:\' frontiers

In Immunology

REVIEW
published: 11 January 2021
doi: 10.3389/fimmu.2020.599117

OPEN ACCESS

Edited by:

Marcin Okrgj,

Intercollegiate Faculty of
Biotechnology of University of Gdarisk
and Medical University of Gdarisk,
Poland

Reviewed by:

Péter Gal,

Hungarian Academy of Sciences
(MTA), Hungary

llse Jongerius,

Sanquin Research, Netherlands

*Correspondence:

Alessandro Mangogna
alessandro.mangogna@burlo. trieste. it
Uday Kishore
uday.kishore@brunel.ac.uk;
ukishore@hotmail.com

"These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Molecular Innate Immunity,
a section of the journal
Frontiers in Immunology

Received: 26 August 2020
Accepted: 27 November 2020
Published: 11 January 2021

Citation:

Agostinis C, Balduit A, Mangogna A,
Zito G, Romano F, Ricci G, Kishore U
and Bulla R (2021) Immunological
Basis of the Endometriosis:

The Complement System as a
Potential Therapeutic Target.

Front. Immunol. 11:599117.

doi: 10.3389/fimmu.2020.599117

Check for
updates

Immunological Basis of the
Endometriosis: The Complement
System as a Potential
Therapeutic Target

Chiara Agostinis'?, Andrea Balduit?!, Alessandro Mangogna'*, Gabriella Zito,
Federico Romano ', Giuseppe Ricci ™3, Uday Kishore** and Roberta Bulla®

1 Institute for Maternal and Child Health, IRCCS (Istituto di Ricovero e Cura a Carattere Scientifico) “Burlo Garofolo”, Trieste,
Italy, 2 Department of Life Sciences, University of Trieste, Trieste, Italy, 3 Department of Medical, Surgical and Health Science,
University of Trieste, Trieste, Italy, 4 Biosciences, College of Health, Medicine and Life Sciences, Brunel University London,
Uxbridge, United Kingdom

Endometriosis (EM) is a chronic disease characterized by the presence and proliferation of
functional endometrial glands and stroma outside the uterine cavity. Ovaries and pelvic
peritoneum are the most common locations for endometrial ectopic tissue, followed by
deep infiltrating EM sites. The cyclic and recurrent bleeding, the progressive fibrosis and
the peritoneal adhesions of ectopic endometrial glands, may cause different symptoms
depending on the origin involved. EM is a frequent clinical condition affecting around 10%
of women of mainly reproductive age, as well as in post-menopausal women and
adolescents, especially with uterine anomalies. The risk of developing EM depends on
a complex interaction between genetic, immunological, hormonal, and environmental
factors. Itis largely considered to arise due to a dysfunction of immunological surveillance.
In fact, women with EM exhibit altered functions of peritoneal macrophages, lymphocytes
and natural killer cells, as well as levels of inflammatory mediators and growth factors in the
peritoneal fluid. In EM patients, peritoneal macrophages are preponderant and highly
active compared to healthy women. Peritoneal macrophages are able to regulate the
events that determine the production of cytokines, prostaglandins, growth factors and
complement components. Several studies have shown alteration in the regulation of the
complement activation, leading to chronic inflammation characteristic of EM. Aberrant
regulation/activation of the complement system has been observed in the peritoneal cavity
of women affected by EM. Thus, complement inhibition may represent a new approach for
the treatment of EM, given that a number of complement inhibitors are under pre-clinical
and clinical development. Such an intervention may provide a broader therapeutic control
of complement-mediated inflammatory damage in EM patients. This review will focus on
our current understanding of the role of complement activation in EM and possible
modalities available for complement-based therapy.
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INTRODUCTION

Endometriosis (EM) is a common inflammatory disease caused
by the dissemination or growth of endometrium-like tissue at
abnormal locations, or through the onset of endometrial tissue
via metaplasia outside the usual location (1, 2). The disease is
considered a heterotopia; the endometrium-like heterotopic
tissues are characterized by glands and stroma functionally
responsive to local, endogenous and exogenous hormonal
stimuli (3). In fact, the ectopic endometrium is affected, like
the normal uterine mucosa, by the ovarian hormones, especially
estrogens, and therefore, become proliferative and functional
(characterized by flaking and bleeding during the menstrual
period) similar to those that occur in the normal endometrium
(3). It is, therefore, a disease invariably of fertile age when ovarian
activity is present; it occurs exceptionally in puberty and rarely in
adolescence. It tends to regress in post-menopause or after
castration. It is more frequent in nulliparous women (4, 5).
The ectopic EM is usually found on the pelvic peritoneum
and in the pelvic organs (ovaries, tubes, intestine, rectum-
sigmoid, uterine ligaments, recto-vaginal septum, and bladder)
(6). EM can also occur in organs and tissues outside or far from
the pelvis (navel, vulva, scars of laparotomy operations,
appendix, and lungs) (6, 7). The etiology of EM remains
unclear (8). Even though the precise frequency of EM in the
general population is unknown, it represents a recurrent
pathology among women of reproductive age (2). The
estimates of the incidence of the disease (which can vary
enormously) are around 10% in reproductive-age women (4).

Endometriotic lesions, in particular ovary endometrioma
(Figure 1), present a 2-3-fold increased risk of transformation
in clear-cell or endometrioid ovarian carcinomas. Recent
findings have demonstrated that somatic mutations in cancer-
associated genes, such as KRAS, PIK3CA, ARIDIA, and
PPP2RIA, are commonly found in different types of EM (9).
EM is an estrogen-dependent disease since estrogen appears to
play a primary role in the development and maintenance of
endometriotic lesions (10). Several proposals have been put
forward to explain the pathogenic mechanisms involved in EM
(2) (Figure 1), which are as follows:

Tubal Reflux of Menstrual Blood

and Implantation of Endometrial Frustules
in Various Tissues

Frustules of uterine mucosa not only have the ability to implant,
but can be stimulated to proliferate by the cyclic action of ovarian
estrogens. Since retrograde menstruation is so frequent (almost
considered a physiological phenomenon), the possibility of
developing EM is likely to depend on the relationship between
the quantity of endometrium refluxed into the peritoneal cavity,
and the receptivity intrinsic to the implant of endometrial cells
(11, 12).

Dissemination via Lymphatic or Blood

Viable endometrial cells could enter the blood vessels and
lymphatics with consequent embolization and implantation at
ectopic sites (13-15).

Endometriotic
Lesion Localization
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Bladder
s
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FIGURE 1 | Pathophysiological features of endometriosis (EM). (A) the female anatomy with areas that are commonly affected by EM. (B) likely pathogenic
mechanisms involved in EM: potential origins of the endometriotic lesions include surgical dissemination, transplantation of endometrial tissue through retrograde
menstruation, and in situ coelomic metaplasia of the peritoneal lining. Vascular or lymphatic metastasis occurs rarely, in cases of extrapelvic lesions. Superficial and
deep endometriotic lesions are established and maintained through interacting molecular mechanisms that promote cellular adhesion and proliferation, systemic and
localized steroidogenesis, localized inflammatory response and immune dysregulation.
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Metaplasia of the Epithelium of Celomatic
or Miillerian Origin

Ectopic EM can originate from mesothelial totipotent cells of the
peritoneum through metaplasia. This notion is considerably
sound due to the fact that the celomatic epithelium, from
which the epithelial cells of the Miillerian ducts originate, also
differs in pleural and peritoneal epithelial cells, as well as in cells
of the ovarian surface. Novak was the first to suggest the
possibility that metaplasia could be prompted by induction
factors (11, 16), such as sexual hormones, tubal reflux of
endometrial debris, and inflammatory processes.

Surgical Dissemination

Surgical dissemination seems likely to be responsible for
endometrial tissue spreading to ectopic sites, for instance on
laparotomy scars. The so-called “iatrogenic endometriosis” may
occur after operations of the uterine cavity (myomectomy and
metroplasty), or in the case of surgical interventions carried out
on pelvic organs, which may account for localization at the
vulvo-perineal level (17, 18).

Dysfunctional Imnmune System

Studies have also suggested that EM is due to an alteration in the
immune system in terms of immune-cell recruitment, cell-
adhesion, and upregulated inflammatory processes, which can
facilitate the implantation and survival of endometriotic lesions
(19, 20). A distinct epigenetic profile can be observed between
eutopic and ectopic endometrial tissues. By analysing global
promoter methylation patterns, researchers have demonstrated
that differentially methylated genes are associated with immune
surveillance, inflammatory response, cell adhesion and negative
regulation of apoptosis (21).

There is a paramount role of immune cells in the pathogenesis
of EM. Recently, it has been shown that the complement system
is one of the most preponderant pathways impaired in the EM
(20, 22, 23). In this review, we examine how immune cells and
complement contribute to the development and maintenance of
EM, and possible modalities available for complement-based
therapy in the clinical practice.

ENDOMETRIOTIC IMMUNE
MICROENVIRONMENT

Monocytes and Macrophages

Macrophages are in the protagonist immune cells in the
pathogenesis of EM. In normal endometrium, the macrophages
increase in number in secretory phase; their physiological role is
the clearance of cell debris over the course of the menstrual
period. In eutopic endometrium of EM patients, this increase in
macrophage number does not happen, but a global
augmentation (hormonal cycle-independent) of macrophages
(in particular of M1 macrophages) has been observed, as
compared to the endometrium of non-EM women. In ectopic
tissue, a high number of angiogenesis-supportive M2
macrophages are found in the lesions. The presence of M2

macrophages is predominant in lesions, peritoneal cavity and
fluid of women with EM compared to healthy women (24, 25).
Blood monocytes, once differentiated into tissue macrophages,
increase proliferation of endometrial cells isolated from women
affected by EM, whereas monocytes derived from healthy women
inhibit endometrial cell proliferation (26).

Uterine Natural Killer Cells

It is well known that uterine Natural Killer (uNK) cells, which are
characterized by lower cytotoxicity (CD16"°%, CD56°"'8"),
increase in number during secretory and menstrual phases to
establish a suitable environment for embryo implantation (27-
29). In the uterine endometrium of EM patients, this fluctuation
is maintained, although Giuliani et al. demonstrated a decreased
uNK percentage and activity (30). The uNK cells present in the
peritoneal fluid of women affected by EM showed a lower activity
and, in the lesions, a lower capability to induce apoptosis of
endometrial cells (31, 32). Subsequent studies confirmed a lower
NK cell cytotoxic activity in EM; this reduction is associated with
the severity of the disease (32).

Mast Cells

An augmented number and activity of mast cells (MCs) is usually
associated with normal endometrial tissue during menstruation;
however, this remains debatable although MC role in tissue
angiogenesis and regeneration is well established. A high
numbers of degranulated MCs are a common characteristic of
endometriotic lesions (33-38). The MC “fingerprint” of their
involvement in acute inflammation is an increase in the
production of secreted mediators such as pro-inflammatory
cytokines (such as TNF-a); tryptase is currently considered
one of the main diagnostic markers for MC activation (39).
Borelli et al. demonstrated that peritoneal fluid of EM patients
was tryptase enriched and could affect sperm motility (40).

The involvement of MCs in the EM lesion formation has been
investigated in a recent study that showed that numerous MCs
with heightened activation level were present in endometriotic
lesions in both animal models and humans. MC stabilizers and
inhibitors may be successfully used to treat EM. The high
number of increasingly activated and degranulated MCs in
deeply infiltrating EM and an intimate histological connection
between MCs and nerves, indicate that MCs could play a pivotal
role in the occurrence of pain and hyperalgesia in EM, most
likely exerting a direct effect on nerve endings (37, 38).

In EM, an abundant infiltration of MCs can be detected
around the stromal lesions. These MCs exhibit degranulation;
scattered granules are also commonly identified. MCs are hardly
observed within eutopic endometrium and normal uterine serosa
of both EM patients and healthy women (41). MCs are present in
endometrial cyst tissues. The localization of cells in the
endometrial stroma is very limited, while many MCs can be
seen around blood vessels and fibrotic interstitia, i.e., the fibrotic
interstitium of endometrial cysts. Thus, MCs likely take part in
the development of EM. Localization of MCs leads to a
particularly strong association with adhesion and fibrosis (35,
36, 41).
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Eosinophils and Neutrophils

Although to a lesser extent compared to uNKs, eosinophil
number increases normally during secretory and menstrual
phases. A higher level of eotaxin (a chemoattractant for
eosinophils), compared to normal endometrium, was described
in both eutopic and ectopic endometrium of EM patients, as well
as in peritoneal fluids of severe EM (42).

Neutrophil number increases only during the menstruation
phase as well as in the endometrium of EM patient; but the
neutrophils present in the eutopic tissue of EM patients,
compared to those derived from healthy endometrium, present
an increased activation state characterized by elevated reactive
oxygen species production and CD11b expression (43, 44). The
number of neutrophils are increased in the peritoneal cavity of
EM patients; endometriotic neutrophils produce angiogenic
factors and cytokines such as VEGF, IL-8, and CXCL10, and
reactive oxygen species, which may support which may support
the disease progression (45). In addition, Takamura et al.
demonstrated a significant presence of neutrophils in ectopic
endometrium, suggesting their role in the angiogenesis of the
lesions (46).

Lymphocytes

Aberrant T lymphocyte response to autologous endometrial cells
has been observed in EM. Co-cultures of autologous lymphocytes
and endometrial cells allowed evaluation of lymphocyte
proliferation in response to autologous endometrium in controls
and to ectopic and eutopic endometrial cells from patients. The
lymphocyte proliferative response to autologous endometrial cells
appeared to be lower in women with EM and in animal models of
spontaneous EM (47, 48). Furthermore, employing a >'Cr
microassay of lymphocytotoxicity to endometrial cell, Russel
et al. demonstrated that T lymphocyte cytotoxicity against
autologous endometrial cells is significantly decreased in women
affected by EM (49-51). The defect in T-lymphocyte cytotoxicity,
ie. of CD8" cytotoxic T cells, was resolved by recombinant IL-2
stimulation of peripheral blood lymphocytes (52).

Fas ligand (FasL) is able to induce lymphocyte apoptosis by
binding to its receptor, Fas, which is also expressed on
lymphocytes. Therefore, cells expressing high levels of FasL
may induce apoptosis of surrounding lymphocytes, thereby
preventing lymphocyte response. Remarkably, FasL expression
in endometrial stromal cells is stimulated by IL-8, and CCL2,
CCL12, and CCLI13 cytokines/chemokines, which are also
increased in the peritoneal fluids and sera of the EM patients.
Soluble FasL, which also induces apoptosis in Fas-expressing
cells, showed reduced levels in the peritoneal fluid of women
with advanced stages of EM. The CD4:CD8 ratio appeared to be
decreased in endometriotic peritoneal fluid. Although the total
number of CD4" T cells was found to be elevated, the activated
status of CD4" as well as CD8" T cells, characterized by the
expression of CD11, was decreased in endometriotic peritoneal
fluid (49, 53).

The number of total and activated T lymphocytes is increased
in ectopic endometrium in comparison with eutopic
endometrium; IL-4 and IL-10 are upregulated in peripheral

lymphocytes in women affected by EM. A higher IL-4
expression is also reported for lymphocytes present in
endometriotic tissues and in peritoneal fluids. On the contrary,
the production of IFN-y is lower in peripheral lymphocytes in
EM. T helper (Th)1/Th2 balance is shifted toward Th2 in EM
(54). Hirata et al. recently demonstrated the presence of Th17
cells in peritoneal fluid of EM women. IL-17 stimulates EM
stromal cell proliferation, and their expression of IL-8 and
cyclooxygenase-2 (55). In eutopic endometrial tissues, the
amount of regulatory T cells is significantly lower during the
secretory phase in healthy women; this reduction was not present
in EM women.

Studies have also focused on the role of B lymphocytes in the
development of EM, considering in particular autoimmune
responses. Wild and Shivers showed the presence of anti-
endometrial antibodies in the sera of EM patients (56). Anti-
nuclear antibodies, anti-DNA antibodies, and anti-phospholipid
antibodies have also been detected in women with EM and it is
likely that Th2 polarization in EM is the precipitating factor for the
appearance of these autoantibodies (57). The relationship between
autoantibody and EM may also explain EM-associated infertility,
since these antibodies might bind not only to the endometrial tissue
but also to embryos and sperms.

COMPLEMENT SYSTEM

The complement system plays a very important role in the
recognition and clearance of pathogens, apoptotic and necrotic
cells (58-61).

The complement system is represented by over 50 proteins,
including soluble activation precursor components, regulators
and cell surface receptors (62). The complement system is very
efficient at tagging or flagging the non-self (pathogens), altered
self (apoptotic/necrotic cells, and protein aggregates), and
transformed self (tumor cells), which can result in lysis of
target cells/pathogens, opsonization and subsequent enhanced
uptake by phagocytic cells of the immune system via
complement receptors, and generation of inflammatory
mediators. In addition, the complement system can also
modulate the adaptive immune response, and act as a link
between innate and adaptive immunity (63).

Complement Classical Pathway

The complement system can be activated through three major
pathways: classical, lectin, and alternative (Figure 2) (62, 64).
The classical pathway is activated following the interaction of C1
complex with the antigen-antibody complex. C1 complex
consists of three sub-components: Clq, Clr and Cls.
Recognition of the Fc portion of cross-linked 1gG1, IgG3 or
IgM, fixed to a multivalent antigen, by Clq is the first step. The
conformational change in the Clq molecule, induced by the
bonding with immunoglobulins, activates the Clr subunit with
serine-protease activity: this, in turn, triggers the proteolytic
activity of the Cls molecule, which splits the subsequent
protein of the complement cascade, the C4 molecule, in two
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fragments: C4a and C4b (65).The first fragment remains in
circulation in the plasma, while the other binds covalently to
membrane proteins and carbohydrates, ensuring that
complement activity is maintained at a well-defined point.
C4b, in the presence of Mg**, binds the C2 molecule and
makes it susceptible to cleavage by the Cls subunit; following
hydrolysis, the two fragments C2a and C2b are yielded: C2a
binds to C4b giving rise to the complex C4b2a. The enzyme
C4b2a, better known as C3 convertase of the classical pathway,
remains attached to the surface of the pathogen/target and
hydrolyzes the molecule C3 into C3a and C3b (66). C3a
(anaphylatoxin) is a potent inflammatory molecule; C3b
opsonizes target pathogen and brings about phagocytosis by
macrophages and polymorphonuclear cells. In addition, C3b
interacts with C4b2a complex, yielding C5 convertase of the
classical pathway (C4b2a3b) (66).

The C5 convertase cleaves the C5 molecule into C5a and C5b;
C5b, by binding to C6, forms a hydrophilic complex, which
undergoes a conformational change following association with
C7. This favors the exposure of lipophilic groups with which the
B subunit of the C8 molecule makes contact, while the o subunit
penetrates the lipid double layer of the membrane of the target
cell, following the conformational changes of the complex.
Finally, the association of C5b678 with C9 induces its
polymerization, and therefore, the formation of stable,
cylinder-shaped transmembrane porous channels, which
promote an osmotic imbalance, i.e. they alter the flow of ions
and the gradient of molecules and water, inducing cell lysis. The
final components of the complement system are designated as
the membrane attack complex (MAC) (62, 64). Recent studies
have established that the classic pathway can be activated,
regardless of the presence of antibodies, by damage signal
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molecules such as C-reactive protein, viral proteins, amyloid B,
polyanions (lipopolysaccharides, DNA and RNA), mitochondrial
fragments, necrotic and apoptotic cells (60, 67).

Complement Lectin Pathway

The lectin pathway is initiated by the binding of mannan-
binding lectin (MBL), ficolin (1, 2 or 3), or collectin 11 (CL-
K1) to mannose residues and other carbohydrate patterns
present on the cell surface of pathogenic microorganisms (68,
69). The binding promotes the association of MBL with the
serine proteases, MASP (MBL-Associated Serine Protease): there
are three MASPs which form complexes with MBL oligomers,
MASP-1 (70), MASP-2 (71), and MASP- 3 (72), and two non-
enzymatic associated proteins, Map44 (73) and Mapl9 (74).
MASP-1 and MASP-2 activate the lectin pathway of the
complement system (75, 76) via cleavage of C4 and C2, while
MASP-3 is responsible for the activation of alternative pathway
(75, 77). The MASPs are close homologs of Clr and Cls but they
form only dimers, not tetramers. C1 has a fixed stoichiometry of
one Clg, two Clr, and two Cls. The Clr binds directly to the
Clq, and Cls then binds to Clr, thus yielding a hetero-tetramer.
It has become clear that the MBL-MASPs complexes are not
quite equivalent to C1: they are smaller and very heterogeneous.
MBL forms homodimeric complexes with MASPs. MASP
activation, and C4 and C2 cleavage, leads to the formation of
the C3 convertase of the lectin pathway or C4b2a. This enzyme
cleaves the C3 molecule to C3a and C3b, the resulting C4b2a3b
complex degrades C5 to C5a and C5b; the subsequent phases are
similar to those of the classical pathway. This pathway seems to
be active especially during childhood and during the transition
period from passive immunity, operated by maternal antibodies,
to active immunity (67).

Complement Alternative Pathway

Unlike the classical and lectin pathways, the alternative pathway
is independent of antigen-antibody complexes and can be
directly induced by components of the cell wall of the bacteria
and those present on the surface of the damaged host cells via C3.
C3 consists of two polypeptide chains, o. and B, linked by a
disulfide bridge (78). Under normal physiological conditions, the
C3 is subject to basal activation by spontaneous hydrolysis of its
thioester residue (79). The product of the hydrolysis reaction is
the C3 (H,O) molecule, which is rapidly inactivated in
circulation; when bound to the surfaces of target cells, for
example bacteria, it can associate with factor B (FB). As soon
as it binds to C3 (H,O), FB loses a small fragment (Ba) by a
protease called factor D (FD). The residual fragment, Bb, remains
bound to C3 (H,0) making up the complex C3 (H,O) Bb. This
enzyme complex is capable of splitting C3 into C3a and C3b,
which analogously to C3 (H,O), binds the FB on which the FD
acts, causing the excision of the fragment Ba and the formation of
the enzyme complex C3bBb or C3 convertase of the alternative
pathway (80). The C3 convertase of the alternative pathway is
capable of splitting large quantities of C3, thus acting as a rapid
amplification loop where fixed C3b molecules generated by
either the classical or lectin pathway can bind to FB, resulting
in FB cleavage by FD and generation of the convertase C3bBb

(81). On pathogen surface, the highly labile C3 convertase is
stabilized by factor P or properdin, increasing its half-life by 10-
fold (82). Properdin is a plasma protein and the only known up-
regulator of the alternative pathway. The next phase of this
pathway is represented by the binding of the C3b molecule to
the C3 convertase yielding C5 convertase, which cleaves the
molecule C5 into C5a and C5bj the latter by binding to the C6-9
molecules participates in the formation of the MAC (83).

C3b is an intermediate that reacts with water, with the
hydroxyl groups present on carbohydrates on the cell surfaces,
with complexes of the immune system, and with free IgG, in a
radius of about 60 nm from the point of its generation. Thanks to
these interactions, the C3b molecule ensures its protection
against inactivation by complement regulators, such as factor
H (FH) and factor I (FI) (84); conversely, the free form in the
fluid phase has a half-life of less than 1 s. It has also been noted
that the C3b reacts preferentially with IgG, the second most
abundant protein present in the plasma. The resulting complex,
(C3b)2-1gG, seems to be the best precursor in the formation of
C3 convertase of the alternative pathway, being less vulnerable to
inactivation by FH (85). All this translates into greater
effectiveness in the assembly of the convertases, involving
properdin, which stabilizes the bond with FB and reduces the
dissociation of the Bb fragment. The step described creates a
amplification loop that theoretically could go on indefinitely,
generating increasing quantities of the converted C3 and C3b
molecule. The regulation of this positive feedback circuit
depends on the concentration of FB and C3b molecules. The
alternative pathway, in addition to carrying out the primary task
of quickly covering the bacterial surface with high quantities of
the opsonizing fragment of the complement, C3b, acts on the
altered tissues of the host, characterized by cells that undergo
apoptosis or at the site of wounds and infection (81).

Regulators of Complement Activation
When an abnormal complement activation occurs, for instance
in patients with dysfunctional regulatory proteins or affected by
autoimmune pathologies, it can be responsible for a severe
inflammatory response involving various organs (66). In some
circumstances, C5b67 complexes can deposit on healthy
neighboring host cells, causing their lysis. Clusterin, a
regulatory molecule of the classical pathway, can bind to MAC
and block the insertion of the complex in the membrane (86, 87).
All host cells have CD59, a small 20kDa GPI-linked protein
which binds C5b-8, and stops C9 binding. CD59 limits the
incorporation of the C8 and C9 molecules, and therefore, the
formation of the MAC (88). Furthermore, these complexes can
elicit various metabolic and cellular pathways, in addition to the
production of inflammatory mediators, such as prostaglandins
and leukotrienes, inducing a diffuse inflammatory state. To
ensure efficient regulation of the complement system, it is
necessary to maintain the integrity of the regulatory proteins,
since anomalies affecting them can lead to excessive activation of
the complement and pathological states (66).

To overcome this, the host cells have defense systems to
guarantee their own protection, i.e. soluble regulators in plasma
or membrane-bound on their own cell surface. The first category
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includes the serine protease inhibitor C1-INH, responsible for
inhibiting the C1 complex of the classical pathway and MASP-1
and MASP-2 of the lectin pathway (89); FI (90), the protagonist
of the cleavage of the o chain of the molecules C3b, mediated by
the FH; and C4b-binding protein (C4bp), which represents the
main cofactor of FI in C4b degradation. Membrane-bound
regulatory proteins include the cofactors of FI: Complement
Receptor 1 (CR1, CD35) (91) and Decay Accelerating Factor
(DAF; also designated as CD55) (92), which participate in C3b
and C4b degradation, and Membrane Cofactor Protein (MCP;
also called CD46) (93), which is involved in the prevention of the
formation of the C3- and C5-convertases and the acceleration of
their decay. When C5b-8 or C5b-9 assemble in plasma, several
plasma proteins can bind to them, preventing its insertion into a
lipid bilayer. These proteins include vitronectin and clusterin
(alternative names: S-protein, SP40.40).

The surface of the host cells is also protected from the action
of C3 convertase, thanks to polyanionic molecules exposed on
the membrane such as glycosaminoglycans, heparin and sialic
acid, which by binding to FH facilitate its interaction with C3b,
promoting its hydrolysis by FI (94) Mutations affecting the genes
coding for regulatory proteins, present in heterozygosity
(haploinsufficiency), predispose subjects to pathologies, such as
atypical Hemolytic Uremic Syndrome (aHUS), type II
Membranoproliferative Glomerulonephritis and Macular
Degeneration related to age (95).

COMPLEMENT SYSTEM
IN THE ENDOMETRIAL LESION

The presence of C3 in endometriotic tissue was first highlighted
in 1980 by Weed and Arquembourg (96). Subsequently, Bartisik
and co-workers (97) confirmed the presence of C3 and C4 in
endometrial tissue of patients undergoing diagnostic
laparoscopy. A number of studies have validated the presence
of complement components in the EM lesions (98-103). Tao
et al. estimated the gene expression of C3 distinguishing between
human eutopic and ectopic endometrium; the expression of C3
mRNA and protein appeared to be significantly higher in human
ectopic endometrium in comparison with matched eutopic one
(104). Glandular epithelial cells present in endometriotic
implants have been shown to secrete C3; its expression is up-
regulated by estradiol (103, 105). A recent study showed an
interesting association between a particular SNP involved in C3
gene upregulation and the increased risk for EM and EM-
associated infertility (101). Despite evidence of the presence of
complement components in EM, their contribution to EM
pathogenesis is far from clear.

Endometrial tissue-specific complement activation is
frequently observed in women affected by EM (105, 106). One
of the likely causes of complement activation in the EM
microenvironment is the triggering of the coagulation cascade
due to periodic bleeding of EM tissue. Thrombin can be
responsible for the cleavage of C3 to C3a and C3b; activated
platelets are also implicated in C3 cleavage (107). Another

activator of the C3 is heme that is released from hemoglobin
during hemolysis: heme induces deposition of C3b on
erythrocytes (108). Alternative pathway can be activated
through properdin binding to activated platelets promoting C3
(H,0O) recruitment and complement activation. In addition, the
treatment of endothelial cells with C3a or other factors promptly
stimulate the expression of P-selectin, which through the binding
to C3b induces the formation of C3 convertases (109).

In EM lesions, the complement regulatory protein expression
seems to be altered too. DAF expression levels were significantly
reduced in samples isolated from EM patients during mid
secretory phase. A decreased DAF protein level was confirmed
in cells dissected by laser micro dissection (110).

COMPLEMENT COMPONENTS
IN ENDOMETRIOSIS-DERIVED CELLS

High-throughput studies have highlighted C3 and other
complement genes as the most up-regulated genes in EM
tissues in comparison with normal endometrium (98, 99, 111,
112). The gene expression profile of eutopic and ectopic
endometrial stromal cells (98) revealed C3, C7 and SERPINS5 as
highly expressed transcripts. Immortalized ectopic endometriotic
stromal cells in EM have been shown to produce mainly C3
and PTX3 and display a differential regulation of iron
metabolism (112).

In addition to estradiol, a potential factor for the upregulation
of C3 expression by endometrial cells was the peritoneal fluid
rich in pro-inflammatory factors (113); TNF-o. and IL-1f3 levels
appeared to be increased in the peritoneal fluid of patients with
EM, and higher levels of TNF-o seemed to be associated with
more advanced stages of the disease (113-116).

Studies by Suryawanshi et al. (99) and Edwards et al. (117)
revealed that chronic inflammation in EM is dominated by the
complement system, which remains active in EM-associated
ovarian cancer (EAOC) but not tumors, further demonstrating
heterogeneity in the inflammatory milieu within ovarian cancer.
C7, FD, FB, FH, and MASP1 are differentially expressed in EM
compared to normal tissue. They observed an increase in C7, FD,
FB, FH and a decrease in MASP-1 levels. Furthermore, C3 and
C4A were up-regulated in EM compared to normal tissues as
well as EAOC (99).

It is clear that further investigation is required to identify the
factors that are produced by the endometrial tissue disseminated
within the abdominal cavity which impact on the release of C3
and other components by the uterine endometrium (102).
Although the pertinent role of the complement system in EM
has been repeatedly confirmed, studies using complement gene
knock-out animals, offering important insights into the
pathogenesis and therapeutic interventions have been missing.
We have recently generated a murine model of EM via injection
of minced uterine tissue from a donor mouse into the recipient
mice peritoneum using wild type and C3 gene-deficient (C3™")
mice (118). We found that the C3-deficient mice showed a
lower amount of EM cyst formation in the peritoneum than
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the wild-type mice. Furthermore, peritoneal washing from the
wild type mice with EM showed more degranulated MCs
compared to C3”" mice, consistent with higher C3a levels in
the peritoneal fluid of EM patients. Thus, C3a participates in an
auto-amplifying loop, leading to MCs infiltration and activation,
which is pathogenic in EM (118).

COMPLEMENT IN ENDOMETRIOSIS
PERITONEAL FLUID

Complement activation can generate C3a and C5a, two well-
known anaphylatoxins, which are capable of stimulating the
peritoneal MCs and macrophages to produce mediators such as
histamine or cytokines, which in turn increases the endometrial
vascular permeability (102), causing inflammation and pain. We
observed increased levels of C3a in the peritoneal fluid of EM
patients (118); Kabut et al. (119) have also reported increased
levels of C3c, C4, and sC5b-9 in the peritoneal fluid and serum of
EM patients in comparison with healthy women. A recent study
reported significantly higher concentrations of Clq, MBL and
CI1-INH in the peritoneal fluids of EM women as compared to
the control group (120). No difference in plasma C3a levels
between women with and without EM was found (121).

POSSIBILITY OF ANTI-COMPLEMENT
IMMUNOTHERAPY IN ENDOMETRIOSIS

All currently available treatments for EM are not curative but
suppressive and are accountable just for a transitory relief of the
symptoms. The prevalent therapeutic options for relieving EM-
associated pain are represented by contraceptive rather than
fertility-promoting treatments (122). Immunotherapy is
beginning to be considered as an option for EM treatment.

The first drug that blocked the complement pathway and
approved for clinical trials was Eculizumab; the other drug
currently approved is used for the treatment of hereditary
angioedema (HAE): C1INH (Berinert, Cinryze, Ruconest) (123,
124) (Figure 3). Food and Drug Administration (FDA)
approved Eculizumab (anti-C5 antibody) for the treatment of
paroxysmal nocturnal hemoglobinuria (PNH) in 2007 (125), 40
years after the demonstration that complement was the principal
cause of this devastating disease (126, 127). The clinical use of
eculizumab for PNH therapy demonstrated that blocking of
complement could be relatively safe, bringing life-changing
results (128).

FDA approval of eculizumab for treating the rare renal disease
aHUS in 2011 has fueled development of new anti-complement
drugs for clinical trials over the last few years (129-132); some have
entered clinical development while others are in phase 3 trials. The
use of Eculizumab may be promising in the treatment of EM,
although blocking the complement activation at C5 level could leave
uncovered all the effects induced by C3 activation (e.g. C3a
formation), a pivotal step in the EM pathogenesis.

Most efforts to improve complement-targeting immunotherapy
are aimed at improving the pharmacokinetic properties of these
drugs: to reduce the dose. A next-generation “recycling” form of
eculizumab, called ravulizumab (UltomirisTM) (133), has been
approved by both FDA and European Medicines Agency for the
treatment of PNH, and is currently under review for aHUS
(Ultomiris"™). “Recycling” or “pH-switched” antibodies are
produced by changing the antigen-binding region (incorporating
histidine residues) of existing antibodies, so that the antibody loses
affinity in the acidic pH 6.0 environment of the endosome. After the
internalization of the antibody into the cells, the acidic pH causes
the release of the target and recycling of the “empty” antibody back
to the circulation (134). Crovalimab (Roche; SKY59) is another
recycling anti-C5 antibody that is currently in phase II clinical trial
(135-137).

An additional approach to reduce drug dose is to develop an
antibody that binds neoepitopes on complement proteins rather
than using one directed against the native protein. Several drugs
are currently undergoing clinical evaluation, such as IFX-1
(InflaRx), which targets the released C5a fragment (138), and
BIVV020 (Sanofi), a preclinical antibody developed for binding
to activated Cls. It is largely expected that these anti-
complement drugs can be of great potential in setting up
clinical trials in EM patients.

The current pandemic caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection has led to the
testing of some complement immunotherapy drugs as well.
Compstatin-based C3 inhibitor AMY-101 was safely and
successfully used for the treatment of a patient with COVID-
19 pneumonia (139, 140). Narsoplimab, a lectin-pathway
inhibitor, has been shown to prevent the initiation of the lectin
pathway and endothelial cell damage induced by SARS-CoV-2,
lowering the risk of thrombotic disorders; all patients who
received narsoplimab treatment recovered and survived
without exhibiting any drug-related adverse effect (141).

AMY-101 (and other C3 inhibitors) could be a promising
treatment for relapsing EM as well, being able to block C3
activation (128, 142-145). It is anticipated that a MASP
inhibitor such as Narsoplimab will not exert a massive
therapeutic effect on the EM pathogenesis since no evidence is
available so far that is suggestive of a key involvement of the
complement lectin pathway in the EM lesion formation. Various
prospective anti-complement inhibitors studied so far are listed
in Table 1 and Figure 4 (128, 141-176).

ENDOMETRIOSIS AND IMMUNOTHERAPY

We have discussed a strong link between EM and alterations of
local and systemic immune system. In the context of EM, NK
cells may be exploited as a potential target for immunotherapy. A
reduced NK cell activity in women with EM was first reported by
Oosterlynck et al. (177); a lowered NK cell cytotoxic action
against autologous endometrial cells, both in peripheral blood
and peritoneal fluid, was noted correlating with the severity of
the disease (177, 178). In fact, EM is characterized by a
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FIGURE 3 | Schematic representation of the complement system in the immune microenvironment of an endometriotic lesion. The lesions consist of epithelial,
endothelial, stromal cells and leukocytes present in the tissue and surrounded by peritoneal liquid. Studies have linked disorders of the complement system activity/
expression and pathogenesis of endometriosis. In the endometriotic lesions, high levels of C3, C7, factor D (FD), factor B (FB), and factor H (FH) have been detected.
Isolated endometriotic cells express C3, C7 and SERPINS. In the peritoneal liquid of EM patients, elevated levels of C1qg, C4, Mannan-Binding Lectin (MBL), C1
Inhibitor (C1INH), inactivated C3b (iC3b), C3c and soluble C5b-9 (sC5b-9) have been reported.

downregulation of NK cell cytotoxicity (179, 180), probably due
to the consistent amount of inhibitory cytokines in the peritoneal
fluid of patients affected by EM, or to an augmented presence of
several inhibitory NK cell receptors. It is reasonable to speculate
that the incapacity of uNK cells, as well as macrophages, to
recognize and eliminate endometriotic cells in the peritoneal
cavity, can allow their survival and growth, leading to
development and progression of EM (181).

In cancer, the activity of NK cells may depend on checkpoint
molecules (182, 183). Thus, in EM, the activation of some
checkpoint molecules could be involved in the reduced
elimination of shed endometrial cells. For this reason, EM
patients may benefit from suppressing NK cell negative control
checkpoints, such as inhibitory NK cell receptors. Understanding
checkpoints involved in the downregulation of NK cell activity in
the progression of EM may be important for identifying new
therapeutic targets (181).

A possible interaction between complement and impaired
NK cell function has been demonstrated (184). In fact, Liu
et al. hypothesized a role for the complement receptor, CR3,
in imbalancing the tumor surveillance function of NK cells
and suggested that the iC3b/CR3 signaling is a pivotal
negative mediator of NK cell activity (184). Considering the
consistent expression of CR3 on NK cells (185), negative
regulatory roles of iC3b/CR3 axis and high level of iC3b in
the peritoneal fluid of EM women (119), we can assume that
iC3b/CR3 signaling is an important negative regulator of uNK
cell function in EM, which possibly exerts a negative influence
on cytotoxicity against autologous endometrial cells. Although
high concentrations of C3c, C4, and sC5b-9 were found in the

serum of patients with EM, iC3b levels were higher in the
peritoneal fluid (119).

We consider that a complement C3 inhibitor could be used as
a treatment for EM, exerting two potentially beneficial effects: on
the one hand, one would attain an interruption from the
beginning of the cascade of inflammatory signals that plays an
important role in the pathogenesis of EM; on the other hand, a
lower production of iC3b would result in a lower inhibition of
the cytotoxic activity of the NK cells. The activation induced by
C5a and C3a of macrophages and MCs in the endometriotic
microenvironment could be partially blocked (or considerably
reduced) by complement immune therapy; for instance,
Danicopan could act to stop the auto-amplifying loop induced
by C3a on MCs (118). Furthermore, Clq, present at high
levels in the peritoneal fluid of the EM patients, can induce the
differentiation of the tissue macrophages towards M2 phenotype
(186, 187), and hence, promote the angiogenesis in EM lesions
(188). Thus, an antibody able to block specifically the alternative
functions of C1q could be interesting to test in the EM treatment,
as well as in tumor development (189, 190).

In conclusion, EM is a devastating disease that has a range of
social, personal and medical consequences for the women suffering
from it. It has become apparent that immune dysregulation is a
major factor that precipitates this pathological condition. While
immune infiltration and constant inflammatory milieu foster the
disease, the biggest pathological consequences arise from aberrant
complement activation. There are a number of ways to suppress
complement activation in EM patients. This therapeutic
intervention needs careful pre-clinical and clinical trials, involving
monotherapy or in combination with checkpoint inhibitors.
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TABLE 1 | Principal anti-complement drugs.

Drug name Target References

ABP 959 Ch5 Chow et al. (146)

ACH-5448 FD Zelek et al. (128)

ACH-5228 FD Zelek et al. (128)

AMY101 C3 Mastellos et al. (142)

APL-2 C3 Zelek et al. (128); Wong et al. (143); Grossi et al. (144); Grossi et al. (145)
APL-9 C3 Zelek et al. (128)

AVACOPAN ChaR1 Merkel et al. (147); Tesar et al. (148); Jayne et al. (149); Bekker et al. (150)
BERINERT C1r/C1s, MASPs Keating (151); Zanichelli et al. (152)

BIVW020 activated C1s Zelek et al. (128)

CINRYZE C1r/C1s, MASPs Aygoren-Pursun et al. (153); Lyseng-Wiliamson (154); Bernstein (155)
CLG561 Properdin Zelek et al. (128)

CPO10 C6 Zelek et al. (128)

CROVALIMAB C5 Réth et al. (156)

DANICOPAN FD Wiles et al. (157); Risitano et al. (158)

ECULIZUMAB Ch Zelek et al. (128); Winsma et al. (159)

IFX-1 Cbha Zelek et al. (128); Giamarellos-Bourboulis et al. (160); Viaar et al. (161)
IFX-2 Cbha Zelek et al. (128)

LNP023 FB Zelek et al. (128)

MIROCOCEPT CR1 Halstead et al. (162); Kassimatis et al. (163)

NOMACOPAN C5 Schols et al. (164)

NARSOPLIMAB MASP2 Rambaldi et al. (141); Elhadad et al. (165); Selvaskandan et al. (166)
OMS906 MASP3 Zelek et al. (128)

POZELIMAB Ch5 Latuszek et al. (167)

PRO-02 c2 Zelek et al. (128)

RUCONEST C1r/C1s, MASPs Busse et al. (168); Cruz (169)

SOB 005 C5 Zelek et al. (128)

SUTIMLIMAB Cis Freire et al. (170); Nikitin et al. (171); Bartko et al. (172); Jager et al. (173)
TESIDOLUMAB C5 Jordan et al. (174)

ZILUCOPLAN C5 Albazli et al. (175); Wilkinson et al. (176)

ZILUCOPLAN-XR C5 Zelek et al. (128)
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FIGURE 4 | Anti-complement drugs currently in clinical development. The dartboard with concentric rings indicates the different phases of clinical development, with
“approved” in the centre. Only drugs currently in clinical development are shown and the most advanced stage of development for any indication is shown. The
drugs are divided on the basis of the target (Classical, Lectin and Alternative Pathways), with the exception of some drugs that are directed to the common part of
the three cascades (C5 and MAC), or drugs that are specifically blocking C5a activity (C5a/C5aR) (128).
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