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Preface

“Endometrial tissue set free by menstruation, therefore, is sometimes not only alive but may actually
continue to grow if transferred to situations favorable to its existence.”
Sampson JA. Metastatic or Embolic Endometriosis, due to the Menstrual Dissemination of

Endometrial Tissue into the Venous Circulation. Am J Pathol. 1927 Mar,;3(2):93-110.43.

Endometriosis is estimated to affect 10% of women of reproductive age and significantly
impacts patients’ quality of life. Despite extensive research, its etiopathogenesis remains unknown.
The theory of retrograde menstruation, proposed in 1927, remains the most widely accepted
explanation, though it leaves many questions unanswered.

The origin of endometriosis may involve multiple factors, and our research does not intend to
fully unravel this complex puzzle. However, growing evidence suggests that immune dysfunction
may play a role in the implantation and growth of endometriotic cells outside the uterine cavity, which
could explain why 90% of women experience retrograde menstruation, yet only 10% develop the
disease. Insights from studies on cancer cells” immune evasion mechanisms may also prove highly
beneficial in unravelling the etiopathogenesis of endometriosis.

Medical therapy for endometriosis primarily relies on hormone-based drugs, which act as
contraceptives and are unsuitable for women who wish to conceive. This poses a significant
challenge, especially as endometriosis is highly prevalent among women of reproductive age.
Additionally, some women cannot tolerate hormone therapy, have contraindications, or may develop
resistance, leading to disease progression despite treatment. These issues highlight the need for new
non-hormonal therapeutic options, with immunomodulation emerging as a promising area for
research.

However, for this to become a reality, the mechanisms behind endometrial cells’ ability to

evade the immune system must be understood.
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A friend once asked me, “What are you going to do with this PhD?”
Truthfully, I don’t know—perhaps nothing, perhaps everything.

But one thing is certain: our research has advanced knowledge of endometriosis.
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Resumo

A endometriose ¢ uma doenga inflamatoria cronica caracterizada pela implantagdo e crescimento de
células endometriais fora do utero. A investigagdo tem apontado de forma recorrente para a disfuncao
imunitaria como um fator crucial na fisiopatologia da endometriose, nomeadamente na interagao entre
as vias imunitérias inata e adaptativa. Tal disfungdo permite que as células endometriais escapem a
vigilancia imunolédgica e persistam na cavidade peritoneal. Em condi¢des normais, macrofagos,
células Natural Killer (NK) e linfocitos T colaboram para eliminar estas células; contudo, as mulheres
com endometriose apresentam frequentemente uma vigilancia imunoldgica deficiente, o que permite
a implantagdo e proliferagdo de células endometriais ectopicas. Este desequilibrio imunitario suporta
a hipdtese de que as lesdes endometridticas sobrevivem e proliferam ao escapar aos mecanismos de
controlo do sistema imunitario.

Neste trabalho, analisdmos os perfis das células imunitarias no liquido peritoneal (LP) e no
sangue periférico (SP) para investigar as diferencas nas células NK e linfécitos T entre doentes com
endometriose e o grupo controlo. Exploramos ainda, de que forma determinados recetores inibidores
das células imunoldgicas, nomeadamente o Programmed cell death protein 1 (PD-1) e o T-cell
immunoglobulin and mucin domain 3 (TIM-3), podem contribuir para a disfun¢do imunitaria na
endometriose. Tais desequilibrios podem comprometer a eliminagdo eficaz das células endometriais
ectopicas e promover um estado inflamatdrio crénico.

A investigagdo incluiu 62 mulheres recrutadas ao longo de 2 anos, das quais 47 foram
diagnosticadas com endometriose € 15 constituiram o grupo controlo, intervencionadas por outra
patologia benigna ginecologica que ndo endometriose. Todas as pacientes foram submetidas a
cirurgia laparoscopica neste intervalo de tempo, com confirmacdo histologica da endometriose no
grupo das doentes. Recolheram-se dados demograficos e clinicos e classificou-se a severidade da
doenga.

Foram obtidas amostras de SP e LP de todas as participantes e realizou-se imunofenotipagem
celular por citometria de fluxo nos dois tipos de amostras, para caracterizar subpopulacdes de células
imunitérias. O painel de anticorpos monoclonais permitiu uma analise detalhada das células NK e T
presentes nas amostras de SP e LP.

A analise no SP revelou um aumento de células NK CD56MCD16P'™ nas doentes com
endometriose, sugerindo uma reducao da citotoxicidade das células NK sistémicas, ja que as células
NK CD56%CD16P™ sdo conhecidas pelo seu menor potencial citotoxico. Quanto as células T, o
tabagismo revelou-se um fator de estilo de vida com impacto nos perfis imunitarios circulantes em

doentes com endometriose. A percentagem de células T CD4" CD16" foi significativamente menor
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em fumadoras do que em ndo fumadoras, sugerindo que o tabagismo pode prejudicar a ativagdo das
células T, promovendo imunossupressdo e evasao imunoldgica nessas pacientes.

Ao analisar os recetores inibidores das células imunolégicas, investigdmos o TIM-3, um
importante recetor inibidor, amplamente estudado em oncologia e em doengas autoimunes. A
interacdo entre o TIM-3 e os seus ligandos ¢ fundamental para a tolerancia imunitaria. Numa resposta
imunologica saudavel, a ligacdo do TIM-3 aos seus ligandos bloqueia as células T e promove a
tolerancia periférica. Contudo, em condi¢des patologicas como o cancro, uma elevada expressao de
TIM-3 pode induzir a anergia das células T, suprimindo a atividade imunitdria e permitindo a
progressdo das células tumorais. Por outro lado, uma baixa expressao de TIM-3 pode permitir que
células T escapem a regulagdo negativa e se tornem autoreativas, contribuindo para um estado de
inflamacao crénica, como observado no lupus eritematoso sistémico ou na esclerose multipla.

A avaliagdo efetuada mostrou uma redugao significativa na proporgdo de células T CD56*
circulantes que expressam TIM-3 nas doentes com endometriose, comparativamente ao grupo
controlo. Especificamente, mulheres com endometriose intestinal, uma forma mais grave da doenga,
apresentaram niveis significativamente mais baixos de células T CD56" TIM-3". Em estadios mais
avangados, a percentagem de células T CD56" que expressam TIM-3 também diminuiu,
nomeadamente nos estadios Il e I'V. Estas altera¢gdes imunitarias podem contribuir para a progressao
da doenca, caracterizada por inflamacao persistente e fibrose, uma vez que células T com expressao
reduzida de TIM-3 se tornam autoreativas. A alteragdo na expressdo de TIM-3 nas células T CD56"
¢ particularmente importante, ja que estas células possuem func¢des imunoestimuladoras, incluindo a
produgdo de citocinas Thl e um elevado potencial citotoxico.

Relativamente a andalise dos recetores inibidores, observamos ainda um aumento significativo
de células NK CD56"°CD16* que expressam PD-1 no LP das doentes com endometriose, em
comparagdo com o grupo controlo. Este aumento ¢ relevante, ja que as células NK desempenham um
papel essencial na defesa imunitéria inicial neste microambiente, onde as células endometrioticas se
tentam implantar e proliferar, principalmente na cavidade pélvica. Este aumento especifico afeta as
células NK CD56°CD16", potentes mediadoras da citotoxicidade celular dependente de anticorpos,
além das suas fungoes citotoxicas intrinsecas.

Entre as fumadoras com endometriose, verificou-se também uma elevada percentagem de
células NK CD56"CD16" PD-1"no LP, o que pode estar na base de uma dificuldade no controlo da
progressao da doenga nestas pacientes.

A disquesia, frequentemente associada a invasao intestinal, correlacionou-se com niveis mais
elevados de células T PD-1" no LP. Em doentes com envolvimento do trato urinario, observou-se um
aumento acentuado do total de células NK PD-1" no LP, bem como niveis elevados de células T CD8"

Campo Martires da Patria, 130
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PD-17, T CD56" PD-1" ¢ T PD-1" totais em circulagdo. Estes resultados indicam que a expressdo
aumentada de PD-1 nas células imunoldgicas estd associada a casos de endometriose mais graves,
sugerindo que o papel do PD-1 como recetor inibidor pode contribuir para a disfuncio das células
NK e T, aumentando a possibilidade de escape imunologico.

Atualmente, a terapéutica da endometriose ¢ predominantemente hormonal e, como tal, tem
efeito contracetivo, o que a torna inadequada para mulheres que desejam engravidar. Além disso,
muitas pacientes ndo toleram ou desenvolvem resisténcia a esta terapéutica, levando a progressao da
doenga. A disfuncdo observada nos recetores imunologicos, especificamente o PD-1 e o TIM-3,
sugere novos potenciais alvos para tratamentos ndo hormonais. A elevada expressdo de PD-1 em
pacientes sintomaticas e em estadios avangados sugere vias partilhadas com o cancro, onde inibidores
de PD-1 ja sdo usados para potenciar a imunidade antitumoral. Futuras investiga¢des devem incluir
ensaios funcionais para verificar os niveis de atividade celular, além de andlises de citotoxicidade,
respostas de citocinas e influéncia de fatores genéticos. O futuro da terapia para endometriose pode
estar na imunomodula¢do; a investigacdo pré-clinica ja comegou, mas sera essencial explorar quais

as vias especificas que podem ser alvo de intervengao.
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Abstract

Endometriosis is a chronic inflammatory condition where endometrial tissue grows outside the uterus.
Recent research increasingly points to immune dysregulation as a substantial factor in endometriosis
pathophysiology, particularly regarding the interaction between innate and adaptive immune
pathways. This dysfunction allows endometrial cells to avoid immune detection and persist within
the peritoneal cavity. Normally, immune cells such as macrophages, NK cells, and cytotoxic T
lymphocytes work to eliminate these cells. However, women with endometriosis often exhibit altered
immune surveillance, which allows ectopic cells to implant and grow. This immune irregularity
supports the theory that endometriotic lesions survive and proliferate by escaping immune detection.

Our study examined immune cell profiles in peritoneal fluid (PF) and peripheral blood (PB),
investigating NK and T-cell variations between endometriosis patients and controls. We also probed
into how immune checkpoint markers like PD-1 and TIM-3 might contribute to immune dysfunction
in endometriosis, suggesting that similar mechanisms to those observed in cancer might be engaged.
Such imbalances could inhibit the effective clearance of ectopic cells, thereby preserving a chronic
inflammatory condition.

The study consisted of 62 women, with 47 diagnosed with endometriosis and 15 serving as a
control group not suffering from the disease, all recruited over 2 years. All participants underwent
laparoscopic surgery within this time frame. The patient group had histological confirmation of
endometriosis, while the control group underwent interventions for other benign conditions. We
collected demographic and clinical data and classified the severity of the disease.

We collected PB and PF samples from all participants and conducted immunophenotyping on
both types of samples using flow cytometry to characterize immune cell subsets. A comprehensive
immunophenotyping panel of monoclonal antibodies facilitated a detailed NK and T-cell analysis in
the PB and PF samples.

Our analysis showed an uptick in circulating CD56MCD16P'™ NK, indicating a possible
decrease in systemic NK cell cytotoxicity compared to the general population. CD56CD16P™ NK
cells are recognized for their diminished cytotoxic potential. With regards to T cells, it surfaced that
smoking status is a lifestyle factor influencing circulating immune profiles among endometriosis
patients.

Our results showed that CD16+ CD4 T cells were significantly lower in smokers than in non-
smokers, suggesting that smoking may impair T-cell activation, thereby contributing to

immunosuppression and immune evasion in these patients.
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In our examination of the inhibitory receptors of immune cells, we scrutinized TIM-3, a

significant immune checkpoint inhibitor heavily researched in oncology and autoimmune disease
research. The interaction between TIM-3 and its ligands is vital for inducing peripheral tolerance. In
a healthy immune response, the TIM-3 ligand likely aids in blocking effector T cells and promoting
peripheral tolerance. On the other hand, in pathological conditions like cancer, high TIM-3 expression
can lead to T-cell anergy, suppressing immune activity and permitting cancer cells to proliferate.
Conversely, low TIM-3 expression may enable autoreactive and pathogenic T cells to evade negative
regulation, contributing to chronic inflammation as observed in autoimmune diseases such as
systemic lupus erythematosus and multiple sclerosis.

Our research demonstrated a substantial decrease in the proportion of circulating CD56" T
cells expressing TIM-3 in patients with endometriosis compared to controls. Notably, women
suffering from bowel endometriosis, a more severe form of the disease, exhibited significantly lower
levels of CD56" T cells expressing TIM-3.

Furthermore, as endometriosis advanced in severity, the percentage of circulating CD56" T
cells expressing TIM-3 decreased significantly, particularly in stages III and IV.

These immune changes may contribute to disease progression, characterized by persistent
inflammation and fibrosis, as T cells with reduced TIM-3 expression can become autoreactive. The
change in TIM-3 expression on CD56" T cells is particularly important. This is because these CD56-
expressing cells have robust immunostimulatory functions, such as producing cytokines and
possessing significant cytotoxic potential.

In our analysis of inhibitory receptors, we observed a significant increase in CD56"CD16" NK
cells expressing PD-1 in the PF of endometriosis patients compared to the control group. This increase
in PD-1-expressing NK cells in the PF is significant because these cells play a critical role in the
initial immune response within this microenvironment where endometriotic cells attempt to implant
and spread, especially within the pelvic cavity. This elevation impacts CD56"CD16" NK cells known
for their potent antibody-dependent cellular cytotoxicity mediation, complementing their intrinsic
cytotoxic functions.

Additionally, there was also an elevated presence of PF PD-1* CD16"CD56" NK cells among
smokers with endometriosis, suggesting potential difficulty in controlling disease progression.

Dyschezia, often linked with bowel involvement, has been correlated with higher levels of
PD-1" total T cells in the PF. In endometriosis patients dealing with urinary tract involvement, there
was a significant increase in PD-1" total Natural Killer (NK) cells in the PF. Additionally, increased
circulating levels of PD-1* CD8" T cells, PD-1" CD56" T cells, and PD-1" total T cells were observed.

Campo Martires da Patria, 130
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These findings suggest that heightened PD-1 expression in immune cells may correspond to
more severe or symptomatic endometriosis, implying that PD-1’s function as an inhibitory receptor
could contribute to NK and T-cell dysfunction, thus promoting immune evasion.

Endometriosis’ current treatments lean heavily on hormone-based therapies, which have
contraceptive effects. Consequently, these treatments are unsuitable for women aspiring to conceive.
Moreover, numerous patients cannot tolerate hormone therapy, or they develop resistance, which
leads to disease progression. The apparent dysregulation of immune checkpoints, specifically PD-1
and TIM-3, implies new targets for non-hormonal treatments. The elevated expression of PD-1 in
symptomatic patients, especially in advanced stages, may indicate pathways that overlap with cancer,
where targeting immune checkpoints is an established approach to boost anti-tumor immunity.

Future research should incorporate functional assays to confirm cell activity levels, along with
analyses of cytotoxicity, cytokine responses, and the part that genetic factors play. The future of
treatment may reside in immunomodulation. In fact, this future is already underway, as animal studies
in this field are currently in progress. For progress, it is crucial to investigate the pathways affected

by endometriosis and identify potential targets for intervention.
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Thesis Outline

Chapter I provides a general introduction to the current understanding of endometriosis and
its relationship with the immune system, exploring their connection and offering future perspectives.

Chapter II presents the main objectives of this thesis.

The subsequent chapters present four studies on which this PhD thesis is based. Each chapter
consists of the content of a manuscript that has been published or submitted for publication,
subdivided into main sections of abstract, introduction, materials and methods, results, discussion,
and conclusion.

Chapter III presents a systematic review of natural killer cell receptors and their association
with endometriosis.

* Reis JL, Rosa NN, Angelo-Dias M, Martins C, Borrego LM, Lima J. Natural Killer Cell
Receptors and Endometriosis: A Systematic Review. Int J Mol Sci. 2022 Dec 25;24(1):331.
doi: 10.3390/ijms24010331. PMID: 36613776; PMCID: PMC9820702.

Chapter IV characterizes NK and T cells in the peripheral blood and peritoneal fluid of women
with endometriosis compared to a control group, exploring the impact of demographic factors and
symptoms on immune profiles.

e Reis JL, Rosa NN, Martins C, Angelo-Dias M, Borrego LM, Lima J. The Role of NK and T
Cells in Endometriosis. Int J Mol Sci. 2024 Sep 21; 25(18):10141. doi:
10.3390/ijms251810141. PMID: 39337624; PMCID: PMC11432446.

Chapter V examines the role of TIM-3 in endometriosis patients, by investigating its
expression as an immune checkpoint in NK and T cells, within the peripheral blood and peritoneal
fluid of both endometriosis patients and controls. It further analyzes the relationship between TIM-3
expression and demographic factors, symptoms, and disease severity.

* Lourenco Reis J, Martins C, Angelo-Dias M, Rosa NN, Borrego LM, Lima J. TIM-3
Expression in Endometriosis. Am J Reprod Immunol. 2024 Jun; 91(6): e13887. doi:
10.1111/aji.13887. PMID: 38924299.

Chapter VI explores the mechanisms by which endometriotic cells may evade the immune
system, focusing on PD-1 expression in immune cells from both peripheral blood and peritoneal fluid
in women with endometriosis, and identifying potential links between endometriosis and cancer
pathways.

* José Lourenco Reis, Catarina Martins, Miguel Angelo-Dias, Natacha Nurdine Rosa, Luis

Miguel Borrego and Jorge Lima. PD-1 in Endometriosis: Uncovering Potential Links to
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Cancer Pathways. Submitted to Journal of Reproductive Immunology on October 6, 2024
(Manuscript number: JRI-D-24-00379).
Chapter VII presents a comprehensive discussion of this work, including its strengths and

limitations, final remarks, and future perspectives.

Campo Martires da Patria, 130

1169-056 Lisboa - Portugal 2



NOVA

CHAPTER I
General Introduction

Campo Martires da Patria, 130

1169-056 Lisboa - Portugal 22



NOVA

1. Overview of endometriosis

Endometriosis is a chronic, estrogen-dependent inflammatory condition characterized by the presence
of endometrial glands and stroma outside the uterus'. These ectopic endometrial sites undergo cyclic
growth and degradation in response to hormonal stimulation, resembling the activity of the uterine
lining?. Endometriosis lesions are split into three types: superficial peritoneal endometriosis, ovarian
endometrioma, and deep infiltrative endometriosis, defined as those that penetrate more than 5 mm
into the peritoneum or those that invade the muscle layer of hollow organs®. The lesions undergo
cyclical bleeding and trigger an inflammatory response. With each menstrual cycle, hormonal
fluctuations — primarily in estrogen and progesterone — reactivate the endometriotic foci, which in
turn leads to lesion transformation, tissue repair, inflammation, angiogenesis, and local neurogenesis.
This instigates a series of events that encompass epithelial and mesenchymal changes, fibroblast-to-
myofibroblast differentiation, collagen production by ectopic endometrial cells, progressive smooth
muscle fiber metaplasia, and fibrosis*>. This cycle culminates in local inflammation and pain,
potentially causing structural and functional changes in affected organs due to scar tissue and
adhesions'.

The condition is estimated to affect approximately 10% of women of reproductive age® and
accounts for nearly 50% of infertility cases’. Typically, it is diagnosed between the ages of 30 and
40, although diagnostic delays are common due to the non-specific nature of many symptoms®°. Key
clinical features include dysmenorrhea, dyspareunia, and infertility!'®. However, as it is a chronic and
often debilitating disease, endometriosis impacts many facets of a woman’s life, including work,
school, sexual health, family, social interactions, and emotional well-being!!-13.

Despite its identification over 160 years ago'4, there are still significant gaps in our
understanding of its etiopathogenesis. The disease is believed to stem from a complex interplay of
endocrine, immune, pro-inflammatory, and pro-angiogenic factors'?. Multiple theories attempting to
explain its origins have been proposed (Figure 1):

1) Sampson’s Theory: Retrograde Menstruation
The earliest retrograde menstruation theory, introduced in 1927'3, is widely regarded as the primary
explanation for endometriosis. It suggests that during menstruation, small fragments of endometrial
tissue flow backward through the fallopian tubes into the peritoneal cavity, potentially forming
ectopic endometrial implants'>. However, this theory alone does not fully explain the development of

16,17

endometriosis, as retrograde menstruation is common in 90% of women'®'’, yet only 10% of them

develop the disease.
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2) Vascular and Lymphatic Metastasis

While Sampson’s theory explains the spread of endometrial tissue via retrograde menstruation, it does
not account for the endometriotic tissue found outside the peritoneal cavity. The vascular and
lymphatic dissemination theory suggests that endometrial tissue may traverse the lymphatic system,

allowing it to establish in distant sites, like the pleura or pericardium'®,

3) Coelomic Metaplasia
The Coelomic Metaplasia Theory suggests that cells originating from the primitive peritoneum can
transform into endometrial tissue!®. This theory offers an explanation for instances of endometriosis
in individuals who do not menstruate, such as men undergoing estrogen therapy for prostate cancer,

or girls who have not yet reached menarche.

4) Stem Cell Theory
Stem cells, possessing the ability to self-renew and differentiate into various cell types, are present in
endometrial tissue?’. According to this theory, stem cells in the basalis layer of the endometrium
might travel to ectopic sites through retrograde menstruation, lymphatic or vascular routes, or direct

migration, thereby leading to the formation of endometriotic lesions outside of the peritoneal cavity?!.

5) Genetic/Epigenetic Theory
The genetic/epigenetic theory is a more recent approach to understanding endometriosis, proposing
that genetic and epigenetic changes are essential for disease development??. Endometriosis has a
heritable component, with heritability estimated at up to 50%, including 26% from common genetic
variations®>. This theory suggests that genetic and epigenetic modifications affecting cellular

processes may promote changes that contribute to the development of endometriosis?2.
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Figure 1. Potential pathways for the pathogenesis and pathophysiological features of pelvic endometriosis

ER, estrogen receptor; HSD17p2, 17B-hydroxysteroid dehydrogenase 2; ICAM, intercellular adhesion molecule; IGF, insulin-like
growth factor; NF-«B, nuclear factor kB; NGF, nerve growth factor; PR, progesterone receptor; SF1, steroidogenic factor; STAR,
steroidogenic acute regulatory protein; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor. Adapted from
Zondervan KT et al, 2020.

The primary goal of treatment is to control the growth of ectopic endometrial tissue, thus
reducing bleeding and its subsequent effects. These effects include pain, infertility, and the
impairment of non-gynecological organ functions, which are the most severe manifestations. Unless
surgery becomes necessary, such as in cases of suspected malignancy, unmanageable symptoms,
organ invasion, or specific infertility treatments, medical therapy should be prioritized. The primary
treatment options for endometriosis comprise progestins, estroprogestins, and GnRH antagonists.

One significant challenge with medical therapy is that these drugs are often hormone-based
and contraceptive, rendering them unsuitable for women seeking to conceive — a critical issue
considering the high prevalence of endometriosis among women dealing with infertility, most of

whom receive the diagnosis during their reproductive years. Furthermore, some women cannot
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tolerate hormone therapy or have contraindications, while others may exhibit resistance, leading to
disease progression despite ongoing treatment. These factors underscore the urgent necessity to

explore new non-hormonal therapeutic options®*3°,

2. Overview of the immune system

The immune system is a complex network of cells, tissues, and organs that work in unison to defend
the body against foreign pathogens, including bacteria, viruses, fungi, and parasites. This system
operates through a multifaceted interaction of components that identify and neutralize harmful agents,
thus aiding in protecting the body from infections and diseases. The immune system is composed of
two primary branches: innate and adaptive immunity. Each branch has unique roles and strategies for

defending against potential threats3!.

2.1 Innate immunity

The innate immune system serves as the body’s first line of defense against a wide range of pathogens.
Unlike adaptive immunity, which relies on precise recognition and memory of antigens, innate
immunity is non-specific and fast-acting, getting activated within hours of pathogen invasion. Central
to this rapid response are specialized cells, such as macrophages, neutrophils, NK cells, dendritic
cells, and eosinophils. Each of these cells performs distinct yet complementary functions®! (Figure
2).

v B Cells with
Antibodies

Neutrophils -
b O

T Cells

Macrophages -
phag O

v v v
Mast Cells - Dendritic O O O

Cells

| CD3+ CD4+ CD8+
Natural —
“ Killer Cells
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T Regulatory
Cells

Innate Immunity Adaptive Immunity

Figure 2. Cells of the innate and adaptive immune system

Adapted from: https://www.bdbiosciences.com/en-au/learn/research/immunology.
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Macrophages serve as first responders, recognizing pathogens through pattern recognition

receptors, engaging in phagocytosis to engulf them, and presenting antigens to stimulate adaptive
immunity. Additionally, they release cytokines to recruit other immune cells*>*. Quickly mobilized
by cytokines and chemokines, neutrophils destroy pathogens using antimicrobial peptides, enzymes,
reactive oxygen species, and neutrophil extracellular traps. As they are short-lived and undergo
apoptosis after responding, this limits the extent of tissue damage>*-36.

NK cells are specialized lymphocytes of the innate immune system, renowned for their ability
to target and eradicate virus-infected cells and certain types of tumor cells without prior sensitization.
Unlike other lymphocytes in adaptive immunity, NK cells do not require specific antigen recognition.
Instead, they identify stressed cells lacking MHC class I molecules, a common feature of infected or
malignant cells®’. The ability of NK cells to recognize abnormal cells without prior exposure makes
them paramount for controlling infections and malignancies at early stages®®. NK cells discharge their
cytotoxic function by expelling perforins and granzymes, which create pores in the target cell
membrane and initiate apoptosis. Additionally, they discharge cytokines such as interferon-gamma
(IFN-y), which augment the immune response by stimulating macrophages and other immune cells*°.

Dendritic cells bridge innate and adaptive immunity by sampling pathogens in peripheral
tissues. They then migrate to lymphoid organs and present antigens to T cells, initiating adaptive
responses*’. Eosinophils fight parasitic infections by releasing cytotoxic granules that are activated
by cytokines such as IL-5. Basophils release histamine to increase vascular permeability and recruit
immune cells. These cells play significant roles in allergic responses*!**3. Mast cells are located at
barrier sites, and they release histamine and inflammatory mediators to enhance blood flow. These
cells also recruit more immune cells, thereby serving critical roles in early pathogen detection and
allergic reactions**. Combined, these cells coordinate a swift and effective immune response to

pathogens.

2.2 Adaptive immunity

The adaptive immune system is responsible for the body’s targeted response to pathogens,
distinguishing it from the immediate, non-specific actions of innate immunity. This system provides
long-term protection through a process known as immunological memory, which enables it to respond
more rapidly upon re-exposure to a previously encountered pathogen. The cells of adaptive immunity,
primarily B lymphocytes (B cells) and T lymphocytes (T cells) are specialized to recognize specific

antigens and generate a tailored response?! (Figure 2).

Campo Martires da Patria, 130

1169-056 Lisboa - Portugal 7



NOVA

B cells have receptors that recognize specific antigens present on the surface of pathogens.

When a B cell encounters an antigen that matches its receptor, it becomes activated with the help of
T-helper cells, leading to its proliferation and differentiation into two main types of cells: plasma cells
and memory B cells®. Plasma cells secrete large amounts of antibodies, specifically designed to bind
to the pathogen’s antigens. This binding either neutralizes the pathogen directly or marks it for
destruction by other immune cells. Each antibody is specific to a single antigen, enabling precise
targeting*®. Memory B cells, on the other hand, do not immediately participate in fighting the current
infection but remain in the body for years, ready to respond swiftly if the same pathogen invades
again. This function of memory B cells underpins the concept of immunological memory and
provides lasting immunity after infection or vaccination*’.

T cells, which mature in the thymus, are another crucial cell type in adaptive immunity. They
are classified into various subsets based on their surface receptors and functions. The primary subsets
are helper T cells (CD4" T cells) and cytotoxic T cells (CD8" T cells). These cells recognize antigens
presented on the surfaces of antigen-presenting cells (APCs) or infected cells through molecules
known as the major histocompatibility complex 43,

Helper T cells, or CD4" T cells, play a central role in orchestrating the immune response by
releasing cytokines that activate and direct other immune cells, including B cells, cytotoxic T cells,
and macrophages **. Upon recognizing an antigen presented by MHC class IT molecules on an APC,
helper T cells proliferate and differentiate into specialized subtypes, such as Thl, Th2, Th17, or
regulatory T cells (Tregs), each of which has a specific function in immunity #°. For instance, Thl
cells are essential in combating intracellular pathogens like viruses, whereas Th2 cells are more
effective against extracellular parasites like helminths .

Cytotoxic T cells, or CD8" T cells, are responsible for directly attacking and killing infected
cells. They recognize antigens presented by MHC class I molecules found on all nucleated cells and
platelets, allowing them to detect cells infected with intracellular pathogens, such as viruses, or those
that have become cancerous °!'. Once activated, cytotoxic T cells release enzymes like perforin and
granzymes which induce apoptosis (programmed cell death) in the target cell, effectively eliminating
the pathogen along with its host cell >.

A hallmark feature of adaptive immunity is the formation of memory cells following initial
exposure to a pathogen. This functionality involves both memory B cells and memory T cells,
contributing to long-term immunity that enables a more efficient response from the immune system
during any subsequent encounters with the same pathogen>*. Memory B cells persist within the body,
quickly differentiating into plasma cells that produce specific antibodies upon re-infection®*. Memory
T cells, either as CD4" or CD8" cells, are also retained within the body after an infection has been
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cleared. They are divided into central memory T cells, which reside in lymphoid tissues and aid in

sustaining the population of memory cells, and effector memory T cells. These cells circulate within
blood and tissues, ready for quick response to re-infection®.

Regulatory T cells (Tregs), primarily a specialized subset of CD4" T cells, play a crucial role
in maintaining immune tolerance by suppressing immune responses to self-antigens and thus,
preventing autoimmune reactions. Tregs inhibit the activity of other immune cells that might
otherwise target the body’s own tissues, thereby safeguarding against autoimmunity. This function is
indispensable for immune homeostasis and ensures that the actions of the immune system are
balanced and meticulously targeted, minimizing damage to healthy tissues®. Tregs accomplish
immune suppression through various mechanisms, including the secretion of anti-inflammatory
cytokines such as IL-10 and transforming growth factor-beta (TGF-B). These cytokines inhibit the
activity of effector T cells and other immune cells. The role of Tregs in modulating immune responses
underscores the complexity of the adaptive immune system and the significance of maintaining

balance within immune reactions>°.

2.3 Immune system coordination

Both innate and adaptive immunity depend on an intricate system of signaling molecules, which
includes cytokines and chemokines, for communication and coordination of responses across distinct
cells and tissues. Cytokines function as messengers that regulate immune responses, enhancing
interactions among immune cells and directing them toward infection sites. Chemokines, a subgroup
of cytokines, assist in guiding cells to specific locations within the body, ensuring an efficient immune
response”’.

The major histocompatibility complex is a critical element for communication within the
immune system, particularly for adaptive immunity. MHC molecules present antigen fragments on
the surface of infected cells, allowing T cells to recognize and respond to the pathogen. This process
of antigen presentation is crucial for activating T cells and for the ensuing immune response®® (Figure
3).

The immune system is designed to protect the body, but when it becomes dysregulated, it can
lead to diseases. Autoimmune diseases, such as rheumatoid arthritis and lupus, occur when the
immune system mistakenly attacks the body’s own tissues. In these instances, the immune system
fails to differentiate between self and non-self, resulting in chronic inflammation and tissue damage>°.

Cancer poses a unique challenge to the immune system as cancerous cells can elude detection
and actively inhibit immune responses to secure their survival and proliferation. However, recent
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advancements in immunotherapy, such as immune checkpoint inhibitors and chimeric antigen
receptor (CAR) T-cell therapy, have showcased significant potential in re-stimulating the immune

system to efficiently target and eradicate cancer cells®
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Figure 3. Immune system coordination

TNF, Tumor necrosis factor; IL, Interleukin; TLR4, Toll-like receptor 4, LPS: lipopolysaccharide, DCs, Dendritic cells; IFNy,
Interferon-gamma; BCRs, B cell receptors; TCRs, T cell receptors; Breg, Regulatory B cells; Treg, Regulatory T cells. Adapted from

Nguyen T.G., 2020

3. Endometriosis and the immune system

Despite substantial research in this area, the exact cause of endometriosis remains unclear. The
retrograde menstruation theory, often considered the primary explanation, does not wholly account
for the condition’s development. Retrograde menstruation occurs in most women, yet only one in ten
develops endometriosis!'®!. Building on this, Dmowski and colleagues proposed that patients with
endometriosis might have an impaired immune response that fails to clear menstrual debris®2%3,
Immunological dysfunction has garnered significant attention in recent years. This is because
researchers are investigating “innate-adaptive immune pathways” that contribute to the creation and
durability of endometriotic lesions within the peritoneal cavity. In a fully functioning immune system,
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immune surveillance mechanisms can identify and get rid of aberrant cells, such as endometrial-like

cells at ectopic sites. However, in people with endometriosis, this process seems to be compromised®*.

Usually, when endometrial cells reach the pelvic cavity through retrograde menstruation,
immune cells such as macrophages, NK cells, and cytotoxic T lymphocytes are tasked with removing
these cells and preventing their implantation. Studies indicate that women with endometriosis display
modified immune surveillance abilities. This allows ectopic cells to avoid destruction and commence

implantation on peritoneal surfaces®*%.

3.1 The immune cells in endometriosis

Dmowski and Braun® propose that polymorphic, genetically abnormal endometrial cells may prefer
proliferation over apoptosis in response to local triggers. While normally functioning cells within the
same host are eradicated, these abnormal cells could potentially bypass peritoneal defenses and
leverage the environment to propagate clonally when relocated into the peritoneal cavity. In the case
of endometriosis, peritoneal macrophages, and NK cells exhibit a decreased capacity to eliminate
endometrial cells from the peritoneal cavity. An imbalance between Thl and Th2 cells further
interferes with cytokine secretion, culminating in inflammation that enables lesion progression®. The
discharges from these cells incite a local inflammatory response, fostering cellular invasion and
advancement of the disease. This inflammation draws leukocytes into the peritoneal cavity where
they get activated and unleash cytokines with diverse impacts. Additionally, these stimulated immune
cells may be less efficient at eliminating displaced cells, and their secretions could encourage ectopic

cell growth and disease progression, rather than inhibiting it.

3.1.1 Innate immune system and endometriosis

The innate immune cell populations examined in the pathophysiology of endometriosis include
neutrophils, macrophages, and NK cells.

Patients with endometriosis exhibit higher peritoneal neutrophil levels compared to
individuals without the condition, likely driven by elevated chemotactic factors such as IL-8 present
in plasma and PF%’. Despite this increase, the phagocytic function of peripheral monocytes and
neutrophils is reduced®.

Macrophages, the most abundant cells in the PF of healthy individuals, are present in increased
quantities in patients with endometriosis. However, these macrophages demonstrate diminished

functionality and reduced phagocytic capacity. Additionally, their production of inflammatory
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mediators aids in the implantation and proliferation of endometrial cells, thus encouraging lesion

development ¢,

NK cell populations are found in both the PB and the uterus, predominantly characterized as
CD56%mCD16" in the circulation and CD56*¢"CD16™ in the uterus’. Oosterlynck et al. were the
first to identify the role of NK cells in the pathogenesis of endometriosis, observing reduced cytotoxic
activity of NK cells against ectopic endometrial cells, a trend linked to advanced stages of the
disease’!. This finding has been consistently observed, with decreased NK cell activity being more
evident in the PF, though it is also present in PB’2. The specific mechanism behind NK cell inhibition
in endometriosis remains unclear. Studies have reported abnormal expression of both activating and

inhibitory receptors on NK cells in endometriosis compared to healthy individuals’>74,

3.1.2 Adaptive immune system and endometriosis

Several studies have confirmed the presence of anti-endometrial antibodies in the serum and PF of
patients with endometriosis’. It is thought that these autoantibodies may contribute to endometriosis
by activating the immune system and perpetuating inflammation, though this is largely speculative,
and there is a lack of evidential support. Notably, there is a robust association between endometriosis
and other immune-related or autoimmune diseases such as rheumatoid arthritis, psoriasis, and
allergies’®. With the presence of autoantibodies, B cell populations have been investigated in relation
to endometriosis. A meta-analysis of 22 studies focusing on B cells in endometriosis showed that
most studies reported an increase in the presence or activation of B cells in affected patients. However,
seven studies found no difference in B cell numbers between patients with endometriosis and the
control groups’’. Further research is necessary to better understand the role of B cells and their
interactions with other immune cells within the microenvironment of endometriotic lesions.
Research on T cells in patients with endometriosis has revealed a higher CD4/CDS8 T-cell ratio
and increased concentrations of both cell types in the PF of these patients’. Endometrial lesions had
more T cells than the eutopic endometrium, though the CD4/CD8 T-cell ratio was similar. No notable
changes were observed in the PB”. Moreover, the proportion of Th17 cells in the PF was higher in
individuals with endometriosis and seemed to be linked with the stage of the disease®’. Regulatory T
cells, generally involved in immune regulation and tolerance, also showed increased numbers in the
PF of patients with endometriosis. This increase is suspected to be related to local
immunosuppression, potentially inhibiting the clearance of ectopic endometrial cells. However, the

exact function of Tregs in the development of endometriosis remains uncertain®!-82,
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The link between endometriosis, a chronic inflammatory condition, and excessive cytokine

secretion has been extensively examined. Cytokines, acting as chemotactic factors, play a role in
recruiting macrophages and T cells, thereby driving the inflammatory response associated with the
disease. Studies have noted altered cytokine levels in the serum or PF in instances of endometriosis
occurring in various locations®’. IFN-y is elevated in the PF of endometriosis patients, which regulates
the Th1/Th2 cell balance but does not affect the growth or apoptosis of cells from ovarian-derived
ectopic endometrial implants. This suggests potential resistance of endometrial cells to apoptosis
upon entering the peritoneal cavity®*. IL-1, a pro-inflammatory cytokine produced by activated
macrophages in the PF, regulates immune responses, and promotes cell growth, differentiation, and
angiogenesis, with elevated levels observed in endometriosis patients®. IL-6, also produced in
response to infection and tissue damage, plays a vital role in host defense by stimulating acute-phase
responses, hematopoiesis, and immune activation. Although its expression is usually regulated,
continuous IL-6 synthesis can occur in pathological conditions, contributing to chronic inflammation
and autoimmunity®. In endometriosis, IL-6 promotes ectopic endometrial growth by interfering with
normal cellular responses. Macrophages, the primary source of IL-6 in the PF, are more numerous
and active in endometriosis patients, releasing IL-6 and other cytokines at elevated levels®”*. This
IL-6 secretion enhances haptoglobin production, reducing phagocytosis and thereby shielding
endometrial implants from immune detection. This positive feedback loop promotes ectopic
endometrium survival and lesion growth. Furthermore, high IL-6 levels inhibit NK cell activity,
further facilitating endometriosis progression®. IL-8 and TNF-o are among the cytokines with
elevated expression levels in the PF of women with endometriosis. These cytokines support
endometrial cell adhesion to the peritoneum and disease progression, attracting immune cells to
inflammation sites*?!,

IL-10 and IL-4 are anti-inflammatory cytokines that play key roles in immune modulation.
Initially thought to be produced mainly by Th2 lymphocytes, IL-10 is now known to be secreted by
various cells, particularly Tregs, along with other subsets of B cells, T cells, macrophages, and even
non-immune cells like keratinocytes and tumor cells®?. IL-10 helps control inflammation by inhibiting
pro-inflammatory mediators, reducing phagocytosis, and enhancing regulatory T-cell functions,
thereby fostering immune tolerance®?. However, its primary role involves the differentiation of naive
T cells following their antigen-stimulation. This process results in the production of activated T cells
that can generate helper T cells polarized toward a Th2 cellular response®. In the context of
endometriosis, it has been repeatedly demonstrated that disease development is associated with Th2-
type immune responses®®**>. Studies have revealed higher IL-10 levels in the PF and PB of women
with endometriosis, related to reduced NK cell cytotoxicity in the endometriosis environment. This
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cytokine imbalance may facilitate the implantation and persistence of ectopic endometrial tissue in

the peritoneal cavity®®"7.

Research on women with endometriosis has revealed elevated TGF-B activity in their PF%%,
This cytokine plays a role in various processes, which include angiogenesis and immune regulation.
Its isoform, TGF-B1, has anti-inflammatory effects. However, TGF- also promotes the
differentiation of regulatory T cells and Th17 inflammatory cells. TGF-f in endometriosis may
contribute to inhibiting NK cell activity in the PF®®. Angiogenesis, the process of creating new
capillaries, is thought to be involved in the pathogenesis of endometriosis®. High levels of the
vascular endothelial growth factor (VEGF) are found in the PF of patients with endometriosis. These
levels are driven by estradiol and progesterone, which facilitate increased vascularization in

endometriotic tissues and enhance endothelial cell proliferation!%:101,

3.1.3 The immune system in endometriosis — Future perspectives

While research on the interplay between the immune system and endometriosis remains limited, an
in-depth study could reveal the exact mechanisms of disease pathogenesis. Such understanding will
assist us in recognizing potential autoimmune components, which could transform treatment
strategies towards those used for autoimmune diseases and potentially enhance patient outcomes.
Current research concentrates on decoding these immune pathways to craft targeted therapies that
tackle both inflammation and immune dysfunction. The aim is to reduce pain and decelerate disease
progression without being overly dependent on hormonal treatments!%2.

With a deeper understanding of immunosurveillance, immune evasion, and innate-adaptive
immune pathways in endometriosis, we find ourselves in an ideal position to examine the immune
microenvironment of endometriotic lesions closely, searching for new therapeutic targets.
Furthermore, there is an urgent necessity for groundbreaking diagnostic and treatment approaches
that not only treat endometriosis but also allow for the preservation of reproductive potential when
desired.

Recognizing endometriosis as an immune-mediated disease underscores the potential for
immunomodulatory therapies. For instance, we could control disease progression and alleviate
symptoms by targeting pro-inflammatory cytokines, such as TNF-a, or by modulating immune cells

like macrophages and Tregs®.
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1. General objective

The primary objective of this research was to analyze the populations of NK and T cells, along with

their inhibitory immune receptors, in the PB and PF of women with endometriosis, in comparison to

a control group without the disease. The study aimed to identify the mechanisms through which

endometriosis cells evade the immune system, enabling them to plant and proliferate outside the

uterine cavity.

2. Specific objectives

In detail, the specific objectives were as follows:

Conduct a systematic review to improve understanding of NK cell function in endometriosis,
considering the growing research on the role of NK receptors in the disease’s pathogenesis
and the absence of comprehensive reviews on this topic (Chapter I1I).

Investigate abnormal NK and T-cell patterns associated with symptoms such as
dysmenorrhea, dyspareunia, pelvic pain, rectorrhagia, and dyschezia, while analyzing the
influence of demographic factors on immune profiles in endometriosis patients, both in
peritoneal fluid and peripheral blood (Chapter IV).

Examine the behavior of TIM-3 in endometriosis patients by investigating its expression as
an immune checkpoint in NK and T cells within the peripheral blood and peritoneal fluid of
both endometriosis patients and controls. Additionally, analyzes the relationship between
TIM-3 expression and demographic factors, symptoms, and disease severity (Chapter V).
Investigate the mechanisms by which endometriotic cells may evade the immune system, with
a focus on PD-1 expression in immune cells from both peripheral blood and peritoneal fluid,
in women with endometriosis and establish potential links between endometriosis and cancer

pathways (Chapter VI).
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Abstract: Endometriosis is a chronic inflammatory disorder, characterized by the presence of endome-
trial cells outside the uterine cavity. An increasing number of studies correlate the immune system
with endometriosis, particularly NK receptors (NKR), which have been suggested to play an essential
role in the pathogenesis of the disease. This systematic review aims to enlighten the role of NKR
in endometriosis. A literature search was performed independently by two reviewers, to identify
studies assessing the role of NKR in endometriosis. In total, 17 studies were included. Endometriosis
pathogenesis seems to be marked by the overexpression of NK inhibitor receptors (KIRS), namely,
CD158a+, KIR2DL1, CD94/NKG2A, PD-1, NKB1, and EB6, and inhibiting ligands such as PD-L1,
HLA-E, HLA-G, and HLA-IL Concurrently, there is a decrease in NK-activating receptors and natural
cytotoxicity receptors (NCRs), such as NKp46, NKp30, and NKG2D. The immune shift from NK
surveillance to NK suppression is also apparent in the greater relative number of ITIM domains
check for compared with ITAM domains in NKRs. In conclusion, NK receptor activity seems to dictate the
updates immunocompetency of women to clear endometriotic cells from the peritoneal cavity. Future research
could explore NKRs as therapeutic targets, such as that which is now well established in cancer
therapy through immunotherapy.
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Received: 9 November 2022 Endometriosis is a chronic gynecological disorder characterized by the presence of
Revised: 12 December 2022 endometriotic tissue outside the uterine cavity. It is a very incapacitating disease affecting
Accepted: 21 December 2022 1 in 10 women during reproductive age [1], having a great impact on their quality of life.
Published: 25 December 2022 Although endometriosis was first noted by Carl von Rokitansky more than one hundred

years ago, the pathogenesis of this condition is still not clear. Regarding pathogenesis,
the theory of retrograde menstruation and implantation of ectopic endometrium is the

most accepted [2]. Retrograde menstruation occurs in almost all women, but only 10% of
them develop endometriosis [1]. Thus, the question arises as to what facilitates ectopic
This article is an open access artice €Ndometriotic cell implantation and growth. The hypothesis of immunological dysfunction
distributed under the terms and DAas gained greater evidence in recent years. In the peritoneal cavity microenvironment,
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proliferation of endometrial cells [4]. An increasing number of studies [5-20] address the
role of NK receptors (activating and inhibiting) in endometriosis pathogenesis (Figure 1).
To the best of our knowledge, there are no systematic reviews concerning the involvement
of NK cell receptors in endometriosis; therefore, this assessment is important for a better

understanding of the topic.

Figure 1. Diagrammatic representation of endometriosis and proposed etiology.

2. Methods
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This systematic review identified and analyzed human studies which assess the role

of NK cell receptors in women suffering from endometriosis compared with healthy
women, and was conducted according to the PRISMA guidelines (Preferred Report-
ing Items for Systematic Reviews and Meta-analyses) [21,22] (Figure 2) and registered
in PROSPERO (CRD42020205783).
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Figure 2. PRISMA flowchart [22].
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2.1. Search Strategy

An extensive computerized literature search strategy was performed to retrieve the
studies included in this review. The searches were performed in PubMed /Medline, EM-
BASE, Scopus, and Web of Science databases, using database-specific subject heading
terms and all its variants in free-text words, according to the specificities of each database
(Table S1). To ensure literature saturation, we performed a supplementary search of grey
literature and of the reference sections of the selected studies and reviews, to identify any
additional relevant missing publications as well as conference papers not retrieved in the
electronic search. No date or language limits were imposed on the search.

2.2. Eligibility Criteria and Study Selection

The study selection was performed independently by two individuals (J.L.R. and
N.N.R.), who screened the titles and abstracts of all suitable articles from the queries
according to the eligibility criteria (Table S2). No restrictions to geographical location,
language of publication, or year of publication were applied, and all non-primary studies
were excluded.

Studies that did not meet eligibility criteria were excluded and the remaining articles
were thoroughly analyzed and read in full and included or discarded according to the eligi-
bility criteria. Any disagreement was resolved after discussion with a third reviewer (J.L.).
All decisions, including reasons for exclusion and the number of selected articles in each
step, were recorded and depicted in a flow chart, following the PRISMA 2020 guidelines.

EndNote version 20 was used to store, organize, and manage all the references arising
from the literature search, including the management and removal of duplicates, and
scanning of the titles/abstracts of all the records.

2.3. Data Extraction and Quality Assessment

All relevant data were extracted from each selected study by two independent review-
ers and any disagreement was referred to a third reviewer (J.L.) to reach consensus. The
following data were extracted:

e  Identification of the study—title, authors, year of publication, journal title, country of
origin, study design, number of participants, and recruitment procedure and duration.

e  Participant characteristics—sample size, age, BMI, parity, rAFS classification of en-
dometriosis [23], previous treatments, and preoperative painful symptoms scores—of
subjects in endometriosis and control groups.

e  Methodological features—sample characteristics (endometriotic tissue, peritoneal
fluid, peripheral venous blood, and eutopic endometrium), methodology used for
NK cell marker characterization (>!Cr cytotoxicity assay, ELISA, flow cytometry, im-
munohistochemistry, in situ hybridization, RNA extraction, and quantitative real-time
Western blotting) and NK cell markers.

e  Outcomes—comparison of NK cell markers between the different samples studied.

The methodological quality of each individual study was assessed independently
by two reviewers on 20 October 2022 (J.L.R. and N.N.R.), using the NHLBI quality as-
sessment tool of case—control studies (https://www.nhlbinih.gov /health-topics/study-
quality-assessment-tools). This scale evaluates 12 components of a study to determine its
methodological quality. Each study evaluation criterion was assigned “Yes”, “No”, “NR”
(not reported), “NA” (not applicable), or “Unc” (Unclear). Subsequently, studies were
graded as “Poor”, “Fair”, or “Good”. The level of bias influences the evidence and results
obtained in this systematic review. Conflicts regarding study quality were resolved with a
third reviewer (J.L.)

2.4. Data Synthesis

Due to the high heterogenicity of the selected studies evaluating several NK cell
receptors in different types of samples (peripheral blood, peritoneal fluid, and eutopic and
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ectopic endometrium), a quantitative meta-analysis was not feasible to perform. Data from
the selected studies were narratively and qualitatively summarized.

3. Results
3.1. Study Selection

In total, 1193 studies were obtained. Upon the exclusion of 628 duplicates, titles and
abstracts were screened, and 535 studies that did not meet eligibility criteria were excluded.
There were 30 reports sought for retrieval, where an additional 8 studies were excluded
because they were classified as conference abstracts/posters. The remaining 22 articles
were thoroughly analyzed and read in full, leading to the exclusion of 4 more studies due
to research theme incongruency. In total, 18 studies [5-20,24,25] were included in the final
qualitative analysis, as per Figure 2.

3.2. Study Quality Assessment and Risk of Bias

Quality assessment was conducted on the 18 selected studies as presented in Table S3
(following NHLBI Assessment Tool guidelines). Among these studies, 15 were deemed
“good quality” [5,6,8-10,14-20,24,25]. This assessment was based on the sample size, con-
sideration/adjustment to key confounding variables (demographic factors, menstrual cycle
stage, hormonal therapy, and disease staging as per revised American Society for Repro-
ductive Medicine (rASRM) classification) [23], and appropriateness of the methodology
according to the research hypothesis. None of the studies included sample size justification
or blinded evaluators of outcomes.

3.3. Heterogenicity of the Studies Assessed

NK cell receptors (and their ligands) were evaluated in 18 case—control (observa-
tional) studies in the context of endometriosis, all using a human model. One of these
was also classified as quasi-experimental [24], analyzing the impact of 173-estradiol treat-
ment on results. Heterogenicity was noted in the samples evaluated in each study, as
presented in Table 1. Studies used a wide array of samples, including peritoneal fluid
[6-11,13,14,16-19,24,25], endometriotic lesions/eutopic endometrium samples
[12,15,18,19,24], and peripheral blood [7-10,18,20,24].

Additionally, each study employed different techniques to evaluate the NK cell re-
ceptor activity and expression in endometriosis. Flow cytometry [7-11,14,16,19,24,25] was
most commonly used, followed by Western blotting [6-10,19,24], immunohistochemistry
[12,15,18,24], polymerase chain reaction (PCR) [14,19,20], enzyme-linked immunosorbent
assay (ELISA) [13,17,18], RNA in situ hybridization [12], and >'Cr cytotoxicity assays [5].

The study results are summarized in Table 1.

Table 1. Summary of findings and methods of selected studies regarding NK cell-
activating/inhibiting receptors in endometriosis.

Samples Design n Comparison Methods Markers Results Reference
FITC anti-CD45/PE-
anti-CD14 v, | peritoneal
FITC/v2a PE, .. .
FITC-anti-CD3/PE- ;Y;g;‘%"ll)c}*y against
ti-CD19,
NK an i/ 1/11/11/1V) vs.
cytotoxicit FITC-anti-CD3/PE- io/ntr/ols( e
11I/IEDT, < INK y EC anti-CD56, + KIR expressi
PE Case- 22111/1V o hibiti otoxici FITC-anti-CD3/PE- (NKBIE’%PI;ES?‘°“ Wuetal,
control EDT; 11 ron cytotoxlcity anti-NKB1/PerCP-  EB6) in 2000 [5]
ntrols receptors in assay °'Cr anti-CD56 III/IV EDT vs.
co early and late FITC-anti —,CD3 /PE- controls;
EDT an 1 KIR expression

anti-GL183/PerCP-
anti-CD56,
FITC-anti-CD3/PE-
anti-EB6 /PerCP-anti-
CD56.
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Table 1. Cont.

Samples Design n Comparison Methods Markers Results Reference
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Table 1. Cont.
Samples Design n Comparison Methods Markers Results Reference
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control EDT; 27 R siunas,
controls with and between groups 2008 [13]
without EDT
Anti-CD56 (clone
C218), anti-NKG2A
(clone Z199),
~ PE-conjugated
eentor anti-NKG2A, + CD94/NKG2A
P PE-conjugated : . .
PB, PF, Case— 20 I1/IV CD9%4/NKG2A anti-NKG2C cells in PFin EDT Galandrini
Endometrium trol EDT; 13 expression in FC, RT-PCR fl . ! vs. controls; et al., 2008
Peritoneal EDT <O controls women with uqresctelg 1 HLA-E mRNA [14]
and without conjugate 3 in peritoneal EDT
EDT anti-CD56, peridin
chlorophyll
protein-conjugated
anti-CD3, anti-CD45,
cytokeratin 20
HLA-I and 1 HLA-Iand
HLA-II HLA-II expression
. Case— 15EDT; 15 expression in IgG2a (HLA-I), IgG1 in EDT Baka et al.,
Endomettium control controls women with IHC (HLA-II) endometrial stroma 2011 [15]
and without and glands vs.
EDT controls
Anti-CD45 PerCP-
. Cy5.5/anti-CD56
o PE/anti-CD16 in?ﬁ%?fl%m
surface fluarescein vs. controls;
X isothiocyanate, : ’
= acmégg‘ﬁpégsz éDS6dim/NKp46+
31/I1EDT; cells), NCRs ¥ . cells in III/IV EDT .
c FITC/anti-CD335 Funamizu
ase— 18 II/1V (NKp46/40/30) vs. controls;
PF N FC (NKp46) PE, . etal., 2014
control EDT; 28 and cytokine . 1 TNF-a producing
X anti-CD45 PerCP- £ [16]
controls production Cy5.5/anti-CD56 NK cells in III/TV
(TNF-a, IEN-y ¥ . EDT vs. controls;
tc) of PF NK FITC/anti-CD336 + IFN-
etc) o (NKp44) PE, and a
cells in women . producing NK cells
with and anti-CD45 PerCP- 5 11y /v EDT vs
without EDT Cy5.5/anti-CD56 controls .
FITC/anti-CD337
(NKp30) PE
Levels of
soluble 1 MICA in EDT
NKG2D . controls; .
ligands (MICA ELISA (R&D FMICB i EDTvs,  GOnzilez-
Case— 121 EDT; 81 & ! Systems, Inc., . " Foruria
PF MICB and ELISA . . controls;
control controls ULBP-2) in Minneapolis, MN, + MICA, MICB etal., 2015
women with USA) ULBP-2 in deep (17
and without infiltrating EDT
EDT
601/ EDT; Soluble HLA-G .
Cross- 83 III/IV expression in g;glé?P-GF l:f ﬁﬁ;nv
Serum, PF, scle)chonal ED’It"' 7].75 Er]‘)d,[? ?;muén, ELISA mADb 4H84 EDT vs. controls; Rached
Endometrium ~ O0S€Tva- - conro s an MEM-G/9 mouse 1 HLA-G protein et al., 2019
tional (ELISA) serum in IHC LT
EDT . . mAb expression in EDT [18]
/Case— 26 EDT; 22 women with but not eutoni
control controls and without : dnm i:iuoglc
(IHC) EDT endome

Campo Martires da Patria, 130

1169-056 Lisboa - Portugal

43



VA

Int. J. Mol. Sci. 2023, 24, 331 7 of 16
Table 1. Cont.
Samples Design n Comparison Methods Markers Results Reference
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Campo Martires da Patria, 130
1169-056 Lisboa - Portugal

aa, amino acids; EDT, endometriosis; FC, flow cytometry; IHC, immunohistochemistry; ISH, in situ hybridization;
ITAM, tyrosine-based activation motifs; ITIM, tyrosine-based inhibitory motifs; KIR, natural killer inhibitor
receptor; mAb, monoclonal antibody; PB, peripheral venous blood; PF, peritoneal fluid. Scoring and staging of
EDT (I/II/1I1/1V) as per American Fertility Society Guidelines [23].
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3.4. NK Cell Receptors in Peritoneal Fluid

Fourteen studies evaluated the activity and expression of NK cell receptors in the
peritoneal fluid of endometriosis subjects [5-11,13,14,16-19,25]. The role of immune dys-
function in the progression of endometriosis was highlighted by Maeda and colleagues
[7-9], who found, by using flow cytometry, that the levels of NK cell inhibitory recep-
tors such as CD158a+ and KIR2DL1+ were significantly higher in the peritoneal fluid
of endometriosis subjects than controls. This increase was even more pronounced in
stage III/IV endometriosis (KIR2DL1+ 24.2% =+ 16.1% vs. 12.3% =+ 6.9%, p = 0.007 [8],
17.5% + 8.7% vs. 11.7% =+ 5.5%, p = 0.008 [7], CD158a+ 17.0% =+ 12.3% vs. 12.3% + 7.1%,
p = 0.017 [9]) Matsuoka et al. [10] corroborated these findings, also reporting an increased
percentage of CD158a+ in CD56+ NK cells in the peritoneal fluid of the endometriosis group
(13.9% + 7.5% vs. 7.6% + 3.0%, p = 0.028). Galandrini et al. [14] conducted a similar study
using cytofluorometric analysis and reported an increased frequency of human leukocyte
antigen—E inhibitory receptor CD94/NKG2A-expressing peritoneal NK cells in subjects
with endometriosis (75.9% =+ 8.2% vs. 52.1% =+ 16.3%, p < 0.0001). Wu et al. [5] also explored
NK inhibitor receptor (KIR) expression in endometriosis with flow cytometry, noting a
significant increase in the mean fluorescence intensity of receptors NKB1 (183 =+ 56 vs.
97 £ 45, p <0.001) and EB6 (82 + 45 vs. 53 & 14, p = 0.021) in the peritoneal fluid of subjects
with severe (III/IV) endometriosis compared with the controls. The increased inhibition
of NK cell activity at the peritoneal level in endometriosis was also explored through NK
cell inhibitory ligands in three studies [6,13,18], which analyzed HLA-G expression in peri-
toneal fluid using different methods (ELISA, Western blotting, and immunohistochemistry).
All the studies reached the same result: there were no significant statistical differences in
HLA-G in the peritoneal fluid of endometriosis subjects compared with the controls. These
results were different in other samples ((serum and endometrium) [12,18]), as expressed in
the following sections of this report.

NK cell-activating receptors were also investigated in the studies selected. Using flow
cytometry, Xu [19] reported a decrease in NKp30 (p = 0.006) and NKG2D (p = 0.01) levels
in CD56+ NK cells in the peritoneal fluid of endometriosis subjects. In this same study,
however, Xu noted a significant increase in activating receptor NKp46 in CD16+ NK cells
(p = 0.04) 19. This finding is in contrast to that of Funamizu et al. [16], who reported
a decrease in peritoneal activating receptor NKp46 in advanced (III/IV) endometriosis:
22.84% (11.58-46.34) vs. 30.20% (18.72-51.20), p < 0.05. Furthermore, these authors noted a
decrease in peritoneal CD56dim /NKp46 cells, 16.67% (8.95-33.09) vs. 26.12% (14.60-41.14,
p <0.05), as well as an increase in TNF-« (33.87% (25.21-60.73) vs. 25.42% (17.56-30.43),
p < 0.05) and IFN-y (50.04% (26.98-71.33) vs. 19.41% (6.01-38.37), p < 0.05) producing NK
cells [16]. This decrease in peritoneal cytotoxic cells (CD56dim /NKp46) in endometriosis
is complemented by the findings of Wu et al. [5], whose 5'Cr release assay showed a
decrease in cytotoxicity against K562 in the peritoneal fluid of subjects with severe (III/IV)
(LUg 4.6 & 3.6 vs. 8.0 & 4.0 p = 0.011) and early (I/II) (LUy 4.7 & 2.7 vs. 8.0 £ 4.0
p = 0.028) endometriosis. The decreased activation of NK cell activity at the peritoneal
level in endometriosis was also explored through ligands. Gonzélez-Foruria et al. [17]
noted an increase in soluble forms or the shedding of NK-activating receptor ligands
(namely, MICA (p = 0.015), MICB (p = 0.003), and ULBP-2 (0.045)) in the peritoneal fluid
of subjects with deep infiltrating endometriosis relative to controls. Further elucidating
the role of NK cell-activating receptors, Saeki et al. [25] noted a decrease in co-expression
of CD56+/NKp46+ and CD56dim/NKp46+ cells (p < 0.05) with a negatively correlated
increase in IFN-y-producing cells (p < 0.01) in subjects with endometriosis. Contrastingly,
they also observed an increase in the co-expression of activating receptor NKG2D+/NKp46+
cells in endometriosis subjects (p < 0.05).

NK cell activity may also be suppressed through the loss of NK cells (apoptosis).
Eidukaite et al. [11] implicated the Fas—FasL mechanism in the pathophysiology of early
endometriosis by reporting a cytometric decrease in CD56dim NK cells (24.0% =+ 4.9%
vs. 36.3% + 15.9%, p < 0.02), and an increase in CD95 (Fas antigen that promotes NK
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apoptosis) (66.6% =+ 10.6% vs. 42.4% =+ 10.1%, p < 0.01) in the peritoneal fluid of subjects
with early endometriosis. They also reported an increase in NK cells containing the Fas
early activation molecule (i.e., CD69+ CD56+ NK cells) in the peritoneal fluid of subjects
with early (66.8 + 16.5% vs. 43.3 &+ 13.7%, p < 0.01) and advanced (74.2% =+ 7.9% vs.
43.3% + 13.7%, p < 0.01) endometriosis [11].

3.5. NK Cell Receptors in Endometrium and Endometriotic Lesions

Endometrium samples and endometriotic lesions were assessed for the expression
of a variety of NK receptors/ligands in the studies selected, to ascertain which features
promoted immune evasion and ectopic proliferation/implantation. Two studies [12,18]
explored HLA-G (inhibitory NK cell ligand) protein expression in the endometrium and
endometriotic lesion samples via immunohistochemistry. As per Barrier et al. [12], HLA-G
protein was found in the glandular epithelia of 14 out of 15 peritoneal endometriotic lesion
samples (93.3%) (none in stroma), whereas none was found in eutopic endometrium of
both control and endometriosis samples. Similarly, Rached et al. [18] found a significant
increase in the HLA-G protein expression in endometriotic lesions of advanced-stage en-
dometriosis compared with the eutopic endometrium (both control and endometriosis)
(p = 0.018). Barrier et al. [12] went further to analyze HLA-G gene transcripts in endome-
trial samples using RNA in situ hybridization. With this technique, they found that the
glandular epithelia of 13 out of 14 peritoneal lesions (92.8%) contained the HLA-G gene
transcript, but this was not present in the eutopic endometrium (control and endometriosis
samples). The phenomenon of NK cell inhibition was also explored through the expression
of programmed-death 1 (PD-1) and its ligand (PD-L1) in endometriosis using immunohis-
tochemistry and Western blotting [24]. Immunohistochemistry results showed an increase
in PD-1 and PD-L1 expression in the eutopic and ectopic endometria of endometriosis
samples compared with the controls (p < 0.05 and p < 0.01, respectively) [24]. PD-L1 of
the eutopic endometrium of endometriosis samples was upregulated by 17p-estradiol
treatment (p < 0.01). Regarding Western blot results, ectopic endometriotic lesions showed
a significant increase in PD-1 and PD-L1 expression compared with the controls and the
eutopic endometrium from endometriosis samples (p < 0.01); eutopic endometrium from
endometriosis also differed significantly from the controls, exhibiting greater PD-L1 ex-
pression (p < 0.01) [24]. Additionally, a significant increase in CD4+/CD8+ T cell infiltrate
occurrence and size was reported in endometriosis samples (eutopic and ectopic) compared
with controls (p < 0.01) [24]. In contrast, in the context of activation, NK cell-activating
receptor NKG2D ligands were assessed via real-time PCR and Western blotting. Although
Xu [19] did not find any statistically significant differences in ligand mRNA expression,
changes at a translational level were observed, namely, a significant decrease in ULBP-2
protein expression in the eutopic endometrium of endometriosis samples (relative to the
eutopic endometrium of control samples and ectopic lesions (p < 0.05)), and a decrease
in ULBP-3 protein expression in the ectopic endometrium samples compared with the
eutopic endometrium (control and endometriosis) (p < 0.05). Factors of immune evasion
were also measured [15]. Using immunohistochemistry on endometrial samples obtained
via curettage from endometriosis samples and controls, Baka et al. [15] noted a significant
increase in HLA-I and HLA-II expression in both the glandular (HLA-I 87.5% vs. 56.3%,
p < 0.02, HLA-II 46.7% vs. 20.0%, p < 0.04) and stromal (HLAI 100% vs. 87.5%, p < 0.02,
HLAII 66.7% vs. 40.0%, p < 0.007) epithelia of endometriosis samples compared with
the controls.

3.6. NK Cell Receptors in Peripheral Blood and Serum

Several studies [7-10,18,20,24] have explored NK cell receptor expression in the pe-
ripheral venous blood of endometriosis patients. Chou et al. [20] investigated the impact
of HLA-C (KIR ligand) and KIR genotype/polymorphisms on the risk of endometriosis
in a Han Chinese cohort using a DNA-based method of PCR amplification. They showed
that a genotype combination HLA-C*03:03:01 was associated with an increased risk of
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endometriosis (OR = 2.811, p = 0.0473), while the presence of KIR2DS2 acted as a protective
factor against endometriosis with an odds ratio of 0.5577 (p = 0.0394). Moreover, the number
of KIR centromeric A/A haplotypes was significantly increased in the endometriosis group
compared with the control group (OR = 1.793, p = 0.0394) [20]. Maeda et al. [9] studied
the expression of NK inhibitory receptor CD158a+ in the peripheral blood of endometrio-
sis subjects using flow cytometry and observed a statistically significant increase of 3.8%
(17.5% %+ 9.9% vs. 13.8% £ 7.7%, p = 0.009) in the endometriosis group compared with the
control group. Matsuoka et al. [10] observed similar flow cytometry results, reporting a
significant increase in CD158+ CD56+NK cells in the endometriosis group compared with
the control group (18.8% =+ 8.2% vs. 13.4% =+ 5.8%, p = 0.021). Additionally, the authors
also noted a trend whereby KIRs possessing ITIM domains were predominant over KIRs
possessing ITAM domains (65.6% =+ 32.1% vs. 3.9% =+ 2.7%) in the endometriosis group’s
peripheral blood samples [10]. Other NK cell inhibitory receptors such as KIR2DL1 + NK
cells were also explored in the studies selected [8]. Similarly to CD158a+, endometrio-
sis KIR2DL1 + NK cell levels were significantly higher than those of the control groups
(17.4% =+ 8.4% vs. 11.7% =+ 5.5%, p = 0.011) [8]. Another study by Maeda et al. [7] corrob-
orated this, demonstrating higher levels of KIR2DL1 + NK cells among CD16 + NK cells
in the endometriosis group compared with the control group; however, the results were
only statistically significant in advanced endometriosis (24.3% =+ 15.6% vs. 11.6% =+ 6.8%,
p = 0.008). Soluble levels of the NK cell inhibitory ligand HLA-G were also investigated by
Rached et al. [18] in serum, using ELISA, reporting significantly higher levels of sHLA-G
in sera in the endometriosis group compared with the controls (9.3 U/mL (1.2-192.6) vs.
6.1 U/mL (1.0-36.9), p = 0.013). Lastly, natural cytotoxicity receptors (NCRs) and NKG2D
(NK cell-activating receptors) were studied in the peripheral blood of endometriosis pa-
tients by Wu et al. [24]. Unlike the significant differences observed in the peritoneal fluid
mentioned above, peripheral blood yielded no statistically significant differences regarding
NCRs or NKG2D expression between endometriosis and control groups [24].

4. Discussion

Endometriosis is a multi-factorial disease, characterized by genetic propensity, envi-
ronmental insult, and, as highlighted in this review, immune dysfunction [26]. Following
Sampson’s theory of retrograde menstruation, tissue fragments and cells must not only
escape the uterine cavity, but also evade apoptosis, adhere to ectopic tissue, generate a local
vascular supply, and evade immune surveillance systems to develop into endometriotic
lesions [2,26]. NK cell suppression via receptor-mediated dysfunction plays a crucial part
in evading immunosurveillance and apoptosis, enabling the proliferation and adhesion of
ectopic endometrial cells [27]. Secondary to inflammation associated with endometriosis,
the NK cell-mediated release of cytokines and pro-angiogenic factors such as TNF-a and
IFN-y creates an optimal microenvironment for the proliferation of ectopic endometriotic le-
sions [16]. The studies explored in this review [5-20,24] corroborate this notion, detailing a
pathological local environment of endometriosis whereby the aberrant expression/activity
of NK cell receptors results in less cytotoxicity (via the increased inhibition, decreased
activation, and apoptosis of NK cells themselves) and contribute to a pro-inflammatory
state which promotes proliferation and angiogenesis. NK cell suppression has been impli-
cated in the pathogenesis of endometriosis, given its role in immunocompetency and the
clearance of atypic debris.

The increased apoptosis of NK cell populations (through aberrant expression of NK
cell death receptors) results in increased immune evasion, leaving dysregulated cellu-
lar mechanisms and proliferation unconstrained. This is observed in endometriosis, as
evidenced by Eidukaite et al. [11] through their flow cytometry results: endometriosis
samples do not only contain decreased levels of CD56+ cytotoxic NK cells in peritoneal
fluid, but also exhibit an increased presence of Fas antigen (CD95) and increased levels
of early-activation molecules (i.e., CD69) in the initial stages of endometriosis (I/II). This
suggests that, in the early stages of endometriosis, the Fas-FasL mechanism of induced
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cell death is overexpressed, leading to a decrease in NK cell populations, and thus, the
increased immune evasion of ectopic endometriotic cells [11].

NK cell inhibitor receptors have also been implicated in immune dysfunction asso-
ciated with endometriosis. Inhibitor receptor overexpression appears to be a feature of
endometriosis, evidenced by several of the studies explored. Matsuoka et al. [10] observed
that ITIM (inhibition) receptor domains were more prevalent than ITAM (activation) re-
ceptor domains in NK cells found in the peripheral blood of endometriosis subjects. This
suggests that the immune balance of activation/inhibition is shifted in endometriosis,
favoring NK cell suppression, and thus promoting ectopic endometrial cell survival. This
study, however, had the limitation of only having analyzed ITIM/ITAM domains in the
peripheral blood of subjects. Most ectopic implantation sites are in the peritoneal cavity;
therefore, the peritoneal fluid analysis of ITAM and ITIM domain levels of local NK cells
may be more accurate in depicting endometriotic disease profiles than the peripheral blood.
Matsuoka et al. [10] also identified a significantly greater expression of NK inhibitor recep-
tor CD158a in CD16+ NK cells in the peripheral blood and peritoneal fluid of endometriosis
subjects compared with controls. This finding is supported by Maeda et al. [7,8], who
also reported an increase in inhibitor receptor CD158a+ NK cells in the peritoneal fluid
and peripheral blood of endometriosis subjects [9]. Unlike Matsuoka et al. [10], however,
Maeda et al. [7,8] also found a significant overexpression of NK inhibitor receptor KIR2DL1;
the results yielded by Matsuoka et al. [10] did not show significant results for KIR2DL1
levels. This could be due to variability in study populations—it may be that subjects
studied by Maeda et al. [7,8] had a greater relative disease severity than those studied by
Matsuoka et al. [10], because it is recognized that KIRD2DL1 overexpression appears to be
progressive. Stage III/IV endometriosis exhibits significantly greater KIR2DL1+ NK levels
than stage I/II samples. As for other inhibitor receptors, Galandrini et al. [14] reported
a significant increase in CD94/NKG2A receptors in the peritoneal fluid of endometrio-
sis subjects compared with controls. All these results support the hypothesis of NK cell
inhibition being one of the underlying factors promoting the immune evasion of ectopic
endometrial cells. Maeda et al. [8] also propose that the level of inhibition is potentially
correlated with disease severity. A limitation of these studies, however, is that although
they report greater KIR expression, the methodologies did not explore whether this indeed
reduces NK cell activity. A complementary cytotoxicity assay would be appropriate to
confirm the hypothesis. Wu et al. [5] bridged this knowledge gap by conducting a >!Cr cy-
totoxicity assay against K562 cells. They found that in all stages of endometriosis, there was
significantly less peritoneal cytotoxicity against K562 cells than in controls [5]. Additionally,
they observed a significant increase in KIR (NKB1, EB6) expression, which appeared to
be correlated with disease severity (III/IV was significantly greater than I/II endometrio-
sis) [5]. These findings together support the notion that NK cell activity is suppressed via
KIR overexpression in endometriosis. Notably, in these studies, it is unclear whether KIR
overexpression and reduced cytotoxicity were the cause or the result of endometriosis. To
elucidate this, the influence of the genetic background on KIR expression/activity could
be considered. As reported by Chou et al. [20], specific gene polymorphisms which affect
inhibitor receptors such as HLA-C*03:03:01 and KIR centromeric A /A haplotypes occurred
more often in subjects with endometriosis than controls. This finding suggests that altered
KIR expression and immune dysfunction in endometriosis is associated with individual
genetic backgrounds; specific genetic profiles seemed to be risk factors, associated with the
higher occurrence of endometriosis. This defends the notion that KIR overexpression has a
causal relationship with endometriosis, rather than occurring because of the disease. It is
pertinent to consider, however, that this study was conducted in a Han Chinese cohort [20].
Whether these genetic findings would also apply to the general population is uncertain.
Studies with more diverse samples are necessary to ascertain whether the extrapolation of
findings to the general population would be accurate.

Ligands that bind to NK inhibitor receptors are also upregulated in endometriosis.
This is evidenced, for instance, by the finding of significantly higher levels of HLA-E
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mRNA (which binds to the C-type lectin protein HLAI-specific inhibitory NK receptor
CD94/NKG2A) in the peritoneal fluid of endometriosis subjects compared with con-
trols [14]. Similar results have been reported on ligands which bind to the other family of
HLA-I-specific inhibitory NK receptors or killer immunoglobulin-like receptors. HLA-I
is an established inhibitory ligand that binds to KIRs on NK cells to prevent autoimmune
responses; cells missing an HLA-I complex are targeted by NK cells for cell death following
the “missing-self hypothesis” [28]. As per Baka et al. [15], another mechanism of endome-
trial immune evasion is the overexpression of HLA-I and HLA-II in both the glandular and
stromal epithelia of endometrial tissue. The higher levels of HLA-I and HLA-II favor the
suppression of cellular immunity in the peritoneal cavity, providing optimal conditions
for the establishment of ectopic lesions. Nevertheless, this experiment is not without fault;
Baka et al. only investigated samples of eutopic endometrium (found within the uterine
cavity); therefore, it is unclear whether these expression trends are maintained in ectopic
sites [15].

HLA-G, another NK receptor inhibitory ligand, has a stress-inducible gene; therefore,
it is commonly found in tumors or in states of cellular stress, facilitating immune evasion
and atypic cellular survival [29]. The selected studies explored this molecule extensively,
mainly noting the absence of significant expression in the peritoneal fluid of endometriosis
subjects [6,13]. Rached et al. [18] contradicted these findings by noting an increase in
soluble HLA-G levels in the peritoneal fluid of endometriosis subjects in the menstrual
phase compared with the secretory phase, although this increase was not statistically
significant. These results align with Sampson’s theory [2] of retrograde menstruation,
whereby endometrial cells escape to the peritoneal cavity during menstruation via patent
fallopian tubes. Rached et al. [18] also observed significantly increased levels of soluble
HLA-G in the serum of III/IV endometriosis subjects. Additionally, a significant increase
in HLA-G protein and gene expression in ectopic peritoneal endometrial lesions’ glandular
epithelium, but not the eutopic endometrium, was observed [12,18]. According to these
results, it is suggested that ectopic endometrial lesions, upon encountering a new local
immune environment, express HLA-G to promote cell survival and immune evasion via
NK cell inhibition: this expression appears to be localized to the tissue fragments only.
Furthermore, the absence of HLA-G expression in peritoneal fluid highlights that immune
dysfunction associated with endometriosis derives from both NK inhibitor receptor and
ligand overexpression.

NK immune checkpoint/inhibitory receptor programmed death-1 (PD-1) and its lig-
and, PD-L1, have also been investigated [30]. As per Wu et al. [24], increased proportions
of PD-1- and PD-L1-positive cells were found in the endometriosis endometrium and blood
samples compared with controls. The PD-1/PD-L1 axis has been thoroughly investigated
in the oncological setting, and these molecules seem to be upregulated in a variety of cancer
cells (ovarian/gastric carcinoma/leukemia) [31-33]. Thus, it has been postulated that PD-1
and PDL-1 serve as immunoinhibitory mechanisms contributing to tumor evasion from
host defensive responses. These results suggest that this type of immune dysfunction also
occurs in the pathogenesis of endometriosis. Further supporting this notion is the fact that
PD-1/PDL-1 and PD-1 levels are upregulated in the eutopic endometrium of endometrio-
sis samples following 17(-estradiol treatment. These results align with the established
knowledge of endometriosis being an estrogen-dominant condition, whereby estrogen ex-
posure promotes established ectopic endometrial lesion growth and exacerbates associated
pain and inflammation [34]. Additionally, Wu et al. [24] noted a significant increase in
the occurrence and size of CD4+/CD8+ T cell infiltrates in endometriosis samples. This
observation is congruent with the inflammatory landscape of endometriosis, where the in-
creased T cell-mediated release of mediators results in higher levels of circulating cytokines.
Funamizu et al. [16] also explored the endometriotic cytokine environment, observing an
increase in TNF-a- and IFN-y-producing NK cells in III/IV endometriosis compared with
controls. Saeki et al. [25] corroborates these findings, having also observed an increase in
IEN-y-producing NK cells in endometriosis. This aligns with the pathogenic setting of
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endometriosis as cytokines promoting an inflammatory state, optimal for angiogenesis and
tissue invasion required for ectopic lesion establishment and survival.

The suppression of NK cell-activating receptors has also been implicated in immune
dysfunction associated with endometriosis. Funamizu et al. [16] investigated this phe-
nomenon, observing differences in the expression of several NCRs such as NKp46, NKp40,
and NKp30. Of these, only NKp46 receptors exhibited a significant decrease in III/IV
endometriosis compared with the controls [16]. Nevertheless, this decrease in receptor
expression suggests that NK cell cytotoxicity suppression in endometriosis is also achieved
by decreased activation. Xu [19] examined NKG2D receptor levels and respective ligands
(MICA, MICB, ULBP-2, and ULBP-3), finding a significant decrease in NKG2D in CD56+
NK cells in the peritoneal fluid of endometriosis subjects, decreased expression of ULBP-2
in the eutopic endometrium of endometriosis subjects, and decreased ULBP-3 expression
in ectopic endometrial lesions. Furthermore, Gonzalez-Foruria et al. [17] explored NKG2D
ligands. Unlike Xu [19], these authors found a significant increase in MICA, MICB, and
ULBP-2 in the peritoneal fluid of subjects with deep infiltrating endometriosis compared
with controls, and proposed that this increase was due to the shedding of ligands from
endometrial cells onto the peritoneal space, resulting in the lower expression of these lig-
ands on ectopic endometrial cell surfaces [17]. In turn, this promotes immune evasion and
decreased NK cell cytotoxicity (less activation/triggering of NK cells by the ectopic lesions).
It is possible that the results may not be fully representative of the ligand environment
in endometriosis, whereby some allelic variants of MICA are not shed into the peritoneal
space, and thus compensate for the absence of other allelic forms. This, although unlikely,
cannot be confirmed due to the lack of literature on NKG2D ligands in endometriosis. Chou
et al.’s [20] methodology may also be used to ascertain whether this apparent decrease
in NK-activating receptors is the cause or the result of endometriosis. As per the study’s
observations, there were fewer KIR2DS2-positive individuals in the endometriosis cohort
compared with the controls [20]. KIR2DS2 (a gene encoding for an NK-activating receptor)
appears to be a protective factor against endometriosis, suggesting that the inherent pres-
ence of fewer activating receptors creates an optimal environment for the development of
endometriosis. However, as mentioned before, given the specificity of the cohort chosen
in this study [20], it is unclear whether these results can be extrapolated to the general
population. Saeki et al. [25] observed an increase in co-expression of NKp46+ and activating
receptor NKG2D+. This prompts the hypothesis that aberrant or excess expression of NK
cell-activating receptors may also be involved in the immune dysfunction of endometriosis.
When chronically stimulated, NKG2D may exert inhibitory effects, decreasing missing-self
signaling, as observed in murine models [25,35].

5. Conclusions

The overall objective of this systematic review was to assess the role of NK receptors
(activating and inhibiting) in endometriosis pathogenesis, as depicted in the current litera-
ture. This was achieved by analyzing a total of 18 studies [5-20,24,25]. As per their results,
endometriosis pathogenesis is marked by the overexpression of NK inhibitor receptors
(KIRS), namely, CD158a+, KIR2DL1, CD94/NKG2A, PD-1, NKB1, and EB6, and inhibiting
ligands such as PD-L1, HLA-E, HLA-G, and HLA-I in ectopic endometrial lesions. Concur-
rently, there is also a decrease in NK-activating receptors and NCRs such as NKp46, NKp30,
and NKG2D, and a decreased expression (or increased shedding into the peritoneal space)
of NK-activating ligands such as MICA, MICB, ULBP-2, and ULBP-3. Additionally, aber-
rant/excess expression of NKG2D+ has also been suggested to decrease immune response
to ectopic endometrial cells. The notion of an immune shift from NK surveillance to NK
suppression is also apparent in the greater relative number of ITIM domains compared
with ITAM domains in NK receptors found in endometriosis subjects. Further exacerbating
conditions for immune evasion and ectopic proliferation are NK cell death via the Fas—FasL
mechanism in early endometriosis, decreased NK cell cytotoxicity, and increased NK cell-
mediated cytokine release of TNF-« and IFN-y, a state which promotes inflammation and
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angiogenesis required for ectopic endometrial cell lesion survival. Immune dysfunction as-
sociated with endometriosis also appears to have a genetic component—certain genotypes,
namely, those which cause NK receptor dysfunction, have been associated with a greater
risk of endometriosis. Overall, NK receptor activity dictates the immunocompetency of
women to clear ectopic endometrial lesions from the peritoneal cavity. The suppression of
NK cell activity (either by over-inhibition or decreased activation) creates optimal condi-
tions for the development of endometriosis because it promotes lesion immune evasion,
proliferation, and survival. If it is proven that the immune escape of endometriosis cells,
allowing their implantation and growth, is related to the function of NK cell receptors,
this may open the door to the application of immunotherapy in the treatment of severe
endometriosis, as is already the case today with NK inhibitor receptor blockers in cancer
treatment [36]. Further research and understanding on NK cell receptor involvement
in endometriosis potentiates the development of novel therapeutic strategies, bringing
about improvements in patients’ quality of life (clinical significance) and a novel approach
towards endometriosis-associated infertility. Future research could explore NK inhibitor
receptors as therapeutic targets, counteracting their overexpression in endometriosis with a
local antagonist.
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Abstract: Endometriosis, a debilitating condition, affects one in ten women of reproductive age.
Its pathophysiology remains unclear, though deficiencies in immune surveillance are thought to
create an environment conducive to the evasion of ectopic endometrial cells from the immune system.
Our research explores the immunological impact of endometriosis both locally and systemically,
emphasizing natural killer (NK) and T cell subpopulations. We incorporated 62 female patients
who underwent laparoscopic surgery; of those, 47 had endometriosis, and 15 were controls. We
collected peritoneal fluid (PF) and peripheral blood (PB) samples which were tagged with monoclonal
antibodies and subsequently scrutinized using flow cytometry. Our findings revealed significant
differences in immunological profiles based on demographic factors and symptomatology. In the
endometriosis cohort, there was an increase in PB CD56''CD164™ and PF CD8* CD564™CD16 NK
cells. CD16™ CD4 T cell levels were significantly lower in the PB of endometriosis patients who smoke.
Individuals with more severe disease displayed significantly higher levels of PB CD16" CD8 T cells,
which also increased in those with non-menstrual pelvic pain. Dysmenorrhea severity correlated with
a progressive increase in PF CD8* CD564mCD16M NK cells. These variations in specific lymphocyte
subsets, namely, within NK and T cells, suggest potential immunological mechanisms in the evolution
and clinical presentation of endometriosis.

Keywords: endometriosis; NK cells; T cells; peritoneal fluid; peripheral blood

1. Introduction

Endometriosis (EM) is a chronic gynecological condition characterized by the presence
of endometrial tissue outside the uterine cavity, typically in the pelvic peritoneum, ovaries,
and bowel. These ectopic lesions result in symptoms including dysmenorrhea, dyspareunia,
pelvic discomfort, and infertility. Despite the fact that EM impacts one in ten women of
reproductive age [1], the pathophysiology remains unclear, hence, effective diagnostic and
treatment strategies are still yet to be established.

The most accepted theory regarding pathogenesis is that of retrograde menstrua-
tion [2]. However, though this process occurs in almost all women, only 10% develop
EM [1], suggesting that additional factors must be present for EM to develop. The recent
literature implicates immunological dysfunction in EM pathophysiology [3-20]. It is sug-
gested that immune surveillance deficiencies in the peritoneal cavity create a conducive
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microenvironment for ectopic endometrial cell immune evasion and adherence. This envi-
ronment promotes proliferation and angiogenesis, allowing for abnormal tissue survival
and settlement [3-20]. Many studies suggest that changes in the immune profile, particu-
larly in natural killer (NK) cells and T cells, underpin the compromised immune response
observed in women with EM, resulting in poor clearance of ectopic endometrium [3-20]. To
our knowledge, 18 studies [3-20] have investigated NK cell and T cell activity or phenotypic
changes in the peripheral blood (PB) and peritoneal fluid (PF) of EM patients. According
to the literature, NK cell cytotoxicity is diminished in EM, reflecting a functional defect.
This defect is characterized by an overexpression of NK cell inhibitory receptors and a
decreased expression of activating receptors [6,8,10,21,22]. For lymphocyte subpopulations,
both quantitative and functional defects were observed [4,12,19], but the existing literature
provides limited clarity. More specifically, Iwasaki et al. [19] reported an increase in sup-
pressive T cells and a decrease in cytotoxic T cells in PB and PF samples of EM patients.
Contrastingly, Hassa et al. [7] observed no significant changes in lymphocyte subsets in EM
patients. More recently, however, Meggyes et al. [5] highlighted quantitative differences
in specific lymphocyte subpopulations, including decreased T, CD4* T, and regulatory T
cells. They also noted functional differences, such as differential TIM3/Galectin-9 T cell
expression [5].

Further research is needed to understand the immune aspect of EM, thus enabling the
development of more targeted and effective treatments. This study intends to contribute
insights to a field in which understanding is far from comprehensive. It distinguishes itself
by examining the connection between immunology, demographic factors, and symptoms.
To this end, we explore the immunological impact of EM both locally (PF) and systemically
(PB), specifically focusing on NK and T cell subpopulations. We establish a baseline in
control and case groups. Our approach offers a unique clinical perspective from previous
studies in the literature, with noticeable methodological differences. In more detail, we
identify abnormal patterns in NK and T cell profiles relating to clinical presentation and
symptoms such as dysmenorrhea, dyspareunia, pelvic pain, rectorrhagia, and dyschezia.
Moreover, we examine the interplay between immunology and demographic factors, like
race and smoking status, on both systemic and local NK and T cell populations of control
and EM patients. By contributing to a deeper understanding of the interaction between EM
and immune and demographic factors, we hope to lay the groundwork for the creation
of personalized treatments and interventions for individual clinical presentations. This
approach may enhance treatment efficacy while potentially minimizing adverse or off-
target effects.

2. Results
2.1. Demographic and Clinical Characteristics of Patients

The demographic and clinical data for both enrolled groups are summarized in Table 1.
In the control group, the average age was 38.5 years, with a standard deviation (SD) of 9.2,
and the age ranged from 20 to 55 years. In the EM group, the average age was 36.2 years,
with an SD of 6.34, and the ages ranged from 31 to 42 years. Most participants in both
groups were White (>85%). There were no significant differences in the demographic and
clinical characteristics between the two groups, apart from the history of infertility, which
was significantly more common in women with EM (p = 0.003). With regards to hormone
therapy, the difference in its usage between 33% of the control group and 66% of the EM
group was not statistically significant (p = 0.09).

2.2. Endometriosis Characteristics

Table 2 provides detailed information on the characteristics of EM in the participating
patients. The average time between the EM diagnosis and surgery was 2.8 years. A majority
of patients had severe forms of the disease (78.7%), corresponding to stages III/IV. The most
frequently experienced symptom was dysmenorrhea, reported by 93.6% of participants,
with severe dysmenorrhea (>7) reported by 76.6%. Other symptoms included dyspareunia
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(59.6%), chronic pelvic pain (40.4%), dyschezia (34.0%), bowel symptoms (31.9%), urinary
tract symptoms (10.6%), and rectal bleeding (8.5%). Furthermore, about 4.3% of cases
involved extra-pelvic EM.

Table 1. Demographic characteristics.

Control ? Endometriosis ? b
(n=15) (n = 47) p-Value
Age, years
Mean (SD) 38.8 (9.2) 36.2 (6.34) 0.434
Min, Max 20,55 31,42
Race, 1 (%)
White 15 (100) 40 (85.1) 0.113
Black 0(0) 7 (14.9)
BMI, kg/m?
Mean (SD) 23.2 (2.97) 25.2 (5.60) 0.430
Min, Max 17.28 20.8,28.0
Fertile, n (%)
Yes 14 (93.3) 24 (51.1) 0.003
No 1(6.7) 23 (48.9)
Smoker, n (%)
Yes 0(0) 8(17.0) 0.087
No 15 (100) 39 (83.0)
Hormonal therapy, n (%)
Yes 5(33.3) 13 (27.7) 0.090
No 10 (66.7) 34 (72.3)

2 The results are presented as mean and standard deviation; mean (SD). ? p-values are based on the Mann-Whitney
non-parametric U test. Statistically significant results are indicated in bold.

Table 2. Disease characteristics.

Endometriosis
n=472
Endometriosis diagnosis, years ago
Mean (SD) 2.8(2.52)
Min, Max 1,14
Dysmenorrhea complaints, 7 (%) 44 (93.6)
Dysmenorrhea severity, 1 (%)

None/Mild /Moderate (<7) 11 (23.4)
Severe (>7) 36 (76.6)
Dyspareunia complaints, n (%) 28 (59.6)
Dyschezia complaints, 7 (%) 16 (34.0)

Rectorrhagia n (%) 4(8.5)
Chronic pelvic pain, 7 (%) 19 (40.4)
Bowel symptoms, 7 (%) 15 (31.9)

Urinary tract symptoms, n (%) 5 (10.6)

Extra-pelvic endometriosis, n (%) 2(4.3)

2 The results are presented as mean and standard deviation; mean (SD).

2.3. Tissue-Resident and Circulating Lymphoid Cells: Differences between Peripheral Blood and
Peritoneal Fluid

As expected, the lymphoid cellular content differed significantly between PB (cir-
culating) and PF (tissue-resident) samples. PF samples displayed a significantly larger
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proportion of lymphocytes within total leukocytes (p < 0.001), despite having lower absolute
cell counts (when considering total lymphocytes, as well as T and NK cells).

Regarding T cells, the ratios of CD4/CD8 T cells were considerably higher in PB than
in PF samples (p < 0.001). PB displayed increased percentages of CD4 T cells (representing
67% of total T cells, p < 0.001) and lower percentages of CD8 T cells (constituting 33% of
total T cells, p < 0.001). In contrast, PF CD4 T cells accounted for only 37% of total T cells,
whereas CD8 T cells were more abundant, with mean values of 63%. CD56" T cells also
varied between compartments, amounting to roughly 15% in PF compared to only 10% in
PB (p < 0.001). Additionally, tissue-resident lymphocytes exhibited higher percentages of
CD16 in both CD4 and CD56™ T cells (p < 0.001 for both) and higher percentages of CD56
in CD8 T cells when compared to circulating samples (p < 0.001).

Interestingly, no significant differences were observed in total NK cells between PB
and PF samples. However, in PB, two major circulating NK subsets were identified:
CD564mCD16M!, which was the most abundant, and the less represented CD56HCD169i™,
In PF samples, four distinct subsets were found: CD56*/4™CD16i and CD56"CD16~ NK
cells were the most abundant, while CD56"'CD16* and CD564™CD16~ NK cells were less
common. It is worth noting that a larger percentage of circulating NK cells expressed CD8
in comparison to PF NK cells (p < 0.001).

The complete statistical data for the results discussed in this section can be found in
Table S2 of the Supplementary Materials.

2.4. Patients with Endometriosis: Impact on Circulating and Local Immune Profiles

The next step in our analysis involved further identifying the differences in both
sample types between EM patients and the control group.

Initially, only modest differences between controls and EM patients were observed
in major circulating subsets. For example, there was a trend towards higher absolute T
cell counts in the PB of EM patients (p = 0.054) and lower percentages of circulating NK
cells (p = 0.081). Within the NK cells, despite being the most abundant subset, cytotoxic
CD564™CD16M! NK cells were slightly decreased in EM patients (p = 0.073). Conversely,
there were significantly increased percentages (p = 0.019) and absolute counts (p = 0.047)
of CD56HICD164™ NK cells compared to controls. Therefore, EM patients showed lower
CD56%mCD16Mi NK cells/CD56MCD164™ NK cells ratios than controls (p = 0.019).

The analysis of PF samples was, however, less effective in identifying differences
between EM patients and controls. In fact, the only notable difference was the higher
percentages of CD8* CD16MCD564™ NK cells observed in EM patients compared to
controls (p = 0.029).

The complete statistical data for the results discussed in this section can be found in
Table S3 of the Supplementary Materials

2.5. Race and Endometriosis: Impact on Circulating and Local Immune Profiles

Some of the reported differences were more pronounced in Black EM patients compared
to White patients. According to Figure 1, Black EM patients demonstrated significantly
higher percentages of total lymphocytes (p = 0.008), CD56'iCD169™ NK cells (p = 0.032),
consequently leading to lower ratios of CD564™CD16H! NK cells/CD56iCD164™ NK cells
(p = 0.025) in PB. Moreover, pertaining to peritoneal fluid, Black patients exhibited higher
percentages of CD8* CD569™CD16H! NK cells (p = 0.033) and CD8* CD56CD169™ NK
cells (p = 0.009) compared to their White counterparts.

2.6. Age and BMI Effect on Endometriosis: Impact on Circulating and Local Immune Profiles

In contrast to race, age and body mass index (BMI) appeared to have no significant
impact in the subsets studied. On the periphery, the most notable variation identified
was that absolute counts of CD56'CD164™ NK cells were higher in younger EM patients
(age < 37.5 years) compared to a similar subgroup of control women (age < 37.5 years)
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(p = 0.020). Locally, the group of younger women with EM exhibited significantly higher
percentages of CD56" T cells (p = 0.017) than young controls.
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Figure 1. Differences in lymphocytes and lymphocyte subsets of PB and PF samples between healthy
controls and endometriosis (EM) patients divided according to race. (A—C) Peripheral blood subsets:
total lymphocytes, CD56' NK cells, and CD16™ NK cells/CD56' NK cells ratios, respectively.
(D,E) Peritoneal fluid CD8* CD16'! NK cells and CD8* CD56'! NK cells. Graphs are presented as
scatter dot plots with lines referring to medians and interquartile ranges. p-values obtained from
KW—KTruskal-Wallis statistical analysis followed by multiple comparison tests. EM, endometriosis;
PB, peripheral blood; PF, peritoneal fluid. * p < 0.05, ** p < 0.01.

2.7. Smoking and Endometriosis: Impact on the Circulating Immune Profile

Smoking habits seem to significantly affect the circulating immune profiles of patients
with EM. As depicted in Figure 2, both circulating T cell and NK cell populations are
impacted. For T cells, CD16* CD4 T cells were markedly lower in EM patients who smoked
compared to those who did not. The ratios of CD564™CD16 NK cells to CD56HiCD16%™
NK cells, which have been previously reported to decrease in EM patients compared to
controls, were even more conspicuously lower in EM patients who did not smoke. All
individuals in the control group were non-smokers.

2.8. Extrauterine Locations of EM: Cause or Consequence of Altered Immune Profiles

A detailed characterization of the studied EM group allowed the assessment of local
and systemic immune profiles based on the presence of extrauterine endometriotic tissue,
specifically in the bowel. Women with bowel EM (identified during surgical intervention)
demonstrated lower percentages of circulating CD56" CD8 T cells (p = 0.033). Conversely,
they exhibited higher percentages of CD56CD164™ NK cells (p = 0.038). This led to a
noticeable decrease in the circulating CD564™CD16 NK cells/CD56CD164™ NK cells
ratios (p = 0.039) in these women compared to the control group (Figure 3).
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Figure 2. Differences in lymphocyte subsets of PB between healthy controls and endometriosis
(EM) patients divided according to smoking habits, namely, peripheral blood (A) CD16* CD4 T cells
and (B) CD16' NK cells/CD56M NK cells ratios. Graphs are presented as scatter dot plots with
lines referring to medians and interquartile ranges. p-values obtained from KW—Kruskal-Wallis
statistical analysis followed by multiple comparison tests. EM, endometriosis; PB, peripheral blood;
PE, peritoneal fluid. * p < 0.05.
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Figure 3. Differences in lymphocyte subsets of PB and PF between healthy controls and endometriosis
(EM) patients divided according to the presence of bowel EM. (A-D) Peripheral blood subsets, CD8*
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CD56" T cells, CD8* CD16Hi NK cells, CD56Hi NK cells, and CD16 NK cells/CD56 NK cells
ratios. (E) Peritoneal fluid CD8* CD16M! NK cells. Graphs are presented as scatter dot plots with
lines referring to medians and interquartile ranges. p-values obtained from KW—Kruskal-Wallis
statistical analysis followed by multiple comparison tests. EM, endometriosis; PB, peripheral blood;
PF, peritoneal fluid. * p < 0.05.

2.9. Hormonal Contraception and Endometriosis: Impact on Circulating Immune Profile

As observed in Figure 4, hormonal contraception interferes with CD8 expression in NK
cells. Lower values of circulating CD8* NK cells and CD8* CD16i NK cells were observed
in the control group under therapy compared to all other groups, specifically with EM
patients. However, their impact on EM remains unclear, as no differences were observed
between EM with and without contraception. Furthermore, despite a slight decrease in
both EM subgroups, the percentages of CD8* NK cells were similar to those of controls
without hormonal contraception.
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Figure 4. Differences in peripheral blood lymphocyte subsets between healthy controls and en-
dometriosis (EM) patients divided according to the use of hormonal therapy. (A-F) Peripheral blood
subsets, total lymphocytes, CD8" CD56" T cells, CD8* NK cells, and CD8* CD16Hi NK cells. Graphs
are presented as scatter dot plots with lines referring to medians and interquartile ranges. p-values
obtained from KW—Kruskal-Wallis statistical analysis followed by multiple comparison tests. EM,
endometriosis; PB, peripheral blood; PF, peritoneal fluid. YES, use of hormonal therapy. NO, no use
of hormonal therapy. ** p <0.01.

2.10. Endometriosis Severity and Length of Exposure: Impact on Circulating and Local
Immune Profiles

The grade of EM and the median years since diagnosis were also considered in the
investigation of local and systemic immune profiles. Patients with lower EM grades (i.e.,
grades 1 and 2) and those diagnosed up to 2 years before enrollment exhibited increased
percentages of PF CD8* CD564™CD16 NK cells compared to controls (p = 0.033 for
grade 1/2 patients; p = 0.008 for patients with <2 years of EM diagnosis). In addition,
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patients diagnosed less than 2 years prior showed higher percentages of CD16* CD8 T
cells (p = 0.027), while those diagnosed more than 2 years prior may have seen these values
decrease to levels akin to controls.

Disease severity appears to impact peripheral cell populations as well. Figure 5 shows
that EM patients with grades 1/2 begin with lower levels of circulating CD16* CD8 T
cells, which then progressively increase with disease severity (p = 0.031). However, CD8*
CD56" T cell percentages remain comparable between controls and EM patients with grades
1/2. Interestingly, these values decrease in EM patients with increasing disease severity,
specifically in grades 3 and 4 (p = 0.050). A similar pattern is observed in PF samples for
CD8* CD16Mi NK cells. Despite decreases in EM grades 3 and 4, patients with grades 1/2
present higher percentages than controls (p = 0.033).
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Figure 5. Differences in lymphocyte subsets of PB and PF between healthy controls and endometriosis
(EM) patients divided according to disease severity. (A,B) Peripheral blood subsets, CD16* CD8 T
cells, and CD8* CD56 T cells. (C) Peritoneal fluid CD8* CD16' NK cells. Graphs are presented as
scatter dot plots with lines referring to medians and interquartile ranges. p-values obtained from
KW—KTruskal-Wallis statistical analysis followed by multiple comparison tests. EM, endometriosis;
PB, peripheral blood; PF, peritoneal fluid. * p < 0.05.

2.11. Clinical Features of EM: The Relationship between the Immune System and Symptomatology

Finally, we examined the relationship between discrete clinical features and specific
symptomatology concerning the immune parameters evaluated in both peritoneal and
circulating lymphoid compartments.

2.11.1. Dysmenorrhea

Concerning dysmenorrhea (Figure 6), EM patients who did not have this complaint
showed higher percentages of both CD16* CD8 T cells and CD56* T cells in their peritoneal
fluid (p = 0.033, and p = 0.037, respectively). Furthermore, when dysmenorrhea was
classified according to its severity grade, a rise in PF CD8* CD564™CD16i NK cells was
observed among patients with increased severity (p = 0.031).

2.11.2. Dyspareunia

Furthermore, no significant differences were observed in circulating lymphoid cell
populations when comparing patients based on complaints of dyspareunia. Interestingly,
however, EM patients without symptoms of dyspareunia had increased levels of circulating
CD56MCD169™ NK cells (p = 0.034), thereby demonstrating significantly lower ratios of
CD564™CD16M! NK cells to CD56HCD164™ NK cells (p = 0.036) compared to controls

(Figure 6).
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Figure 6. Differences in lymphocyte subsets of PB and PF between healthy controls and endometriosis
(EM) patients divided according to the presence and severity of dysmenorrhea (A-C), dyspareunia
(D,E), and chronic pelvic pain (CPP) symptoms (F-H). Graphs are presented as scatter dot plots
with lines referring to medians and interquartile ranges. p-values obtained from KW—KTruskal-
Wallis statistical analysis followed by multiple comparison tests. CPP, chronic pelvic pain; DYSM,
dysmenorrhea; DYSP, dyspareunia; EM, endometriosis; PB, peripheral blood; PF, peritoneal fluid.

*p <0.05.
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2.11.3. Non-Menstrual Pelvic Pain

In patients with EM suffering from non-menstrual chronic pelvic pain, significant
differences were recognized in circulating lymphocyte levels. More precisely, these patients
showed higher CD4 and total T cell counts in comparison to controls (p = 0.015 and
p = 0.029, respectively) while also displaying elevated percentages of CD16* CD8 T cells in
PF (p = 0.046) (Figure 6).

2.11.4. Rectorrhagia

In the context of rectorrhagia, several differences were observed in immune parameters
(Figure 7). Firstly, EM patients who reported rectorrhagia had significantly fewer circulating
CD8* NK cells than both controls and EM patients without rectorrhagia (p = 0.006). Inter-
estingly, EM patients without rectorrhagia possessed even higher percentages of circulating
CD8* NK cells compared to controls.
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Figure 7. Differences in lymphocyte subsets of PB and PF between healthy controls and endometriosis
(EM) patients divided according to the presence of rectorrhagia. (A-C) Peripheral blood subsets, CD8*
NK cells, CD56Mi NK cells, and CD16M NK cells/CD56 NK cells ratios. (D) Peritoneal fluid CD56*
CDA4 T cells. Graphs are presented as scatter dot plots with lines referring to medians and interquar-
tile ranges. p-values obtained from KW—XKruskal-Wallis statistical analysis followed by multiple
comparison tests. EM, endometriosis; PB, peripheral blood; PF, peritoneal fluid; RECTO, rectorrhagia.

Additionally, patients with rectorrhagia displayed increased levels of circulating
CD56MICD169™ NK cells (p = 0.046), indicating significantly lower circulating
CD564™CD16M NK cells/CD56{CD169™ NK cells ratios (p = 0.046) than controls. On a
local level, the PF samples of EM patients with rectorrhagia contained significantly higher
levels of CD56% CD4 T cells compared to controls (p = 0.036). Once more, EM patients
without rectorrhagia also differed from controls by showing a decrease in CD56* CD4
T cells.

2.11.5. Dyschezia

Finally, dyschezia, also known as obstructed defecation syndrome, was reported in
some EM patients (34%). However, alterations in lymphoid populations seem to occur
particularly in patients without this condition. As shown in Figure 8, EM patients without
dyschezia exhibited increased CD4, CDS8, and total T cell counts (p = 0.048; p = 0.019; and
p = 0.016, respectively) in PB. Locally, PF analysis demonstrated lower CD56* CD4 T cells
in patients without dyschezia compared to both controls and EM patients with dyschezia
(p = 0.005).

When examining dyschezia according to its severity, we noted that EM patients suffer-
ing from intense dyschezia demonstrated lower circulating CD8 T cell counts (p = 0.021).
In contrast, patients reporting mild to moderate dyschezia exhibited higher total T cell
(p=0.016) and CD4 T cell counts (p = 0.043), along with lower NK cell percentages
(p=0.026). Similarly, in PF, patients with severe dyschezia also significantly showed
lower percentages of CD8* CD16* CD56" NK cells (p = 0.038).
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Figure 8. Differences in lymphocyte subsets of PB and PF between healthy controls and en-
dometriosis (EM) patients divided according to the presence and severity of dyschezia symptoms.
(A—C) Peripheral blood subsets with significant differences according to the presence of dyschezia,
absolute counts of T cells, CD4 T cells, and CD8 T cells. (D) Peritoneal fluid CD56* CD4 T cells
according to the presence of dyschezia. (E-H) Peripheral blood subsets with significant differences
according to the severity of dyschezia, absolute counts of T cells, CD4 T cells, CD8 T cells, and NK
cell percentages. (IJ) Peritoneal fluid CD56* CD4 T cells and CD8* CD16* CD56* NK cells according
to the severity of dyschezia. Graphs are presented as scatter dot plots with lines referring to medians
and interquartile ranges. p-values obtained from KW—Kruskal-Wallis statistical analysis followed
by multiple comparison tests. DYSCH, dyschezia; EM, endometriosis; PB, peripheral blood; PF,
peritoneal fluid. * p < 0.05.

3. Discussion

In this study, we investigated the effects of EM on both the systemic (PB) and local
(PF) immune profiles of patients. We specifically focused on the variations of NK and T
cell populations in comparison to a control group. To our knowledge, 18 studies [3-20]
have already investigated NK cell and T cell activity or the expression of specific NK cell
subsets in the PB and PF of EM patients. However, our study introduces a unique clinical
perspective, significantly diverging from the methodologies and parameters previously
examined. First, our research deviates from the current literature by establishing a base-
line, comparing specific T and NK cell populations in PB versus PF of control cohorts.
Additionally, we characterized patterns of aberrant NK and T cell profiles according to
clinical presentation (dysmenorrhea, dyspareunia, non-menstrual pelvic pain, rectorrhagia,
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dyschezia), exploring the correlation between immune subsets and symptoms. Further-
more, we formally assessed the impact of demographic factors, such as race and smoking
status, on systemic and local NK cell and T cell populations in control and EM patients.
One notable divergence of our study is that the exclusion of EM in the control group was
confirmed by laparoscopic surgery with direct visualization of the pelvis, thereby providing
a fully reliable method for confirming or refuting the presence of EM rather than relying
solely on clinical inquiry.

As expected, our comparative analysis revealed significant differences in the immune
environments of PB and PFE. A previous study [23] also investigated baseline immunological
differences between PB and PF, but we chose to analyze additional NK and T cell subsets
that were not covered in this study. Absolute cell counts, including total lymphocytes, were
significantly lower in PF compared to PB. However, lymphocytes were present in a signif-
icantly greater proportion of total white cells in PE. PF also exhibited smaller CD4/CD8
T cell ratios, showing an increased abundance of CD8 T cells at the expense of CD4 T
cells. Conversely, as expected, the opposite relationship was observed in PB, which was
richer in CD4 T cells compared to CD8. This is in agreement with Guo et al. [23], who
also found a relative abundance of CD8 T cells and increased global T cell activation in
PF compared to PB via mass cytometry. The increased proportions of lymphocytes and
lower CD4/CDS8 ratios in PF may suggest enhanced cytotoxic responses in the peritoneal
space, likely due to local immune adaptation relating to proximity to abdominal organs
and possible exposure to gut microbial challenges. In essence, the peritoneal space seems
to be a dynamic, pro-inflammatory immunological microenvironment [23,24], which is an
important consideration when studying the pathogenesis of EM. Supporting this hypothe-
sis, we found that CD16" CD4 T cells, CD16" CD56" T cells, CD56% T cells, and CD56* T
cells were proportionally more abundant in PF than PB.

Interestingly, total NK cells in our cohort did not significantly differ between PB and
PF samples as compared to other studies [23]. Indeed, in the study by Guo et al. [23], the
peritoneal compartment showed an increased NK cell presence compared to PB. Several
causes can be noted for this discrepancy, such as the heterogeneity of PF introducing sam-
ple variation, the timing of sample collections, and the small sample size of our control
group, which limits statistical power. However, a detailed analysis of NK cell subsets did
reveal important differences. First, two predominant NK subsets were identified in PB
(the abundantly present CD569™CD16M! and less prevalent CD561CD169™), while PF
samples showed four identifiable NK subsets (in order of abundance: CD56*/dimCp16Hi)
CD56MCD16~, CD56HICD16*, and CD564™CD16~ NK cells). Moreover, CD8* NK cells
were also increased in PB compared to PF. Our data align with the established litera-
ture [21,25,26], which states that CD56CD164™ NK cells are less cytotoxic and prominent
cytokine producers and are abundantly found in secondary lymphoid tissues and among
uterine cells [27]. The suggested mature NK cells CD564™CD16, with stronger cytotoxic
capacities, are more abundant in PB, where protection against aggression requires more
potent surveillants. These variations in local and systemic NK cell subsets may partially
underpin the pathogenesis of EM, thus creating a local immune environment that promotes
immune evasion, cytokine-mediated symptoms, and inflammatory changes [21].

After characterizing lymphoid subpopulations in PB and PF, we next assessed how the
presence of EM disrupted immunological patterns. Hassa et al. [7] reported no significant
differences in peritoneal major lymphoid populations (i.e., NK cells and CD4 and CD8
T cells) between controls and EM patients. Our results align with theirs for PF samples.
However, our EM cohorts showed increased circulating CD56MCD169™ NK cells and
lower CD564™CD16H /CD56HICD169™ ratios, suggesting decreased NK cell cytotoxicity
systemically compared to the general population. Additionally, our EM cohorts may
be more susceptible to cytokine-mediated inflammation, leading to symptomatology, as
corroborated by previous studies [20,28,29].

A more detailed analysis of the specific PF subsets allowed us to identify an increase in
CD8* CD56%™CD16 NK cells in EM patients, which may be significant given that the CD8
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molecule typically enhances NK cell cytotoxicity [30]. Although Schmitz et al. [31] found
reduced perforin-positive CD8 T cells in the menstrual effluent of EM patients—indicating
a reduced cytotoxic potential—other authors assert that CD8 T cells are increased in
endometriotic lesions [32,33]. This somewhat mirrors our observations on CD8* NK
cell subsets.

Therefore, we hypothesize that while there may be an increase in CD8* NK cells in EM
PF—likely as an adaptive response to the disease—they might function as compensation for
altered T cells. Alternatively, these cells could carry alterations in their cytotoxic potential
that allow the development and establishment of endometriotic lesions. However, these
variations in local CD8* cells might be a consequence, not a cause of EM, according to
D’Hooghe et al. [32]. Therefore, we contend that the role of CD8" lymphocytes in EM
remains controversial and necessitates further investigation [33].

3.1. Endometriosis: Immunology of Demographic and Disease Factors

To further understand the immunological landscape of EM, we analyzed differences
across various demographic parameters. Race appeared to influence EM’s immuno-
logical profile. The differences identified, specifically higher percentages of circulating
CD56MCD16%™ NK cells and lower ratios of circulating CD564™CD16' NK cells to
CD56MICD169™ NK cells, along with a local increase in CD8* CD564™CD16M! NK cells,
were more pronounced in Black EM patients. In addition, Black EM patients exhibited
higher overall PF lymphocyte and CD8* CD56MiCD164™ NK cell absolute counts.

This phenomenon may be due to several reasons. A meta-analysis highlights a trou-
bling trend: Black patients with EM are 50% less likely to receive an accurate diagnosis
compared to their White counterparts [34]. Coupled with the reported average duration
of 5-10 years for an EM diagnosis [35], this suggests Black EM patients may have more
severe, late-stage disease, contributing to heightened disparity in medical, societal, and
socioeconomic factors, and access to treatment or healthcare [34].

Genetic variation and predisposition might also influence EM pathogenesis. Indeed,
certain genetic polymorphisms have been linked to an increased risk of EM [21,36,37], al-
though these have predominantly been studied in Asian populations. Further investigation
is necessary to confirm these associations in Black populations.

Another demographic parameter assessed was age, which apparently had a lower
impact than race/ethnicity. Indeed, differences were primarily observed when comparing
younger cohorts (<37.5 years) (EM vs. controls). These cohorts showed greater absolute
counts of circulating CD56MCD164™ NK cells and CD56* T cell percentages in PE. The
absence of significant differences in older cohorts aligns with the existing literature [38].
Thus, we hypothesize that as EM is an estrogen-dependent condition [38], disease severity
and aberrant immune features are more pronounced during the hormonal and menstrual
cycle and are alleviated by age-related estrogen decline and menopause. Interestingly,
older EM patients (>37.5 years) exhibited higher percentages of CD8* CD564™CD16H!
NK cells in PF compared to younger controls, aligning with previous studies reporting
increased CD564™CD16M NK cells with aging [39,40]. This may be an adaptive function of
the reproductive tract against possible pathogens, but its role in EM calls for further study.

Smoking status also affected the circulating immune profiles of EM patients. CD16*
CD4 T cells were significantly lower in EM patients who smoked compared to non-smokers.
This suggests that smoking may impair T cell activation, promoting both immunosup-
pression and immune evasion in these patients, although the literature on this topic is
controversial. Martos et al. found additional senescence-associated genes in CD4 T cells
from smokers, leading to immune cell dysregulation [41], while Chapron et al. [42] found
that smoking habits had no significant impact on EM risk or American Fertility Society
stage/score. However, one significant limitation of our study is that all individuals in the
control group were non-smokers; this precluded establishing a comprehensive baseline
for comparison, making it difficult to discern the independent immunological effects of
smoking, EM, and their relationship.
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Women with extrauterine (intestinal) EM, often deemed the most aggressive form of EM,
typically exhibit immune profiles similar to those lacking intestinal endometriotic lesions.
Nonetheless, as confirmed earlier, patients with extrauterine EM reveal elevated percent-
ages of CD56MCD169™ NK cells and reduced CD564™CD16H! NK cells/CD56HCD164m
NK cells compared to the control group. This hints at a pro-inflammatory environment,
conducive to processes like angiogenesis, pivotal in establishing ectopic endometriotic le-
sions [43]. Also, a significant decline in circulating CD8* CD56" T cells suggests a systemic
reduction in immunosurveillance and lesion apoptosis. It is crucial to discern whether
these immune modifications are a cause or an effect of a modified immune profile. As far as
we know, no other studies have immunologically characterized extrauterine EM, with most
of the literature reviewing changes based on severity instead of lesion location. Despite
this, considering current knowledge and assuming our moderate trends are valid, we pro-
pose that women with extra-pelvic EM exhibit a more distinct immune and inflammatory
microenvironment that systemically encourages processes, such as angiogenesis, thus help-
ing establish ectopic endometriotic lesions at more remote locations [43]. This, however,
needs more exploration, as present study limitations, particularly the small number of
participants, could obscure additional insights.

Hormonal contraceptives have long been recognized as a standard treatment for EM,
primarily aimed at providing symptomatic relief due to the condition’s dependence on
estrogen. In our investigation, we evaluated whether hormonal contraception, a standard
therapeutic approach, modifies immune profiles. Hormonal contraception reduced total
peripheral lymphocyte levels in both control and EM groups. The literary findings on this
topic are elusive. Though several studies have tried to characterize hormone-mediated im-
munological changes, they reported varied results based on the type of contraception, active
ingredient, and lymphocyte subpopulation studied [44-46]. However, it is well-established
that hormonal contraception is linked to changes in the frequency of immune cells in the
genital mucosa [47] and a reduction in cytotoxicity and cytokine production [44]. Thus, this
decrease in total lymphocyte count may substantiate the symptomatic relief provided by
hormonal contraception owing to reduced cytokine production and inflammation. Upon
investigating other subsets, hormonal contraception resulted in decreased counts of CD8-
positive CD56* T cells, CD564™CD16M! NK cells, and total NK cells in the control group,
but not in EM patients, indicating a relatively lower impact on the immune system in the
latter group. Notably, Waiyaput et al. [48] observed that the combined oral contraceptive
(COC), containing ethinyl estradiol and desogestrel, significantly reduced the macrophage
cell count while enhancing NK and regulatory T cell counts in women with ovarian EM [48].
Prathoomthong et al. [49] also noted that dienogest increased NK cell counts in the eutopic
endometrium. However, it is crucial to highlight that these observations were identified
within the context of adenomyosis, not EM [49]. These variations could result from sev-
eral factors including methodological differences, type and duration of contraceptive use,
distinct hormonal components, and individual hormonal level fluctuations. Consequently,
future research should employ a more targeted and comprehensive approach to decipher
the immunological impacts of hormonal contraception on EM.

Recently diagnosed EM (less than 2 years) appear to display more noticeable im-
mune alterations, such as increases in CD16* CD8 T cells and CD8* CD56%™CD16 NK
cells. This pattern stabilizes 2 years after diagnosis, leading to speculation about poten-
tial immune exhaustion. Several studies support this hypothesis, with cohorts with EM
showing reduced T cell and NK cell effector function, suggesting a failure in immuno-
surveillance [3,50,51].

When assessing immune profiles based on EM severity, patients with EM showed
progressively lower percentages of circulating CD56" CD8 T cells with increasing disease
severity. This decrease supports the hypothesis that ectopic endometrial cells evade the
immune system. However, the literature presents conflicting viewpoints, with some studies
suggesting a decrease in T cell populations in EM [12,17], while others report no significant
differences [9,33,52], or even an increase [53,54]. It is pivotal to determine whether this
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decrease is a causative factor, indicating a predisposition to more severe disease, or whether
a persistently chronic inflammatory microenvironment induces apoptosis and thereby
causes a decline in these populations. Notably, the percentages of CD16* CD8 T cells
in PB were lower in stages 1, 2, and 3 of EM compared to controls. In stark contrast,
individuals with more severe disease (stage 4) exhibited an increase in CD16" CD8 T cells
compared to controls and other EM groups. One possible explanation could relate to the
dynamic nature of the immune response at various stages of EM. The evolving pathology
might interact with the immune system, causing fluctuations in T cell populations. The
functional role of CD16" CD8 T cells in severe disease remains unclear. They could signal a
stronger or more specific inmune response in serious cases. Conversely, they could be a
byproduct of disease progression in response to a chronic inflammatory microenvironment.
As previously mentioned, increased cell counts do not automatically mean an enhanced
immune response or cytotoxicity since immune exhaustion and inhibitory mechanisms
need to be taken into account [50,51]. The body of evidence on this topic is much more
conflicted and ambiguous [9,12,17,33,52], which underscores the need for further research
considering potential confounding variables. This factor was noted by Slabe and colleagues,
who reported fluctuating regulatory T cell concentrations in response to altered immune
responses, such as increased serum cortisol [52].

PF analysis revealed an increased percentage of CD8* CD564™CD16 NK cells
in EM cohorts compared to controls. Notably, this increase was more pronounced in
minimal/mild disease (stages 1 and 2), suggesting a heightened immune response in these
patients, potentially reflecting the immune system’s effort to control the disease process.
Hassa et al. reported no significant changes in PF NK cell populations between control
groups and early- and late-stage EM, despite the study’s focus on the NK compartment,
which was as in-depth as ours [7]. Thus, our study underscores the importance of extended
immune characterizations to better understand the EM mechanisms.

Overall, our evaluation of immune profiles pertaining to EM progression reveals a
complex interplay within the immune system. This contributes to the complexity of the
existing literature on the subject matter that has yet to be entirely deciphered.

3.2. Endometriosis: The Relationship between Symptomatology and Immunological Profiles

To encompass the clinical aspects of EM, we investigated the relationship between
immune profiles and symptomatic presentations, considering factors like dysmenorrhea,
dyspareunia, non-menstrual pelvic pain, rectorrhagia, and dyschezia.

Dysmenorrhea is a prevalent symptom of EM, apparently demonstrating a complex
interplay between immune cell populations and their pathogenesis. Notably, higher per-
centages of PF CD16* CD8 T cells and CD56* T cells were observed in patients without
dysmenorrhea. Although there are no studies regarding EM-associated dysmenorrhea,
other investigations have implicated CD8* T cells in pain suppressive mechanisms. In-
creased levels of CD8* T cells were found in sural nerve biopsies of murine subjects with
diabetic peripheral neuropathy [55,56] and in the cerebrospinal fluid (CSF) of HIV patients
with peripheral neuropathy [57]. This suggests that CD8* T cells (and potentially other T
cell subpopulations) provide a pain-suppressing or protective immunophenotype. How-
ever, it is crucial to note that increased CD8* T cells have also been implicated in acute and
chronic pain processes, such as Herpes Zoster neuralgia [56,58]. This dual role of CD8* T
cells in both pain suppression and exacerbation in different pain conditions illuminates the
elusive nature of their role in pain modulation and emphasizes the need for future research
on their relationships with dysmenorrhea.

The pathophysiology of dyspareunia is multifactorial, involving structural (e.g., pelvic
anatomy), psychosocial, and inflammatory factors [59]. EM-associated dyspareunia is
suggested to be due to the presence of endometriotic lesions in the pouch of Douglas [60].
For the immune profile of these patients, our results suggest that dyspareunia in EM might
not be associated with systemic immune alterations. On the contrary, EM patients without
reported dyspareunia displayed elevated levels of circulating CD56CD16%™ NK cells
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and lower ratios of circulating CD564™CD16" /CD56iCD16%™ NK cells compared to
controls. Noticeably, a study by Guevoghlanian-Silva et al. found increased Transforming
Growth Factor Beta (TGF) expression in patients with EM who reported dyspareunia [60].
TGF is known to modulate immune responses, limiting NK cell expansion/proliferation
by keeping them in a quiescent state [61,62], potentially modulating the predominance of
some NK subsets, as we report here.

Our results indicate that EM patients with non-menstrual pelvic pain exhibit elevated
circulating T cell counts, including both CD4 and CD8 T cell subsets. This increased
presence of T cells suggests an active adaptive immune response, potentially indicative of
an ongoing inflammatory process. Moreover, PF analysis of EM patients with pelvic pain
characterized higher percentages of CD16" CD8 T cells. This could imply the existence of a
local cytotoxic response, either in response to painful stimuli or causing tissue damage and
inflammation, thereby resulting in pelvic pain.

To our knowledge, the immunopathogenesis of pelvic pain in EM has only been
explored in one previous study conducted by He et al. [63]. Our results partially support
their findings, particularly in recognizing the association between pelvic pain and systemic
immune dysregulation, but there are significant distinctions. In fact, while He et al. [63]
reported higher circulating NK cells, our study only demonstrated differences in the
absolute counts of T cells, which were higher in patients with this complaint. This variation
in T cell count is supported by the broader literature, whereby regulatory T cell dysfunction
has been associated with the exacerbation and severity of EM [53,54].

Rectal bleeding associated with EM is attributed to the implantation of deep ectopic
endometrial lesions on the rectal wall. This manifestation of EM is sometimes referred
to as Digestive System Infiltrating Endometriosis (DSIE) [64]. Given its relatively low
incidence [64], the literature is scarce on this topic, which is why we aimed to clarify the
immunological landscape of rectal bleeding.

Systematically, EM patients with rectal bleeding showed lower percentages of CD8*
NK cells in PB compared to those without rectal bleeding and controls. These results
suggest a potential immunoregulatory response or pathogenic role of NK cells in the
context of rectal bleeding. Reduced NK activity in DSIE has also been observed in other
studies [60,64,65], whereby an enhanced release of cytokines in EM impedes NK cell pro-
liferation and activity [60,64,65]. Additionally, we observed that EM patients without
rectal bleeding displayed a significantly larger proportion of CD8* NK cells compared to
controls. A further analysis of PB revealed that EM patients with rectal bleeding had higher
levels of CD56CD164™ NK cells along with a significantly lower ratio of circulating
CD564™CD16M /CD56MCD16%™ NK cells compared to controls and EM patients without
rectal bleeding. These findings further support the hypothesis of an immune microenviron-
ment characterized by pro-inflammatory cells and reduced cytotoxicity, allowing immune
evasion and the establishment of endometriotic lesions on the rectal wall.

Locally, EM patients with rectorrhagia displayed significantly higher levels of CD56*
CD4 T cells in PF compared to controls. Conversely, EM patients without rectorrhagia
showed a decrease in these cells compared to controls. These results further underscore the
presence of a distinct immune environment associated with the gastrointestinal symptoms
of EM. We hypothesize that the CD56* CD4 T cell population increases in response to rectal
bleeding, thereby managing inflammation linked to gastrointestinal symptoms. These
findings align with the current literature, which notes an elevation in T cell populations,
specifically regulatory T cells, in DSIE [64,66,67].

It is important to acknowledge the limitations of our study regarding the investigation
of rectorrhagia. A confounding factor emerges, as rectal bleeding primarily derives from
gastrointestinal pathologies [68], like hemorrhoids, rather than EM. Furthermore, this study
encounters limitations in statistical power due to the exceedingly small sample size of EM
patients with rectorrhagia enrolled.

Dyschezia, characterized by difficulty and pain during bowel movements, is a preva-
lent clinical presentation associated with bowel EM. When stratified by severity, it was
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observed that patients with severe dyschezia had lower circulating CD8 T cell counts,
possibly indicating a compromised cytotoxic T cell response, which is crucial for immune
surveillance of EM. Locally, patients with severe dyschezia exhibited reduced levels of
CD16* CD56" CD8 NK cells, possibly pointing to potential NK cell exhaustion or dimin-
ished cytotoxic activity [3,50,51]. In simpler terms, prolonged or severe gastrointestinal
symptoms may be contributing to immune exhaustion, affecting NK cell cytotoxicity. This
variation could also result from increased expression of NK inhibitory receptors in severe
EM, leading to localized immunosuppression [21].

The current literature concerning the immunological profile of bowel symptoms in
EM is notably limited. However, the scarce available literature seems to contradict our
research findings. According to Gueuvoghanian-Silva et al., IL-15 expression in deep
rectosigmoid lesions was significantly greater in EM patients with dyschezia compared to
those without dyschezia [60]. IL-15 is known to enhance CD8 T cell and NK cell expansion
and survival [69,70] which, in turn, is expected to result in increased levels of these subsets.
We observed the contrary. Though heightened IL-15 levels should theoretically contribute
to an increase in NK cell and T cell populations, other studies have not explicitly examined
this aspect, overlooking potential interactions with other cytokines and the broader immune
environment. Overall, our study suggests a complex interplay between the immune system
and gastrointestinal symptoms in EM, highlighting potential NK cell protective/regulatory
mechanisms and distinct T cell immune profiles.

The literature regarding the relationship between lymphocyte subpopulations and
symptoms such as dysmenorrhea, dyspareunia, or pelvic pain remain scarce. Moreover,
it remains imperative to determine whether these deviations in the immune profiles are
causes or consequences of EM and whether the findings are supported by studies in
larger cohorts, such as those with more severe presentations. Our research disclosed
significant differences in the immunological profiles of EM, contributing new insights
to an area that currently lacks in-depth exploration, especially concerning demographic
factors and symptomatology. Variations in particular lymphocyte subsets, such as NK
cells and T cells, indicate the existence of potential protective immunological mechanisms,
particularly concerning gastrointestinal and pelvic symptoms. This knowledge could
enable the development of symptom-centric targeted therapies, addressing a crucial gap
in current treatment methods. Another strength of our study is its thorough examination
of specific subsets within NK and T cell populations, enhancing understanding of the
immunological landscape of EM on a cellular level, which may hold key implications for
its pathophysiology.

However, these strengths also illuminate some limitations of this study. While our
research efficiently detailed the immunological profile or composition of PB and PF, it
revealed a complex interplay among each subpopulation. Our study highlighted the
presence of diverse immune NK and T cell subpopulations across various demographic
and clinical presentations. However, it is vital to note that presence does not necessarily
equate to activity. To heighten the breadth of immunological understanding, future research
could include functional tests, such as cytotoxicity assays, cytokine analysis, and surface
receptor analysis, to supplement these findings. Additionally, even though our sample
population was generally larger than those in prior investigations of this topic, it is still
relatively small for drawing definitive conclusions. This reduced statistical power is
particularly evident in the examination of smoking (no individuals in the control group
were smokers), dysmenorrhea, and rectorrhagia, with some groups having less than five
enrolled patients in some instances. Furthermore, the changes observed in Black women
with endometriosis should be interpreted with caution, given the absence of Black controls,
limiting a more comprehensive comparison.

Future research should aim to clarify whether variations in immunological profiles
correspond to changes in cellular activity. It will also be crucial to investigate the potential
impact of genetic and hormonal influences on these profiles, as well as understand the
functional interplay of different cell subsets. Nevertheless, our study paves the way for
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promising further research. The identification of specific immune cell subsets associated
with demographic factors and symptomatology boosts our understanding of EM patho-
genesis and promotes the development of more personalized and targeted treatments. By
tailoring interventions based on individual clinical presentations, we can potentially am-
plify treatment efficacy and reduce adverse effects [71]. Notably, the observed variations in
NK and T cell populations call for consideration of implementing NK and T cell therapies,
similar to those used in cancer therapy, in the field of EM [72].

4. Materials and Methods
4.1. Study Design and Participants

This cross-sectional study, conducted from June 2021 to December 2022, involved
62 female patients, 47 of whom were diagnosed with EM, and 15 served as controls, without
the disease. All participants were adult women of reproductive age treated at Hospital da
Luz Lisboa and Hospital Beatriz Angelo’s outpatient clinics. The EM group underwent
laparoscopic surgery for the condition, while the control group had surgery for other
pathologies, all under general anesthesia. Diagnosis of EM initially relied on clinical and
imaging findings, later confirmed histologically according to the Human Reproduction
and Embryology (ESHRE) guidelines [73]. All the patients included in the endometriosis
group had histopathological confirmation of the disease through material collected during
laparoscopic surgery.

The exclusion criteria encompassed women who had been pregnant within the past
year, as well as those with immunological, endocrine, neoplastic, or other chronic diseases.
Individuals suspected of complications due to pelvic inflammatory disease were also
excluded. This study received approval from the Ethics Committees of Beatriz Angelo
Hospital, Hospital da Luz Lisboa, and NOVA Medical School. We ensured all patients were
comprehensively informed about the research and the use of their biological material for
scientific purposes. All study participants provided written informed consent before their
involvement in this study.

4.2. Demographic and Clinical Data

Data collected for all patients encompassed age, race, BMI, smoking status, hormone
therapy, and the time elapsed between the diagnosis of EM and surgery. Clinical data
were gathered to assess disease severity, including symptoms such as dysmenorrhea,
dyspareunia, chronic pelvic pain, dyschezia, bowel issues (constipation, peri-menstrual
diarrhea, and bloating), urinary tract symptoms (hematuria and dysuria), rectorrhagia, and
the presence of extra-pelvic EM. Disease severity was classified based on the guidelines of
the American Society for Reproductive Medicine [74].

4.3. Sample Collection

PB and PF samples were gathered from all patients during surgery. To lower the
potential for blood contamination, PF was collected at the start of the procedure. A laparo-
scopic needle was used for fluid extraction from the pouch of Douglas. The samples were
preserved in EDTA-coated tubes kept at room temperature following surgery and deliv-
ered to the Inmunology laboratory at NOVA Medical School. All PF samples underwent
processing on the day of their collection, while blood samples were dealt with within 24 h
based on laboratory availability.

4.4. Flow Cytometry Immunophenotyping Analysis

Absolute counts of each cell subset were determined using a single-platform method
with Trucount™ tubes (BD Biosciences, San Jose, CA, USA) for both samples. Specifically,
we incubated a standardized sample volume with CD45 in a Trucount™ tube for 15 min,
lysed it using a BD FACS lysing solution (BD Biosciences, San Jose, CA, USA), and collected
the data. Afterward, we stained the PB and PF samples with a panel of monoclonal
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antibodies, including CD45, CD3, CD8, CD16, CD56, and CD57. A comprehensive list of
the antibodies utilized is provided in the Supplementary Materials (Table S1).

PF samples were centrifuged before immunophenotyping to concentrate the cells. A
lyse-wash protocol was applied using a BD FACS lysing solution (BD Biosciences, San
Jose, CA, USA). All samples were processed using a BD FACS Canto II (BD Biosciences,
San Jose, CA, USA). Data analysis was conducted using Infinicyt™ (Cytognos, Salamanca,
Spain) and FlowJo™ (BD Life Sciences, San Jose, CA, USA) software, both acquired from
BD Biosciences (BD Life Sciences, San Jose, CA, USA). The gating strategy is illustrated in
Figure 9.
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Figure 9. Gating strategy for lymphocyte subset characterization and marker expression in PB
and PF samples. The maturation profile of NK cells was assessed according to the expression
of NKG2A, KIR2DL1/CD158a, and CD57 as described elsewhere [75]. Fluorescence minus one
(FMO)/fluorescence minus X (FMX) control strategies were used to properly set the threshold
for positive staining for each marker in the respective populations of interest. All analyses were
performed with FlowJo™ Software, version X 10.0.7.

4.5. Statistical Analysis

The demographic, clinical, and immunophenotypic data of the study participants were
summarized using descriptive statistics. Categorical variables were reported as absolute
and relative frequencies. Fisher’s exact test was used for comparisons between two groups
when contingency tables had over 20% of expected values less than 5; otherwise, the
chi-squared test was used. Continuous variables were displayed as mean (SD) (minimum-
maximum) or as median and first-to-third quartile (Q1-Q3), depending on the context. In
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the Supplementary Tables, all continuous variables were represented as mean (SD) along
with a 95% confidence interval [95% CI], as well as the median and Q1-Q3. The 95%
CIs were computed using Student’s t-distribution approximation for normally distributed
continuous variables and bootstrap resampling for variables not normally distributed.
Comparisons between two independent groups of normally distributed continuous data
used Student’s t-test, while comparisons involving two dependent groups applied the
paired-samples t-test. The Wilcoxon rank-sum test and the Wilcoxon signed-rank test were
used for non-parametric comparisons. For comparisons involving more than two groups,
ANOVA with post hoc Tukey’s HSD (honestly significant difference) test was used for
normally distributed data, whereas the Kruskal-Wallis test with a post hoc Dunn'’s test was
utilized for data not normally distributed. The Shapiro-Wilk test assessed the normality
of distributions. As this study was exploratory, no formal sample size calculation was
conducted. Statistical significance was defined as p < 0.05. All analyses were performed
using SAS software (version 9.4).

5. Conclusions

Previous studies have suggested that deficiencies in immune surveillance create a
favorable environment for ectopic endometrial cells to evade the immune system. Our
study investigated the immunological impact of EM both locally and systemically, fo-
cusing on NK and T cell subpopulations. Our research revealed significant differences
in the immunological profiles of EM, providing new insights into a field that currently
lacks comprehensive investigation, particularly concerning demographic factors and symp-
tomatology. Identifying specific immune cell subsets linked to these factors enhances our
understanding of EM pathogenesis and potentiates the development of more personalized
and targeted treatments.

Future research should clarify if variations in immunological profiles correspond to
alterations in cellular activity. It should also explore the functional interplay between these
factors and the potential impact of genetic and hormonal influences on these profiles.
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ABSTRACT

Problem: Endometriosis is a prevalent chronic gynecological disease linked to immune dysfunction. The protein T-cell
immunoglobulin and mucin domain-containing protein 3 (TIM-3) plays a crucial role in immune system balance. Malfunction
of TIM-3 may result in excessive immune activation and inflammatory tissue damage. Given TIM-3’s established role in the
development of cancer and autoimmune diseases, we decided to study its role in women suffering from endometriosis.

Study Method: We included a total of 62 female patients, all of whom had undergone laparoscopic surgery. Of these, 47 had
endometriosis and 15 did not. During surgery, we collected peritoneal fluid (PF) and peripheral blood (PB) samples from every
patient for analysis using flow cytometry. To mark the samples, we used a panel of monoclonal antibodies and examined TIM-3
expression in their immune cells.

Results: Endometriosis patients in PB demonstrated a significantly lower percentage of CD56+ T cells with TIM-3 expression. As
endometriosis progressed through its stages, this expression lessened. This decrease was particularly notable in women with stage
III/IV endometriosis. Additionally, both women diagnosed with intestinal endometriosis and those with recent endometriosis
diagnoses showed a significantly reduced percentage of CD56+ T cells expressing TIM-3.

Conclusions: Patients with endometriosis exhibit diminished TIM-3 expression within circulating T cells. This warrants further
investigation to discern whether it contributes to the progression of endometriosis, potentially through the amplification of
autoreactive T cells and inflammation.

1 | Introduction

Endometriosis, a chronic gynecological disorder, is prevalent and
distressing. This condition occurs when endometrial cells reside
beyond the uterine cavity, majorly on the pelvic peritoneum
or ovaries, leading to a wide range of symptoms, including
dysmenorrhea, dyspareunia, infertility, and chronic pelvic pain
[1]. Endometriosis significantly diminishes the quality of life of

© 2024 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd.

one in ten women of reproductive age [2]. Currently, the exact
cause of endometriosis is not known and effective methods for
diagnosis and treatment are scant.

The retrograde menstruation theory is an accepted concept
that explains the development of endometriosis [3]. However,
since most healthy women experience retrograde menstruation
without developing endometriosis, it becomes obvious that other
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elements play a part. It is suggested that an immunologic
malfunction could allow abnormal tissue to survive, potentially
leading to the formation of ectopic endometrial implants in the
peritoneal cavity [4-13]. The theory that the onset and growth of
endometriosis are associated with immune dysfunction was first
suggested in the 1990s [4]. Following this, numerous studies have
supported this theory by illustrating the role of different immune
cells at various stages in the immune response, resulting in com-
promised immune competence in women with endometriosis
[1, 14]. Despite the numerous studies conducted thus far, the
precise mechanism detailing the role of the immune system in
the advancement of endometriosis remains largely unknown.

T-cell immunoglobulin and mucin domain-containing protein 3
(TIM-3)is part of the TIM immunoregulatory protein family. This
protein consists of an extracellular glycosylated mucin domain,
an immunoglobulin variable domain, a C-terminal cytoplasmic
tail, and a single transmembrane domain. Even though they
were first detected in T cells, studies show that myeloid and
natural killer (NK) cells can also express TIM3 [15]. The human
leukocyte antigen B-associated transcript 3 (BAT3) bonds with the
cytoplasmic tail of TIM-3, absent ligand interaction. This helps
maintain immune cells in an active condition.

TIM-3 reportedly has various ligands (galectin 9,
phosphatidylserine (PtdSer), adhesion molecule
carcinoembryonic antigen-related cell adhesion molecule 1
(CEACAM1), and high mobility group protein Bl (HMGB1))
which connect to different regions of the extracellular
immunoglobulin domain. Upon acknowledging one of these
ligands, BAT3 disassociates from TIM-3 and results in immune
cell (T-cell, myeloid cell, or NK cell) anergy or apoptosis [15].

From prior research, we understand that the accurate control of
T-cell activation is vital for reaching a healthy balance between
immune response and self-tissue tolerance in the immune
system. This balance facilitates efficient pathogen clearance
instead of causing excessive inflammatory damage. The listed
regulation process is effectuated by checkpoint protein receptors
expressed on T cells when activated [16-19]. TIM-3 functions
as a significant immune checkpoint receptor. The interaction
between TIM-3 and its ligands is critical for inducing peripheral
tolerance because it inhibits effector Thl cells during regular
immune responses [20-22]. If it malfunctions, it could lead to
overproduction of effector T cells, which continuously intensify
tissue inflammation [23].

TIM-3 serves different functions in different diseases, such
as cancer and immune disorders. It has been discovered that
TIM-3 is highly expressed in several types of tumors, including
colon cancer [24], prostate cancer [25], cervical cancer [26],
and stomach cancer [27]. In autoimmune diseases like systemic
lupus erythematosus [28], multiple sclerosis [29-36], rheumatoid
arthritis [37], and inflammatory bowel disease [38], altered
TIM-3 expression has been linked to T-cell hyperactivity, which
escalates disease progression and severity. One instance is
multiple sclerosis, whose central nervous system plaques are
distinguished by macrophage and T-cell infiltration. Here, TIM-
3, which normally regulates T-cell function, is under expressed
in the peripheral blood (PB) T cells of these patients. This under
expression allows autoreactive and pathogenic T cells to operate
without regulation [34].

In summary, in a healthy immune response, the TIM-3 ligand
could play a key role in blocking effector T cells and inducing
peripheral tolerance [20]. However, in some pathological
conditions like cancer, a high expression of TIM-3 can lead to
T-cell anergy, suppressing the immune response and enabling
cancer cells to proliferate. In contrast, low expression of TIM-3
can empower autoreactive and pathogenic T cells to bypass
negative regulation and perpetuate chronic inflammation, as
seen in multiple sclerosis [34]. In light of these findings, we have
chosen to study the behavior of TIM-3 in endometriosis patients.
A deeper investigation into the expression of immune checkpoint
proteins within this context could lead to the identification of a
disease biomarker or inspire innovative therapeutic strategies.
This suggests that immune modulation may serve as a potential
targeted therapy for women suffering from endometriosis.

2 | Material and Methods

2.1 | Study Design and Participants

This cross-sectional study was conducted from June 2021 to
December 2022 and included 62 female patients. Among them,
47 had endometriosis (EM), and 15 were controls without the
disease. All participants were adult women of reproductive age
treated at Hospital da Luz Lisboa and Hospital Beatriz Angelo’s
outpatient clinics. Participants in the endometriosis group under-
went laparoscopic surgery for the disease, while the control
group had other pathologies treated. All surgical procedures were
performed under general anesthesia. Endometriosis was initially
diagnosed through clinical and imaging findings, followed by
histological confirmation in line with the Human Reproduction
and Embryology (ESHRE) guidelines [39].

All participating patients were adults of reproductive age. Women
who had been pregnant in the last year or those suffering from
immunologic, endocrine, neoplastic, or other chronic diseases
were excluded. We also excluded those suspected of having
complications from pelvic inflammatory disease.

The Ethics Committees of Beatriz Angelo, Hospital da Luz Lisboa,
and NOVA Medical School approved this study. We ensured
all patients were adequately informed about the study and the
use of their biological material for scientific analysis. Before
participating in the study, all patients gave their written informed
consent.

2.2 | Demographic and Clinical Data

The collected data for all patients included age, race, body mass
index (BMI), smoking status, hormone therapy, and the duration
between the diagnosis of endometriosis and surgery.

Clinical data were also collected to characterize the severity of
the disease, including symptoms such as dysmenorrhea, dys-
pareunia, chronic pelvic pain, dyschesia, bowel symptoms (such
as constipation, peri-menstrual diarrhea, and bloating), urinary
tract symptoms (including hematuria and dysuria), rectorrhagia,
and the presence of extra-pelvic endometriosis. The severity of
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the disease was classified according to the American Society for
Reproductive Medicine [40].

2.3 | Sample Collection

Peripheral blood (PB) and peritoneal fluid (PF) samples were
gathered from all patients during surgery. To reduce the chance
of blood contamination, PF was collected at the start of the
operation. We employed a laparoscopic needle to draw fluid
from the pouch of Douglas. The samples were collected into
EDTA-coated tubes, which were stored at room temperature
post-surgery and transported to the immunology laboratory
at NOVA Medical School. All PF samples were processed on
the collection day. Blood samples were dealt with either on
the same day or the next morning, depending on laboratory
availability.

2.4 | Flow Cytometry Immunophenotyping
Analysis

The cell immunophenotyping procedure started with acquiring
absolute counts of each cell subset. This was done using a single-
platform technique with Trucount™ tubes (BD Biosciences) for
both PB and PF samples. Briefly, we incubated a standardized
sample volume with CD45 in a Trucount™ tube for 15 min, lysed
it with BD FACS lysing solution, and collected the results. Next,
we stained both PB and PF samples using a panel of monoclonal
antibodies, including CD45, CD3, CD8, CD16, CD56, CD57,
and TIM-3. The supplementary materials (Table S1) provide a
comprehensive list of all the antibodies we used.

We centrifuged the PF samples before immunophenotyping to
concentrate the cells. We then applied a lyse-wash protocol using
BD FACS lysing solution as a lysing agent. We collected all
samples in a BD FACS Canto II (BD Biosciences, San Jose, CA,
USA). We then analyzed the data using Infinicyt™ (Cytognos,
Salamanca, Spain) and FlowJo™ (BD Life Sciences) software,
both procured from BD Biosciences. Additionally, we assessed
TIM-3 expression levels in T cells and NK cells. To minimize the
effect of daily variations, we used mean fluorescence intensity
(MFI) indices and compared the MFIs between the target popula-
tions and the corresponding TIM-3-negative population. Figure 1
displays the gating strategy we adopted.

2.5 | Statistical Analysis

Study participants’ demographic, clinical, and immunopheno-
typing data were summarized through descriptive statistics.
Categorical variables were provided as absolute and relative
frequencies. Comparisons between two groups for contingency
tables with over 20% of expected values below five were made
using Fisher’s exact test, while the chi-squared test was used oth-
erwise. Continuous variables were displayed as mean (standard
deviation) (minimum-maximum) or median and first-to-third
quartile (Q1-Q3), depending on the table. In the Supplementary
tables, all continuous variables are displayed as mean (standard
deviation) with a 95% confidence interval [95% CI], alongside
the median and Q1-Q3. The 95% CIs were calculated using a

Student’s ¢ distribution approximation for normally distributed
continuous variables and bootstrap resampling otherwise. For
normally distributed continuous data, comparisons between two
independent groups or two dependent groups were evaluated by
the Student’s t-test and the paired-samples t-test, respectively.
Alternatively, the nonparametric Wilcoxon rank-sum test and the
Wilcoxon signed-rank test were used. For comparisons involving
more than two groups, ANOVA with post hoc Tukey’s HSD test
was employed for normally distributed data, and the Kruskal-
Wallis test with post hoc Dunn’s test was used for the paired
comparisons otherwise.

The Shapiro-Wilk test was used to evaluate the normality of
distributions. Given the exploratory nature of the study, no formal
sample size calculation was performed. Statistical significance
was considered at p < 0.05. All analyses were performed using
SAS software (version 9.4).

3 | Results
3.1 | Demographic and Clinical Characteristics of
Patients

Our study involved 62 female participants, including 47 diagnosed
with endometriosis and 15 in a control group without the
condition. Table 1 presents the demographic and clinical data of
both groups.

In the control group, the average age was 38.5 years, with a
standard deviation (SD) of 9.2, ranging from 20 to 55 years. For
women with endometriosis, the average age was 36.2 years, with
an SD of 6.34, and ages ranged from 31 to 42 years. Predominantly,
patients from both groups were white.

The demographic and clinical characteristics of the two groups
showed no noteworthy differences, except for the history of infer-
tility. It was revealed that infertility was significantly common in
women with endometriosis (p = 0.003).

In regards to hormone therapy, the difference in usage between
33% of the control group women and 66% of those with
endometriosis was not statistically significant (p = 0.09). The
control group’s hormone regimen included combined oral
estrogen-progesterone (n = 2), a progesterone-only pill (n = 1),
a vaginal contraceptive ring (n = 1), and a levonorgestrel-
releasing intrauterine system (n = 1). The hormone treatments
for the endometriosis group included combined oral estrogen-
progesterone (n = 12), a progesterone-only pill (n = 6), a vaginal
contraceptive ring (n = 1), a levonorgestrel-releasing intrauterine
system (n = 4), and dienogest (n = 7).

3.2 | Endometriosis Characteristics

Table 2 details the endometriosis characteristics of the partic-
ipating patients. The average duration between endometriosis
diagnosis and surgery was 2.8 years. A majority of endometriosis
patients featured severe manifestations (78.7%), corresponding
with stages III/IV. The most prevalent issue was dysmenorrhea,
experienced by 93.6% of participants, with severe dysmenorrhea
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Analyses were performed with FlowJoTM software (panels A-C) and InfinicytTM software (panel D).

Gating strategy used to characterize lymphocyte subsets in this study. (A) Gating strategy used to identify the major lymphocyte subsets
(T cells and NK cells) in peritoneal fluid (PF) and peripheral blood (PB) samples. (B) Gating strategy used to identify CD4+, CD8+, and CD56+ T cells. All
the subsets were further analyzed for the expression of TIM-3. (C) Gating strategy used to identify distinct NK cell subsets in PF and PB samples, which
were further assessed for TIM-3 expression. (D) All the subsets mentioned above were further analyzed for the expression of TIM-3. The expression
levels were normalized through experiments using an expression index obtained from the ratios between TIM-3 mean fluorescence intensity (MFI) in
the population of interest and the negative population. The figure presents histograms and population band dot plots illustrative of the different levels
of expression observed in CD4 T cells, CD8 T cells, CD56+ T cells, and NK cells of a peritoneal fluid (PF) sample, with the respective box plots diagrams.

TABLE 1 | Demographic and clinical characteristics of control group and women with endometriosis.
Control Endometriosis
Characteristics (n=15) (n=47) p-value
Age?, mean (SD) (min-max), yr 38.5(9.20) (20-55) 36.2 (6.34) (31-42) 0.434
Race®, n (%) 0.113
White 15 (100) 40 (85.1)
Black 0(0) 7(14.9)
BMI?, mean (SD) (min-max), kg/m? 23.2(2.97) (17-28) 25.2 (5.60) (20.8-28.0) 0.430
Fertile®, n (%) 0.003
Yes 14 (93.3) 24 (51.1)
No 1(6.7) 23(48.9)
Smoker®, n (%) 0.087
Yes 0(0) 8 (17.0)
No 15 (100) 39 (83.0)
Hormonal therapy®, n (%) 0.090
Yes 5(33.3) 31(66.0)
No 10 (66.7) 16 (34.0)

Abbreviations: BMI, body mass index; max, maximum; min, minimum; n, number of patients; SD, standard deviation; yr, years.
Statistically significant results are indicated in bold.
2p-values are based on the Wilcoxon rank-sum test.
bp-values are based on the chi-squared test. Statistically significant results are indicated in bold.

(27) reported by 76.6%. Other symptoms included dyspareunia
(59.6%), chronic pelvic pain (40.4%), dyschesia (34.0%), bowel

33

symptoms (31.9%), urinary tract symptoms (10.6%), and rect-

orrhagia (8.5%). About 4.3% of cases documented extra-pelvic

endometriosis.

| Impact of Endometriosis on the Circulating
and Local Immune Profiles

The main lymphoid subsets in circulating blood showed only

minor differences between controls and endometriosis patients.
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TABLE 2 | Endometriosis characteristics of the included patients.

Endometriosis

Characteristics (n=47)

Endometriosis diagnosis, mean (SD)
(min-max), yr

2.8 (2.52) (1-14)

Endometriosis severity, n (%)

Stage 1/11 10 (21.3)

Stage I1I/IV 37(78.7)
Dysmenorrhea complaints, n (%) 44 (93.6)
Dysmenorrhea severity, n (%)

None/Mild/Moderate (<7) 11(23.4)

Severe (>7) 36 (76.6)
Dyspareunia complaints, n (%) 28 (59.6)
Chronic pelvic pain, n (%) 19 (40.4)
Dyschesia complaints, n (%) 16 (34.0)
Bowel symptoms, n (%) 15 (31.9)
Urinary tract symptoms, n (%) 5(10.6)
Rectorrhagia n (%) 4(8.5)
Extra-pelvic endometriosis, n (%) 2(4.3)

Abbreviations: max, maximum; min, minimum; n, number of patients; SD,
standard deviation; yr, years.

We observed an increase in T-cell counts in endometriosis
patients, while the proportion of circulating NK cells slightly
decreased, but these differences lacked statistical significance
(p = 0.054; p = 0.081). NK cells were the primary subset, and
endometriosis patients had greater percentages (p = 0.019)
and absolute numbers (p = 0.047) of CD56"iCD16%™ NK
cells. Consequently, the ratios of CD56%™CD16'" NK cells
to CD56™CD16%™ NK cells were distinctively lower in
endometriosis patients (p = 0.019).

3.4 | Impact of Endometriosis on TIM-3
Expression in Immune Cells

Figure 2 illustrates the variation in TIM-3 expression across
different T-cell subsets. The percentage of T cells expressing
TIM-3 in the PB differed considerably between endometriosis
patients and the control group. Endometriosis patients exhibited
a substantially lower percentage of PB CD56+ T cells with TIM-3
expression, a difference that is statistically significant (p = 0.009).
A decline in the proportion of TIM-3 expressing CD4+ and
CD8+ T cells was also observed in endometriosis patients, but
these differences did not reach statistical significance (p = 0.055;
p = 0.054) (Figure 2).

No differences were observed in the proportion of T-cell
subsets expressing TIM-3 in the PF between endometriosis
patients and the control group. Similarly, there were no
differences in the proportion of NK cells expressing TIM-3 in
both the PB and PF between the endometriosis and control
groups.

Considering the possible influence of hormone therapy on
immune response, we categorized both the control and
endometriosis groups based on whether participants were under-
going hormone therapy. The difference in the percentage of PB
CD56+ T cells expressing TIM-3 remained statistically significant
(p = 0.04) between control participants and endometriosis
patients. Lower expression was observed specifically in the
endometriosis patients who were receiving hormone therapy.

When comparing the two compartments, PB and PF, a higher
percentage of CD8+ T cells are observed in the PF amongst both
controls and patients (p < 0.001). In the PB, a greater proportion
of CD8+ T cells express TIM-3 in both the endometriosis patients
and the control group (p < 0.001; p = 0.045). Conversely, a lesser
percentage of CD4+ T cells express TIM-3 in both groups (p <
0.001) compared to those in PF. For NK cells, a higher percentage
of them in PB expressed CD8 (p < 0.001 in both groups) and
TIM-3 (p = 0.003 for controls and p < 0.001 for endometriosis
patients) compared to those in PF.

Table S2 shows the effects of smoking on the expression of
TIM-3 in CD4+ T cells in both the control group and women
diagnosed with endometriosis. In comparison, the eight
patients with smoking habits had particularly lower percentages
of CD4 T cells expressing TIM-3 than the control group
(p = 0.017).

3.5 | Impact of Extrauterine Locations of
Endometriosis on the Immune Profile and TIM-3
Expression

Table S3 compares circulating CD56 CD8+ T cells between the
control group and women with bowel endometriosis. Figure 3A
illustrates the difference in TIM-3 expression in CD56+ T cells
between the same groups.

Surgically identified women with bowel endometriosis exhibited
a reduced percentage of PB CD56 CD8+ T cells (p = 0.033)
(Table S3). Additionally, fewer of these patients’ total CD56+ T
cells expressed TIM-3 compared to the control group (p = 0.025)
(Figure 3A).

Figure 3B and C illustrates the change in TIM-3 expression in
CD56+ T cells based on the stage of endometriosis and the years
elapsed since the endometriosis diagnosis, respectively.

The proportion of circulating CD56+ T cells expressing TIM-3
significantly dropped as endometriosis progressed, particularly
noticeable in women at stages III and IV (p = 0.023) (Figure 3B).
Moreover, women diagnosed recently (under 2 years) showed a
lesser proportion of PB CD56+ T cells expressing TIM-3 relative
to the control group (p = 0.029) (Figure 3C).

3.6 | Impact of Dysmenorrhea on the Inmune
Profile and TIM-3 Expression

Table S4 demonstrates the changes in CD8 CD16+, and CD56
T cells associated with endometriosis dysmenorrhea. Figure 3D
presents variations in the expression of TIM-3 in CD4+ and
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Wallis test with post hoc Dunn’s test for paired comparisons. (B) Variation in TIM-3 expression according to the stage of endometriosis. p-value is based
on the Kruskal-Wallis test with post hoc Dunn’s test for paired comparisons. (C) Variation in TIM-3 expression according to the years of endometriosis
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CD56+ T cells, comparing the control group to women with
endometriosis dysmenorrhea.

Patients with endometriosis but without dysmenorrhea demon-
strated increased proportions of both CD8 CD16+ T cells and
CD56 T cells in their PF (p = 0.033 and p = 0.037, respectively),
as documented in Table S4. Alternatively, those suffering from
dysmenorrhea exhibited a reduced percentage of circulating
CD56+ T cells that expressed TIM-3 when compared to the
control group (p = 0.016) (Figure 3D).

4 | Discussion

In this study, we examined the expression of TIM-3 on T and
NK cell subsets in the PF and PB of women with endometriosis
and controls. Our findings revealed a significant decrease in the
proportion of PB CD56+ T cells expressing TIM-3 in patients
with endometriosis compared to the control group (p = 0.009).
However, there were no observable differences in PF samples.

Only one prior study by Meggyes et al. [41] tackled this issue,
though they used a fundamentally different methodology and
included fewer patients. They also observed a reduced expression
of TIM-3 in the PB of endometriosis patients, but solely in CD4+
and CD8+ T cells.

Other studies have demonstrated that immune responses are
regulated through immunological checkpoint protein receptors
located on activated T cells, with TIM-3 serving as a crucial
receptor in this process. Dysfunction of TIM-3 can lead to an
overabundance of effector T cells, contributing to persistent tissue
inflammation and damage [23]. This mechanism, for example,
has been demonstrated in the progression of multiple sclerosis
[42]. It is conceivable that decreased TIM-3 expression on T
cells in the PB of women with endometriosis could lead to T-
cell dysfunction and increased immune system reactivity, thus
triggering inflammation at sites of endometrial cell implantation.
T cells lacking TIM-3 expression might lose their regulatory capa-
bilities and, by releasing inflammatory molecules, contribute to
an uncontrolled inflammatory environment in the implantation
zones of endometriotic cells. These changes could facilitate the
progression of the disease, which is characterized by recurrent
episodes of inflammation and fibrosis.

Our research further strengthens the previously introduced
concept, yielding some intriguing findings. Women with bowel
endometriosis, representing the more severe form of the disease,
exhibited lower percentages of total CD56+ T cells expressing
TIM-3 compared to the control group (p = 0.025). Notably,
as the stages of endometriosis advanced, the percentage of
circulating CD56+ T cells expressing TIM-3 declined significantly.
This discrepancy was most pronounced in women with stages
III and IV of the disease (p = 0.023) and was not observed
among other T-cell subtypes or NK cells. Also, women with
recent endometriosis progression—measured from diagnosis to
study evaluation—presented a diminutive percentage of circu-
lating CD56+ T cells expressing TIM-3 relative to the controls
(p = 0.029). Another determining factor was smoking habits,
which resulted in patients with endometriosis having a lower
percentage of CD4 T cells expressing TIM-3 compared to the

control group (p = 0.017). However, we advise caution with this
outcome as the sample size of smoking endometriosis patients
was small (n = 8).

The fact that TIM-3 expression is altered specifically in CD56+
T cells is noteworthy. CD56-expressing cell types have strong
immunostimulatory effector capabilities, such as the generation
of T helper 1 cytokines and an effective cytotoxic potential [43].
In inflammatory conditions, not only do CD56+ T cells exhibit
a killing activity akin to NK cells, but they also show increased
resistance to apoptosis [44-48].

We observed no variation between women with endometriosis
and the control group in the percentage of NK cells expressing
TIM-3. Prior research has established a role for TIM-3 in the
optimal activation of innate immune cells through its diverse
expression [47]. Different groups, when exposed to antigens
specific to the disease condition or test, can alter their TIM-3
expression pattern. Notably, varying types of macrophages display
unique TIM-3 expression behaviors post-stimulation [48]. This
could imply that these groups might have different signaling
pathways activated, leading to a range of TIM-3 expressions
contingent upon the pathway. Besides, CD56+ T cells are
potentially more like Natural killer T (NKT) populations. These
NKT cells act as a bridge between innate and adaptive immunity.
Decreased TIM-3 expression on NKT cells corresponded with ele-
vated interferon-y (IFN-y) production in pre-eclamptic pregnant
women [49], implying that TIM-3 controls NKT cell activation.
Additionally, a negative correlation has been found between
TIM-3 expression and tumor necrosis factor (TNF) production by
NKT cells [50], suggesting the suppressive role of TIM-3 in NKT
activities.

We found significant differences in the expression of TIM-3
in immune cells between PB and PF compartments. Both NK
cells and CD8+ T cells showed a higher percentage of TIM-3
expression in PB than in PF. Interestingly, CD4+ T cells were
the exception, with a higher percentage expressing TIM-3
in PF.

The role of PF in the immunopathogenesis of endometriosis is
currently unclear. It is likely that immune cells in PB provide a
more accurate representation of the immune system’s response
to endometriotic cells than those in PF. This is due to the greater
external influence on PF cells, such as the link between the
uterine cavity and the pelvis via the fallopian tubes.

Our research offers new insights into a field where extensive
research is currently lacking. To our understanding, this is the
inaugural study to simultaneously analyze TIM-3 expression in
samples from both PF and PB in women with endometriosis and
those without it. Only one previous study [41] has examined the
expression of TIM-3/galectin-9 in the T and NK cells of women
with endometriosis, but our approach differs significantly. Our
study boasts a larger sample size and includes analysis of PF
in both the endometriosis and control groups. Notably, we
confirmed the absence of endometriosis in our control group
through laparoscopic surgery - a definitive method for ruling
out the condition. Our work also stands out because of the
detailed examination of specific subsets within the NK and T-cell
populations, improving our understanding of the cellular-level
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immunological landscape in endometriosis and potentially
shedding light on the disease’s pathophysiology.

While this study effectively explores the immunologic profile of
PB and PF in relation to TIM-3 expression, it also exposes certain
limitations. Our findings show the complex interplay between
each subpopulation and present TIM-3’s presence in NK and T-
cell subpopulations across a range of demographic and clinical
scenarios. However, it is significant to note that presence does
not automatically imply activity. Future research could bolster
our immunologic comprehension through functional assays —
including cytotoxicity assays and cytokine analysis — supplement-
ing our current findings. The observed immune system changes
could impact the implantation and growth of endometriotic
cells, but they might also be a reaction or symptom of the
disease. Another limitation is that we just observed altered TIM
expression in a specific type of T cells in PB without corroborating
this change in PF or other immune cell types, notably NK
cells. Lastly, while our sample population is larger than that of
previous study in this area, it is still too small to draw definitive
conclusions.

Our findings on the TIM-3 receptor expression in T cells offer
promising insights into its role in endometriosis pathology.
However, more extensive studies reflecting similar outcomes are
vital to further substantiate our deductions.

5 | Conclusion

We noted a decrease in TIM-3 expression in women diagnosed
with endometriosis compared to those without the disease.
The difference was especially noticeable in individuals with
possibly more serious forms of the disease, especially those with
stage III/IV endometriosis and bowel invasion. We propose that
autoreactive T cells with lower surface TIM-3 expression might
aid T-cell responses, as these cells are more easily activated
and show resistance to tolerance development. Considering this,
reduced TIM-3 levels on circulating T cells could play a role in
endometriosis pathogenesis. Our findings need to be validated by
larger subsequent studies.
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Abstract: Endometriosis, believed by many to be rooted in immunology, is a chronic disease.
Natural killer (NK) cells play a crucial role in immune defense, but their efficacy against cancer
cells is diminished by the upregulation of programmed cell death protein 1 (PD-1). This research
aims to investigate the potential for a similar mechanism in endometriosis. A total of 62 patients
who underwent laparoscopic surgery were analyzed, with 47 diagnosed with endometriosis and
15 serving as controls. We collected peritoneal fluid and peripheral blood samples during surgery
and examined them using flow cytometry. Using a panel of monoclonal antibodies, the samples
were stained and the expression of PD-1 in immune cells was evaluated. We observed a
statistically significant rise in the percentage of the CD56+CD16+ NK cell subset expressing PD-1
within the peritoneal fluid of endometriosis patients compared to the control group (p = 0.021).
Similarly, we found that PD-1 expression on immune cells significantly differed based on factors
such as body mass index and smoking habits. Moreover, peritoneal subsets of PD-1+ T and NK
cells showed an increase in patients presenting symptomatic endometriosis and those with more
widespread disease. Our evaluation of NK cells and their inhibitory PD-1 receptor has
strengthened the potential connection between immune escape mechanisms often seen in cancer
cells and those in endometriotic cells. This concept could pave the way for future research in the
field of immunotherapy and endometriosis.

Keywords: NK cells; T cells; PD-1; immune receptors; endometriosis

1. Introduction

Endometriosis is a common chronic gynecological condition, often associated with
symptoms like painful menstruation, persistent pelvic pain and infertility. It is characterized by
the abnormal presence of endometrial cells, typically located on the ovaries or the pelvic lining
(Fukui et al., 2021). Despite its long history and prevalence amongst women of reproductive age
(one in ten), the condition’s cause remains a mystery (Shafrir et al., 2018). Presently, treatment
predominantly involves hormone suppression, which unfortunately proves ineffective for
numerous patients (Capezzuoli et al., 2022).

Since the 1990s, the role of the immune system in the development and progression of
endometriosis has been conjectured (Tanaka et al., 1992; Vinatier et al., 1996). Although the
precise mechanism remains unclear, recent emphasis on the study of natural killer (NK) cells and
their receptors, spurred by advances in flow cytometry, has made this theory increasingly
significant. A comprehensive recent review has further explored this subject (Reis et al., 2022).
Endometriosis development shares several characteristics with cancer growth, including immune
system evasion, pelvic dissemination, and mutagenesis (Quatrini et al., 2020; Wu et al., 2019;
Zhang & Zheng, 2020).
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PD-1, a crucial inhibitory checkpoint, was first identified on T, B, and myeloid cells, but
has also been recently found on NK cells (Pesce et al., 2017). Independent studies on diverse
cancer types, including ovarian cancer, multiple myeloma, Kaposi sarcoma, and lung and
digestive cancers, have revealed that tumor-infiltrating PD-1+ NK cells produce significantly
fewer cytokines upon interaction with the tumor (Pesce et al., 2017). Ahmadzadeh et al. revealed
that most tumor-infiltrating T lymphocytes primarily express PD-1, a trait linked to an exhausted
phenotype and diminished effector function (Ahmadzadeh et al., 2009). These are referred to as
“immune checkpoints” due to their role in regulating immunological responses, observed in both
NK and cytotoxic T cells (Mariotti et al., 2020). Increased expression of inhibitory receptors in NK
cells has been correlated with decreased cell functionality in the tumor environment (Moretta et
al., 2014; Quatrini et al., 2020).

Given that tumor cells often use the PD-1 axis to avoid the immune system, it is logical
that this pathway has been explored extensively to devise new treatments intended to augment
the anti-tumor immune response. The activity of these immune checkpoints can be curtailed by
using blocking antibodies that hinder ligand-receptor interactions, both in the lab and the body.
This, in turn, improves NK cell reactivity by inhibiting the PD-1/PD-L1 pathway (Concha-
Benavente et al., 2018; Liu et al., 2017). In fact, anti-PD-1/PD-L1 therapy is now approved for
treating a wide variety of cancers (Liu et al., 2021; Tang et al., 2022). It can be said that the study
of immune escape mechanisms in oncology has successfully paved the way for the development
of immunotherapy, which has improved cancer treatment and is now a widely used therapeutic
approach for various types of cancer. (Alsaab et al., 2017; Makuku et al., 2021; Ribas, 2012).

NK cells, recognized for their ability to swiftly respond and eradicate cancerous or virally
infected cells, were initially found to distinguish themselves from “non-self” cells by identifying
MHC class I molecules (Ljunggren & Karre, 1990; Moretta et al., 1996). However, a broader range
of functions and a more powerful molecular toolset is now attributed to these versatile lymphoid
cells. One such function includes the interaction of NK cells with additional inhibitory
checkpoints like PD-1, primarily concerned with maintaining immune cell homeostasis.
Additionally, these cells may engage inhibitory receptors specific for HLA-I molecules. They
typically do not express these inhibitory checkpoints when at rest. In pathological situations,
expression of such receptors may be newly generated through interaction with select ligands
prevalent on tumor cells surface (Pesce et al., 2017). This scenario can prompt checkpoint
receptors to hinder NK cell activity, thereby facilitating immune escape for the tumor (Pesce et
al.,, 2019).

This study aims to examine the mechanisms by which endometriotic cells may evade the
immune system, with a focus on PD-1 expression in immune cells from both peripheral blood
and peritoneal fluid in women with endometriosis. Drawing parallels between the immune
evasion strategies of cancer and endometriotic cells could provide valuable insights for
developing future immunomodulatory therapies for endometriosis.

2. Materials and Methods
2.1. Study design and subjects

This cross-sectional study, conducted from June 2021 to December 2022, included 62
female patients. Among these, 47 had endometriosis (EM) and 15 served as controls without
endometriosis. All participants are adult women of reproductive age, selected from the hospital's
outpatient clinic and who have undergone laparoscopic surgery at the Hospital da Luz Lisboa
and Hospital Beatriz Angelo, those in the endometriosis group to treat this disease and those in
the control group to treat pathologies other than endometriosis. Their gynecological issues were
treated surgically under general anesthesia.
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Endometriosis was initially diagnosed in accordance with the ESHRE criteria based on
clinical and imaging findings, and subsequently confirmed through histology (Becker et al., 2022).
We excluded women who were pregnant within the last year, those suspected of complications
from pelvic inflammatory disease, and those with immunologic, endocrine, cancer, or other
chronic disorders.

The Ethics Committees at NOVA Medical School, Hospital da Luz Lisboa, and Beatriz
Angelo approved this study. We provided each patient with essential information about the
research, including the use of their biological materials for scientific analysis. Every patient
granted their explicit written consent before participating in the study.

2.2. Clinical and demographic information

We recorded each patient’s age, race, body mass index (BMI), smoking status, hormonal
medication use, and the time span between endometriosis diagnosis and surgery. In terms of
BMI, normal weight was defined as a BMI between 18.5 and 24.9, overweight as a BMI between
25 and 29.9, and obesity as a BMI of 30 or above.

Clinical data on various symptoms was gathered to assess the severity of the disease. This
included dysmenorrhea, dyspareunia, chronic pelvic pain, dyschesia, bowel issues such as
constipation or perimenstrual diarrhea and bloating, urinary tract symptoms like hematuria and
dysuria, rectorrhagia, and the presence of extra-pelvic endometriosis. Pain was assessed by the
Numerical Rating Scale. The American Society for Reproductive Medicine’s established criteria
was employed to categorize the severity of the disease (Andrews et al., 1985).

2.3. Sample collection

During the procedure, peritoneal fluid (PF) and peripheral blood (PB) samples were
collected from each patient. To minimize blood contamination, PF was procured at the surgery’s
outset using EDTA-coated tubes. After surgery, these samples were stored and transported at
room temperature to NOVA Medical School’s immunology laboratory. All PF samples were
processed on the day of collection, while blood samples were processed on the day of the
collection or kept at room temperature and processed in the following morning, as per the
laboratory availability.

2.4. Analysis of immunophenotyping using flow cytometry

A single-platform method with TrucountTM tubes (BD Biosciences) was utilized to
acquire the absolute counts of major leucocyte populations and discern the lymphoid
compartment in each PB and PF sample. In this process, each sample was stained with CD45 for
15 min in a TrucountTM tube, followed by lysis using a BD FACS lysing solution. The PB and PF
samples were then stained with an additional set of monoclonal antibodies, including CD45, CD3,
CD8, CD16, CD56, CD57, and PD-1. A thorough inventory of all antibodies employed is available
in the Supplementary Materials (Table S1). To intensify the cell concentration in the sample, PF
samples underwent centrifugation preceding immunophenotyping. A lyse-wash method was
performed, entailing a 20-min incubation with mAbs and a 15-min lysis utilizing BD FACS lysing
solution. Subsequently, the cells were cleaned using BD FACS Flow Solution (BD Biosciences)
and fixed using BD Cell Fix solution (BD Biosciences). All samples were processed in a BD FACS
Canto II (BD Biosciences, San Jose, CA, USA). Data analysis was conducted using InfinicytTM
(Cytognos, Salamanca, Spain) and FlowJoTM (BD Life Sciences) software (both from BD
Biosciences). Figure 1 depicts the gating strategy, which includes the evaluation of PD-1 and
CD57 in T and NK cell subsets.
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Figure 1. Gating strategy used to characterize PD-1 in lymphocyte subsets of peripheral blood and
peritoneal fluid samples. i: Gating Strategy used for the identification of major lymphocyte subsets in
Peritoneal Fluid (PF) and Peripheral blood (PB) samples, i.e., T cells (CD45Hi SSCLo CD3+) and NK cells
(CD45Hi SSCLo CD3- CD56+); ii: Gating strategy used for the identification of distinct NK cell subsets in PF
and PB samples, along with the subsequent analysis of PD-1 and CD57 in these populations; iii: Gating
strategy used for the identification of CD4 and CD8 T cells, along with CD56+ T cells. The percentage of cells
expressing PD-1 and CD57 were further analyzed in each subset.

2.5. Statistical analysis

The study participants’ characteristics were summarized using descriptive statistics, which
included demographic, clinical, and immunophenotyping data. We represented categorical
variables as absolute and relative frequencies. If over 20% of expected values were less than 5 in
contingency tables, we used Fisher’s exact test to compare the two groups and utilized the chi-
squared test otherwise. The presentation of continuous variables was done either by indicating
the mean (standard deviation) (minimum-maximum) or the median along with the first-to-third
quartile (Q1-Q3). In the Supplementary Tables, continuous variables are shown as average
(standard deviation) [95% confidence interval (95% CI)], median, and quartiles (Q1-Q3). We
obtained 95% CIs for normally distributed variables using a student’s t distribution
approximation, using bootstrap resampling for others. To compare two separate groups, we used
student’s t-test for normally distributed continuous data and applied the Wilcoxon rank-sum test
otherwise. For comparing two dependent groups, we employed a paired-samples t-test if data
distributed normally, and the Wilcoxon signed-rank test when it did not. For more than two
groups, we used ANOVA with a follow-up Tukey’s HSD paired-comparison test for normal
distributions, and the Kruskal-Wallis test with a follow-up Dunn’s paired-comparison test
otherwise. We assessed distribution normality with the Shapiro-Wilk test. Because of the study’s
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exploratory nature, we did not calculate a formal sample size. We considered a p-value less than
0.05 statistically significant. We executed all analyses with SAS software (Version 9.4).

3. Results
3.1. Demographic and clinical characteristics of patients

The tables 1 and 2 display the demographic and clinical attributes of the control group (n
= 15) and women suffering from endometriosis (n = 47). No significant age differences were
observed between the groups, with most women being Caucasian. As anticipated, the only
noteworthy disparity between the groups was in relation to infertility history, where it was
significantly more common in women with endometriosis (p = 0.003) (Table 1).

The clinical data from women with endometriosis highlights several important points.
On average, there was a 2.8+2.52 (1-14) year gap between the diagnosis of endometriosis and
surgery. The majority of patients (78.7%) were classified in stages III or IV. A high percentage of
these patients reported experiencing dysmenorrhea (93.6%), with the majority (76.6%) describing
the pain as severe. Other commonly reported symptoms included dyspareunia (59.6%), chronic
pelvic pain (40.4%), dyschesia (34.0%), bowel issues (31.9%), urinary tract problems (10.6%), and
rectorrhagia (8.5%) (Table 2). Lastly, 33% of women in the control group and 66% of women with
endometriosis were receiving hormone therapy.

Table 1. Demographic and clinical characteristics of control group and women with endometriosis.

Characteristics Control Endometriosis p-value
(n=15) (n=47)

Age, mean +SD (min-max), yr ~ 38.5+9.20 (20-55)  36.2+6.3 (31-42) 0.434a

Race, n (%) 0.113b

White 15 (100) 40 (85.1)

Black 0(0) 7 (14.9)

BMI, mean +SD (min-max), 23.2+3.0(17-28) 25.245.6 (20.8-28.0)  0.430a

kg/m2

Fertile, n (%) 0.003b

Yes 14 (93.3) 24 (51.1)

No 1(6.7) 23 (48.9)

Any Pregnancy, n (%) 0.087b

Yes 7 (46.7) 19 (40.4)

No 8(53.3) 28 (59.6)

Smoker, n (%) 0.087b

Yes 0(0) 8 (17.0)

No 15 (100) 39 (83.0)

Hormonal therapy, n (%) 0.090b

Yes 5(33.3) 31 (66.0)

No 10 (66.7) 16 (34.0)

BM]I, body mass index; max, maximum; min, minimum; n, number of patients; SD, standard deviation; yr,
years. AWilcoxon rank-sum test. bChi-squared test. Statistically significant results are indicated in bold.
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Table 2. Endometriosis characteristics of the included patients.

Characteristics Endometriosis
(n=47)

Endometriosis diagnosis, mean+SD (min-max), yr 2.842.5 (1-14)
Endometriosis severity, n (%)

Stage I/II 10 (21.3)
Stage II/IV 37 (78.7)
Dysmenorrhea complaints, n (%) 44 (93.6)
Dysmenorrhea severity, n (%)

None/Mild/Moderate (< 7/10) 11 (23.4)
Severe (2 7/10) 36 (76.6)
Dyspareunia complaints, n (%) 28 (59.6)
Chronic pelvic pain, n (%) 19 (40.4)
Dyschesia complaints, n (%) 16 (34.0)
Bowel symptoms, n (%) 15 (31.9)
Urinary tract symptoms, n (%) 5 (10.6)
Rectorrhagia. n (%) 4(8.5)
Extra-pelvic endometriosis, n (%) 2(4.3)

max, maximum; min, minimum; n, number of patients; SD, standard deviation; yr, years.

3.2. PD-1 in endometriosis: expression patterns in PB and PF

Table S2 in the Supplementary Materials showcases a comprehensive characterization of
primary circulating and peritoneal lymphoid subsets in both the control group and women
diagnosed with endometriosis. We focused on analyzing the expression of programmed cell
death protein 1 (PD-1) within these cells. Generally, we observed higher percentages of T cells
expressing PD-1 (p<0.024) in PF samples relative to PB. This was the case for both endometriosis
patients and the control group (Figure 2).

In this study, we identified a higher percentage of a particular type of peritoneal NK cells,
namely, PD-1+ CD16+ CD56+ NK cells, in women with endometriosis (p = 0.021) (Figure 3A). No
additional differences were found in other NK or T cell subsets across both groups and
compartments.

Patients’ clinical conditions and lifestyles can influence the expression of this marker.
Notably, smoking habits showed a significant impact, displaying differences in the groups for
peritoneal PD-1+ total T cells (p = 0.021) and PD-1+ CD8+ T cells (p = 0.040). Lower levels of both
subsets were found in non-smoking EM women (Figure 3B and C). For the PD-1+ CD16+ CD56+
NK cells, the overall comparison indicated differences among the groups (p = 0.050), with EM
women having a higher percentage of this subset. This higher percentage was also notably
present in the subgroup of EM women who smoked. All the control participants in the study
were non-smokers.

After comparing women with and without endometriosis, it was observed that the
overweight group showed differences in the expression of PD-1 by peritoneal T cells (p<0.041)
(Figure 3D, E and F). Despite the small sample size of this subgroup (n = 4), overweight control
women displayed a potential upward trend in the percentages of PD-1+ cells across all T cell
subgroups evaluated (Total T, CD4+ T, CD8+ T, and CD56+ T cells; Figure 3D-F). However,
women with endometriosis presented declining values of all PD-1+ subsets, moving from normal
weight down to overweight and obese subgroups. Moreover, when considering all groups,
women with endometriosis and obesity demonstrated the lowest levels, specifically for PD-1+
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CD8+ T cells and PD-1+ total T cells, when compared to overweight controls, and for PD-1+ CD4+
T cells when compared to normal-weight women with endometriosis (Figure 3D, E and F).
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Figure 2. PD-1 expressing T cells in PF and PB samples between EM and controls. (A-D) % of PD-1+ cells in
(A) total T cells, (B) CD4+ T cells, (C) CD8+ T cells, and (D) CD56+ T cells. Differences were tested with
paired-samples t-test (A and C) and Wilcoxon rank-sum test (B and D). Scatter plots are presented with
individual values and the lines representing median with IQR. The control group considers 15 peripheral
blood and peritoneal fluid samples, and the EM group, 47 peripheral blood and peritoneal fluid samples.
*p<0.01; **p<0.001. EM, endometriosis; IQR, interquartile range; PB, peripheral blood; PF, peritoneal fluid.
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Figure 3. PD-1 expression in peritoneal cells according to weight subgroups and smoking habits. (A) % of
PD-1+ CD56+CD16+ NK cells in controls and women with endometriosis; (B and C) % of PD-1+ (B) CD8+ T
cells and (C) total T cells in controls and EM according to smoking habits; and (D-F) % of PD-1+ (D) total T
cells, (E) CD4+T cells, and (F) CD8+ T cells in controls and EM according to weight. Differences were tested
with Wilcoxon rank-sum test (A), ANOVA with post-hoc Tukey HSD test for paired comparison (B and F)
and Kruskal-Wallis with post-hoc Dunn’s test for paired comparison (C, D and E). Test. The control group
considers 15 peripheral blood and peritoneal fluid samples, and the EM group, 47 peripheral blood and
peritoneal fluid samples. Considering the EM subgroups, the EM smoke subgroup had n=8; considering the
BMI, the normal BMI subgroup had n=27, the overweight n=11, and the obese n=9). Scatter plots are
presented with individual values and the lines representing median with IQR. EM, endometriosis; IQR,
interquartile range; OW, overweight; PB, peripheral blood; PF, peritoneal fluid.

3.3. Endometriosis, previous pregnancies, and fertility status: modulation of PD-1 expression in
circulating and peritoneal immune cells

We also identified varying patterns of PD-1 expression in women who have and have not
been pregnant before. Looking at circulating T cells, we found that non-pregnant EM women
exhibited lower levels of PD-1+ CD4+ T cells (p = 0.041, Figure 4A). Furthermore, in EM women
dealing with fertility issues, there were reduced levels of both PD-1+ CD56+ T cells (p = 0.039,
Figure 4B) and PD-1+ total T cells (p = 0.005, Figure 4C) in peripheral blood samples specifically
when compared to EM women and controls without fertility concerns.

Upon examining peritoneal populations, we noticed a rise in several PD-1+ NK subsets
in endometriosis (EM) women who had previously been pregnant (PD-1+ total NK cells: p=0.017;
PD-1+ CD56+CD16+ NK cells: p = 0.027; PD-1+ CD56Hi NK cells: p = 0.002) (Figure 4 D-F). On the
other hand, there was a decrease in these subsets in EM women who had not been pregnant when
compared to their EM counterparts with past pregnancies. It was also observed that EM women
without a history of infertility exhibited a significant increase in PD-1+ CD56+CD16+ NK cells,
not only compared to fertile controls, but also compared to infertile EM women (p = 0.031).
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Figure 4. PD-1 expression in peritoneal cells according to fertility status. (A-C) Percentages of circulating
PD-1+ CD4+ T cells (A) in controls and EM women according to pregnancy history, and PD-1+ CD56+ T cells
and PD-1+ total T cells (B and C) in controls and EM women with and without fertility issues. (D-E) % of
PD-1+ total NK cells (D), PD-1+ CD56+CD16+ NK cells (E), and PD-1+ CD56Hi NK cells (F) in controls and
EM women according to pregnancy history. Non-Pregnant controls n=8, Pregnant controls, n= 7; non-
Pregnant EM, n=28; Pregnant EM, n=19. Controls without fertility issues, n=14; EM without fertility issues,
n=24; EM with fertility issues, n=23. All differences were tested with Kruskal-Wallis with post-hoc Dunn’s
test for paired comparison. Scatter plots are presented with individual values and the lines representing
median with IQR. *p-value<0.05; **p-value<0.01; ***p-value<0.001. EM, endometriosis; IQR, interquartile
range; PF, peritoneal fluid.

3.4. EM symptoms associate with different expression patterns of PD-1 in NK and T cell subsets

Our results further revealed that in endometriosis, particularly peritoneal populations,
the expression of PD-1 can vary significantly among EM patients with diverse symptoms.
Complete data are presented in Supplementary Materials (Table S3).

We observed a trend toward higher percentages of peritoneal PD-1+ CD56+CD16+ NK
cells in women with endometriosis who experienced dysmenorrhea, although this trend was not
statistically significant (p = 0.069). Upon further separation of the EM women based on the
severity of dysmenorrhea, we found higher levels of this cell subset in women with mild to
moderate symptoms (p=0.028).

In patients with endometriosis experiencing dyspareunia, we noted higher percentages
of peritoneal PD-1+ total NK cells as well as PD-1+ CD56+CD16+ NK cells (p =0.035 and p = 0.029,
respectively). Decreased levels of PD-1+ total T cells (p = 0.021) and PD-1+ CD4+ T cells (p = 0.049)
were found in the peripheral blood of women not experiencing this symptom. There was also a
noticeable increase, although not statistically substantial, in PD-1+ total NK cells in EM patients
with dyspareunia (p = 0.052), especially in severe cases (T cells: p = 0.038; total NK cells: p =0.074).

Dyschesia is a common symptom in EM patients. In our group, a trend was found
associating higher levels of PF PD-1+ CD8+ T cells (p = 0.052) and PD-1+ total T cells (p = 0.048)
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with this symptom. However, no significant variations were observed when comparing patients
with mild, moderate, or severe symptoms.

Similarly, an increase in peritoneal PD-1+ CD56+CD16+ NK cells was observed in
endometriosis patients without rectal bleeding (p = 0.021). This trend was also present in patients
without chronic pelvic pain (p = 0.057) and those without bowel endometriosis (p = 0.056). Lastly,
endometriosis patients with urinary tract infiltration demonstrated increased percentages of PD-
1+ total NK cells (p = 0.042). These patients likewise exhibited higher percentages of circulating
PD-1+ CD8+ T cells (p = 0.037), PD-1+ CD56+ T cells (p = 0.036), and PD-1+ total T cells (p = 0.029).

4. Discussion

In our study, we analyzed PD-1 expression in NK and T cell subsets from the PF and PB
of women, both with and without endometriosis. To the best of our knowledge, this study utilizes
the largest patient sample to assess PD-1 expression in both compartments.

We observed a statistically significant increase in the percentage of CD56+CD16+ NK cells
expressing PD-1 in the PF of patients with endometriosis compared to the control group. This
difference was not detected in PB. Likewise, no significant differences were observed in PD-1
expression on T cells in either the PF or PB.

NK cells, a vital component of the innate immune system, play an essential role in early
defense mechanisms against various types of aggression through their natural cytotoxicity
activation, which is not antibody-dependent (Bryceson et al., 2006; Moretta et al., 2014; Vivier et
al., 2008). The increase in PD-1-expressing NK cells in peritoneal fluid is particularly important
to emphasize, as these cells play a crucial role in the initial defense within this microenvironment.
This is the same environment where endometriotic cells attempt to implant and spread, especially
within the pelvic cavity. Interestingly, this only impacts CD16+CD56+ NK cells. NK cells
expressing CD16 serve as potent mediators of antibody-dependent cellular cytotoxicity, in
addition to their inherent cytotoxicity (Bryceson et al., 2006; Perussia, 1998). On the other hand,
CD56-expressing cells possess strong immunostimulatory effector capabilities, such as producing
T helper 1 cytokines and having effective cytotoxic potential (Van Acker et al., 2017). Elevated
PD-1 expression may adversely affect the protective function of NK cells in controlling the spread
of ectopic endometrial cells, a pattern that has been demonstrated in oncology studies involving
cancer cells (Pesce et al., 2017).

When we analyzed the variations based on demographic and clinical factors, we
uncovered some interesting findings. In our study BMI significantly impacts the expression of
the PD-1 marker on T cells in patients with endometriosis, specifically within the peritoneal
cavity. We noticed the lowest levels of PD-1+ CD8+ T cells and total PD-1+ T cells in obese women
with endometriosis compared to overweight controls. Additionally, these women exhibited
lower PD-1+ CD4+ T cell values than endometriosis patients with a normal weight. Although the
influence of BMI on the immune system, including various aspects of the immune response, has
long been recognized (Ilavska et al., 2012), its specific effect on PD-1 expression remains
unexplored in past research. When examining smoking habits, we found an increased presence
of PD-1+ CD16+CD56+ NK cells in the PF of endometriosis patients who smoke, suggesting a
potential connection to disease progression in these individuals.

When considering obstetric history, we observed an increase in several PD-1+ NK cell
subsets within the peritoneal populations of women with endometriosis who had previous
pregnancies. Notably, our findings revealed a significant rise in PD-1+ CD56+ CD16+ NK cells in
the peritoneal fluid of women without a history of infertility compared to those who were
infertile. Although no current studies examine the relationship between PD-1 and fertility, our
results suggest a potential link between this marker and a woman's fecundity, particularly in
patients with endometriosis. This hypothesis certainly merits further investigation.
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When we categorized the patients based on the typical symptoms of endometriosis, we
observed distinct patterns of PD-1 marker expression, with a higher prevalence in those with
widespread disease, particularly within the peritoneal cell population. Specifically, we found
increased levels of PD-1+ CD56+CD16+ NK cells and PD-1+ total NK cells in patients suffering
from dyspareunia, with the count of PD-1+ total NK cells significantly higher in those
experiencing severe dyspareunia compared to those with milder symptoms. Dyschesia, a
symptom often associated with bowel involvement, was linked to elevated levels of PD-1+ total
T cells in the peritoneal fluid of our cohort. In endometriosis patients with urinary tract
involvement, there was a substantial increase in PD-1+ total NK cells in the peritoneal cavity,
alongside higher percentages of circulating PD-1+ CD8+ T cells, PD-1+ CD56+ T cells, and PD-1+
total T cells. Overall, these findings suggest an increase in PD-1 expression in the immune cells
of patients with more severe or symptomatic endometriosis.

Looking at published studies evaluating the PD-1 marker in women with endometriosis,
the available data is scarce. Sobstyl, M. et al. examined the expression of PD-1 and PD-L1 on T
and B lymphocytes, but their analysis was limited to the peripheral blood of patients with
endometriosis. They found a significantly higher expression of both PD-1 and PD-L1 on T and B
lymphocytes in endometriosis patients compared to the control group (Sobstyl et al., 2024). Other
recent study (Hosseinzadeh et al., 2024) examined the PD-1 expression on NK cells in PF and PB.
Although limited to 11 controls and 11 women with endometriosis, the study found a higher
percentage of PD-1+ NK cells in the PF of patients with stage IV endometriosis compared to
controls (Hosseinzadeh et al., 2024). Wu et al. (Wu et al., 2019) conducted a study on eutopic and
ectopic endometria and blood samples from 15 women with endometriosis and 15 healthy
controls. They utilized immunohistochemistry and western blot analysis to detect PD-1/PD-L1
expression in endometrial tissues. Flow cytometry was used for blood analysis. Their research
revealed increased PD-1/PD-L1 expression in both eutopic and ectopic endometria of patients
with endometriosis. Additionally, they reported a heightened PD-1 expression in CD41/CD81 T
cells in PB (Wu et al., 2019). Walankiewicz and colleagues (Walankiewicz et al., 2018) examined
PB samples from patients with endometriosis and a control group using flow cytometry. They
found a significantly higher percentage of PD-1 and PD-L1-positive CD4+ T cells, CD8+ T cells,
and CD19+ B cells in the patients compared to the control group (Walankiewicz et al., 2018).
Suszczyk et al. (Suszczyk et al., 2022) used flow cytometry to study expressions of PD-L1/PD-L2
on myeloid (m-) and plasmacytoid (p-) dendritic cells (DCs) in the PB and PF of both
endometriosis patients and healthy individuals. They found a higher proportion of mDCs and
pDCs expressing PD-L1 or PD-L2 in the PF of endometriosis patients compared to their plasma,
indicating the possible influence of the peritoneal cavity environment on immune response
modulation and the development or progression of endometriosis. However, this study only
included PB samples from the control group and the exclusion of endometriosis in this group
was based solely on clinical inquiries, not direct pelvic observation through laparoscopy
(Suszczyk et al., 2022). Oksasoglu et al. (Oksasoglu et al., 2021) collected PB samples from women
with endometriosis during surgery or examination, as well as from healthy individuals. Using an
ELISA platform, they found elevated serum levels of PD-1 in women suffering from
endometriosis (Oksasoglu et al., 2021). Nero et al. (Nero et al., 2022) used immunohistochemistry
assays on formalin-fixed paraffin-embedded tissue samples and found a higher PD-1/PD-L1
expression in endometriosis-associated ovarian cancer than in benign endometriosis-related
diseases (Nero et al., 2022).

Our study offers a distinct clinical perspective, differing significantly from previously
examined methodologies and parameters. We identified patterns of abnormal PD-1 expression
in relation to specific clinical symptoms such as dysmenorrhea, dyspareunia, and dyschezia,
investigating the correlation between immune cell subsets and these symptoms. Additionally, we
systematically evaluated the influence of demographic factors, including BMI and smoking
status, on both systemic and local PD-1 expression in control and endometriosis patients. A key
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distinction of our study is that the exclusion of endometriosis in the control group was confirmed
through laparoscopic surgery with direct pelvic visualization, providing a more reliable method
for verifying the absence of the disease, rather than relying solely on clinical evaluation. A key
strength of our study is its detailed examination of specific NK and T cell subsets and immune
receptors, deepening the understanding of the immunological landscape of endometriosis at the
cellular level, which may have important implications for its pathophysiology.

This study provides valuable insights into the immunologic profile of PB and PF
concerning PD-1 expression, though it acknowledges certain limitations. Despite our sample size
being larger than previous studies in this field, it remains insufficient for drawing definitive
conclusions. The findings demonstrate complex interactions within each subpopulation, with
PD-1 expression observed in NK and T-cell subpopulations across various demographic and
clinical contexts. However, it is important to recognize that the presence of PD-1 does not
necessarily indicate functional activity. Future research incorporating functional assays, such as
cytotoxicity and cytokine analyses, could further enhance our understanding. Finally, while the
immune changes observed may contribute to the implantation and growth of endometriotic cells,
they could also reflect a response to the disease itself.

5. Conclusions

Our findings suggest that the immune system may be a key factor in the spread of endometriotic
cells, uncovering potential abnormalities in primary defense mechanisms driven by NK and T
cell dysfunction within the pelvic microenvironment. This dysfunction may be associated with
elevated PD-1 inhibitory receptor expression, which appears more prominent in patients with
severe symptoms and disease extending beyond the pelvis. A common pathway for PD-1
modulation may exist between endometriosis and cancer. Further research is required to confirm
these findings and investigate new immunomodulatory treatment options for endometriosis,
similar to the use of checkpoint inhibitors in cancer therapy. This is particularly important given
the limitations of current hormone-based therapies, which not only reduce their effectiveness but
also cause side effects that hinder long-term use.
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Increasing evidence suggests immunological dysfunction in the pathophysiology of endometriosis.

Researchers are exploring “innate-adaptive immune pathways” that contribute to the formation and
persistence of endometriotic lesions within the peritoneal cavity’>!1%-1°, Normally, when endometrial
cells enter the pelvic cavity through retrograde menstruation, immune cells strive to eliminate these
cells, preventing their implantation. However, studies suggest women with endometriosis have
weakened immune surveillance, which allows ectopic cells to evade destruction and establish
implants on peritoneal surfaces®46-72103-119,

Further research is vital for enhancing our understanding of the immune aspects of
endometriosis. In this study, we assess the immunological impact of endometriosis both locally (PF)
and systemically (PB), placing a special emphasis on NK and T-cell subpopulations along with their
inhibitory receptors, namely TIM-3 and PD-1. By establishing a baseline comparison between the
control and endometriosis groups, we offer a clinical perspective that contrasts with most previous
studies. Specifically, we investigate abnormal immune profiles within NK and T-cell populations in
connection with demographic factors, clinical manifestations, and symptom severity, analyzing their
influence both systemically and locally in control and endometriosis patients.

We conducted a cross-sectional study over 2 years, recruiting 62 female participants,
including 47 diagnosed with endometriosis and 15 serving as controls without the condition. The
endometriosis group underwent laparoscopic surgery for their condition, while the control group had
surgery for other unrelated pathologies. The initial diagnosis of endometriosis was based on clinical
and imaging findings and was subsequently confirmed histologically in accordance with Human
Reproduction and Embryology (ESHRE) guidelines'?°. Data collection for all patients included age,
race, BMI, smoking status, hormone therapy use, and the interval between endometriosis diagnosis
and surgery. We gathered clinical data to assess disease severity, which covered symptoms such as
dysmenorrhea, dyspareunia, chronic pelvic pain, bowel symptoms, urinary symptoms, and the
presence of extra-pelvic endometriosis. We classified disease severity following the guidelines of the
American Society for Reproductive Medicine!?!.

PB and PF samples were collected from all patients during surgery. For a detailed
characterization of PB and PF immune cell populations, these samples were stained with a
comprehensive panel of monoclonal antibodies such as CD3, CDS§, CD16, CD45, CD56, CD57, TIM-
3, and PD-1. The samples were then analyzed using flow cytometry. Concurrently, the absolute count
of each cell subset was ascertained during the immunophenotyping procedures.

The research detailed in Chapter IV focused on the analysis of the impact of endometriosis on
PB and PF immune profiles, paying particular attention to variations in NK and T cells in comparison
to a control group. A baseline was established through the comparison of immune cell populations in
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control cohorts. We identified abnormal NK and T-cell patterns that were associated with symptoms

such as dysmenorrhea, dyspareunia, pelvic pain, rectorrhagia, and dyschezia. Additionally, we
examined the influence of demographic factors.

In our endometriosis cohorts, we noted an increase in circulating CD56MCD16%™ NK cells
and a decrease in the CD56%™CD16%/CD56MCD16%™ ratio, indicating reduced systemic NK cell
cytotoxicity compared to the general population. This finding is consistent with the understanding
that CD56%™ NK cells have a significantly higher cytotoxic activity than CD56"! cells, with the
CD56MCD16%™ population being the least cytotoxic!?2.

Further analysis of specific PF subsets revealed an increase in CD8* CD569mCD16™ NK cells
in patients with endometriosis. Previous studies suggest that the CD8 molecule generally enhances
NK cell cytotoxicity!?}. Thus, we hypothesize that the increase in CD8" NK cells in endometriosis
PF might be an adaptive response to the disease — potentially compensating for altered T cells.
Alternatively, these cells could have a modified cytotoxic potential, permitting the development of
endometriotic lesions. However, as suggested by D’Hooghe et al. 2% 25 these variations in local
CD8" cells may be a consequence, rather than a cause, of endometriosis.

The influence of smoking status on circulating immune profiles in patients with endometriosis
is noteworthy. Our findings indicated that smokers had significantly lower levels of CD16" CD4 T
cells than non-smokers. This suggests that smoking may hinder T-cell activation, potentially fostering
immunosuppression and immune evasion in these patients. However, literature on this subject
presents variations in findings. For example, Martos et al. identified additional senescence-associated
genes in CD4 T cells from smokers, leading to immune dysregulation!26. On the other hand, Chapron
et al. found no significant impact of smoking on the risk of endometriosis or the American Fertility
Society stage/score!?’.

Additionally, percentages of CD16" CD8 T cells in PB were lower in endometriosis stages 1,
2, and 3 compared to controls. In individuals with more severe disease (stage 4), however, there was
an increase in CD16" CD8 T cells compared to controls and other endometriosis groups. This might
reflect the dynamic nature of immune responses across different endometriosis stages, with the
evolving pathology potentially interacting with the immune system and causing fluctuations in T-cell
populations. The exact role of CD16" CD8 T cells in severe endometriosis remains unclear; they
might indicate a stronger or more specific immune response in advanced cases, or they could merely
be a byproduct of disease progression within a chronic inflammatory environment. As mentioned
earlier, increased cell counts do not necessarily indicate heightened immune response or cytotoxicity,
as immune exhaustion and inhibitory mechanisms must also be taken into consideration'?®12°, The
existing evidence surrounding this topic remains conflicted and ambiguous’10%-112:125.130 "highlighting
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the need for more comprehensive research that takes potential confounding factors into account. This

point was further stressed by Slabe and colleagues, who reported fluctuating regulatory T-cell
concentrations in response to altered immune states such as increased serum cortisol'3°.

Our findings reveal that endometriosis patients exhibiting non-menstrual pelvic pain have
elevated circulating T-cell counts, which include both CD4 and CDS8 T-cell subsets. This suggests an
active adaptive immune response, which could potentially indicate ongoing inflammation.
Furthermore, PF analysis of endometriosis patients suffering from pelvic pain presents higher
percentages of CD16" CDS8 T cells. This could suggest a local cytotoxic response, which might be
either neural stimulus-triggered or contribute to tissue damage and inflammation — both of which
could underpin the experience of pelvic pain.

In Chapter V, we investigated the significant immune checkpoint inhibitor, TIM-3, in patients
with endometriosis. TIM-3 is extensively studied in oncology and holds relevance in autoimmune
disease research. The interaction between TIM-3 and its ligands is instrumental in inducing peripheral
tolerance. In a healthy immune response, the TIM-3 ligand likely plays an essential role in blocking
effector T cells and promoting peripheral tolerance!’!. However, in pathological conditions such as
cancer, raised TIM-3 expression may induce T-cell anergy, which suppresses immune activity,

132-135

allowing cancer cells to proliferate Conversely, low TIM-3 expression might enable

autoreactive and pathogenic T cells to evade negative regulation, thereby fueling chronic

inflammation, as seen in autoimmune diseases like systemic lupus erythematosus!'3®

or multiple
sclerosis!37-144, Specifically, multiple sclerosis, characterized by plaques in the central nervous system
with macrophage and T-cell infiltration, presents under expression of TIM-3 in PB T cells, allowing
autoreactive and pathogenic T cells to evade regulation!#,

Our findings revealed a significant decrease in the proportion of PB CD56" T cells expressing
TIM-3 in patients with endometriosis compared to controls. Specifically, women with bowel
endometriosis, a more severe form of the disease, had distinctly lower percentages of CD56" T cells
expressing TIM-3 compared to the control group. Importantly, as endometriosis advanced in stages,
the percentage of circulating CD56" T cells expressing TIM-3 declined significantly, especially in
women with stages III and IV. This trend was confined to CD56" T cells and was not observed in
other T-cell subtypes or NK cells.

The reduced expression of TIM-3 in the circulating T cells of women with endometriosis may
contribute to T-cell dysfunction. In the absence of TIM-3, T cells could lose their regulatory function,
leading to the release of inflammatory molecules that endorse an unregulated inflammatory milieu at
endometriotic cell implantation sites. This shift in immune activity could potentially drive disease

progression, which is characterized by recurring inflammation and fibrosis.
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The specific change in TIM-3 expression on CD56" T cells is particularly significant. Cells

expressing CD56 possess robust immunostimulatory effector functions, such as Thl cytokine
production and a potent cytotoxic potential'*. In inflammatory conditions, CD56" T cells not only
show killing activity analogous to NK cells but also exhibit increased resistance to apoptosis!#®-130,

In Chapter VI, we recognize that tumor cells often exploit the PD-1 pathway to evade the

31155 Thus, we investigated PD-1 expression in the immune cells of both

immune system
endometriosis patients and controls. We aimed to identify potential similarities between the immune
evasion strategies of cancer and endometriotic cells.

Endometriosis and cancer share prominent similarities such as immune evasion, the ability to
avoid apoptosis, invasive growth, angiogenesis, and genetic and epigenetic modifications, despite
being separate diseases. Both conditions can spread in a metastasis-like manner, with endometriotic
tissue implanting in distant areas and, in rare instances, undergoing malignant transformation,
particularly in the ovaries. These parallels suggest that immune dysregulation and abnormal blood

156,157 Previous studies have shown that an

vessel construction play significant roles in both diseases
increased expression of inhibitory immune checkpoints is a crucial factor in tumor immune evasion
and suppression, with PD-1!% being one of the main focal points that reduces the effector functions
of T cells and NK cells!'*8. Although the immune system can eliminate tumor cells in the early stages,
in advanced stages, immune checkpoints may instead promote tumor growth and progression'>”.
Consequently, blocking immune checkpoints has emerged as a promising therapeutic strategy, and
immunotherapy is now widely recognized as an effective treatment for many cancer patients!0-162,

In our research, we noted a statistically significant increase in the percentage of CD56* CD16*
NK cells expressing PD-1 in the PF of patients with endometriosis compared to those in the control
group. This increase in PD-1-expressing NK cells in the PF is particularly significant, as these cells
play a vital role in the initial immune defense within this microenvironment, where endometriotic
cells frequently seek to implant and proliferate, especially within the pelvic cavity. Interestingly, this
increase specifically affects CD56" CD16" NK cells. NK cells that express CD16 are potent mediators
of antibody-dependent cellular cytotoxicity, aside from their inherent cytotoxic functions!®*164, In
contrast, cells expressing CD56 have robust immunostimulatory effects such as producing Thl
cytokines and demonstrating effective cytotoxic potential'**. An upward trend in PD-1 expression
may undermine the ability of NK cells to curb the proliferation of ectopic endometrial cells, a scenario
mirrored in cancer studies'>!.

In our study, we found that body mass index (BMI) significantly influences the expression of
the PD-1 marker on T cells in endometriosis patients, particularly in the peritoneal cavity. Compared

to overweight controls, obese women with endometriosis had the fewest PD-1" CD8" T cells and total
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PD-1" T cells. Additionally, their PD-1" CD4" T-cell levels were lower than those of endometriosis

patients of normal weight. Although the impact of BMI on immune function has long been
established!®, the specifics of its influence on PD-1 expression have not been explored in previous
research. Additionally, in examining smoking habits, we discovered a greater presence of PD-1*
CD56" CD16" NK cells in the PF of endometriosis patients who smoke, hinting at a possible difficulty
in controlling disease progression in these patients.

In categorizing patients by prevalent endometriosis symptoms, we observed distinct patterns
of PD-1 marker expression. These were particularly higher in patients with more advanced disease,
primarily within the peritoneal cell population. Specifically, patients with dyspareunia exhibited
elevated levels of both PD-1* CD56" CD16" NK cells and PD-1" total NK cells. Furthermore, those
experiencing severe dyspareunia had notably higher counts of PD-1" total NK cells compared to those
with milder conditions. Dyschezia, frequently associated with bowel involvement, correlated with an
increase in PD-1* total T cells in the PF. In endometriosis patients presenting urinary tract
involvement, we noted a considerable rise in PD-1" total NK cells within the peritoneal cavity,
complemented by higher levels of circulating PD-1" CD8" T cells, PD-1" CD56" T cells, and PD-1"
total T cells. Collectively, these findings suggest an elevation in PD-1 expression in the immune cells

of patients suffering from more severe or symptomatic endometriosis.

1. Strengths and limitations

Our research has several key strengths. We executed a comprehensive analysis of specific NK and T-
cell types and immune receptors, thereby enriching our knowledge of endometriosis at the cellular
level and potentially elucidating aspects of its development. Our study uncovers pronounced
differences in the immune profiles of women with endometriosis, particularly in relation to symptoms
and demographic factors. Such insights could guide symptom-specific treatments and usher in novel
avenues for immunomodulation within this disease. To safeguard accuracy, we confirmed the absence
of endometriosis in the control group through laparoscopic surgery - a technique more reliable than
sole clinical evaluation. Moreover, our study provides a clinical perspective by associating aberrant
PD-1 and TIM-3 expression with precise symptoms, disease severity, and demographic factors.
Notably, this is the inaugural study to investigate TIM-3 expression in both PF and PB in women
both with and without endometriosis, considerably broadening the scope of research in this sphere.
While this research offers valuable insights, it is important to acknowledge that it also
possesses limitations. Although it provides a detailed exploration of the immunologic profiles of PB

and PF, relative to PD-1 and TIM-3 expression, the constraint of a relatively small sample size
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remains. While the sample size is larger than in previous studies, it still falls short of providing

definitive conclusions. Particularly, certain variables such as smoking, dysmenorrhea, and
rectorrhagia are not sufficiently represented. This limited sample size consequently curtails the
statistical power, impacting the reliability of the findings in these subgroups. Furthermore, the limited
body of existing literature on the connection between lymphocyte subpopulations and symptoms like
dysmenorrhea, dyspareunia, and pelvic pain curtails comparative analysis. Lastly, it is uncertain
whether the noted immune deviations are causes or consequences of endometriosis; they may be
mechanisms that aid cell implantation or merely responses to the disease. Indeed, despite our study
underscoring a complex interaction between NK and T-cell subpopulations across various
demographic and clinical contexts, it is vital to understand that the presence of PD-1 and TIM-3 on
immune cells does not invariably signify functional activity. To sum up, while this study significantly
contributes to our understanding of immunologic profiles in endometriosis, more comprehensive
research involving larger, diverse cohorts and additional functional assays is a must to confirm and

build upon these findings.

2. Final remarks and future perspectives

Previous studies propose that deficiencies in immune surveillance may cause an environment
conducive for ectopic endometrial cells to bypass the immune system. We examined the
immunological impact of endometriosis at both local and systemic levels, focusing on NK and T-cell
subpopulations. We found significant differences in the immunological profiles of patients with
endometriosis. This provides fresh insights into an area that is currently deficient in comprehensive
research, especially when it comes to demographic factors and symptomatology.

We observed a decrease in TIM-3 expression in women with endometriosis compared to those
without the disease. The reduction was particularly pronounced in individuals with advanced stages
(III/TV) and bowel involvement. The reduction in TIM-3 expression could lead to circulating T cells
losing their regulatory function and releasing inflammatory molecules. This can foster an
uncontrolled inflammatory environment at the endometriotic cell implantation sites, leading to
persistent inflammation and fibrosis — characteristic features of endometriosis. Therefore, reduced
TIM-3 levels in circulating T cells could have a role in the pathogenesis of endometriosis and it could
be considered in future research as a biomarker of the disease.

We also observed that a deficiency in immune surveillance might be associated with an

increased expression of the PD-1 inhibitory receptor. This appears more pronounced in patients with
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severe symptoms and diseases that extend beyond the pelvis. This suggests a potential shared pathway

for PD-1 modulation in both endometriosis and cancer.

Future research should aim to clarify whether variations in immunological profiles correspond
to changes in cellular activity. To enhance understanding, future studies should incorporate functional
tests such as cytotoxicity assays, cytokine analysis, and surface receptor analysis. This approach
would enable a more accurate evaluation of cell and receptor activity. Additionally, understanding
the potential impacts of genetic and hormonal factors on these profiles will be important. The
functional interactions among different cell subsets must also be explored.

Understanding the observed variations in NK and T-cell populations, especially in the
expression of PD-1 and TIM-3 receptors, could usher in new possibilities for immunomodulation in
treating endometriosis by potentially targeting specific immune checkpoints. A significant challenge
with the current medical therapies for endometriosis is their hormone-based and contraceptive nature,
rendering them unsuitable for women who wish to conceive. This issue is crucial because
endometriosis is highly prevalent among women with infertility, the majority of whom are diagnosed
during their reproductive years. Additionally, some women cannot tolerate hormone therapy, have
contraindications, or develop resistance, resulting in disease progression despite treatment. These
factors highlight the need for non-hormonal therapeutic options. Immunomodulation presents a

promising pathway, and research in this domain has already begun?*-3°.
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