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Abstract
Endometriosis is a chronic inflammatory estrogen-dependent disease characterized by the growth of endometrial-like tissue 
outside the physiological region. Despite the fact that this disease is common, laparoscopic surgery is currently the gold 
standard in the treatment of endometriosis. In this regard, it is necessary to develop new effective methods of minimally 
invasive therapy for endometriosis. One of the promising areas in the treatment of endometriosis is cell therapy. Cellular 
therapy is a vast branch of therapeutic methods with various agents. Potential cell therapies for endometriosis may be based 
on the principle of targeting aspects of the pathogenesis of the disease: suppression of estrogen receptor activity, angiogen-
esis, fibrosis, and a decrease in the content of stem cells in endometriosis foci. In addition, immune cells such as NK cells 
and macrophages may be promising agents for cell therapy of endometriosis. Standing apart in the methods of cell therapy 
is the replacement therapy of endometriosis. Thus, many studies in the field of the pathogenesis of endometriosis can shed 
light not only on the causes of the disease and may contribute to the development of new methods for personalized cell 
therapy of endometriosis.
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Introduction

Endometriosis as severe gynecological condition

Endometriosis (EM) is defined as an estrogen-dependent 
chronic proliferative disorder characterized by ectopic pres-
ence of endometrial-like tissue with the stroma and distinc-
tive endometrial glands outside the endometrium [1, 2]. The 
manifestations include severe pelvic pains, dysmenorrhea, 
dyspareunia, and infertility [3, 4] which adversely affect the 
quality of life in its various aspects — job-related, social, 

sexual, etc. An international multicenter study covering 10 
countries revealed decreased working efficiency in more 
than a half of patients with EM [5].

The disease affects up to 10% of reproductive-age women — a 
rough estimate given the high incidence of delayed and erroneous 
diagnostics for this condition [6]. Apart from the symptomatic 
diversity, the disease presents with high etiological and pathoge-
netic diversities which hamper its early diagnosis.

EM often shows focal patterns confined to the uterus, the 
fallopian tubes, and/or the ovaries — this form is termed 
“genital EM.” In other cases, the lesions spread across abdom-
inal wall and may reach distant heterotopic locations includ-
ing the intestines, the urinary bladder, ureters and navel, the 
diaphragm, peripheral nerves, the lungs, the skin, the eyeball, 
the liver, and the brain [7–9]. Such extragenital forms of the 
disease are further classified as pelvic and extrapelvic [7]. The 
broad and variative symptomatic spectrum of extragenital EM 
complicates its differential diagnosis [10].

Clinical algorithms for EM

The primary diagnostic procedures include physical examina-
tion and biochemical tests for CA-125 and CA-72 [10], followed 
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by ultrasound scans and magnetic resonance imaging (MRI). 
This sequence affords accurate diagnosis in the majority of 
cases, with estimated sensitivity and specificity of ≥ 90%; still, 
the accuracy can be undermined by morphological diversity of 
lesions, particularly with endometrioid cysts and small foci. In 
this regard, biochemical tests, ultrasound scans, and MRI are 
not the actual standard in the diagnosis of EM. Accordingly, 
laparoscopic intervention followed by histopathological exami-
nation of the putative foci remains the gold standard diagnostic 
option for this pathology [10].

Surgical elimination of the foci restoring the normal 
topography of anatomical structures is a moderately con-
servative treatment for EM — by contrast with radical resec-
tions of pelvic organs. Although the “conservative” surgeries 
bring pain relief and improve the quality of life, 25% of the 
patients report residual post-laparoscopic pains associated 
with EM; furthermore, 15% of the patients experience recur-
rent pains and 20% receive repeated surgical interventions 
[11]. Across the sources, recurrence rates and expected need 
for repeated intervention may reach as high as 54% [12].

Hormonal therapies for EM are aimed at suppression of 
the ectopic endometrial growth [13]. Such protocols with a 
backbone of gonadotropin-releasing hormone (GnRH), dana-
zol, or gestagens are used either on their own or as adjuvant 
to laparoscopic surgery [14]. Despite the anti-relapse efficacy 
of hormones, especially GnRH agonists [15], they have been 
shown to increase the risks of neoplastic transformation within 
the lesions [14]. Takagi and colleagues reported clinical case 
of malignant transformation of ovarian endometrioma after 
8 years of GnRH agonist and dienogest therapy [16]. Mechsner 
and co-authors revealed the case of a 35-year-old patient with 
endometriosis and adenomyosis that was treated with GnRH 
analogues [17]. Five months later, endometrial carcinoma was 
diagnosed. Thus, the search for new effective methods of mini-
mally invasive therapy for EM is required [18].

The goal of this article is to review the literature material 
on aspects of the pathogenesis of endometriosis, as well as 
on potential methods of cell therapy of endometriosis aimed 
at suppressing aspects of the pathogenesis.

Methods

Search strategy

A search was made of the literature on the pathogenesis of 
endometriosis and potential therapeutic strategies based on 
targeting suppression of aspects of the pathogenesis. Articles 
were searched through Google Scholar and the ClinicalTri-
als.gov database, where the search keywords were “endome-
triosis,” “endometriosis pathogenesis,” “endometriosis cell 
therapy,” and “macrophages in endometriosis.” All analyzed 
articles were published.

Search criteria

Inclusion criteria: clinical trials, reviews, original arti-
cle, guidelines, case report. We analyzed articles in any 
language.

Exclusion criteria: abstracts.

Results

Pathogenetic factors and components of EM

EM results from ectopic presence of endometrial-like tis-
sue with stroma and glands outside the inner lining of the 
uterus. A host of theories concerning EM onset has been put 
forward, focusing on how cells presumably originating in the 
endometrium can survive and thrive in non-habitual micro-
environments. Known survival factors for endometrial cells 
at ectopic locations include genetic alterations endowing the 
cells with ability to evade apoptosis and invade surround-
ing tissues, permissive hormonal status, and local immunity 
failure [19]. As the lesions grow and become progressively 
vascularized, the disease develops its prominent inflamma-
tory component eventually resolving into fibrosis. We shall 
now consider these factors and components individually.

Abnormal hormone levels

Hyperestrogenism and progesterone resistance are charac-
teristic of EM and facilitate its progression [19].

The increased content of estrogens in EM foci has long 
been known, with 17β-estradiol being the main hormone 
implicated in survival and growth of the foci [19]. Although 
17β-estradiol is chiefly produced by the ovaries and spreads 
with circulation, its synthesis can also proceed within EM 
lesions through enzymatic activities of aromatase and ster-
oidogenic acute regulatory protein. Of note, these activities 
are not detected in eutopic endometrium [20, 21]. In addi-
tion, the lesions present with elevated expression of estrogen 
receptors α and β (respectively, ERa and ERb) as compared 
with eutopic endometrium [22].

Estradiol, ERa, and ERb have been implicated as key 
factors required for the ectopic lesion growth. Knockout of 
ERa inhibited ectopic endometrial proliferation, cell adhe-
sion, and neoangiogenesis in mouse model. Although ERb 
deficiency has a less pronounced impact on the estrogen-
dependent growth [23], ERb has been shown to specifically 
mitigate the tumor necrosis factor α (TNFα)-induced apop-
tosis in the foci [1].

Apart from the elevated levels of estrogens and their 
receptors, the lesions show progesterone resistance — a 
consequence of low expression of progesterone receptor 
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B (PGR-B) and null expression of progesterone receptor 
A (PGR-A). In healthy uterus, progesterone inhibits endo-
metrial cell proliferation while inducing decidualization. 
Accordingly, progesterone resistance of the ectopic endome-
trial grafts supports their uncontrolled growth through non-
activation of progesterone-dependent genes including the 
17β-hydroxysteroid dehydrogenase 2-encoding HSD17B2 
responsible for conversion of estradiol into the less active 
estrone [24].

Thus, endometrial-like heterotopias present with high 
levels of estradiol and its receptors aggravated by local fail-
ure of progesterone-dependent estradiol inactivation. Under 
these conditions, the grafts tend to grow in a poorly control-
lable manner by means of cell proliferation and apoptosis 
evasion [22, 24].

Inflammatory component

Independently of their much disputed origin (the variants 
include retrograde dissemination of menstrual discharge and 
focal trans-differentiation of mesothelium), EM foci invari-
ably challenge the local immunity [25] promoting a decline 
in the cytotoxic T cell and natural killer (NK) cell activities 
and a parallel increase in the peritoneal macrophage counts 
[26] and neutrophils [27, 28]. It was noted that neutrophils 
are found in large numbers in the foci of endometriosis, 
while the number of neutrophils also increases in the blood 
and peritoneal fluid [29]. Chemoattraction of neutrophils to 
endometriosis foci occurs mainly due to increased synthe-
sis of IL8 and VEGF in the foci, which contributes to the 
implantation of endometrial cells and the growth of a vas-
cular network [30, 31]. IL8 is able to stimulate an increase 
of FasL expression, which leads to the death of T-cytotoxic 
lymphocytes and the formation of an immunotolerant micro-
environment [32]. In addition, it has been shown that neu-
trophils are able to secrete IL17a, which also has angiogenic 
activity [33], and to produce more ROS, ARG1, prostaglan-
dins, etc., which could cause local immune suppression [34].

Among immune cells involved in the pathogenesis of 
endometriosis, T-regulatory (Treg) cells are found in large 
numbers in endometrioid lesions [35, 36]. The role of Treg 
in the progression of endometriosis remains poorly under-
stood, and the data are often contradictory. According to 
some data, the complete elimination of Treg in mice leads to 
an increase in the volume of foci in endometriosis modeling 
[37], and in other studies, the opposite effect was observed 
when Treg’s CD25 molecule was blocked with antibodies 
[38].

As the pro-inflammatory microenvironments tend to favor 
the engraftment and growth of heterotopias [25, 26, 39], the 
chronic nature of EM-associated inflammation facilitates 
fibrotic changes — a prominent complication of EM [40].

Fibrosis

Tissue repair can take several alternative routes, which 
include regeneration per se defined as recovery of authentic 
functional units and fibrosis defined as replacement of the 
damaged units with connective tissue [41, 42]. EM has been 
associated with progressive fibrotic changes often supported 
by pseudo-menstrual bleedings with concomitant platelet 
activation. The activated platelets release high amounts of 
transforming growth factor β (TGFβ) known to induce the 
fibroblast and myofibroblast differentiation [43]. By con-
trast with the acute inflammatory reactions smoothly suc-
ceeded by regeneration, chronic inflammation favors fibrotic 
changes. EM provides a striking example of this tendency: 
under conditions of cyclic tissue damage, pro-inflammatory 
stimulation, and hormonal imbalance, myofibroblasts are 
constantly producing extracellular matrix. Accumulation of 
this matrix without sufficient means for its degradation and 
clearance eventually results in fibrosis [41, 42].

Moreover, despite the accepted definition of EM foci 
as composed of characteristic stromal and glandular ele-
ments, advanced stages of the disease often present with 
purely fibrotic lesions. For instance, rectovaginal EM foci 
are typically fibromuscular, without any signs of the loose 
endometrial-like stroma. Other forms of EM can also be 
difficult to recognize for the same reason: in about 40% of 
ovarian endometriomas, the cyst is overgrown by fibrous 
tissue without epithelium, whereas pelvic adhesions most 
commonly found in EM and causing characteristic symp-
toms contain no endometrial tissue at all [44].

Angiogenesis

Angiogenesis is crucial for the expansion of ectopic foci into 
distinctive EM lesions. Vascularization of the ectopic tissue 
is supported by a variety of factors including pro-inflam-
matory mediators, notably interleukin 1β (IL1β) produced 
by activated macrophages at the site of engraftment. This 
strong signaling molecule triggers production of interleukin 
6 (IL6) and vascular endothelial growth factor (VEGF) by 
the grafts, facilitating the blood vessel ingrowth [45, 46]. 
Stromal cells of the ectopic lesions have also been shown 
to produce interleukin 8 (IL8) — another pro-inflammatory 
cytokine with pro-angiogenic properties [47].

Apart from the chronic inflammatory conditions, vascu-
larization of the foci is supported by estradiol and hypoxia. 
Serum and local levels of the hypoxia-induced factor 1 
subunit α (HIF1α) in EM are known to be high [48] and 
positively correlate with those of VEGF [49]. Estrogens 
additionally support angiogenesis by stimulating VEGF 
expression in endometrial stromal cells [3] and promoting 
the endothelial progenitor cell recruitment from the bone 
marrow [50].
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Adult stem cells (aSCs)

Endometrial aSCs ensure regenerative potential of the 
endometrium: these low-differentiated cells give rise to 
tissue-specific differentiated progeny while retaining their 
capacity of self-renewal [51]. On a par with in situ sources, 
endometrial SCs can be physiologically delivered from the 
bone marrow: considerable chimerism within the endome-
trium (0.2–48% for epithelial cells and 0.3–52% for stromal 
cells) was demonstrated in a study enrolling female recipi-
ents of bone marrow transplants with non-matched HLA. 
The percentage of transplant-derived cells correlated with 
the length of follow-up post-transplantation. The data indi-
cate that bone marrow-derived SCs are capable of repopu-
lating the endometrium [52].

Detection of aSCs in both the endometrium and men-
strual discharge [53] supports the so-called retrograde men-
struation theory of EM [51]. The presence of aSCs in EM 
foci has been confirmed as well; moreover, expression of the 
SC pluripotency genes SOX2, NANOG, and OCT4 within 
EM lesions is higher compared with eutopic endometrium 
[54]. Another marker of SCs, proto-oncogene c-Kit, was 
also locally over-expressed within the lesions as compared 
with eutopic endometrium both in patients with EM and in 
healthy individuals [55]. These findings confirm the role of 
low-differentiated endometrial cells in the ectopic engraft-
ment [51].

At that, maintenance and growth of advanced EM foci 
involve SCs from extra-uterine sources, notably the bone 
marrow lineages [56]. In hysterectomized LacZ-transgenic 
mice with wild-type endometrium implants in the abdomi-
nal cavity (validated as a model for endometriosis), LacZ-
expressing non-uterine SCs appeared within EM lesions 
showing the capacity to differentiate into epidermal and 
stromal progenies with detectable frequencies of 0.04% and 
0.1%, respectively [56].

Thus, hormonal imbalances, inflammation, apoptosis 
evasion, SC involvement, angiogenesis, and fibrosis jointly 
support the growth and development of endometrial heter-
otopias [19, 47, 51]. Despite the importance of considering 
these factors in combination, each of them may provide 
links to particular therapeutic targets.

For instance, apoptosis levels in eutopic endometrium 
of patients with EM are lower compared with matched 
healthy women; hence, the chances of stray endometrial 
fragments survival in atypical microenvironments (e.g., 
abdominal wall) are higher, consistently with their pre-
sumed role during the onset of EM [57]. The effect appears 
to be persistent, given higher expression levels of anti-
apoptotic proteins BCL-2 and BCL-XL within the foci [58, 
59], and probably targetable as one of likely causations of 
the pathogenic process.

Cell therapies: an overview

Cell therapies are technologically advanced modalities 
based on parenteral administration (“transplantation”) of 
cell products — living cell suspensions or their equiva-
lents [60], either autologous (derived from patient’s own 
tissues) or allogeneic [61].

Despite the enormous clinical interest, these techniques 
are still in their infancy — mostly at preclinical phases, 
some existing as purely fundamental concepts [61]. Cell 
therapies can be roughly classified into “regenerative” and 
“immunotherapies” [62].

Regenerative medicine aims at recovery of damaged 
structures — possibly through the use of resources (cel-
lular, enzymatic, paracrine, etc.) provided by a transplant 
[61]. For instance, mesenchymal stem cells (MSCs) have 
been extensively featured in clinical trials for diabetes, 
osteoarthritis, kidney diseases, spinal injuries, bone and 
cartilage defects, and Parkinson’s and Alzheimer’s dis-
eases, autoimmune diseases, etc. [63].

Immunotherapy can be broadly defined as harness-
ing the immunity or its mechanisms [64, 65], although 
the term is often used in a narrow sense, synonymously 
with “immunoediting” and “adoptive T cell therapy.” This 
group of methods involves selective isolation of immune 
cells, their modification conferring curative properties, 
ex vivo expansion, and transplantation to the patient [64, 
65]. The approach is epitomized by the chimeric antigen 
receptor (CAR) T cells genetically modified to bind and 
destroy cells that express tumor antigens [66]. An alterna-
tive cell-based principle considered for cancer treatment 
involves transplantations of NK cells and macrophages 
[67, 68].

Cell therapeutic strategies for EM

Cell suspensions and related products hold promise for EM, 
as indicated by 11 registered clinical trials currently under 
way [69]. The ultimate success will depend on correct under-
standing of the disease biology [70]. We shall now consider, 
one by one, the biologically justified treatment strategies 
for EM.

Inhibition of estrogen signaling

High local production of estradiol and high expression of 
ERs in EM lesions facilitate disease progression [20] and 
should be targeted. Systemic suppression of estrogen levels 
may show adverse side effects including emotional lability, 
weight gain, bone resorption, and infertility [71, 72], which 
can be avoided by using selective modulation of ERs with 
specific inhibitors at particular locations. Bazedoxifene, 
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known to counteract the estrogen-induced endometrial 
growth, is a prospective anti-EM drug. Intraperitoneal 
administration of bazedoxifene to mice with experimen-
tally induced EM afforded a decrease in the ectopic lesion 
size, proliferation rates, and gland density compared to 
sham-treated animals. The apparently local action of baze-
doxifene, confined to endometrial-like milieus, strengthens 
its therapeutic prospects as selective ER modulator in EM 
[72].

Alleviation of fibrosis

Fibrosis, a major component of EM, can be also regarded 
as its severe complication [73]. The resolution/alleviation 
of fibrosis can be achieved by targeting particular cells and 
their derivatives implicated in its origin.

For instance, EM progression continually challenges the 
platelet pools with periodic bleedings and vasodilation [4]. 
Adhesion and aggregation of platelets within the lesions 
are supported by local release of thrombin and thrombox-
ane A [74]. The activated platelets, in turn, initiate fibrosis 
and promote expansion of the lesions through upregulation 
of pro-angiogenic VEGF and COX2, matrix-remodeling 
MMP9, and anti-apoptotic Bcl-2 [4]. Accordingly, platelet 
depletion in EM can be therapeutically justified.

Indeed, a platelet depletion procedure involving intra-
venous administration of rat anti-mouse GPIba poly-
clonal IgG into mice with modeled endometriosis caused 
a 60% decrease in the size of the foci in mouse model, 
accompanied by significantly reduced expression of 
proliferation marker PCNA, pro-angiogenic VEGF and 
COX2, endothelial marker CD31 and pro-fibrotic factors 
FGFR2, fibronectin, collagen type I, and smooth muscle 
actin α (aSMA) compared with other groups of animals. 
Namely, research of the effects of platelet depletion was 
performed in comparison with mice with endometriosis, 
which were intravenously administered either anti-mouse 
non-immune polyclonal IgG or platelets obtained from 
male mice. Platelet depletion also alleviated the infiltra-
tion of EM foci with the anti-inflammatory M2-polarized 
macrophages characteristic of pro-EM microenvironments 
[4].

Apart from activated platelets, a major pro-fibrotic effect 
is exerted by TGFβ-triggered cellular cascades potentially 
targetable in EM, notably the TGFβ/Smad pathway [75]. 
Indeed, TGFβ levels in the foci are significantly higher 
compared with the eutopic endometrium [76]. TGFβ has 
been shown to stimulate cell invasion, proliferation, and 
survival in the foci, suppress NK activities, and ultimately 
promote fibrosis [77–79]. In vitro exposure of endome-
trial MSCs to a TGFβ receptor 1 kinase inhibitor A83-
01 induced profound transcriptomic changes. The treated 
cells exhibited enhanced pro-angiogenic, anti-fibrotic, and 

immunomodulatory properties compared with non-treated 
control cultures [80]. These data, however, expose angio-
genesis and fibrosis as competitive processes, both con-
tributing to EM progression, so that inhibition of one may 
favor the other, and their relationship within the frame-
work of particular therapy should be carefully balanced 
and regulatable.

Exosomes are membrane-bound vesicles capable of 
delivering biologically active cargo to specific sites of 
the body. Exosomes are immunologically tolerable, capa-
ble of crossing physiological barriers, and particularly 
suitable for microRNA transportation [81]. MiR-214 
was shown to inhibit the TGFβ-induced transcription of 
pro-fibrotic Col1a1, aSma, and Ctgf in endometrial cells, 
whereas in vivo exosomal delivery of miR-214 to Nude 
mice with induced EM significantly inhibited Ctgf and 
Col1a1 in the xenografts compared with non-treated con-
trol animals [73].

The pro-fibrotic effects of TGFβ signaling heavily rely on 
myofibroblasts and their implication in fibrosis. Myofibro-
blasts are non-muscle contractile cells activated in response 
to injury [44, 82]. They are chiefly derived from resident 
fibroblasts, but can also differentiate from pericytes, epithe-
lial and endothelial cells, vascular smooth muscle cells, and 
bone marrow lineages [44, 83]. Myofibroblasts are known to 
be major producers of extracellular matrix in fibrosis [83]. 
Apart from the collagen synthesis, myofibroblasts ensure 
contraction of the wound as a part of normal healing pro-
cess; however, under chronic inflammatory conditions, the 
mechanical strain may promote microfractures and thus 
aggravate the damage [82].

TGFβ signaling triggers myofibroblast differentiation; 
accordingly, TGFβ signaling inhibition counteracts fibro-
sis in a myofibroblast-dependent manner [84]. Natural ago-
nists of myofibroblast differentiation include Notch, NF-κB, 
ARID1A, TP53, PTEN, HIF1α, BRAF, PI3K/Akt, KRAS, 
and CDKN2A cellular proteins. Targeted suppression of 
these molecules may interfere with myofibroblast differen-
tiation and thereby alleviate fibrosis in EM [85].

Inhibition of stem cell capacities

Stem cells (SCs) participate in the onset and progression of 
the foci and can be recruited to them from both the “retro-
grade” menstrual fluid and the bone marrow. SC recruitment, 
therefore, represents an apparent target in EM, elimination of 
which may significantly inhibit the progression [86]. Baze-
doxifene, shown to inhibit the ectopic endometrial growth by 
selective modulation of ERs [72], can also interfere with SC 
recruitment to the foci. Combined administration of baze-
doxifene and conjugated estrogens to experimental animals 
significantly inhibited SC recruitment from the uterus and 
assimilation in the lesions, thereby promoting significant 
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reduction of the lesions. Of note, bazedoxifene had no effect 
on SC recruitment to the uterus in control animals [87].

Endothelial progenitor cells (EPCs) make a prominent 
contribution to EM. Recruited from the bone marrow, these 
cells ensure neovasculogenesis within the foci [88]. The 
CXCR4-positive EPCs are attracted to the foci by SDF1 — 
a factor produced by stromal cells and activated by hypoxia. 
Subcutaneous injections of CXCR4 inhibitor AMD 3100 
interfered with EPC recruitment, promoting a decrease in 
capillary density within the lesions [88].

Another receptor-ligand axis involving CXCR4, with 
chemokine CXCL12 as a binding partner, has been impli-
cated as well. Estradiol has been shown to induce both 
the release of CXCL12 by endometrial stromal cells 
and the release of CXCR4 by bone marrow SCs. The 
AMD 3100-mediated inhibition reduced the immigration 
of bone marrow SCs by 50% [89]. Progestins used as a con-
ventional treatment for endometriosis may trigger a similar 
mechanism; at least, they have been shown to inhibit the 
production of CXCL12 [90].

Thus, the inhibition of SC recruitment to the foci, potentially 
safe and efficacious, represents a relevant strategy in EM [86, 90].

Inhibition of angiogenesis

Focal angiogenesis has been identified as key to EM pro-
gression and its targeted inhibition can be therapeutically 
relevant [86, 91].

Systemic administration of anti-angiogenic agents was tested 
in EM models. Injections of flt-1, a competitive inhibitor of 
VEGF-A, to Nude mice with human endometrial xenografts 
dramatically reduced the number of active foci, causing regres-
sion of the lesions to thin-walled cysts filled with necrotic masses. 
The compromised expression of vascular markers within residual 
lesions was indicative of failed angiogenesis [92].

The macrophage migration inhibitory factor (MIF) is 
known to be strongly pro-angiogenic. The increased pro-
duction of MIF in endometrial heterotopias facilitates their 
growth. Accordingly, MIF inhibition may prove beneficial 
in EM. Indeed, administration of MIF antagonist (S,R)-3-(4-
hydroxyphenyl)-4,5-dihydro-5-isoxazole acetic acid (ISO-1) 
to Nude mice with modeled EM afforded a decrease in lesion 
size and degradation of their architecture compared with 
control animals [93].

Other anti-angiogenic small molecules can also promote 
regression of EM. These include bevacizumab (a human-
ized anti-VEGF monoclonal antibody), sorafenib (multiki-
nase inhibitor), parecoxib (COX2 selective inhibitor), epi-
gallocatechin-3-gallate (a prominent bioactive component 
of green tea), progestins, and retinoic acid [47, 94]. Apart 
from anti-angiogenic effects, these agents can also stimulate 
apoptosis within ectopic lesions [47, 94].

Inhibition of cell survival

Apoptosis is a physiological process, vital to normal func-
tioning of living tissues. Endometrial heterotopias show 
reduced rates of apoptosis compared with eutopic endome-
trium, which favors growth of the foci and is potentially 
targetable for its prevention [57].

Telomeric DNA consists of tandem repeats that protect 
the chromosomal termini. In somatic cell lineages, tel-
omeres undergo eventual shortening associated with the 
loss of both proliferative capacity and genomic stability; 
the length of telomeres is therefore regarded as an inverse 
measure of cell senescence. Telomerase is a ribonucleo-
protein complex responsible for telomere maintenance 
through addition of tandem repeats. The abnormally high 
expression of telomerase components, as if continuously 
rejuvenating the cells, is characteristic of many tumors 
[95]. Noteworthy, patients with EM have higher telomer-
ase activity in eutopic endometrium compared with con-
ditionally healthy women [96], although the ectopic foci 
are telomerase-negative [97]. Targeting telomerase activity 
may therefore prevent the primary exodus of endometrial 
cells in predisposed individuals, but is not likely to prevent 
the growth of the foci once established at ectopic locations.

The mitogen-activated protein kinase (MAPK) signaling 
cascade can contribute to combined activation of telomer-
ase and the apoptosis inhibitor surviving [98]. Abnormal 
activation of this cascade enhances both proliferation and 
survival of endometrial cells in patients with EM com-
pared to conditionally healthy controls [99]. Accordingly, 
MAPK cascade can be regarded as a candidate therapeutic 
target in EM [98]. Indeed, in vivo administration of p38 
MAPK inhibitor adezmapimod (SB203580) significantly 
reduced the size of ectopic lesions and mitigated the levels 
of IL1β, TNFα, MMP2, and MMP9 markers in peritoneal 
fluid [100].

MicroRNAs are heavily involved in apoptosis regu-
lation. MiR-141-3p has been attributed with apoptosis-
related protective effects in EM, its levels significantly 
decreased in ectopic lesions compared with eutopic endo-
metrium. In functional tests, miR-141-3p inhibited pro-
liferation and migration, while enhancing expression of 
pro-apoptotic Bax and reducing expression of anti-apop-
totic Bcl-2 in cells of the foci [101]. These observations 
position miR-141-3p as a candidate pro-apoptotic biologi-
cal drug for EM. Another study identified miR-141 as a 
TGFβ1/Smad2 signaling inhibitor in human endometrial 
adenocarcinoma cell line Ishikawa and an inhibitor of the 
TGFβ1-induced epithelial-mesenchymal transition [102]. 
This finding substantiates the idea of microRNA-based 
precision treatments for EM.
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Cell therapies for EM

Immunotherapy

EM is characteristically accompanied by dysregulation of 
peritoneal immunity. The retrograde contamination of the 
pelvic and abdominal cavities with menstrual discharge may 
occur physiologically, but not the engraftment: under proper 
immune surveillance, the endometrial fragments are quickly 
eliminated by peritoneal macrophages and NK cells [103]. 
The endometrial graft survival, adhesion, and invasion are 
indicative of compromised local immunity.

NK cells

Human NK cells are functionally diverse and consist of 
several subpopulaitons: cytotoxic, interferon-producing, 
etc. Cytotoxic NK cells contain specific granules with gran-
zymes, perforin, etc., ensuring their strong cytolytic capacity 
[104]. Decreased counts of cytotoxic NK cells in perito-
neal fluid and peripheral blood of patients with EM have 
been demonstrated in several studies [105]. Replenishment 
of these counts, possibly by infusions of cell product, may 
rescue the compromised peritoneal immunity with an overall 
curative effect in EM.

In tumors, cytotoxic NK cells are capable of distinguish-
ing between normal and transformed cells to specifically 
eliminate the latter on their own or in cooperation with den-
dritic cells [106, 107]. The antibody-mediated depletion of 
NK cells facilitated colorectal cancer progression in mouse 
model and the lytic activity of NK cells towards cancerous 
and pre-cancerous cells of colon carcinoma has been dem-
onstrated [108].

The cytotoxic activity of NK cells is negatively regu-
lated by activated platelets which promote fibrosis; the 
effect can be reversed or mitigated by TGFβ signaling 
inhibition [109]. Accordingly, combined suppression of 
platelet activation and TGFβ signaling represents a plau-
sible strategy in EM. One clinical trial focused on the 
efficacy of autologous NK cells in EM is already close to 
completion [110].

Neutrophils

Neutrophils, along with other leukocytes, are involved in 
the regulation of many processes both in normal and path-
ological conditions, including inflammation and repair. 
EM is no exception [28]. In addition to the production of 
interleukins and growth factors, mentioned above, the neu-
trophils of patients with EM are characterized by a num-
ber of other features. It has been noted that neutrophils 
in endometriosis produce more Neutrophil Extracellular 

Traps, which leads to an increase in their concentration in 
blood plasma and peritoneal fluid [111]. However, the role 
of Neutrophil Extracellular Traps in the development of 
EM remains unexplored. At the same time, the ability to 
phagocytosis of neutrophils in EM is significantly reduced, 
while it is restored after the removal of foci [112]. Due to 
the significant role of neutrophils in the progression of 
EM, they can be considered as possible therapeutic agents. 
In this case, the cellular mechanisms of degranulation sup-
pression should become the point of application [113]. In 
this regard, in addition to degranulation, it is possible to 
influence on the factors that contribute to the migration of 
neutrophils, their activation, and maturation [34].

Macrophages

Apart from NK cells and neutrophils, a major influence on 
EM onset and expansion comes from macrophages [105]. 
The foci are dominated by the anti-inflammatory M2-polar-
ized macrophages shown to support the engraftment, prolif-
eration, angiogenesis, and neurogenesis [68, 114].

Accordingly, EM-associated M2-polarized mac-
rophages can be regarded as a putative target, while their 
functional opponents, the pro-inflammatory M1-polarized 
macrophages, will probably exert a curative effect in EM 
[68]. Infusions of M1-polarized macrophages to mice with 
experimental EM facilitated significant regression of the 
lesions [115].

The resident M2-polarized macrophages within the foci 
suppress the inflammatory reaction without eradicating it 
completely, and thereby support the transition of the ini-
tial acute phase to chronic inflammation and fibrosis [41, 
116]. A TLR7-dependent stimulation of the pro-fibrotic 
M2-polarized macrophages (human or murine) promoted 
their reprogramming thereby alleviating fibrosis. Specific 
delivery of TLR7 agonist to the anatomical sites of fibrosis 
was achieved through conjugation with folate capable of 
high-affinity binding with receptors expressed by activated 
pro-fibrotic macrophages [117].

Incidentally, depletion of EM-associated macrophages may 
provide comparable benefits. For instance, the F4/80 antibody-
mediated depletion of macrophages afforded a 40% reduction in 
the size of EM foci in mouse model [4, 104, 110, 115].

Cell replacement therapies

Such therapies involve delivery of cell product to affected 
sites of the body in order to replace a compromised or irrel-
evant cell population with its normal or curative equivalents 
[118]. The prospects/examples include transplantations of 
pancreatic β-cells in insulin-dependent diabetes [119] and 
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embryonic SCs in cardiovascular and neurodegenerative 
disorders [120, 121].

In EM, cell replacement has been considered for stromal 
fibroblasts of the ectopic lesions, regarded as progester-
one resistant [122]. The defect can be corrected through 
replacement with autologous equivalents differentiated 
from induced pluripotent cells (iPSCs) of the patient. A 
protocol for iPSC differentiation into endometrial stro-
mal fibroblasts afforded cells with authentic phenotypes, 
capable of decidual-like reaction in response to specific 
hormonal stimuli characteristic of secretory phase of the 
menstrual cycle. The cells expressed a similar transcrip-
tomic signature with primary fibroblasts of the eutopic 
endometrium. The proposed replacement therapy with such 
cells is a tantalizing prospect, as their supply is virtually 
unlimited and transplantations are unburdened both ethi-
cally and immunologically [122].

Possible side effects of potential cell therapy 
for endometriosis

Despite the prospect of using cellular agents in the treat-
ment of EM, these methods may have possible side effects. 
For instance, as already mentioned, the activation of cyto-
toxic NK cells may be a potential strategy in the treatment 
of EM. It has been shown that administration of monali-
zumab, an antibody blocking the NK cell receptor NKG2A, 
activates cytotoxic NK cells against tumor cells. So, in a 
clinical study on the administration of the drug to patients 
with gynecological malignant neoplasms, it was revealed 
that headache, fatigue, and vomiting were more frequent 
side effects [123]. In this regard, despite the great potential 
for the use of cellular agents in the treatment of endome-
triosis, this area is still developing and requires additional 
preclinical studies aimed, in particular, at identifying pos-
sible side effects of therapy.

Conclusion

The choice of management strategy for EM should be 
highly personalized and depend on severity and clini-
cal priorities (infertility therapy, pain relief, etc.) [87]. 
Due to multifactorial nature of the disease, its treatment 
may cause unwanted enhancement of some factors at the 
expense of others. Favorable cases, however, may present 
with a joint synergistic improvement in clinical and mor-
phological parameters — suppression of fibrosis during 
immunological recovery, a decrease in SC recruitment 
during anti-estrogen treatment, apoptosis stimulation by 
anti-angiogenic drugs, etc. [47, 72, 94, 117, 124]. The 
scope of prospective methods of cell therapy for EM 
(Table 1) isconstantly expanding.Ta

bl
e 

1 
 (c

on
tin

ue
d)

O
pt

io
n

St
ra

te
gy

Va
lid

at
io

n 
se

tu
p

Eff
ec

t
Re

fe
re

nc
e

Im
m

un
ot

he
ra

py
Pr

om
ot

io
n 

of
 N

K
 c

el
l-m

ed
ia

te
d 

cy
to

to
xi

ci
ty

Re
pl

en
is

hm
en

t o
f c

yt
ot

ox
ic

 N
K

 c
el

l c
ou

nt
s

Ex
pe

ct
ed

 to
 p

ro
m

ot
e 

re
gr

es
si

on
 o

f t
he

 fo
ci

[1
04

]

M
1 

m
ac

ro
ph

ag
e 

ad
m

in
ist

ra
tio

n
In

tra
pe

rit
on

ea
l i

nj
ec

tio
ns

 o
f M

1-
po

la
riz

ed
 

m
ac

ro
ph

ag
es

 in
 B

A
LB

/c
 a

llo
gr

af
t m

od
el

Re
du

ct
io

n 
in

 th
e 

si
ze

 o
f t

he
 fo

ci
 a

nd
 d

et
er

io
-

ra
tio

n 
of

 th
ei

r a
rc

hi
te

ct
ur

e
[1

15
]

M
ac

ro
ph

ag
e 

re
pr

og
ra

m
m

in
g 

in
 si

tu
Ta

rg
et

ed
 d

el
iv

er
y 

of
 fo

la
te

-c
on

ju
ga

te
d 

TL
R

7 
in

 C
57

B
L/

6 
m

od
el

 o
f i

di
op

at
hi

c 
lu

ng
 

fib
ro

si
s

M
ac

ro
ph

ag
e 

re
pr

og
ra

m
m

in
g 

to
w

ar
ds

 a
nt

i-
fib

ro
tic

 p
he

no
ty

pe
s

[1
17

]

M
ac

ro
ph

ag
e 

de
pl

et
io

n
In

tra
pe

rit
on

ea
l i

nj
ec

tio
ns

 o
f F

4/
80

-s
pe

ci
fic

 
an

tib
od

ie
s i

n 
BA

LB
/c

 a
llo

gr
af

t m
od

el
Re

du
ct

io
n 

in
 th

e 
si

ze
 o

f t
he

 fo
ci

[4
]

C
el

l r
ep

la
ce

m
en

t t
he

ra
py

Re
pl

ac
em

en
t o

f e
nd

om
et

ria
l s

tro
m

al
 c

el
ls

 
w

ith
 p

ro
ge

ste
ro

ne
-s

en
si

tiv
e 

eq
ui

va
le

nt
s

D
ire

ct
ed

 d
iff

er
en

tia
tio

n 
of

 h
iP

SC
 in

to
 e

nd
o-

m
et

ria
l s

tro
m

al
 c

el
ls

D
iff

er
en

tia
te

d 
ce

lls
 re

sp
on

de
d 

to
 h

or
m

on
al

 
sti

m
ul

i a
nd

 e
xp

re
ss

ed
 c

ha
ra

ct
er

ist
ic

 si
gn

a-
tu

re
s o

f p
rim

ar
y 

en
do

m
et

ria
l s

tro
m

al
 c

el
ls

[1
22

]



964 Journal of Assisted Reproduction and Genetics (2023) 40:955–967

1 3

Author contributions Daria Artemova, Polina Vishnyakova, Elena 
Gantsova, Andrey Elchaninov, Timur Fatkhudinov, Gennady Sukh-
ikh had the idea for the article. Daria Artemova, Polina Vishnyakova 
performed the literature search and data analysis. Daria Artemova, 
Polina Vishnyakova, Elena Gantsova, Andrey Elchaninov drafted the 
manuscript. All authors reviewed and approved the final version of 
the manuscript.

Funding Part of the work concerning endometriosis was supported by 
a grant for young Russian scientists MK-1573.2022.3. This paper has 
been supported by the PFUR University Strategic Academic Leader-
ship Program. Part of the work concerning macrophages was supported 
by Russian Science Foundation [grant number 22-14-00152].

Declarations 

Conflict of interest The all authors claim no conflict of interest. The 
authors have no relevant financial or non-financial interests to disclose.

References

 1. Han SJ, Jung SY, Wu SP, et al. Estrogen receptor β modulates 
apoptosis complexes and the inflammasome to drive the patho-
genesis of endometriosis. Cell. 2015;163:960–74. https:// doi. org/ 
10. 1016/j. cell. 2015. 10. 034.

 2. Koninckx PR, Ph D, Ussia A, et al. Pathogenesis of endometrio-
sis: the genetic/epigenetic theory. Fertil Steril. 2019;111:327–40. 
https:// doi. org/ 10. 1016/j. fertn stert. 2018. 10. 013.

 3. Zhang L, Xiong W, Xiong Y, et al. 17 β-Estradiol promotes vas-
cular endothelial growth factor expression via the Wnt/β-catenin 
pathway during the pathogenesis of endometriosis. Mol Hum 
Reprod. 2016;22:526–35. https:// doi. org/ 10. 1093/ molehr/ gaw025.

 4. Ding D, Liu X, Duan J, Guo SW. Platelets are an unindicted 
culprit in the development of endometriosis: clinical and experi-
mental evidence. Hum Reprod. 2015;30:812–32. https:// doi. org/ 
10. 1093/ humrep/ dev025.

 5. Nnoaham KE, Hummelshoj L, et  al. Europe PMC Funders 
Group impact of endometriosis on quality of life and work pro-
ductivity: a multicenter study across ten countries. Fertil Steril. 
2013;96:366–73. https:// doi. org/ 10. 1016/j. fertn stert. 2011. 05. 
090. Impact.

 6. Matalliotakis M, Zervou MI, Matalliotaki C, et  al. The 
role of gene polymorphisms in endometriosis. Mol Med 
Rep. 2017;16(5):5881–6. https:// doi. org/ 10. 3892/ mmr. 2017. 
7398.

 7. Menni K, Facchetti L, Cabassa P. Extragenital endometriosis: 
assessment with MR imaging. A pictorial review. Br J Radiol. 
2016;89:1060. https:// doi. org/ 10. 1259/ bjr. 20150 672.

 8. Kennedy S, Bergqvist A, Chapron C, et al. ESHRE guideline 
for the diagnosis and treatment of endometriosis. Hum Reprod. 
2005;20:2698–704.

 9. Chapron C, Marcellin L, Borghese B, Santulli P. Rethinking 
mechanisms, diagnosis and management of endometriosis. 
Nat Rev Endocrinol. 2019;15:666–82. https:// doi. org/ 10. 1038/ 
s41574- 019- 0245-z.

 10. Berker B, Seval M. Problems with the diagnosis of endometrio-
sis. Women’s Heal. 2015;11:597–601. https:// doi. org/ 10. 2217/ 
whe. 15. 44.

 11 Singh SS, Gude K, Perdeaux E, et al. Surgical outcomes in 
patients with endometriosis: a systematic review. J Obstet 

Gynaecol Canada. 2020;42:881-888.e11. https:// doi. org/ 10. 
1016/j. jogc. 2019. 08. 004.

 12. Avraham S, Seidman DS. Surgery versus pharmacological treat-
ment for endometriosis. Women’s Health. 2014;10(2):161–6. 
https:// doi. org/ 10. 2217/ WHE. 13. 77.

 13. Olive DL, Pritts EA. Treatment of endometriosis. N Engl J Med. 
2001;345:266–75.

 14 Blumenfeld Z. Hormonal suppressive therapy for endometriosis 
may not improve patient health. Fertil Steril. 2004;81:487–92. 
https:// doi. org/ 10. 1016/j. fertn stert. 2003. 07. 038.

 15. Yang Y, Wang Y, Yang J, et  al. Original study adolescent 
endometriosis in China: a retrospective analysis of 63 cases. J 
Pediatr Adolesc Gynecol. 2012;25:295–9. https:// doi. org/ 10. 
1016/j. jpag. 2012. 03. 002.

 16. Takagi H, Takata E, Sakamoto J, et  al. Malignant trans-
formation of an ovarian endometrioma during endome-
triosis treatment: a case report. Case Rep Obstet Gynecol. 
2018;2018:6210172. https:// doi. org/ 10. 1155/ 2018/ 62101 72.

 17. Mechsner S, Bartley J, Halis G, et  al. Endometrial carci-
noma using GnRH analogues therapy in endometriosis. 
Zentralbl Gynakol. 2002;124:478–81. https:// doi. org/ 10. 
1055/s- 2002- 38912.

 18. Kiisholts K, Kurrikoff K, Arukuusk P, et al. Cell-penetrating pep-
tide and siRNA-mediated therapeutic effects on endometriosis 
and cancer in vitro models. Pharmaceutics. 2021;13(10):1618. 
https:// doi. org/ 10. 3390/ pharm aceut ics13 101618.

 19. Burney RO, Giudice LC. Pathogenesis and pathophysiology 
of endometriosis. Fertil Steril. 2012;98:1–7. https:// doi. org/ 10. 
1016/j. fertn stert. 2012. 06. 029. Patho genes is.

 20. Chantalat E, Valera M-C, Vaysse C, et al. Estrogen receptors and 
endometriosis. Int J Mol Sci. 2020;21:1–17. https:// doi. org/ 10. 
3390/ ijms2 10828 15.

 21. Huhtinen K, Desai R, Ståhle M, et al. Endometrial and endome-
triotic concentrations of estrone and estradiol are determined by 
local metabolism rather than circulating levels. J Clin Endocrinol 
Metab. 2012;97:4228–35. https:// doi. org/ 10. 1210/ jc. 2012- 1154.

 22. Pellegrini C, Gori I, Achtari C, et al. The expression of estrogen 
receptors as well as GREB1, c-MYC, and cyclin D1, estrogen-
regulated genes implicated in proliferation, is increased in peri-
toneal endometriosis. Fertil Steril. 2012;98:1200–8. https:// doi. 
org/ 10. 1016/j. fertn stert. 2012. 06. 056.

 23. Burns KA, Rodriguez KF, Hewitt SC, et al. Role of estrogen 
receptor signaling required for endometriosis-like lesion estab-
lishment in a mouse model. Endocrinology. 2012;153:3960–71. 
https:// doi. org/ 10. 1210/ en. 2012- 1294.

 24. Patel BG, Rudnicki M, Yu J, et al. Progesterone resistance in 
endometriosis: origins, consequences and interventions. Acta 
Obstet Gynecol Scand. 2017;96:623–32. https:// doi. org/ 10. 1111/ 
aogs. 13156.

 25. Machairiotis N, Vasilakaki S, Thomakos N. Inflammatory media-
tors and pain in endometriosis: a systematic review. Biomedi-
cines. 2021;9(1):54. https:// doi. org/ 10. 3390/ biome dicin es901 
0054.

 26. Lin Y-H, Chen Y-H, Chang H-Y, et al. Chronic niche inflamma-
tion in endometriosis-associated infertility: current understanding 
and future therapeutic strategies. Int J Mol Sci. 2018;19(8):2385. 
https:// doi. org/ 10. 3390/ ijms1 90823 85.

 27. Wang X, Jia Y, Li D, et al. The abundance and function of neu-
trophils in the endometriosis systemic and pelvic microenviron-
ment. Mediators Inflamm. 2023;2023:1481489. https:// doi. org/ 
10. 1155/ 2023/ 14814 89.

 28. Huang Y, Li Q, Hu R, et  al. Five immune-related genes 
as diagnostic markers for endometriosis and their correla-
tion with immune infiltration. Front Endocrinol (Lausanne). 
2022;13:1011742. https:// doi. org/ 10. 3389/ fendo. 2022. 10117 42.

https://doi.org/10.1016/j.cell.2015.10.034
https://doi.org/10.1016/j.cell.2015.10.034
https://doi.org/10.1016/j.fertnstert.2018.10.013
https://doi.org/10.1093/molehr/gaw025
https://doi.org/10.1093/humrep/dev025
https://doi.org/10.1093/humrep/dev025
https://doi.org/10.1016/j.fertnstert.2011.05.090.Impact
https://doi.org/10.1016/j.fertnstert.2011.05.090.Impact
https://doi.org/10.3892/mmr.2017.7398
https://doi.org/10.3892/mmr.2017.7398
https://doi.org/10.1259/bjr.20150672
https://doi.org/10.1038/s41574-019-0245-z
https://doi.org/10.1038/s41574-019-0245-z
https://doi.org/10.2217/whe.15.44
https://doi.org/10.2217/whe.15.44
https://doi.org/10.1016/j.jogc.2019.08.004
https://doi.org/10.1016/j.jogc.2019.08.004
https://doi.org/10.2217/WHE.13.77
https://doi.org/10.1016/j.fertnstert.2003.07.038
https://doi.org/10.1016/j.jpag.2012.03.002
https://doi.org/10.1016/j.jpag.2012.03.002
https://doi.org/10.1155/2018/6210172
https://doi.org/10.1055/s-2002-38912
https://doi.org/10.1055/s-2002-38912
https://doi.org/10.3390/pharmaceutics13101618
https://doi.org/10.1016/j.fertnstert.2012.06.029.Pathogenesis
https://doi.org/10.1016/j.fertnstert.2012.06.029.Pathogenesis
https://doi.org/10.3390/ijms21082815
https://doi.org/10.3390/ijms21082815
https://doi.org/10.1210/jc.2012-1154
https://doi.org/10.1016/j.fertnstert.2012.06.056
https://doi.org/10.1016/j.fertnstert.2012.06.056
https://doi.org/10.1210/en.2012-1294
https://doi.org/10.1111/aogs.13156
https://doi.org/10.1111/aogs.13156
https://doi.org/10.3390/biomedicines9010054
https://doi.org/10.3390/biomedicines9010054
https://doi.org/10.3390/ijms19082385
https://doi.org/10.1155/2023/1481489
https://doi.org/10.1155/2023/1481489
https://doi.org/10.3389/fendo.2022.1011742


965Journal of Assisted Reproduction and Genetics (2023) 40:955–967 

1 3

 29. Chen L, Wang X, Shu J, et  al. Diagnostic value of serum 
D-dimer, CA125, and neutrophil-to-lymphocyte ratio in differ-
entiating ovarian cancer and endometriosis. Int J Gynecol Obstet. 
2019;147:212–8. https:// doi. org/ 10. 1002/ ijgo. 12949.

 30. Arici A. Local cytokines in endometrial tissue: the role of inter-
leukin-8 in the pathogenesis of endometriosis. Ann N Y Acad 
Sci. 2009;955:101–9.

 31. Di Carlo C, Bonifacio M, Tommaselli GA, et al. Metalloprotein-
ases, vascular endothelial growth factor, and angiopoietin 1 and 2 
in eutopic and ectopic endometrium. Fertil Steril. 2009;91:2315–
23. https:// doi. org/ 10. 1016/j. fertn stert. 2008. 03. 079.

 32. Selam B, Kayisli UA, Garcia-Velasco JA, et al. Regulation of 
Fas ligand expression by IL-8 in human endometrium. J Clin 
Endocrinol Metab. 2002;87:3921–7. https:// doi. org/ 10. 1210/ 
jcem. 87.8. 8713.

 33. Shi JL, Zheng ZM, Chen M, et al. IL-17: an important pathogenic 
factor in endometriosis. Int J Med Sci. 2022;19:769–78. https:// 
doi. org/ 10. 7150/ ijms. 71972.

 34. Jaillon S, Ponzetta A, Di Mitri D, et al. Neutrophil diversity and 
plasticity in tumour progression and therapy. Nat Rev Cancer. 
2020;20:485–503. https:// doi. org/ 10. 1038/ s41568- 020- 0281-y.

 35. Berbic M, Hey-Cunningham AJ, Ng C, et al. The role of Foxp3+ 
regulatory T-cells in endometriosis: a potential controlling mech-
anism for a complex, chronic immunological condition. Hum 
Reprod. 2010;25:900–7. https:// doi. org/ 10. 1093/ humrep/ deq020.

 36. Abramiuk M, Grywalska E, Małkowska P, et al. The role of the 
immune system in the development of endometriosis. Cells. 
2022;11:1–23. https:// doi. org/ 10. 3390/ cells 11132 028.

 37. Tanaka Y, Mori T, Ito F, et al. Exacerbation of endometriosis 
due to regulatory t-cell dysfunction. J Clin Endocrinol Metab. 
2017;102:3206–17. https:// doi. org/ 10. 1210/ jc. 2017- 00052.

 38. Xiao F, Liu X, Guo SW. Platelets and regulatory T cells may 
induce a type 2 immunity that is conducive to the progression and 
fibrogenesis of endometriosis. Front Immunol. 2020;11:610963. 
https:// doi. org/ 10. 3389/ fimmu. 2020. 610963.

 39 Wu M-H, Hsiao K-Y, Tsai S-J. Endometriosis and possi-
ble inflammation markers. Gynecol Minim Invasive Ther. 
2015;4:61–7. https:// doi. org/ 10. 1016/j. gmit. 2015. 05. 001.

 40. Matsuzaki S, Pouly JL, Canis M. Dose-dependent pro- or anti-
fibrotic responses of endometriotic stromal cells to interleukin-1β 
and tumor necrosis factor α. Sci Rep. 2020;10:1–12. https:// doi. 
org/ 10. 1038/ s41598- 020- 66298-x.

 41. Braga TT, Agudelo JSH, Camara NOS. Macrophages during the 
fibrotic process: M2 as friend and foe. Front Immunol. 2015;6:1–
8. https:// doi. org/ 10. 3389/ fimmu. 2015. 00602.

 42. Wynn TA. Cellular and molecular mechanisms of fibrosis. J 
Pathol. 2008;214:199–210. https:// doi. org/ 10. 1002/ path. 2277.

 43. Zhang Q, Duan J, Liu X, Guo S-W. Platelets drive smooth muscle 
metaplasia and fibrogenesis in endometriosis through epithelial-
mesenchymal transition and fibroblast-to-myofibroblast transdif-
ferentiation. Mol Cell Endocrinol. 2016;428:1–16. https:// doi. 
org/ 10. 1016/j. mce. 2016. 03. 015.

 44. Vigano P, Candiani M, Monno A, et  al. Time to redefine 
endometriosis including its pro-fibrotic nature. Hum Reprod. 
2018;33:347–52. https:// doi. org/ 10. 1093/ humrep/ dex354.

 45. Lebovic DI, Bentzien F, Chao VA, et al. Induction of an angio-
genic phenotype in endometriotic stromal cell cultures by inter-
leukin-1beta. Mol Hum Reprod. 2000;6:269–75. https:// doi. org/ 
10. 1093/ molehr/ 6.3. 269.

 46. Chung MS, Han SJ. Endometriosis-associated angiogenesis and 
anti-angiogenic therapy for endometriosis. Front Glob Women’s 
Heal. 2022;3:1–11. https:// doi. org/ 10. 3389/ fgwh. 2022. 856316.

 47. Rocha ALL, Reis FM, Taylor RN. Angiogenesis and endome-
triosis. Endometr Sci Pract. 2013;2013:190–9. https:// doi. org/ 
10. 1002/ 97814 44398 519. ch19.

 48. Liu H, Zhang Z, Xiong W, et al. Hypoxia-inducible factor-1α 
promotes endometrial stromal cells migration and invasion 
by upregulating autophagy in endometriosis. Reproduction. 
2017;153:809–20. https:// doi. org/ 10. 1530/ REP- 16- 0643.

 49. Li J, Li SX, Gao XH, et al. HIF1A and VEGF regulate each 
other by competing endogenous RNA mechanism and involve 
in the pathogenesis of peritoneal fibrosis. Pathol Res Pract. 
2019;215:644–52. https:// doi. org/ 10. 1016/j. prp. 2018. 12. 022.

 50. Masuda H, Kalka C, Takahashi T, et  al. Estrogen-mediated 
endothelial progenitor cell biology and kinetics for physiological 
postnatal vasculogenesis. Circ Res. 2007;101:598–606. https:// 
doi. org/ 10. 1161/ CIRCR ESAHA. 106. 144006.

 51. Dhesi AS, Morelli SS. Endometriosis: a role for stem cells. Wom-
en’s Health. 2015;11(1):35–49. https:// doi. org/ 10. 2217/ WHE. 14. 
57.

 52. Taylor HS. Endometrial cells derived from donor stem cells in 
bone marrow transplant recipients. JAMA. 2004;292(1):81–5. 
https:// doi. org/ 10. 1001/ jama. 292.1. 81.

 53. Faramarzi H, Mehrabani D, Fard M, et al. The potential of men-
strual blood-derived stem cells in differentiation to epidermal 
lineage: a preliminary report. 2016.

 54. Song Y, Xiao L, Fu J, et al. Increased expression of the pluri-
potency markers sex-determining region Y-box 2 and Nanog 
homeobox in ovarian endometriosis. Reprod Biol Endocrinol. 
2014;12(1):42. https:// doi. org/ 10. 1186/ 1477- 7827- 12- 42.

 55. Pacchiarotti A, Caserta D, Sbracia M, Moscarini M. Expres-
sion of oct-4 and c-kit antigens in endometriosis. Fertil Steril. 
2011;95:1171–3. https:// doi. org/ 10. 1016/j. fertn stert. 2010. 10. 029.

 56. Du H, Taylor HS. Contribution of bone marrow-derived 
stem cells to endometrium and endometriosis. Stem Cells. 
2007;25(8):2082–6. https:// doi. org/ 10. 1634/ stemc ells. 
2006- 0828.

 57. Taniguchi F, Kaponis A, Izawa M, et al. Apoptosis and endome-
triosis. Front Biosci (Elite Ed). 2011;3:648–62. https:// doi. org/ 
10. 2741/ e277.

 58. Beliard A, Noёl A, Foidart J-M. Reduction of apoptosis and pro-
liferation in endometriosis. Fertil Steril. 2004;82(1):80–5. https:// 
doi. org/ 10. 1016/j. fertn stert. 2003. 11. 048.

 59. Braun DP, Ding J, Shaheen F, et al. Quantitative expression of 
apoptosis-regulating genes in endometrium from women with 
and without endometriosis. Fertil Steril. 2007;87(2):263–268. 
https:// doi. org/ 10. 1016/j. fertn stert. 2006. 06. 026.

 60. Bohl J, Goebel HH, Esinger W, et al. Komplikationen nach Zell-
therapie *’ * *. Rechtsmedizin. 1989;1988:1–20.

 61. Bordignon C, Carlo-Stella C, Colombo M, et  al. Cell 
therapy: achievements and perspectives. Haematologica. 
1999;84(12):1110–49. 

 62. El-kadiry AE, Rafei M, Shammaa R. Cell therapy: types, regula-
tion, and clinical benefits. Front Med. 2021;8:1–24. https:// doi. 
org/ 10. 3389/ fmed. 2021. 756029.

 63. Brown C, Mckee C, Bakshi S, et al. Mesenchymal stem cells: 
cell therapy and regeneration potential. J Tissue Eng Regen Med. 
2019;1738–1755. https:// doi. org/ 10. 1002/ term. 2914.

 64 Oiseth SJ, Aziz MS. Cancer immunotherapy: a brief review of the 
history, possibilities, and challenges ahead. J Cancer Metastasis 
Treat. 2017;3:250–61. https:// doi. org/ 10. 20517/ 2394- 4722. 2017. 41.

 65. Miliotou AN, Papadopoulou LC. CAR T-cell therapy: a new era 
in cancer immunotherapy. Curr Pharm Biotechnol. 2018;19:5–
18. https:// doi. org/ 10. 2174/ 13892 01019 66618 04180 95526.

 66 Bonifant CL, Jackson HJ, Brentjens RJ, Curran KJ. Toxicity 
and management in CAR T-cell therapy. Mol Ther - Oncolytics. 
2016;3:16011. https:// doi. org/ 10. 1038/ mto. 2016. 11.

 67. Guillerey C, Huntington ND, Smyth MJ. Targeting natural killer 
cells in cancer immunotherapy. Nat Immunol. 2016;17:1025–36. 
https:// doi. org/ 10. 1038/ ni. 3518.

https://doi.org/10.1002/ijgo.12949
https://doi.org/10.1016/j.fertnstert.2008.03.079
https://doi.org/10.1210/jcem.87.8.8713
https://doi.org/10.1210/jcem.87.8.8713
https://doi.org/10.7150/ijms.71972
https://doi.org/10.7150/ijms.71972
https://doi.org/10.1038/s41568-020-0281-y
https://doi.org/10.1093/humrep/deq020
https://doi.org/10.3390/cells11132028
https://doi.org/10.1210/jc.2017-00052
https://doi.org/10.3389/fimmu.2020.610963
https://doi.org/10.1016/j.gmit.2015.05.001
https://doi.org/10.1038/s41598-020-66298-x
https://doi.org/10.1038/s41598-020-66298-x
https://doi.org/10.3389/fimmu.2015.00602
https://doi.org/10.1002/path.2277
https://doi.org/10.1016/j.mce.2016.03.015
https://doi.org/10.1016/j.mce.2016.03.015
https://doi.org/10.1093/humrep/dex354
https://doi.org/10.1093/molehr/6.3.269
https://doi.org/10.1093/molehr/6.3.269
https://doi.org/10.3389/fgwh.2022.856316
https://doi.org/10.1002/9781444398519.ch19
https://doi.org/10.1002/9781444398519.ch19
https://doi.org/10.1530/REP-16-0643
https://doi.org/10.1016/j.prp.2018.12.022
https://doi.org/10.1161/CIRCRESAHA.106.144006
https://doi.org/10.1161/CIRCRESAHA.106.144006
https://doi.org/10.2217/WHE.14.57
https://doi.org/10.2217/WHE.14.57
https://doi.org/10.1001/jama.292.1.81
https://doi.org/10.1186/1477-7827-12-42
https://doi.org/10.1016/j.fertnstert.2010.10.029
https://doi.org/10.1634/stemcells.2006-0828
https://doi.org/10.1634/stemcells.2006-0828
https://doi.org/10.2741/e277
https://doi.org/10.2741/e277
https://doi.org/10.1016/j.fertnstert.2003.11.048
https://doi.org/10.1016/j.fertnstert.2003.11.048
https://doi.org/10.1016/j.fertnstert.2006.06.026
https://doi.org/10.3389/fmed.2021.756029
https://doi.org/10.3389/fmed.2021.756029
https://doi.org/10.1002/term.2914
https://doi.org/10.20517/2394-4722.2017.41
https://doi.org/10.2174/1389201019666180418095526
https://doi.org/10.1038/mto.2016.11
https://doi.org/10.1038/ni.3518


966 Journal of Assisted Reproduction and Genetics (2023) 40:955–967

1 3

 68. Artemova D, Vishnyakova P, Khashchenko E, et al. Endometrio-
sis and cancer: exploring the role of macrophages. Int J Mol Sci. 
2021;22:1–16. https:// doi. org/ 10. 3390/ ijms2 21051 96.

 69. ClinicalTrials.gov Endometriosis/cell therapy.https:// clini caltr 
ials. gov/ ct2/ resul ts? cond= Endom etrio sis& term= cell+ thera py. 
Accessed 27 Dec 2022.

 70. Mechsner S. Endometriosis, an ongoing pain—step‐by‐step treat-
ment. J Clin Med. 2022;11(2):467. https:// doi. org/ 10. 3390/ jcm11 
020467.

 71. Cho YJ, Lee JE, Park MJ, et al. Bufalin suppresses endometriosis 
progression by inducing pyroptosis and apoptosis. J Endocrinol. 
2018;237:255–69. https:// doi. org/ 10. 1530/ JOE- 17- 0700.

 72. Kulak JJ, Fischer C, Komm B, Taylor HS. Treatment with 
bazedoxifene, a selective estrogen receptor modulator, causes 
regression of endometriosis in a mouse model. Endocrinology. 
2011;152:3226–32. https:// doi. org/ 10. 1210/ en. 2010- 1010.

 73. Wu D, Lu P, Mi X, Miao J. Exosomal miR-214 from endometrial 
stromal cells inhibits endometriosis fibrosis. Mol Hum Reprod. 
2018;24:357–65. https:// doi. org/ 10. 1093/ molehr/ gay019.

 74. Viganò P, Ottolina J, Bartiromo L, et al. Cellular components 
contributing to fibrosis in endometriosis: a literature review. J 
Minim Invasive Gynecol. 2020;27:287–95. https:// doi. org/ 10. 
1016/j. jmig. 2019. 11. 011.

 75. Leask A, Abraham DJ. TGF-β signaling and the fibrotic response. 
FASEB J. 2004;18:816–27. https:// doi. org/ 10. 1096/ fj. 03- 1273r 
ev.

 76. Fan Y, Chen B, Ma X, Su M. Detection of expression of endo-
metriosis-related cytokine and their receptor genes by cDNA 
microarray technique. Xi Bao Yu Fen Zi Mian Yi Xue Za Zhi. 
2005;21:489–92.

 77. Young VJ, Ahmad SF, Duncan WC, Horne AW. The role of 
TGF-β in the pathophysiology of peritoneal endometriosis. 
Hum Reprod Update. 2017;23:548–59. https:// doi. org/ 10. 1093/ 
HUMUPD/ DMX016.

 78. Bernacchioni C, Capezzuoli T, Vannuzzi V, et al. Sphingosine 
1-phosphate receptors are dysregulated in endometriosis: pos-
sible implication in transforming growth factor β-induced fibro-
sis. Fertil Steril. 2021;115:501–11. https:// doi. org/ 10. 1016/j. fertn 
stert. 2020. 08. 012.

 79. Hanada T, Tsuji S, Nakayama M, et al. Suppressive regulatory 
T cells and latent transforming growth factor-β-expressing mac-
rophages are altered in the peritoneal fluid of patients with endo-
metriosis. Reprod Biol Endocrinol. 2018;16:1–8. https:// doi. org/ 
10. 1186/ s12958- 018- 0325-2.

 80. Gurung S, Williams S, Deane JA, et al. The transcriptome of 
human endometrial mesenchymal stem cells under TGFβR inhibi-
tion reveals improved potential for cell-based therapies. Front Cell 
Dev Biol. 2018;6:1–15. https:// doi. org/ 10. 3389/ fcell. 2018. 00164.

 81. Zhou Y, Zhou G, Tian C, et  al. Exosome-mediated small 
RNA delivery for gene therapy. Wiley Interdiscip Rev RNA. 
2016;7:758–71. https:// doi. org/ 10. 1002/ wrna. 1363.

 82. Ibrahim MG, Delarue E, Abesadze E, et al. Abdominal wall 
endometriosis: myofibroblasts as a possible evidence of meta-
plasia: a case report. Gynecol Obstet Invest. 2017;82:96–101. 
https:// doi. org/ 10. 1159/ 00045 2101.

 83. Hu B, Phan SH. Myofibroblasts. Curr Opin Rheumatol. 
2013;25:71–7. https:// doi. org/ 10. 1097/ BOR. 0b013 e3283 5b1352.

 84. Li J, Cen B, Chen S, He Y. MicroRNA-29b inhibits TGF-β1-
induced fibrosis via regulation of the TGF-β1/Smad pathway 
in primary human endometrial stromal cells. Mol Med Rep. 
2016;13(5):4229–37. https:// doi. org/ 10. 3892/ mmr. 2016. 5062.

 85. Kobayashi H. Somatic driver mutations in endometriosis as 
possible regulators of fibrogenesis (Review). World Acad Sci J. 
2019;1(3):105–12. https:// doi. org/ 10. 3892/ wasj. 2019. 12.

 86. Yang J, Huang F. Stem cell and endometriosis: new knowl-
edge may be producing novel therapies. Int J Clin Exp Med. 
2014;7:3853–8.

 87. Sakr S, Naqvi H, Komm B, Taylor HS. Endometriosis impairs 
bone marrow-derived stem cell recruitment to the uterus whereas 
bazedoxifene treatment leads to endometriosis regression 
and improved uterine stem cell engraftment. Endocrinology. 
2014;155:1489–97. https:// doi. org/ 10. 1210/ en. 2013- 1977.

 88. Laschke MW, Giebels C, Nickels RM, et al. Endothelial pro-
genitor cells contribute to the vascularization of endometriotic 
lesions. AJPA. 2011;178:442–50. https:// doi. org/ 10. 1016/j. 
ajpath. 2010. 11. 037.

 89. Wang X, Mamillapalli R, Mutlu L, et al. Chemoattraction of bone 
marrow-derived stem cells towards human endometrial stromal 
cells is mediated by estradiol regulated CXCL12 and CXCR4 
expression. Stem Cell Res. 2015;15:14–22. https:// doi. org/ 10. 
1016/j. scr. 2015. 04. 004. Chemo attra ction.

 90. Hufnagel D, Li F, Cosar E, et al. The role of stem cells in the 
etiology and pathophysiology of endometriosis. Semin Reprod 
Med. 2015;33:333–40. https:// doi. org/ 10. 1055/s- 0035- 15646 09. 
The.

 91. Kim YS, Kim YJ, Kim MJ, et al. Novel medicine for endome-
triosis and its therapeutic effect in a mouse model. Biomedicines. 
2020;8:1–13.

 92. Hull ML, Charnock-Jones DS, Chan CLK, et al. Antiangiogenic 
agents are effective inhibitors of endometriosis. J Clin Endo-
crinol Metab. 2003;88:2889–99. https:// doi. org/ 10. 1210/ jc. 
2002- 021912.

 93. Khoufache K, Bazin S, Girard K, et al. Macrophage migration 
inhibitory factor antagonist blocks the development of endome-
triosis in vivo. PLoS One. 2012;7(5):e37264. https:// doi. org/ 10. 
1371/ journ al. pone. 00372 64.

 94. Pavone ME, Malpani S, Dyson M, Bulun SE. Fenretinide: a 
potential treatment for endometriosis. Fertil Steril. 2014;102:e11. 
https:// doi. org/ 10. 1016/j. fertn stert. 2014. 07. 044.

 95. Hapangama DK, Turner MA, Drury JA, et al. Endometriosis is 
associated with aberrant endometrial expression of telomerase 
and increased telomere length. Hum Reprod. 2008;23:1511–9.

 96. Alnafakh R, Choi F, Bradfield A, et al. Endometriosis is associ-
ated with a significant increase in hTERC and altered telomere/
telomerase associated genes in the eutopic endometrium, an ex-
vivo and in silico study. Biomedicines. 2020;8(12):588. https:// 
doi. org/ 10. 3390/ biome dicin es812 0588.

 97 Sofiyeva N, Ekizoglu S, Gezer A, et al. Does telomerase activity 
have an effect on infertility in patients with endometriosis? Eur J 
Obstet Gynecol Reprod Biol. 2017;213:116–22. https:// doi. org/ 
10. 1016/j. ejogrb. 2017. 04. 027.

 98. Mormile R, Vittori G. MAPK signaling pathway and endome-
triosis: what is the link? Arch Gynecol Obstet. 2013;287:837–8.

 99. Yotova IY, Quan P, Leditznig N, et al. Abnormal activation of 
Ras/Raf/MAPK and RhoA/ROCKII signalling pathways in eutopic 
endometrial stromal cells of patients with endometriosis. Hum 
Reprod. 2011;26:885–97. https:// doi. org/ 10. 1093/ humrep/ der010.

 100. Zhou W-D, Yang H-M, Wang Q, et al. SB203580, a p38 mito-
gen-activated protein kinase inhibitor, suppresses the develop-
ment of endometriosis by down-regulating proinflammatory 
cytokines and proteolytic factors in a mouse model. Hum Reprod. 
2010;25:3110–6. https:// doi. org/ 10. 1093/ humrep/ deq287.

 101. Zhang Y, Yan J, Pan X. miR-141-3p affects apoptosis and 
migration of endometrial stromal cells by targeting KLF-12. 
Pflugers Arch. 2019;471:1055–63. https:// doi. org/ 10. 1007/ 
s00424- 019- 02283-2.

 102. Wang S, Zhang M, Zhang T, et al. microRNA-141 inhibits TGF-
β1-induced epithelial-to-mesenchymal transition through inhibi-
tion of the TGF-β1/SMAD2 signalling pathway in endometriosis. 

https://doi.org/10.3390/ijms22105196
https://clinicaltrials.gov/ct2/results?cond=Endometriosis&term=cell+therapy
https://clinicaltrials.gov/ct2/results?cond=Endometriosis&term=cell+therapy
https://doi.org/10.3390/jcm11020467
https://doi.org/10.3390/jcm11020467
https://doi.org/10.1530/JOE-17-0700
https://doi.org/10.1210/en.2010-1010
https://doi.org/10.1093/molehr/gay019
https://doi.org/10.1016/j.jmig.2019.11.011
https://doi.org/10.1016/j.jmig.2019.11.011
https://doi.org/10.1096/fj.03-1273rev
https://doi.org/10.1096/fj.03-1273rev
https://doi.org/10.1093/HUMUPD/DMX016
https://doi.org/10.1093/HUMUPD/DMX016
https://doi.org/10.1016/j.fertnstert.2020.08.012
https://doi.org/10.1016/j.fertnstert.2020.08.012
https://doi.org/10.1186/s12958-018-0325-2
https://doi.org/10.1186/s12958-018-0325-2
https://doi.org/10.3389/fcell.2018.00164
https://doi.org/10.1002/wrna.1363
https://doi.org/10.1159/000452101
https://doi.org/10.1097/BOR.0b013e32835b1352
https://doi.org/10.3892/mmr.2016.5062
https://doi.org/10.3892/wasj.2019.12
https://doi.org/10.1210/en.2013-1977
https://doi.org/10.1016/j.ajpath.2010.11.037
https://doi.org/10.1016/j.ajpath.2010.11.037
https://doi.org/10.1016/j.scr.2015.04.004.Chemoattraction
https://doi.org/10.1016/j.scr.2015.04.004.Chemoattraction
https://doi.org/10.1055/s-0035-1564609.The
https://doi.org/10.1055/s-0035-1564609.The
https://doi.org/10.1210/jc.2002-021912
https://doi.org/10.1210/jc.2002-021912
https://doi.org/10.1371/journal.pone.0037264
https://doi.org/10.1371/journal.pone.0037264
https://doi.org/10.1016/j.fertnstert.2014.07.044
https://doi.org/10.3390/biomedicines8120588
https://doi.org/10.3390/biomedicines8120588
https://doi.org/10.1016/j.ejogrb.2017.04.027
https://doi.org/10.1016/j.ejogrb.2017.04.027
https://doi.org/10.1093/humrep/der010
https://doi.org/10.1093/humrep/deq287
https://doi.org/10.1007/s00424-019-02283-2
https://doi.org/10.1007/s00424-019-02283-2


967Journal of Assisted Reproduction and Genetics (2023) 40:955–967 

1 3

Arch Gynecol Obstet. 2020;301:707–14. https:// doi. org/ 10. 1007/ 
s00404- 019- 05429-w.

 103 Lebovic DI, Mueller MD, Taylor RN. Immunobiology of endo-
metriosis. Fertil Steril. 2001;75:1–10. https:// doi. org/ 10. 1016/ 
S0015- 0282(00) 01630-7.

 104. Evert JH, Paap R, Nap A, Molen R Van Der. The promises 
of natural killer cell therapy in endometriosis. Int J Mol Sci. 
2022;23(10):5539. https:// doi. org/ 10. 3390/ ijms2 31055 39.

 105. Jeung I, Cheon K, Kim M-R. Decreased cytotoxicity of peripheral 
and peritoneal natural killer cell in endometriosis. Biomed Res Int. 
2016;2016:2916070. https:// doi. org/ 10. 1155/ 2016/ 29160 70.

 106. Paul S, Lal G. The molecular mechanism of natural killer cells 
function and its importance in cancer immunotherapy. Front 
Immunol. 2017;8:1124. https:// doi. org/ 10. 3389/ fimmu. 2017. 
01124.

 107 Li Y, Sun R. Tumor immunotherapy: new aspects of natural 
killer cells. Chin J Cancer Res. 2018;30:173–96. https:// doi. org/ 
10. 21147/j. issn. 1000- 9604. 2018. 02. 02.

 108. Pan P, Kang S, Wang Y, et al. Black raspberries enhance natural 
killer cell infiltration into the colon and suppress the progression 
of colorectal cancer. Front Immunol. 2017;8:997. https:// doi. org/ 
10. 3389/ fimmu. 2017. 00997.

 109. Du Y, Liu X, Guo S-W. Platelets impair natural killer cell reactivity 
and function in endometriosis through multiple mechanisms. Hum 
Reprod. 2017;32:794–810. https:// doi. org/ 10. 1093/ humrep/ dex014.

 110. ClinicalTrials.gov. Hui Qi Clinical study of NK cells in the treat-
ment of severe endometriosis. 2019. https:// clini caltr ials. gov/ ct2/ 
show/ NCT03 948828? cond= endom etrio sis+ nk+ cell+ thera py& 
draw= 2& rank=1. Accessed 30 Dec 2022.

 111. Fuchs TA, Brill A, Wagner DD. Neutrophil extracellular trap 
(NET) impact on deep vein thrombosis. Arterioscler Thromb 
Vasc Biol. 2012;32:1777–83. https:// doi. org/ 10. 1161/ ATVBA 
HA. 111. 242859.

 112. Lukács L, Kovács AR, Pál L, et al. Evaluating the phagocytic index 
of peripheral leukocytes in endometriosis by plasma experiments. 
Medicina. 2022;58(7):925. https:// doi. org/ 10. 3390/ medic ina58 
070925.

 113. Bao C, Wang H, Fang H. Genomic evidence supports the rec-
ognition of endometriosis as an inflammatory systemic disease 
and reveals disease-specific therapeutic potentials of targeting 
neutrophil degranulation. Front Immunol. 2022;13:1–17. https:// 
doi. org/ 10. 3389/ fimmu. 2022. 758440.

 114. He J, Xu Y, Yi M, et al. Involvement of natural killer cells in 
the pathogenesis of endometriosis in patients with pelvic pain. 
J Int Med Res. 2020;48(7):030006051987140. https:// doi. org/ 
10. 1177/ 03000 60519 871407

 115. Bacci M, Capobianco A, Monno A, et al. Macrophages are alter-
natively activated in patients with endometriosis and required 
for growth and vascularization of lesions in a mouse model of 

disease. Am J Pathol. 2009;175:547–56. https:// doi. org/ 10. 2353/ 
ajpath. 2009. 081011.

 116 Nisolle M, Alvarez M-L, Colombo M, Foidart J-M. Pathogenèse 
de l’endométriose. Gynécologie Obs Fertil. 2007;35:898–903. 
https:// doi. org/ 10. 1016/j. gyobfe. 2007. 07. 021.

 117. Zhang F, Ayaub EA, Wang B, et al. Reprogramming of profi-
brotic macrophages for treatment of bleomycin-induced pulmo-
nary fibrosis. EMBO Mol Med. 2020;12(8):e12034. https:// doi. 
org/ 10. 15252/ emmm. 20201 2034.

 118. Doss MX, Koehler CI, Gissel C, et al. Embryonic stem cells: a 
promising tool for cell replacement therapy. J Cellural Mol Med. 
2004;8:465–73.

 119 Efrat S. Cell replacement therapy for type 1 diabetes. Trends Mol 
Med. 2002;8:334–40. https:// doi. org/ 10. 1016/ S1471- 4914(02) 
02365-1.

 120. Xu C, Police S, Rao N, Carpenter MK. Characterization and 
enrichment of cardiomyocytes derived from human embryonic 
stem cells. Circ Res. 2002;91:501–8. https:// doi. org/ 10. 1161/ 01. 
RES. 00000 35254. 80718. 91.

 121. Barberi T, Klivenyi P, Calingasan NY, et al. Neural subtype 
specification of fertilization and nuclear transfer embryonic 
stem cells and application in parkinsonian mice. Nat Biotechnol. 
2003;21:1200–7. https:// doi. org/ 10. 1038/ nbt870.

 122. Miyazaki K, Dyson MT, Coon VJS, et al. Generation of proges-
terone-responsive endometrial stromal fibroblasts from human 
induced pluripotent stem cells: role of the WNT/CTNNB1 path-
way. Stem Cell Reports. 2018;11:1136–55. https:// doi. org/ 10. 
1016/j. stemcr. 2018. 10. 002.

 123. Tinker AV, Hirte HW, Provencher D, et al. Dose-ranging and 
cohort-expansion study of monalizumab (IPH2201) in patients 
with advanced gynecologic malignancies: a trial of the Cana-
dian Cancer Trials Group (CCTG): IND221. Clin Cancer Res. 
2019;25(20):6052–60. https:// doi. org/ 10. 1158/ 1078- 0432. 
CCR- 19- 0298.

 124. Laganà AS, Garzon S, Götte M, Viganò P, Franchi M, Ghezzi 
FMD. The pathogenesis of endometriosis: molecular and cell 
biology insights. Int J Mol Sci. 2019;20(22):5615. https:// doi. 
org/ 10. 3390/ ijms2 02256 15.

Publisher's note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1007/s00404-019-05429-w
https://doi.org/10.1007/s00404-019-05429-w
https://doi.org/10.1016/S0015-0282(00)01630-7
https://doi.org/10.1016/S0015-0282(00)01630-7
https://doi.org/10.3390/ijms23105539
https://doi.org/10.1155/2016/2916070
https://doi.org/10.3389/fimmu.2017.01124
https://doi.org/10.3389/fimmu.2017.01124
https://doi.org/10.21147/j.issn.1000-9604.2018.02.02
https://doi.org/10.21147/j.issn.1000-9604.2018.02.02
https://doi.org/10.3389/fimmu.2017.00997
https://doi.org/10.3389/fimmu.2017.00997
https://doi.org/10.1093/humrep/dex014
https://clinicaltrials.gov/ct2/show/NCT03948828?cond=endometriosis+nk+cell+therapy&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT03948828?cond=endometriosis+nk+cell+therapy&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT03948828?cond=endometriosis+nk+cell+therapy&draw=2&rank=1
https://doi.org/10.1161/ATVBAHA.111.242859
https://doi.org/10.1161/ATVBAHA.111.242859
https://doi.org/10.3390/medicina58070925
https://doi.org/10.3390/medicina58070925
https://doi.org/10.3389/fimmu.2022.758440
https://doi.org/10.3389/fimmu.2022.758440
https://doi.org/10.1177/0300060519871407
https://doi.org/10.1177/0300060519871407
https://doi.org/10.2353/ajpath.2009.081011
https://doi.org/10.2353/ajpath.2009.081011
https://doi.org/10.1016/j.gyobfe.2007.07.021
https://doi.org/10.15252/emmm.202012034
https://doi.org/10.15252/emmm.202012034
https://doi.org/10.1016/S1471-4914(02)02365-1
https://doi.org/10.1016/S1471-4914(02)02365-1
https://doi.org/10.1161/01.RES.0000035254.80718.91
https://doi.org/10.1161/01.RES.0000035254.80718.91
https://doi.org/10.1038/nbt870
https://doi.org/10.1016/j.stemcr.2018.10.002
https://doi.org/10.1016/j.stemcr.2018.10.002
https://doi.org/10.1158/1078-0432.CCR-19-0298
https://doi.org/10.1158/1078-0432.CCR-19-0298
https://doi.org/10.3390/ijms20225615
https://doi.org/10.3390/ijms20225615

	The prospects of cell therapy for endometriosis
	Abstract
	Introduction
	Endometriosis as severe gynecological condition
	Clinical algorithms for EM

	Methods
	Search strategy
	Search criteria

	Results
	Pathogenetic factors and components of EM
	Abnormal hormone levels
	Inflammatory component
	Fibrosis
	Angiogenesis
	Adult stem cells (aSCs)

	Cell therapies: an overview
	Cell therapeutic strategies for EM
	Inhibition of estrogen signaling
	Alleviation of fibrosis
	Inhibition of stem cell capacities
	Inhibition of angiogenesis
	Inhibition of cell survival

	Cell therapies for EM
	Immunotherapy
	NK cells
	Neutrophils
	Macrophages
	Cell replacement therapies

	Possible side effects of potential cell therapy for endometriosis

	Conclusion
	References


