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Abstract: Genital endometriosis is a chronic inflammatory condition characterized by immune dysfunction involv‑
ing both innate and adaptive immunity. Disrupted immune responses, particularly those involving macrophages,
dendritic cells, natural killer cells, regulatory T cells, T helper 17 cells, and B‑cell‑driven autoimmunity, create an
environment conducive to ectopic endometrial tissue survival. The cytokine milieu, marked by elevated levels of
interleukin‑6, tumor necrosis factor‑alpha, and interleukin‑10, facilitates the interaction between inflammation
and immune tolerance, thereby driving disease progression. Current hormonal and surgical treatments offer only
temporary or partial symptom relief and fail to address the underlying immunopathogenic mechanisms of the dis‑
ease. Their limitations, including high recurrence rates, systemic side effects, and insufϐicient fertility restoration,
highlight the need for novel interventions that target speciϐic pathways. Recent advances in immunology andmicro‑
biome research have led to promising therapeutic strategies, such as microbiome modulation, precision medicine
based on immune phenotyping, and integrative care models that provide personalized and comprehensive treat‑
ment. Future research should focus on advancing immune and microbial proϐiling to guide targeted therapies, val‑
idating immunomodulatory approaches, and integrating these methods into clinical practices. By bridging basic
research with clinical applications, the ϐield is poised to shift from managing symptoms to altering the disease tra‑
jectory, ultimately improving outcomes for women affected by genital endometriosis.
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1. Introduction
Genital endometriosis is characterized by endometrial‑like glands and stroma outside the uterine cavity, but

restricted to the genital tract. It affects organs such as the ovaries, fallopian tubes, uterosacral ligaments, pelvic
peritoneum, cervix, and vagina [1–3]. Ectopic endometrial tissue remains responsive to hormones, leading to
inflammation, ϐibrosis, and adhesions due to menstrual hormonal fluctuations [3].

Genital endometriosis contributes to chronic pelvic pain syndrome in women of reproductive age, affecting 10–
15% of this population [3, 4]. Pain manifests as severe dysmenorrhea, non‑cyclic pelvic pain, painful intercourse,
and difϐiculty in bowel movements. This discomfort is related to local inflammatory responses in implants and neu‑
ral mechanisms, with increased neurogenesis in lesions [3]. Symptoms intensify during menstruation due to cyclic
bleeding in ectopic tissue, and persistent pain can disrupt daily activities and diminish the quality of life [2,4,5].
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Endometriosis contributes to infertility and is identiϐied in 25–50%ofwomenundergoing infertility evaluations,
compared to 0.5–5% in fertile women [1,4,6]. The reasons are complex: adhesions and ϐibrosis alter the pelvic struc‑
ture, impeding gamete movement. Increased peritoneal macrophage numbers and higher levels of cytokines and
growth factors disrupt reproductive functions, such as ovulation, fertilization, and embryo development [7,8]. The
peritoneal fluid contains proinflammatory substances that interfere with fallopian tube and endometrial function,
hindering implantation [7]. Endometriomas may reduce the ovarian reserve and oocyte quality [6]. The fecundity
rate in women with endometriosis is approximately half that of women with tubal infertility [7].

While most womenwith endometriosis have regular cycles, many report menorrhagia, metrorrhagia, or short‑
ened cycles, which are risk factors for outflowobstruction or hormonal alterations [4], leading to infertility. Chronic
pelvic pain and infertility‑related stress create psychosocial burdens, with higher rates of depression, anxiety, social
withdrawal, and work absenteeism [2,5].

Endometriosis progresses and recurswith time. Diagnosis takes 7–10years and requiresmultiple doctor visits,
imaging tests, and surgeries, such as laparoscopies and implant removal [2,4]. These procedures and continuous
medical treatments impose ϐinancial strain on individuals and the healthcare system. Women with endometrio‑
sis face a higher risk of certain ovarian cancers, particularly clear cell and endometrioid carcinomas, and rarely,
endometriotic lesions may become malignant [2].

Studies have suggested interactions between the genital and gut microbiomes and the development of en‑
dometriosis. Microbiome imbalance can increase inflammation and pain, affecting fertility and offering new di‑
agnostic and therapeutic strategies [5,8,9].

The treatment of endometriosis primarily involves hormonal suppression and surgical removal, which offer
limited relief and are associated with recurrence and side effects [10,11]. This gap in effectiveness has driven the
exploration of alternative therapies that address immune‑inflammatory and oxidative stress processes. Modiϐied
antioxidant compounds, such as N‑acetylcysteine, resveratrol, curcumin, epigallocatechin gallate, and melatonin,
have shown promise in reducing oxidative stress, inhibiting nuclear factor‑κB/signal transducer and activator of
transcription 3 signaling, and influencing angiogenic and neuroinflammatory pathways in preclinical and early clin‑
ical research [12–15]. Agents targeting cytokines such as interleukin‑6 receptor (IL‑6R), IL‑17/23 inhibitors, thera‑
pies directed at B‑cells/B‑cell activating factor (BAFF), andmicrobiome‑based approaches are emerging as promis‑
ing immunological strategies [16–18].

These developments highlight the need to reconceptualize endometriosis as a systemic immune disorder and
explore treatments beyond hormone‑based therapies. This review consolidates ϐindings on the immunopathogen‑
esis of genital endometriosis, focusing on dysfunctions in innate and adaptive immunity, cytokine networks, oxida‑
tive stress, and microbiome changes that drive disease progression. We assessed therapeutic strategies, including
biologics targeting cytokines, B‑cell/BAFF therapies, natural killer (NK) cell function restoration, antioxidant com‑
pounds such as N‑acetylcysteine, resveratrol, curcumin, epigallocatechin gallate, and melatonin, and microbiome
interventions. This review provides a translational framework for precision medicine approaches to improve clini‑
cal outcomes in patients with genital endometriosis.

This review clariϐies the immunopathogenic processes in genital endometriosis, emphasizing the roles of in‑
nate and adaptive immune cells, such as macrophages, dendritic cells (DCs), NK cells, T helper 17 (Th17) cells, and
regulatory T cells (Tregs). It examines the effects of cytokines, autoantibodies, and the microbiome. By integrating
immunological and microbiological knowledge, this review identiϐies new therapeutic targets beyond traditional
hormonal and surgical approaches.

2. Methods
This narrative review compiles and contextualizes evidence regarding the immunopathogenesis of genital en‑

dometriosis, emphasizing immune cell dysfunction, cytokine regulation, andmicrobiome interactions. Owing to the
complexity of the topic, a structured yet adaptable qualitative synthesis methodwas used. The aim is to encompass
mechanistic research and identify new therapeutic targets beyond traditional hormonal and surgical treatments.

This narrative review employed a systematic and reproducible methodology to identify relevant studies. We
searched PubMed/MEDLINE from January 2000 to June 2024 for studies in English, using combinations of terms
such as “endometriosis,” “genital endometriosis,” “macrophage,” “dendritic cell,” “natural killer,” “Treg,” “Th17,” “IL‑
6,” “TNF,” “IL‑10,” “microbiome,” “BAFF,” “autoantibody,” and “immunotherapy.” The eligibility criteria included
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original research and reviews focused on the immunopathogenesis (innate/adaptive immunity, cytokines) or mi‑
crobiome interactions in genital endometriosis, while case reports, letters, studies not centered on genital issues,
and non‑immunologic topics were excluded. Screening was conducted independently by two reviewers who exam‑
ined the titles and abstracts, followed by the full texts, with any disagreements resolved through consensus.

Although this is a narrative review, we followed systematic guidelines for selecting the literature. To enhance
transparency, we included a study selection flowchart (Figure 1), adapted from the PRISMA 2020 framework, to
summarize the identiϐication, screening, eligibility, and inclusion of the studies.

Figure 1. flow diagram of the literature search and study selection for the narrative review.

Eligible studies included original research articles, systematic reviews, and narrative reviews that addressed
the immunological and microbiological aspects of genital endometriosis. Studies were selected if they investigated
mechanisms involving innate or adaptive immune responses, cytokine signaling, or alterations in the genital or
gut microbiota. Human and animal studies and in vitromodels were considered. The exclusion criteria were case
reports, opinion pieces, letters to the editor, and studies focused on extragenital endometriosis without immuno‑
logical relevance.

After initially screening the titles and abstracts, the full texts of the selected articles were thoroughly examined.
Data relevant to the study were extracted and organized thematically, with the ϐindings categorized into key areas:
innate immunity (macrophages, DCs, and NK cells), adaptive immunity (Tregs, Th17 cells, and autoantibodies), cy‑
tokine networks, and microbiome dynamics. The focus was on studies that provided mechanistic insights, detailed
immunophenotyping proϐiles, and practical implications of immune modulation strategies. Although formal qual‑
ity assessment tools were not used, studies with robust methodologies and well‑deϐined immunological endpoints
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were prioritized.
The integration of themesdeveloped adetailed narrative framework that underscores immune systemdysfunc‑

tion and microbial imbalance in the pathophysiology of endometriosis. This synthesis connects basic immunology
with clinical signiϐicance, guiding future research and advances in diagnosis and treatment.

3. Results
A PubMed/MEDLINE search between 2000 and 2024 yielded 232 records. After removing duplicates (n = 62),

170 records remained for review. Of these, 98 articles were excluded after title and abstract review for not ad‑
dressing the immunological or microbiological aspects of genital endometriosis. The remaining 72 articles were
subjected to full‑text review. After applying the eligibility criteria, 50 articles were excluded as case reports, opin‑
ion pieces, studies without immunologic endpoints, or those focused on extragenital analyses. Finally, 22 studies
were included in the qualitative narrative synthesis, providing insights into immune dysfunction, cytokine regula‑
tion, oxidative stress, and microbiome changes associated with genital endometriosis. The flow chart shows the
identiϐication, screening, eligibility, and inclusion processes, adapted from PRISMA 2020, to enhance transparency
in the narrative review (Figure 1).

4. Limitations of Current Treatments
Despite years of research and new management approaches, current options for treating genital endometrio‑

sis, hormonal treatments, and surgical procedures face signiϐicant challenges in terms of effectiveness, safety, and
patient‑centered outcomes.

4.1. Limitations of Hormonal Therapy
Hormonal treatments, including oral contraceptives, progestins, gonadotropin hormone‑releasing hormone

agonists/antagonists, and aromatase inhibitors, function by reducing systemic or local estrogen levels to render
endometriotic implants inactive. These therapies have notable drawbacks:

• Hormonal treatments suppress the activity of endometriotic lesions but do not eliminate them. Symptoms
reappear after treatment, indicating their palliative nature [19–21].

• Hormonal therapy does not improve fertility in women with endometriosis and may delay conception by in‑
hibiting ovulation [1,6,21].

• Gonadotropin hormone‑releasing hormone analogs cause side effects such as hot flushes, reduced bone den‑
sity, and sexual dysfunction, requiring add‑back therapy. Androgens and aromatase inhibitors have signiϐicant
off‑target effects, which can impact patient compliance and quality of life [19–21].

• Hormonal therapies are unsuitable forwomen seeking to conceive because of their contraceptive effects [1,6,21].
• Current hormonal regimens donot address the inflammatory, immunological, or neuroangiogenicmechanisms

that are crucial for endometriosis progression [3,19]. Many patients experience persistent pain or atypical
symptoms, even with maximum hormonal suppression.

4.2. Limitations of Surgery
Surgery through ablation or excision of lesions via laparoscopy remains fundamental for diagnosis and for

symptomatic or treatment‑resistant cases of endometriosis. The notable limitations of this study are as follows:

• Up to 50% of women experience pain or lesion return within ϐive years [19,22]. Complete excision is often
limited by microscopic disease or lesions in surgically challenging areas.

• Surgery involves the risk of bleeding, infection, and potential injury to nearby organs, particularly in advanced
or deeply inϐiltrating diseases [19,22].

• While removing moderate to severe disease may enhance fertility rates, the beneϐits of minimal disease are
less clear, and repeated ovarian surgeries can reduce ovarian reserve, decreasing fertility [1,6,22].

• Surgical outcomes depend on the operator’s skill; however, access to skilled laparoscopic surgeons or en‑
dometriosis centers remains limited, leading to inconsistent results [19,22].
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• Surgery only addresses macroscopic disease; pain and inflammation may persist due to remaining lesions,
immunological dysregulation, or central sensitization [3,19].

4.3. Broader and Emerging Limitations

• Endometriosis appears in various forms; however, treatments are uniform, ignoring disease variability or spe‑
ciϐic mechanisms (e.g., peritoneal, ovarian, or deep inϐiltrating disease; pain versus infertility) [2,3,19].

• New ϐindings on the microbiome, immune dysfunction, and neuroangiogenesis in endometriosis are not ad‑
dressed by current treatments, which focus on lesion removal or hormone suppression [3,5,8,19].

• Vague symptoms and late diagnosis result in years of suffering before treatment, when relief or fertility restora‑
tion is less likely [2,19].

• Persistent pain, recurring symptoms, and infertility, which are poorly managed by standard treatments, cause
signiϐicant psychosocial and quality‑of‑life issues, necessitating new approaches [2,19].

• There is increased awareness of central sensitization, nociplastic pain, and comorbidities (e.g., irritable bowel
syndrome and pelvic floor dysfunction) in endometriosis that are not adequately addressed by current treat‑
ments. Multimodal care, including pain management, physiotherapy, and psychosocial support, is often lack‑
ing [2,3,19].
Current hormonal and surgical treatments for genital endometriosis offer temporary relief but often fail to

provide lasting, curative solutions for patients, particularly regarding fertility, pain, and psychosocial well‑being is‑
sues. Given the high rates of recurrence, side effects, and unmet clinical needs, there is an urgent need for innovative
mechanism‑based therapies targeting immune, neural, and microbiome pathways.

5. Immunopathogenesis
5.1. Innate Immune Dysfunction

Studies have highlighted immune dysfunction as a key factor in the development of genital endometriosis.
Once considered an estrogen‑dependent gynecological condition, endometriosis is now recognized as a chronic
inflammatory disease with disrupted innate and adaptive immune systems, which support ectopic endometrial tis‑
sue survival [23–26].

Normally, immune cells such as macrophages and NK cells remove refluxed endometrial fragments from the
peritoneal cavity. However, in endometriosis, these immune cells exhibit altered numbers and functional deϐicien‑
cies. Peritoneal macrophages increase but show reduced phagocytic ability and adopt a pro‑inflammatory, M1‑like
phenotype, releasing cytokines such as IL‑6 and tumor necrosis factor‑alpha (TNF‑α) that enhance inflammation
and promote lesion growth [23–26]. NK cells exhibit decreased cytotoxic activity, allowing ectopic endometrial
implants to evade immune clearance [24, 27, 28]. Abnormal activity of Tregs and Th17 cells shifts the immune
environment toward lesion formation, angiogenesis, and tissue invasion [23,24,29] (Table 1).

5.2. Adaptive Immune Dysregulation
Immune dysregulation in the endometrium affects systemic immune responses and the endometrial tissue.

Studies have shown abnormal activation of immune cell subtypes, including DCs, B‑cells, and regulatory T cells, in
the eutopic endometrium and the circulating immune system [23,26,28]. The local cytokine environment shows
increased pro‑inflammatory cytokines, including TNF‑α and interferon‑gamma, and Th2‑associated cytokines, in‑
cluding interleukin‑4 and IL‑10, highlighting complex immune activation and suppression that distinguishes en‑
dometriosis from normal responses [23, 29]. Immune deϐiciencies allow endometrial fragments to implant and
trigger chronic inflammation. This pro‑inflammatory environment promotes nociceptor activation and neuroan‑
giogenesis, which are linked to pain and pelvic symptoms [23, 24, 26]. Immune‑related changes in endometrial
receptivity and cytokine balance contribute to infertility in patients with endometriosis [26]. The microbiome has
a signiϐicant influence on the immunopathogenesis of endometriosis. The genital and gut microbiota regulate es‑
trogen metabolism, activate immune cells, and drive inflammation, thereby affecting disease progression [5,8,30].
Microbial dysbiosis can exacerbate immune dysfunction and create conditions conducive to the development of
endometriotic lesions [5,30].
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Table 1. Immune cell dysfunctions and their roles in genital endometriosis.

Immune
Cell Type Dysfunction/Alteration Key Mediators/Markers Consequences

Macrophages Increased number, reduced phagocytosis;
M1 polarization TNF‑α, IL‑6, VEGF, TGF‑β, MMPs Promotes inflammation, angiogenesis,

and pain

DCs Immature phenotype, impaired antigen
presentation ↓ CD83, ↑ CD1a, IL‑10, TGF‑β Inadequate T cell activation and immune

evasion

NK Cells Decreased cytotoxicity; upregulation of
inhibitory receptors ↓ Perforin, ↑ KIR2DL1, NKG2A Impaired clearance of ectopic cells and le‑

sion survival

Tregs Increased numbers in peritoneal fluid
and lesions IL‑10, TGF‑β Immune suppression, angiogenesis, and

lesion tolerance

Th17 Cells Increased numbers and IL‑17 production IL‑17, IL‑23, IL‑6 Promotes inflammation, ϐibrosis, and an‑
giogenesis

B‑Cells Aberrant activation; production of au‑
toantibodies ANA, anti‑endometrial Ab, BAFF Autoimmunity, infertility, and tissue dam‑

age
Note: DCs: Dendritic cells; NK cells: Natural killer cells; Th17: T helper 17 cells; Tregs: Regulatory T cells; TNF‑α: Tumor Necrosis Factor‑alpha; IL‑6: Interleukin‑6;
VEGF: Vascular Endothelial Growth Factor; TGF‑β: Transforming Growth Factor‑beta; MMPs: Matrix Metalloproteinases; IL‑10: Interleukin‑10; IL‑17: Interleukin‑
17; IL‑23: Interleukin‑23; ANA: Antinuclear Antibodies; Ab: Antibodies; and BAFF: B‑cell Activating Factor.

6. Innate Immune Dysfunction
Genital endometriosis is influenced by disruptions in innate immunity, with macrophages, DCs, and NK cells

playing key roles. These cells undergo changes that create a pro‑inflammatory, tolerogenic environment that sup‑
ports ectopic endometrial tissue survival and proliferation.

6.1. Dysregulated Macrophage Activity
In women with endometriosis, the number of peritoneal macrophages increases in the peritoneal fluid and

lesion sites [23,25]. These macrophages exhibit dysfunction, with reduced phagocytosis and a shift to a pro‑inflam‑
matoryM1phenotype, rather than effectively removing endometrial fragments. This leads to increased secretion of
TNF‑α, IL‑6, vascular endothelial growth factor (VEGF), transforming growth factor‑beta (TGF‑β), and matrix met‑
alloproteinases (MMPs) [23,25,31]. These cytokines and growth factors promote angiogenesis, matrix remodeling,
neural inϐiltration, and inflammation in endometriotic lesions. This macrophage‑driven environment supports le‑
sion vascularization and innervation, contributing to pain and lesion viability [23–25].

6.2. Aberrant Dendritic Cell Function
DCs,which areprimarily involved in antigenprocessing andbridging immunity, showvariations in endometrio‑

sis. Studies have revealed higher concentrations of immature DCs (CD1a+) in the eutopic endometrium and en‑
dometriotic lesions, whereas mature DCs (CD83+) are reduced [23,32]. The abundance of immature DCs indicates
disrupted maturation, leading to inadequate T cell responses [23,32]. This creates immune tolerance, allowing en‑
dometrial cells to form lesions. DCs release proangiogenic factors that sustain these lesions [23,31]. This DC‑driven
immune dysregulation is crucial for lesion persistence and pain [32].

6.3. Impaired Natural Killer Cell Cytotoxicity
NK cells are innate immune cells that destroy abnormal or foreign cells, includingmisplaced endometrial cells.

Studies have shown reduced cytotoxic function of NK cells in peritoneal fluid and endometrial tissue [23,27,31].
This occurs due to increased expression of inhibitory receptors, changes in the expression of activating receptors
(NKG2D), and the production of immunosuppressive cytokines, such as IL‑10 and TGF‑β, within the lesionmicroen‑
vironment [23,27,29]. Research has shown lower lytic activity of peritoneal and endometrial NK cells in affected
women than in controls [23,27]. This immune defense breakdown contributes to the formation of lesions and dis‑
ease recurrence. The dysfunction of macrophages, DCs, and NK cells is interconnected within the peritoneal and
endometrial immune environment. Their abnormal activity drives the pro‑inflammatory and immunosuppressive
characteristics of endometriosis [24,31]. This altered environment supports lesion progression, contributing to

298



Trends in Immunotherapy | Volume 09 | Issue 03

chronic pain and infertility [24,31]. These innate immune irregularities facilitate interactions with adaptive immu‑
nity, resulting in persistent disease.

7. Pathogenic Role of Macrophages
Macrophages are key elements of the innate immune system that become dysregulated in genital endometrio‑

sis, contributing to the immunopathogenesis of the disease. These cells are present in greater numbers in the peri‑
toneal fluid and endometriotic lesions than in healthy individuals; however, they exhibit functional and phenotypic
abnormalities that undermine their homeostatic and protective functions [25,33,34].

7.1. Reduced Phagocytic Function
In normal physiology, macrophages serve as essential scavengers by identifying and removing ectopic endome‑

trial fragments that enter through retrograde menstruation, preventing their abnormal implantation. However, in
women with endometriosis, macrophages show diminished phagocytic capability due to changes in surface recep‑
tor expression, such as CD36 and CD204, along with influences from peritoneal environment signals [25,35]. This
deϐiciency allows refluxed endometrial cells to evade clearance, facilitating their attachment and survival, which is
crucial for lesion formation [27,33].

7.2. Polarization Toward a Pro‑Inflammatory M1 Phenotype
In the peritoneal cavity and lesions, macrophages exhibit anM1‑like phenotype, marked by classical activation

and production of pro‑inflammatory mediators such as TNF‑α, interleukin‑1β (IL‑1β), IL‑6, and inducible nitric ox‑
ide synthase [23,25,31]. This pro‑inflammatory state sustains inflammation, which is essential for lesion growth
andmaintenance. M1macrophages releasematrix metalloproteinases (MMP‑2 andMMP‑9) that break down extra‑
cellular matrix components, promoting invasion and tissue remodeling necessary for lesion expansion [27,36].

7.3. Secretion of Cytokines, Growth Factors, and Neurotrophins
Activated macrophages produce pro‑inflammatory cytokines, such as TNF‑α, IL‑1β, and IL‑6, macrophage mi‑

gration inhibitory factor, and angiogenic factors, including VEGF and TGF‑β [27,34,35]. These substances promote
neovascularization for lesion survival, activate immune cells, and create amicroenvironment that supports chronic
inflammation. Neurotrophins from macrophages facilitate neural inϐiltration and sensitization within lesions, con‑
tributing to endometriosis‑associated pelvic pain [34]. These dysfunctional macrophage activities create a self‑
perpetuating cycle: the failure to clear ectopic endometrial cells enables their persistence, while pro‑inflammatory
polarization promotes lesion vascularization, ϐibrosis, and pain [27,33]. This maladaptive response interacts with
other immune cells and the altered peritoneal environment, furthering immune dysregulation [27,33]. Recent ϐind‑
ings indicate that macrophages identify ectopic endometrial tissue as an injury and initiate processes that promote
disease progression [27]. This pathogenic involvement makes macrophages potential treatment targets for restor‑
ing phagocytic activity, adjusting polarization, and inhibiting cytokine pathways to interrupt the inflammatory cycle
in genital endometriosis [25,37].

8. Dendritic Cell Dysfunction
DCs are antigen‑presenting cells that connect innate and adaptive immunity by capturing, processing, and pre‑

senting antigens to T cells, which triggers immune responses ormaintains tolerance [38,39]. In genital endometrio‑
sis, the accumulation of immatureDCswith impaired antigen presentation is a key immunopathogenic feature. This
buildup contributes to local immune tolerance and chronic inflammation, thereby supporting lesion persistence.

8.1. Impaired Antigen Presentation and Dendritic Cells Immaturity
Womenwith endometriosis show increased immatureDCs in both the eutopic endometriumandectopic lesions.

These cells have high CD1a and low or absent expression of maturation markers CD83, CD80, and CD86 [32]. This
immature state hampers antigenprocessing andpresentation viaMHCclass IImolecules, leading to insufϐicient CD4+
helper T cell activation and inadequate cytotoxic T lymphocyte priming. This creates a tolerogenic environment,
allowing ectopic endometrial cells to evade immune detection in the peritoneal cavity [23,32].
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8.2. Microenvironmental Factors Promoting Dendritic Cells’ Tolerogenicity
The peritoneal and lesion microenvironments in endometriosis contribute to DC immaturity by increasing

immunosuppressivemediators such as IL‑10, TGF‑β, and prostaglandin E2, which impair DCmaturation and func‑
tion [24,40]. IL‑10 and TGF‑β restrict the upregulation of costimulatory molecules required for T cell activation,
promoting a tolerogenic DC phenotype that enhances immune suppression. These cytokines also induce DCs to
secrete pro‑angiogenic factors, such as VEGF, which supports neovascularization, a process essential for lesion
growth and maintenance [24,34].

8.3. Functional Impairments in Dendritic Cell Activity
In endometriosis, immature DCs show reduced antigen uptake, impaired MHC peptide loading, and reduced

movement to lymphoid organs, failing to trigger adaptive immune responses [38,39]. This dysfunction disrupts
immune activation, leading to ineffective targeting of ectopic endometrial tissues. Tolerogenic DC populations
promote Treg differentiation, altering the immune environment to support lesion persistence [23,41]. Changes in
DC phenotype create an immunological environment in genital endometriosis that impairs antigen presentation
and promotes immune tolerance. Chronic inflammation supports lesion persistence, causing pelvic pain and
infertility [23,32]. Given their key functions, improving DC maturation and antigen presentation is a promising
therapeutic approach. Strategies that promote DC maturation can restore immune monitoring and reduce lesion
progression [41,42].

9. Natural Killer Cell Dysfunction
NK cells function as innate immune effectors, swiftly identifying and destroying abnormal, infected, or mis‑

placed cells without prior sensitization. In genital endometriosis, a chronic inflammatory condition marked by
abnormal endometrial tissue implantation, NK cells perform immune surveillance within the peritoneal cavity
and target refluxed endometrial fragments. Nonetheless, evidence indicates that NK cell dysfunction, character‑
ized by diminished cytotoxicity and predominant inhibitory receptor signaling, signiϐicantly contributes to the im‑
munopathogenesis of this disease.

9.1. Reduced Cytotoxicity
Inwomenwith endometriosis, NK cells showreduced cytotoxic activity in the peritoneal fluid,markedby lower

levels of perforin andgranzymeB,withdecreased interferon‑gammaproduction,which supports anti‑endometriotic
immunity [24,43,44]. This decline hinders the ability of NK cells to eliminate ectopic endometrial cells, aiding le‑
sion formation. The peritoneal environment contains immunosuppressive factors, including TGF‑β1, IL‑6, IL‑10,
and prostaglandin E2, which inhibit NK cell activity. Platelet‑derived TGF‑β1 reduces NKG2D receptor expression
on NK cells, while IL‑6 suppresses granzyme B and perforin through SHP‑2 signaling, and blocking IL‑6 can restore
NK cytotoxicity in vitro [43]. These ϐindings highlight how the lesion microenvironment reduces NK cell function.

9.2. Inhibitory Receptor Proϐiles
NK cell activation depends on signals from activating receptors, such as NKG2D, NKp30, and NKp46, and in‑

hibitory receptors, such as killer‑cell immunoglobulin‑like receptors and CD94/NKG2A. In endometriosis, this bal‑
ance shifts towards inhibitory signaling. NK cells fromwomen with the condition show increased inhibitory recep‑
tors, includingKIR2DL1 andNKG2A [44–46], which intensify negative regulation. Ectopic endometrial cells present
non‑classical MHC class I molecules, HLA‑G and HLA‑E, which interact with inhibitory receptors to prevent NK cell
degranulation and cytokine release, aiding immune evasion [44,46]. This interaction inhibits NK‑mediated clear‑
ance. The downregulation of activating receptors, such as NKG2D, driven by TGF‑β and other factors, reduces NK
cell responsiveness and compromises cytotoxic function [44,45]. The result is a functionally compromised NK cell
phenotype that allows ectopic tissues to persist.

9.3. Functional and Clinical Implications
The reduced cytotoxic function of NK cells and increased expression of inhibitory receptors are crucial in the

immune system’s inability to eliminate ectopic endometrial tissue. This compromised surveillance enables lesion
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implantation, persistent inflammation, and angiogenesis, indicating disease progression [24,44]. Furthermore, NK
cell abnormalities may disrupt reproductive functions by affecting endometrial immune regulation, hindering tro‑
phoblast invasion, and reducing uterine receptivity, thus linking immune dysfunction to endometriosis‑associated
infertility [23,36].

9.4. Therapeutic Perspectives
Several therapeutic approaches targetingNK cell dysfunction in endometriosis have been explored. These include

blocking immunosuppressive cytokines, such asTGF‑β and IL‑6, to restoreNKcytotoxicmolecules [43,45,47] and inter‑
rupting inhibitory receptor ligand interactionsusing antibodies againstHLA‑Gor inhibitory killer‑cell immunoglobulin‑
like receptors [44,47]. The adoptive transfer of activated or engineered NK cells shows promise but requires further
validation of safety [38]. Studies on cancer immunotherapy have shown that allogeneic NK cells lacking inhibitory
receptor ligands for host MHC exhibit enhanced cytotoxicity through “missing self” recognition, suggesting that KIR
ligand incompatibility could improve NK cell responses against endometriotic lesions [48,49].

10. Treg/Th17 Imbalance in the Adaptive Immune Dysregulation
In genital endometriosis, adaptive immune system dysregulation is characterized by a disrupted equilibrium

between Tregs and Th17 cells, two CD4⁺ T cell subsets with contrasting roles. This disruption maintains ectopic
lesion survival and fosters inflammation in the peritoneum.

10.1. Regulatory T Cells
Tregs, identiϐied by CD4⁺CD25⁺FOXP3⁺ markers, maintain peripheral tolerance by curbing immune responses

and preventing autoimmune conditions. In endometriosis, Tregs occur at higher concentrations in the peritoneal
fluid, eutopic endometrium, and ectopic lesions, creating immunosuppression that hinders the removal of mis‑
placed endometrial cells [23,24]. These cells release IL‑10 and TGF‑β, which dampen immune responses and pro‑
mote angiogenesis through VEGF induction, thereby supporting lesion growth [24]. This heightened Treg activity
promotes immune tolerance to ectopic endometrial tissue and lesion persistence.

10.2. T Helper 17 Cells
Th17 cells (CD4⁺RORγt⁺), which produce the pro‑inflammatory cytokine interleukin‑17 (IL‑17), are found

in higher numbers in the peritoneal cavity and endometriotic lesions [24, 50]. IL‑17 facilitates neutrophil and
macrophage recruitment and activation, enhances MMPs and chemokine (CXCL1 and CXCL8) expression, and pro‑
motes angiogenesis. These actions intensify inflammation, tissue remodeling, and ϐibrosis, contributing to disease
progression [24,50]. Increased IL‑17 and interleukin‑23 (IL‑23) levels in the peritoneal fluid and serum are posi‑
tively associated with endometriosis severity in women, highlighting Th17 cells’ pathogenic role.

10.3. Cytokine Regulation of TREG/TH17 Differentiation
CD4⁺ T cells transform into Tregs or Th17 cells based on the cytokine environment shaped by TGF‑β and pro‑

inflammatory signals. TGF‑β alone induces FOXP3⁺ Treg development, whereas its combination with IL‑6, IL‑1β,
or interleukin‑21 promotes Th17 differentiation via RORγt expression [51–53]. In endometriosis, peritoneal fluid
levels of IL‑6, IL‑1β, and IL‑23, as well as inflammatory agents, support Th17 development while maintaining Treg
expansion [23,50,52]. IL‑6 inhibits TGF‑β‑driven Treg induction and enhances Th17 polarization, thereby disrupt‑
ing the balance between Treg and Th17 in endometriosis [52].

10.4. Hormonal Effects on the Treg/Th17 Axis
Steroidhormones signiϐicantly shape the immuneaxis. Estrogen, amajor factor in endometriosis, plays context‑

dependent roles in modulating Treg and Th17 cells by affecting cytokine signaling and transcriptional pathways
vital for lineage commitment. It enhances Treg cells’ survival and function while promoting Th17 differentiation
through estrogen receptor signaling [24,50]. Progesterone resistance, a characteristic of endometriosis, disrupts T
cell differentiation and the cytokine environment, worsening the Treg/Th17 imbalance and aiding disease persis‑
tence [50].
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10.5. Clinical Implications of the Treg/Th17 Imbalance
A functional shift in the Treg/Th17 balance creates complex pathological effects. Increased Tregs impair the

immune system’s ability to clear ectopic endometrial cells, allowing for immuneevasion. AnelevatedTh17 response
promotes inflammation, blood vessel formation, scarring, and pain. This imbalance impacts fertility, as disrupted
immune tolerance and inflammation reduce the endometrium’s ability to receive and implant embryos [23,24].

10.6. Therapeutic Strategies to Restore Immune Balance
Addressing the Treg and Th17 cell imbalance is a promising therapeutic strategy. Studies have shown that

blocking IL‑6 and IL‑17 pathways can restore differentiation balance and reduce lesion inflammation [52]. Im‑
munomodulatory substances, such as retinoic acid, suppress IL‑6–dependent Th17 differentiationwhile promoting
Tregs [51]. Vitamin D and STAT3 pathway interventions may enhance these effects [54,55]. These strategies aim
to reduce inflammation and improve immune monitoring and fertility outcomes of the patients.

11. B‑Cell Dysfunction and Autoantibody Production
Adaptive immune dysregulation in endometriosis involves aberrant B‑cell activation and the presence of

various autoantibodies, indicating a breach of self‑tolerance and features shared with autoimmune diseases. Al‑
though endometriosis is not classiϐied as a classical autoimmune disorder, a signiϐicant proportion of affected
womenexhibit circulating and local autoantibodies reflecting dysregulatedhumoral immunity and chronic inflam‑
mation.

11.1. Aberrant B‑Cell Activation and Autoantibody Types
Multiple classes of autoantibodies have been described in patients with endometriosis. Antinuclear antibod‑

ies, markers of autoimmune activity, are more prevalent in these women, suggesting immune activation and a pre‑
disposition to autoimmunity [56,57]. Anti‑endometrial antibodies targeting endometrial antigens are frequently
detected and linked to impaired endometrial receptivity, which interferes with embryo implantation [56,58]. Anti‑
phospholipid antibodies are more common in patients and are correlated with thrombotic events and pregnancy
loss, similar to anti‑phospholipid syndrome [47,48]. Autoantibodies against ovarian and sperm antigens have been
reported to affect fertility by targeting gametes and ovarian function [57,59].

11.2. Cytokine Environment Supporting Autoimmunity
These autoantibodies arise in the peritoneal environment with elevated pro‑inflammatory cytokines, includ‑

ing IL‑6, IL‑1β, TNF‑α, and BAFF. BAFF is markedly upregulated in the serum and peritoneal fluid of women with
endometriosis and supports B‑cell survival, maturation, and class‑switch recombination, thereby enabling autore‑
active clones [24,60]. Within endometriotic lesions, ectopic lymphoid‑like structures enable local germinal center
reactions and autoantibody production [57,60]. Chronic antigenic stimulation by ectopic endometrial debris sus‑
tains humoral autoimmunity.

11.3. Pathogenic Effects of Autoantibodies
Evidence suggests that multiple mechanisms are involved in autoantibody pathogenicity. Autoantibodies

against intracellular proteins serve as diagnostic markers with indirect roles, whereas those recognizing extra‑
cellular antigens exert direct pathogenic effects by interfering with antigen function or mediating complement‑
dependent cytotoxicity [61]. In endometriosis, immune complexesmayactivate complement pathways, amplifying
inflammation and tissue damage, as shown by complement dysregulation in endometriosis and associated ovarian
cancer [62]. Autoantibodies can impair the immune clearance of ectopic endometrium bymasking antigens or hin‑
dering phagocytosis, promoting lesion survival [57]. Autoimmune targeting of reproductive tissues compromises
fertility by disrupting fertilization and implantation [56,57].

11.4. Clinical and Therapeutic Implications
Autoantibody testing is not routinely used for endometriosis diagnosis due to limited speciϐicity, but may

indicate the risk of concomitant autoimmune disorders, which are more prevalent in affected patients [56,57].
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B‑cell modulation strategies have gained interest, with BAFF inhibition and B‑cell depletion via anti‑CD20 an‑
tibodies showing efϐicacy in autoantibody‑mediated diseases, representing potential treatments for severe en‑
dometriosis [60,61]. Immunomodulatory therapies that restore immune tolerance require further investiga‑
tion.

11.5. Cytokine‑Mediated Adaptive Immune Dysregulation
In endometriosis, disrupted adaptive immune responses are associated with changes in the cytokine environ‑

ment, particularly IL‑6, TNF‑α, and IL‑10. These cytokines regulate the equilibrium between pro‑inflammatory and
immunosuppressive reactions. They influence T cell polarization, B‑cell function, and immune cell activity, thereby
affecting lesion formation, persistence, and symptoms.

11.6. Interleukin‑6
IL‑6 acts as a pro‑inflammatory cytokine and immune regulator and is found at elevated levels in the serum, peri‑

toneal fluid, and endometriotic lesions [43,63]. It works with TGF‑β to drive naıv̈e CD4⁺ T cells into Th17 cells, which
produce IL‑17, a cytokine linked to neutrophil recruitment and angiogenesis, aiding in lesion invasiveness [64,65]. IL‑
6 suppresses Treg differentiation, favoring inflammation and reducing immune tolerance [63]. IL‑6 promotes B‑cell
survival and autoantibody production by upregulating the B lymphocyte stimulator [60]. High IL‑6 levels are inversely
related to NK cell cytotoxicity, downregulating granzyme B and perforin through SHP‑2 modulation, and hindering
ectopic tissue clearance [43]. These mechanisms create a pro‑inflammatory adaptive immune environment that pro‑
motes lesion growth.

11.7. Tumor Necrosis Factor‑Alpha
TNF‑α is a key pro‑inflammatory cytokine produced by activated macrophages and endometrial stromal cells

in lesions [57,59]. It promotes cell growth, survival, and blood vessel formation through the VEGF and aids in extra‑
cellular matrix breakdown by enhancing MMPs [57]. This cytokine boosts Th1 and Th17 cell responses, sustaining
chronic inflammation and contributing to progesterone resistance, which worsens immune dysregulation and dis‑
rupts normal endometrial function. Attempts to therapeutically inhibit TNF‑α have yielded inconclusive clinical
results, highlighting the complexity of this pathway [57].

11.8. Interleukin‑10
IL‑10 is a key anti‑inflammatory cytokine produced by Tregs, B‑cells, and macrophages, with higher concen‑

trations found in the peritoneal cavity of patients with endometriosis [57, 63]. IL‑10 inhibits pro‑inflammatory
cytokine production and T cell activation, enabling immune tolerance to ectopic endometrial implants [57]. In‑
creased IL‑10 impairs NK and CD8⁺ T cell function, allowing lesion persistence [43]. This creates an environment
in which pro‑inflammatory and immunosuppressive signals coexist, maintaining chronic disease.

11.9. Integrated Cytokine Imbalance and Pathological Outcomes
The interaction between IL‑6, TNF‑α, and IL‑10 disrupts adaptive immunity through increased Th17 inflam‑

mation and compromised Treg regulation [43,63]. This imbalance leads to inflammation, lesion formation, and
ϐibrosis in endometriosis [65,66]. Elevated IL‑6 andTNF‑α levels sustain inflammation,while IL‑10 enables immune
tolerance, hindering lesion clearance but promoting tissue remodeling and pain.

11.10. Clinical Relevance and Therapeutic Opportunities
In clinical settings, cytokine levels indicate disease severity, with IL‑6 and IL‑10 serving as markers of diag‑

nosis and disease progression [63]. IL‑6 receptor blockers, such as tocilizumab, show potential in reactivating NK
cells and reducing inflammation, whereas TNF‑α inhibitors remain experimental [43,57]. Adjusting IL‑10 signal‑
ing requires balancing immunosuppression and inflammatory responses. Strategies targeting downstream effects,
including IL‑17 blockade and B‑cell modulation through BAFF inhibition, are emerging as promising methods for
immune response [60,64].
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12. Emerging Therapeutic Strategies
With advances in immunology andmicrobiome science, the clinical management of endometriosis is set to un‑

dergo signiϐicant changes,moving fromsymptommanagement to approaches thatmodify the disease by addressing
immune imbalances and systemic factors. Three interconnected areas show promise: microbiome interventions,
personalized immunophenotyping therapies, and comprehensive multidisciplinary care.

12.1. Probiotics, Prebiotics, and Microbiome Therapies
Evidence shows an interaction between endometriosis and the microbiome in the gut, reproductive system,

and peritoneal environments [67,68]. Dysbiosis, with reduced Lactobacillus and increased pro‑inflammatory bac‑
teria, is associated with immune activation, altered estrogen metabolism, and compromised mucosal barrier func‑
tion, which are crucial in lesion formation and inflammation [62,69]. Short‑chain fatty acids from the gutmicrobiota
protect against lesion development by influencing host immune signaling pathways, including G protein‑coupled
receptors and histone deacetylases [5]. Studies have shown that probiotics, prebiotics promoting beneϐicial bac‑
teria, and fecal microbiota transplantation reduce lesion size and inflammation [68,70]. Clinical ϐindings suggest
that microbiome‑targeted therapies may restore immune balance by enhancing Treg populations, reducing pro‑
inflammatory cytokines, and improving mucosal epithelial function, thereby addressing pelvic and systemic im‑
mune issues [62,67]. Future objectives include incorporatingmicrobiome proϐiling into diagnostic and therapeutic
strategies [71]. Implementation requires the standardization of methods and consideration of patient‑speciϐic fac‑
tors, such as age, hormonal status, and antibiotic exposure.

12.2. Personalized Medicine Based on Immune Phenotyping
Endometriosis exhibits immunological diversity through cytokineproϐiles, T cell subset imbalances (Th17/Treg

ratio), and B‑cell activation markers [26, 60]. Advanced immune proϐiling techniques enable patient classiϐica‑
tion into immunophenotypes that predict disease mechanisms and responses [23,60]. Patients with IL‑6‑driven
inflammation may beneϐit from IL‑6 receptor blockers, such as tocilizumab, whereas those with Th17 predomi‑
nance may beneϐit from inhibitors targeting the IL‑17 or IL‑23 pathway [72]. Patients with humoral autoimmunity
may respond to B‑cell‑depleting therapies (rituximab and belimumab) targeting autoantigens [26,61]. Strategies
to enhance Tregs, including low‑dose interleukin‑2 therapy and agents promoting Tregs differentiation, may help
restore immune tolerance [72,73]. Multi‑omics data integration with machine learning promises improved patient
classiϐication for precise immunomodulation [60].

12.3. Integrative and Multidisciplinary Care
The multifaceted nature of endometriosis, including pelvic pain, infertility, fatigue, and psychological distress,

requires care beyond conventional gynecological treatment [62,64]. Multidisciplinary teams with expertise in im‑
munology, reproductive endocrinology, pain management, and mental health can effectively address the factors
that affect symptom severity. Lifestyle changes and antioxidant‑rich diets can be used with immunomodulatory
therapies to lower IL‑6 and TNF‑α levels [5,71]. Physical rehabilitation and cognitive behavioral therapy help al‑
leviate central sensitization and the psychosocial effects of chronic pelvic pain through neuroendocrine pathways
[73]. Given the link betweenpsychosocial stressors and immunedysregulation in endometriosis, stress reduction is
essential [73]. Collaborative approaches that combine immunemonitoring with patient‑reported outcomes enable
adaptive treatment strategies for holistic health and quality of life.

13. Discussion
The ϐindings of this review show that genital endometriosis involves signiϐicant immunological disruptions,

aligning with the ϐindings of the studies included in the analysis. Common observations included increased IL‑6,
TNF‑α, and IL‑10 levels, alongwith a Treg/Th17 imbalance and reducedNK cell cytotoxicity. These ϐindings support
the view that endometriosis is an immune‑inflammatory disorder rather than a solely hormonal one.

Endometriosis, once viewed as an estrogen‑dependent condition, is now understood as a chronic immune‑
mediated inflammatory disease. Disruptions in innate and adaptive immune functions, including macrophage po‑
larization, immature dendritic cells, reduced NK cell cytotoxicity, Treg and Th17 cell imbalance, and autoantibody
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production by B‑cells, support the persistence of ectopic lesions [23,24,33]. Elevated cytokine levels, including IL‑6,
TNF‑α, and IL‑10, create interactions between inflammation and immune tolerance, contributing to pain, infertility,
and chronic disease [74–76]. These immune disruptions, along with oxidative stress and microbiome imbalances,
redeϐine endometriosis as a systemic disorder rather than a localized gynecological issue [5,17].

Studies have shown that while macrophages increase, their phagocytosis is compromised, and they release
proinflammatory substances that encourage angiogenesis and nerve inϐiltration [25,34]. Dendritic cells accumu‑
late but remain immature, hindering antigen presentation and encouraging tolerance [32,37]. Natural killer cells
show reduced cytotoxicity due to increased expression of inhibitory receptors, such asKIR2DL1 andNKG2A [43,44].
The adaptive immune system is affected by increased Th17 cells, which lead to proinflammatory reactions, whereas
Tregs promote immune tolerance, resulting in inflammationwith reduced clearance [16]. Humoral responses show
abnormal B‑cell activation and higher BAFF levels, leading to autoantibody production, drawing similarities be‑
tween endometriosis and systemic autoimmune diseases [26,60].

Conventional treatments, such as hormonal suppression and surgery, focus on alleviating symptoms rather
than addressing immunopathogenic causes, often resulting in recurrence and pain [20,22]. Recent immunological
advancements have opened up new possibilities. Therapies targeting cytokines, including IL‑6 receptor blockers
(tocilizumab) and IL‑17 inhibitors (secukinumab), have shown potential in preclinical and early clinical trials [23,
72]. Strategies targeting B‑cell/BAFF (belimumab, rituximab) offer another promising direction for autoantibody‑
driven diseases [60]. Antioxidants such as N‑acetylcysteine, resveratrol, curcumin, epigallocatechin gallate, and
melatonin inhibit nuclear factor‑κB/signal transducer and activator of transcription 3 signaling, decrease oxidative
stress, and reduce lesion size in observational studies [12–15]. Interventions targeting the microbiome, including
probiotics, prebiotics, and short‑chain fatty acid supplementation, have emerged as methods to restore mucosal
balance, reduce inflammatory cytokine levels, and boost Treg activity [67,69,70]. These therapeutic advancements
suggest a shift towards mechanism‑based management strategies rather than symptom treatment.

Although encouraging, these ϐindings have several limitations. This narrative review used a structured ap‑
proach; however, the qualitative study selection introduced potential bias. The diversity among human, animal,
and in vitromodels makes direct comparisons challenging. Many potential therapies are supported mainly by pre‑
clinical data or small pilot studies, with limited randomized controlled trial evidence supporting their integration
into standard care. Microbiome research remains exploratory, involving small sample sizes, varying sequencing
techniques, and reproducibility problems. Although immunephenotyping andbiomarker‑based stratiϐication show
promise, they remain experimental and unvalidated for clinical applications.

Toaddress these gaps,multicenter studies combining standardized immuneandmicrobiomeassessmentswith
clinical data are necessary. Longitudinal studies are needed to elucidate the temporal connections between immune
dysfunction and lesion progression. Predictive biomarkers derived from cytokine patterns, immune cell character‑
ization, and microbial proϐiles could facilitate precision medicine strategies. Incorporating immune modulation
with lifestyle, dietary, and psychosocial interventions is vital for providing comprehensive care. Ultimately, transi‑
tioning from symptom alleviation to modifying disease mechanisms is crucial for enhancing the quality of life and
reproductive outcomes of women with genital endometriosis.

14. Conclusions
Genital endometriosis is a chronic inflammatory disorder driven by immune dysfunction, with abnormalities

in immune cells, increased pro‑inflammatory cytokine levels, oxidative stress, and altered genital and gut micro‑
biomes. These immunopathogenic insights show that the condition extends beyond a hormone‑dependent gyneco‑
logical issue, affecting pain, infertility, and recurrence. Current hormonal and surgical treatments provide tempo‑
rary relief without addressing immunological issues, leading to disease recurrence.

Recent developments have highlighted promising therapeutic strategies targeting immune pathways and
oxidative stress, including cytokine inhibitors, B‑cell/BAFF modulation, and antioxidant compounds such as N‑
acetylcysteine, resveratrol, curcumin, epigallocatechin gallate, and melatonin. Approaches targeting the micro‑
biome and precision medicine based on immune phenotyping offer potential new treatments. However, these
methods lack long‑term data from large‑scale trials. Future research should focus onmulticenter studies integrat‑
ing immune and microbial proϐiling with clinical outcomes and care models combining pharmacologic, lifestyle,
and psychosocial interventions.
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By shifting from symptom management to mechanism‑based therapies, we can potentially alter the progres‑
sion of endometriosis, reduce its recurrence, and improve fertility and quality of life. The combination of immunol‑
ogy and translational medicine is essential for developing lasting personalized solutions.
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