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Abstract
Endometriosis, a heterogeneous, inflammatory, and estrogen-dependent gynecological disease defined by the presence and growth of 
endometrial tissues outside the lining of the uterus, affects approximately 5–10% of reproductive-age women, causing chronic 
pelvic pain and reduced fertility. Although the etiology of endometriosis is still elusive, emerging evidence supports the idea that 
immune dysregulation can promote the survival and growth of retrograde endometrial debris. Peritoneal macrophages and 
natural killer (NK) cells exhibit deficient cytotoxicity in the endometriotic microenvironment, leading to inefficient eradication 
of refluxed endometrial fragments. In addition, the imbalance of T-cell subtypes results in aberrant cytokine production and 
chronic inflammation, which contribute to endometriosis development. Although it remains uncertain whether immune 
dysregulation represents an initial cause or merely a secondary enhancer of endometriosis, therapies targeting altered immune 
pathways exhibit satisfactory effects in preventing disease onset and progression. Here, we summarize the phenotypic and 
functional alterations of immune cells in the endometriotic microenvironment, focusing on their interactions with microbiota 
and endocrine and nervous systems, and how these interactions contribute to the etiology and symptomology of endometriosis.
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Introduction

Endometriosis is an enigmatic, chronic, and inflammatory 
gynecological condition that affects 5–10% of women of 
childbearing age worldwide.[1] Women with endometriosis 
are predisposed to experience chronic pelvic pain, dysmen-
orrhea, and reduced fertility, which are harmful to women’s 
physical and mental health. Endometriosis is defined by the 
presence and growth of vascularized endometrial tissues 
outside the uterus, which typically implant onto and survive 
on the peritoneal surface (superficial peritoneal lesions) or 
ovaries (ovarian endometrioma). Nonetheless, the etiology 
of endometriosis is still poorly understood. Retrograde 
menstruation, which refers to the reflux of endometrial 
debris containing glandular and stromal cells into the pelvic 
cavity during menstruation, is believed to be the primary 
origin of endometriosis.[2] Although increased exposure to 
menstruation (early age at menarche, shorter menstrual 
cycles, and prolonged menstrual bleeding) contributes to a 
higher risk of endometriosis,[1] the theory has several 
explanatory difficulties. For example, this theory is unable 
to well explain the low incidence of endometriosis, although 
it is estimated that retrograde menstruation occurs in more 

than 90% of reproductive-age women, implying that 
certain underlying factors may drive the process as well.

Endometriosis is a multifactorial condition in which 
hereditary, endocrine, inflammatory, and environmental 
signals converge to initiate and sustain the development 
of ectopic lesions. In recent years, immune dysregulation 
has become one of the most intriguing theories pertaining 
to the pathogenesis of endometriosis. Emerging evidence 
has reported a phenotypic and functional adaptation of 
diverse immune cells in response to stimuli of chronic 
inflammation provoked by ectopic lesions.[3-5] Based on the 
retrograde menstruation theory proposed by Sampson,[2] 
deficient cytotoxicity of various effector immune cells 
has been confirmed in patients with endometriosis. This 
may contribute to the establishment of an immunosup-
pressive milieu within the endometriotic lesions, which 
is favorable for the survival and proliferation of regurgi-
tated endometrium fragments. Furthermore, transcriptional 
analysis of immunoinflammatory signatures revealed distinct 
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molecular profiles between the ectopic endometrium from 
endometriosis patients and the eutopic endometrium from 
the control. Moreover, among the differentially expressed 
genes, those implicated in inflammation regulation, immune 
cell recruitment, and cellular adhesion were aberrantly 
elevated in the ectopic lesions.[6] Additionally, recent 
advances in multiomics and single-cell sequencing tech-
nology have enabled a more comprehensive appreciation of 
immunological scenarios within the endometriotic niche. 
The integrated analysis of single-cell RNA sequencing and 
bulk tissue deconvolution identified different cellular 
compositions of endometria from endometriosis and control, 
emphasizing that both immune cells and non-immune cells 
in endometriotic patients exerted proinflammatory effects 
on the eutopic endometrial environment [Figure 1].[7]

In this review, we summarized the hallmarks of the immune 
components of the endometriotic microenvironment with 
a focus on their crosstalk with microbiota and endocrine and 
nervous systems, highlighting the potential of immuno-
therapy in the management of endometriosis [Table 1].

Innate Immunity

Macrophages

Under healthy circumstances, increased infiltration of 
macrophages in the endometrium mainly occurs during 
the late secretory phase and menstrual phase,[4] indicating 
that macrophages play a role in the initiation of endome-
trial shedding, clearance of endometrial debris, and 
regeneration of the functional layer. However, patients 
with endometriosis did not have an increase in endome-
trial macrophages, which may lead to compromised eradi-
cation of denuded fragments, enabling the fragments to 
disperse to the pelvic cavity and subsequently form ectopic 
lesions.[4] Moreover, deep immunophenotyping analysis 
by Vallvé-Juanico et al[8] revealed that macrophages from 
endometriosis patients possessed a higher proinflammatory 
profile and reduced phagocytic capacity compared to macro-
phages from healthy women; this might result from the 
overexpression of CD64 (associated with inflammation) 
and CD172a (phagocytosis inhibitor), respectively. In addi-
tion, evidence from a mouse model indicated that depletion 
of macrophages by clodronate liposomes or monoclonal 
antibodies could inhibit the growth and vascularization of 
ectopic lesions, implying a critical role of macrophages in 
the establishment and angiogenesis of endometriosis.[3]

Macrophages are a group of heterogeneous cells exhibiting 
plasticity in response to environmental stimuli. Depending 
on membrane receptors and polarization states, macro-
phages are categorized as either classically activated 
phenotypes (M1) or alternatively activated phenotypes 
(M2). In recent years, the dynamic equilibrium and recip-
rocal interaction between M1 and M2 macrophages have 
attracted much interest in the pathophysiology of endo-
metriosis. In comparison to the control, endometriotic 
lesions and peritoneal fluid from endometriosis patients 
exhibited a relative increase in the M2 macrophage abun-
dance and a corresponding decrease in the M1 macro-
phage population.[3,9] This could be partially attributable 
to a switch from M1 to M2. According to Nie et al,[9] 
exposure to endometriotic homogenates could induce a 
switch from M1 to M2, and intraperitoneal adoptive 
transfer of M1 or M2 macrophages in an endometriosis 
mouse model could considerably either hamper or accel-
erate the establishment and growth of ectopic lesions.[3] 
Moreover, exosomes from endometrial stromal cells 
(ESCs) of endometriosis patients could also encourage a 
shift of macrophages toward M2 polarization in vitro and 
facilitate the implantation and growth of the ectopic 
endometrium by recruiting M2 macrophages in vivo.[10,11] 
These findings imply that the intricate signal network in 
the ectopic environment can modify the polarization of 
infiltrated macrophages. In turn, alternatively activated 
macrophages produce anti-inflammatory cytokines and 
induce immune tolerance, which ultimately generates a 
permissive microenvironment that is favorable for ectopic 
lesion growth.

Natural killer (NK) cells

NK cells are essential components of the innate immune 
system that play a crucial role in defending against viral 
infection and tumorigenesis. Numerous investigations 

Figure 1: Etiology of endometriosis: retrograde menstruation and impaired immune 
environment. Following the retrograde menstruation theory proposed by Sampson, stromal 
and glandular components of shed endometrial tissue reflux into the pelvic cavity during 
menstruation. The regurgitated fragments trigger an aberrant infiltration of multiple immune 
cells into the endometriotic niche, inducing reduced cytotoxicity and aberrant cytokine 
secretion. The impaired microenvironment, in return, contributes to the angiogenesis, 
neurogenesis, and endometriotic lesion progression.
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have proven that the activities of the local and systemic 
NK cells of endometriosis patients are lower than those 
of healthy women.[5,12] The extent and state of NK cell 
activity are determined by the interplay of various killer 
cell inhibitory receptors (KIRs) and killer cell-activating 
receptors (KARs). Previous research has demonstrated 
that KIR expression in circulating and peritoneal NK 
cells was enhanced in endometriosis-affected women,[13] 
which led to a functional depletion of NK cells. The 
diminished cytotoxic activity may further impede the 
clearance of the autologous endometrium and promote 
its extrauterine implantation.

The deficiency in NK cell cytotoxicity appears to be the 
most basic explanation for endometriosis etiology. 
Nevertheless, it might also represent a consequence of 
the inflammatory microenvironment generated by the 
endometriotic lesions. Peritoneal fluid from endome-
triosis patients has been shown to suppress NK cells, 
implying that there should be certain molecules gener-
ated in the endometriotic environment affecting NK cell 
activity.[14] Of note, soluble ligands for natural killer 
group 2, member D (NKG2D), an essential activating 
receptor on NK cells, are present in higher concentra-
tions in the peritoneal fluid of endometriosis patients. 
This indicates a decreased expression of NKG2D ligands 
(NKG2DLs) on the surface of endometriotic cells, 
leading to less recognition and reduced clearance from 
NK cells.[15] In fact, the release of soluble NKG2DLs has 
been interpreted as a mechanism by which neoplastic 
cells depress NK cell activity and escape from immuno-
surveillance. Additionally, Guo et al[16] illustrated that 
platelets, which were markedly increased in the perito-
neal fluid of endometriosis-affected women, could also 
impair NK cell cytotoxicity through a variety of mecha-
nisms. Since activated platelets displayed high expres-
sion of histocompatibility complex I (MHC-I), endome-
triotic cells were induced to pseudoexpress MHC-I by 
platelet coating and thus were recognized as “pseudo self” 
cells by NK cells, which ultimately resulted in immune 
escape.[17] In addition, by downregulating NKG2D, 
platelet-derived transforming growth factor (TGF)-b can 
directly inhibit the function of NK cells. Concerning 
uterine NK (uNK) cells, increased immature NK cells 
have been observed in the eutopic endometrium and 
peripheral circulation in women with endometriosis 
compared to women without this disorder.[18] Interest-
ingly, surgical excision of endometriotic lesions could 
partially reverse the rise of immature NK cells in periph-
eral blood, suggesting that the presence of ectopic 
lesions may interfere with the differentiation and matu-
ration of NK cells.[1]

The etiology of endometriosis is heavily dependent on NK 
cells; in endometriosis, these cells display reduced cyto-
toxicity in the peritoneal fluid and peripheral circula-
tion, which may aid in the implantation and growth of 
endometriotic fragments. However, little research has 
been carried out on the function of uNK cells in endome-
triosis. Given the primary function of uNK cells in decidual 
homeostasis, placental development, and embryonic 
growth, investigating the mechanisms underlying the 
defect in the phenotype and function of uNK cells may 

provide new insights into the infertility of endometriosis 
patients and offer innovative therapeutic approaches.

Dendritic cells (DCs)

Currently, phenotypic and functional alterations in DCs 
have been linked to the pathogenesis of endometriosis. 
The absolute number of DCs in the peritoneal fluid is 
the same in endometriosis patients and the control.[19] 
Nevertheless, endometriosis patients have considerable 
immature DCs in their endometrium.[20] In addition, 
immature DCs are abundant at the endometriotic site 
and gradually decline from the adjacent to the distant 
peritoneum.[20] Moreover, peritoneal fluid from patients 
with advanced endometriosis was proven to associated with 
the differentiation of monocytes from DCs to macro-
phages,[21] revealing that the aberrant endometriotic 
microenvironment might induce defective maturation of 
DCs, which, in turn, may lead to the inefficient eradica-
tion of regurgitated fragments. On the flip side, increasingly 
infiltrated immature DCs have been regarded as a strategy 
for tumor cells to induce and sustain angiogenesis. In vivo 
data from Fainaru et al[22] support this notion by demon-
strating an elevated infiltration of immature DCs at 
angiogenesis sites in murine endometriosis models. More-
over, immature DCs displayed increased expression of the 
vascular endothelial growth factor receptor (VEGFR) 
and were more responsive to VEGF, indicating a switch 
in their functions from immune modulation toward 
angiogenesis promotion. Findings from Suen et al[23] 
further proved that enhanced interleukin (IL)-10 produc-
tion from DCs might partially underlie the mechanism 
of their proangiogenic effects in endometriosis.

However, in vivo research on the impacts of DCs on 
endometriosis development has yielded contradictory 
results. According to Fainaru et al,[22] intraperitoneal 
transfer of immature DCs in an endometriosis mouse 
model augmented lesion formation and facilitated 
neovascularization, indicating that these cells are critical 
for the onset and progression of endometriosis. Simi-
larly, Pencovich et al[24] reported that systematic abla-
tion of DCs in a murine endometriosis model could 
result in considerable lesion shrinkage, supporting the 
idea that the presence of DCs is required for lesion devel-
opment. However, some studies have reported 
conflicting results. Evidence from Stanic et al[25] has 
shown a negative impact of DC ablation on ectopic 
lesion growth. They found that DCs could impair the 
early establishment of endometriotic lesions by acti-
vating T cells. These contradictory findings warrant 
more thorough investigations to determine whether DCs 
encourage or hinder the development of endometriosis. 
Given the critical roles of DC maturation in the patho-
genesis of endometriosis, single-cell sequencing is 
required to precisely define the dynamic phenotypic and 
functional modification of DCs throughout their matura-
tion, which is a tremendously promising topic for inno-
vative therapy development.

Myeloid-derived suppressor cells (MDSCs)

MDSCs represent a highly heterogeneous group of imma-
ture myeloid cells with the capacity to repress immune 
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responses. Since impaired immunosurveillance has been 
identified as a major contributor to endometriosis, MDSCs, 
which elicit substantial immunosuppressive effects in multiple 
inflammatory diseases, have received much attention in 
the pathophysiology of endometriosis in recent years. 
Accumulating data suggest that individuals with endo-
metriosis have increased MDSC infiltration in their perito-
neal fluid compared with those without this disease.[26,27] 
This increase could be partially reversed following surgical 
excision of ectopic lesions, indicating that certain envi-
ronmental cues should be responsible for the activation 
and expansion of MDSCs.[28] In fact, multiple chemo-
kines have been shown to have vital roles in directing 
circulating MDSCs to a specific local niche in a tumor 
or inflammatory milieu. In accordance with these find-
ings, chemokines, such as chemokine (C-X-C motif) 
ligand (CXCL)1, CXCL2, chemokine C-C motif ligand 
(CCL)3, CCL5, and CCL25, were increased in the peri-
toneal fluid of endometriosis patients. Meanwhile, the 
receptors of these chemokines, C-X-C motif chemokine 
receptor (CXCR)2, C-C motif chemokine receptor (CCR)5, 
and CCR9, are abundantly expressed on MDSCs, boosting 
the recruitment of MDSCs.[26-28] Indeed, the presence of 
MDSCs is proven to be critical for the development of 
ectopic lesions since MDSC depletion with anti-Gr-1 
monoclonal antibodies dramatically suppressed the 
growth of endometrium implants, whereas adoptive 
transfer of exogenous MDSCs could reverse the suppressive 
effect.[28] Jiang et al[29] discovered that endometriosis-
induced MDSCs were correlated with aberrant activa-
tion of the Notch pathway and that blocking Notch 
signals could not only slow the development of ectopic 
lesions but also reduce the infiltration of MDSCs. This 
implies that MDSCs play a fundamental role in the progres-
sion of endometriosis in a Notch-dependent manner. 
Notably, He et al[30] demonstrated that sunitinib, a 
receptor tyrosine kinase inhibitor, could significantly 
weaken the formation and progression of ectopic lesions 
in an endometriosis mouse model by transforming 
immature mononuclear MDSCs into a mature poly-
nuclear phenotype. This alteration in morphology may 
also reflect a shift in their functional activities from pro-
endometriotic toward anti-endometriotic as the RNA-
sequencing data revealed a substantial elevation of 
immune activation genes in the sunitinib group.

These findings imply that MDSCs are crucial in estab-
lishing the immunosuppressive microenvironment in 
endometriosis. The fundamental process of their differ-
entiation, recruitment, and activation throughout this 
disease is not yet fully understood. Since MDSCs consist 
of a range of immature myeloid cells and lack unique 
phenotypic molecules, it is challenging to isolate and 
modify MDSCs without interfering with normal mono-
cytes and neutrophils. Further studies, potentially with 
the application of single-cell RNA sequencing and 
multiomics technology, are needed to determine whether 
MDSCs can be divided into smaller subgroups with 
distinct functional properties. Additionally, proper 
demonstration of each group’s unique molecules is 
necessary to better understand their pathobiological 
impacts on endometriosis and ensure more precise 
targets for ectopic lesions.

Adaptive Immunity

T cells

CD8+ T cells

CD8+ T cells, also named cytotoxic T cells, serve as the 
primary effector cells to eliminate infected cells and tumor 
cells through cytokine secretion or FasL-induced apop-
tosis, providing persistent immunosurveillance to maintain 
homeostasis. However, impaired CD8+ T-cell immune 
responses have been reported in endometriosis patients, 
given their decreased perforin expression and deficient 
cellular cytotoxicity against autologous endometrial 
cells.[31] Moreover, the number of CD8+ T cells in periph-
eral circulation from healthy individuals is more abundant 
in the luteal phase than in the follicular phase. This fluctua-
tion throughout the menstrual cycle was not observed in 
endometriosis patients, reflecting aberrant regulation of 
CD8+ T-cell distribution and activity in endometriosis.[32] 
Melioli et al[33] reported that the impaired cytotoxicity 
of CD8+ T cells could be restored with recombinant IL-2, 
providing an intriguing therapeutic strategy to overcome 
the restrained anti-endometriotic immune responses.

CD4+ Th17 cells

In endometriosis, the number of Th17 cells in the perito-
neal fluid is significantly elevated compared with that in 
healthy women, and the percentage of these cells coin-
cides with the severity of this disease.[34] The increased 
abundance of Th17 cells is proposed to result from the 
interaction of CCL20 and its receptor CCR6. Hirata 
et al[35] discovered that the predominant Th17 cells in the 
peritoneal fluid from endometriosis patients expressed a 
high level of CCR6. Additionally, these CCR6+ Th17 cells 
could be selectively recruited to the lesion site in response 
to the CCL20 secreted by the endometrial stromal and 
epithelial cells, suggesting that the endometriotic microen-
vironment has a role in regulating Th17 cell activity. In 
return, IL-17, the signature cytokine derived from Th17 
cells, is dramatically elevated in the peritoneal fluid of 
endometriosis patients and plays a crucial role in the 
initiation, development, and progression of endometriosis 
via multiple mechanisms.[36] Hirata et al[37] substantiated 
that IL-17 could induce the proliferation and IL-8 secre-
tion of endometriotic stromal cells, which could facilitate 
the development of ectopic lesions. Additionally, IL-17 
could provoke the secretion of a wide range of angioge-
netic factors and proinflammatory cytokines, hence 
favoring the development of new capillaries and the 
growth of the implanted endometrium.[38] Furthermore, 
given its chemotactic capacity, IL-17 is involved in the 
recruitment of macrophages and neutrophils to endome-
triotic lesions and is responsible for triggering M2 polar-
ization.[36,39] These findings emphasize the critical role of 
Th17 cells in orchestrating complex interactions among a 
variety of immune cells in endometriosis. Markedly, 
current research has characterized distinct gene expres-
sion profiles of Th17 cells in individuals with and 
without endometriosis, providing a novel understanding 
and potential therapeutic targets of endometriosis.[40]
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CD4+ Treg cells

Treg cells are potent immunosuppressive cells that exert 
inhibitory effects on the immune responses of cytotoxic T 
cells, macrophages, and NK cells. The number of Treg 
cells is elevated in the peritoneal fluid of individuals with 
endometriosis compared to those without.[41] Similar find-
ings were also observed in the eutopic endometrium.[42] 
Consistent with these findings, Khan et al[43] found that 
the increase in Treg cells was relevant to the stage of 
endometriosis, implying an important role of Treg cells in 
the progression of this condition. Furthermore, evidence 
from Olkowska-Truchanowicz et al[44] suggested that the 
elevation of the Treg cell population might be due to the 
chemotactic activity of CCL20 in the endometriotic 
microenvironment as the elevation could be restrained 
with the administration of anti-CCL20 antibodies. More-
over, Wang et al[45] reported that coculture of ESCs and 
macrophages resulted in dramatically increased levels of 
CCL22 and CCL17, which could stimulate the recruit-
ment and TGF-b secretion of Treg cells. Furthermore, 
Treg-derived TGF-b was reported to function synergisti-
cally with IL-1b and tumor necrosis factor (TNF)-a to 
promote angiogenesis of ectopic lesions, potentially accel-
erating the progression of endometriosis. Treg cells can 
also trigger pro-repair polarization of macrophages via 
the secretion of soluble fibrinogen-like protein 2 (sFGL2). 
The sFGL2-induced prorepair macrophages could recip-
rocally facilitate the differentiation of Treg cells, forming 
a positive feedback loop to promote endometriosis.[46] In 
line with these results, in vivo data revealed that deple-
tion of Treg cells significantly decelerated the growth of 
ectopic lesions and led to a decreased accumulation of 
Th2 cells, Th17 cells, and macrophages but an elevated 
accumulation of Th1 cells.[47] These findings revealed an 
intricate microenvironment within the ectopic lesions, 
where Treg cells, macrophages, T helper cells, and endo-
metrial cells work synergically to initiate endometriosis.

CD4+ Th1 and Th2 cells

Th1 cells are characterized by the capacity to produce IL-2, 
interferon (IFN) -g, and TNF-a, which are involved in 
proinflammatory immune responses and cellular immu-
nity. By secreting IL-4 and IL-10, Th2 cells, by contrast, 
exhibit anti-inflammatory properties and have a role in 
modulating B-cell proliferation and differentiation. In 
endometriosis patients, the percentage of Th1 cells in 
ectopic lesions was relatively reduced compared with that 
in the eutopic endometrium, while the proportion of Th2 
cells remained consistent, showing a skew of the T helper 
cell balance toward Th2-mediated anti-inflammatory 
responses within the endometriotic niche.[48] Moreover, 
Olkowska-Truchanowicz et al[49] demonstrated that the 
peritoneal fluid of endometriosis patients could dramati-
cally trigger the secretion of IL-4 and IL-10 while inhib-
iting the production of IL-2, IFN-g, and TNF. These find-
ings strongly suggested that the endometriotic milieu was 
responsible for inducing a shift in the Th1/Th2 balance 
toward Th2-skewed immunity. The Th1/Th2 imbalance 
might, in turn, facilitate the establishment of an immuno-
suppressive environment, which is favorable for the 
survival and development of ectopic lesions. Furthermore, 

Mier-Cabrera et al[50] evaluated the effects of Th1-derived 
and Th2-derived cytokines on the growth of the 
implanted endometrium in an endometriosis mouse 
model. They demonstrated that the lesions significantly 
shrank with the administration of IFN-g and IL-2, rather 
than IL-4 and IL-10, implying an inhibitory role of Th1-
related responses in the progression of endometriosis. 
Additionally, evidence from Li et al[51] reported that IL-37 
could inhibit the development of mouse ectopic lesions 
by repressing Th2 differentiation. These findings provide 
a possible therapeutic strategy for restraining the progres-
sion of endometriosis by remodeling the Th/Th2 balance.

B lymphocytes

Most studies have identified an elevated amount of B cells 
in endometriosis patients, although some have reported 
no differences or even a decrease in B-cell infiltration in 
endometriosis patients compared with control.[52] 
Despite the conflicting observations on the numbers of B 
cells, there is a consensus that B cells in the endometri-
otic milieu display excessive activity, manifested by the 
heightened production of autoantibodies. Although 
endometriosis has not yet been characterized as a 
specific autoimmune disease, it shares certain character-
istics with autoimmune diseases, such as familial preva-
lence, increased cytokine production, and aberrant immune 
responses.[53] Moreover, several anti-endometrium anti-
bodies were correlated with the severity of this disease 
and identified as promising biomarkers for the diagnosis 
of minimal to mild endometriosis.[54] It is speculated 
that the aberrant production of autoantibodies may be 
caused by the exposure of endometrial antigens to the 
extrauterine environment during menstrual retro-
grade.[53] Moreover, several studies found deposits of 
autoantibodies in the eutopic endometrium of endome-
triosis patients with infertility,[55] suggesting that autoim-
mune responses provoked by the regurgitated endome-
trium may, in turn, impair the fecundity of the eutopic 
endometrium. Notably, the decreased pregnancy rate of 
autoantibody-positive patients could be restored with 
the administration of corticosteroids,[56] providing a novel 
therapeutic approach to overcome autoantibody-
induced infertility.

Although the exact mechanism through which B cells 
are activated in ectopic foci remains mostly unknown, 
several factors have been proposed to specifically trigger 
B-cell responses.[52] In particular, B lymphocyte stimu-
lator (BLyS), which is essential for the proliferation and 
differentiation of B cells, was dramatically elevated in 
the serum of endometriosis patients compared with 
healthy women.[57] Notably, the aberrant expression of 
BLyS was identified as a critical driver of autoimmune 
responses in a variety of diseases. Therefore, it is plau-
sible that the elevated BLyS in the endometriotic milieu 
may contribute to the overactivation of B cells and 
excessive production of autoantibodies, both of which 
are favorable for the progression of endometriosis. In 
addition, B-cell lymphoma 6 (BCL6), a critical regulator 
of humoral immunity, was overexpressed in endome-
triosis patients at both protein and messenger RNA 
(mRNA) levels.[58] Furthermore, BCL6 was validated to 
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have favorable diagnostic value for endometriosis, and 
its excessive accumulation was related to individuals’ 
reduced fertility.[59] In vivo findings from Riccio et al[60] 
demonstrated that CD20 antibody-mediated B-cell 
depletion had no impact on the size and weight of 
ectopic lesions in mice. However, ibrutinib, a specific 
inhibitor of Bruton’s tyrosine kinase (Btk), which is 
important for B-cell differentiation, significantly 
restrained the growth of ectopic lesions by skewing acti-
vated B cells to regulatory B cells (Bregs). Given that the 
shift toward Bregs, rather than the depletion of total B 
cells, impaired the development of the implanted endo-
metrium,[60] it is apparent that various B-cell subtypes 
may exhibit distinct effects on the pathophysiology of 
endometriosis. Thus, single-cell sequencing holds excel-
lent promise in clarifying the molecular states of each B-
cell subpopulation in endometriosis, which could deepen 
our understanding of the relationship between endome-
triosis and B cells. Moreover, recent advances in omics 
technology have enabled the discovery of novel autoanti-
bodies, which may offer valuable diagnostic biomarkers 
and therapeutic targets for endometriosis [Figure 2].

Immune–endocrine Interplay in Endometriosis

Endometriosis exhibits both dysregulated immune 
responses and inadequate hormonal control. However, 
the complex interactions between these two distinct, but 

correlated, systems and their synergistic impacts on the 
pathogenesis of endometriosis are not yet fully under-
stood. Multiple immune populations fluctuate across the 
menstrual cycle in healthy women,[61] but the fluctuation 
is disturbed in women with endometriosis, reflecting the 
dysregulated modulatory effect of sex hormones on 
immune cells.

Estrogen receptor a (ERa) and estrogen receptor b (ERb), 
nuclear cognate receptors of estrogen, are increasingly 
expressed and activated in the ectopic lesions of endome-
triosis patients compared with the normal endometrium of 
healthy controls.[62,63] Moreover, using ERa-/- mice with 
endometriosis, Burns et al[62] demonstrated that ERa-
mediated signaling was essential for the proliferation, 
angiogenesis, and growth of ectopic lesions. Their follow-
up study further explored the underlying ERa-mediated 
mechanism favoring the establishment of endometriosis. 
In ERa-knockout conditions, they revealed that the devel-
opment of endometriosis in the initial 48 h was an 
immune-dependent phase, as evidenced by a substantial 
influx of macrophages and neutrophils.[64] However, the 
estradiol–ERa-IL-6 axis was shown to govern the develop-
ment of endometriosis 48 h after disease initiation. These 
findings suggested that the early initiation of endome-
triosis was precisely regulated by the dynamic cooperation 
of innate immunity and ERa-mediated signaling.[64]

Figure 2: Immune landscape of the endometriotic lesions. The endometriotic immune cell repertoire is remodeled during endometriosis and takes part in the chronic inflammatory 
microenvironment, which facilitates neuro-angiogenesis and immune escape, further exaggerating the lesion progression. The pathological roles of each immune cell population are 
summarized. ESC: Endometrial stromal cell; IFN: Interferon; IL: Interleukin; KAR: Killer cell-activating receptor; KIR: Killer cell inhibitory receptor; MDSCs: Myeloid-derived suppressor 
cells; Th: T helper; TNF: Tumor necrosis factor; Treg cells: Regulatory T cells.
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Concerning the role of ERb in endometriosis, Han et al[63] 
reported that inhibition of ERb with the administration 
of its selective antagonist significantly decelerated lesion 
formation in mice with endometriosis. Conversely, over-
expression of ERb promoted endometriosis growth both 
in vitro and in vivo. Mechanically, ERb could interact 
with the cytoplasmic apoptosome to repress TNF-b-
mediated apoptosis, thus favoring the immune escape of 
the regurgitated endometrium.[63] In line with these find-
ings, Gou et al[65] revealed that enhanced ERb expres-
sion in endometriotic stromal cells contributed to the 
secretion of CCL2, which was responsible for the 
recruitment of M2 macrophages to the endometriotic 
niche. In turn, aberrant infiltration of M2 macrophages 
was reported to accelerate the proliferation of endome-
triotic stromal cells,[9] thereby forming a positive feed-
back loop conducive to the progression of endome-
triosis. Recently, Zhao et al[66] developed two ER-
selective ligands, oxabicycloheptene sulfonate (OBHS) 
and chloroindazole (CLI), with ERb-dependent effi-
ciency and ERa-predominant activity, respectively. Both 
ligands exhibited negative effects on macrophage infiltra-
tion and lesion growth in a mouse endometriosis model, 
providing a potential treatment for endometriosis.

Taken together, enhanced estrogen signaling and dysregu-
lated immune responses cooperate closely to promote the 
development of endometriosis. Despite the great chal-
lenge it presents, simultaneously targeting these pathways is 
a promising direction for creating innovative therapies.

Intricate Crosstalk between Microbiota and Endometriosis

Microbiota, which are composed of bacteria, fungi, 
viruses, and protists living in the human body, have 
evolved to maintain and regulate human physiology 
during their long symbiotic relationship with their hosts. 
Impairment or imbalance of microbiota, also known as 
dysbiosis, is implicated in the perturbed immune 
responses and chronic inflammation of the hosts and, as 
a result, has a fundamental role in a broad spectrum of 
diseases.[67-69] As endometriosis is characterized by defec-
tive immunosurveillance and perpetuating inflamma-
tion, it is speculated that there is an inextricable link 
between microbiota and endometriosis. Indeed, micro-
biota alterations in the endometrium, cervix, vagina, and 
gut were detected in individuals with endometriosis 
compared to those without this disease, which were 
manifested with decreased probiotics and elevated 
opportunistic bacteria.[70-72] Specifically, the abundance 
of Lactobacillus, which is dominant in the cervico-
vaginal microenvironment under healthy conditions, 
was significantly reduced in the genital tract of endome-
triosis patients.[70,71] As Lactobacillus is critical for main-
taining vaginal homeostasis by secreting lactic acid and 
other antimicrobial factors, it is reasonable to deduce 
that the reduction in Lactobacillus may alter the local 
immune cell repertoire and trigger a proinflammatory 
environment that favors the development of ectopic 
lesions. Supporting this proposition, oral administration 
of Lactobacillus gasseri OLL2809 could both signifi-
cantly suppress the progression of endometriotic lesions 
in a mouse model and effectively relieve dysmenorrhea 

and menstrual pain in endometriosis patients.[73,74] 
Intriguingly, Atopobium and Gardnerella,[70,75] two 
significant pathogenic microorganisms of bacterial vagi-
nosis (BV), are enriched in the cervix and vagina of 
endometriosis patients, revealing a possible correlation 
of endometriosis with reproductive tract infections. 
Given the significant differences in microbiota composi-
tions between women with and without endometriosis, 
there is an expectation that microbiota profiles could be 
employed as a non-invasive diagnostic tool for endome-
triosis. Two studies have demonstrated the diagnostic value 
of vaginal and gut microbiome profiles in predicting the 
presence and stages of endometriosis.[72,76]

Recently, attempts have been made to elucidate the 
causal relationship between microbiota and endome-
triosis. In vivo evidence from a mouse model has shown 
an alteration in the gut microbiota composition between 
the control mice and endometriosis mice,[77] suggesting 
that endometriosis may induce alterations in the gut 
microbiota. Several studies have also suggested a regula-
tory role of the microbiota in the course of endome-
triosis. Depleting gut microbiota with broad-spectrum 
antibiotics, Chadchan et al[75] reported a significantly 
reduced size of ectopic lesions in an endometriosis 
mouse model, while the anti-endometriotic effects of 
antibiotics could be reversed by oral supplementation of 
feces from endometriosis mice. Likewise, eliminating 
vaginal microbiota with the vaginal administration of 
antibiotics has also shown an inhibitory impact on the 
growth of the implanted endometrium.[78] Although the 
exact mechanisms through which microbiota trigger the 
initiation of endometriosis are still speculative, the bacte-
rial contamination theory has gained much attention in 
recent years. It was postulated that bacterial lipopolysac-
charides (LPSs) carried by retrograde menstruation may 
initiate endometriosis via the TLR4 pathway.[79]

Overall, alterations in microbiota profiles were heavily 
implicated in the pathophysiology of endometriosis. 
Manipulating the microbiota through antibiotics or 
microbiota transplantation may lead to the development 
of novel therapeutic avenues for endometriosis. Further 
studies are needed to identify the core microbiota driving 
the pathogenesis of endometriosis and to comprehensively 
elucidate the underlying mechanism that mediates the 
intricate interplay between endometriosis and microbiota.

Immunological Factors Involved in the Endometriosis 
Symptomology

Endometriosis-associated infertility

Endometriosis-associated infertility has long been linked 
to dysregulated immune responses as they can interfere 
with sperm motility, endometrial decidualization, and 
embryo implantation. Utilizing NanoString transcrip-
tomic analysis, Ahn et al[6] revealed distinct molecular 
profiles of immunoinflammatory genes between the 
ectopic lesions from infertile endometriosis patients and 
the eutopic endometrium from the fertile control. Notably, 
genes related to decidualization were significantly decreased 
in those with endometriosis, indicating that aberrant 
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inflammation might be implicated in endometriosis-
associated infertility. This hypothesis has been supported 
by the discovery of alterations in a variety of inflamma-
tory cytokines in the serum and peritoneal fluid of infer-
tile endometriosis patients. Specifically, IL-6, associated 
with recurrent implantation failure, displayed increased 
expression in the peritoneal fluid from infertile endome-
triosis patients compared to control.[80] However, most 
findings about the role of inflammatory cytokines in 
endometriosis-induced infertility remain observational, 
and further studies are warranted to elucidate cause-and-
effect relationships.

Another important factor involved in endometriosis-
associated infertility is the excessive production of auto-
antibodies by B cells. The serum concentrations of anti-
nuclear antibodies (ANAs) and antiphospholipid anti-
bodies (aPLs) were dramatically elevated in endome-
triosis patients compared with control.[81,82] Given that 
aPLs interfere with oocyte maturation, endometrium 
receptivity, and embryo development during preg-
nancy[82] and that ANAs impede embryo development in 
mice,[83] it is reasonable to deduce that the aberrant 
accumulation of ANAs and aPLs in endometriosis 
patients may contribute to the impairment of fertility. By 
contrast, autoantibodies targeting laminin-1, an integral 
element for basement membrane assembly during early 
embryogenesis, were correlated with fetal resorption in 
mice and recurrent first-trimester miscarriages in humans.[83] 
Moreover, anti-laminin-1 antibodies are overexpressed 
in the plasma of infertile endometriosis patients compared 
with control non-pregnant women, implying an involve-
ment of these antibodies in endometriosis-associated infer-
tility. Corticosteroids are well recognized as autoantibody-
suppressive immunomodulators and are extensively utilized 
in the treatment of autoimmune diseases. Dmowski et al[56] 
and Kim et al[84] reported that autoantibodies negatively 
affected the pregnancy rates of endometriosis patients 
undergoing in vitro fertilization (IVF) and that this 
adverse impact could be reversed with the application of 
corticosteroids, providing a novel therapeutic strategy to 
overcome endometriosis-associated infertility. However, 
the exact mechanisms by which these autoantibodies are 
produced and how they react with the reproductive 
system remain unclear and thus require further investigation.

The chronic inflammation triggered by ectopic lesions 
has a significant impact on the local immune cell reper-
toire, causing aberrant cytokine secretion and defective 
cytotoxicity. This immune derangement appears not to 
be restricted to the ectopic endometrium but also extends 
to the eutopic endometrium. Since immune homeostasis 
of the fetal-maternal interface is essential for the estab-
lishment and maintenance of pregnancy, the immuno-
logical dysregulation of the eutopic endometrium in 
endometriosis patients may contribute to endometriosis-
associated infertility. In particular, uNK cells, which are 
essential for embryo implantation and placental develop-
ment, exhibit decreased cytotoxicity in endometriosis 
patients compared with healthy controls.[61] Intriguingly, 
compared with endometriosis patients with normal 
fertility, uNK cells of those with infertility displayed an 
enhanced capacity to secrete cytotoxic factors, with 

potential reactivity toward trophoblast cells.[18] There-
fore, the altered activity of eutopic NK cells seems to be 
partially responsible for the reduced fertility of endome-
triosis patients, and the assessment of their activity 
could be a promising approach to predict endometriosis-
associated infertility. Moreover, uterine Treg cells are 
essential for creating an immune-tolerant environment 
that is favorable for embryo implantation by preventing 
the inflammation evoked by paternally derived antigens. 
However, according to the findings by Chen et al[42], an 
abundant accumulation of Treg cells was detected in the 
eutopic endometrium of endometriosis patients with 
infertility, suggesting that these immunosuppressive cells 
may be relevant to endometriosis-associated infertility. 
However, current evidence of the relationship between 
immune dysregulation and endometriosis-associated infer-
tility is still insufficient, and further explorations are needed.

Endometriosis-associated pain

Pelvic pain represents the main symptom of endome-
triosis. However, the process by which ectopic lesions 
elicit chronic pain is still unclear. Of note, surgical 
removal of endometriotic lesions does not relieve pain in 
all patients.[1] Thus, factors beyond the implanted endo-
metrial tissue, such as dysregulated immune responses, 
might contribute to the induction of endometriosis-
associated pain. In recent years, many investigations 
have proposed a strong relation between immunological 
dysregulation and neurogenesis, hypersensitization, and 
subsequent severe pelvic pain in endometriosis.[85]

Pain perception requires the existence of sensory nerve 
fibers to convey peripheral impulses to the central nervous 
system, but the refluxed endometrium has a deficient 
supply of sensory nerves. Therefore, neurogenesis undoubt-
edly occurs during the formation of ectopic lesions to 
transfer nociceptive signals and induce pelvic pain. Indeed, 
increased sensory nerve infiltration within ectopic lesions 
has been confirmed by many studies.[85] Moreover, recent 
literature has revealed the coexistence and proximity of 
newly formed nerves and macrophages in the endometri-
otic milieu,[86] implying potential immune–nervous system 
crosstalk in endometriosis. Consistently, macrophages in 
the ectopic microenvironment have been determined to be 
the primary cellular source of brain-derived neurotrophic 
factor (BDNF) and neurotrophin 3 (NT-3), both of which 
are essential for the proliferation, differentiation, and 
apoptosis of neurons.[87] Moreover, insulin-like growth 
factor-1 (IGF1), a known sensitizing and neurotrophic 
element implicated in nerve sprouting, was significantly 
increased in the peritoneal fluid of endometriosis patients. 
Its concentration showed a positive correlation with pain 
severity. Findings from Foster et al[88] suggested that the 
elevated IGF1 was derived from endometriosis-modified 
macrophages. They found that the hyperalgesia of endo-
metriosis mice could be relieved with either inhibition of 
IGF1 signaling or depletion of macrophages, implying a 
significant involvement of immune cells and immune cell-
derived factors in the neurogenesis of endometriosis. In 
turn, infiltrating nerves also play a role in altering the 
migration and polarization status of nearby macrophages. 
According to Greaves et al,[87] the elevated CCL-2 secreted 
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by infiltrating neurons in endometriotic lesions served as a 
chemotactic substance for macrophages and facilitated 
their recruitment into the ectopic environment. Remark-
ably, evidence from Kwon et al[89] further demonstrated 
that the CCL-2/CCR-mediated nerve–macrophage interac-
tion could induce a shift of macrophages toward the M2 
phenotype, which was involved in neurogenesis and endo-
metriosis initiation.

Neuronal sensitization, a condition in which neurons 
have a lower activation threshold and can produce pain 
from modest stimuli that would not typically trigger 
nociception, plays a significant role in the pathophysi-
ology of chronic pain. In endometriosis, several proin-
flammatory cytokines (IL-1b and TNFa) are highly 
expressed in patients with chronic pelvic pain and are all 
capable of interacting with sensory neurons and inducing 
sensitization.[90] Transient receptor potential subfamily 
V member 1 (TRPV1) and transient receptor potential 
cation channel, subfamily A member 1 (TRPA1), critical 
nociceptive receptors integrating external stimuli and 
regulating neuronal activation threshold, were reported 
to be overexpressed in ectopic lesions compared with 
the eutopic endometrium.[85] Although the exact mecha-
nism remains unknown, recent findings from Zhu et al[91] 
suggested that this aberrant elevation of TRPV1/TRPA1 
might be derived from inflammation-mediated macro-
phage polarization. Interestingly, inflammation-induced 
hypersensitized nerves could also maintain and exag-
gerate endometriotic inflammation by secreting proin-
flammatory neuropeptides such as substance P (SP) and 
calcitonin gene-related peptide (CGRP),[92] resulting in a 
positive feedback loop known as “neurogenic inflamma-
tion” to exacerbate endometriosis-associated pain. Previous 
studies reported a correlation of reduced pelvic pain 
with a history of severe gram-negative infection in endo-
metriosis patients. In addition, adoptive transfer of 
macrophages pretreated with a low dose of lipopolysac-
charides significantly suppressed lesion growth in an 
endometriosis mouse model. These findings suggested 
that reprograming macrophages with bacterial challenges 
may be effective in relieving endometriosis-associated 
pain.[93] Moreover, a placebo-controlled randomized 
clinical trial substantiated some positive benefits of oral 
administration of Lactobacillus, a probiotic, on pelvic 
pain relief in endometriosis patients.[94]

These findings provide novel mechanistic insights into 
how the nervous and immune systems interact to initiate 
pelvic pain and accelerate lesion growth within the endo-
metriotic environment. Targeting the interplay between 
these two systems is anticipated to be an invaluable 
therapeutic strategy to reduce neurogenic inflammation 
and relieve pelvic pain in endometriosis patients.

Immunotherapy for Endometriosis

Although immunomodulation shows great therapeutic 
potential in preclinical murine and non-human primate 
models of endometriosis, none of its related immuno-
therapies are recommended in the guidelines of endome-
triosis treatment, and few have been studied in clinical 
trials.[1]

TNF-a, which is known to promote inflammation and 
neurogenesis, was increasingly expressed in the peritoneal 
fluid of endometriosis patients compared with control.[95] 
In a baboon model with spontaneous endometriosis, the 
application of etanercept, by blocking TNF-a, signifi-
cantly decreased the size and number of ectopic lesions.[96] 
Furthermore, etanercept could improve the pregnancy 
outcomes of endometriosis patients receiving assisted 
reproductive technology.[97] A randomized controlled 
trial (RCT) revealed that infliximab, another TNF-
antibody, showed no significantly different therapeutic 
effectiveness in dysmenorrhea, non-menstrual pain, or 
dyspareunia in comparison to a placebo control for deep 
infiltrating endometriosis (DIE) patients.[98] The insuffi-
cient therapeutic effects of infliximab reported in this 
investigation may result from the distinct pathological 
nature between DIE and typical endometriotic lesions 
(deep infiltrating lesions with more fibrosis and adhe-
sions, resistant to conventional drugs). Therefore, further 
studies are needed to explore its role in other subtypes 
of endometriosis. Apart from anti-TNF treatment, probi-
otics could be another validated strategy for controlling 
endometriosis. According to double-blind, placebo-
controlled randomized clinical trials, oral administration 
of Lactobacillus, important probiotics involved in the 
homeostasis maintenance of the female reproductive milieu, 
exhibited vigorous activity in reducing endometriosis-
associated pain.[74,94] Certain immunomodulatory thera-
pies, such as Bacillus Calmette–Guérin (BCG) vaccines and 
mammalian target of rapamycin (mTOR) inhibitors, have 
shown valuable efficiency in suppressing murine or baboon 
endometriosis. It remains a significant challenge to trans-
late these preclinical findings into clinical applications. Thus, 
further strictly designed clinical trials are warranted to inves-
tigate the safety and efficiency of these immunotherapies.

Conclusion and Perspectives

Recently, phenotypic and functional alterations of immune 
cells, impaired immunosurveillance, and immune escape 
have garnered massive attention in the pathogenesis of 
endometriosis. Among those altered immune cells, it is 
evident that macrophages, NK cells, and B cells have an 
essential role in the endometriosis etiology and sympto-
mology. Given that the majority of endometriotic lesions 
form in the peritoneal cavity, macrophages are predis-
posed to play the most significant role in endometriosis 
development since they are the predominant leukocyte 
population in the peritoneal fluid. Indeed, macrophages are 
critically involved in lesion progression, vascularization, 
and innervation. In addition, manipulating endometriosis-
associated macrophages to a “healthy” phenotype has 
shown beneficial effects in several in vivo studies. Addi-
tionally, by secreting cytokines or chemokines, macro-
phages participate in the recruitment and functional 
regulation of diverse immune cells. In turn, these 
immune cells were indicated to mediate macrophage activity 
and polarization. In fact, endometriosis is referred to as 
“the disease of macrophages.” In addition, the aberrant 
activity of NK cells and B cells is associated with 
reduced recognition of regurgitated debris and persistent 
inflammation, both of which are permissive to lesion 
survival. Furthermore, deficient maturation of NK cells 
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and excessive production of autoantibodies have been 
linked with compromised fertility. These discoveries posi-
tion macrophages, NK cells, and B cells at the center of 
this enigmatic disease. Since current findings on the 
involvement of immune cells in endometriosis are mostly 
based on observational studies, it remains unclear whether 
dysregulated immune responses trigger the initiation and 
progression of endometriosis or merely represent a 
consequence of this mysterious disease. In addition, intri-
cate interactions among immune, endocrine, nervous, 
and microbiota systems undoubtedly occur during the 
course of endometriosis, which contribute to the onset, 
maintenance, and progression of ectopic lesions. However, 
the mechanisms underlying these intricate communica-
tions are just beginning to be uncovered, and the 
majority of our current understanding is still based on 
investigations of individual cell populations in endome-
triosis pathogenesis, making it difficult to generalize 
these findings to all other cells found in the ectopic envi-
ronment. Studies are warranted to clarify the intricacy 
of these interactions in future, which will certainly 
provide stirring mechanistic insights into the etiology of 
endometriosis. Advances in high-resolution sequencing 
and the availability of high-dimensionality multiomics 
data have led to a comprehensive exploration and assess-
ment of cellular heterogeneity, molecular profiles, and 
spatial distribution for cells existing in the ectopic micro-
environment, holding substantial promise for identifying 
novel, pharmaceutically targetable pathways that play 
central roles in the pathogenesis of endometriosis.
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