and Treg. In endo-
metriosis women, increased proportion of Th1 and Th17 in endometriosis lesions compared
to endometrium [29], higher levels of IL-4 and IL-10 in the peritoneal fluid were found [45],
which indicating a shift toward Th2 immune response. In peritoneal fluid of endometriosis
women, Th17 cells percentage is increased and even higher in severe stage [17], these cells
secreted IL-17A and promote secretion of IL-8 and proliferation of endometriotic stromal cells
[46]. IL-27 from ESC and macrophages induces Th17 cells to produce IL-10 and promotes the
development of ectopic lesions which may be medicated by c-Maf/RORgt/Blimp-1 signal
[47]. In women with ovarian endometriosis, the percentage of Treg cells was significantly
increased in the peritoneal fluid [48]. Treg cells are also highly accumulated in eutopic endo-
metrium and ectopic lesions in women with endometriosis along with different stage of the
menstrual cycle [18]. The ESC and macrophages derived thymus expressed chemokine
(TECK/CCL25) that promotes Tregs differentiation, production of IL-10, TGF-b, CD73, and
also suppresses Treg apoptosis, which facilitates immunotolerance of ectopic lesions and
ESC proliferation and invasion, then contributes to the development of endometriosis [49].

Regulatory B cells are another type of lymphocytes responsible for humoral immunity
by producing antibodies. Many studies demonstrated an increase level of anti-endometrial
antibodies in serum, peritoneal fluids, and endometrium in endometriosis women than
women unaffected. These studies consider endometriosis as an autoimmune disease
[50,51]. A subtype of immunosuppressive B cells, also known as regulatory B (Breg) cells
have been associated with immunological tolerance by producing IL-10, TGF-b, or inhibit-
ing T cell functions and other proinflammatory responses [52]. Bruton’s tyrosine kinase
inhibitor Ibrutinib inhibited mouse endometriotic lesion growth, induced activated B cells
toward Bregs in the spleen and peritoneal cavity, and decreased the number of peritoneal
M2 macrophages compared to anti-CD20 and control mice [19]. But the role of regulatory
B cells in endometriosis patients remains to be elucidated.

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of myeloid
cells that expand under pathological conditions especially in cancer and infections and
have immunosuppressive property by suppressing T cell responses [53]. MDSCs have also
been reported to induce differentiation of Tregs [54], promote activation of M2 macrophages
and impair cytotoxicity of NK cells [55]. It comprises of a mixture of immature myeloid cells
and has the morphology of granulocytes (G-MDSC) or monocytes (M-MDSC) [53]. Since
G-MDSC shares some phenotype and morphology similarities with neutrophils, some articles
hypothesized G-MDSC as a specific subset of neutrophils [56]. Our group previously found
that MDSCs significantly increased in peripheral blood of endometriosis women and periph-
eral blood and peritoneal fluid of endometriosis mouse model. Depletion of MDSCs by anti-
Gr-1 antibody significantly inhibited endometrial lesions development in early endometriosis
mouse model. These MDSCs can inhibit T cell proliferation by expressing increased level of
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ARG1 and ROS [20]. Potential mechanisms of MDSCs in endometriosis and cross-talk
between other immune cells in the endometriosis microenvironment remain to be elucidated.

Immunosuppressive cytokines and growth factors

The immune system secrets a group of cytokines, which act as chemical messengers between
immune cells, and can recruit numerous cell types to the inflammation sites pleiotropically.
Cytokines is also secreted by nonimmune cells such as stromal cells, fibroblasts and endothe-
lium. In addition to immune and inflammatory regulation, their roles are multifunctional. They
participate complex network, that facilitate cell growth, hematopoiesis, and tissue repair and
cell development [57]. IL-4, IL-10, IL-13, TGF-b, and VEGF are major immunosuppressive
cytokines contributing to immune escape.

IL-4 is an anti-inflammatory cytokine induces naïve T cells differentiation into Th2 cells,
support immune suppressive function of Treg cells [58], promotes alternative activation of
M2 macrophages and suppresses activation of M1 macrophages [59]. In adolescent girls
with chronic pelvic pain, concentrations of IL-4 were significantly higher in the serum and
peritoneal fluid of adolescents with laparoscopy diagnosed endometriosis than without the
disease [60]. IL-4 mRNA expression and intracellular synthesis were significantly higher in
peripheral lymphocytes and ectopic endometrial tissue of endometriosis women than health
controls [6]. Increased percentage of IL-4 and IL-10 were found in the peritoneal fluid of
endometriosis women, also suggest a dominant state of Th2 immune response [45].

IL-10 is an anti-inflammatory and immunosuppressive cytokine. It suppresses the immune
response and affects the functions of monocytes and macrophages by inducing release of
more anti-inflammatory mediators. The level of IL-10 was significantly elevated in peritoneal
fluid of endometriosis women only in early stages of endometriosis but not in later stage, this
suppresses activation and leads to a significant reduction of Thl cells [7]. IL-10 down-
regulates the cytotoxicity of natural killer cells and trigger the immune escape of ectopic
endometrial implants, which are refluxed into the peritoneal cavity and promote the devel-
opment of endometriosis [30]. An elevated IL-10 level was found in the serum of endometri-
osis women, depleted the IL-10 activity in an experimental induced endometriosis mouse
model lead to the reduction in size of the endometriotic lesions. The lesion size can be
promoted by administration IL-10, which attracts the infiltrated plasmacytoid dendritic cells
in endometriotic lesions [61].

IL-13 As a cytokine produced by Th2 cells, IL-13 shares some sequence homology and
biological functions with IL-4 [62]. IL-13 suppresses inflammatory cytokine secretion, medi-
ates allergic asthma, inhibits tumor immunosurveillance, and promote tissue fibrosis [63].
Elevated levels of IL-13 in ectopic endometrium and peritoneal fluids of endometriosis
women compared with normal fertile women were found, it suggested IL-13 may play a
role in endometriosis local immune responses [8]. When cultured IL-13 with human ESC,
increased levels of IL-6, IL-8, eotaxin, and MCP-1, decreased levels of IL-11, and LIF were
found in the culture media, it indicated IL-13 may regulate cytokines and chemokines
production of human ESC [64].

TGF-b regulates multifunctional actions of cells, include differentiation, adhesion, inva-
sion, immune functions, and angiogenesis [65]. High levels of TGF-b1 in peritoneal fluid,
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serum, and ectopic endometrium were found in endometriosis women and suggest it is
importantly involved in the development of endometriosis [9,66]. TGF-b can promote M2
macrophages activation, and is associated with inflammation, apoptotic cells clearance and
tissue repairing [67]. TGF-b promotes the growth of the ectopic endometrial implants, corre-
lates with the severity of the disease, and is a chemotactic factor for fibroblasts [9]. Moreover,
TGF-b induced an increased proliferation and growth rate of human ESC [68]. In a TGF-b1-
null mutant mice model with xenotransplantation of human ectopic endometrial tissues, the
deficiency of TGF-b1 suppressed the development of endometriotic lesions associated with
decreased macrophages infiltration and myofibroblasts [69].

VEGF is an important angiogenic factor as well as an immunosuppressive factor. VEGF
could limit the growth and maturation of immature dendritic cells as well as increase the
number of immature Gr-1þ myeloid cell [70]. It was found that the endometriotic lesions
in the peritoneal cavity have a high proliferative activity, with a high VEGF-A expression
in stromal and epithelium, and a high VEGFR-2 expression in blood vessels [10]. What’s
more, VEGF and VEGFR-2 have an increased expression in deeply infiltrating endometriosis
that affects the rectum [11]. In endometriosis women, the production of IL-1B by activated
macrophages resulted in an enhanced expression of VEGF [71], while the secretion of IL-6
and TNF-a by macrophages led to an upregulation of VEGF from macrophages and infil-
trating neutrophils [31]. These support that microenvironment of endometriosis acts as a
mediator for the secretion of angiogenesis and immunosuppression factor for the develop-
ment of endometriosis.

Other immunosuppressive cytokines IL-1Ra and IL-37 are anti-inflammatory cytokines
belong to the IL-1 family. Elevated serum and peritoneal fluid IL-1Ra levels in endometriosis
women were observed, and higher IL-1Ra was found especially in the early stage of endome-
triosis [72,73]. IL-37 decreases pro-inflammatory cytokines production by macrophages and
dendritic cells, it can also inhibit innate and adaptive immune responses in chronic inflamma-
tion, autoimmune disorders and cancer [74]. Higher levels of IL-37 in eutopic and ectopic
endometrium, serum, and peritoneal fluid of endometriosis women than unaffected women
were observed [75,76]. IL-25 (or IL-17E) belongs to the IL-17 cytokine family. IL-25 induces
expression of IL-4, IL-5, IL-13, and resulted in activation of Th2 immune response [77].
Increased level of IL-25 was found in the peritoneal fluid of endometriosis women than
unaffected women, and its level did not correlate to disease stage [78]. Thymic stromal lym-
phopoietin (TSLP) promote Th2 immune responses by promoting the functions of Th2 cells
and regulatory T cells, while limiting the pro-inflammatory cytokines production by dendritic
cells [79]. TSLP concentrations were higher in the serum and peritoneal fluid of endometriosis
women compared with unaffected women [80]. IL-1b stimulated the TSLP secretion from
human endometrioma stromal cells in vitro [80].

Other immunosuppressive factors

Dysregulation of apoptosis mediator, Fas/Fas-Ligand (FasL), is also involved in endometri-
osis peritoneal immune privilege of some cell populations. Elevated macrophage products,
platelet-derived growth factor (PDGF), and TGF-b1, in the peritoneal fluid of endometriosis
women induce an upregulation of FasL expression in ESC and lead to increased Fas-
mediated immune cells apoptosis which in turn promote pro-inflammatory immune response
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and results in prolonged survival of endometrial cells at the ectopic sites [81]. Negative regu-
latory molecules expressed on the cell surface of lymphocytes, such as PD-1, could limit T cell
immune response and facilitate the development of endometriosis [21]. More and more immu-
nosuppression factors in endometriosis have been identified, indicating that more research is
needed to have a complete picture.

Immune microenvironment

Endometrial cells adhesion, angiogenesis, proliferation

Endometriotic lesions establish a very complex microenvironment dominated by altered
inflammatory, angiogenesis, and endocrine signals which shows different immunoinflamma-
tory profiles from normal endometrium [82]. Expression of adhesion molecule intercellular
adhesion molecule (ICAM-1) is increased in ectopic cells derived from endometriosis and
varies during the menstrual cycle [83]. ICAM-1 plays an important role in immune activation
and response, while monocyte ICAM-1 expression initiates adherence and activation of
T cells and induces ICAM-1 expression on T cells, thereby increases adhesive interaction
and additional signaling with macrophages and B cells [84]. Expression of adhesion factors
such as endometrial aV, b3 integrins, and peritoneal vascular cell adhesion molecule 1
(VCAM-1) was increased in women with endometriosis compared with control [85]. In
hypoxia, macrophages become active in angiogenesis and produce multiple pro-angiogenic
proteinases and growth factors such as VEGF, MMP-9 and urokinase-type PA (uPA) [86].
Higher levels of MMP-3 and uPA in eutopic endometrium and peritoneal fluid which might
promote the invasive potential of endometrial cells were found in women with endometriosis
when compared with control group [22]. In endometriosis mouse model, elevated levels of
TNF-a, IL-6, macrophage inflammatory protein (MIP)-1a and MIP-2 in peritoneal fluids
induce neutrophils and macrophages to secrete VEGF and promote angiogenesis in the early
stage of endometriosis [31]. Increased concentrations of IL-8, VEGF, MCP-1 and RANTES
were found in the peritoneal fluid of women with endometriosis might promote ectopic
endometrial tissue adhesion and proliferation [87]. Endometrial cells proliferate after require
neovascularization, then invade the extracellular matrix, and further stimulated by various
growth factors such as PDGF, insulin-like growth factor (IGF) and macrophage-derived
growth factor (MDGF) to establish an endometriotic lesion [88,89].

Epithelial-mesenchymal transition

The epithelial-mesenchymal transition (EMT) occurs in numerous processes, including
tissue fibrosis, wound healing, tumor invasion and metastasis [90]. EMT facilities endometrial
cells with invasive ability which might also be a prerequisite for the establishment of endo-
metriosis. Several studies examined common markers of EMT in peritoneal, ovarian and
rectovaginal endometriosis and endometrium, ectopic have higher expression of Twist, Snail,
Slug, MYC, and N-cadherin while eutopic endometrium show increased expression of
E-cadherin, this may indicate ectopic and eutopic endometrium have different EMT processes
[91e93]. TNF-a, a-enolase and hemoglobin in menstrual effluent induce EMT in mesothelial
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cells and cause submesothelial extracellular matrix exposure which facilitated endometrial
tissue adhesion to the peritoneum [94]. In endometriosis mouse model, M2a macrophages
also play an important role in endometrial tissue repair and fibrogenesis process concomitant
with progressive EMT [27].

Therapies in endometriosis

Current therapies in endometriosis

Current therapies for endometriosis have different medical and surgical treatment options.
While surgical treatment is sometimes effective but the recurrence risk is high and may cause
damages to the ovarian reserve [95]. The hormonal treatments such as oral contraceptives
(OC), progestagens, and gonadotrophin-releasing hormone (GnRH) agonists are effective
in many women for endometriosis-associated pain but it was not curative, sometimes merely
alleviates symptoms and it takes a long time to achieve optimal relief. So there is an urgent
need to develop new drugs for endometriosis. The new drugs for endometriosis therapies,
including GnRH antagonist, estrogen, and/or progesterone receptors agonist, angiogenesis
inhibitor, and immunomodulatory therapies. Here we will focus on the immunomodulatory
therapies in endometriosis.

Immunotherapy (Table 18.2)

It is widely accepted that the immune system is critically important to the pathogenesis
of endometriosis. The proinflammatory stimulus and pelvic inflammation in peritoneal
microenvironment of endometriosis women contribute to their common symptoms, pain
and infertility [156]. There are also some particularly cellular and molecular alterations in
ectopic endometrium that may act as a potential therapeutic target for endometriosis
[157,158]. So immunotherapy and targeted therapy are considered to be the future novel
treatment for endometriosis.

Cytokine-mediated therapy

TNF-a is a pro-inflammatory cytokine that has been reported to promote ESC proliferation
[159] and adhesion to mesothelial cells [160], then facilitates the development of endometri-
osis. TNF-a inhibitor Infliximab and Etanercept significantly reduced the volume of endo-
metriotic lesions in rats, decreased the level of plasma nitric oxide (NO), and increased
plasma asymmetric dimethylarginine (ADMA) [96], which competes with NO synthase
and impairs angiogenesis [161]. Treatment with anti-TNF antibody (c5N) significantly
reduced surface area and volume of endometriotic lesions, the number and surface area of
red lesions were also decreased in the baboon [104]. However, anti-TNF-a drugs appears
to just have a placebo effect on treatment of pelvic pain in women with endometriosis
[101,162].

In surgically induced rat endometriosis model, A771726, the active metabolite of
Leflunomide, significantly reduced the size and TGF-b1 expression of the endometriotic
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TABLE 18.2 Potential immunotherapy in endometriosis.

Strategy Compound

Used in humans
for other
indications

Inhibit
endometriosis
in women/
animal Major outcomes

Any adverse
effects References

Cytokines

TNF-a
inhibitor

Etanercept Autoimmune
diseases such as
rheumatoid
arthritis, juvenile
idiopathic
arthritis

Baboon/rat Inhibit endometriotic
lesions in rats and
baboons; increase clinical
pregnancy rate in
patients with
endometrioma.

NA [96e100]

Infliximab Autoimmune
diseases such as
Crohn’s disease,
rheumatoid
arthritis

Rat Inhibit endometriotic
lesions in rats, but no
effect observed on
human.

NA [96,101e103]

c5N No Baboon Inhibit endometriotic
lesions in baboons.

Bradycardia [104]

TGF-b
inhibitor

Leflunomide Rheumatoid
arthritis and
psoriatic arthritis

Human cell/
rat

Inhibit endometriotic
lesions in nude mice and
rats, and inhibit
proliferation of human
endometriotic cells.

Teratogenicity [25,105,106]

TGFbR1I No Mouse Disease progression was
decreased in mice.

NA [107]

IL-10
inhibitor

F8-IL10 No Mouse Inhibit endometriotic
lesions in mice.

NA [108]

MIF
inhibitor

ISO-1 No Mouse Inhibit endometriotic
lesions in mice.

NA [109]

CSF-1
inhibitor

Imatinib Chronic myeloid
leukemia,
gastrointestinal
stromal tumors
(GIST)

Mouse Fewer number of
endometriotic lesions in a
mice.

Increase fetal
loss and the
rates of
certain
malformations

[110,111]

(Continued)
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TABLE 18.2 Potential immunotherapy in endometriosis.dcont’d

Strategy Compound

Used in humans
for other
indications

Inhibit
endometriosis
in women/
animal Major outcomes

Any adverse
effects References

Immune cells

Active
NK cell

IL-12 No Mouse Inhibit endometriotic
lesions in mice.

NA [112]

BCG Tuberculosis Human cell/
rat

Reduce ESC proliferation
from endometriosis
women in vitro, reduce
endometrial implantation
to rats.

NA [113e115]

Helixor A Complementary
therapy in tumor

Human cell Enhanced peritoneal NK
cell cytotoxicity and
relieve pelvic pain of
endometriosis women.

NA [116,117]

Adoptive
cell
therapy

Tumor immune
therapy

Mouse Reduction in microvessel
density (MVD) and
volume of endometriotic
lesions in mice.

Off-target
toxicity and
cytokine
release
syndrome

[118]

Treg
inhibitions

CPA Chemotherapy to
treat lymphoma,
ovarian cancer

No NA NA [119]

Immune check point blockade

Anti-
CTLA-4

PLGA/anti-
CTLA-4

Tumor immune
therapy

Mouse Inhibits ectopic
endometrial cells
proliferation and
invasion in vitro.

NA [120,121]

Anti-PD1
and anti-
PD-L1

Tumor immune
therapy

No Elevated expression od
PD-1 and PD-L1in
endometriosis women.

NA [21,122,123]

Tissue targeted therapy

MMP
inhibitors

Metformin Type 2 diabetes Rat Inhibit endometriotic
lesions in rats.

NA [124]

18. Immunosuppression and immunotherapy in endometriosis282

III. Immunology and the management of endometriosis



TABLE 18.2 Potential immunotherapy in endometriosis.dcont’d

Strategy Compound

Used in humans
for other
indications

Inhibit
endometriosis
in women/
animal Major outcomes

Any adverse
effects References

Simvastatin Decrease elevated
lipid levels

Human cell/
mouse

Inhibit endometriotic
lesions in mice, reduce
MMP expression in
human ESC.

NA [125e127]

Melatonin Sleep disorders Human Relieve chronic pelvic
pain in endometriosis
women.

NA [128e130]

Curcumin Dietary
supplement

Human Relieve pain in
endometriosis women.

NA [131e133]

Lipoxin Eczema Human cell/
mouse

Inhibit endometriotic
lesions in mice.

NA [134,135]

NF-kB
inhibitor

Disulfiram Chronic
alcoholism

Rat Inhibit endometriotic
lesions in rats.

NA [136,137]

Nobiletin Neuroprotection Mouse Inhibit endometriotic
lesions in mice.

NA [138,139]

Curcumin Dietary
supplement

Human Relieve pain in
endometriosis women.

NA [131,140]

PPARg
agonist

Ciglitazone No Rat Inhibit endometriotic
lesions in rats.

NA [71]

Pioglitazone Type 2 diabetes
mellitus

Baboon Inhibit endometriotic
lesions in baboons.

NA [141,142]

Rosiglitazone Type 2 diabetes
mellitus

Human Relief pelvic pain in
endometriosis women.

Weight loss [143,144]

(Continued)
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TABLE 18.2 Potential immunotherapy in endometriosis.dcont’d

Strategy Compound

Used in humans
for other
indications

Inhibit
endometriosis
in women/
animal Major outcomes

Any adverse
effects References

MAPK
inhibitor

Sorafenib Advanced renal
cell carcinoma

Human cell/
mouse

Limit endometrial
stromal cell proliferation,
and inhibit endometriotic
lesions in nude mice.

NA [145,146]

Leflunomide Rheumatoid
arthritis and
psoriatic arthritis

Human cell/
rat

Inhibit endometriotic
lesions in nude mice and
rats, and inhibit
proliferation of human
endometriotic cells.

Teratogenicity [25,105]

Lipoxin Eczema Human cell/
mouse

Inhibit endometriotic
lesions in mice.

NA [135,147]

COX-2
inhibitor

Rofecoxib Arthritis, acute
pain conditions

Human Improve pelvic pain and
dyspareunia in
endometriosis women.

NA [148,149]

Curcumin Dietary
supplement

Human Relieve pain in
endometriosis women.

NA [131]

VEGF
inhibitor

EGCG Dietary
supplement

Mouse Inhibit endometriotic
lesions in mice.

NA [150]

ATRA Acute
promyelocytic
leukemia

Human cell/
mouse

Inhibits endometriotic
stromal cells
proliferation.

NA [151e153]

Sunitinib Renal cell
carcinoma and
imatinib-resistant
GIST

Rat Inhibit endometriotic
lesions in rats.

NA [154,155]
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lesions in rats [105]. In women with endometriosis, treating ectopic endometrial cells with
A771726 significantly decreased the phosphorylation of extracellular signal-regulated kinases
(ERK) and proliferation of endometrial cells [25].

High levels of TGF-b in peritoneal fluid, serum, and ectopic endometrium were found in
endometriosis women [9,66]. Disease progression was decreased when animals were
treated with TGF-b type 1 receptor inhibitor (TGFbR1I) in endometriosis mouse model
[107]. IL-10 is significantly higher in women with endometriosis than the control group
and it also promotes the growth of endometriotic lesions in mouse endometriosis model
[61]. Immunocytokines F8-IL10 treatment shows a marked decrease in endometriotic lesion
size in endometriosis mouse model [108]. Increased level of macrophage migration inhibi-
tory factor (MIF) was detected in the eutopic and early ectopic endometrium, peritoneal
fluid and peripheral blood in endometriosis women [109]. In nude mice implanted with
human endometrial tissue, specific antagonist of MIF (ISO-1) treatment caused a significant
reduction in number and size of endometriotic lesions [109]. Decreased CSF-1 production
by endometrial cells suppress cell proliferation. A CSF-1 inhibitor Imatinib treatment
resulted in significantly fewer number of endometriotic lesions in a mouse model [110].
So far there is no human trial yet.

Cell-based therapy

Activate the effector immune cells Some studies examined NK cells have reduced ability
to eliminate ectopic endometrial cells which contribute to the development of endometriosis
and associated infertility. These indicate upregulation of NK activity may provide a potential
immunotherapy for women with severe endometriosis. IL-12 is a heterodimeric cytokine
produced by macrophages, dendritic cells [163] which plays an important role in NK cells
cytotoxic activity, differentiation and T cells activity, Th1 immune response, and also angio-
genesis [164]. In mouse with induced endometriosis, treatment with IL-12 increased splenic
NK cells cytotoxicity and reduced the development of the ectopic lesions [112,165], these sug-
gested that IL-12 suppresses endometriotic lesions growth partly through inducing NK cell
activation. Depletion NK cell by anti-IL-2Rb mAb resulted in lower cytotoxicity of NK cells
and suppressive effect of IL-12 on eutopic lesions development [112]. Despite encouraging
results in mouse models, IL-12 have not been used in endometriosis patients. Mycobacteria
BCG could increase NK cells’ cytotoxicity to ESC and reduce its proliferation from endome-
triosis women in vitro [113]. BCG vaccination can reduce the incidence of endometrial
implantation to the eye in a rat model, which also indicated its’ suppressive effect on endo-
metriosis [114]. While a Mistletoe extract Helixor A could enhanced peritoneal NK cell cyto-
toxicity through an increased CD107a expression in endometriosis women [116]. Helixor A
could also relieve pelvic pain of endometriosis women [166]. Adoptive transfer of healthy
women’s blood immune cells into nude mice implant with healthy women’s endometrium
leads to a significantly reduction in MVD and volume of endometriotic lesions [118]. Adop-
tive cell therapy have a high response rate and caused significant tumor regression
in different cancer patients, but before it used in the treatment of human endometriosis,
side effects such as off-target toxicity and cytokine release syndrome need to take into
consideration.
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Suppress the immunosuppressive cells Targeting key immunosuppressive cells such as
M2 macrophages, MDSCs, Tregs, Th17, and iDC in endometriosis at different stages can
block their recruitment, expansion, activation and immunosuppressive function. Adoptive
transfer of M2 macrophages into endometriosis mouse peritoneal cavity dramatically
enhanced endometriotic implant growth [15]. Selective Cyclo-oxygenase (COX)-2 inhibitor
celecoxib upregulated M1-related cytokine interfron (IFN)-g, changed the TAM phenotype
from M2 back to M1 and reduced the number of endometriotic lesions in mouse [167,168].
Celecoxib also inhibit growth of endometrial epithelial cells from endometriosis women
[169]. While COX inhibitors have been widely used in the clinical treatment of endometriosis,
whether it also changes immunosuppressive cells in human still need more further studies.

All trans retinoic acid (ATRA) can suppress VEGF expression on neutrophils in eutopic
endometrium from women with endometriosis [151]. Retinoic acid could inhibits endometri-
otic stromal cells proliferation, reduces estradiol production from ovarian endometrial cysts
and has the potential to suppress the development of endometriosis [152]. A multi-targeted
receptor tyrosine kinase inhibitor Sunitinib reduces the size of endometriotic implants, pre-
vent adhesions, induces luminal epithelium and blood vessels endothelial cells apoptosis,
decreased plasma and peritoneal VEGF levels in rat endometriosis model [154,170]. The
ATP-binding cassette transporter B1 (ABCB1) can extrude compounds from cells. ABCB1-
substrate, cyclophosphamide (CPA), was especially cytotoxic for human Treg cells that
lack expression of ABCB1 [119], as higher level of Treg were detected in endometriosis, using
CPA to enhance the anti-endometriosis immunity by selectively depleting Treg, which may
provide a new strategies for immunotherapy. So far there is no human endometriosis trial
yet.

Immune checkpoint blockade is a major mechanism for immune resistance, many immune
cells express inhibition molecules, particularly T cells for antigens recognition. Anti-CTLA-4
antibody PLGA reduces Treg cells level, decreases Treg cells IL-10 and TGF-b secretion in peri-
toneal fluid of endometriosis mouse model, it also inhibits ectopic endometrial cells prolifera-
tion and invasion in vitro [120]. Women with advanced endometriosis have higher frequencies
of PD-1 positive T and B cells in peripheral blood than healthy individuals, it indicated
increased inhibitory signals in lymphocytes may contribute to the development of endometri-
osis [122]. PD-1 and PD-L1 have elevated expression in endometrial tissues and blood T cells in
endometriosis women, estrogen treatment can change their expression in endometrial cells [21].
These data suggest that antibody against immune checkpoints pathway may have a potential
effect on endometriosis women. There is no human endometriosis trial yet.

Tissue targeted therapy MMPs is critically important to the adhesion and formation of
pathological conditions like endometriosis [171]. In a rat endometriosis model, Metformin
which often used in type 2 diabetes significantly decreased volume and weight of endometri-
otic lesions, reduced VEGF and MMP-9 expression, increased activities of superoxide dismut-
ase (SOD) and tissue inhibitor of metalloproteinase (TIMP)-2 in lesions [124]. A lipid-lowering
medication Simvastatin decreased the number and size of endometrial implants and inhibit
MMP-3 in mouse endometriosis model [125], it also reduced the expression of MMP2,
MMP3 and CD44, but increased TIMP2 in human ESC [126]. In an endometriosis rat model,
antioxidant medication Melatonin treatment down-regulated proMMP-9 activity followed by
an inverse trend in TIMP-1 expression [128]. And in a phase II placebo-controlled trials, Mela-
tonin relieve chronic pelvic pain and improved sleep quality in endometriosis women [129].
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A metabolites of arachidonic acid called Lipoxin inhibited the release of inflammatory factors
and MAPK activities in endometriotic stromal cells [147], decreased MMP-9 and VEGF expres-
sion in the endometriotic lesions in mouse model [134].

NFkB pathway plays an important role in regulating the immune response to infections.
NFkB is constitutive activities in endometriotic lesions may be due to the stimulation such
as IL-1b, MIF and TNF-a in peritoneal microenvironment [23]. An NF-kB and proteasome
inhibitor Disulfiram decreased NF-kB expression, angiogenesis and proliferation on ectopic
endometrium thus reduced the development of endometriosis in rats [136]. Nobiletin can
limits inflammation and inhibits the NF-kB activation, significantly altered the VEGF,
PCNA expression and proinflammatory mediators in ectopic endometrium, and also
impaired the activation of NF-kB in promoting endometriotic cells, thus lead to a reduced
ectopic lesion size in mouse endometriosis model [138].

Peroxisome proliferator-activated receptors (PPARs) are a group of nuclear receptor pro-
teins that regulate transcription factors, a (alpha), g (gamma), and b (delta) are major types
of PPARs [172]. A PPAR-g agonist Rosigliotazone, significantly decreased the size and
weight of endometrial implants in a rat model of endometriosis [173]. Rosiglitazone also relief
pelvic pain in endometriosis women in a phase 2a clinical trial, although only limited partic-
ipants in this trial [143]. While PPAR-g ligand ciglitazone and pioglitazone effectively
reduced the endometriosis implants size in rat and baboon models [71,141]. There are
increased activation of ERK, a MAPK subtype, in human endometriotic epithelial and stromal
cells [25]. Sorafenib is a multi-kinase inhibitor act on MAPK pathway and VEGFR, can signif-
icantly limit endometrial stromal cell proliferation, and inhibit the growth of endometriotic
lesions in a heterologous nude mouse model [145]. Cyclo-oxygenase (COX) participate in
prostaglandins (PGs) synthesis, increased expression of COX-2 has been detected in eutopic
and ectopic endometrium from endometriosis women [26]. Treatment with a COX-2 specific
inhibitor Rofecoxib significantly improve pelvic pain and dyspareunia in endometriosis
women [148].

Alternative medicines Epigallocatechin gallate (EGCG), a potent anti-oxidative and anti-
angiogenic catechin extract from green tea, could inhibit endometriotic lesion angiogenesis
and growth by selectively suppressed VEGFC and VEGFR2 expression in an experimental
mouse model [150]. While the clinical trials to evaluate the efficacy and safety of EGCG in
endometriosis women still in progress. Curcumin, a herbal medicine extract from Turmeric,
markedly suppresses TNF-a induced ICAM-1 and VCAM-1 expression, promotes IL-6, IL-8
and MCP-1 secretion, inhibits NF-kB activation in human endometriotic stromal cells [140].
Curcumin have a significant effect to relieve pain and decrease serum PGE2 and CA125 levels
in endometriosis women [131]. Curcumin also decreased serum MMP-2 and MMP-9 [132],
suppress MMP-3 expression and NF-kB translocation in endometriotic lesions in a mouse
model [133]. Guizhi Fuling Capsule (GZFLC) significantly reduced implants volume,
increased the percentage of CD4þ T cells and enhanced NK cell cytotoxicity in endometriosis
rat model [174]. Xiaochaihu decoction treatment remarkly decrease IL-8, TNF-a and VEGF
levels in peritoneal fluid and serum and reduced endometriotic lesion size by inducing
Fas/FasL expression to promote apoptosis in rat endometriosis model [175,176]. An
increasing understanding of the functional molecular mechanisms of natural product of tradi-
tional Chinese medicine (TCM) derived herbal extracts provide an attractive strategy for the
research and development of novel therapeutics in endometriosis.
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Future perspectives: personalized and combination therapy

Different endometriosis women display various immune responses, cellular and molecular
changes due to unique characteristic of individual genetic polymorphism, disease progres-
sion and environmental interference. Therefore, personalized therapies that target individual
immunosuppressive cell profile, hormonal changes and endometriosis tissue should be one of
the future directions. Women with endometriosis receiving GnRH agonist show increasing
number of natural killer cells and upregulation of T cell proliferative activity accompanied
by depressed estradiol level, which indicates hormonal changes will influence the immune
response in endometriosis women [177]. In endometriosis mouse model, combination ther-
apy with anti-hypertensive drug telmisartan and selective COX-2 inhibitor parecoxib signif-
icantly reduced lesion volume than they use separately. As telmisartan that block receptor
angiotensin 1 (AT1) receptor and activate PPAR-g can also up-regulate COX-2 which
promote endometriosis progression, so combination with COX-2 inhibitor enhanced the
anti-endometriotic effect [178]. Combine immunotherapy with hormonal or other treatments
to target multiple sites of action, reduce side effects and create a personalized therapy for
women with endometriosis maybe a promising direction.

Conclusions

A better understanding of immune changes, immune-endocrine communication, immuno-
suppressive mechanisms in endometriosis will provide potential scientific strategies for endo-
metriosis immunotherapy. One of the important challenges is to identify the pivotal effector
immune cells, immunosuppressive cells and immune checkpoint, explore the cellular and
molecular mechanisms and key regulatory pathways of these cells in endometriosis microen-
vironment, which may improve the efficiency of immune therapy. Endometriosis immuno-
therapy is now emerging as a new approach in addition to conventional therapies. With
further understanding of endometriosis pathogenesis and pathology, personalized or combina-
tion treatment for each individual may come into the clinical management of endometriosis in
the near future. A further challenge is to make suitable plan including optimize dosage and
timing of therapies to maximize treatment effect and minimize side effects in order to improve
clinical outcomes. Another challenge is to establish meaningful criteria for the evaluation of
immune therapies, not only relieve symptoms and/or improve infertility, but also reduce
endometriosis implants volume. More well designed clinical trials and animal studies are
essential for drug research and development for endometriosis.
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Introduction

Dysmenorrhea is the hallmark of endometriosis, and for 38% of those with endometriosis,
it is experienced from menarche [1,2]. It is commonly normalized by health providers as part
of the menstrual process. This narrative can be supported by other female family members
who, because of the polygenic inheritance of endometriosis, may themselves experience un-
diagnosed period pain. People with endometriosis face an average delay of six to 12 years
from becoming symptomatic to surgical diagnosis [3]. As diagnostic surgery is often the gate-
keeper to initiating medical care, many will face major socioeconomic and geographical bar-
riers to endometriosis treatment and be at risk of developing chronic pain sequelae (somatic
visceral and central sensitization) [4] and infertility [5]. Pain symptoms correlate poorly with
identification of endometriotic lesions at surgery, and for one in three women the risks of sur-
gery will be undertaken without the benefit of obtaining a diagnosis regarding the cause of
pain [6].

Because surgery carries risk and is expensive, researchers have sought to find and improve
noninvasive ways to diagnose endometriosis, and these have been summarized in several
Cochrane reviews. Investigative tests have included pelvic imaging (transvaginal ultrasound
[TV-US] and magnetic resonance imaging [MRI]) [7], blood markers [8], eutopic endome-
trium characteristics [9], urinary markers [10], and peritoneal fluid markers [11].

In line with international guidelines, current investigative pathways for women presenting
with symptoms of endometriosis including dysmenorrhea, dyspareunia, chronic pelvic pain,
or difficulty conceiving, recommend initial a pelvic ultrasound scan to assess for endometri-
osis and other pathologies [3,12,13]. In some cases, diagnostic laparoscopy can be undertaken
to achieve a diagnosis through direct visualization or histopathological confirmation of
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endometriosis. This is generally reserved for those without a diagnosis based on imaging or
those who have failed medical treatments. Diagnostic laparoscopy is often done in conjunc-
tion with surgical treatment rather than as standalone surgery. Some suggest that MRI may
be an alternative to ultrasound, yet it is used more conservatively because of its cost and
accessibility. Several blood-based tests have shown promise as diagnostics for endometriosis,
but currently, none are specific or sensitive enough to replace invasive surgery or to be used
in selecting women for surgery [14].

Beyond imaging, tissue and blood-based biomarkers hold potential for the noninvasive
diagnosis of endometriosis and several immunological markers have been evaluated as diag-
nostic tools for endometriosis. Although many biomarkers are elevated in blood or tissues
from women with endometriosis, none have yet been demonstrated to be sensitive or specific
enough to reliably detect or exclude endometriosis and their use is restricted to research set-
tings at present [15]. Studies combining biomarkers and imaging are needed, as are studies
using big data and machine learning. This chapter summarizes evidence-based research un-
dertaken to identify noninvasive diagnostic tests for endometriosis.

What is a noninvasive diagnostic test for endometriosis?

Although some imaging tests are associated with an intracavitary approach (e.g., transva-
ginal, transrectal), these tests are generally considered to be noninvasive or minimally inva-
sive when compared with diagnostic surgery for endometriosis. Here, we have defined all
tests that do not involve anesthesia and surgery as noninvasive.

A recent series of Cochrane diagnostic test accuracy [4,7,10,15] for endometriosis defined
the functions noninvasive diagnostic tests can have in providing clinically useful informa-
tion that facilitate patient care. Diagnostic tests for endometriosis can fulfill one of three
roles:

• Replacement test: used to replace an existing test by providing greater or similar accu-
racy, and other advantages.

• Triage test: an initial step in a diagnostic pathway used to identify women who need to
undergo further testing with an existing test. Ideally, a triage test has high sensitivity
and specificity, however, it may have lower sensitivity but higher specificity than the
current test used, or vice versa. A triage test does not aim to improve the diagnostic ac-
curacy of the existing test but rather to reduce the number of individuals undergoing an
unnecessary diagnostic test; or

• Add-on test: used in addition to an existing test to improve diagnostic performance
[16].

Triage tests can also have two roles by either having a high degree of certainty of the diag-
nosis or by excluding a diagnosis. This review refers often to the terms SpPin and SnNout,
and to understand these, we also need to understand the notions of sensitivity and specificity.

• SpPin: When a sign, test, or symptom has an extremely high specificity (say, over 95%),
a positive result provides near certainty in (rules in) the diagnosis.

• SnNout: When a sign, test, or symptom has a high sensitivity, a negative result rules
out the diagnosis.
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A few other definitions, were defined in the series of Cochrane diagnostic test accuracy re-
views for endometriosis and provide context:

• Replacement test: when the imaging test has a sensitivity �94% and specificity �79%.
These numbers are based on diagnostic performance of surgery.

• SnNout triage test: when the imaging test has a sensitivity �95% and specificity �50%.
This is the threshold at which it is safe to “rule out” endometriosis.

• SpPin triage test: when the imaging test has a sensitivity �50% and specificity �95%.
This is the threshold at which it is safe to “rule in” endometriosis.

Which noninvasive tests show the most promise?

Women who present with symptoms suggestive of endometriosis commonly have a full
history and examination. They may be provided a presumptive clinical diagnosis of endome-
triosis, (although not encouraged by some) to initiate early treatment [4]. While this is a
noninvasive diagnosis, it is not always preferred by patients because uncertainty in the etiol-
ogy of symptoms remains. Indeed, a reliable diagnosis based solely on presenting symptoms
is difficult to obtain due to the heterogeneity in clinical presentation, the high prevalence of
asymptomatic endometriosis (2%e50%), and the poor association between presenting symp-
toms and severity of the disease [17e19]. While there is a wide differential diagnosis for most
positive physical findings, in 70%e90% of cases, an abnormal pelvic examination correlates
with the presence of endometriosis on laparoscopy [20]. Normal clinical findings do not
exclude endometriosis, as laparoscopically proven disease has been diagnosed in more
than 50% of women with a clinically normal pelvic examination [21].

There are many potential advantages of using imaging tests for the diagnosis of endome-
triosis including their ready availability and acceptability; they do not require anesthetic or
incisions; they provide rapid results; and are more cost-effective when compared to surgery
[22]. Their diagnostic potential is, however, dependent on the skills of the operator, as only
specialized scans, conducted specifically to detect endometriosis will provide reasonable
diagnostic accuracy. The most widely reported diagnostic modalities for endometriosis
include ultrasound (transabdominal [TA-US], TV-US, and transrectal [TR-US]) and MRI.
The International Deep Endometriosis Analysis (IDEA) group has published a consensus
opinion on the ultrasound approach to patients with signs and symptoms of endometriosis
[23]. In addition to the direct visualization of endometriosis, markers of adhesions including
ovarian fixation and obliteration of the pouch of Douglas (POD) are incorporated into the
IDEA consensus opinion. Overall pelvic endometriosis (including superficial endometriosis)
remains difficult to diagnose or rule out using imaging, though this is an active area of
research [24].

While ultrasound is a routine investigation and may provide radiological confirmation of
ovarian endometriosis, large limitations exist regarding the implementation of specialist,
IDEA-based, endometriosis scans, as experienced sonographers and longer timeframes are
required to perform this type of scan well. This is despite evidence that the IDEA-based ul-
trasound approach will confirm deep endometriosis with high diagnostic accuracy, over and
above the diagnostic information from clinical examination. On a broader level, ultrasound
has the capacity to predict the severity of endometriosis when compared to the revised
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American Society of Reproductive Medicine (rASRM) [25]. In most ways, MRI has the same
capacity as ultrasound [26,27], but lacks the dynamic nature of ultrasound and the ability to
interact directly with the patient during the assessment. In addition to the operator-
dependent nature (i.e., the reliance on the performance and interpretation), which MRI
shares with ultrasound, there may also be issues with access and cost. Conversely, MRI
may have a higher sensitivity, at the expense of a higher false positive rate for deep endo-
metriosis [7].

Biomarkers in blood, urine and endometrium have been the focus of many small studies
to differentiate between women with and without endometriosis. However, once external
validation is sought in larger studies by different research groups, many lose their
convincing potential as a diagnostic test. The diagnostic value of these tests has been fully
systematically evaluated and summarized using Cochrane methods [7,10,15], but also eval-
uated systematically in other published reviews [28e30]. A simple, noninvasive test for the
diagnosis of endometriosis has not been developed that is routinely implemented in clinical
practice.

Surgical diagnosis of endometriosis

There are some procedures available for the surgical diagnosis of endometriosis. These
include laparoscopy (minimal access, or keyhole surgery) or laparotomy (open surgery via
an abdominal incision). Laparoscopy has largely replaced traditional open surgery [31] for
several reasons including shorter recovery times, fewer complications, better peritoneal cav-
ity visualization with a magnified view and because laparoscopy is the preferred technique
for surgical treatment of endometriosis [32]. Surgery remains the most accepted method to
determine the extent and severity of endometriosis, despite improvements in noninvasive
diagnostic tools [25].

Although there are several different classification systems for endometriosis [34e37], the
rASRM classification is the most commonly used, as it is internationally accepted and
respected as a tool for the objective assessment of the disease [33] (Table 19.1). The lack of
correlation between laparoscopic staging, the severity of symptoms, and response to treat-
ment, has attributed little value to this classification system in clinical practice [38e40]. A
consensus around the optimal classification for endometriosis is very much needed and
the World Endometriosis Society has recently endeavored to attain this [41].

In their diagnostic and treatment guidelines, the European Society of Human Reproduc-
tion and Embryology (ESHRE) Special Interest Group for Endometriosis has stated women
presenting with symptoms of endometriosis, cannot obtain a definitive diagnosis without a
visual inspection of the pelvis at laparoscopy, as the gold standard investigation for endome-
triosis [42]. These authors disagree with the certitude of this statement as noninvasive imag-
ing can identify endometriosis reliably. Although, for those where endometriosis cannot be
identified using imaging or examination, visual inspection and histopathology is necessary
for definitive diagnosis. In some circumstances, imaging modalities may more accurately
detect endometriosis, as endometriosis can exist deep to the peritoneum [43] or under dense
adhesions [44] and may not be visualized adequately at laparoscopy [45,46].
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There are disadvantages of laparoscopic surgery, and these include (but are not limited to)
high cost, need for general anesthesia, and potential for adhesion formation postprocedure.
A 2% risk of injury to pelvic organs, a 0.001% risk of damaging a major blood vessel, and
a mortality rate of 0.0001% have been associated with laparoscopy [47]. Major complications
of laparoscopy are rare; however, it is difficult to determine the exact incidence of complica-
tions, and delayed recognition adds to surgical morbidity and mortality. One-third of women
will receive a diagnosis of endometriosis after a laparoscopic procedure; many disease-free
women are thus unnecessarily exposed to surgical risk [48]. The validity of laparoscopy is
highly dependent on surgical skill. A sole systematic review comparing the diagnostic accu-
racy of laparoscopic visualization with histological confirmation estimated sensitivity of 0.94
and specificity of 0.79 [49]. Indeed, a recent meta-analysis has demonstrated that conven-
tional white-light laparoscopy may not be the best laparoscopic modality in the detection
of endometriosis, yet it is the standard laparoscopic approach [45].

Incorporating histological verification in the diagnosis of endometriosis has been sug-
gested to improve diagnostic accuracy [50e52]. The clinical significance of histological

TABLE 19.1 Staging of endometriosis, rASRM classification.

Location of endometriosis Extent Depth

< 1 cm 1e3 cm > 3 cm

Peritoneum Superficial 1 2 4

Deep 2 4 6

Ovary R superficial 1 2 4

Deep 4 16 20

L superficial 1 2 4

Deep 4 16 20

Posterior Cul de sac obliteration Partial Complete

4 40

Adhesions < 1/3 Enclosure 1/3e2/3 Enclosure > 2/3 Enclosure

Ovary R Filmy 1 2 4

Dense 4 8 16

L Filmy 1 2 4

Dense 4 8 16

Tube R Filmy 1 2 4

Dense 4a 8a 16

L Filmy 1 2 4

Dense 4a 8a 16

aIf the fimbriated end of the fallopian tube is completely enclosed, change the point assignment to 16.
American Society for Reproductive Medicine 1997 [33].
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verification is debatable, and as long as trained and experienced surgeons perform an appro-
priate pelvic cavity inspection; a generally reliable diagnosis can be based on visual findings
[53]. Histological verification also is reliant on the surgeon obtaining an appropriate biopsy. If
no biopsy is taken, histology cannot be used as the true confirmation. Unfortunately, even
histology is exposed to the operator-dependent limitation: pathologists can often miss small
lesions in mild disease, as excised potential endometriotic tissues are rarely serially sectioned
in clinical practice [54]. The accuracy of histological reporting is thus often influenced by sam-
pling inconsistencies.

Imaging modalities for the noninvasive diagnosis of endometriosis

The most widely reported diagnostic modalities for endometriosis include ultrasound
(TV-US, TA-US, TR-US) and MRI. One of the earliest systematic reviews summarizing the
diagnostic performance of ultrasound for endometriosis-associated ovarian masses (endo-
metriomas) concluded that TV-US has clinical utility in differentiating endometriomas
from other types of ovarian cysts [55]. Since then, many ultrasound and MRI studies have
resulted in various adaptations of these foundational techniques [23,32,46,56e64]. Other
techniques including computed tomography (CT)-based imaging [65] and barium enema
[66] have been suggested as diagnostic tests for endometriosis. The diagnostic ability of
imaging tests to detect endometriosis has also been positively affected by improvements
in imaging technology over time. Reevaluation of diagnostic test accuracy since the 2016
Cochrane systematic reviews for a variety of imaging modalities is currently being under-
taken [7,10,15].

The most recent Cochrane systematic review examined data from 4807 reproductive-aged
women with symptoms of endometriosis, who undertook a noninvasive imaging test fol-
lowed by diagnostic surgery for endometriosis, in 49 articles published from 1993 through
2015. This is the first diagnostic test review to use Cochrane methods and the most compre-
hensive review to date [7].

For overall pelvic endometriosis, no imaging method met the criteria for a SpPin or
SnNout triage test. This is because superficial endometriosis remains the most difficult sub-
type of endometriosis to diagnose using imaging and yet, it is the most common subtype. For
endometriomas, TV-US met the criteria for a SpPin triage test and approached the criteria for
a replacement test and a SnNout triage test, whereas MRI met the criteria for a replacement
and SnNout triage test and approached the criteria for a SpPin test. In practical terms, this
means that an endometrioma identified on a TV-US can be reliably labeled as such, but
the lack of an endometrioma does not necessarily mean there is not one present. Conversely,
MRI is better at identifying endometriomas but has a greater chance of mislabeling a struc-
ture as an endometrioma when it is not. In routine clinical practice, for cost reasons, TV-
US usually precedes MRI as an imaging investigative tool, but it is not usually for the
purpose of identifying or clarifying ovarian endometriomas as they are diagnosed reliably
by both imaging modalities.

Certainly, MRI is more known as a tool to identify deep endometriosis. For posterior
compartment disease, MRI approached the criteria for a replacement test and a SnNout triage
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test, and TV-US approached the criteria for a SpPin triage test. In short, this means that
neither TV-US nor MRI on their own, have a high enough accuracy to replace, rule in, or
rule out overall deep endometriosis when compared to surgery.

For the most frequently evaluated anatomical site of deep endometriosis, rectosigmoid
endometriosis, TV-US, TR-US, and MRI reached the criteria for a SpPin triage test and
approached the criteria for a SnNout triage test. This has been verified in an updated
meta-analysis, where TR-US had the highest pooled sensitivity and specificity, followed by
TV-US and finally MRI [67]. For other anatomical locations, TV-US met the criteria for a
SpPin triage test for mapping deep endometriosis to uterosacral ligaments, rectovaginal
septum, vaginal wall, and identification of POD obliteration, and MRI could qualify as a
SpPin triage test only for POD obliteration and vaginal wall endometriosis. Data on TR-US
for the other sites was scant, so it could not be adequately assessed in a meta-analysis. How-
ever, it would be unusual for a patient to undergo a TR-US when TV-US is possible as TR-US
is usually reserved for virginal patients when MRI is less accessible. Expertise in performing
TR-US may be less available, which may influence a clinical decision to use TR-US or MRI in
these circumstances.

Modified ultrasound methods (TV-US with bowel preparation or rectal water contrast
TV-US) and specific MRI modalities (3.0 TMRI and MRI jelly method with introduction of
ultrasonographic gel into both the rectum and the vagina) showed the highest diagnostic ac-
curacy for evaluated posterior compartment locations of endometriosis, however, data were
insufficient for formal comparative analyses with TV-US and MRI methods. These modified
methods generally less available and require increase logistical coordination and expertise
but are valuable to advance the technology and techniques in non-invasive imaging of
endometriosis.

In the Cochrane review, there were too few studies diagnosing anterior deep endometri-
osis for a prudent evaluation. However, Gerges et al. recently published a meta-analysis
on the imaging diagnosis of bladder endometriosis, which identified pooled sensitivities of
55% and 53% for TV-US and MRI, respectively, and pooled specificities of 99% and 99%
for TV-US and MRI, respectively [68]. This translates to both imaging modalities meeting
criteria for a SpPin triage test but not a SnNout triage test or replacement test.

Since the publication of the 2016 Cochrane review [7], several authors have attempted to
improve the non-invasive imaging diagnosis of superficial endometriosis. Some have attemp-
ted to use soft markers (ovarian immobility [69], uterosacral ligament thickening) [70],
though this has not been reliable. Using a modified TV-US protocol, Leonardi et al. have pro-
posed a method to directly visualize superficial lesions called saline-infusion sonoPODgra-
phy (SPG) [25]. Subsequently, in a pilot prospective diagnostic test accuracy study, they
demonstrated SPG has a sensitivity of 78% and specificity of 100% when other forms of endo-
metriosis (deep and ovarian) are excluded [24]. It is still necessary for these optimistic find-
ings to be studied in a larger population and to be externally validated including in unique
populations such as those with infertility without pain.

While there may not yet be a noninvasive imaging replacement test for endometriosis, there
is hope that ongoing research in this realm will achieve this outcome. More realistic is that a
combined imaging and biomarker test will produce the most accurate noninvasive diagnosis
of endometriosis.
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Blood biomarkers for the noninvasive diagnosis of endometriosis

Endometriotic lesions and peritoneal fluid have been characterized by specific cellular and
molecular processes identified in human and animal models [71e73]. If a blood test, utilizing
markers that reflect this pathophysiology, could impart an accurate diagnosis of endometri-
osis, it would have several potential advantages when compared to surgery including being
minimally invasive, readily available, acceptable to women, cost-effective and providing a
rapid result. The reliability of laboratory techniques and quality control protocols, however,
influence the effectiveness of blood testing. Furthermore, blood biomarker levels can vary
during the menstrual cycle, or if reproductive steroids like the combined oral contraceptive
pill are used, requiring careful evaluation at different stages in the cycle in diagnostic blood
test development.

Over 100 putative biomarkers were identified in a large systematic review of all proposed
biomarkers for endometriosis in serum, plasma, and urine. However, the authors were un-
able to identify any biomarker (single or in a panel) ready for use in clinical practice [28].
In the most recent Cochrane review addressing this topic, diagnostic performance was eval-
uated for 47 of 122 blood biomarkers [8].

Blood biomarkers have been evaluated as a single test or in combination, in numerous tri-
als. The categories of studied blood markers include: angiogenic and growth factors; markers
of apoptosis; cell adhesion molecules and other matrix related proteins; cytoskeleton mole-
cules; DNA-repair/telomere maintenance molecules; hormonal markers; high-throughput
molecular markers; hormonal markers; immune system and inflammatory markers; nerve
growth markers; oxidative stress markers; posttranscriptional regulators of gene expression
(circulating nuclear DNAs, microRNAs); tumor markers; and other peptides/proteins which
have been shown to influence key events implicated in endometriosis [8]. A limited number
of small studies have evaluated these blood-based tests using varying methods, laboratory
techniques, and types of assays.

Cancer antigen-125 (CA-125), a glycoprotein expressed on coelomic epithelial tissues
including the peritoneum is the most extensively studied blood maker for endometriosis.
A limitation of studies that assessed the utility of CA-125 as a diagnostic test is they
analyzed multiple cut-off values within the following groups: > 10.0e14.7 U/mL,
>16.0e17.6 U/mL, > 20.0 U/mL, > 25.0e26.0 U/mL, > 30.0e33.0 U/mL, > 35.0e36.0 U/
mL, and > 42.0e43.0 U/mL. Regardless of the cut-off, none of these tests were found to
be sensitive or specific enough to be considered as a replacement or triage test [8]. This is
likely due to the indirect nature of the comparisons and heterogeneous study groups
from different populations. The summary estimates of the mean sensitivity and the mean
specificity of CA-125 did not all show the expected pattern (higher sensitivity and lower
specificity with lower thresholds). The cut-off > 16.0e17.6 U/mL performed best of all
the CA-125 thresholds subjected to meta-analysis, but it only approached the criteria for a
SpPin triage test and showed substantial heterogeneity.

Hirsh et al. found that when looking at all comers with endometriosis, CA-125 may
approach a SpPin triage test with a pooled specificity of 93% (95% CI 89%e95%) and sensi-
tivity 52% (95% CI 38%e66%) in a systematic review [74]. However, CA 125 was significantly
less useful at detecting minimal to mild endometriosis than moderate or severe endometriosis
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(P ¼ .001). Considering noninvasive imaging has higher accuracy in detecting ovarian and
deep endometriosis (usually equivalent to moderate to severe endometriosis), CA-125 does
not fill the gap of identifying harder to visualize superficial endometriosis. As further studies
evaluating CA-125 have been published and diagnostic test review methodologies continue
to improve, an updated review of CA-125 is warranted.

Meta-analysis was feasible for only three other biomarkers: CA-19.9, IL-6, and antiendo-
metrial antibodies. For the detection of endometriosis, the sensitivity of CA-19.9 with a
cut-off value of >37 U/mL was too low to meet the criteria for a replacement or triage test
and other thresholds did not show promising results. Similarly, antiendometrial antibodies
and IL-6 with a cut-off threshold of >1.90e2.00 pg/mL displayed unsatisfactory diagnostic
estimates to qualify for either a replacement or triage test. Too few studies existed to perform
a meaningful evaluation for other cut-off values of IL-6. IL-6 with a high cut-off of >12.20 pg/
mL, did have a sufficiently high sensitivity and specificity to satisfy the criteria for a replace-
ment test, in only one study and thus requires further validation. The findings of the meta-
analyses from this review should be interpreted with caution. The results do not seem to
be reliable enough to inform clinical practice, considering both the level of heterogeneity
and the high/unclear risk of bias of the included studies.

Several tests were assessed and found to have little value in identifying endometriosis.
Further research into these biomarkers is unlikely to yield a diagnostic tool. As a guide to re-
searchers, the remaining biomarkers were classified as follows:

• Tests needing to be validated for their diagnostic potential (Table 19.2), including:
• Tests with adequate diagnostic performance, but insufficient data to confidently

comment on their diagnostic role and
• Tests with diagnostic estimates that approached the criteria for replacement or triage

tests in a small number of studies
• Tests of limited diagnostic value (i.e., studies with low diagnostic estimates).
• Tests that appear to have limited diagnostic value, but there is insufficient data to confidently

comment on their diagnostic role.

Several groups have identified endometriosis-associated microRNAs in serum or plasma
and speculated on their promising diagnostic potential for endometriosis [75e77]. High diag-
nostic accuracy has been demonstrated in some case-control cohorts [78,79] and in small
retrospectively selected validation cohorts [80]. However, heterogeneity between studies in
patient selection, microRNA discovery methods, normalization, and control comparators
has meant that very few microRNAs have been identified in more than one study [81e83].
Two groups have validated their findings in prospective validation cohorts and did not
detect microRNAs with enough sensitivity and specificity to accurately classify women
with and without endometriosis at surgery [82,83]. As microRNA detection methods improve
and become more consistent, it may be that these markers will be useful as standalone tests
or, more likely, as add on markers in a combination test. Currently, blood-borne microRNAs
do not display a high enough diagnostic accuracy to meet the criteria for a replacement or
triage test for endometriosis [75].

Even though tens of thousands of papers have explored blood biomarkers, a blood-based
diagnostic tool remains elusive [8]. This is likely to reflect pathological mechanisms such as
inflammation and wound healing which, although upregulated in endometriosis, are not
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TABLE 19.2 Blood biomarkers to be validated for their diagnostic potential in endometriosis.

Blood biomarkersa
Replacement
test

SnOUT
triage test

SpIN
triage test

1. Angiogenesis and growth markers

VEGF >680 pg/mL � � D

VEGF >236 pg/mL � �
2. High-throughput markers

Metabolome by ESI-MS/MS (SMOH C16:1 þ PCaa C36:2/PCae C34:2) �
Proteome by SELDI-TOF-MS (6 peaks with molecular weights of 1.63, 3.05,
3.53, 3.77, 5.05 and 5.07 Da)

D

3. Immune system and inflammatory markers

IL-6 > 12.2 pg/mL D D

4. Oxidative stress markers

PON-1 < 141.5 U/L D D

Carbonyls < 14.9 mM �
5. Posttranscriptional regulators of gene expression (microRNAs)

miR-9* D

miR-141* D

miR-145* D

miR-20a < 0.69 �
miR-22 < 0.56 � �
miR-532-3p �
6. Tumor markers

CA-125 (cut-o% value > 43 U/mL) D D

7. Combined blood tests

IL-6 > 12.2 pg/mL þ TNF-M > 12.45 pg/mL D

IL-6 > 12.2 pg/mL þ CRP > 438 mg/mL D

TNF-M > 12.45 pg/mL þ CRP > 438 mg/mL D

miR-199a þmiR-542-3p D D

CA-125 þ STX-5 þ LN-1 � D

IL-6 > 12.2 pg/mL þ TNF-M > 12.45 pg/mL þ CRP > 438 mg/mL D

miR-199a þmiR-122 þ miR-145* þmiR-542-3p � �
CA-125 > 17.6 IU/mL þ VEGF >236 pg/mL _ �
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specific to this disease. Biomarkers representing pathological events are elevated in popula-
tions of women with endometriosis when compared to controls, but upregulation of these
markers in an individual cannot determine causation, as blood levels overlap considerably
between the groups. It may be that future studies on blood biomarkers which focus on spe-
cific phases of the menstrual cycle, specific types of endometriosis, different cut-off values, or
different laboratory methods will reveal a unique diagnostic biomarker for endometriosis,
but more likely blood-based “add-ons” in combination with more specific diagnostic tools
will be developed in this field of research.

Endometrial biomarkers for the noninvasive diagnosis of endometriosis

An endometrial biopsy can be obtained with a plastic pipette device in an outpatient
setting, without general or local anesthetic. The potential advantages of using endometrial tis-
sue samples for the diagnosis of endometriosis include their non- or minimally invasive na-
ture, lower cost, and increased availability when compared to surgery. It is likely most
patients would find these methods acceptable if they were able to obtain an accurate

TABLE 19.2 Blood biomarkers to be validated for their diagnostic potential in endometriosis.dcont’d

Blood biomarkersa
Replacement
test

SnOUT
triage test

SpIN
triage test

CA-125 þ CA-19-9 þ survivin _ �
CA-125 > 50 IU/mL þ/or CCR1 > 1.16 þ/or MCP-1 > 140 pg/mL � �
CA-125 > 20 IU/mL þ MCP-1 > 152.744 pg/mL þ leptin > 3.14 ng/mL �
CA-125 þ IL-8 þ TNF-M �
CA-125 þ CA-19.9 þ IL-6 þ IL-8 þ TNF-M þ hs-CRP (in menstrual phase of
the cycle)

� �

8. Tests that specifically differentiate endometrioma from other benign ovarian cysts in women of
reproductive age

Urocortin > 29 pg/mL D D

Urocortin > 33 pg/mL �
Follistatin > 1433 pg/mL � � �
CA-125 > 30 U/mL and > 36 U/mL _ D

CA-125 O 25 U/mL þ CA-19.9 O 22 U/mL �
aThis groupincluded: tests with an adequate diagnostic performance, but insufficient data to confidently comment on their diagnostic role (less
than three studies with the diagnostic estimates meeting the criteria for either a replacement or triage test); and tests where the diagnostic es-
timates were approaching the criteria for replacement or triage tests in a small number of studies, and it is possible that they would reach this
criteria if further studies were performed (less than three studies with the diagnostic estimates within 5% of the criteria for either replacement
or triage tests).
Notes: D, meets the criteria, Replacement test: sensitivity � 94 and specificity � 79, SnOUT triage test: sensitivity � 95 and
specificity � 50, SpIN triage test: sensitivity � 50 and specificity � 95, � approaches the criteria (within 5% of the pre-defined
criteria).
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diagnosis of endometriosis. However, testing is likely dependent on the skills of the gynecol-
ogist performing the biopsy, the timing of the biopsy in the menstrual cycle, the time taken to
process the sample, the reliability of laboratory techniques, and the quality control protocols
in place.

Researchers have identified cellular and molecular processes that distinguish endometriosis-
associated eutopic endometrium in human and animal models [71e73], suggesting that endo-
metriosis may induce characteristic changes in eutopic endometrial tissues [84e86] or that
the eutopic endometrium of women who develop endometriosis is different from the endo-
metrium of women who are endometriosis-free [87]. A growing body of literature has iden-
tified aberrant gene expression in the endometrium of women with endometriosis which
may have diagnostic potential [88]. Proteolytic enzymes and immune cell populations
have displayed a differential expression in eutopic endometrium of women with and
without endometriosis [89e91] Additional studies have evaluated and eliminated glycodelin
A, CYR61, annexin 1, osteopontin, and aromatase P450 as potential endometrial biomarkers
[73,92e95].

The Gupta et al. Cochrane review presents data from 2729 reproductive-aged women who
had presented with symptoms of endometriosis and underwent eutopic endometrial biopsies
during or prior to diagnostic [9]. The diagnostic performance for 22 endometrial biomarkers
was evaluated and another 77 markers were explored but excluded as potential biomarkers.
Most of the biomarkers were assessed in a limited number of studies, and only two bio-
markers (protein gene product 9.5(PGP 9.5) and aromatase cytochrome P450 (CYP19)) had
sufficient data for a meta-analysis.

PGP 9.5, the marker of small unmyelinated sensory C nerve fibers, was the most studied
biomarker [96e100]. The meta-analysis revealed that evaluation of nerve fiber density with
PGP 9.5 staining could qualify as a replacement test (mean sensitivity of 0.96, 95% CI 0.91
to 1.00; specificity 0.86, 95% CI 0.70 to 1.00) in studies performed by an Australian group
that emphasized meticulous sampling and processing techniques [97]. Most independent
research groups were not able to confirm these findings [101] and current evidence suggests
that the presence of PGP 9.5 nerve fibers may be more closely associated with pain from any
gynecological cause (including adenomyosis and fibroids), than with endometriosis [98].
Commercialization of this biomarker has not occurred, and further development and valida-
tion would be required for it to become a clinically useful tool.

Estimates of CYP19, the key enzyme in the conversion of C19 steroids into estrogen, did
not meet the diagnostic criteria to qualify for either a replacement or triage test (mean sensi-
tivity 0.77, 95% CI 0.70 to 0.85; specificity 0.74, 95% CI0.65 to 0.84). TIMP-1 (tissue inhibitor of
metalloproteinases-1) protein ormRNA [102e106] and vascular endothelial growth factor
(VEGF) protein or mRNA [106e108] also demonstrated limited diagnostic value with further
research into the endometrial presence of these factors unlikely to produce diagnostic bene-
fits. Other tests showed some diagnostic potential but insufficient evidence to comment on
their reliability as diagnostic markers.

The findings of the meta-analyses presented by Gupta et al. need to be carefully interpreted
and are currently being updated to incorporate new evidence from the literature [9].
Considering the level of heterogeneity and the high or unclear risk of bias of the included
studies, the results do not seem to have sufficient reliability to direct clinical practice at
present.
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Urinary biomarkers for the noninvasive diagnosis of endometriosis

Urine is the most readily available bodily fluid and a urine endometriosis biomarker test
would be acceptable and easily self-collected and the results rapid and much more cost-
effective than surgery. However, reliable laboratory techniques and quality control protocols
are required, and urinary biomarkers are susceptible to confounding from menstrual cycle
variation and urinary tract pathologies. Markers of pathophysiological processes in endome-
triosis have been evaluated in urine, which is increasingly favored as a fluid for biological
testing. A limited number of endometriosis urinary biomarkers have been evaluated to
date and most were assessed in small individual studies.

Similar to the categories of markers in other body specimen sites, evaluated urinary bio-
markers include:

1. Angiogenesis and growth factors;
2. Cell adhesion molecules and other matrix related proteins;
3. Cytokines;
4. Cytoskeleton molecules;
5. High-throughput molecular markers;
6. Oxidative stress markers; and
7. Other peptides/proteins shown to influence key events implicated in endometriosis.

A large systematic review using Cochrane methodologies on diagnostic test accuracy of
urine tests for endometriosis showed that only a few urinary biomarkers have been assessed
in small numbers of individual studies providing insufficient data to perform a meta-
analysis. No urinary test met the criteria of either replacement or triage test for detecting
endometriosis.

Wang et al. used a proteomic technique to discover protein and peptide biomarkers of
endometriosis [109]. Three algorithms were developed for the selection of peptide peak clus-
ters; the algorithm called genetic algorithm (GA) was a combination of five urinary peptides
of 1433.9 Da, 1599.4 Da, 2085.6 Da, 6798.0 Da, and 3217.2Da. The GA demonstrated the high-
est diagnostic estimates for detecting endometriosis, which approached but did not meet the
criteria for the replacement of both the SnNout and SpPin triage tests [109]. The algorithm
was validated in an independent test group but, as this test was only reported in one study,
it is hard to draw meaningful conclusions regarding its value in clinical practice. Certain uri-
nary peptides identified through the high-throughput MALDI-TOF-MS method showed po-
tential in detecting endometriosis. However, urinary proteome studies showed considerable
heterogeneity with respect to the population studied, the way the samples were processed,
and the data analysis. Establishing standardized analytical processes, consistent sets of
markers, and defined cut-off thresholds would improve the assessment of urinary peptides
as a diagnostic tool for endometriosis and further large-scale studies are required.

Enolase 1 (NNE), vitamin-D-binding protein (VDBP), cytokeratin 19 (CK 19), tumor necro-
sis factor alpha (TNF-a), and VEGF testing did not achieve sufficient performance to meet the
criteria for a replacement test or a triage test [10]. All of these biomarkers were assessed in
small individual studies and could not be statistically evaluated in a meaningful way. Given
the paucity of data, further large studies are still needed to support this statement.
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Combination of the noninvasive tests for the diagnosis of endometriosis

In general, it is thought that a combination of noninvasive tests will achieve a superior
diagnostic performance than any individual noninvasive test. The potential advantages of
combined tests reflect the same advantages outlined above in each individual section. The
concept of combined noninvasive tests must be looked at adjacent to both clinical and surgi-
cal diagnostic approaches.

Nisenblat et al. performed another systematic review and meta-analysis using Cochrane
methodologies that aimed to assess the diagnostic performance of combination noninvasive
tests [15]. Part of the series of reviews on noninvasive diagnostic tests for endometriosis, this
review assesses combinations of tests, including blood, urine, and endometrial biomarkers
and imaging modalities that have been proposed as noninvasive tests for the diagnosis of
endometriosis (Table 19.3) [15].

Clinical parameters (history and examination) have low reliability in the diagnosis of
endometriosis; however, they may improve the diagnostic performance of other noninvasive
tests when incorporated in a diagnostic model. So far, combinations of noninvasive tests
have only been assessed in a limited number of small studies, which vary in the type of
methodology and tests used and type of endometriosis evaluated. Fifteen combinations of

TABLE 19.3 Combination of the noninvasive tests for endometriosis evaluated in this review.

N Test

1 1 IL-6 (>15.4 pg/mL) [serum] þ PGP 9.5 [endometrium]

2 CA-125 [serum] (>35 U/mL) þ P450 aromatase [endometrium]

3 VDBP-Cr [urine] x CA-125 [serum] (>2755)

4 NNE Cr [urine] þ CA-125 [serum] (>27.23)

5 History (dysmenorrhoea, dyspareunia) þ PV examination þ TV-US (fixed ovary)

6 History (length of menses) þ CA-125 [serum] (>35 U/mL) þ leukocytes [endometrium]

7 History (parity, past IUD, past endometriosis, alcohol intake, dyspareunia) þ CA-125 [serum]

8 PV examination (menstrual nodularities) þ CA125 (>35 U/mL) [serum]

9 PV examination (menstrual nodularities) OR CA125 (>35 U/mL) [serum]

10 TV-US þ CA-125 [serum] (25 U/mL) þ CA-19.9 [serum] (12 U/mL)

11 TV-US þ (CA-125 [serum] (25 U/mL) OR CA-19.9 [serum] (12 U/mL))

12 TV-US þ CA-19.9 [serum] (12 U/mL))

13 TV-US OR CA-19.9 [serum] (12 U/mL))

14 TV-US þ CA-125 [serum] (20 U/mL; 25 U/mL; 35 U/mL)

15 PV examination þ TV-US

CA-125, cancer antigen; IL, interleukin; IUD, intrauterine device; NNE, nonneuronal enolase; PV, per vaginam; TV-US, trans-
vaginal ultrasound; VDBP, vitamin-D-binding protein.
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noninvasive methods for the diagnosis of endometriosis were evaluated in 11 studies
comprising 1339 participants (Table 19.3). The composite tests were assessed in small indi-
vidual studies, providing insufficient data to perform a meta-analysis.

None of the included studies were of high methodological quality. There were too few
studies to perform a meaningful evaluation for any of the combination tests. Although
some tests were sensitive and specific enough to qualify as a replacement or triage test for
detecting endometriosis, each was explored in only one study and warrant further
validation.

Combinations of biomarkers had higher diagnostic estimates than those reported for
each component of the combined test in all studies. TV-US was a component in seven of
10 combinations of tests that reached replacement or triage status. This confirms the addi-
tion of CA-125 made only a small contribution to the diagnostic performance of the test
combinations. We also observed that combinations of biomarkers with TV-US for detecting
ovarian endometrioma had lower sensitivity and largely comparable specificity than that
presented for TV-US alone in the review on imaging tests [7]. Considering the results of
the meta-analysis from the imaging tests review, the addition of pelvic examination to
TV-US improved diagnostic performance to detect vaginal and rectal endometriosis but
did not seem to be superior to TV-US alone for detecting POD obliteration and RVS
endometriosis.

The combinations of testing methods that met the criteria for a replacement test (from
Table 19.3) included:

1. IL-6 >15.4 pg/mL [serum] þ PGP 9.5 [endometrium]dfor overall pelvic endometriosis
2. Pelvic examination þ TV-USdfor rectal DE

The combinations of several testing methods that met the criteria for a SpPin triage test
(from Table 19.3) included:

1. VDBP-Cr [urine] x CA-125 [serum] >2755 - for overall pelvic endometriosis
2. History (length of menses) þ CA-125 [serum] >35 U/mL þ leukocytes [endometrium] -

for overall pelvic endometriosis
3. TV-US þ CA-125 [serum] � 25 U/mL OR CA-19.9 [serum] � 12 U/mL) - for ovarian

endometrioma
4. TV-US þ CA-19.9 [serum] � 12 U/mL - for ovarian endometrioma
5. TV-US þ CA-125 [serum] � 20 U/mL - for ovarian endometrioma
6. TV-US þ CA-125 [serum] � 25 U/mL - for ovarian endometrioma
7. TV-US þ CA-125 [serum] � 35 U/mL - for ovarian endometrioma
8. Pelvic examination þ TV-US - for the following anatomic locations: (1) POD obliteration;

(2) vaginal wall; and (3) RVS.

The findings of this “combination of the tests” review need to be interpreted in a tempered
way. Considering both the level of heterogeneity and the high/unclear risk of bias of
included studies, the results are not sufficiently reliable to inform clinical practice. Further-
more, TV-US conferred the largest influence in assigning diagnostic potential in combination
tests and the diagnostic benefit of additional tests needs to be well evaluated to ensure there
is added value and not just added cost.
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Conclusion

Accurate noninvasive diagnostics would represent a major breakthrough in care for the
10% of reproductive-aged women across the world who are estimated to have endometriosis.
Surgery is a significant barrier to diagnosis, as the resources required for all women with
endometriosis to have surgery is too high for health care systems to bear. Instead, diagnosis
is delayed, symptoms are normalized, and women have the anxiety and uncertainty as to the
cause of their symptoms.

Many thousands of papers are dedicated to identifying an accurate noninvasive diag-
nostic, and the clinical utility of noninvasive imaging diagnostic techniques is being increas-
ingly recognized. With improvements in radiological equipment and sonographic techniques,
TV-US and MRI imaging of lesions produce promising results approaching the criteria for a
replacement test and meeting the criteria for triage tests in ovarian and deep endometriosis.

Surgery and imaging tests visualize lesions either directly or indirectly, which is the most
differentiating biological feature when women with and without endometriosis are
compared. Although immune, inflammatory, metabolic, and genomic markers can be dysre-
gulated when large populations are compared, individual measures cannot distinguish
women with and without endometriosis accurately, as there is significant overlap between
groups. The biomarkers differentially expressed in endometriosis, also contribute to other
pathological states and thus are not specific enough to characterize the endometriotic disease
process in the way the presence of a visualized endometriotic lesion can. For these reasons,
tissue and blood markers have not been identified with enough diagnostic accuracy for
use in clinical practice.

Combinations of imaging, biomarkers, symptoms, and clinical examination may
contribute to best practice in diagnosing endometriosis in the future, and complex method-
ologies using machine learning and artificial intelligence may be required to implement these
tools. Endometriosis is an underresearched and underresourced area of clinical need, which is
pressing for better diagnostic options, and we are starting to deliver them.
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