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| Chapter 1

‘One is not born, but rather becomes, a woman’ wrote Simone de Beauvoir,
challenging the notion of fixed identity and emphasizing the role of environment
and experience in shaping who we are. While her statement specifically addresses
gender and social roles, it echoes a broader question at the heart of both
philosophy and biology: are we solely the product of our genetic blueprint, or are
we continuously shaped by our environment and the choices we make?

This question is particularly relevant in the context of reproductive immunology,
where biological complexity intersects with lifestyle choices. Every woman carries
a unique, genetically determined immune system which can both support and
interfere with reproductive success. In this thesis, | explore the immune system of
women with reproductive health problems such as recurrent pregnancy loss and
endometriosis, where impaired immune function is thought to play a key role. While
genetic and hormonal factors are known to be foundational to immune function,
it remains unclear to what extent lifestyle choices such as contraceptive use,
physical activity, and dietary habits contribute to variation in immune responses.
Understanding this interaction may offer new insights into both the prevention
and treatment of reproductive health challenges.

In this work, | aim to explore the impact of lifestyle interventions on the immune
system of women with reproductive health issues and identify whether these
interventions can be used as new treatment strategies to improve quality of life
and reproductive outcomes.

The dynamic uterine cycle in a glance

The uterus is a dynamic organ with a central role in reproduction, orchestrated by
a complex network of cells that regulate key processes such as menstrual cycling,
embryo implantation, and tissue remodeling. The inner epithelial lining of the
uterus, called the endometrium, undergoes cyclical, structural and functional
changes in response to fluctuating ovarian steroid hormones. Its primary functions
are to prepare for embryo implantation, support pregnancy if implantation occurs,
or undergo menstruation in the absence of implantation (1). The endometrium is
composed of various cells types including stromal, epithelial, vascular, and immune
cells. Among these immune cells are essential for proper breakdown and regeneration
of endometrial tissue (2). Throughout each menstrual cycle, the endometrium
transitions through two main phases: the proliferative and secretory phase. During
the proliferative phase, rising estradiol levels stimulate rapid proliferation of vascular
and endometrial cells, resulting in the formation of a thin, linear, echogenic layer.
This is followed by the secretory phase, dominated by progesterone, during which
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estradiol-primed stromal cells undergo decidualization, a transformation into
rounded, epithelioid-like decidual cells (3). Decidualization of the endometrium
takes place in each cycle in response to elevated levels of steroid hormones (4). If
implantation occurs, the decidua plays a vital role in protecting the embryo from
maternal immune rejection and supporting the development of the placenta (5, 6).

In the absence of implantation, declining ovarian hormone levels initiate a tightly
regulated inflammatory process that leads to the breakdown and shedding of the
decidua, resulting in menstruation. This process involves immune cell infiltration,
including macrophages, neutrophils, and natural killer (NK) cells (2, 7, 8), as
well as the release of inflammatory mediators such as prostaglandins, cytokines,
and matrix metalloproteinases (9, 10). These factors drive tissue breakdown and
vasoconstriction, facilitating menstrual shedding. However, menstruation is not
only an inflammatory event but also a regenerative process. Immune cells play
a key role in resolving inflammation and promoting endometrial repair (7). This
cyclical process of tissue breakdown and repair occurs approximately 450 times
in a woman’s reproductive lifespan, highlighting the endometrium’s remarkable
regenerative capacity, which is unique among mucosal tissues (11).

Immune cell adaptations in the non-pregnant and pregnant uterus

Unlike other mucosal barriers, the function of the endometrium is not only to
protect the uterus from pathogens, but also to accommodate enough tolerance
to sustain a semi-allogeneic embryo. Peter Medawar, known for his work on graft
rejection and the discovery of acquired immune tolerance, described pregnancy as
"Nature’s transplant,” where two genetically distinct individuals coexist throughout
gestation (12, 13). This perspective underscores the importance of immune cell
adaptations in achieving maternal immune tolerance for a successful pregnancy.

Immune Cells in the Non-Pregnant Uterus (Endometrium)

In the non-pregnant endometrium, immune cells, including endometrial NK cells,
T cells, B cells, and macrophages, fluctuate in composition throughout the menstrual
cycle (14). During the early proliferation to the early secretory phase, CD45*
leukocytes are relatively scarce, but their numbers increase significantly towards the
end of this phase (2, 15).

A distinctive feature of the non-pregnant endometrium is the fluctuation of NK cells.
While only few NK cells are present in the proliferative phase, these cells increase
drastically in the late secretory phase and constitute 70% of all leukocytes (16, 17).
These cells, also termed endometrial NK (eNK) cells in the non-pregnant state, are

1
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characterized as CD3°CD56"™9"CD 16  and express the tissue-resident marker CD49a.
Unlike cytotoxic peripheral NK (pNK) cells, eNK cells contain fewer but larger
cytoplasmic granules, suggesting a primary role in cytokine production rather than
cytolytic activity (16, 17). If pregnancy does not occur, eNK cells are shed during
menstruation, making menstrual blood (MB) a valuable, non-invasive source for
studying these cells (18). Immunophenotyping of MB-derived NK cells has shown
that these cells possess a unique and stable repertoire of Killer Immunoglobulin
Receptors (KIRs), and frequencies of KIR expressing NK cells and co-expression
patterns with other receptors are distinct from those found in peripheral blood (19).
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Figure 1. Overview of hormonal, endometrial, and immunological changes during the menstrual
cycleand early pregnancy. The top panel illustrates follicular development, ovulation, and the potential
outcomes of fertilization, alongside dynamic changes in relative estrogen and progesterone levels. The
middle panel depicts corresponding morphological changes in the uterine lining (endometrium and
decidua) across the menstrual cycle phases: menstruation, proliferative, and secretory, and during early
pregnancy. The lower left graph shows the relative abundance of key uterine immune cell populations
(T cells, B cells, endometrial NK (eNK) cells, and monocytes/macrophages) across cycle phases. The
lower right schematic highlights the role of decidual NK (dNK) cells in supporting early pregnancy
by producing cytokines that regulate trophoblast invasion, angiogenesis, and placental development.
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Conflicting data exist regarding the abundance of endometrial T cells throughout
the menstrual cycle. While some studies report a decrease in the percentage
of T cells from the proliferative to the secretory phase, others suggest that the
absolute numbers of these cells remain constant (15, 20). Unlike in peripheral
blood, endometrial T cells obtained from biopsies predominantly consist of
CD8+ T cells (2). These cells exhibit cytolytic activity during the proliferative phase,
which diminishes in the secretory phase (2, 21). The reduced cytolytic may facilitate
immune tolerance of the embryo during implantation. Additionally, the ratio of
Th1/Th2 T cells also decreases over the course of menstrual cycle further supporting
the establishment of a tolerant immune environment conducive to implantation (22).

Immune Cells in the Pregnant Uterus (Decidua)

Upon pregnancy, the composition and function of immune cells in the decidua
changes to tolerate the semi-allogeneic fetus. The majority of the leukocytes
present in the decidua early in pregnancy are decidual NK (dNK) cells and
decidual macrophages comprising ~90% of leukocytes, whereas decidual T cells
only contain ~10% leukocytes (23).

Macrophages, making up about 20% of leukocytes in the decidua (24). During
pregnancy, they adopt an anti-inflammatory phenotype, facilitating placental
development and immune tolerance by producing cytokines like interleukin-10
(IL-10) and transforming growth factor-beta (TGF-f) (25, 26). In addition, macrophages
contribute to the formation of spiral arteries and angiogenesis by producing MMP-9
and VEGF (27, 28). It was suggested that macrophages might be involved in tissue
remodeling by degradation of extracellular matrix and clearance of apoptotic
cells (29). Decidual macrophages especially play a role in the onset of labor by
secreting inflammatory cytokines while reducing IL-10 production (30, 31).

The proportion of dNK cells is initially high in early pregnancy but gradually
declines as gestation progresses towards term (32, 33). Throughout pregnancy,
dNK cells undergo dynamic changes in function, receptor repertoire, and cytokine
production, which are essential for establishing immune tolerance and facilitating
spiral artery modeling (34, 35). dNK cells express a wide range of both activating
and inhibitory NK receptors (NKR), such as KIRs, leukocyte immunoglobulin-like
receptor B1 (LILRBT), Natural Cytotoxicity Receptors (NCRs), and NKG2A/C/E/D.
Inhibitory receptors, including KIRs and NKG2A, recognize human leukocyte antigen
(HLA) molecules expressed by trophoblast cells, thereby suppressing dNK cellular
cytotoxicity activation and promoting maternal-fetal immune tolerance (36, 37). In
the first trimester decidua, three subsets of dNK cells, dNK1, dNK2, and dNK3 have
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been identified (38). Beyond, their immunoregulatory role, dNK cells also contribute
to placental development by secreting a diverse range of cytokines, chemokines,
and growth factors, including VEGF, IP-10, IL-18, and interferon-gamma (IFN-y). These
factors play critical roles in supporting spiral artery remodeling and trophoblast
invasion (39, 40). It is hypothesized that dNK1 cells mainly interact with trophoblasts
due to their active glycolytic metabolism, elevated expression of KIR genes, LILRB1,
and cytoplasmic granule proteins (38). The dual capacity of dNK cells for immune
regulation and tissue remodeling highlights their importance in the successful
establishment and maintenance of pregnancy.

Regulatory T (Tregs) cells are also essential for immune tolerance during
pregnancy. Their expansion within the decidua helps suppress pro-inflammatory
Th1 and Th17 responses directed against the semi-allogeneic embryo, thereby
supporting fetal tolerance (41). Evidence suggests that depletion of Tregs can lead
to increased infiltration of effector T cells which may lead to inflammation and
implantation failure (42).

Dysregulation of these immune mechanisms, including imbalances in dNK cell
activity or Treg function, has been implicated in various reproductive disorders.
The following section, will further elaborate on the contribution of such immune
alterations on reproductive complications such as recurrent pregnancy loss (RPL)
and endometriosis.

The immune dysregulation, inflammation and reproductive disorders
During the female reproductive cycle, immune cell adaptations occur to support
many physiological events including menstruation, implantation, and labour
onset/parturition which are highly inflammatory processes. Inflammation is tightly
regulated by the immune system and involves release of cytokines, chemokines,
and growth factors. Since initiation and maintenance of inflammatory pathways
are essential for these processes, the dysregulated inflammatory responses may
potentially contribute to various reproductive disorders.

Recurrent Pregnancy Loss (RPL)

Uterine inflammation during the implantation process has been hypothesized
as a potential contributor to RPL (Figure 2). RPL is defined as the loss of 2 or
more pregnancies before 24 weeks of gestation (43) and has a multifactorial
etiology including parental chromosomal abnormalities, uterine anomalies, and
antiphospholipid syndrome (APS) (44). However, in approximately 50% of the cases,
no identifiable cause is found, leading to the diagnosis of idiopathic RPL (iRPL).
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Immune dysregulation and abnormal inflammatory responses have been increasingly
recognized as potential contributors to iRPL (45).

Due to its role in implantation, the number and function of NK cells, both in
peripheral blood and the uterus have been extensively studied to understand the
etiology of iRPL. A meta-analysis reported higher numbers of pNK cells in women
with iRPL compared to controls, however significant heterogeneity was observed
across the studies (46). Moreover, pNK cell numbers did not predict miscarriage in
subsequent pregnancies in these women with iRPL (47). Another meta-analysis in
2023 reported no significant differences in uNK cell abundance in women with iRPL
compared to control subjects and found no significant difference in subsequent
pregnancy outcome and uNK cell levels (48). The lack of consensus regarding the
optimal range of NK cell levels necessary for a successful pregnancy complicates
the interpretation and clinical utility of these findings.

Consequently, many studies have shifted their focus toward NK cell function,
particularly cytokine production, in relation to iRPL. Fukui et al. reported that the
eNK cells of women with iRPL exhibited reduced production of IFN-y and TNF-a
compared to controls (49), while pNK cells of iRPL women produced higher IFN-y
and TNF-a alongside reduced levels of IL-4 and IL-10 (50). Interestingly, Mishra et al.
found no significant differences in serum levels of IFN-y and TNF-a levels between
iRPL patients and controls, however reported significant increase in C-reactive
protein (CRP), IL-1B, and IL-4 levels suggesting role of inflammatory cytokines (51).
Further research is required to elucidate the role of immune dysregulation in the
pathogenesis of iRPL and its impact on pregnancy outcomes.

Endometriosis

Endometriosis is a chronic, estrogen dominant disease which is defined by the
presence of endometrium-like tissues (lesions) outside uterus, affecting ~10% of
women of reproductive age (52). The diagnosis is often delayed taking up to 7 years
on average (53), and the condition presents with a wide range of symptoms, including
dysmenorrhea, dyspareunia, cyclic and non-cyclic pelvic pain, and dyschezia, all of
which significantly impair quality of life (54).

Although the exact origin of endometriosis remains unclear, several hypotheses
have been proposed. The most widely accepted hypothesis is Sampson’s retrograde
menstruation theory which proposes that during menstruation menstrual debris
containing viable cells flows back into the peritoneal cavity through fallopian tubes
where these cells later implant and grow outside the uterus causing inflammatory

15




16

| Chapter 1

response, fibrosis, and pain (55). Even though retrograde menstruation occurs in
many women, only some women develop endometriosis indicating that additional
factors play role in the disease etiology. Subsequent studies demonstrated that while
endometrial stromal cells in endometriosis patients do not harbor genetic mutations,
they display distinct epigenetic alterations and subtle molecular abnormalities (56).

Early First Trimester
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Uterus
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Figure 2. Disrupted maternal immune-trophoblast interactions in the decidua during early
pregnancy. The left panel shows embryo implantation in the uterus. The right panel zooms into the
decidual microenvironment, highlighting interactions between decidual NK (dNK) cells and invading
trophoblasts. Trophoblast cells express HLA-C, HLA-E, and HLA-G molecules that interact with maternal
immune receptors including KIR, NKG2A/C, and LILRB1 present on dNK cells. Impaired recognition or
signaling through these pathways may result in defective dNK cell function, leading to inadequate
spiral artery remodeling and poor placental development. The resulting immune imbalance
characterized by altered cytokine secretion and disrupted tolerance can contribute to pathological
pregnancy outcomes such as recurrent pregnancy loss. Key immune cells shown include dNK cells,
T cells, and macrophages, as well as cytokine/chemokine signaling.

Another critical factor is the immune system’s ability, or failure, to recognize and
clear the ectopic endometrial cells. It has been proposed that impaired immune
surveillance allows endometrial cells to evade clearance, implant, and form
persistent lesions. This impaired immune response contributes to a sustained
inflammatory environment that not only supports lesion survival but also drives the



Introduction |

chronic pain and tissue remodeling characteristic of the disease (56, 57). Elevated
levels of pro-inflammatory cytokines and chemokines such as IL-1B, IL-6, IL-8,
and TNF-a have been frequently observed in the peritoneal fluid of patients with
endometriosis (56, 58). These cytokines facilitate recruitment of diverse immune
cell populations into the peritoneal cavity, amplifying inflammation and promoting
angiogenesis and lesion progression (Figure 3).

In individuals with endometriosis, macrophages are increased in number but
display impaired phagocytic function in both the peritoneal fluid and eutopic
endometrium (59, 60). The cytokines released by these dysfunctional macrophages
promote the migration, invasion, and survival of endometrial cells, thereby
facilitating lesion establishment and progression (59).

NK cells also play a critical role in the pathophysiology of endometriosis. In affected
individuals, NK cells exhibit increased expression of inhibitory KIRs, leading to reduced
cytotoxic activity and impaired clearance of ectopic endometrial tissue (61, 62). This
compromised immune surveillance enables the implantation and proliferation of
endometrial cells outside the uterine cavity.

Moreover, the immune-regulatory environment in endometriosis is altered,
characterized by an increased accumulation of regulatory T cells (Tregs) in the
peritoneal cavity and within endometrial lesions, further suppressing local immune
responses (63). Furthermore, an imbalance between T-helper 1 (Th1) and Th2
immune responses has also been observed. Specifically, decreased Th1 cells and
their associated cytokine IFN-y, combined with elevated Th2 cytokines such as IL-4
and IL-10, contribute to an immunosuppressive and pro-growth microenvironment
in endometriotic lesions (64).

The unmet clinical need for effective therapies in endometriosis and
idiopathic RPL

Immune dysregulation and chronic inflammation significantly impact reproductive
health in women, particularly in conditions like RPL and endometriosis. Despite
growing recognition of the immune component in these disorders, there are
currently no established clinical protocols that specifically target immune pathways.
For women with iRPL, clinicians often cannot identify specific targets for therapy. As
a result, patients receive empiric treatments with limited or unproven benefit (65).
Commonly used treatment options for RPL are progesterone supplementation, low-
dose aspirin, glucocorticoids (prednisone/prednisolone), and leukocyte immuno-
therapy. Unfortunately, these treatment options have not consistently led to improve-
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ment in live birth rate or reduction in miscarriage rate in iRPL across controlled
studies (66). This underscores an urgent need for new treatment strategies.

Current treatments for endometriosis largely manage symptoms rather than
eradicate disease. First-line pharmacologic options for pain relief in endometriosis
include nonsteroidal anti-inflammatory drugs (NSAIDs) and hormonal therapies
(combined oral contraceptives, progestins, GnRH analogs/antagonists). However,
efficacy for chronic pain is often lacking upon NSAIDs use (67); symptoms frequently
recur after discontinuation (68), and response can be limited in advanced stages
of the disease (69). When medical therapy fails or is not tolerated, surgery is
considered. Even though surgery often provides positive outcomes in terms of pain
relief, the recurrence rate remains a problem (70, 71).

These limitations have prompted interest in complementary strategies particularly
lifestyle interventions such as regular physical activity and dietary modification.
These approaches offer accessible, low-risk, non-medical means aimed at modu-
lating inflammation and supporting immune homeostasis while enhancing agency
in self-management.

Impact of lifestyle factors on the immune system and inflammation
Lifestyle factors, particularly exercise and diet, play a significant role in modulating
immune function and inflammatory responses (Figure 4). Exercise, in particular, is
hypothesized to reduce systemic inflammation and enhance immunosurveillance
against pathogens and cancer cells (72). A growing body of evidence supports the
association between regular physical activity and reduced levels of biomarkers
indicative of low-grade inflammation (72, 73). Numerous studies have consistently
reported that physically active individuals exhibit lower resting levels of pro-
inflammatory biomarkers such as CRP, IL-6, and TNF-a. At the same time, they tend
to have elevated levels of anti-inflammatory cytokines like IL-10 and IL-1 receptor
antagonist (IL-1Ra), compared to their sedentary counterparts (74).

Acute bouts of exercise trigger the mobilization of various immune cells, particularly
NK cells and CD8* T cells (75). Interestingly, while lymphocyte counts initially rise
during exercise, they typically decrease to below baseline level within 1-2 hours post-
exercise before returning to normal within approximately 24 hours (76). Regarding
NK cells, exercise predominantly redistributes mature CD56%™ NK cells characterized
by lack of NKG2A expression and high expression of KIRs and CD57 (77). Similarly,
exercise selectively mobilizes memory CD8" T cells with effector functions to
peripheral tissues, temporarily reducing their availability in peripheral blood, leading
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to decreased IFN-y production by these cells shortly after exercise (78). However,
findings regarding lymphocyte dynamics post-exercise have been inconsistent,
highlighting the importance of exercise intensity and duration in modulating
immune responses. Notably, immune effects differ markedly between acute high-
intensity and chronic moderate-intensity exercise (75).
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Figure 3. Immune mechanisms contributing to chronic inflammation and lesion growth in
endometriosis. This figure illustrates key immune mechanisms contributing to the pathophysiology
of endometriosis. Reduced immunosurveillance is observed due to diminished NK cell cytotoxicity
(e.g., reduced secretion of perforin [PFN] and granzyme B [GzmB]) and impaired phagocytosis by
macrophages, allowing endometriotic lesions to persist. The local microenvironment promotes
immune dysregulation, characterized by an increase in Th17 cells and Tregs, which secrete IL-17 and
IL-10 and contribute to both inflammation and aberrant angiogenesis. Estrogen (E2) stimulates the
production of reactive oxygen species (ROS) and pro-inflammatory cytokines (e.g., IL-6, TNF-a, IFN-y),
contributing to a chronic inflammatory state. The resulting systemic inflammation is reflected by
elevated levels of circulating inflammatory markers (e.g., CRP, IL-6, TNF-a) and impaired apoptosis,
angiogenesis, and vascular remodeling.
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Also dietary components play a crucial role in modulating inflammation.
Polyunsaturated fatty acids (PUFAs), particularly omega-3 (n-3 PUFA) and omega-6
(n-6  PUFA), are essential macronutrients with distinct immunomodulatory
properties. It was shown that inflammatory cells contain a high proportion of n-6
PUFAs and a low proportion of n-3 PUFAs (79). While n-6 PUFAs generally promote
pro-inflammatory responses, n-3 PUFAs are associated with anti-inflammatory
effects (80). In vitro studies have demonstrated that n-3 PUFAs can inhibit the
production of IL-13 and TNF-a by monocytes (81). Clinical studies investigating
the supplementation of the diet with n-3 PUFAs containing food such as fish oil,
have reported reduced production of TNF, IL-1 and IL-6 by immune cells in healthy
individuals (82-84). However, despite evidence supporting the anti-inflammatory
effects of omega-3 supplementation, definitive clinical recommendations for their
routine use remain limited.

Dietary fiber represents another essential nutritional component with anti-
inflammatory properties. Fiber-rich diets typically contain significant amounts of
polyphenols and complex carbohydrates, both of which have been shown to reduce
inflammation (85). Non-digestible carbohydrates are fermented by gut microbiota
into short-chain fatty acids (SCFAs), which inhibit nuclear factor-kappa B (NF-kB)
activation and subsequently decrease the production of pro-inflammatory media-
tors like CRP, TNF-a, monocyte chemoattractant protein-1 (MCP-1), and IL-6 (86).
Furthermore, fiber-rich foods increase antioxidant availability, contributing to
improved immune function.

Polyphenols are especially noteworthy for their combined anti-inflammatory and
antioxidant properties. They scavenge ROS and modulate key inflammatory signaling
pathways, including NF-kB, mitogen-activated protein kinase (MAPK), and cyclo-
oxygenase (COX) pathways (87). Clinical trials have demonstrated that polyphenol
supplementation can lower TNF-a and IL-6 levels, particularly in elderly individuals (88).

Given the complex interactions among various dietary components, evaluating
overall dietary patterns, especially those rich in anti-inflammatory components
including monounsaturated fats, flavonoids, vitamins C and E, and polyphenols
might provide a more comprehensive understanding of the overall impact of the
diet on immune regulation and inflammation (89, 90).

Despite growing evidence that dietary components and physical activity regulate
inflammation and modulate immune function, these findings have yet to be
effectively applied to inflammatory reproductive disorders such as endometriosis
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and iRPL. In clinical practice, lifestyle-based interventions remain largely overlooked
as therapeutic strategies in these contexts. This thesis aims to help bridge this gap
by exploring whether lifestyle-based interventions can meaningfully influence
immune cell profiles and improve clinical outcomes in affected women.
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Figure 4. Modulation of systemic inflammation by physical activity and dietary components.
Physical activity and specific dietary factors may reduce systemic inflammation through
complementary pathways. Exercise promotes the release of myokines (e.g., IL-6, IL-7, IL-15) and
epinephrine, which enhance mobilization and function of NK cells and CD8" T cells, leading to
increased immunosurveillance. Exercise may also reduce circulating pro-inflammatory cytokines
(e.g., TNF-q, IL-6, CRP) and reactive oxygen species (ROS). Dietary components such as omega-3
polyunsaturated fats, polyphenols, dietary fibers, and antioxidants (e.g., vitamin C) modulate
systemic inflammation by improving gut microbiome composition, increasing microbial metabolites,
and suppressing oxidative stress while downregulating NF-kB activation, a key pro-inflammatory
transcription factor. Collectively, these lifestyle interventions can support reduced inflammation,
improve immune function, and metabolic health.

Scope and outline of the thesis

This thesis investigates the role of the systemic and uterine immune system in
reproductive disorders, with a particular focus on endometriosis and iRPL. It begins
by characterizing the immune landscape of both blood and the uterus in affected
women, aiming to identify immunological mechanisms that may contribute
to disease etiology. Building on these insights, the thesis examines whether
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lifestyle interventions including moderate-intensity aerobic exercise and anti-
inflammatory diet can modulate immune cell composition, inflammatory status, and
clinical outcomes.

In Chapter 2, the impact of contraceptive use on the composition of uterine immune
cells in healthy women is explored. The findings reveal differences in the immune
cell composition between contraceptive users and non-users. In Chapter 3, the NK
cell receptor (NKR) repertoire in women with iRPL is compared to that of control
fertile women. This chapter shows distinct NKR repertoire in iRPL and highlights
the importance of accounting for both previous live birth and cytomegalovirus
(CMV) serostatus when profiling NK cells. Chapter 4 outlines the study protocol
investigating the multisystemic benefits of moderate-intensity aerobic exercise in
women with iRPL. In Chapter 5, the impact of a 12-week moderate-intensity aerobic
exercise intervention on the abundance, phenotype, and function of pNK and eNK
cells in women with iRPL is presented. The findings underscore the distinct effects
of exercise on the systemic versus uterine immune compartments. In Chapter 6,
the role of JAK-STAT pathway in the inflammation and immune cell function of
individuals with endometriosis is explored. We demonstrate that individuals with
endometriosis have significantly higher STAT3 phosphorylation in their T cells upon
stimulation with inflammatory cytokines. In Chapter 7, the impact of a 12-week
anti-inflammatory diet intervention (AIDEN-intervention) on pain, inflammatory
markers, gut and vaginal microbiome composition and both systemic and uterine
immune cell composition in individuals with endometriosis is described. The results
show that the intervention reduces pain and improves quality of life, while also
altering the frequencies of unconventional T cells in the uterine microenvironment.
Finally, Chapter 8 provides an integrative discussion, highlighting overarching
themes and offering concluding remarks.

Overall, this thesis demonstrates that lifestyle interventions such as diet and exercise
can modulate immune function and inflammatory responses in women with repro-
ductive disorders. By identifying accessible and effective strategies for immune
modulation, this work contributes to the development of non-invasive approaches
for improving reproductive outcomes in women with iRPL and enhancing the quality
of life in individuals with endometriosis.
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Abstract

Problem

Menstrual effluent (ME) is widely used to study immune-related reproductive
disorders. However, women using contraceptives are often excluded from such
studies due to limited knowledge of their impact on the endometrial immune
cell composition. This gap in knowledge restricts our ability to include women
using contraceptives in the scientific investigations and account for potential
immunological variations associated with contraceptive use. Therefore, we aim to
investigate whether contraceptive use is associated with differences on the uterine
immune system.

Method of study

ME was collected from women using combined oral contraceptives (COC, n=5), a
copper intrauterine device (IUD, n=3), or no contraceptives (n=5). Immune cells
were isolated from ME and analysed using flow-cytometry. Data were analyzed
using unpaired t-test, followed by multiple testing correction using the false
discovery rate (FDR) method.

Results

Women using COCs exhibited a marked reduction in the frequency of the
immunoregulatory CD56°"CD16° endometrial Natural Killer (eNK) cells compared
to women using no contraceptives (30.1% +£5.99 and 66.0% %10.6; p=0.001).
Additionally, women using copper IUD showed elevated frequencies of proliferating
Ki-67*CD8* T cells compared to COC users and controls (19.8% +4.3, 2.69% +1.23,
and 3.77% +4.4).

Conclusions
This pilot study highlights the importance of considering contraceptive use when
studying immune-related reproductive problems.

Keywords
Menstrual effluent, endometrial immune cells, combined oral contraception,
copper intra-uterine device, uterine immune system
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Introduction

Menstrual effluent (ME) is a non-invasive source of endometrium-derived immune
cells which closely resembles the immune cell composition and phenotypic
characteristics of endometrial biopsies (1-3). Several studies have used ME-derived
immune cells as a proxy for endometrial immune cell profiling to investigate
reproductive problems such as recurrent pregnancy loss and endometriosis (2, 4).
Notably, ME like endometrial biopsies contains a high proportion of CD569"CD 16
endometrial Natural Killer (NK) cells that are important for mucosal integrity,
endometrial angiogenesis and endometrial shedding (5). Until now most studies
using ME focused exclusively on women not using hormonal contraceptives
or an intrauterine device (IUD). This is mainly due to the limited knowledge on
how contraceptive use may influence the composition of immune cells in the
endometrium. However, contraceptive use, especially combined oral contraceptives
(COCQ), is widespread, particularly among women with endometriosis, for whom
COC is often prescribed as first-line treatment (6).

COCs include a combination of artificial progesterone and estrogen which
inhibit ovulation by preventing production and secretion of follicle stimulating
hormone and luteinizing hormone from pituitary gland (7). When COCs are
paused during hormone-free interval, withdrawal bleeding occurs as a response
to the sudden drop in hormone levels. Estrogen and progesterone are known to
have immunomodulatory functions playing a role in inflammation and immune
response to infections (8-10). Previously, it was already shown that endometrial
immune cells are responsive to hormonal changes (11). Additionally, endometrial
transcriptional profiling of women using hormonal IUD was shown to differentially
express genes related to inflammation and immune activation compared to women
not using any contraceptives (12). These findings suggest that ME collected during
a withdrawal bleeding from women using contraceptives and ME collected from
women using a copper IUD may differ in immune composition from ME collected
during natural cycles.

Therefore, the aim of this pilot study was to investigate the composition of ME-
derived immune cells in healthy volunteers using COC, or copper IUD compared
to controls not using any contraceptives. This will help determine whether ME
remains a reliable proxy for endometrial immune assessment in women using
contraceptives and inform future studies investigating endometrial immune cells
using ME.

31




32

| Chapter 2

Materials & Methods

Study participants

In this study, women with a regular menstrual cycle, aged 18 until maximum
reproductive age of 45 with no known fertility issues, immunological diseases or
infectious diseases, using COC, a copper IUD or no medical contraception were
compared. Women were excluded when they met one or more of the following
exclusion criteria: active smoker, diagnosed with a gynecological condition, use of
other hormonal medication or use of immunomodulating drugs. Women included
in the control group, not using contraceptives, were only included if they had not
been using COC or IUD for the last 6 months. The participants did not report any
heavy menstrual bleeding or menstrual pain. COC use was stopped for 7 days to
induce withdrawal bleeding. For clarity and consistency, we refer to this withdrawal
bleeding as ME throughout the manuscript. This study was approved by the medical
research ethics committee (committee on research involving human subjects) of
the region of Arnhem-Nijmegen (file number CMO: NL8065209122). Informed
consent was obtained from study participants before inclusion in the study. The
cohort information including age, BMI, duration of contraceptive use, and number
of previous pregnancies can be found in Table 1.

Table 1. Cohort characteristics

Donor characteristics Control (n=5) Oral contraceptive (n=5) Copper IUD (n=3)

0,15 mg levonorgestrel
and 0,03 mg

Type of contraceptive NA ethinylestradiol (4/5) NA

2,5 mg nomegestrolacetaat
and 1,5mg estradiol (1/5)

Age as median [range] 24 [24-40] 24 [22-27] 24 [23-34]

BMI (kg/m?) as median [range] ~ 24.7[19.8-28.7]  23.9[20.5-29.4] 22.0[18.7-23.9]
Duration of contraceptive use

(in months) as median [range] NA 84 [60-120] 1114-29]
Previous pregnancies 0/5 0/5 1/3

Sample collection

ME was collected from study participants over a period of 36 hours, in three
12-hour intervals, by means of a menstrual cup (AllMatters ApS, Copenhagen,
Denmark) (1, 3, 4). Each 12 hour sample was transferred to ME collection tubes
containing RPMI 1640 medium supplemented with sodium pyruvate [T mM],
GlutaMAX [2 mM], penicillin [100 U/mL], streptomycin [100 pg/mL] (all Thermo Fisher
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Scientific, Waltham, MA, USA),10% human pooled serum (HPS) (manufactured in-
house) and 0.3% sodium citrate (Merck, Darmstadt, Germany).

Isolation of ME-derived mononuclear cells

ME-derived mononuclear cells (MMCs) were isolated from ME as previously
described (3, 4). The volume of ME and the total number of cells isolated from ME
were recorded. In brief, ME was filtered (70 um) to remove mucus, followed by
granulocyte depletion using RosetteSep (StemCell technologies Inc, Vancouver,
Canada) and density gradient centrifugation (Lymphoprep).

Flow cytometry

Immunophenotyping of MMCs was conducted with the Navios EX (Beckman
Coulter, Fullerton, CA, USA) flow cytometry system. A minimum of 500,000 MMCs
were stained using fluorochrome-conjugated monoclonal antibodies (moABs) for
30 minutes at 4°C in the dark. Immunophenotyping of cells was done for general
immune cell lineage markers, cytokine expression and markers associated with
NK cells, B cells, T cells (including regulatory T cells) and monocytes. An overview of
used moABs can be found in Supplementary Table 1. Fixation and permeabilization
of cells was performed according to manufacturer’s instructions (eBioscience, San
Diego, CA, USA). For intracellular cytokine detection MMCs were stimulated with
phorbol 12-myristate 13-acetate (PMA) [12,5 ng/mL], lonomycin [500 ng/mL] and
Brefeldin-A [5 ug/mL] for 4 hours at 37°C and subsequently intra-cellularly stained
for IFN-y.

Different flow cytometry panels were used to measure NK cells, T cells, B cells,
monocytes and intracellular cytokines.

Data analysis

Flow cytometry data were analyzed and compensated using Kaluza software
(Beckman Coulter Inc., Brea, CA). Immune cell subsets were manually gated, and
their relative frequencies were extracted for statistical analysis. Gating strategies
for immune cell subsets are described in Supplementary Figure 1 and 2. Data
visualization and statistical testing were performed using the ggplot2 package in
RStudio. The percentages of NK, T, B cells and monocytes were derived from CD45*
lymphocytes. Group comparisons were conducted using unpaired t-tests, with
multiple testing correction applied using the false discovery rate (FDR) method.
Results were considered statistically significant at an adjusted p-value (FDR) < 0.05.
Data are presented as percentages + standard deviation (SD).
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Results

The immune cell composition of ME is distinct in women using COC
and IUD compared to women who do not use contraception

We first observed a trend toward a lower volume of ME collected in the COC group
compared to the IUD and control groups. However, the total cell count per milliliter
of ME was not reduced and even tended to be higher in the COC group (Figure 1A-B).
Next, we examined the frequencies of CD45* lymphocytes which did not differ
between the three groups (Figure 1C). The distribution of immune cell subsets per
sample was also comparable across groups (Supplementary Figure 3). A trend toward
lower frequencies of CD14*HLA-DR* monocytes was noted in IUD users compared
to controls (Figure 1D). The frequency of CD19*CD20* B cells was significantly
higher in COC group compared to copper IUD users and controls (14.1% +4.0,
4.1% +1.3 and 6.6% +3.0; p=0.032 and p=0.035, respectively) (Figure 1E). Moreover,
we observed a trend towards a reduced total CD56*CD3" NK cell frequency in the
COC group; however, this decrease was not significant (Figure 1F). We did not find
any significant changes in CD56'CD3* T cell frequencies (Figure 1G).

The frequency of CD5659"*CD16- endometrial NK cells is significantly
decreased in COC users

Next, we analyzed specific subsets of ME-derived NK cells (Figure 2A). It is known
that ME-derived NK cells mainly contain CD56"9"CD16™ endometrial NK (eNK)
cells with immunoregulatory functions (5). The analysis of the NK cell subsets
showed significantly low abundance of the CD56*19"CD16 eNK cells in ME of COC
users compared to controls (30.1% +5.99 and 66.0% +10.6; p=0.001) (Figure 2B).
In contrast, these women had higher frequencies of CD569mCD16* NK cells
(Figure 2C). For IUD users a similar trend was observed. Additionally, CD56°9"CD16:
CD564mCD16* ratios were significantly lower in COC and IUD users compared to
controls (0.81 £0.34, 0.88 +0.28 and 5.6 +2.64 respectively).

The frequency of KI-67*CD8* cytotoxic T cells is elevated in IUD users
No significant differences in the frequency of endometrial T cell subsets among
the three groups were observed (Supplementary Figure 4A). However, analysis of
the proliferation status of endometrial T cells with proliferation marker Ki-67
(Figure 2D), showed increased percentage of Ki-67* cytotoxic CD8* T cells in
IUD users compared to COC users and controls (19.8% +4.3, 2.69% +1.23, and
3.77% + 4.4 respectively) (Figure 2E). We did not observe this increase for Ki-67*
helper CD4* T cells (Figure 2F).
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Figure 1. The immune cell composition of menstrual effluent in women using either combined
oral contraceptive (COC) or a copper intra-uterine device (IUD), and controls. A) Bar plots
indicating volume of ME in controls (n=5, green), combined oral contraceptive (COC, n=5, blue), and
copper intrauterine device users (IUD, n=3, red). B) Bar plots indicating total cell counts isolated from
ME indicated as x10° cells/mL of ME. C) The bar plot represent the percentages of CD45* lymphocytes
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monocytes, E) B cells, F) NK cells, and G) T cells. For statistical analysis, unpaired t-test and FDR
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Discussion

In this pilot study, we explored the association between contraceptive use and
endometrial immune cell composition by analyzing ME from women using COCs,
copper IUD, and those not using any contraception. We observed differences in
immune cell subsets across all groups, including both hormonal and non-hormonal
contraceptive users. These preliminary findings suggest that contraceptive use and
the method of contraception may differently influence the endometrial immune
cell composition.

The human menstrual cycle is tightly regulated by ovarian sex hormones, primarily
estrogen and progesterone (13). During the proliferative phase, estradiol promotes
the cellular proliferation of endometrial tissue (14). In the subsequent secretory
phase, progesterone induces the transformation of both endometrial stromal and
immune cellsinto special decidual cells creating a receptive environment for embryo
implantation and placentation (15). In the absence of pregnancy, the withdrawal of
estrogen and progesterone triggers menstruation (16). This physiological process is
altered in women using COCs due to the continuous presence of synthetic estrogen
and progesterone. The bleeding is only induced upon cessation of COC, known
as withdrawal bleeding. The impact of these synthetic hormones on the immune
cells and immune cell infiltration during endometrial shedding remains poorly
understood, making it challenging to interpret the ME from COC users as a reliable
surrogate for endometrial immune cell composition.

Progesterone, plays a critical role in regulating immune cell infiltration in the
uterus, among which the immunoregulatory CD569"CD 16" eNK cells are the most
abundant (11, 17). eNK cells sequentially express surface markers representing
recurrent cycle of differentiation in response to progesterone-mediated release of
stromal IL-15 (11). The frequencies of eNK cells fluctuate throughout the menstrual
cycle, peaking during the late secretory phase and persisting throughout
pregnancy (18). Moreover, they are known to be involved in the establishment
and maintenance of a successful pregnancy (19, 20). In our study, we observed
a significant reduction in the frequency of CD56"9"CD16 eNK cells in the ME of
women using COCs. Bister et al. also showed significantly reduced frequencies of
eNK cells expressing CD9 in the ME of COC users (21). This reduction may be either
due to the downstream effects of synthetic hormones on the endometrial tissue
development or the altered hormone withdrawal pattern affecting the immune cell
recruitment to the uterus during endometrial shedding.
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Previously, analysis of endometrial transcriptomes of endometrial biopsies showed
significant differences upon hormonal IUD use, while endometrial transcriptomes
of women using copper IUD did not show significant differences (12). We found
increased percentage of proliferating cytotoxic Ki-67*CD8* T cells in ME samples
of copper IUD users, likely due to the influence of copper ions on the function
and proliferation of immune cells (22). The frequency of Ki-67*CD8" T cells was
found to be higher in inflamed tissues (23). Since this increase was not observed
in COC users, our findings suggest that the copper IUD exerts a distinct and
potentially more inflammatory effect on endometrial immune cells compared to
COCGs, indicating that hormonal and non-hormonal contraceptive methods may
differentially influence the endometrial immune cells.

The main limitation of our study is the small number of ME samples obtained across
the three groups. Recruitment of COC users proved challenging, as participation
required discontinuation of COC use for at least one week to allow withdrawal
bleeding. Inclusion of IUD users was also limited due to the potential risk of IlUD
expulsion associated with ME collection (24). Despite the small sample size,
our data revealed clear group-specific differences in immune cell composition.
A second limitation was the low cell yield in ME samples, particularly from COC
users, likely due to reduced bleeding volume. This limited the statistical power to
detect differences in less abundant immune cell subsets. Additionally, a longitudinal
approach such as following women before and after initiating contraception would
have been more informative. However, this design proved difficult to implement, as
participants using contraception were often reluctant to discontinue it, while those
not using contraception were generally unwilling to start. Lastly, we did not assess
the presence of infections in participants, which could have influenced the immune
cell composition. Future studies should account for potential underlying infections
when interpreting immune profiles in ME. Despite these limitations, our findings
suggest that contraceptive use is associated with changes in endometrial immune
cell composition and this influence varies depending on the type of contraception.

In conclusion, our study highlights the importance of considering contraceptive
use when investigating ME for immune-related reproductive health problems. ME
may not be a reliable surrogate for assessing endometrial immune composition in
contraceptive users. Further research is needed to better understand the underlying
mechanisms of these contraceptive-related immune changes and their potential
implications for women's overall health and fertility.
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Supplementary Figure 1. Gating strategies for B cells and NK cells in menstrual effluent.
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Supplementary Figure 3. Heatmap representing percentages of immune cell subsets from CD45*
lymphocytes for each donor (controls, n=5; COC, n=5; copper IUD, n=3) (red-high percentage,
blue-low percentage).
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Supplementary Figure 4. The immune cell composition of menstrual effluent in women using
either combined oral contraceptive (COC) or intra-uterine device (IUD), and controls. A) Bar
plots indicating percentages of helper (CD3*CD8CD4*), cytotoxic (CD3*CD8*CD4’) and regulatory
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(CD19*CD271gD"), switched-memory (CD19*CD27+IgD") and non-switched memory (CD19*CD27+*IgD*)
B cells. C) Bar plots of IFN-y producing CD4* helper T cell and CD8* cytotoxic T cell percentages in
each group. For statistical analysis, unpaired t-test and FDR correction have been performed
(¥<0.05, **<0.005).
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Supplementary Table 1. List of monoclonal antibodies used for flow cytometry.

Fluorochrome Antigen Company Catalog number
FITC CD16 Beckman Coulter B49215

PE HLA-DR Beckman Coulter IM1639
ECD CcD14 Beckman Coulter B92391
PE-Cy5.5 CD4 Beckman Coulter B16491
PC7 CD25 BD Biosciences 557741
APC CD56 Beckman Coulter IM2474
APC-AF700 CD8 Beckman Coulter B49181
APC-AF750 cD19 Beckman Coulter A94681

PB cD3 Beckman Coulter B49204

KO CD45 Beckman Coulter B36294
FITC IgD Southern Biotec 2032-02
PE IgM Beckman Coulter B30657
ECD cD3 Beckman Coulter A07748
PE-Cy5.5 cD27 Beckman Coulter B21444
PC7 CD38 Beckman Coulter B49198
APC CD24 Beckman Coulter A87785
APC-AF700 CD5 Beckman Coulter A78835
APC-AF750 CD19 Beckman Coulter A94681

PB CD20 Beckman Coulter B49208

KO CD45 Beckman Coulter B36294

PE HLA-DR Beckman Coulter IM1639
ECD CDA45RA Beckman Coulter B49193
PE-Cy5.5 CD4 Beckman Coulter B16491
PC7 CD25 BD Biosciences 557741
APC-AF700 CD127 Beckman Coulter A71116
APC-AF750 CD8 Beckman Coulter A94683
KO CD45 Beckman Coulter B36294
AF488 KI67 (ic) BD Biosciences 561165
AF647 Helios (ic) Biolegend 137218
e450 FoxP3 (ic) eBiocience 48-4776-42
ECD cD3 Beckman Coulter A07748
PE-Cy5.5 CD4 Beckman Coulter B16491
APC CD161 Miltenyi 130-092-678
APC-AF700 CD8 Beckman Coulter B49181

KO CD45 Beckman Coulter B36294
PC7 IFN-y (ic) eBioscience 25-7319-82
FITC cD16 Beckman Coulter IM0814U
ECD CD56 Beckman Coulter A82943
APC-AF750 cD3 Beckman Coulter A94680
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Abstract

Natural killer (NK) cells have been extensively studied to understand the
pathophysiology of idiopathic recurrent pregnancy loss (iRPL), however a clear
association between NK cell frequency and iRPL has yet to be established. Most
studies have focused on peripheral NK (pNK) cells, which may not accurately reflect
the uterine immune environment. This study aimed to investigate the receptor
repertoire of uterine NK (uNK) cells derived from menstrual blood in women with
iRPL (n=20) and compare it to controls with uncomplicated pregnancies (n=16).
The uNK cell receptor analysis revealed a significant reduction in the expression
intensities of 2B4 and NKp44 on several uNK cell clusters in women with iRPL. In
addition, stratification by cytomegalovirus (CMV) seropositivity revealed that
CMV-positive women had significantly higher NKp44 expression on uNK cells and
frequencies of NKG2A*KIRs*LILRB1*NKG2C uNK cells (10.3% vs. 4.2%, p=0.025)
compared to CMV-negative women. Surprisingly, this population was lowest
in women with primary iRPL compared to secondary iRPL and control subjects
(2.6% vs. 8.6%, 12.8%, p=0.005). These findings highlight differences in uNK cell
receptor repertoire of women with iRPL and indicate that live birth history and CMV
seropositivity influence uNK cells.

Keywords
Idiopathic recurrent pregnancy loss, menstrual blood, Natural killer (NK) cells,
NK cell receptors, CMV, primary iRPL, secondary iRPL, live birth
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Introduction

Recurrent pregnancy loss (RPL) is an early pregnancy complication that affects more
than 2-5% of couples trying to conceive (1). It is defined as the loss of more than
two consecutive pregnancies before 24 weeks of gestation (2). Although multiple
factors have been identified that contribute to the occurrence of RPL, the etiology
of the disease remains unknown in over 50% of the cases (1, 3). It is hypothesized
that an inadequate maternal immune response during key processes at the
maternal-fetal interface, such as decidualization, implantation, and placentation,
might contribute to the occurrence of idiopathic RPL (iRPL) (4).

Natural Killer (NK) cells are the most abundant immune cell subset at the maternal-
fetal interface and are mainly involved in regulating trophoblast invasion and
vascular remodeling of the spiral arteries during placentation (5, 6). The phenotype
and the function of NK cells in the uterine environment (uterine (u)NK) differ
significantly from those of circulating peripheral (p)NK cells (7-9). NK cells have
traditionally been categorized into 2 distinct populations based on relative CD16
and CD56 expression (10): the cytotoxic, mostly circulating, CD569™CD16* NK
cells and the immunoregulatory CD56MCD16* NK cells, which predominate
in tissues such as the uterus (11). Recent advances in the determination of the NK
cell receptor (NKR) repertoire have revealed that NK cells in peripheral blood (PB)
and other tissues are much more diverse than this 2-population paradigm (10-12).
NK cell function is regulated by the expression of both activating and inhibitory
receptors such as natural cytotoxicity receptors (NCRs: NKp30, NKp44, NKp46), C-type
lectin heterodimer family (NKG2; NKG2A, NKG2C, NKG2D), Killer immunoglobulin
receptors (KIRs), immunoglobulin-like transcripts (LILRB1), and co-receptors such
as 2B4 (CD244) and CD161 (13). Stimulation of NKG2D, NKp30, NKp46 and CD244
on decidual NK cells increases protein production to promote vascular growth and
trophoblast invasion(14-16). Interaction of KIRs, LILRB1, and NKG2A with their ligands
HLA-C, HLA-G, and HLA-E on trophoblasts, respectively, supports maternal-fetal
tolerance(17, 18).

Deviations in abundance and function of both pNK and uNK cells have been
associated with iRPL (19-21). A meta-analysis demonstrated a higher number
of pNK cells in RPL compared to controls, but significant heterogeneity was
observed across the studies (22). Additionally, pNK cell numbers did not predict
miscarriage in a subsequent pregnancy in women with RPL (23). A 2023 meta-
analysis found no significant difference in uNK cell abundance between women
with RPL and control subjects, nor any association with subsequent pregnancy
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outcome and uNK cell levels (24). While the studies in this 2023 meta-analysis used
either decidual tissue or endometrial tissue derived through biopsy, menstrual blood
(MB) has emerged as a non-invasive and well-established biospecimen to assess
uNK cells (8, 25, 26). However, the few studies investigating uNK cell levels in MB of
iRPL women present conflicting results, from either no differences in total uNK cell
levels (27, 28), to decreased (29, 30) or increased uNK cell levels (31) compared to
control subjects. While we found no significant difference in total uNK cell levels
between iRPL and control subjects, sub-setting uNK cells, demonstrated increased
percentages of CD569mCD16* uNK cells and decreased CD56P"9"CD16*- uNK cells
in iRPL women compared to control subjects (28). Specifically, the percentage of
CD56P19"CD16* uNK cells contributed to the classification features to distinguish
iRPL cases from control subjects. Moreover, reduced NKp46 expression on uterine
NK cells and reduced KIR2DS2 gene expression has been observed in iRPL (32, 33).
As such, expanding these investigations to capture a broader diversity of uNK cells,
extending beyond total uNK cell numbers or percentages, could aid in identifying the
association of uNK cells with iRPL.

Based on this rationale, we evaluated the receptor repertoire of uNK cells in women
with a history of iRPL using an unsupervised analysis approach and compared it to
women who had successful uncomplicated pregnancies.

Materials & Methods

Human samples

MB and PB samples were collected from iRPL and control women with regular
menstrual cycles. PB samples were collected either a few days prior to the onset of
menstruation or during menstruation. We included only women with at least three
instead of two consecutive idiopathic miscarriages to decrease the risk of inclusion
of patients with possible aneuploid-related miscarriages. Participants were excluded
if a known cause of miscarriage was identified, including the presence of antithyroid,
antiphospholipid, or antinuclear autoantibodies; endocrine disorders; uterine malfor-
mations; hemostatic abnormalities; or abnormal parental or fetal karyotypes (2).
Control participants had uncomplicated pregnancies and previous successful live
birth. Additional exclusion criteria for both groups included autoimmune diseases,
smoking, and current use of intra-uterine devices or hormonal contraceptives.
Cohort characteristics are presented in Table 1. From each woman, 10 ml of
peripheral blood was collected in ACD-A tubes. MB was collected during 3 12h
intervals during the first 36h of menstruation. MB was transferred into collection
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tubes containing Dutch modified RPMI 1640 medium supplemented with pyruvate
(1 mM), glutamax (2 mM), penicillin (100 U/ml), streptomycin (100 ug/ml) (all Thermo
Fisher Scientific, Waltham, USA), 10% human pooled serum (manufactured in-house),
and 0.3% sodium citrate (Merck, Darmstadt, Germany)) (8). Samples were stored
at room temperature (RT) and processed within 24h. All participants gave written
informed consent conforming to the Dutch Medical Research involving Human Subject
Art (Commissie Mensgebonden Onderzoek Arnhem-Nijmegen, Nr 2017-3256).

Table 1. Cohort characteristics

Control (n=16) iRPL (n=20)

Age (mean + SEM) 347 +1.3 32.7+0.8
Number of women with previous live birth 15/16 6/20
Number of live births (mean = SEM) 1.8+0.2 0.4+0.1
Number of miscarriages (mean + SEM) 0.75+0.3 4.4+0.5
CMV seropositivity: positive 7/15% 5/14%*
Maternal KIR and HLA-C typing available 13/16 15/20
HLA-C typing partner available 8/16 12/20
Peripheral blood collected 13/16 11/20
Menstrual blood collected 14/16 18/20

*CMV status unknown in n=1, **CMV status unknown n=3 primary iRPL and n=3 secondary iRPL

Lymphocyte isolation

Mononuclear cells (PBMCs) were isolated from PB using density gradient centri-
fugation (Lymphoprep, Axis Shield PoC AS, Oslo, Norway). Mononuclear cells were
isolated from MB (MMCs) as previously described (8, 28).

Flow Cytometry

Staining of cellular surface proteins with monoclonal antibodies (Supplementary
Table 1) was performed on 250,000 MMCs and PBMCs at RT for 20 min in the dark.
Cells were washed by centrifugation for 2.30 min at 1800 rpm at RT. We used
two NK cell panels to investigate different NK cell receptors. Data was acquired using
the Navios EX (Beckman Coulter) flow cytometer and analyzed with Kaluza (Beckman
Coulter, v2.1). Gate settings were based on a fluorescence minus one strategy.

KIR and HLA genotyping

Genomic DNA was isolated from the remaining cell pellet after MMC isolation
using silica gel membrane technology for KIR and HLA-C genotyping (Qiagen,
Hilden, Germany). Buccal swab was collected from the partners of the participants
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for HLA-C typing. KIR genotype and HLA-C allelic variants were typed by PCR-SSOP,
using Luminex 100 (Sanbio, Uden, Netherlands) for the following genes: KIR2DL1/51,
KIR2DL1/L2/1.3/L4/L5, KIR3DL1/L2/1.2, KIR2DS1/52/53/54/55, KIR3DS 1, KIR2DP1, KIR3DP1,
HLA-C1 and HLA-C2.

Anti-CMV IgG seropositivity
Anti-CMV IgG antibodies were determined in plasma samples by chemiluminescence
immunoassay (CMV IgG Il, Liaison XL, DiaSorin, Saluggia, Italy).

Data Analysis Approach

Unsupervised Analysis

After acquisition, data was pre-processed using Kaluza to exclude doublets and to
analyze either CD45* or CD45*CD3°CD56* lymphocytes. The data for these CD45*
and CD45*CD56* cell subsets were exported into the Cytobank platform (Beckman
Coulter) using the Kaluza Cytobank plugin embedded in Kaluza for further analysis.
The clustering parameters differed for each research question and are provided
in the respective figure legend. The number of clusters was determined by the
dimensionality of the staining panel and the distribution of events across clusters.
The phenotypic characteristics of each cluster were determined using heatmaps of
marker expression intensity.

Statistical analysis

Statistical analyses were performed using RStudio ggpubr package (CRAN: Package
ggpubr (r-project.org)). For comparison of unpaired observations non-parametric
Mann-Whitney U test and Kruskal Wallis tests were performed. We reported
unadjusted p-values as the analyses performed here are hypothesis-generating.
A Tukey’s range test was used to identify outliers in NK cell populations based on
two criteria: outliers should represent at least 5% of the total NK cell population
and at least 20% of NKG2A*NKG2C, NKG2A'NKG2C,, or NKG2A'NKG2C* expressing
cells (34).

Results

Overall systemic and uterine immune cell composition of women
with iRPL does not differ from control subjects

Previously, we demonstrated that immune cell proportions are distinct between
PB and MB, and distinct sets of immune cells in MB and PB classifies iRPL from
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control (25, 28). Visualization with viSNE dimensionality reduction clearly highlights
differences between systemic and uterine immune cells (Figure 1 A-B). FlowSOM-
based clustering created thirteen meta-clusters (Figure 1C-D), of which eight were
distinct between PB and MB (Figure 1C and E). Two subsets of CD14*CD16HLA-
DR* classical monocytes were observed, with cluster 1 mainly present in PB and
cluster 2 in MB. Moreover, T cell subsets (cluster 9, 11, and 13) were mainly present
in PB. The biggest difference could be observed for NK cell subsets (cluster 3, 4,
7 and 8), which were predominant in MB. In addition, only subtle differences in
immune cell distribution could be observed between iRPL and control (Figure 1B-E).
Classical monocyte subsets (cluster 1 in PB and cluster 2 in MB) were more abundant
in iRPL compared to control (Figure 1E), while NK cell cluster 8 showed decreased
presence in MB of iRPL. Nevertheless, the abundance of NK cells in MB, the observed
differences in NK cell subsets in our previous work (28), and the broad receptor
diversity of uNK cells warrants a deeper investigation of NK cell receptor diversity in
MB of iRPL and control women.

NKp44 and 2B4 expression intensity on uNK cells is lower in iRPL
compared to control

FlowSOM-based clustering using specific NK cell receptors identified 8 different
phenotypic clusters (Figure 2A, B). Three clusters represented CD564m™CD16* uNK
cells (cluster 6, 7, and 8), while the other 5 clusters represented CD56P9"CD16
uNK cells, highlighting predominance of CD56"9"CD16° uNK cells in the uterine
environment (Figure 2C). None of the clusters were specific to either iRPL or control
and no significant difference in cell abundance could be observed for any of the
clusters besides a trend towards decreased cell abundance of cluster 1 and cluster 2
uNK cells for iRPL (Figure 2D). While cell cluster frequency did not differ between
iRPL and control, significant differences in expression levels could be observed.
Although expression levels of most receptors appeared to be lower in iRPL on all
identified uNK cell subsets (Supplementary Figure 1A-B), only the expression levels
of NKp44 and 2B4 showed to be significantly decreased on iRPL uNK cells compared
to control. The mean fluorescence intensity (MFI) of NKp44 was significantly lower
in iRPL for cluster 1 (472.3 vs 347.8, p=0.004), cluster 2 (385.8 vs 310.3, p=0.026),
and cluster 7 (474.7 vs 319.7, p=0.010) (Figure 2 E). Similarly, the MFI of 2B4 was
significantly lower in iRPL for cluster 1 (3349 vs 2562, p=0.006) and cluster 2 (2242
vs 2043, p=0.023) (Figure 2 F). We did not observe any changes in the expression
intensities of NKp30, NKp46, CD161, and NKG2D (Supplementary Figure 1A-D).
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Figure 1. Unsupervised analysis approach reveals distinct immune cell populations in menstrual
blood compared to peripheral blood. Dimensionality reduction using the viSNE algorithm was
performed on merged CD45* cells with default settings (Control MB=14, PB=13; iRPL MB=18, PB=11).
50,000 events were selected for each group. A) vi-SNE projections showing immune landscape of MB
in control. vi-SNE algorithm was applied to merged CD45" cells within each group. B) vi-SNE plots
overlaid for control and iRPL group, separated based on MB or PB. The FlowSOM plugin was applied
for further phenotyping and identified thirteen clusters. FlowSOM clusters were created based on
nine parameters: CD3, CD4, CD8, CD25, CD56, CD16, CD14, CD19, and HLA-DR and embedded on
the previously established vi-SNE plots. C) FlowSOM generated immune cell clusters in MB and PB of
iRPL and control women. The identity of each cluster was determined by the expression intensity of
the markers used for analysis. D) Heatmap showing the median expression intensity of each marker
within a cluster. E) Bar plot representing the percentages of events from CD45" cells for each cluster
(MB-Control-red, MB-iRPL-orange, PB-Control-blue, PB-iRPL-dark blue).
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NKR co-expression patterns are comparable between iRPL

and control

To determine whether women with iRPL exhibit different NKR co-expression
patterns for receptors that can recognize different HLA molecules, such as HLA-C,
HLA-G and HLA-E, we assessed the co-expression of KIR2DL2/L3/S2, KIR2DL1/S1,
KIR3DL1/S1, NKG2C, and LILRB1 in both NKG2A* and NKG2A- uNK cells. Presence of
KIRs was confirmed with KIR genotyping (Supplementary Table 2). In NKG2A" uNK
cells, the frequency of KIRSNKG2CLILRB1* (0.4% vs 0.1%, p=0.045) cells was
significantly reduced in iRPL women (Supplementary Figure 2B), while no major
differences were observed in the NKG2A* uNK cell populations (Supplementary
Figure 2A). An outlier analysis identified seven subpopulations of NKG2A* uNK
cells in women with iRPL and four in controls (Table 2). Based on HLA-C typing we
determined that the marker expression of these outliers was mostly specific for
both self-HLA-C and HLA-C of the male partner, especially in iRPL (Table 2).

The frequency of the NKG2A*KIRs* LILRB1*NKG2C subset is
decreased in women with ipRPL compared to isRPL and control

To investigate whether live birth alters the composition of uNK cells in MB of
women with iRPL, we divided the iRPL group into those with primary iRPL, defined
as no previous live birth (ipRPL, n=9), and those with secondary iRPL, defined as at
least one previous live birth (isRPL, n=5), and compared them to the controls, all of
whom had previous live births (n=12). The analysis of Natural Cytotoxicity Receptors
(NCR), 2B4, CD161, and NKG2D expression showed a trend in uNK cell composition
changes among control, ipRPL, and isRPL for clusters 1, 2, 4, and 8 (Figure 3A). Even
though significant differences were observed in the expression intensities of the
analyzed markers towards controls, there was no significant difference between
ipRPL and isRPL women (Figure 3 B-G). In addition, co-expression patterns of
KIRs, LILRB1, and NKG2C in NKG2A* uNK cells revealed significant difference
in frequency of the NKG2A*KIRs*LILRB1*NKG2C (8.6%, 2.6%, and 12.8%, p=0.005;
control, ipRPL, and isRPL respectively; KIR*=KIR2DL1/S1*KIR2DL2/L3/S2*KIR3DL1/S1*)
uNK cell populations, showing a major decrease in frequency in women with ipRPL
compared to isRPL (Supplementary Figure 3A).

The frequency of the NKG2A*KIRs* LILRB1*NKG2C subset is
significantly higher in CMV* women

To assess the influence of CMV seropositivity, we performed a sub-analysis of
Figures 2 and 3 by stratifying the data into CMV* (n=9) and CMV" (n=10) women,
regardless of iRPL or control status. Significant differences were observed for the
expression intensities of NKp44 and CD161 (Figure 4A, B), while NKp30, NKp46,
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Figure 2. The expression intensities of 2B4 and NKp44 are altered on uNK cells of iRPL women.
NK cell marker analysis was performed on CD45*CD3°CD56* NK cells from MB samples of both control
and iRPL women (Control MB=12; iRPL MB=14). A) The ViSNE plots representing immune landscape of
aggregated uNK cells for healthy controls and iRPL women. B) Eight FlowSOM clusters embedded on
ViSNE projections. Clusters were generated based on the parameters: CD336/NKp44, CD335/NKp46,
CD336/NKp44, CD337/NKp30, CD314/NKg2D, CD244/2B4, CD161, and CD16. Three clusters (6,7,8)
had CD56°™CD16* phenotype. C) Heatmap showing median expression intensities of each marker
for iRPL and control. D) Boxplot showing frequencies of each cluster for control and iRPL women.
E-F) Boxplots comparing median expression intensities of E) NKp44 and F) 2B4. For statistical analysis
Mann-Whitney U test was performed (¥<0.05; **< 0.01).
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Figure 3. uNK cell composition changes depending on live birth status. A) vi-SNE plots showing
immune composition of uNK cells for control, ipRPL, and isRPL (Control-red round, ipRPL-orange
diamond, isRPL- orange triangle). Boxplots representing the median fluorescence intensities (MFls) of
B) 2B4, C) 161, D) NKp44, E) NKp46, F) NKp30, and G) NKG2D. For statistical analysis Kruskal Wallis test
was performed (¥*<0.05; **< 0.01).
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Figure 4. uNK cell composition changes depending on CMV seropositivity. Boxplots representing
the mean fluorescence intensities (MFls) of A) NKp44 and B) 161 (CMV--blue, CMV*-magenta). NKR co-
expression patterns were calculated with the ‘Tree’ function in Kaluza software. C) Tree plot indicating
frequencies of NKG2A* uNK cell clusters between CMV- and CMV* women. D) Boxplot indicating
percentages of NKG2C* cells from CD5659"CD16™ uNK cells. E) Boxplot indicating percentages of
LILRB1* cells from NKG2C*CD568""CD 16" uNK cells. For statistical analysis Mann-Whitney U test was
performed (¥*<0.05; **< 0.01).
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NKG2D, and 2B4 expression was not different (data not shown). CMV* women had
significantly higher expression of NKp44 on cluster 1 (359.9 vs 473.6, p=0.034)
and cluster 2 (325.2 vs 387.4, p=0.028) uNK cells (Figure 4A). Four clusters had
significantly higher expression intensities of CD161 in CMV* women: cluster 1
(590.0 vs 1089, p=0.007), cluster 2 (348.2 vs 573.7, p=0.002), cluster 4 (709.6 vs 1293,
p=0.013), and cluster 5 (1288 vs 1996, p=0.006) (Figure 4B). Furthermore, we found
significant differences in percentages of NKG2A* uNK subsets upon stratification by
CMV seropositivity in all MB samples, regardless of iRPL or control status. We found
significantly lower percentages in CMV* women of the subset expressing NKG2A*
without additional KIRs (7.0 to 14.0, p=0.006) and the uNK subset co-expressing
NKG2A* and NKG2C* including KIR2DL2/L3/S2* (1.2 to 3.1, p=0.045) (Figure 4C).
We also observed that CMV* women had substantially higher frequencies of
NKG2A*KIRs*LILRB1*NKG2C uNK cells (10.3 to 4.2, p=0.025) (Figure 4C). Additionally,
we observed a trend towards an increased percentage of cells expressing NKG2C*
within the CD569"CD16~ uNK subset in CMV* women (Figure 4D) and a similar
increased trend of LILRB1* cells within NKG2C*CD56*9"CD16™ uNK cells in CMV*
women (Figure 4E).

Discussion

This study explored the diversity of uNK cell subsets by comparing the NK cell
receptor repertoire of women with iRPL to those with a successful pregnancy. Our
analysis revealed uNK cell clusters with significantly reduced expression of 2B4 and
NKp44 in women with iRPL. 2B4 is widely recognized as a co-stimulatory receptor
for NCRs, such as NKp44, where it enhances NK cell activation and promotes
cytokine production including IL-8 and VEGF, which are necessary for trophoblast
invasion, decidualization and angiogenesis (15, 35, 36). Notably, the reduction
in 2B4 expression was present in the same clusters where NKp44 expression was
diminished, suggesting a potential co-regulation or functional interplay between
these two receptors. Although 2B4 is primarily considered a co-stimulatory
receptor in mature pNK cells (35, 37), it also exerts inhibitory effects depending on
its interaction with specific ligands (38). On decidual NK (dNK) cells 2B4 activation
leads to the inhibition of NK cell activity, which is thought to contribute to
maternal-fetal tolerance by limiting excessive immune activation at the maternal-
fetal interface (39). While the expression of 2B4 is lower on uNK cells compared to
dNK cells (40), the functional role of 2B4 in uNK versus dNK cells remains poorly
understood. Nonetheless, it is plausible that reduced 2B4 expression in iRPL women
could impair trophoblast tolerance, particularly given its potential inhibitory role.
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To draw more definitive conclusions, further investigation into the functional
outcomes of 2B4-NKp44 signaling in uNK cells of women with iRPL is needed.

Previously, we demonstrated that uNK cells from MB have a distinct NKR co-
expression pattern compared to PB or decidua (40). In this study, NKR co-expression
patterns showed only minor differences between women with iRPL and controls.
Outlier analysis suggests a potential expansion of uNK subpopulations recognizing
HLA-C from both self and partner in especially iRPL, which was not observed in our
previous study consisting of only controls (8). Due to the relatively small sample size
and the inability to perform HLA-C genotyping on all mother-partner pairs, we can
only speculate that an increased presence of uNK cells recognizing HLA-C from both
self and partner may influence the recognition and function of uNK cells towards
fetal trophoblast cells. Further investigation is needed to determine whether this
self-recognizing has a beneficial or detrimental impact on uNK cell function.

CMV infection is known to influence the frequency and function of pNK cells (41),
inducing a population characterized by high NKG2C expression, co-expression
of CD57 (42) and Kkiller cell immunoglobulin-like receptors (KIRs), and reduced
expression of NKG2A, NCRs (41), and CD161 (43). In concordance with Bister et al.,
we did not find a significant difference in NKG2C* and NKG2C*LILRB1* uNK cells
between CMV* and CMV" individuals (44). We previously observed an increased
presence of NKG2C*LILRB1* uNK cells in previously pregnant women who are CMV*
compared to CMV* without previous pregnancies (45). However, the sample size in
this study was too small to compare between CMV* ipRPL and isRPL. Interestingly,
we found that CMV* women, irrespective of obstetric history, had higher NKp44
and CD161 expression on uNK cells than CMV- women. Moreover, we observed a
significant increase in the expansion of NKG2A*KIRs* LILRB1*NKG2C uNK cells
when assessing NKR co-expression . These results indicate that CMV serostatus
can alter the immune composition and phenotype of uNK cells and highlights
the importance of considering CMV serostatus when comparing NK cell profiles
between control subjects and women with iRPL.

Pregnancy induces the expansion of trained uNK cells and those with KIR specific
for self-HLA-C (45-47). These phenotypic changes can persist post-pregnancy,
potentially enhancing NK cell function in subsequent pregnancies (46). Despite this,
some women experience iRPL even after a successful pregnancy. Although there is
no standardized reference, uNK cell numbers tend to be higher in women with isRPL
compared to those with ipRPL (48). While our study was not specifically designed to
stratify iRPL patients by live birth history, we observed reduced expression of NKp44
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and 2B4 in ipRPL compared to both isRPL and controls. Furthermore, women with
ipRPL exhibited significantly lower frequencies of a distinct uNK cell subpopulation
marked by NKG2A*KIRS*LILRB1*NKG2C  expression. These findings underscore
the importance of considering live birth status as a potential confounder when
studying the uterine immune microenvironment in iRPL.

Our study offers valuable insights into the immunological landscape of iRPL, it has
however several limitations. The relatively small sample size, particularly for ipRPL
versus isRPL comparisons, prevented analyzing CMV- and CMV* iRPL subgroups,
limiting our ability to assess the CMV'’s influence on uNK cell profiles. In addition, the
small sample size limits the ability to draw definitive conclusions and underscores
the need for further validation of the observed results in a larger independent
cohort. Furthermore, the absence of KIR genotyping, HLA-C typing, and complete
CMV status for all control and iRPL participants made it challenging to interpret
the significance of uNK cell expansions. Additionally, we studied menstrual blood
derived uNK cells, which do not directly represent the uNK cell populations present
in the endometrium during the window of implantation.

In conclusion, our study reveals distinct uNK cell receptor repertoire differences
in women with iRPL, including reduced expression levels of 2B4 and NKp44, and
decreased frequency of NKG2A*KIR*LILRB1*NKG2C uNK cells. Moreover, we observe
an influence of live birth history and CMV seropositivity on uNK cell profiles. Future
studies should explore the functional role of receptor-specific uNK cell subsets and
stratify patients based on previous live birth and CMV status.
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Supplementary Figure 1: Expression intensities of NKRs in control and iRPL women. A) Median
fluorescence intensity (MFI) of NKp46, B) NKp30, C) CD161, and D) NKG2D.
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Supplementary Figure 2: Co-expression of KIRs, LILRB1, and NKG2C in NKG2A*- uNK cells.

A) The tree plot indicating frequencies of NKG2A* uNK cell clusters between control (red-round)
and iRPL women (orange round). B) The tree plot indicating frequencies of NKG2A" uNK cell clusters
between control and iRPL women. To determine outliers Tukey’s range test was performed for NKG2A*
uNK cells in both control (orange empty square) and iRPL women (orange full square). For statistical
analysis Mann-Whitney U test was performed (¥*<0.05; **< 0.01).
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Supplementary Figure 3: Co-expression of KIRs, LILRB1, and NKG2C in uNK cells of ipRPL, isRPL
and healthy controls. A) The tree plot indicating frequencies of NKG2A- uNK cell clusters between
control, ipRPL and isRPL (Control-red round, ipRPL-orange diamond, isRPL- orange triangle). B) The
tree plot indicating frequencies of NKG2A* uNK cell clusters between control, ipRPL and isRPL. For
statistical analysis Kruskal Wallis test was performed (¥<0.05; **< 0.01).
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Supplementary Table 1. List of monoclonal antibodies

Fluorochrome Antibody Clone Company

FITC CD16 3G8 Beckman Coulter
PE HLA-DR immu-357 Beckman Coulter
ECD CD14 UCHT1 Beckman Coulter
PE-Cy5.5 CD4 13B8.2 Beckman Coulter
Pe-Cy7 CD25 M-A251 BD Biosciences
APC CD56 N901 Beckman Coulter
APC-AF700 CD8 B9.11 Beckman Coulter
APC-AF750 CD19 J3-119 Beckman Coulter
PB cD3 UCHT1 Beckman Coulter
KO CD45 J33 Beckman Coulter
ECD CD3 UCHT1 Beckman Coulter
PE-Cy5.5 CD4 13B8.2 Beckman Coulter
APC CD161 191B8 Miltenyi
APC-AF700 cb8 B9.11 Beckman Coulter
PE CD336 (NKp44) 7231 Beckman Coulter
ECD CD56 N901 Beckman Coulter
PE-Cy5.5 CD337 (NKp30) 725 Beckman Coulter
PE-Cy7 CD335 (NKp46) BAB281 Beckman Coulter
APC CD314 (NKG2D) ON72 Beckman Coulter
APC-AF700 CD244 (2B4) C1.71 Beckman Coulter
APC-AF750 CD3 UCHT1 Beckman Coulter
PB CD161 191B8 Beckman Coulter
PE CD159c¢ (NKG2CQ) 134522 R&D Systems
PE-Cy5.5 CD85j (ILT2) HPF1.4 Beckman Coulter
PE-Cy7 KIR2DL2/S2/L3 (CD158b1/b2) GL183 Beckman Coulter
APC KIR3DL1/S1 (CD158e1/e2) 727.3.7 Beckman Coulter
APC-AF700 KIR2DL1/S1 (CD158a,h) EB6.B.3.1.1 Beckman Coulter

PB CD159a (NKG2A) Z199.1.10 Beckman Coulter
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Abstract

Introduction - Women confronted with recurrent pregnancy loss (RPL) are often
desperately searching for a possible explanation and hoping they will someday fulfill
a healthy pregnancy. Unfortunately, in more than 50% of these women no cause for
their losses can be identified after clinical investigations and therefore clinicians have
no treatment options to help these women. Although adaptations in several systems
such as the metabolic, the cardiovascular, and the immune system are highly important
to support early pregnancy, especially the contribution of a specific subset of immune
cells in the uterus known as CD56¢" Natural Killer (NK) cells has gained a lot of
interest, investigating separate RPL associated factors might not be the way forward.
Moreover, a readily available and non-invasive exercise intervention might optimize all
systems simultaneously, reducing metabolic, cardiovascular and immunological risk
factors contributing to RPL. Therefore, we propose an aerobe exercise intervention and
study the influence on the cardiovascular, the metabolic, and the immune system, with
a particular focus on endometrial CD569" NK cells, in women with unexplained RPL.

Methods and analysis - In this exercise intervention study, women with unexplained
RPL will receive two short questionnaires to assess baseline characteristics. Moreover,
they will receive 1. an immunological assessment (by sampling menstrual blood,
peripheral blood and a vaginal swab) 2. an assessment of the cardiovascular system (by
transvaginal ultrasound to assess uterine artery perfusion, by measuring hemodynamic
and autonomic nerve system responses during a tilt test and by maximum stress test
on a cycle ergometer) and 3. a metabolic assessment (by sampling peripheral blood,
urine and by measuring body characteristics) before and after intervention. The
intervention consists of 12-weeks moderate exercise training based on 50-65% of heart
rate reserve. One year after the end of the intervention women will receive a final short
questionnaire regarding possible subsequent pregnancy outcome.

Ethics and dissemination - This study is approved by the Medical Ethics Committee
of the RUMC (registration number: NL77307.091.21, date of approval 19/10/2021) and
the MUMC+ (registration number: NL77307.091.21, date of approval 12/05/2022). All
women will give written informed consent before participation. Results of the study
will be shared with the scientific community and with patient platforms to provide
more insight in RPL related mechanisms and to support shared decision-making
between clinicians and patients in order to select the most suitable treatment option
based on both best available evidence and informed patient preferences.

Trial registration number - NCT06007560, registered 22" of August 2023.
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Introduction

Recurrent Pregnancy Loss (RPL), a distressing pregnancy complication defined as two
or more losses before 24 weeks of gestation, nowadays affects 1-2% of all couples
trying to conceive (1). Sadly, in at least 50% of these couples, no underlying deficit is
found which leaves clinicians without means to improve their pregnancy outcome
(2). It has been suggested that non-receptive adjustments of different maternal
systems, such as the metabolic system (3,4), the cardiovascular system (5,6) and the
immune system (7,8,9), underlie a proportion of these unexplained pregnancy losses,
as all these systems need to adapt properly for early pregnancy to be successful.

During early pregnancy, the maternal metabolic system needs to undergo changes
towards an anabolic state for the increasing energy demand of the developing
embryo (10). In addition, the maternal cardiovascular system needs to undergo
hemodynamic changes to ensure an increasing systemic blood supply to support
both the developing embryo and placenta (11). As for the immune system, the
composition of the uterine immune cell population is truly unique since it has to
tolerate the presence of a semi-allogenic fetus, while at the same time providing
sufficient immunity to infectious uterine threats (12,13). Hereby playing a funda-
mental role in early pregnancy.

In the uterus, the abundance of a specific immune cell population rapidly increases
in the endometrium during the mid-secretory phase of the menstrual cycle and
even up to 70% in de decidua during early pregnancy (14). This population of
uterine Natural Killer (NK) cells is characterized by high levels of CD56 thereby
also called CD569" NK cells, in contrast to the NK cell population in peripheral
blood that mainly consists of CD56%™ NK cells (15). It is commonly thought that
these CD5619" uterine NK cells have aimmunomodulatory function with the ability
to secrete anti-inflammatory and growth factors, hereby playing a crucial role in
embryo implantation by regulating adequate trophoblast invasion and remodeling
of spiral arteries in order to establish proper early placentation (16). Early pregnancy
safe harvesting of human CD56"¢" uterine NK cells without endangering ongoing
pregnancy is hardly feasible, however in non-pregnant endometrium it is possible
to obtain samples through biopsies. Nevertheless, biopsies from endometrial
tissue are invasive and painful, limiting their use for research purposes. Instead of
biopsies, endometrial NK (eNK) cells can be easily isolated from menstrual blood
and have shown to have the same phenotype as cells isolated from biopsies even
allowing for collection of ~10 times more lymphocytes than biopsies (17,18).

77




78

| Chapter 4

As the metabolic, the cardiovascular and the immune system seemingly play a
major role in sustaining successful pregnancy, research in these various systems
has gained interest for pregnancy complications such as RPL. Women with RPL
have been shown to have an increased incidence of metabolic disorders such as
hyperhomocysteinemia, altered amino acid metabolism and an increased risk
for developing the metabolic syndrome (3,19,20). Moreover, in women with RPL,
several studies have found cardiovascular aberrations (21), amongst reduced
circulatory plasma volume, reduced uteroplacental perfusion, increased total
peripheral resistance, and hypertension (5,22,23,24), also increasing their risk for
cardiovascular diseases later in life (25,26). In addition, alterations in uterine NK
cell function and phenotype in patients with RPL have also been observed. Lower
numbers of the CD569" NK cell subset and increased numbers of the CD569™
NK cell subset with high expression of the activating CD16 receptor were found
in the endometrium and decidua of women with RPL compared to controls
without a history of RPL (9,27,28,29). Furthermore, enhanced secretion of the pro-
inflammatory cytokines IFN-y and TNF-a by uterine NK cells was found in women
with RPL compared to women with a previous normal pregnancy (30).

Although these prior studies emphasize the contribution of the cardiovascular,
metabolic and immune system in relation to RPL, no study to date has looked at
the added value of interplay between these different systems. Even taking into
consideration the importance of a common regulator of these various systems;
the sympathetic nervous system (31). Sympathetic hyperactivity has been linked
to both cardiovascular and metabolic disorders and sympathetic dysfunction
has been a significant contributor to the pathophysiology of immune mediated
inflammatory diseases (32,33,34). Valuable work to develop effective therapeutic
strategies for reversal of pathological sympathetic hyperactivity (35) is ongoing,
nevertheless emerging evidence from recent animal and human studies seems
to highlight the importance of exercise training as a widely prescribed non-
pharmacological therapeutic strategy (36,37,38).

Nowadays, it is becoming generally accepted that exercise is associated with
beneficial effects on the cardiovascular and metabolic system and even short
workouts modulate immune responses that may have clinical impact®*. More
notably, exercise is known to promote healthy reproduction by reducing the risk
on pregnancy complications such as preeclampsia and gestational diabetes (40).
For women with RPL specifically, inconclusive effects have been found and to
date no studies investigate the impact of exercise on the chance of a live birth
for RPL women (1,40). Moreover, the effect of exercise on CD56"9" eNK cells has
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never been studied although it has been found that NK cells in the periphery are
the most responsive immune cells to exercise, displaying an activation and acute
mobilization to the circulation during physical exertion most pronounced during
moderate training (41,42,43).

As a low number or altered function of CD56"9" eNK cells, in addition to the
presence of metabolic and cardiovascular risk factors might contribute to RPL,
we aim to gain new insights in the link between metabolic, cardiovascular and
immune status of women with unexplained RPL with a unique multi-systemic
approach and try to improve their overall health status with a moderate aerobe
exercise intervention.

Methods and analysis

Study objectives and design

The aim of this multi-center interventional cohort study is to explore differences in
immune parameters, in particular in CD569" eNK cells, and in cardiovascular, and
metabolic parameters in women with RPL before and after an exercise intervention.
Women referred to the department of Obstetrics and Gynecology of the Radboud
University Medical Centre (RUMC) and the Maastricht University Medical Centre+
(MUMC+) for RPL will be included when no identifiable cause for their losses can be
determined by clinical investigations.

According to current (inter)national guidelines of the European Society of Human
Reproduction and Embryology (ESHRE), the clinical work-up includes a standardized
history from the couple, screening for uterine abnormalities, anti-phospholipid
syndrome, thyroid abnormalities, and parental karyotyping if indicated (1).

After obtaining written informed consent, a questionnaire to assess general
baseline characteristics and a short questionnaire to assess short health-enhancing
physical activity (SQUASH) (44) will be conducted. Subsequently, peripheral blood
and menstrual blood will be collected for assessment of the immune system and a
vaginal swab will be collected to additionally evaluate the vaginal microbiome as
the microbiome is known to play a fundamental role on the induction, training, and
function of the immune system (45). Assessment of the cardiovascular system will
be conducted by transvaginal ultrasound of both uterine arteries and by measuring
hemodynamic responses during tilt test to determine hemodynamic parameters
and sympathetic nervous system activity and responsiveness. Additionally, a
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maximum stress test on a cycle ergometer will be performed to determine the
maximum rate of oxygen (VO,max) the subject’s body is able to use during
exercise. Metabolic status will be assessed by measuring metabolic components in
peripheral blood, urine and by measurements of body characteristics.

The intervention consists of 12-week heartrate-controlled cycle training program.
Heart rate will be monitored by a Polar H10 heartrate monitor chest strap. If
women don't want to participate in the training intervention, they will be asked to
participate in a time-control group without intervention. In this group, women will
receive a similar immune, cardiovascular and metabolic assessment, thereby acting
as a timeline control group for the training intervention. Comparability between
groups will be on baseline characteristics prior to the intervention. For both the
intervention and control group, women will be asked to additionally donate
menstrual blood at 4 and 8 weeks during the 12-week interval in order to assess
intra menstrual cycle variation of eNK cells. Subsequently, all women will receive
an identical immune, cardiovascular and metabolic assessment after 12 weeks
and one year after intervention, a short questionnaire for monitoring subsequent
pregnancy outcomes. See Figure 1 for a schematic overview of study design.

* Baseline characteriscs

Q2

* SQUASH

Before intervention

Immune assessment
Menstrual blood
Peripheral blood
Vaginal swab

Cardiovascular assessment
Transvaginal ultrasound
Tilt test with
hemodynamics
VO,max test

Metabolic assessment
Peripheral blood
Urine
Body characteristics

12-week intervention

B

Immune assessment
Menstrual blood

After intervention
Immune assessment
Menstrual blood
Peripheral blood
Vaginal swab
Cardiovascular assessment
Tilt test with
hemodynamics
VO,max test
Metabolic assessment
Peripheral blood
Urine
Body characteristics

E
Questionnaire
« Pregnancy outcome

Intervention group

* Baseline characteriscs

Questionnaires
SQUASH

T0

T1 (week4) T2 (week8)

T3

Immune assessment
Menstrual blood
Peripheral blood
Vaginal swab

Cardiovascular assessment
Transvaginal ultrasound
Tilt test with
hemodynamics
VO, max test

Metabolic assessment
Peripheral blood
Urine
Body characteristics

No intervention

&

Immune assessment
Menstrual blood

Immune assessment
Menstrual blood
Peripheral blood
Vaginal swab

Cardiovascular assessment
Tilt test with
hemodynamics
VO,max test

Metabolic assessment
Peripheral blood
Urine
Body characteristics

+1 year

Questionnaire
+ Pregnancy outcome

Timeline control group

T0

T1 (week4) T2 (weeks)

T3

Figure 1. Schematic overview of study design.

+1 year
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Primary objective
To determine the changes in CD5619" eNK cell number, phenotype and function before
and after a moderate aerobe exercise intervention in women with unexplained RPL.

Secondary objectives

« To study baseline characteristics and baseline levels of physical activity in
women with unexplained RPL.

- To study immunological effects of an aerobe exercise intervention in women with
unexplained RPL and compare these between endometrial and peripheral samples.

« To compare immunological effects in women who undergo an aerobe exercise
intervention and a timeline control group who do not follow an aerobe
exercise intervention.

- To evaluate additional effects of an aerobe exercise intervention on the vaginal
microbiota (in relationship to eNK cell population) as it can influence the
maternal immune system.

- To evaluate additional effects of an aerobe exercise intervention on markers
of cardiovascular and metabolic health that are known to be associated with
adverse pregnancy outcomes in women with unexplained RPL.

- To study additional effects of an aerobe exercise intervention on sympathetic
nervous system activity, as the sympathetic autonomic system appears to be an
important modulator of the immune system, the cardiovascular system, and the
metabolic system.

- To study additional effects of an aerobe exercise intervention on physical fitness
levels measured by maximal oxygen consumption.

« To monitor pregnancy outcome up to 1 year after an aerobe exercise intervention.

- To investigate correlations between the immunological, cardiovascular and meta-
bolic effects of an aerobe exercise intervention in women with unexplained RPL.

Sample size

The effect of this interventional cohort study on CD569" eNK cells is hard to predict
due to the novelty of this study using uterine NK cells as our primary objective. As
for peripheral NK cells, a large meta-analysis showed an overall striking increase
in cell count during moderate exercise training (186% to 344% of initial resting
counts) (43). Since it is believed that training evokes redistribution of cells between
blood and tissues due to increased hemodynamics (46), we hypothesize that
moderate exercise possibly enables mobilization of NK cells to the endometrium
and therefore affects CD56P"9" eNK cell numbers. Moreover, after moderate exercise
training, numbers of peripheral NK cells overall decreased to their initial NK cell
count along with an analogous depression of cytolytic activity before complete
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recovery (43). Although at first these changes per training seem unlikely to have a
major influence on general population health, it could be that a cumulative period
of immune depression becomes of greater importance, especially to reproductive
health. As these studies from this meta-analysis included around 20 subjects to
show an effect on peripheral NK cells, we will aim to end up with 20 women for
data analysis.

Additionally, we performed a pilot study to evaluate the feasibility of training
women with RPL, in order to determine the modifiability of risk factors for RPL
(evaluations of CD569" eNK cells were not part of this pilot study). We found
that already after 1 month of supervised training, 9 out of 12 women significantly
showed an improved VO,max (26.7 versus 27.4, p=0.024) and one woman was
unable to complete her trainings (unpublished data). Therefore, we expect that
after a longer period of physical training at least 75% of the included women will
improve their physical fitness (47).

In conclusion, we expect a clinically significant training-induced improvement with
the inclusion of 30 women, assuming a similar effect on eNK cells as in peripheral
blood. This allows for a drop-out rate of approximately 10%, leaving around
20 subjects for analysis hereby taking into account a compliance of 75% to the
training intervention.

Study population and recruitment

Eligible women with two or more unexplained pregnancy losses, will be included
during a visit at the RPL clinic at MUMC+ or first trimester pregnancy clinic at the
RUMC. These women are mostly referred by their general practitioner or other
regional clinics in the southern or eastern part of the Netherlands. A pregnancy
prior to a pregnancy loss, must be confirmed at least by either serum or urine beta-
human chorionic gonadotropin, as ectopic and molar pregnancies are excluded
in this definition. According to current (inter)national guidelines, the clinical
work-up of women with RPL includes a standardized history from the couple,
screening for uterine abnormalities, screening for anti-phospholipid syndrome,
thyroid abnormalities, and parental karyotyping if indicated. Only women with
unexplained RPL, not aiming to conceive within the study time frame of 3 to
4 months are eligible to participate. Furthermore, to ensure that there is no
influence of a recent pregnancy loss or birth, women should be at least 2-3 months
after their last pregnancy loss or birth. Furter exclusion criteria are age above
40 years, body mass index above 40, current use of immune suppressive medication
or hormonal contraceptives, current infection with the human immunodeficiency
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virus or symptomatic genital infections such as chlamydia or gonorrhea, pre-
existent diabetes mellitus, autoimmune disease or overt cardiovascular disease,
and vaccination 1 month prior to or during sampling and intervention.

On average, 30 new couples who experienced RPL visit our clinic every month,
of which approximately 15 women have unexplained RPL. We estimate that
monthly approximately 4 out of these 15 eligible women would like to participate
in the intervention study. Additionally, we anticipate extra participants via RiNet
(Reproductive Immunology network in the Netherlands, www.RiNet.nl) and via
Freya (Dutch association for women with fertility problems, www.freya.nl). In our
clinical experience we observed profound willingness in this specific patient group
to participate in scientific studies which potentially help them and future patients.
Our inclusion rate is however anticipated on the more modest side, because we do
respect practical concerns, mainly related to time investment issues in couples who
would like to conceive on short notice.

A total of 30 women with unexplained RPL will be included in this study to
participate in the intervention group, additionally a maximum of 30 women will be
included in the timeline control group.

Study procedures and data collection

In short, a questionnaire on baseline characteristics and on baseline exercise levels
will be conducted before intervention. For immunological assessment, menstrual
blood will be sampled before, during, and after intervention. Peripheral blood and
a vaginal swab will be sampled before and after intervention. For assessment of
the cardiovascular system, a transvaginal ultrasound examination of both uterine
arteries will be performed before intervention. Hemodynamic responses during a
tilt test and maximal oxygen consumption during a VO,max test will be measured
both before and after intervention. For metabolic assessment, measurements of
metabolic components in peripheral blood and urine plus body characteristics will
be determined before and after intervention. The intervention consists of 12-weeks
moderate training. One year after intervention women will receive a final short
questionnaire regarding pregnancy outcome.

Questionnaires

Before the intervention women will receive two questionnaires; one for assessing
baseline characteristics such as age, medication use, information on gynecological
history and obstetric history and one for standardized assessing baseline exercise

83




84

| Chapter 4

levels. A year after completion of the intervention, women will receive a short
digital questionnaire with questions about subsequent pregnancy outcome.

Immune assessment

«  Menstrual blood and peripheral blood

Peripheral blood will be collected during a visit to the RUMC or MUMC+. Menstrual
blood will be self-collected by the subject during 4 cycles before (T0), during
(T1: week 4 in intervention, T2: week 8 in intervention) and after the intervention
(T3). Women will receive verbal and written instructions on how to collect menstrual
blood. Each cycle menstrual blood will be collected in 3 blocks of 12 hours (total of
36 hours) by use of a menstrual cup. A menstrual cup is a small silicon cup that
can be used similarly like a tampon. All materials necessary to collect menstrual
blood, including one menstrual cup since this cup can be re-used, will be send to
the participant by postal service. When collection of the samples is completed, the
material will be delivered in the hospital or sent to the lab directly by postal service.
Our study group has gained experience with this protocol in previous studies (9,17).

Peripheral blood mononuclear cells (PBMC) and menstrual mononuclear cells
(MMCQ) will be isolated from the peripheral and menstrual blood by density gradient
centrifugation. Number, phenotype, and function of these cells will be studied using
flow cytometry. In short, NK cell receptors related to activation, inhibition, and memory
function, will be analysed. Functionality of NK cells will be determined by measuring the
intracellular production of cytokines. Furthermore, cytotoxic potential of NK cells will
be investigated by culturing NK cells with K562 target cells and degranulation potential
will be assessed by CD107 expression and cytokine analysis such as IFN-y production
of different NK cell subsets. Additionally, menstrual mononuclear cells will be used
for metabolomic analyses, targeting several lipids including glycerophospholipid and
sphingolipid metabolism and microbiome related metabolites.

« Vaginal swab

Vaginal swabs for microbiome analyses will be collected with Copan flocked swabs
and placed in eNAT buffer and stored at -20°C. DNA extraction of the vaginal swabs
will be performed using a buccal swab extraction kit. Briefly, collected swabs
samples will be thawed, vortexed and incubated with lysis buffer, proteinase K and
elution buffer. For interspace profiling, amplification of the intergenic spaces (IS)
regions will be performed with the IS-pro assay. IS-pro is a eubacterial technique
based on the detection and categorisation of the length of the 165-23S rRNA gene
IS region, as the length of this IS region is specific for each bacterial species. Phylum-
specific fluorescently labelled PCR primers will be used for taxonomic classification.
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Cardiovascular assessment

+ Transvaginal ultrasound

To evaluate blood flow to the uterus, the resistive index (RI) and pulsatility index
(P1) of both uterine arteries will be examined by transvaginal route. After obtaining
a sagittal image of the uterus, cervical canal and detection of the internal ostium,
the uterine artery will be identified via color flow mapping and will be measured
by pulsed-wave Doppler flow velocity waveforms of the ascending branch of both
uterine arteries.

+ Hemodynamic responses during tilt test

A tilt test will be performed under standardized environmental conditions by
an experienced researcher. During the tilt test a woman first remains supine for
20 minutes, after which her body posture will passively be changed from 20° head-
down tilt (-20°) to 60° head-up tilt (+60°), in steps of 20° at 8-minute intervals.
Heartrate and arterial blood pressure will be measured continuously using a
monitoring device, called a Finometer, attached to a finger. The activity of the
sympathetic nervous system will be derived by means of an arithmetic processing
of the beat-to-beat changes in heartrate and blood pressure over time (47).

+ VO,max test

Physical fitness will be determined as the peak oxygen uptake (VO,max: milliliter
minute” kilogram™) during a maximal cycling test on a cycle ergometer. The
VO,max test will be performed under standardized environmental conditions and
by an experienced researcher. During the test several parameters will be measured
continuously. These non-invasive measurements include breath oxygen uptake
by means of analysis of inhalation (O, input) of and exhalation (CO, output) and
heartrate plus rhythm by electrocardiogram. The VO,max test will endure cycling
in total for 10 to 30 minutes, with every minute an increase of 10 watts until
total exhaustion.

Metabolic assessment

« Peripheral blood and urine

Collection of peripheral blood will be done during a visit to the RUMC or MUMC+
at a similar timepoint as for the immune assessment so that women need to donate
blood only once. A first-morning urine sample will be self-collected. Blood and urine
samples will be sent to the central diagnostics laboratory of the RUMC or MUMC+
for standardized assessment of metabolic components such as triglycerides and
cholesterol levels, glucose, insulin, and creatinine.
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« Body characteristics
Measurements of body characteristics such as weight, height and waist-hip circum-
ference will be performed.

Intervention

Our moderate exercise intervention will consist of a 12-week heartrate-controlled
training program for a cycle trainer. Trainings will take place at the Radboud
Sportcentrum in Nijmegen, at the UM Sports in Maastricht or in exceptional cases at
a local sports facility of choice. During the intervention, the subjects will be asked to
follow the same diet as prior to study inclusion and are instructed not to participate
in novel exercise regimes in addition to the training program that they were given.

The training program is personalized to heartrate reserve (HHR) and can be calculated

in the following manner: HHR=HR _ minus HR__, in which HR _ is the maximal

rest’ X

heartrate measured during the VO,max test before intervention and HR__ is the
heartrate determined at rest. The program consists of 60 minutes of cycling for 2 times
(week: 1-6) to 3 times (week: 7-12) per week. Each training will start with a warming-
up of 5 minutes on 40% of the individual HHR, followed by a training intensity of
50 minutes on 50-65% of HRR and a cooling down of 5 minutes on 40% HRR. For
convenience, heartrate zones according the HRR will be predetermined. During each
training heartrate can be monitored continuously and recorded by a Polar chest band
and results can be viewed on the subject’s personal Polar account.

Each week, the subject will be asked to send results of the trainings to the researcher
so read out of heartrates can be evaluated to ensure adequate adherence to the
training protocol. During weekly consultations by phone, the researcher will
monitor compliance and motivate subjects to complete the intervention.

Statistical analysis

Normality of data will be evaluated with Kolmogorov-Smirnov tests or visual
inspection of histograms. Descriptive data will be expressed as mean + standard
deviation for parametric continuous variables or as median and interquartile range
for non-parametric continuous parameters or percentage for categorical variables.
Data of immune, metabolic, and cardiovascular assessments will be compared
before and after intervention by parametric paired T-tests or non-parametric
Wilcoxon signed rank tests. Differences between intervention and time control
group will be compared by parametric T-tests or non-parametric Mann Whitney U
tests. Correlations will be assessed by univariate and multivariate logistic regression
analysis. Statistical significance will be defined as P<0.05 using SPSS version 28.0.
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Data management

Data will be collected in a single electronic cloud-based clinical data management
platform; Castor EDC by the coordinating investigators of the RUMC and MUMC+.
Furthermore, coordinating investigators will maintain adequate study records,
including laboratory forms, signed informed consents, and will ensure that the
subject's anonymity will be guaranteed by confidentially coding patient data.

All data will be stored and archived through the data management infrastructure of
theinstitute, which will be kept for at least 15 years (following guidelines for minimal
risk research Kwaliteitsborging Mensgebonden Onderzoek 2.0 + institutional DR
policy). Materials will be stored for further investigation concerning this protocol
with their corresponding code at -20°C, -80°C or within a liquid nitrogen storage
for a maximum of 10 years. Following publication, raw and processed data will be
archived for scientific integrity, which is only accessible upon request through the
coordinating investigators and the researchers responsible for the data.

Adverse events

All adverse events (AE) and serious adverse events (SAE) reported spontaneously
by the subject or observed by the coordinating investigator (or his staff) will be
recorded without undue delay after obtaining knowledge of the events. However,
we expect the number of (S)AE’s during the study to be minimal. As the training will
be performed on a stationary cycling trainer and training will only be on 50-66%
of HRR, the risk on a heavy sport injury is expected to be negligible. We anticipate
some mild muscle ache in the first weeks of the training protocol, especially in
previously sedentary women. We try to minimize any sport related risks and injuries
by starting with cycling training two times a week in the first 6 weeks and increase
after 6 weeks to 3 times a week to allow a more gradual increase in physical
fitness. Additionally, each training will start with a warming-up of 5 minutes and
end with a cooling down of 5 minutes. Training will take place in a center with
routine surveillance of sport instructors, which could be consulted in case of injury.
Participants will be actively asked to report any soreness, injuries or adverse effects
during the weekly support session with the researcher. The principal investigator
will report all SAEs to the sponsor without undue delay after obtaining knowledge
of the events.

Monitoring

A certified independent party of the RUMC will monitor the study in both the
RUMC as the MUMC+ according to the monitor plan. A first visit was planned before
start of the study, a second visit was planned after inclusion of the first 5 subjects.
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Interim assessment is not planned yet. Safety surveillance by a safety monitoring
board is not implemented given the low risk of adverse events.

Patient and public involvement

RPL is one of the most complex and challenging scenarios in reproductive medicine.
Understanding the mechanisms behind RPL and identifying mediators or effectors
and validating targets for prevention or therapy will have a profound impact on
the couples’ decision making on future family planning. However, identifying one
single causal factor is challenging to say the least. A multidisciplinary approach
seems to be the way forward and can be of great value for identifying a subset
of women with RPL with an underlying high-risk etiology. To date, there are no
multi-systemic diagnostic or intervention strategies available for women with
RPL. However, since there is a limited availability of predictors and possibilities for
diagnosis and treatment of RPL, it is important to investigate novel factors that can
offer more perspective for these women. Therefore, this intervention study with
a multi-systemic approach could provide new insights. Information and results of
the study will therefore be shared on a national patient platform for women with
reproductive infertility (www.freya.nl) and on a personalized website that will
temporarily be active (www.hmovestudie.nl).

Ethics and dissemination

This study is approved by the Medical Ethics Committee of the RUMC (registration
number: NL77307.091.21, date of approval 19/10/2021) and the MUMC+
(registration number: NL77307.091.21, date of approval 12/05/2022. Furthermore,
this study is registered at clinicaltrials.gov with unique protocol ID: HMOVE
(registration date 22" of August 2023). Written informed consent will be obtained
of all subjects before participation. This study will be conducted according to the
Declaration of Helsinki and in accordance with the Medical Research Involving
Human Subjects Act (WHO) and the guidelines for Good Clinical Practice (GCP).
Results will be shared with the scientific community through peer-reviewed
publications and shared with patients at patient meetings in the RUMC and MUMC+
in order to share new insights on optimizing care for couples with RPL.



An aerobe exercise intervention for optimizing metabolic, cardiovascular and immune status | 89

References

1. ESHRE Guideline Group on RPL, Bender Atik R, Christiansen OB, Elson J, Kolte AM, Lewis S,
Middeldorp S, Nelen W, Peramo B, Quenby S, Vermeulen N, Goddijn M. ESHRE guideline: recurrent
pregnancy loss. Hum Reprod Open. 2018;2018(2).

2. ElHachem H, Crepaux V, May-Panloup P, Descamps P, Legendre G, Bouet PE. Recurrent pregnancy
loss: current perspectives. Int J Womens Health. 2017 May 17;9:331-345.

3. Hilali NG, Sak S, Incebiyik A, Uyanikoglu H, Sak ME, Incebiyik H, Sabuncu T. Recurrent pregnancy
loss and metabolic syndrome. Ginekol Pol. 2020;91(6):320-323.

4.  Wang LL, Liu H, Zhao SJ, Shen L, Xie T, Luo J, Mor G, Liao AH. The metabolic landscape of decidua in
recurrent pregnancy loss using a global metabolomics approach. Placenta. 2021 Sep 1;112:45-53.

5. Habets DHJ, Schiffer VMMM, Kraneburg LPA, de Krom FJW, Giirtekin I, van Bree BE, van Golde RJT,
Wieten L, Spaanderman MEA, Al-Nasiry S. Preconceptional evaluation of women with recurrent
pregnancy loss: the additional value of assessing vascular and metabolic status. BMC Pregnancy
Childbirth. 2022 Jan 27;22(1):75.

6.  Wagner MM, Jukema JW, Hermes W, le Cessie S, de Groot CJM, Bakker JA, et al. Assessment of
novel cardiovascular biomarkers in women with a history of recurrent miscarriage. Pregnancy
hypertension. 2018;11:129-35.

7. Ticconi C, Pietropolli A, Di Simone N, Piccione E, Fazleabas A. Endometrial Immune Dysfunction in
Recurrent Pregnancy Loss. Int J Mol Sci. 2019;20(21): 5332.

8.  Habets DHJ, Schltter A, van Kuijk SMJ, Spaanderman MEA, Al-Nasiry S, Wieten L. Natural killer
cell profiles in recurrent pregnancy loss: Increased expression and positive associations with
TACTILE and LILRB1. Am J Reprod Immunol. 2022 Nov;88(5):e13612.

9. Benner M, Feyaerts D, Lopez-Rincon A, van der Heijden OWH, van der Hoorn ML, Joosten |,
Ferwerda G, van der Molen RG. A combination of immune cell types identified through ensemble
machine learning strategy detects altered profile in recurrent pregnancy loss: a pilot study. F S
Sci. 2022 May;3(2):166-173.

10. Lain KY, Catalano PM. Metabolic Changes in Pregnancy. Clin Obstet Gynaecol. 2007;50(4):938-48.

11. Troiano NH. Physiologic and Hemodynamic Changes During Pregnancy. AACN Adv Crit Care.
2018 Fall;29(3):273-283.

12.  Al-Nasiry S, Ambrosino E, Schlaepfer M, Morré SA, Wieten L, Voncken JW, Spinelli M, Mueller M,
Kramer BW. The Interplay Between Reproductive Tract Microbiota and Immunological System in
Human Reproduction. Front Immunol. 2020 Mar 16;11:378.

13. Benner M, Ferwerda G, Joosten |, van der Molen RG. How uterine microbiota might be responsible
for a receptive, fertile endometrium. Hum Reprod Update. 2018 Jul 1;24(4):393-415.

14. Lee JY, Lee M, Lee SK. Role of endometrial immune cells in implantation. Clin Exp Reprod Med.
2011 Sep;38(3):119-25.

15. Mselle TF, Meadows SK, Eriksson M, Smith JM, Shen L, Wira CR, et al.. Unique Characteristics of
Nk Cells Throughout the Human Female Reproductive Tract. Clin Immunol (2007) 124(1):69-76.

16. Xie M, LiY, Meng YZ, Xu P, Yang YG, Dong S, He J, Hu Z. Uterine Natural Killer Cells: A Rising Star in
Human Pregnancy Regulation. Front Immunol. 2022 Jun 1;13:918550.

17. van der Molen RG, Schutten JH, van Cranenbroek B, ter Meer M, Donckers J, Scholten RR, van
der Heijden OW, Spaanderman ME, Joosten I. Menstrual blood closely resembles the uterine
immune micro-environment and is clearly distinct from peripheral blood. Hum Reprod. 2014
Feb;29(2):303-14.

18. Feyaerts D, Kuret T, van Cranenbroek B, van der Zeeuw-Hingrez S, van der Heijden OWH, van der
Meer A, Joosten |, van der Molen RG. Endometrial natural killer (NK) cells reveal a tissue-specific
receptor repertoire. Hum Reprod. 2018 Mar 1;33(3):441-451.




90

| Chapter 4

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Coumans ABC, Huijgens PC, Jakobs C, Schats R, de Vries JIP, van Pampus MG, et al. Haemostatic
and metabolic abnormalities in women with unexplained recurrent abortion. Human
Reproduction. 1999;14(1):211-4.

Banerjee P, Dutta M, Srivastava S, Joshi M, Chakravarty B, Chaudhury K. TH NMR Serum
Metabonomics for Understanding Metabolic Dysregulation in Women with Idiopathic Recurrent
Spontaneous Miscarriage during Implantation Window. Journal of Proteome Research.
2014;13(6):3100-6.

Donckers J, van Drongelen J, Spaanderman MEA, Scholten RR. Unexplained recurrent pregnancy
loss and markers of arterial vascular health: An experimental case-control study. BJOG. 2023 Oct 18.
Donckers J, Scholten RR, Oyen WJ, Hopman MT, Lotgering FK, Spaanderman ME. Unexplained first
trimester recurrent pregnancy loss and low venous reserves. Hum Reprod. 2012;27(9):2613-8.
Habara T, Nakatsuka M, Konishi H, Asagiri K, Noguchi S, Kudo T. Elevated blood flow resistance
in uterine arteries of women with unexplained recurrent pregnancy loss. Hum Reprod.
2002;17(1):190-4.

Dendrinos S, Creatsas G, Makrakis E, Hassiakos D, Baka S, Botsis D. Increased impedance in the
uterine arteries of women with unexplained recurrent pregnancy loss. Eur J Obstet Gynecol
Reprod Biol. 2006;127(2):266-8.

Wright CE, Enquobahrie DA, Prager S, Painter I, Kooperberg C, Wild RA, Park K, Sealy-Jefferson S,
Kernic MA. Pregnancy loss and risk of incident CVD within 5 years: Findings from the Women's
Health Initiative. Front Cardiovasc Med. 2023 Feb 21;10:1108286.

Wagner MM, Beshay MM, Rooijakkers S, Hermes W, Jukema JW, Le Cessie S, De Groot CJM, Ballieux
BEPB, Van Lith JMM, Bloemenkamp KWM. Increased cardiovascular disease risk in women with a
history of recurrent miscarriage. Acta Obstet Gynecol Scand. 2018 Oct;97(10):1192-1199.
Lachapelle MH, Miron P, Hemmings R, Roy DC. Endometrial T, B, and NK cells in patients
with recurrent spontaneous abortion. Altered profile and pregnancy outcome. J Immunol.
1996;156(10):4027-34.

Giuliani E, Parkin KL, Lessey BA, Young SL, Fazleabas AT. Characterization of uterine NK cells in
women with infertility or recurrent pregnancy loss and associated endometriosis. Am J Reprod
Immunol. 2014;72(3):262-9.

Wang F, Jia W, Fan M, Shao X, Li Z, Liu Y, et al. Single-cell Immune Landscape of Human Recurrent
Miscarriage. Genomics Proteomics Bioinformatics. 2021;19(2):208-22.

Liu J, Dong P, Jia N, Wen X, Luo L, Wang S, et al. The expression of intracellular cytokines of
decidual natural killer cells in unexplained recurrent pregnancy loss. J Matern Fetal Neonatal
Med. 2022;35(16):3209-15.

Courtar DA, Spaanderman ME, Aardenburg R, Janssen BJ, Peeters LL. Low plasma volume
coincides with sympathetic hyperactivity and reduced baroreflex sensitivity in formerly
preeclamptic patients. J Soc Gynecol Investig. 2006 Jan;13(1):48-52.

Grassi G, Seravalle G, Mancia G. Sympathetic activation in cardiovascular disease: evidence,
clinical impact and therapeutic implications. Eur J Clin Invest. 2015 Dec;45(12):1367-75.

Thorp AA, Schlaich MP. Relevance of Sympathetic Nervous System Activation in Obesity and
Metabolic Syndrome. J Diabetes Res. 2015;2015:341583.

Bucsek MJ, Giridharan T, MacDonald CR, Hylander BL, Repasky EA. An overview of the role of
sympathetic regulation of immune responses in infectious disease and autoimmunity. Int J
Hyperthermia. 2018 Mar;34(2):135-143.

Scholten RR, Hopman MT, Lotgering FK, Spaanderman ME. Aerobic Exercise Training in Formerly
Preeclamptic Women: Effects on Venous Reserve. Hypertension. 2015 Nov;66(5):1058-65.
Pedersen BK, Saltin B. Evidence for prescribing exercise as therapy in chronic disease. Scand J
Med Sci Sports. 2006;16(Suppl 1):3-63.

Fisher JP, Young CN, Fadel PJ. Central sympathetic overactivity: maladies and mechanisms. Auton
Neurosci. 2009 Jun 15;148(1-2):5-15.D



38.

39.

40.

41,

42.

43.

44,

45,

46.

47.

An aerobe exercise intervention for optimizing metabolic, cardiovascular and immune status |

Scholten RR, Thijssen DJ, Lotgering FK, Hopman MT, Spaanderman ME. Cardiovascular effects of
aerobic exercise training in formerly preeclamptic women and healthy parous control subjects.
Am J Obstet Gynecol. 2014 Nov;211(5):516.e1-516.e11.

Ballard-Barbash R, Friedenreich CM, Courneya KS, Siddigi SM, McTiernan A, Alfano CM. Physical
activity, biomarkers, and disease outcomes in cancer survivors: a systematic review. J Natl Cancer
Inst. 2012 Jun 6;104(11):815-40.

Schliussel MM, Souza EB, Reichenheim ME, Kac G. Physical activity during pregnancy and
maternal-child health outcomes: a systematic literature review. Cad Saude Publica. 2008;24
Suppl 4:5531-44.

Idorn M, Hojman P. Exercise-Dependent Regulation of NK Cells in Cancer Protection. Trends Mol
Med. 2016 Jul;22(7):565-577.

Idorn M, Thor Straten P. Exercise and cancer: from "healthy" to "therapeutic"? Cancer Immunol
Immunother. 2017 May;66(5):667-671.

Shephard RJ, Shek PN. Effects of exercise and training on natural killer cell counts and cytolytic
activity: a meta-analysis. Sports Med. 1999 Sep;28(3):177-95.

Campbell N, Gaston A, Gray C, Rush E, Maddison R, Prapavessis H. The Short Questionnaire to
Assess Health-Enhancing (SQUASH) Physical Activity in Adolescents: A Validation Using Doubly
Labeled Water. J Phys Act Health. 2016 Feb;13(2):154-8.

Belkaid Y, Hand TW. Role of the microbiota in immunity and inflammation. Cell. 2014 Mar
27;157(1):121-41.

Simpson RJ, Kunz H, Agha N, Graff R. Exercise and the Regulation of Immune Functions. Prog Mol
Biol Transl Sci. 2015;135:355-80.

Krabbendam I, Maas ML, Thijssen DH, Oyen WJ, Lotgering FK, Hopman MT, Spaanderman ME.
Exercise-induced changes in venous vascular function in nonpregnant formerly preeclamptic
women. Reprod Sci. 2009 Apr;16(4):414-20.

91







CHAPTER 5

Impact of a Moderate-Intensity
Aerobic Exercise Intervention on
Systemic and Uterine Natural Killer
Cells in Women with Unexplained
Recurrent Pregnancy Loss

Aysel Gurbanovat’', Amber E. M. Lombardit?3, Denise H. J. Habets?3,
Salwan Al-Nasiry*4, Marc E. A. Spaanderman?®#*°, Marien |. de Jonge',

Tess Meuleman®, Lotte Wietentt?® and Renate G. van der Molen 11’

' Department of Laboratory Medicine, Laboratory of Medical Immunology, Radboud University
Medical Center, Nijmegen, the Netherlands

2 Department of Transplantation Immunology, Maastricht University Medical Center+, Maastricht,
the Netherlands

3 GROW - Research Institute for Oncology and Reproduction, Maastricht University, Maastricht,
the Netherlands

4 Department of Obstetrics and Gynecology, Maastricht University Medical Center+, Maastricht,
the Netherlands

> Department of Obstetrics and Gynecology, Radboud University Medical Center, Nijmegen,
the Netherlands

fThese authors contributed equally to this work and share first authorship

"These authors contributed equally to this work and share last authorship

Frontier in Immunology 2025 Jun 4:16:1602939.
doi: 10.3389/fimmu.2025.1602939. eCollection 2025.



94

| Chapter 5

Abstract

Recurrent pregnancy loss (RPL) is associated with altered immune phenotypes and
functions. It has been proposed that physical exercise might impact the immune
system. Therefore, we evaluated the effect of a personalized 3-month moderate-
intensity aerobic exercise intervention on the immune system of women with
unexplained RPL (URPL). Given the suggested supportive role of Natural Killer (NK)
cells during early pregnancy, we focused on numerical, phenotypic, and functional
changes in peripheral NK (pNK) and uterine NK (uNK) cells. Mononuclear cells
were isolated from peripheral blood (PB) (n=23) and menstrual blood (MB) (n=22)
of women with uRPL. NK cell phenotypes were assessed with comprehensive flow
cytometry panels. NK cell function was assessed with degranulation assays and
intracellular staining of interferon-y (IFN-y), perforin and granzyme-B in a subgroup
of women due to lower availability of samples (n=12). Attendance to the exercise
intervention was overall 95%, which resulted in effects on the phenotype and
function of pNK cells. We found a significant reduction in the median fluorescent
intensity of CD161 (464 vs 410, p=0.011), NKp30 (432 vs 376, p=0.018), and NKG2A
(886 vs 732, p=0.039) in pNK cells after exercise, while no differences were observed
in uNK cells. We also observed decreased percentages of IFN-y* pNK cells (49% vs
25.2%, p=0.027) after exercise. Our study shows promising results, suggesting that
exercise can impact pNK cell phenotype and function in women with uRPL. Following
the changes in pNK phenotype and function suggest a lower pro-inflammatory state
post-exercise. Whether these exercise-induced phenotypic and functional changes of
pNK cells impact subsequent pregnancies remains to be studied.

The study details are available through Home | ClinicalTrials.gov, trial ID: HMOVE
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Introduction

Recurrent pregnancy loss (RPL) is a pregnancy disorder affecting 1-2% of women
attempting to conceive and is defined by the failure of two or more clinically
recognized pregnancies before 24 weeks of gestation (1). The etiologies for RPL
include advanced maternal age, abnormal parental karyotyping (if indicated),
endocrine disorders, uterine abnormalities, antiphospholipid syndrome, lifestyle
factors, and embryonic factors (1). In addition, women with RPL have a higher
incidence of metabolic disorders (2-4), and an elevated risk of developing cardio-
vascular disease (5-7). However, in approximately 50% of cases, the underlying cause
remains unknown, referred to as “unexplained” RPL (uRPL) (8).

It is well-recognized that the maternal immune system plays a critical role in the
establishment and maintenance of pregnancy (9, 10). During early pregnancy, 70%
of all infiltrating leukocytes are uterine Natural Killer (UNK) cells (11). They are
primarily CD56*9"CD16° and exhibit functional and phenotypic differences
compared to peripheral NK (pNK) cells, which are predominantly CD569™CD16*(12).
It is known that uNK cells are involved in regulating trophoblast invasion and
spiral artery remodelling (13-16). Numerous studies have investigated the role of
NK cells in the etiology of RPL by examining uterine tissue and peripheral blood
(PB) (15, 17-19). Some of these studies reported altered numbers and percentages
of NK cells in the endometrium and decidua (20, 21) of women with RPL compared
to controls. Additionally, several studies have demonstrated altered NK cell receptor
expression (20, 22-25) and increased NK cell cytotoxicity in women with RPL (26-28).
However, there are also studies indicating no changes in NK cells of women with
RPL (29, 30).

Multiple studies have shown that physical exercise can modulate the immune
system and influence the distribution, phenotype, and activity of different
immune cell subsets, as summarized in various reviews (31-33). NK cells seem
to be particularly responsive to exercise, acutely mobilizing into the circulation
immediately after exercise (34-36). Notably, this mobilization primarily involves
more mature and differentiated NKG2A/Killer Immunoglobulin-like (KIR)* NK cells
compared to the less mature NKG2A*/KIR" NK cells in PB (37). It is hypothesized
that after rapid mobilization to the bloodstream NK cells redistribute to peripheral
tissues, as a drop in circulating NK cells to baseline levels was observed 2 hours
after acute exercise in men (38). Moreover, a recent meta-analysis showed that
the cytolytic activity of NK cells increases after acute exercise (39). However, the
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effects of exercise on tissue-resident immune cells, such as those in the uterine
environment, remain understudied.

Considering altered numbers, phenotypes and function of NK cells have been
reported in URPL, we aimed to investigate the potential effects of a moderate-
intensity aerobe exercise intervention on NK cell percentages, phenotype and
function. Moreover, we have also investigated the impact of exercise on different
T- and B-cell population frequencies. In this feasibility study, we focused on the
impact of a three-month moderate-intensity aerobic exercise intervention on both
peripheral immune cells and uterine immune cells by sampling menstrual blood
(MB) as source of uterine-derived immune cells (40).

Materials and methods

Study population

In this multi-center intervention study, 49 women with uRPL were included
(Supplementary Figure 1). uRPL was defined as having two or more pregnancy losses
before 24 weeks of gestation without an identifiable cause. Women were referred
to the department of Obstetrics and Gynecology at either the Radboud University
Medical Centre (RUMC) or the Maastricht University Medical Centre+ (MUMC+) and
were included when no cause for their miscarriages could be identified according
to the guidelines of the European Society of Human Reproduction and Embryology
(ESHRE). The clinical work-up included a standardized medical history of the couple,
screening for uterine abnormalities, thyroid abnormalities, anti-phospholipid syn-
drome, paternal screening for sperm DNA fragmentation and parental karyotyping
(if indicated) (41). Participants were excluded from the study if they met one or more
of the exclusion criteria presented in Supplementary Table 1.

This study was conducted in accordance with the Declaration of Helsinki, the Medical
Research Involving Human Subjects Act, and the guidelines for Good Clinical
Practice (GCP). After obtaining informed consent, according to the Medical Ethical
Committee of the Radboud University Medical Centre and Maastricht University
Medical Centre+ NL77307.091.21, women received a questionnaire for assessing
baseline characteristics. PB and MB were collected for immunophenotyping.

The intervention consisted of a 12-week, personalized, moderate-intensity, aerobe
exercise program for a stationary bike. The exercise program was personalized
to individual heart rate reserves (HRR). The first six weeks the participants were
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instructed to train two times a week for 50 minutes at 50-60% of their HRR, the
subsequent six weeks for three times a week for one 50 minutes at 50-60% HRR.
Their heart rate was monitored during exercise using a Polar H10 heartrate monitor
chest strap (Polar Electro, Inc, Kempele Finland). Women needed to attend a
minimum of 80% of 30 prescribed trainings after completion of the intervention in
order to be eligible for data analysis. All women were asked not to change their pre-
existing training schedules (if applicable) and not to change their diet during the
intervention. Before and after the 12-week exercise intervention, identical immune
analyses were conducted.

Of the 49 women who were included in the study, 24 women completed the
intervention (data is shown only of these women) (Table 1). Both PB and MB
samples were collected. However, due to collection issues, PB was available from
23 participants, and MB was available from 22 participants. Different figures might
show variable numbers of women included in analyses if unreliable individual
markers were excluded due to technical staining issues. Sufficient remaining cells
(n=12) were frozen for later functional analyses.

Isolation of menstrual blood mononuclear cells and peripheral

blood mononuclear cells

To study uterine lymphocytes, MB was collected using a menstrual cup (40) at
3 time points of 12 hours right after the start of menses, for a total of 36 hours.
After every 12 hours, the cup was emptied in a new collection tube, containing
RPMI1640 medium (ThermoFisher Scientific, Waltham, MA, USA) supplemented
with 10% human pooled serum (HPS) (Zen-Bio, Durham, NC, USA), T mM pyruvate
(ThermoFisher Scientific), 2 mM GlutaMAX™ (ThermoFisher Scientific), 100 U/mL
penicilin/100 pg/mL streptomycin (ThermoFisher Scientific), and 0.3% sodium
citrate (Merck, Darmstadt, Germany). PB (10 mL) was collected in ethylene diamine
tetra acetic acid (EDTA) tubes.

PB was diluted 1:1 with phosphate buffered saline (PBS) (Fresenius Kabi, GmbH,
Graz, Austria). The collected MB from 3 different timepoints was first pooled,
after which it was washed with PBS. After centrifugation, the pellet of the MB was
filtered through a 70 pum cell strainer (PluriSelect Life Science, Leipzig, Germany)
by creating a vacuum using a connector ring (PluriSelect) and a 30 mL syringe
(Terumo Corporation, Tokyo, Japan). The filtered MB was then incubated for
20 minutes at room temperature with RosetteSep™ Human Granulocyte Depletion
Cocktail (STEMCELL Technologies, Vancouver, Canada) according to manufacturer’s
instructions, after which the sample was diluted with an equal volume of PBS+2%HPS.
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Subsequently, MB mononuclear cells (MBMCs) and PB mononuclear cells
(PBMCs) were isolated using Lymphoprep (STEMCELL Technologies) according to
manufacturer’s instructions. The samples were centrifuged for 15 min at 800g, no
brake at 20°C. Isolated MBMCs and PBMCs were washed twice with PBS+2%HPS,
and resuspended in RPMI1640+10% HPS.

Antibodies and flow cytometry analyses

Immunophenotyping of MBMCs and PBMCs was done using flow cytometry. For
the phenotyping, 500.000 MBMCs and 250.000 PBMCs were used and stained
in 50 uL and 25 pL respectively. First, the cells were stained for 30 minutes at 4°C
with eBioscience™ Fixable Viability Dye eFluor 780 (ThermoFisher Scientific) to
stain for dead cells. Subsequently, the cells were stained for 30 minutes at 4°C
for specific surface markers stated in Supplementary Table 2. Because of the use
of multiple BD Horizon™ Brilliant Violet Dyes (BD, Franklin Lakes, NJ, USA), BD
Horizon™ Brilliant Staining Buffer (BD) was used in combination with regular FACS
buffer (PBS+1%BSA+0.02% Sodium Azide (Merck, Rahway, NJ, USA)) according to
manufacturer’s recommendations. After surface staining, all cells were fixated and
permeabilized using the eBioscience™ Foxp3/Transcription Factor Staining Buffer
Set according to the manufacturer’s instructions (ThermoFisher Scientific). After
fixation/permeabilization, part of the cells were stained for the transcription factor
FoxP3 (ThermoFisher Scientific). All samples were measured with standardized
settings on the BD FACSLyric™ (BD). Data was analyzed using the FlowJo™
v10.8 software (Flowjo™, Ashland, OR, USA) as either a percentage or as Median
Fluorescent Intensity (MFI). MFIs of immune markers were normalized against
MFIs of Fluorescence Minus One (FMO) controls, critical to ensure that the signals
observed are truly due to the marker of interest and not artefacts from overlapping
fluorescent markers. Certain markers for specific signals, timepoints or participants
could not be analyzed due to various reasons such as sample or reagent availability.
PBMCs and MBMCs that were not directly used in the flow cytometry staining were
frozen in Recovery™ Cell Culture Freezing Medium (ThermoFisher Scientific).

Degranulation assay and staining of intracellular molecules

To assess the functional capacity of NK cells in MB and PB, we performed a CD107a
degranulation assay and an intracellular staining on frozen PBMCs and MBMCs.
Following thawing of a subgroup of available samples (n=12), 200,000 cells were
plated in a round-bottom 96-wells plate. Cells that were used to investigate CD107a
andinterferon-y (IFN-y) expression were stimulated with 100 U/mLIL-2and 10 ng/mL
IL-15. An unstimulated condition was taken as a control. The cells that were used
to investigate granzyme B and perforin expression were left unstimulated. The
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cells were incubated at 37°C and 5% CO,. After 20 hours of incubation, 25 uL of a
1:50 dilution of CD107a-PE (BD Biosciences) was added to the respective wells.
One hour later, 20,000 K562 target cells and 5 pg/mL of Brefeldin A and 5 pg/mL
of Monensin were added to inhibit the internalization of CD107a molecules and
enhance the detection of intracellular proteins. The cells in the wells for investigation
of granzyme B and perforin expression were not stimulated with K562. The cells
were then incubated for an additional 3 hours at 37°C in 5% CO,. Following the
incubation period, cell viability was assessed, and surface markers were stained
with the following antibodies: anti-CD16 Alexa Fluor 700 (BioLegend), anti-CD45
Krome Orange (Beckman Coulter), anti-CD3 BV605 (BD Biosciences), and anti-
CD56 BV711 (BD Biosciences). Subsequently, intracellular staining was performed
using anti-granzyme B PerCP-Cy5.5 (BioLegend), anti-IFNy PE-Cy7 (ThermoFisher
Scientific), and anti-perforin Pacific Blue (BioLegend) (Supplementary Table 2). All
samples were analyzed on a BD FACSLyric™ flow cytometer (BD Biosciences).

Statistics

Percentages of immune cells or percentages/MFIs of immune markers before and
after exercise were analyzed with a Wilcoxon signed-rank test. All analyses were
performed using IBM SPSS statistics, version 29.0.0.0 (SPSS Inc, Chicago, IL, USA)
and P-values <0.05 were considered statistically significant. The boxplots were
prepared in RStudio using ggplot2 package (42, 43).

Results

Moderate-intensity aerobic exercise does not alterimmune cell
frequencies in MB and PB of women with uRPL

To determine the effect of exercise on specific immune cell subsets, we analyzed
frequencies of T, B, and NK cells using high-dimensional flow cytometry in both PB
and MB from women with uRPL (Figure 1A). Baseline characteristics, of the included
24 women who completed the intervention with an overall attendance of 95%, are
shown in Table 1.

The role of NK cells in PB and MB are different. While the majority of pNK cells consist
of a subset of CD569™CD16* NK cells with high cytotoxic capabilities, uNK cells in MB
mainly have a CD569"CD16  phenotype and a immunoregulatory functions (12).
Results of these two subsets (Figure 1B) revealed no significant differences in the
frequency of total CD56*CD3°, CD569"CD16 and CD569mCD16* NK cells after
intervention in either PB or MB (Figure 1C-E). Interestingly, we observed significant
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heterogeneity in the baseline frequencies of uNK cells among women with uRPL,
as well as in their response to the intervention. While some women exhibited
increased frequencies of uNK cells, others showed a decrease post-intervention.
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Figure 1. The moderate-intensity aerobic exercise intervention does not alter immune cell
frequencies in MB or PB of women with uRPL. A) Overview of the study and the experiments
performed on the isolated immune cells. B) Representative dot plots showing the gating strategies for
NK cell subsets in PB and MB. C) The percentage of total CD56*CD3" NK cells from CD45* lymphocytes
in MB and PB before and after the moderate-intensity aerobic exercise intervention. D) The percentage
of CD56"'9"CD16™ NK cells of total NK cells. E) The percentage of CD569™CD16* NK cells of total
NK cells. PB n=23, MB n=22. The dots represent the uterine NK cells, the triangles the peripheral
NK cells (blue=before intervention, magenta=after intervention). Boxplots visualize the median
(bold black line) and the interquartile ranges. A Paired Wilcoxon signed-rank test was used to determine
statistical significance.
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Table 1. Baseline characteristics of the study population

Intervention (n=24)

Age (years) 35.0(30.5-38.0)
BMI (kg/m?) 25.0(21.7-28.2)
Chronic disease 16.7%

IgA nephropathy (1/24)

Congenital hypothyroidism (1/24)
Polycystic Ovary Syndrome (1/24)
Celiac disease (1/24)

Medication use 20.8%

Thyromimetics (3/24)
Anti-depressants (1/24)
Acetylsalicylic acid (1/24)

Smoking

- Current 8.3%

- Former 20.8%

- Non-smoker 70.8%
Alcohol use 50%
Regular menstrual cycle 79.2%
Gravida 5.5(4.3-7.8)
Para 0.0 (0.0-1.0)
Pregnancy losses 4.0(3.3-7.0)
- Primary RPL 54.2%

- Secondary RPL 45.8%

- Early miscarriage (<10 weeks) 4.0(2.0-7.0)
- Late miscarriage (=10 weeks) 0.0 (0.0-1.0)

Medication use means the percentage of people that are currently using medication. Alcohol use
means the percentage of people that consume at least one glass of alcohol/week. Gravida is number
of pregnancies, para is the number of live births. Data are presented as either a percentage (chronic
disease, medication use, smoking, alcohol use, regular menstrual cycle, and primary vs secondary RPL),
or as a median with interquartile range (age, BMI, gravida, para, pregnancy losses, early miscarriage,
and late miscarriage).

Likewise, the frequencies of total CD3* T cells and their subsets (including
conventional effector CD4*, cytotoxic CD8* T, and CD127"°*CD25*FoxP3* regulatory
T cells) remained similar in both PB and MB when comparing pre- and post-
intervention measurements (Supplementary Figure 2A-C). Although there was a
trend towards an increased frequency of total CD19*CD20* B cells in PB as well as
MB, the frequencies of B cell subsets did not change significantly after intervention
(Supplementary Figure 2D-F).
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CD161 (KLRB1) and NKp30 expression by pNK cells is decreased

after a moderate-intensity aerobic exercise intervention in women
with uRPL

To study the effect of the intervention on the phenotype of pNK and uNK cells, we
performed comprehensive immunophenotyping by flow cytometry to evaluate
changes in activating and inhibitory NK cell receptors (NKRs), frequently described
to be involved in the regulation of NK cell activity.

We found a significant decrease in median fluorescent intensity (MFI) of CD161
(KLRBT) in total pNK cells (464 [364-623] to 410 [277-483] ; p=0.011), in the
CD56°"9"CD 16" pNK cell subset (353 [247-478] to 296 [193-367]; p=0.033), and in the
CD569mCD16* pNK cell subset (493 [393-648] to 424 [296-559]; p=0.035), while no
significant differences were observed in uNK cells post-intervention (Figure 2A-D).

Among the natural cytotoxicity receptors (NCRs) analyzed, the MFI of NKp30
significantly decreased in total pNK cells (432 [317-494] to 376 [252-481]; p=0.018)
and in the CD569mCD16* pNK subset (468 [290-550] to 369 [228-520]; p=0.004)
post-intervention, whereas this was not observed in uNK cells (Figure 2E-H). No
significant changes were found in the expression intensities of other NCRs (NKp44
and NKp46) after intervention (Supplementary Figure 3A-B).

Moderate-intensity aerobic exercise impacts NKG2A and NKG2C
expression by pNK cells in women with uRPL

To study the effect of exercise on NK cell markers involved in maturation and
memory, we analyzed the frequency and expression intensity of NKG2A and
NKG2C before and after intervention. While the frequencies of NKG2A* NK cells did
not significantly change after intervention in either MB or PB (Supplementary
Figure 4A-C), a marked decrease in the MFI of NKG2A was observed in total pNK
cells (886 [781-1218] to 732 [555-962]; p=0.039) and CD569"CD16* pNK cells
(2472 [1583-3116] to 1497 [1113-1790]; p=0.034) (Figure 3A-C). In contrast, uNK
cells did not show any significant changes in NKG2A expression (Figure 3A-D).
Furthermore, no significant changes were observed in both frequency and
expression intensity of NKG2C in both MB and PB, except for a slight increase
the percentage of in NKG2C* CD569mCD16* pNK cells (5.4 [3.3-13.7] to 5.9 [2-8.9];
p=0.021) (Supplementary Figure 4F).

Next we investigated co-expression of NKRs by analyzing the expression of NKG2A,
NKG2C, and KIRs, on CD569™CD16* pNK cells and CD56'9"CD16" uNK cells. No
significant changes were found in the CD569™CD16* pNK cells or CD56P9"CD16
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Figure 2. CD161 (KLRB1) and NKp30 expression by peripheral NK cells is decreased after
the moderate-intensity aerobic exercise intervention in women with uRPL. A) Representative
histograms of CD161 expression by total NK cells (red), CD569mCD16* NK cells (blue), CD569"CD16° NK
cells (green), and the fluorescence minus one (FMO) control (gray) of MB and PB. B) Median fluorescent
intensity (MFI) of CD161 by total uterine NK (uNK) and peripheral NK (pNK) cells before and after the
moderate-intensity aerobic exercise intervention. C) MFI of CD161 by CD56*9"CD16° NK cells. D) MFI
of CD161 by CD569mCD16* NK cells. E) Representative histograms of NKp30 expression by total NK
cells (red), CD569™CD16* NK cells (blue), CD569"CD16° NK cells (green), and the FMO control (gray) of
MB and PB. F) MFI of NKp30 by NK cells. G) MFI of NKp30 by CD56""CD 16" NK cells. H) MFI of NKp30
by CD569mCD16* NK cells. PB n=21, MB n=22. All MFls were normalized to the MFI of the FMO control.
The dots represent the uNK cells, the triangles the pNK cells (blue=before intervention, magenta=after
intervention). Boxplots visualize the median (bold black line) and the interquartile ranges. A Paired
Wilcoxon signed-rank test was performed to determine statistical significance (*p<0.05, **p<0.005).
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Figure 3. NKG2A expression by peripheral NK is decreased after the moderate-intensity aerobic
exercise intervention in women with uRPL. A) Representative histograms of NKG2A expression by
total NK cells (red), CD56°™CD16* NK cells (blue), CD56°'9"CD16™ NK cells (green), and the fluorescence
minus one (FMO) control (gray) of MB and PB. B) Median fluorescent intensity (MFI) of NKG2A by total
NK cells in MB and PB before and after the moderate-intensity aerobic exercise intervention. C) MFI
of NKG2A by CD56P9"CD16° NK cells. D) MFI of NKG2A by CD564mCD16* NK cells. PB n=23, MB n=22.
E) Tree plots showing percentages of NK cell clusters positive for NKRs (KIR2DL1, KIR2DL2/L3, KIR3DL1,
NKG2C) in NKG2A* CD569mCD16* peripheral NK (pNK) cells and CD569"CD16" uterine NK (uNK) cells
(PB n=18, MB n=16). MFIs were normalized to the MFI of the FMO control. The dots represent the uNK
cells, the triangles the pNK cells (blue=before intervention, magenta=after intervention). Boxplots
visualize the median (bold black line) and the interquartile ranges. A Paired Wilcoxon signed-rank test
was performed to determine statistical significance (*p<0.05).
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Figure 4. The moderate-intensity aerobic exercise intervention reduces the IFN-y production by
peripheral NK cells in women with uRPL. A) Representative dot plots showing the gating strategy
for determining IFN-y* and CD107a* peripheral NK (pNK) cells after 24h of stimulation with IL-2 and
IL-15 and a 4h co-culture with K562 tumor cells. B) Percentages of CD107a* pNK cells stimulated with
IL-2 and IL-15, and co-cultured with K562 (IL-2/IL-15+K562, left panel), only co-cultured with K562
(No stim+K562, central panel), and unstimulated (No stimulation, right panel) conditions. C) Percentages
of CD107a* uterine NK (uNK) cells. D) Percentages of IFN-y* pNK cells. E) Percentages of IFN-y* uNK
cells. PB n=12, MB n=12. The dots represent the uNK cells, the triangles the pNK cells (blue=before
intervention, magenta=after intervention). Boxplots visualize the median (bold black line) and the
interquartile ranges. A Paired Wilcoxon signed-rank test was used for statistical significance (*p<0.05).
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uNK cells populations (Figure 3E). Additionally, the frequencies of CD57 and KIRs
remained unchanged (Supplementary Figure 3C-F).

Exercise reduces the IFN-y production by pNK cells in uRPL women
Lastly, we investigated the effect of the intervention on NK effector function by
determining the levels of intracellular granzyme B and perforin. In addition, we
analyzed NK cell degranulation (CD107a) and IFN-y production upon stimulation
with K562 target cells or cytokines (IL-2 and IL-15) before and after intervention. Our
analysis revealed no significant changes in CD107a expression intensity or frequency
in either pNK or uNK cells after intervention (Figure 4B-C, Supplementary Figure 5A).
Notably, stimulation with K562 cells did not enhance CD107a expression in uNK
cells compared to the unstimulated conditions (Figure 4C). IFN-y production was
significantly reduced by pNK cells (35.8 [3.5-50.4] to 23.1 [3.2-33.9]; p=0.028) after
intervention, with no substantial change observed in uNK cells (Figure 4D and E).
Overall, uNK cells demonstrated lower IFN-y production compared to their peripheral
counterparts upon stimulation and co-culture. Granzyme B and perforin production
remained unchanged post-intervention in unstimulated pNK cells (Supplementary
Figure 4B and Q).

Discussion

This study investigated the effects of a moderate-intensity aerobic exercise
intervention on the immune profiles of women with uRPL, focusing on immune cell
frequencies, NK cell receptor repertoire, and NK cell functional responses. To our
knowledge, this is the first study investigating the impact of an exercise intervention
strategy on systemic (PB) and uterine (MB) immune cells, particularly in women
with uRPL. The use of MB, a less commonly studied but highly relevant derivate of
uterine tissue in reproductive research, can aid in providing better understanding
whether exercise could impact the uterine immune environment. By conducting
comprehensive analyses of NK cell receptor repertoires and functional degranulation
assays in both PB and MB, we aim to provide new insights into characterization of
potential immunomodulatory effects of exercise in women with uRPL.

The moderate-intensity aerobic exercise intervention was shown to induce
phenotypic and functional changes in pNK cells. Firstly, we found a significant
decrease in the expression of NKp30 by pNK cells after intervention, while no
significant changes were detected in uNK cells. NKp30 is a critical activating
receptor expressed on both mature resting and activated NK cells (44). Depending
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on the isoform, NKp30 can either enhance NK cell activation or promote the
secretion of immunosuppressive cytokines, such as IL-10 (45). In the context of uRPL,
some studies have reported a higher expression of NKp30 compared to healthy
controls (46, 47), however, others have reported no significant differences (25, 48).
In addition to a decreased expression of NKp30, we also found a reduced expression
of CD161 (KLRB1) by pNK cells after exercise. Previously, Ntrivalas et al investigated
CD161 expression in uRPL patients and healthy controls but did not find any
differences (49). It has been shown that high CD161 expression on NK cells correlates
with pro-inflammatory NK cells indicating high cytokine responsiveness (50, 51).
Crosslinking of CD161 with its ligand lectin-like transcript 1 (LLT1) can increase IFN-y
expression (50, 52). Indeed, our functional assay revealed decreased IFN-y production
by pNK cells following exercise suggesting potential association with decreased
expression of CD161.In RPL patients, higher levels of IFN-y have been found compared
to controls, and this increase has been positively correlated with NK cell levels (53).
However, it is important to note that only a small proportion of samples could be
used in the functional assays. This reduces the ability to detect more subtle effects.
In addition, we found significant decrease in expression intensity of NKG2A in pNK
cells following intervention. Exercise has been shown to preferentially mobilize more
mature and differentiated NKG2A/KIR* NK cells in PB (37). While we did not observe
changes in the frequencies of KIRs after exercise, the decrease in NKG2A expression
suggests a shift towards a more systemic mature NK cell phenotype, consistent with
previous findings (34). Interestingly, NKG2A expression and frequency was not altered
in uNK cells, however, a trend was visible towards an increase of NKG2A expression by
CD569"CD16° NK cells.

In this study, we collected paired PB and MB samples from the same menstrual
cycle for each participant to compare the impact of exercise in systemic and uterine
immune environment. Interestingly, the changes in the function and receptor
expression of NK cells were confined to pNK cells and were not detected in uNK
cells. It is well-established that pNK cells and uNK cells are distinct cell subsets (12),
albeit the origin of uNK cells remains uncertain— some studies suggest that uNK
cells originate from recruitment of CD34'CD117+*CD94 NK precursor cells from the
PB to the uterus (54-56), while others propose that these cells directly derive from
CD34* precursor cells present in the uterus (57, 58). This distinction could raise
relevant questions about the diverse responsiveness of systemic versus tissue resident
cells to exercise. Some studies have shown that pNK cells are functionally responsive
to exercise (59-61). To the best of our knowledge, this is the first study to report effects
of exercise on uterine NK cells. Therefore, in the future, it would be interesting to
further investigate the differential responses of pNK and uNK cells to exercise.
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The effect of exercise on immune cell numbers and function can vary significantly
depending on the type, intensity, and duration of the exercise (62-65). Previous
studies have reported increased leukocyte mobilization, particularly of NK cells,
immediately after acute or high-intensity exercise (62, 63, 66, 67). However, we
did not observe an increase in NK cells frequencies which might be attributed
to a different duration and the choice for a moderate intensity exercise regimen.
Additionally, it was shown that immune cell numbers typically peak shortly
after an exercise session and later return to baseline levels (38, 67). Since we did
not collect blood immediately after the final training session, the timing of our
sample collection may explain the differences in our findings. Interestingly, we
observed that the frequencies of immune cells varied between women with uRPL.
Some exhibited increased NK cell percentages, while others showed reduced
percentages, suggesting that the effects of exercise may differ between individuals.
This variability could possibly be attributed to the lifestyle of women prior to the
intervention. Previously, it has been shown that people with a sedentary lifestyle
exhibited higher C-reactive protein and IL-6 levels, which could indicate low-grade
inflammation (68, 69). Moreover, it has been shown that age can also contribute
to differential immune responses to exercise. A study from de Almeida-Neto et al
showed that men of older chronological age (34.6+8.3) versus males of a younger
age (21.8+1.8) responded differently to exercise in their T cell compartment (70).
This highlights, that even within a narrow age-range, immune responses to exercise
can differ. In our study, we included women with different lifestyles and ages
(between 28 and 40 years old). Therefore, it would be relevant to study possible
associations between, among others, prior lifestyle and chronological age in
relation to the response of immune cells to an exercise intervention in more detail
in the future.

It is important to highlight several limitations that may have influenced the study’s
conclusions. The first limitation is that we do not know if the changes induced by
exercise are specific for uRPL patients. It may be that these changes also occur in
women with uncomplicated pregnancies or, for pNK cells, also in age-matched
men. Inclusion of a control group with non-uRPL women or males would be needed
to further elucidate this. Second, there are no reference values for the markers that
were affected by exercise. Furthermore, we were not able to evaluate multiple
consecutive samples to determine the sample variation over time in individual
patients by taking samples over multiple menstrual cycles or by sampling an
intervention control group with uRPL that did not undergo the exercise intervention.
For those markers, it would be interesting to include a larger cohort that could help
confirm whether the changes we observe are purely exercise-mediated or whether
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additional factors may be involved as well. Some studies have already investigated
the effects of the menstrual cycle on the expression of different uterine and
peripheral NK cell receptors, including KIRs and NKG2A. Both studies showed that
the expression was stable over different menstrual cycles (71, 72). Another point of
attention is that there could have been a selection bias. It has been suggested that
the endometrium of women with uRPL may be less selective for embryo quality,
allowing low-quality embryos to implant (73, 74). Since these embryos may fail
to develop properly, miscarriage is more likely to occur. In this study, participants
were allowed to conceive during the intervention, leading to a high drop-out rate
primarily due to pregnancy. As a result, we not only ended up with a relatively
small sample size, but we also lost a subgroup of women who may have a higher
propensity to conceive easily. As a follow up it would be interesting to perform
more in-depth analysis of NK cell phenotypes or function in subgroups of women

for example based on number of miscarriages, age, lifestyle factors. In the current
study, our groups were underpowered to do this type of analysis. Finally, we were
not able yet to correlate immune changes observed in response to the intervention
with pregnancy outcomes due to the short follow-up of our study, currently
limiting our ability to directly link these findings to clinical benefit. Despite these
limitations, our intervention strategy may offer broader health benefits for women
with uRPL, as regular physical activity is known to reduce risk factors commonly
associated with RPL, such as metabolic syndrome and cardiovascular disease.

In conclusion, our study showed systemic effects of moderate-intensity aerobic
exercise on immune phenotype and function in women with uRPL. Although it is
difficult to translate these results into clinical significance, this research has offered
new insights into the differential impact of exercise on both systemic pNK and
tissue-resident uNK cells. Future research should focus on increasing the sample
size, including a control cohort, and correlating the pregnancy outcomes to the
exercise-dependent changes to identify the clinical relevance of these immune
changes in pregnancy success or failure in women with uRPL.
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Supplementary Material

Women with uRPL included
in the intervention group (n=49)

Withdrew prior to intervention (n=8
- Pregnant (n=4) i«
- Declined to participate (n=4)

‘Women with uRPL that started
intervention (n=41)

Withdrew during intervention (n=13)
- Pregnant (n=11)

- Starting confounding medication (n=1)
l - Loss to follow-up (n=1)

Women with uRPL that finished
intervention (n=28)

Withdrew after intervention (n=2
- Declined to participate (n=2)

Exclusion after intervention (n=2
- Attendance to intervention <80% (n=1)
- Incomplete data (n=1)

Women with uRPL eligible for data
analysis (n=24)

Supplementary Figure 1. Flow chart of study population
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Supplementary Figure 2. Frequencies of different T cell and B cell subsets in MB and PB
before and after the moderate-intensity aerobic exercise intervention in women with uRPL.
A) Representative dot plots showing the gating strategy for determining T cell subsets. B) Percentages
of CD56'CD3* T cells of CD45* lymphocytes in MB and PB before and after the moderate-intensity
aerobic exercise intervention. C) Percentages of CD4* T cells, CD8" T cells, and CD125%*CD25*
regulatory T cells. D) Representative dot plots showing the gating strategy for determining B cell
subsets. E) Percentages of CD19*CD20* B cells of CD45* lymphocytes in MB and PB. F) Percentages
of naive B cells, switched memory B cells, and non-switched memory B cells of CD19*CD20* B cells.
PB n=22, MB n=22. The dots represent the uterine NK cells, the triangles the peripheral NK cells
(blue=before intervention, magenta=after intervention). Boxplots visualize the median (bold black
line) and the interquartile ranges. A Paired Wilcoxon signed-rank test was performed to determine
statistical significance.
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Supplementary Figure 3. Expression of NKp46, NKp30, CD57, and killer immunoglobulin-like
receptors by uterine NK and peripheral NK cells before and after the moderate-intensity aerobic
exercise intervention in women with uRPL. Median fluorescent intensity (MFI) of A) NKp46 and
B) NKp44 by NK cells in MB and PB before and after the moderate-intensity aerobic exercise
intervention. Percentages of C) CD57+, D) KIR2DL1+, E) KIR2DL2/L3*, and F) KIR3DL1* NK cells in MB and
PB. PB n=21, MB n=22. MFIs were normalized to the MFI of the fluorescence minus one control (FMO).
The dots represent the uterine NK cells, the triangles the peripheral NK cells (blue=before intervention,
magenta=after intervention). Boxplots visualize the median (bold black line) and the interquartile
ranges. A Paired Wilcoxon signed-rank test was performed to determine statistical significance.
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Supplementary Figure 4. Expression of NKG2A and NKG2C by uterine NK and peripheral NK cells
before and after the moderate-intensity aerobic exercise intervention in women with uRPL.
Percentages of NKG2A* A) CD56*CD3" total NK cells, B) CD564™CD16 NK cells, and C) CD569"CD16
NK cells in MB and PB before and after the moderate-intensity aerobic exercise intervention.
D) Percentages of NKG2C*CD56*CD3 total NK cells. E) Median fluorescent intensity (MFI) of NKG2C in
total NK cells. F) Percentage of NKG2C*CD569™CD16 NK cells in MB and PB. PB n=23, MB n=22. The
dots represent the uterine NK cells, the triangles the peripheral NK cells (blue=before intervention,
magenta=after intervention). Boxplots visualize the median (bold black line) and the interquartile
ranges. MFls were normalized to the MFI of the fluorescent minus one (FMO) control. A Paired Wilcoxon
signed-rank test was performed to determine statistical significance (*p<0.05).
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Supplementary Figure 5. Expression of functional makers CD107a, granzyme-B, and perforin by
uterine NK and peripheral NK cells before and after the moderate-intensity aerobic exercise
intervention in women with uRPL. A) Median Fluorescent Intensity (MFI) of CD107a* NK cells from
MB and PB in the IL-2 and IL-15 stimulated and co-cultured with K562 (IL-2/IL-15+K562, left panel),
unstimulated and co-cultured with K562 (No stim+K562, central panel), and unstimulated
(No stimulation, right panel) conditions. B) Percentages of granzyme B* unstimulated NK cells in PB
and MB. C) PB n=12, MB, n=12. Percentages of perforin* unstimulated NK cells in PB and MB. MFls were
normalized to the MFI of the fluorescence minus one (FMO) control. The dots represent the uterine
NK cells, the triangles the peripheral NK cells (blue=before intervention, magenta=after intervention).
Boxplots visualize the median (bold black line) and the interquartile ranges. A Paired Wilcoxon signed-
rank test was performed to determine statistical significance.
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Supplementary Table 1. Exclusion criteria

Exclusion criteria

Age > 40 years

BMI > 40

Current use of immunosuppressive or biological drugs

Current use of hormonal contraceptives

HIV positivity

Current or recent (< 2 weeks) symptomatic genital infection

Pre-existent diabetes mellitus, autoimmune disease, or overt cardiovascular disease
Vaccinations within 1 month prior to or during sampling and intervention
Breastfeeding

Current or recent (< 3 months ago) pregnancy

(Physical) inabilities to follow the moderate-intensity aerobe cycling training

Participants who are not capable of signing the informed consent
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Supplementary Table 2. List of antibodies used in flow cytometry experiments

Antibody Fluorochrome Clone
CD45 Krome Orange J33

CD3 BV605 HIT3a
D3 PE-Cy7 UCHT1
CD56 BV711 NCAM16.2
CD16 (FcyRll) APC-H7 3G8

CD4 PE-Cy7 SFCI12T4D1
CD8 APC-AF700 B9.11
CD19 APC-R700 HIB19
CD20 BV786 2H7
HLA-DR FITC G46-6
CD38 PE HB.7

IgD APC 1A6-2
CD27 BV421 M-T271
cD127 AF647 eBioRDR5
CD197 (CCR7) BV421 GO043H7
FoxP3 PE PCH101
CD45RA FITC ALB11
CD25 PerCP-Cy5.5 M-A251
CD158a (KIR2DL1T) FITC REA284
CD159c (NKG2Q) AF700 134522
CD336 (NKp44) PE 7231
CD337 (NKp30) PerCP-Cy5.5 P30-15
CD335 (NKp46) PE-Cy7 BAB281
CD161 (KLRB1) eFluor 450 HP-3G10
Perforin Pacific Blue dGo
Granzyme B PerCP-Cy5.5 QA16A02
IFN-y PE-Cy7 4S.B3
CD107a PE H4A3

CD16 AF700 3G8
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Abstract

Endometriosis is a chronic, estrogen-dependent disease characterized by
inflammation and immune dysregulation. Cytokine-mediated activation of the
JAK-STAT signaling pathway plays a significant role in driving inflammation and
modulating immune responses. In this study, we examined STAT3 phosphorylation
in immune cells from individuals with endometriosis after stimulation with
inflammatory cytokines. First, we showed that plasma samples from individuals
with endometriosis contained significantly higher IL-6 and MMP-10 concentrations
(p=0.021 and p=0.034, respectively), than controls. Cytokine stimulation of
peripheral blood mononuclear cells (PBMC) obtained from individuals with
endometriosis induced significantly higher STAT3 phosphorylation (p-STAT3)
compared to controls (p=0.035), with IL-6 alone sufficient to elicit this response.
Notably, the selective JAK1 inhibitor, Upadacitinib, reduced pSTAT3 to baseline
levels. Furthermore, pSTAT3 levels positively correlated with the level of FoxP3 and
ROR-yt expression, suggesting a potential role for STAT3 signaling in shaping T-cell
lineage commitment toward T helper 17 (Th17) or regulatory T (Treg) cell fates.
Overall, these findings identify the JAK-STAT3 axis as a key immunoregulatory
pathway and a promising therapeutic target in the treatment of endometriosis.

Keywords: endometriosis, inflammation, JAK-STAT, IL-6, Upadacitinib
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Introduction

Endometriosis is a chronic inflammatory disease affecting approximately 2-10% of
women of reproductive age (1). It is classically characterized by the presence of
endometrial-like tissue outside the uterus, most commonly in the peritoneal cavity,
and is associated with pain symptoms and infertility (2, 3). However, growing evidence
suggests that endometriosis is not merely a localized pelvic disorder but a systemic
condition marked by immune dysfunction and chronic inflammation (4, 5). Although
the exact origin of endometriosis remains debated, hypotheses such as retrograde
menstruation, coelomic metaplasia, and stem cell migration have been proposed (6).
One of the hallmark features of endometriosis is persistent inflammation, observed
both locally in the peritoneal cavity and systemically (7). Yet, it remains unclear
whether inflammation initiates the disease or perpetuates its progression.

Levels of inflammatory mediators including interleukin (IL)-13, IL-6, IL-18, TNF-q,
c-reactive protein (CRP), Vascular Endothelial Growth Factor (VEGF), and various

chemokines have been consistently investigated in the plasma, peritoneal fluid (PF),
and endometrial tissue of individuals with endometriosis (8-12). However, the
results of these studies are often conflicting, primarily due to variations in the
study design, control group, and disease stage. Inflammatory mediators are often
involved in crucial intracellular signaling pathways, which regulate immune cell
responses. Janus kinase/signal transducer and activator of transcription (JAK-STAT)
signaling pathway is regarded as one of the main communication nodes in the cell
function. JAK-STAT is activated by hormones, cytokines and growth factors (13) and
is implicated in malignancies and autoimmune disorders (14-16). Upon binding
to their respective ligand JAKs recruit STATs that are further phosphorylated and
transported to the nucleus to regulate genes involved in immune cell functions. The
signal transducer and activator of transcription (STAT) family comprises of STAT1,
STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6, each playing lineage-specific roles
in immune cell differentiation and function (17).

In endometriosis, aberrant STAT3 signaling has been implicated in both
immune dysfunction and lesion persistence (18, 19). Notably, increased levels of
phosphorylated STAT3 (p-STAT3) have been detected in the eutopic endometrium
of individuals with adenomyosis across both the proliferative and secretory phases
compared to healthy controls (20). While p-STAT3 plays a physiological role in
endometrial receptivity and decidualization during normal pregnancy, its persistent
activation in endometriosis may promote cell survival and disease progression (21).
STAT3 is known to influence T cell lineage commitment by promoting differentiation
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toward the T helper 17 (Th17) phenotype by inducing RAR-related orphan receptor
gamma (ROR-yt) expression (22). Moreover, sustained inflammatory signaling
through the STAT3 pathway has been shown to inhibit FoxP3 expression and
promote effector T cell expansion, thereby contributing to immune dysregulation
in chronic inflammatory conditions (22). Despite evidence of increased p-STAT3
in endometrial tissues, it remains unclear whether STAT3 is activated in peripheral
immune cells, especially T cells, in individuals with endometriosis.

It was shown that T cell profiles are altered in endometriosis, with an increased
peritoneal CD4/CD8 T-cell ratio and accumulation of Th17 cells correlating with
advanced disease stages (23, 24). Findings regarding regulatory T (Treg) cells in
endometriosis vary depend on the sample type investigated. Some studies report
increased frequencies of FoxP3X Tregs in the endometrial tissue located within
the uterus (i.e. eutopic endometrium) or peritoneal fluid (PF) (25), whereas others
describe reduced Treg frequencies in blood accompanied by higher percentages
in PF (24). In addition to conventional T cells, mucosal-associated invariant T
(MAIT) cells have been implicated in the inflammatory processes underlying
endometriosis. A recent study has reported increased frequencies of MAIT cells in
the PF of women with endometriosis compared to healthy controls (26). Given the
critical role of T cells in endometriosis, understanding how STAT3 influences T-cell
lineage commitment could provide valuable insights into disease mechanisms and
inform potential therapeutic strategies.

In this study, we investigated STAT3 activation and its role in T cell differentiation
of individuals suffering from endometriosis, with a focus on the Th17 and Treg
cell lineages.

Materials & Methods

Study Population

This study was conducted at the Radboud University Medical Center in Nijmegen,
the Netherlands, between February 2023 and June 2024. Ethical approval was
obtained from the regional ethics committee METC Oost-Nederland (reference
number: 2022-13650). Two groups were recruited: women with endometriosis
and healthy controls. Participants were enrolled through the outpatient clinic at
Radboudumc and via social media platforms of the Dutch patient advocacy group,
the Endometriosis Society. Interested women were screened based on predefined
inclusion and exclusion criteria. Eligible participants in the endometriosis group
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were women with a confirmed diagnosis of endometriosis or adenomyosis,
established by transvaginal ultrasound, Magnetic Resonance Imaging (MRI), or
surgical findings, and who reported pain symptoms with a Numeric Rating Scale
(NRS) score greater than four. Healthy controls were recruited from the same
cohort and were matched for age and reproductive status but had no history
of endometriosis.

All participants had to be at least 16 years old, nulligravida, premenopausal, and
have a Body Mass Index (BMI) between 18 and 30 kg/m”. Exclusion criteria for
both groups included current pregnancy, a diagnosis of Crohn'’s disease, ulcerative
colitis, short bowel syndrome, other chronic inflammatory diseases, celiac disease,
or active smoking.

OLINK proximity assay for measurement of inflammatory proteins
PB was drawn during different stages of menstrual cycle and collected in tubes
containing Sodium Heparin (BD Vacutainer). To collect plasma, PB was centrifuged

for 10 min at 20 C°, 2204 rpm. The collected plasma was stored at —80°C. To measure
pro-inflammatory markers in the plasma, 92-plex Olink inflammation panel (Olink
Proteomics AB) was used.

Isolation and freezing of peripheral blood mononuclear cells
Peripheral blood mononuclear cells (PBMCs) were isolated using Lymphoprep™
(STEMCELL Technologies) following the manufacturer’s instructions. Samples
were centrifuged for 15 minutes at 800 x g, without brake, at 20°C. The isolated
PBMCs were washed twice with PBS supplemented with 2% heat-inactivated
pooled human serum (HPS) and subsequently resuspended in RPMI 1640 medium
containing 10% HPS. Cells were cryopreserved at a concentration of 10 million
cells per milliliter in Recovery™- cell freezing medium (Gibco, Life Technologies).
The samples were initially stored at —80°C for 24 hours before being transferred to
liquid nitrogen for long-term storage.

Immunophenotyping with 42-color flow cytometry

For immunophenotyping immune cell subsets in PB, we used a previously
published flow cytometry panel and modified the panel to suit the specific aims
of this study (27). Frozen PBMCs were thawed following a standardized protocol.
Culture medium was pre-warmed in a 37°C water bath while samples were retrieved
from liquid nitrogen. Ampoules were thawed until nearly fully liquid, after which
1 mL of warm culture medium was added dropwise and gently resuspended. The
cell suspension was transferred to 15 mL Falcon tubes containing 5 mL of medium
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and centrifuged at 452 x g for 5 minutes at room temperature. The wash step was
repeated twice using fresh culture medium, followed by a final wash in PBS.

Cells were counted using a DxH 500 Hematology Analyzer (Beckman Coulter). For
staining, 500,000 cells were incubated with 125 pL of a surface antibody cocktail
for 30 minutes at room temperature in the dark. Unstained controls received
125 pL of PBS. After washing, a second surface antibody cocktail (125 uL) was
added and incubated under the same conditions. Cells were washed again with
3 mL of Fluorescence-Activated Cell Sorting (FACS) buffer (0.2% Bovine Serum
Albumin (BSA) in PBS), resuspended in 300 uL of FACS buffer, and analyzed on the
Sony ID7000 spectral flow cytometer. Antibody details for the flow cytometry can
be found in Supplementary Table 1. Samples were processed in multiple batches,
each including a PBMC control to monitor inter-batch variability.

Measuring phosphorylation levels of STAT3 with flow cytometry

To assess p-STAT3 (Y705), 250,000 PBMCs were stimulated for 30 minutes at 37°C
with either 50 ng/mL IL-6 alone or a cytokine cocktail containing 50 ng/mL IL-6,
10 ng/mL IFN-y, 10 ng/mL IFN-a, and 10 ng/mL TNF-a. Following stimulation, cells
were centrifuged and washed with PBS, then stained with surface marker antibodies
for 30 minutes at 4°C in the dark. After surface staining, cells were washed twice
with PBS containing 0.2% BSA. Cells were subsequently fixed using pre-warmed
BD Cytofix™ (BD Biosciences) for 10 minutes at 37°C, then permeabilized with BD
Phosflow Perm buffer (10x diluted in PBS, BD Biosciences) for 15 minutes on ice.
After two additional washes with PBS + 0.2% BSA, cells were stained with antibodies
targeting intracellular phosphorylated STAT proteins for 30 minutes at 4°C in the
dark. Finally, cells were washed twice and resuspended in 150 pL of PBS + 0.2% BSA
prior to acquisition. Samples were measured using the Sony ID7000 spectral flow
cytometer. Antibody details for the staining can be found in Supplementary Table 2.

Inhibition of STAT3 phosphorylation

To inhibit p-STAT3 (Y705), cells were treated with Upadacitinib at concentrations of
1 UM or 10 uM for 30 minutes at 37°C. Following this treatment, p-STAT3 (Y705) was
assessed using the stimulation and staining protocol as described above.

Assessment of correlation between p-STAT3 and FoxP3 and ROR-yt

To assess correlation between p-STAT3 (Y705) and T cell markers (FoxP3 and ROR-yt),
250,000 PBMCs were cultured for 30 minutes, 24h, and 48h at 37°C without any
stimulation. Following incubation, cells were stained for T cell specific markers
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using similar flow cytometry protocol mentioned above. Antibody details for the
staining can be found in Supplementary Table 3.

Data analysis and statistics

The 42-color flow cytometry data were analyzed using the cyCONDOR package
(v0.1.6) (28). Immune cell subset frequency and median fluorescence intensity (MFI)
of surface and intracellular markers were extracted. OLINK NPX (log2) data were
analyzed for individuals with endometriosis and healthy controls. After standard
Olink normalization/QC, proteins with low detectability were removed, and values
below LOD were handled per Olink guidance. Global patterns were summarized with
z-scored (by protein) heatmaps and PCA, and differential proteins were visualized
in volcano plots of ANPX versus —log10(p). For p-STAT3 analyses, MFI of p-STAT3
was compared between individuals with endometriosis and healthy controls were
performed using the Wilcoxon rank-sum for unpaired data and p-values < 0.05
were considered statistically significant. Correction for multiple testing has been
performed for OLINK and immunophenotyping data using Benjamini-Hochberg FDR.

Since our goal was to explore the role of p-STAT3 (Y705), multiple testing correction
was not applied to phosphorylation, inhibition, and timepoint experiments. All
statistical analyses and plots were generated in R version 4.4.1.

Results

Levels of IL-6 and MMP-10 are significantly higher in individuals with
endometriosis compared to healthy controls

To assess systemic inflammation, we compared plasma inflammatory proteins
between individuals with endometriosis (n=17) and healthy controls (n=9). A heatmap
of NPX values (z-scored by protein) showed more inflammatory profile in individuals
with endometriosis compared to healthy controls (Supplementary Figure 1).
Principle component analysis (PCA) similarly revealed substantial overlap between
groups, except for two outliers within the endometriosis cohort (Figure 1a). Despite
this overlap, several proteins including OPG, IL-18, IFN-y, CCL4, CDCP1, MMP-10, and
IL-6 were nominally different between groups (Figure 1b). After Benjamini-Hochberg
FDR correction, only IL-6 and MMP-10 remained significantly increased in individuals
with endometriosis compared to controls (unadjusted p=0.021 and p=0.034,
respectively; q<0.05, Figure 1c-d).
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Figure 1. Overview of inflammatory markers in individuals with endometriosis and healthy
controls. a) Heatmap showing row-scaled NPX values of inflammatory proteins measured for individuals
with endometriosis (orange; n=17) and healthy controls (green; n = 9). b) Principal component analysis
(PCA) plot based on inflammatory protein profiles. Outliers for each cohort are indicated with triangles.
) Volcano plot displaying log2 fold changes versus —-log10 p-values of inflammatory proteins. Red dots
represent proteins that changed significantly (p < 0.05) between healthy controls and endometriosis.
d) Boxplot showing IL-6 levels measured in plasma from individuals with endometriosis and controls.
e) Boxplot showing MMP-10 levels measured in plasma from individuals with endometriosis and controls.
Statistical analyses were performed using the Wilcoxon signed-rank test and correction for multiple
testing was applied using FDR. *p < 0.05; **p < 0.01.

The percentage of MAIT cells is significantly lower in individuals

with endometriosis

We next explored systemic immune cell composition using a 42 parameter (40 color)
high-dimensional flow cytometry panel in participants not using hormonal
contraception. Initial clustering based on marker expression intensities identified
12 major immune cell populations (Figure 2b). Overall, the composition of systemic
immune cell subsets were similar between individuals with endometriosis and healthy
controls (n=13 and n=5, respectively; Figure 2a-c). The frequencies of immune cells
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between endometriosis and healthy controls were comparable (Figure 2d). Although
the percentage of MAIT cells did not remain significant after correction for multiple
testing, they were reduced in endometriosis (unadjusted p=0.035, Figure 2e).

Within the T-cell compartment, higher-resolution clustering identified 17 T cell
subsets (Figure 2f, Supplementary Figure 1b). No significant differences were
observed in the frequencies of these cell subsets (Supplementary Figure 2a). The
Th1:Th2 ratio were comparable between endometriosis and healthy controls
(Supplementary Figure 2c). In addition, we observed a slight increase in Th17:Treg
ratio in individuals with endometriosis, however this difference was not statistically
significant (Figure 2g). Although the percentages of Th17 was similar between
cohorts, the percentages of Tregs were higher in endometriosis (Supplementary
Figure 2 d-e).

Individuals with endometriosis have significantly higher p-STAT3
upon stimulation
As STAT3 is implicated in immune dysregulation and the survival of ectopic lesions

in endometriosis, we examined its phosphorylation status (18, 19). PBMCs were
stimulated for 30 min with a cytokine cocktail (IL-6, IFN-y, IFN-a, TNF-a, endometriosis
n=10, control n=10). Relative to the unstimulated condition, pSTAT3 increased upon
stimulation, and addition of Upadacitinib reduced p-STAT3 to baseline (Figure 3a).
The level of p-STAT3 in monocytes did not differ between endometriosis and
controls (Figure 3b). B cells and NK cells in endometriosis showed higher p-STAT3
trends that did not reach significance (Figure 3c—d). Notably, the level of p-STAT3
was significantly higher in T cells from endometriosis (p = 0.035; Figure 3e). Finally,
IL-6 alone was sufficient to induce STAT3 phosphorylation in T cells (endometriosis
n=3, control n=3) (Figure 3f).

p-STAT3 is positively correlated with protein expression of ROR-yt
and FoxP3

Given the role of p-STAT3 in T-cell lineage commitment, we quantified ROR-yt and
FoxP3 protein expression at 30 min, 24 h, and 48 h (endometriosis n=5; control
n=>5) (22). The expression intensities of ROR-yt increased at 24h and 48h timepoint
compared to 30 min (Figure 4a-c). We observed that without any stimulation STAT3 is
phosphorylated at 24h and 48h (Supplementary Figure 3a-b). Therefore, we did not
stimulate the PBMCs any further. While at 30 min the expression intensity of ROR-
yt was similar between cohorts, at 24h timepoint individuals with endometriosis
had lower ROR-yt which went back to similar levels at 48h (Figure 4c). Individuals
with endometriosis had lower frequencies of ROR-yt*CCR6" cells at all timepoints
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Figure 3. STAT3 phosphorylation is significantly higher on T cells of individuals with
endometriosis. a) Histogram showing median expression intensity (MFI) of p-STAT3 for unstimulated
(no-stimulation; blue), stimulated (stimulation with cytokine cocktail; red), and Upadacitinib (addition
of inhibitor; orange) conditions. b) Line plot showing p-STAT3 in monocytes of individuals with
endometriosis (orange; n=10) and controls (green; n=10). ¢) Line plot showing p-STAT3 in B cells.
d) Line plot showing p-STAT3 in NK cells. e) Line plot showing p-STAT3 in T cells. f) Line plot showing
p-STAT3 in T cells upon stimulation with either IL-6, TNF-a, or IL-6+TNF-a. Statistical analysis was
performed using the Wilcoxon signed-rank test. *p < 0.05; **p < 0.01.

(Figure 4d). However, these results were not statistically significant. Finally, p-STAT3
and ROR-yt were positively correlated for both endometriosis and controls (Figure 4e).

The expression intensities of FoxP3 increased over time (Figure 4 f-h). When
comparing individuals with endometriosis with controls, a trend towards lower
FoxP3 expression in CD127°"CD25* Tregs was observed at all timepoints in
individuals with endometriosis (Figure 4h). Similarly, a trend towards decreased
Treg frequencies was observed across all timepoints in the endometriosis cohort
(Figure 4i). Finally, a positive correlation between p-STAT3 and FoxP3 expression
was observed in both endometriosis and healthy controls (Figure 4j).
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Discussion

In this study, we examined how inflammatory cues influence immune cell
differentiation in individuals suffering from endometriosis. Upon cytokine stimu-
lation, p-STAT3 in T cells of blood increased significantly in individuals with endome-
triosis compared to healthy controls, and IL-6 alone was sufficient to induce
STAT3 phosphorylation. Pharmacological inhibition of the JAK-STAT pathway
with Upadacitinib reduced p-STAT3 levels to baseline, might suggest a potential
therapeutic avenue. Unexpectedly, p-STAT3 correlated positively with both ROR-yt
and FoxP3, which contrasts with the canonical model in which IL-6/STAT3 signaling
promotes Th17 development while antagonizing Treg differentiation. Together, these
findings point to heightened STAT3 responsiveness in T cells from individuals with
endometriosis and highlight the need for further studies to clarify how STAT3 activity
modulates Th17/Treg differentiation and lineage balance in this disease.

Investigation of inflammatory proteins in the plasma revealed significantly higher

levels of IL-6 in individuals with endometriosis compared to healthy controls.
Indeed, IL-6 was reported previously to be elevated in plasma, serum, and PF of
individuals with endometriosis (29-31). It is a key inflammatory cytokine involved
in JAK-STAT cascade regulating inflammation and immune responses (32). In line
with higher circulating IL-6 and its established function as a major driver of STAT3
activation, we found that IL-6 stimulation alone induced p-STAT3 in T cells from
individuals with endometriosis. Unfortunately, our study was underpowered to
confirm whether this increase was statistically significant. It was previously shown
that p-STAT3 plays roles in endometrial receptivity and decidualization process
during normal pregnancy. Paradoxically, hyperactivation of STAT3 in endometriosis
can promote cell survival (21). This hyperactivation of STAT3 is thought to be driven
by hypoxia-induced IL-6 production from ectopic lesions, which perpetuates a
positive feedback loop of inflammation and immune imbalance (18, 33).

In addition to elevated IL-6, MMP-10 protein levels were significantly higher in
individuals with endometriosis. Increased MMP-10 expression was previously
reported in the eutopic endometrium of individuals with endometriosis, linking
it to enhanced tissue remodeling and invasion (34). Interestingly, MMP-10 can be
transcriptionally induced by TGF- signaling (35). Moreover, TGF- itself has been
shown to interact with the IL-6/STAT3 signaling pathway either by promoting IL-6
production or by potentiating STAT3 phosphorylation (36, 37). Together, these
observations suggest a potential TGF-B-IL-6/STAT3-MMP-10 signaling crosstalk
contributing to the inflammatory and fibrotic milieu characteristic of endometriosis.
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The cytokine milieu and STAT activation status are key determinants of lineage
commitment of T cells into Th1, Th2, Th17, or regulatory T cells (Tregs). STAT1 and
STAT4 promote Th1 differentiation (38), STAT6 supports Th2 polarization (39), and
STAT3, particularly in the presence of IL-6 and TGF-f3, skews cells toward a Th17
phenotype by inducing ROR-yt expression (22). In contrast, activated STAT3 has been
shown to inhibit FoxP3 expression on Tregs and promote effector T cell expansion
exacerbating immune dysregulation in chronic inflammatory conditions (22).
Consistent with these findings, we observed positive correlation between p-STAT3
and ROR-yt expression. However, p-STAT3 levels also correlated positively with FoxP3
expression intensity. Given that correlations were measured at 24-48 h in PBMC
cultures, it is plausible that cytokines released by non-T cells activated additional
STAT pathways (e.g., STAT1/STAT5), complicating the interpretation of STAT3's specific
contribution to T-cell lineage commitment.

Despite the known importance of T cells in the pathogenesis of endometriosis,
studies on Treg frequencies and function have yielded inconsistent results (40).
Some report increased proportions of CD25"9"FoxP3* Tregs in PF and reduced
proportions in PB (24, 41), while others observe no significant differences in PB
compared to controls (42). These discrepancies may stem from differences in
study design, timing within the menstrual cycle, and disease stage heterogeneity.
In our study, we did not find significant differences in the percentages of Tregs
or Th17:Treg ratio in blood between individuals with endometriosis and controls.
However, we saw trends towards lower FoxP3 expression in individuals with
endometriosis. Further studies focusing on functions of these cells might give more
information about their role in endometriosis.

Current pharmacological treatment options for the management of the
endometriosis symptoms are limited to hormonal treatments, analgesics and
non-steroidal anti-inflammatory drugs (NSAID) (43). These treatment options
do not eradicate the disease underscoring the need for new strategies. Given
the central role of JAK-STAT signaling pathway in driving inflammation and
influencing immune cell responses, pharmacological inhibition of this pathway
might be a promising therapeutic strategy. Few studies have investigated targeted
inhibition of JAK-STAT pathway in endometriosis using either human tissues or
mouse models. In experimental mouse models, treatment with the JAK inhibitor
tofacitinib led to lesion regression and reduced adhesions while lowering STAT3
activity (44). Similarly, the direct STAT3 inhibitor Stattic, reduced disease burden
and attenuated IL-6/TGF-{3 signaling in a mouse model, supporting in vivo proof-of-
concept for this therapeutic approach (45). Complementary in vitro studies using
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human endometriosis—derived stromal cells demonstrated that pharmacological
targeting of this axis with WP1066 (JAK2/STAT3 inhibitor) reduces p-JAK2/p-STAT3
and downregulated pro-inflammatory responses (46). Related work has also
implicated Niclosamide (47) and Cryptotanshinone (48) as modulators of STAT3-
driven signaling in preclinical models. Consistent with these findings, in our cohort
short-term inhibition with the selective JAK1 inhibitor, Upadacitinib, reduced STAT3
phosphorylation to baseline, indicating on-target activity. Taken together, these
mouse and human data support testing JAK/STAT3-targeted therapies to see how
they affect inflammation, immune function, and clinical outcomes in endometriosis.

In conclusion, we show that individuals suffering from endometriosis display a
T cell fingerprint which is dominated by the IL-6-JAK-STAT3 axis and is underlined
by the correlation with ROR-yt and the presence of Th17 cells. By modulation of this
pathway via Upadacitinib, STAT3 activation can be normalized, which could be a
promising but further studied strategy to modulate pathological T cell development
in endometriosis in the future.
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Supplementary Figure 1. Heatmap showing row-scaled NPX values of inflammatory proteins
measured for endometriosis (orange, n=17) and healthy controls (green, n=9).
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Supplementary Figure 2. Immune landscape of blood in individuals with endometriosis and
controls. a) Stacked bar plot indicating frequencies of 17 T cell subsets. b) Heatmap showing scaled
marker expression for each cell subset. ¢) Boxplot showing Th1:Th2 ratio in endometriosis (orange;
n=13) and controls (green; n=5). d) Boxplot showing frequency of Th17 cells. ) Boxplot showing
frequency of Tregs. Statistical analysis was performed using the Wilcoxon signed-rank test. *p < 0.05;
**p < 0.01.
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Supplementary Table 1. Antibody details for the 42-color flow cytometry panel.

Fluorochrome Marker Company

BD OptiBuild™BUV615 TCR-y6 BD

BD OptiBuild™ BUV496 CD28 BD

BD OptiBuild™ BUV563 CD196 BD

BD OptiBuild™ BUV615 CD123 BD

BD OptiBuild™ BUV661 1gG BD

BD OptiBuild™ BUV737 CD103 BD

BD OptiBuild™ RY586 CD56 BD

BD Horizon™ BV480 CD185 BD

BD OptiBuild™ BV750 CD29%4 BD

BD Horizon™ RB780 CD69 BD

BD Horizon™ BUV395 CD183 BD

BD OptiBuild™ BUV805 CD24 BD
PerCP/Cyanine5,5 CD16 Biolegend
PE/Fire™ 640 CD19 Biolegend
PE/Fire™ 700 CD45RA Biolegend
PE/Cyanine5 CD278 Biolegend
Brilliant Violet 785™ CD279 Biolegend
PE/Cyanine?7 CD11c Biolegend
PE/Dazzle™ 594 CD141 Biolegend
PerCP CD8 Biolegend
Spark Blue™ 550 CD3 Biolegend
Brilliant Violet 570™ CD127 Biolegend
APC TCRVa7,2 Biolegend
Spark NIR™ 685 CD197 Biolegend
Brilliant Violet 605™ CD25 Biolegend
Brilliant Violet 650™ CD38 Biolegend
PE/Fire™ 810 CD194 Biolegend
Spark Blue™ 574 CD45 Biolegend
Brilliant Violet 711™ Tigit Biolegend
Spark Violet™ 538 CD14 Biolegend
Zombie NIR™ Fixable Viability Kit Fix viability dye Biolegend
Alexa Fluor 700 1gM Biolegend
PerCP/Fire™ 806 CD4 Biolegend
APC 1gD Biolegend
APC/Fire™ 810 CD11b Biolegend
FITC CD27 Biolegend
PE CD49a Biolegend
Brilliant Violet 421™ CD39 Biolegend
Brilliant Violet 510" CD326 (EpCAM) _|Biolegend
NovaFluor™ Yellow 730 CD1c Invitrogen
NovaFluor™ Blue 660-40S HLA-DR Thermofisher
eFluor™ 450 CD161 Thermofisher
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Supplementary Table 2. Antibody details for the assessment of p-STAT3.

Fluorochrome Marker Company
BUV496 CD19 BD

APC-Cy7 CD16 BD

AF488 STAT3(pY705)  |BD

Alexa Fluor 700 CD8 Biolegend
Spark NIR 685 CD3 Biolegend
Spark Violet 538 CD14 Biolegend
Brilliant Violet 750 CD56 Biolegend
Alexa Fluor 647 CD4 Biolegend
Zombie-NIR Fix Viability Dye [Biolegend

Supplementary Table 3. Antibody details for the assessment of correlation between p-STAT3,
FoxP3, and ROR-yt.

Fluorochrome Marker Company
Alexa Fluor 700 CD8 Biolegend
SparkBlue™ 550 D3 Biolegend
Briljant Violet 750™ CD56 Biolegend
Alexa Fluor 647 D4 Biolegend
Zombie-NIR Fix Viability Dye Biolegend
Spark NIR™ 685 (D197 Biolegend
Brilliant Violet 570™ CD127 Biolegend
Brilliant Violet 605™ CD25 Biolegend
PE/Fire 810™ (D194 Biolegend
BD Horizon™BUV395 CD183 BD
BD OptiBuild™BUV563 CD19%6 BD
AF488 STAT3 BD
BD Horizon™ PE-CF594 ROR-yt BD
PE FoxP3 Ebioscience
Rat Serum Ebioscience
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Abstract

Endometriosis is a chronic, estrogen-dependent inflammatory disease and the most
common benign gynecologic condition. Due to limited treatment options, many
individuals with endometriosis pursue self-management to control symptoms and
improve health-related quality of life (HRQolL). Although various diets are linked
to symptom relief, solid evidence is scarce. It remains unclear whether benefits
reflect diet-driven physiological changes or the psychological impact of self-
management. In this prospective explorative feasibility study, 23 individuals with
endometriosis completed a 12-week anti-inflammatory diet intervention (AIDEN-
intervention). Primary outcomes were changes in average and maximum pain
scores measured with a numerical rating scale (NRS); secondary outcomes assessed
HRQoL, chronic inflammation, immune system, vaginal and gut microbiomes. The
AIDEN-intervention reduced NRS pain scores and improved HRQoL. Inflammatory
proteins showed no significant change. However, CD8+ Mucosal-Associated Invariant
T (MAIT) cell percentages increased in blood while decreasing in the uterus after
the AIDEN-intervention. Gut and vaginal microbiomes showed no significant shifts.
These findings suggest that an AIDEN-intervention is a viable symptom-management
strategy, while physiological mechanisms underlying benefit require further study.

Clinical Trail Register number EUdraCT 2022-13492.

Keywords: dietary intervention, anti-inflammatory, endometriosis, pain, quality of
life, self-management, inflammation, MAIT cells, microbiome
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Introduction

Endometriosis is a chronic, estrogen-dependent inflammatory disease characterized
by the presence of endometrial-like tissue outside the uterine cavity (1). Common
symptoms are severe (pelvic) pain, dysmenorrhea, dyspareunia, and dysuria, though
it may also include gastrointestinal symptoms, infertility, migraine, and fatigue (2, 3).
Beyond these physical symptoms, endometriosis substantially impairs health-related
quality of life (HRQol), affecting physical, psychological, and social well-being(4, 5).
This debilitating disease impacts approximately 10% of reproductive age individuals
that were assigned female at birth (from here referred to as women), affecting around
190 million people worldwide (1). Unfortunately, there is no cure for endometriosis
and current hormonal and surgical therapies often fail to provide lasting relief. Up
to 50% of women experience recurrent or persistent symptoms (1). Consequently,
many women diagnosed with endometriosis turn to self-management strategies,
and dietary adjustments are among the most common (6, 7).

Diets rich in omega-3 fatty acids, vitamin D, dietary fiber, and antioxidants
(e.g., vitamins C and E, beta-carotene, selenium, zinc, polyphenols) have been
linked to reduce endometriosis-related pain (8, 9). Additionally, probiotic-rich

foods (e.g., yogurt, kefir) and flavonoid-rich foods can enhance Natural Killer (NK)
cell activity (10, 11), while nutrients such as vitamins A and D, polyunsaturated
fatty acids, and probiotics promote regulatory T (Treg) cell development (12). By
contrast, diets high in pro-inflammatory components, such as saturated- and trans
fatty acids and processed meats, may exacerbate systemic inflammation (13-16).
These pro-inflammatory components can furthermore promote a pro-inflammatory
gut microbiome and increase intestinal permeability, of which both are closely
linked to dysbiosis (17). In contrast, fiber-rich plant-based and Mediterranean diets,
rich in anti-inflammatory components can positively influence microbial diversity
and influence bacterial metabolites linked to inflammation (18, 19). Because of
their immunomodulatory effects and their influence on inflammatory processes,
both macro- and micronutrients can profoundly affect the regulation of pro- and
anti-inflammatory pathways (20-23). This is particularly relevant to endometriosis
where immune dysregulation and chronic inflammation are key features in the
pathophysiology of the disease.

Peritoneal lesions as well as the eutopic endometrium of individuals with endo-
metriosis harbor increased numbers of macrophages compared to eutopic
endometrium from controls (24, 25). NK cells in the peritoneal fluid (PF) of individuals
with endometriosis are reduced in number and function, and their cytokine release
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facilitates endometrial cell adhesion, invasion, and neovascularization (26, 27).
T cell profiles are also skewed, where an elevated peritoneal CD4/CD8 T-cell ratio
and accumulation of T helper 17 (Th17) cells has been shown to correlate with
advanced stages of endometriosis (28, 29). Concurrent increases in Treg cells
foster local immune tolerance, and B cells may contribute to inflammation through
cytokine release and autoantibody production (26, 30). In addition to conventional
T cells, mucosal-associated invariant T (MAIT) cells have been implicated in the
inflammatory processes underlying endometriosis. A recent study has reported
increased frequencies of MAIT cells in the PF of individuals with endometriosis
compared to healthy controls(31). Interestingly, MAIT cells have been associated
with microbial imbalance in the gut microbiome, also known as dysbiosis (32).
MAIT cells are likely to be one of the first immune cells exposed to translocated gut
microbes and inflammatory signals. Dysbiosis at mucosal surfaces can influence
MAIT cell frequency and function both locally and systemically (33). Notably,
women with endometriosis exhibit distinct microbial compositions in the vaginal,
cervical, and gut microbiota compared to healthy controls(34). It is suggested that
dysbiosis may contribute to the pathogenesis of endometriosis by promoting local
and systemic immune dysfunction (35).

While various dietary adjustments have been reported by women with endo-
metriosis to be beneficial in alleviating their symptoms, robust scientific evidence
remains limited (8, 36, 37). Furthermore, it is unclear whether any reported symptom
relief arises from direct biological effects of dietary adjustments or from the
psychosocial benefits of active self-management. However, given the inflammatory
nature of endometriosis and the emerging evidence suggesting that dietary factors
can modulate systemic inflammation, diet presents as a promising target for pain
management in endometriosis. We hypothesize that an anti-inflammatory diet
may reduce chronic inflammation and influence immune cell and microbiome
composition, thereby alleviating pain and enhancing HRQoL in endometriosis.

To explore this, we conducted an explorative feasibility study examining the effects
of an anti-inflammatory diet intervention (AIDEN-intervention) on pain symptoms
and HRQol in individuals with endometriosis. Additionally, we evaluated the impact
on chronic inflammation, immune system and the composition of the vaginal and
gut microbiome.
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Materials and methods

Study population

This prospective explorative feasibility study, with a pre-post design, was performed at
the Radboud University Medical Center Nijmegen, the Netherlands. It was conducted
between February 2023 and June 2024. Ethical approval was granted by the regional
ethics committee ‘'METC Qost-Nederland’in the Netherlands (reference number: 2022-
13650) and registered at the EU Clinical Trails Register (reference number EUdraCT
2022-13492). Women with endometriosis were recruited at the Radboud University
Medical Center and the social media channels of the Dutch patient representative
group for endometriosis, the Endometriosis Society. Eligible participants were
screened based on specific inclusion and exclusion criteria. Women with a confirmed
diagnosis of endometriosis or adenomyosis through ultrasound, Magnetic Resonance
Imaging (MRI), or surgery and experiencing pain symptoms with a Numerical Rating
Scale (NRS) score greater than four could participate. Furthermore, participants were
at least 16 years old, nulligravida, premenopausal, had a Body Mass Index (BMI)
between 18 and 30 kg/m? committed to not changing their use (or non-use) of dietary
supplements, and willing to obey the study protocol. Additionally, eligible participants
needed to be proficient in Dutch or English to comprehend the AIDEN-intervention

and provide written informed consent. Women were excluded if they were pregnant,
had been diagnosed with an eating disorder, inflammatory bowel disease, short bowel
syndrome, another chronic inflammatory disease, celiac disease, followed a vegan
diet, smoked, had a Food Frequency Questionnaire (FFQ) Eetscore-FFQ greater than
140, participated in another intervention study, or had surgery during the study period.

Study design

This exploratory feasibility study was conducted to generate preliminary insights
and aimed to include twenty individuals with endometriosis, with the sample size
informed by a similar feasibility study in this population(38). Participants attended
a study visit upon inclusion (Baseline) and a follow-up visit one to four weeks
later (TO), with the timing of the follow-up visit determined by their menstrual
cycle. After this run-in period participants started with the AIDEN-intervention for
12 weeks, which was finished by a final visit (T1). Participants were provided with
instructions for the collection of feces, vaginal swab, and menstrual effluent (ME).
These samples were collected by the participant before each visit. In addition,
peripheral blood (PB) was drawn from participants during every visit. At the time
of these study visits participants completed a series of online questionnaires. These
questionnaires covered various aspects, including demographic characteristics,
diet quality, pain symptoms, HRQoL, sleep quality, and physical activity levels.
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AIDEN-intervention

During the run-in period (Baseline to T0), participants completed a phone
consultation with the dietitian, during which their eating habits and a 24-hour recall
were assessed. This information was used to create a personalized nutrition plan,
which was further discussed during an in-person consultation at the start of the
AIDEN-intervention (T0). Participants received tailored dietary advice, along with an
information folder containing recipes, food substitutions, and two-week meal plans.

A certified dietitian specialized in endometriosis provided ongoing support
throughout the intervention. In addition to the TO visit, participants had three
individual consultations (via videocall or in person) at the beginning, middle, and
end of the AIDEN-intervention. Adherence was monitored using unannounced
24-hour recalls. Additional phone consultations were available upon request.
Participants were asked to avoid changes in physical activity, maintain their current
supplement use and record the use of medications, including analgesics.

The anti-inflammatory diet used in the AIDEN-intervention is based on the Dutch
Healthy Diet Index 2015(39) (DHD2015) and shares features with the EAT-Lancet,
Mediterranean, and Healthy Eating Index dietary patterns. It promotes high intake
of vegetables, fruits, legumes, nuts, fish, whole grains, and dairy, while limiting
red and processed meat, sugary drinks, salt, added sugars, and saturated fats(40).
Making it a predominantly plant-based diet. Dietary guidelines and study design
are summarized in Figure 1.

Data collection

Questionnaires

The primary outcome of this study was the NRS pain score, which was assessed to
evaluate average and maximum pain levels experienced in the last month. Clinically
relevant differences were based on the cut-off values mentioned in the study of Farrarr
et al,, indicating a reduction of 30% or 2 points (41). For HRQoL the Endometriosis
Health Profile-30 (EHP-30), and the Short Form-36 (SF-36) were administered. The
EHP-30 is an endometriosis specific HRQoL questionnaire, which consists of five
domains. Lower scores indicate better health and a lower impact of endometriosis
symptoms, while higher scores indicate a lower HRQoL. The SF-36 assesses eight
domains of physical and mental health, from which the Physical Component Summary
(PCS) and Mental Component Summary (MCS) scores are calculated. A score of fifty
represents the population average, with higher scores indicating better health and
lower scores reflecting poorer health. Sleep quality was evaluated using the
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Pittsburgh Sleep Quality Index (PSQI), in which lower scores suggest better sleep
quality, and a total score greater than five indicates a poor sleep quality. Physical
activity level was measured with the International Physical Activity Questionnaire
Short Form (IPAQ-SF). Diet quality was assessed three times throughout the study
period using the Eetscore-FFQ, a validated and reproducible questionnaire designed
to assess adherence to the DHD2015. This index emphasized dietary patterns aligned
with anti-inflammatory principles and consists of 16 dietary components. For each
component a total score of ten points can be given, with a higher score indicating
a better adherence to the DHD2015. A total score is calculated by summing all
components, resulting in an Eetscore-FFQ range from 0 — 160*2. Based on the data
from the four 24h-recalls specific macro- and micronutrient intake was measured
using Compl-eat™. In addition, a dietary evaluation questionnaire was administered
at T1 to assess the AIDEN-interventions taste, affordability, and feasibility.

Biological data

Olink proximity assay for measurement of inflammatory proteins
For the collection of PB, tubes containing Sodium Heparin (BD Vacutainer) were

used. To collect plasma, PB was centrifuged for 10 min at 20 C°, 2204 rpm. The
collected plasma was stored at —80°C. To measure pro-inflammatory markers in the
plasma, 92-plex Olink inflammation panel (Olink Proteomics AB) was used.

Isolation of immune cells from peripheral blood and menstrual effluent

To study the composition of uterine immune cells, participants collected ME at TO
and T1 using a menstrual cup (AllMatters OrganiCup), right after the start of menses,
for a total of 36 hours (42). Every 12 hours, the cup was emptied in a new collection
tube, containing RPMI1640 medium (ThermoFisher Scientific, Waltham, MA, USA)
supplemented with 10% human pooled serum (HPS) (Zen-Bio, Durham, NC, USA),
1 mM pyruvate (ThermoFisher Scientific), 2 mM GlutaMAX™ (ThermoFisher Scientific),
100 U/mL penicilin/100 pg/mL streptomycin (ThermoFisher Scientific), and 0.3%
sodium citrate (Merck, Darmstadt, Germany). PB (10 mL) was collected in ethylene
diamine tetra acetic acid (EDTA) tubes and stored at room temperature.

The collected ME from was first pooled together and centrifuged. After centrifugation,
the pellet of the ME was filtered through a 70 um cell strainer (PluriSelect Life Science,
Leipzig, Germany) by creating a vacuum using a connector ring (PluriSelect) and a
30 mL syringe (Terumo Corporation, Tokyo, Japan). The filtered ME was then incubated
for 20 minutes at room temperature with RosetteSep™ Human Granulocyte Depletion
Cocktail (STEMCELL Technologies, Vancouver, Canada) according to manufacturer’s
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instructions, after which the sample was diluted with an equal volume of Phosphate-
Buffered Saline (PBS) 2% Horse Serum.

Subsequently, ME mononuclear cells (MMCs) and PB mononuclear cells (PBMCs) were
isolated using Lymphoprep (STEMCELL Technologies) according to manufacturer’s
instructions. The samples were centrifuged for 15 min at 800g, no brake at 20°C.
Isolated MMCs and PBMCs were frozen in Recovery™ cell freezing medium (Gibco,
Life Technologies) and stored at —80°C for 24 hours before being transferred to liquid
nitrogen for long-term storage.

Immunophenotyping with high dimensional flow cytometry

For the immunophenotyping of immune cell subsets in PB and ME, a modified
version of a previously published 40-color flow cytometry panel was used (43).
For staining, 500,000 cells were incubated with 125 pL of a surface antibody
cocktail for 30 minutes at room temperature in the dark. Unstained controls were
incubated with 125 pL of PBS. After washing, a second surface antibody cocktail
(125 pL) was added and incubated under the same conditions. Cells were washed
again with 3 mL of Fluorescence-Activated Cell Sorting (FACS) buffer (0.2% Bovine
Serum Albumin (BSA) in PBS), resuspended in 300 pL of FACS buffer, and measured
on the Sony ID7000 spectral flow cytometer (Sony Biotechnology). Samples were
acquired in multiple batches, each including a control sample to monitor inter-
batch variability.

Gut and vaginal microbiome

Participants were asked to collect vaginal swabs during the luteal phase of their
menstruation, and feces was collected maximum 24 hours prior to the study visit.
Samples were stored in the fridge until the time of the study visit. The microbiome
composition of fecal samples and vaginal swabs was determined through 16S rRNA
gene profiling. DNA was isolated from vaginal swabs (eNAT® swabs, Copan) using
Qiagen DNA isolation kit. A total of 250 ug of the fecal sample was homogenized
using bead beating, and DNA was isolated with a Maxwell 16 system (Promega
Corporation) according to the manufacturer’s protocol. Amplification of the V4
hypervariable regions of the 16S rRNA gene was performed using barcoded primers
515F (5'-GTGCCAGCMGCCGCGGTAA-) and 806R (5'-GTGCCAGCMGCCGCGGTAA-).
Libraries consisted of uniquely barcoded samples, negative controls and two mock
communities to assess quality control. This amplicon mixture was sequenced using
a commercially available platform (HiSeq 2000; Illumina, Inc).
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Data analysis and statistics

Questionnaire data was collected using Castor EDC (Castor Electronic Data Capture,
Ciwit BV, Amsterdam, the Netherlands) and analyzed using IBM SPSS for Windows,
version 29.0 (IBM Corp., Armonk, NY, USA). Baseline characteristics were presented as
continuous variables using descriptive statistics with mean and standard deviation
(SD) for normally distributed data and median with interquartile ranges (IQR) for non-
normally distributed data. Categorical variables were presented as absolute numbers
and percentages. Data were calculated using the paired samples Student’s t-test for
normally distributed variables, and the Wilcoxon Signed-rank test for non-normally
distributed variables/parameters. Two-sided p-values of < 0.05 were considered
statistically significant.

Olink Normalized Protein eXpression (NPX) (log2) data were analyzed in a paired
pre-post design. After standard Olink normalization and quality control, proteins
with low detectability were removed, and values below Limit of Detection (LOD)
were handled per Olink guidance. Global patterns were summarized with z-scored
(by protein) heatmaps and Principle component analysis (PCA), and differential
proteins were visualized in volcano plots of ANPX (post-pre) versus —log10(p).
Statistical analysis of cell type abundances and protein levels were done using
paired Wilcoxon Signed-Rank test and resulting p-values were adjusted using
Benjamin-Hochberg procedure and a FDR-cutoff of 5%. Two-sided p-values of
< 0.05 were considered statistically significant.

Prior to the flow cytometry analysis, debris was removed according to FSC-Area and
SSC-Area. Singlets were gated (SSC-Area vs. SSC-Height) and dead cells were
removed. After unmixing of the data FCS files were exported for unsupervised
analysis using the cyCONDOR package (v0.1.6) (44), which was done separately
for the PBMC and MMC data. Briefly, data was imported into the cyCONDOR
ecosystem (max. of 90 000 cells/sample for PBMCs and 30,000 cells/sample
for MMCs) followed by auto-logical transformation using the prep_fcd function.
PCA was performed excluding live/dead, FSC and SSC parameters (and CD326 for
the PBMC data) using the run_PCA function. Non-linear dimensionality reduction
was performed by Uniform Manifold Approximation and Projection (UMAP) using
the runUMAP function with default settings and all principle components as input.
The implemented harmonize_PCA function was used to correct for experimental
batches. Clustering by the runPhenograph function (k = 90) was followed by
manual cluster annotation into broad cell types based on known cell type markers.
Subsequently, the dataset was subsetted for the main identified cell types (B cells,
T cells, NK cells, myeloid cells) and each subset was further analyzed separately as
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described above to identify cell type subsets. For visualization of all identified cell
type subsets, the fine level cell type annotations for each subset were combined
and mapped onto the total data set UMAP space and visualized using the plot_dim_
red function. Two-sided p-values of < 0.05 were considered statistically significant.

For the analysis of the gut- and vaginal microbiome data processing was
performed using the NG-Tax semantic framework (open-source) on demultiplexed
fastq files with default settings, except for the read length, which was adjusted
to 125 base pairs (45). Taxonomy of amplicon sequence variants (ASVs) was
assigned using the SILVA 138.1 reference database (46). Relative abundance of top
15 species at genus level was calculated and plots were generated in R (v5.5.1)
using packages phyloseq (v1.52.0)(47) and microbiome (v1.30.0). Beta-diversity was
calculated using the Bray—Curtis dissimilarity, generating a principal coordinates
analysis (PCoA) ordination plot with the R package vegan (v2-7.1). Differential
abundance analysis was done using the R package DESeq2 (v1.48.2) (48).

Results

In total 56 women with endometriosis were assessed for eligibility. Twenty-
three women fulfilled the inclusion criteria and started the AIDEN-intervention.
Eventually, 18 of them completed the intervention (78.3%), and were available for
analysis. A flow chart of the in- and exclusion process is shown in Supplementary
Figure 1 and cohort characteristics are presented in Table 1.

AIDEN-intervention reduced pain levels of individuals

with endometriosis

After the AIDEN-intervention a clinically relevant improvement was observed
in NRS pain scores. Average pain scores significantly decreased with 30%, from
5.7 +£1.91t04.0 + 1.9 (p =0.018; Figure 2a). For maximum pain scores, there was a
decrease of almost two points, 8.6 + 1.1 to 6.7 + 2.9 (p = 0.012; Figure 2b).

AIDEN-intervention increased health-related quality of life of
individuals with endometriosis

A significant improvement in HRQoL was observed at the end of the AIDEN-
intervention, using the SF-36 and EHP-30 core questionnaire. After the AIDEN-
intervention there was no significant improvement on the eight domains of the
SF-36. However, the MCS improved significantly (p = 0.019) (Supplementary Table 2).
The total mean score of the EHP-30 improved significantly from 45.0 £ 14.1 to
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29.6 £ 18.1 (p = 0.003), which was reflected in all five subdomains showing a
significant improvement (p = < 0.001 - p = 0.036; Table 2).

Baseline, Run-in period . Intervention period (T’I |
( > P P /
4 1 2 3

Weeks 1- 4 5 6 7 8 9 10 1 12
& o) &
\o &9 \0 ‘. \o
Be go fo
E- Questionairres (demographics (Baseline), EHP-30, SF-36, NRS pain, PSQI, IPAQ-SF, diet quality rating (T1)) £2 = Face-to-face consult dietitian
B = Sample collection (PB, ME, feces, vaginal swab) (2 = Eetscore-FFQ

{ = Phone consult with dietitian, including 24h-recall

The AIDEN-intervention anti-inflammatory diet

A predominantly plant-based diet with 3 to 6 regular meals a day. Includes vegetables, fruits, legumes, nuts, fish, whole grains, and adequate
dairy intake. Limits red and processed meat, alcohol, sugary drinks, salt, added sugars, and saturated fats.

( Fruits, 200 g/day: of which 1 portion red fruit ) ( Vegetables, 300 g/day > S Legumes, 150 g/week (uncooked) D)
~ ~ -

L Nuts and seeds, 25 g/day ) L Whole grains, 90 g/day ) ( Fats and oils, 10 - 20 g/day )

(" Red unprocessed meat, max. 100 - 125 g/week) < Dairy, 450 ml/day ) (Fish. 100 - 200 glweek: of which 1 portion fat ﬁsh)

~

( Poulty unprocessed, max. 200 g/week ) < Eggs, max. 6 - 10 p/week \ <Liquids: water, tea and coffee at least 1.5 plday)

Figure 1. Overview of the study design. EHP-30 = Endometriosis Health Profile-30; SF-36 = Short
Form-36; NRS = Numerical Rating Scale, PSQI = Pittsburgh Sleep Quality Index, IPAQ-SF = International
Physical Activity Questionnaire Short Form, FFQ = Food Frequency Questionnaire.

Diet quality and adherence

After the AIDEN-intervention a significant improvement (p < 0.001) in the mean
Eetscore-FFQ was observed, increasing by 34.7 points from 106.3 £ 15.5 to 141 + 10.2
on the 160-point scale (Figure 2c). Following the AIDEN-intervention, the Eetscore-
FFQ showed a significant increase in 11 out of the 16 individual components of the
Eetscore-FFQ. There was a significant increase in the intake of vegetables, fruits, whole
grains, legumes, nuts, dairy, fish, and oils and fats, along with a significant decrease in
the intake of processed meats, sugary drinks, and unhealthy choices (Table 3).

These results were confirmed by the analysis of the 24-hour recalls in Compl-eat™,
data are presented in Supplementary Table 3 and 4. Adhering to the AIDEN-
intervention resulted in a significant increase in the intake of vegetables, dairy,
fruits, and legumes (p = < 0.001 - p = 0.021), and a decrease in the intake of meat
and poultry (p < 0.001). This resulted in a significant increase in the intake of several
macro- and micronutrients, specifically in the intake of plant protein, dietary fibers,
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calcium, total iron, non-heme iron, and vitamin C (p < 0.001 - p = 0.010). Meanwhile,
the intake of animal protein, total fat, saturated fat, and heme iron decreased
(p=<0.001 - p=0.034).

Table 1. Participant characteristics (n=18)

Characteristics Participants
Age (years), median (IQR) 27.5(12.0)
BMI (kg/m?), median (/QR) 23.0(3.2)
Endometriosis confirmed, n (%)

Ultrasound 6(33.3)
MRI 6(33.3)
Laparoscopic 6(33.3)

Location of endometriosis*, n (%)

Peritoneal endometriosis 8 (44.4)
Ovarian endometriosis 8 (44.4)
Deep infiltrating endometriosis 8(44.4)
Adenomyosis 5(27.8)
Other 2(11.1)

Type of management, n (%)

Medication (IUD, oral contraceptives, pain killers) 8(44.4)
History of surgery 6(33.3)
Pelvic floor physical therapy 2(11.1)
Previous dietary intervention 3(16.7)
Food allergy and/or intolerance 3(16.7)
Crustaceans and shellfish 2(11.1)
Hazelnuts 1(5.6)

Lactose intolerance 1(5.6)

Pork 1(5.6)

Use of supplements n (%) 12 (66.7)
Magnesium 7 (38.9)
Vitamins B (B11, B12, complex) 7 (38.9)
Multivitamin 5(27.8)
Omega-3 4(22.2)
Vitamin D 3(16.7)
Iron 3(16.7)
Vitamin C 2(11.1)
Probiotics 2(11.1)
Zinc 2(11.1)
Tryptophan 2(11.1)
Other** 4(22.2)

IQR = inter quartile range, MRI = magnetic resonance imaging
*Some patients had endometriosis at multiple locations
**Mentioned by one participant, for example serrapeptase, lysine, ubiquinol, creatin, chloride
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The results of the evaluation of the diet were positive and are shown in Table 4. On
a scale of 1-10, the average rating of the diet was 8.3 + 1.05 and 8.1 + 0.87 for taste.
Out of the 18 patients, 88% (strongly) agreed to advise the diet to other women
diagnosed with endometriosis.
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Figure 2. Outcomes of pain and diet quality before and after AIDEN-intervention. a) Average and
b) maximum NRS pain score during the last month, at Baseline and after (T1) the AIDEN-intervention.
) Eetscore-FFQ indicating diet quality at Baseline and after (T1) AIDEN-intervention. d) Heatmap defined
by Kendall's T4 correlations between significantly changed food groups and nutrients measured with the
Eetscore-FFQ or Compl-eat™ and average and maximum NRS pain scores and outcomes of the HRQoL
assessment measured with the EHP-30 and SF-36. Red and cyan colors represent negative and positive
association, respectively. The color intensity is proportional to the degree of association. To improve the
interpretability the color scales for the SF-36 have been reversed. This is because a better score for the
SF-36 is positive, which is the opposite of the EHP-30 and pain scores where a lower score is positive.
Asterisks indicate correlation significance: * p < 0.05; ** p < 0.01; *** p < 0.001, T indicates a higher intake
after the AIDEN-intervention, and | indicates a lower intake after the AIDEN-intervention.
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Table 2. Health-related quality of life, EHP-30

Baseline, T, Mean difference p-value
mean (SD) mean (SD) (95% Cl) (two-sided)?
Pain 46.0 (14.5) 28.4 (16.5) 17.6 (8.43 to 26.80) <0.001
Control & powerlessness 50.5 (20.5) 30.2 (23.6) 20.3(9.50to0 31.13) 0.001
Emotional wellbeing 37.8(13.5) 26.3(16.1) 11.5(0.84 to 22.08) 0.036
Social support 46.1 (23.7) 30.5(24.2) 15.6 (1.92 t0 29.32) 0.028
Self image 44.8(16.9) 32.8(23.5) 12.0(1.99 to 21.97) 0.022
Total 45.0 (14.1) 29.6 (18.1) 15.4 (6.04 to 24.76) 0.003
2Measured with the paired samples t-test.
EHP-30: Endometriosis Health Profile questionnaire (range 0-100).
Table 3. Eetscore-FFQ, total and subdomains scores
Baseline TO Average of T1 Mean p-value
Baseline n=16 difference (two-sided)
andTO (95% Cl)
Eetscore-FFQ (0 - 160), mean (SD)
Total score 107.9(16.8) 104.8(15.2) 106.3(15.5) 141.0(10.2) -34.7 <0.001°
(-44.03 to
-25.34)
Eetscore-FFQ 16 domains (0 - 10), median (/IQR)
Vegetables 7.2(2.9) 6.8 (2.5) 6.8 (4.6) 10.0 (2.5) 0.016°
Fruit 6.2 (3.5) 6.5(2.9) 6.9 (5.8) 10.0 (1.2) 0.001°
Wholegrains 7.1(2.0) 7.2(2.9) 6.9(3.7) 10.0 (0.0) 0.001°
Legumes 7.0 (4.1) 5.4(3.8) 6.6 (5.5) 10.0 (0.0) 0.002°
Nuts 5.6 (4.4) 6.8 (3.8) 7.2(8.3) 10.0 (0.0) 0.003°
Dairy 39(3.1) 33(2.7) 2.8(4.4) 7.7 (5.5) 0.003°
Fish 5.2(3.4) 5.2(3.3) 5.0 (4.0) 10.0 (2.5) 0.003°
Tea 7.3(3.0) 6.3 (3.4) 7.9 (6.5) 6.7 (6.7) 0.505°
Butter and oils 53(4.9 4.2(4.7) 5.1(9.7) 10.0 (4.8) 0.050°
Coffee 7.2(2.6) 7.5(2.6) 6.3 (5.0) 10.0 (5.0) 0.180°
Red meat 9.9(0.3) 9.4 (2.5) 10.0 (0.0) 10.0 (0.0) 0.102°
Processed meat 5.4 (3.6) 5.4 (3.6) 6.5 (5.6) 9.8 (1.6) <0.001°
Sugary beverages 8.0 (2.9) 8.6 (2.4) 9.6 (3.1) 10.0 (0.0) 0.003°
Alcohol 8.8(2.9) 8.1(4.1) 10.0 (0.0) 10.0 (0.0) 0.273°
Salt 9.1(0.7) 8.9(1.6) 9.3(0.9) 9.5(0.0) 0.175°
Unhealthy choices 5.0 (4.6) 5.3(4.5) 7.1(9.0) 10.0 (0.0) <0.001°
2Paired Samples t-test.
®Wilcoxon Singed-ranks test, asymp. Sig (2-tailed.
¢Wilcoxon Singed-ranks test, asymp. Sig (2-tailed), p = 0.042.

FFQ = Food Frequency Questionnaire
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AIDEN-intervention improves sleep quality, while physical activity
level and BMI kg/m? remain unchanged

To evaluate additional factors affecting health, sleep quality, physical activity levels,
and BMI were measured before and after the AIDEN-intervention. For physical
activity levels measured with the IPAQ-SF and BMI no significant differences were
observed before and after the AIDEN-intervention. Sleep quality assessed with the
PSQI, showed a significant improvement after the AIDEN-intervention (p = 0.033)
(Supplementary Table 5).

A more plant-based food choices plays a role in reducing NRS pain scores
Kendall's 15 was performed to measure the correlation between the intake of
specific nutrients, food groups, Eetscore-FFQ, NRS pain scores and HRQoL (Figure 2d
and 2e; Supplementary Table 6). This indicated a correlation between the Eetscore-
FFQ total and the EHP-30 subdomain pain, as well as for dietary fiber intake. The
EHP-30 subdomains control & powerlessness and emotion appeared to be most
strongly correlated with the changed NRS pain scores (Figure 2e). Furthermore,
an increased intake of nuts, vegetables and dairy products were correlated with
lower NRS pain scores. A higher intake of non-heme iron (predominantly found in
plant-based foods; vegetables, legqumes, grains, nuts and seeds) and dietary fiber,

and a lower intake of heme iron (primarily present in animal products) showed a
correlation with NRS pain scores.

Inflammatory protein profile before and after AIDEN-intervention

To assess the impact of the AIDEN-intervention on systemic inflammation high-
sensitivity C-reactive protein (hs-CRP) was measured (Figure 3a), this showed
no significant difference. To obtain a more comprehensive evaluation of the
inflammatory protein levels in plasma samples. NPX values were measured, which
revealed individual variation in protein expression, yet no consistent clustering by
timepoint emerged (Supplementary Figure 2). Similarly, PCA showed a high degree
of overlap between samples collected before and after the AIDEN-intervention,
indicating limited global shifts in the inflammatory proteome (Figure 3b).

After correction for multiple testing, no significant results were observed. None-
theless, four proteins demonstrated statistically significant changes in expression
levels after the AIDEN-intervention prior to FDR correction (Figure 3b). Among these,
Interleukin-17C (IL-17C) showed a decrease (p = 0.016), while Leukemia Inhibitory
Factor Receptor (LIF-R), Tumor Necrosis Factor (TNF), and TNF-related apoptosis-
inducing ligand (TRAIL) exhibited increased levels (p = 0.025, 0.024, and 0.036,
respectively) (Figure 3c).
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Figure 3. Changes in inflammatory markers before and after AIDEN-intervention. a) Boxplot
showing hs-CRP levels measured before (TO) and after (T1) the AIDEN-intervention (n = 16).
b) Principal component analysis (PCA) plot based on inflammatory protein profiles at TO (dark red)
and T1 (pink). c) Volcano plot displaying log2 fold changes versus —log10 p-values of inflammatory
proteins. Red dots represent proteins that changed significantly after the intervention. Statistical
analyses were performed using the Wilcoxon signed-rank test. * p < 0.05; ** p < 0.01.

Selective modulation of MAIT cells in PB after AIDEN-intervention

Subsequent analysis focused on the influence on systemic immune cell composition
using a 42 parameter (40 color) high-dimensional flow cytometry panel which was
performed only on the samples of participants who were non-users of hormonal
contraceptives. Overall, the composition of PB immune cell subsets remained
largely unchanged following the AIDEN-intervention (Figure 4a). Initial clustering
was based on marker expression intensities identified 14 major immune cell
populations (Figure 4b, Supplementary Figure 3a), with comparable frequencies
observed before and after the AIDEN-intervention (Figure 4c). Interestingly, a
trend toward an increased monocyte-to-lymphocyte ratio post-intervention was

observed (Figure 4d).
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Table 4. Evaluation of the AIDEN-intervention

Overall rating (0 - 10), mean (SD) 8.3(1.05)

Taste rating (0 - 10), mean (SD) 8.1(0.87)

Taste compared to former diet Much less good 0%
Somewhat less good 6%
Equal 47%
Better 41%
Much better 6%

Positive aspects regarding taste* Negative aspects regarding taste*

New recipes 41% Less use of flavorings: salt. sugar etc. 29%

Fruit 29% Legumes 24%

Dairy 29%

Affordability

Overall Not at all 0%
Hardly 6%
Reasonably 35%
Highly 59%
To a very large extent 0%

Affordability compared to former diet Much lower 0%
Narrowly lower 12%
Equal 35%
Narrowly higher 47%
Much higher 6%

Feasibility

Overall Not at all 0%
Hardly 0%
Reasonably 12%
Highly 59%
To a very large extent 29%

Advisability Strongly disagree 0%
Disagree 0%
Neutral 12%
Agree 41%
Strongly agree 47%

Dietary recommendations that Dietary recommendations that

were easy to apply* were less applicable*

Combining different products. variation ~ 47% Eating less red meat. 100 grams/weak  29%

Eating regularly 29% Eating red fruit 23%

Eating fruit. 2-3 portions/day 29%

Eating fish. one a weak 23%

Eating nuts. 25 grams/day 23%

Eating wholgrain products 23%

*All other aspects were mentioned less than 18% (n=3)
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Furthermore, the main immune compartments were further stratified into
34 finer subsets through unsupervised clustering (Supplementary Figure 3b).
Within the T cell compartment, 16 distinct clusters were identified (Figure 4e). While
the Th1:Th2 ratio appeared lower after the AIDEN-intervention, this reduction was
not statistically significant (Figure 4f). In addition, a reduction in naive CD4* T cell
percentages was observed, accompanied by increased proportions of CD4* Th1 and
Th2 cells (p = 0.037, 0.014, and 0.037, respectively), although these differences did
not remain statistically significant after FDR correction (Supplementary Figure 3c).

Notably, MAIT cells exhibited diet-associated changes. Five MAIT cell clusters were
identified, among which the frequency of CD8* MAIT cells significantly increased
following the intervention (from 68.6% to 71.1%; p = 0.049, FDR-adjusted, Figure 4g-h).

MAIT-cell composition shifts in ME after AIDEN-intervention

To investigate the impact of the AIDEN-intervention on the local immune environment,
uterine immune cell subsets collected from ME were analyzed. Overall, the composition
of these immune cells remained largely unchanged comparing before and after the
AIDEN-intervention (Figure 5a). Initial unsupervised clustering identified eight immune
cell populations and one cluster of epithelial-stromal like cells in ME (Figure 5b), with
comparable frequencies across timepoints (Figure 5¢). With fine clustering 28 immune
cell clusters were identified (Supplementary Figure 4 and 5).

Given the alterations observed in peripheral T cell subsets. Subsequently, the
analysis focused on MET cells, clustering analysis revealed 11 distinct T cell subsets
(Figure 5d). Among these, MAIT cells showed a notable reduction in frequency
following the AIDEN-intervention (from 3.3% to 2.3%; p = 0.008). However, this
change did not remain significant following FDR correction (Figure 5e).

Further analysis of MAIT cell subsets revealed a shift in composition: CD8* MAIT cells
were reduced, while double-negative (DN) MAIT cells increased after the AIDEN-
intervention (Figure 5e).

The composition of the gut and vaginal microbiota showed minor
changes after the AIDEN intervention

Gut and vaginal microbiota were profiled at the genus level from paired fecal
samples and vaginal swabs collected before and after the 12-week AIDEN-
intervention. Stacked bar plots display the relative abundance of the top 15 genera
(remaining taxa pooled as “Others”) per individual and as cohort mean (Figure 6);
mean relative abundances are provided in Supplementary Table 7 and 8.
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The gut microbiome composition showed substantial inter-individual variability
both before and after the AIDEN-intervention (Figure 6a), limiting detection of
consistent shifts; accordingly, no genus met significance by DESeq2, and beta-
diversity analyses (PCoA) showed no separation by time point. In contrast, the
vaginal microbiome was consistently Lactobacillus-dominated, with similar profiles
before and after the AIDEN-intervention (Figure 6b).
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Although not statistically significant, Bifidobacterium showed a reproducible
upward trend: mean relative abundance increased from 0.0397 to 0.0755 after the
AIDEN-intervention, with concordant within-participant increases across individuals
(Supplementary Table 7). No comparable pattern was observed for other genera.
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Discussion

This explorative feasibility study investigated the effect of an AIDEN- intervention
for 12 weeks on endometriosis-related pain symptoms, HRQoL, gut- and vaginal
microbiome and inflammatory markers in women with endometriosis. The findings
of this study show that women with endometriosis who improve their diet quality
by a higher intake of anti-inflammatory nutrients and a lower intake of pro-
inflammatory nutrients, based on the DHD2015 experienced a decrease in NRS pain
scores, and an improvement in HRQoL. Furthermore, participants who followed
the AIDEN-intervention were highly satisfied: they evaluated the diet as tasty,
affordable, and feasible.

Although the AIDEN-intervention had a notable impact on endometriosis-related
pain symptoms and improved HRQoL, its small sample size may have contributed
to modest measurable effects on systemic inflammatory markers and immune
parameters. A systematic review of 20 randomized controlled trials demonstrated
that anti-inflammatory diets can significantly modulate levels of inflammatory
proteins such as interleukins, IFN-y, CRP, and TNF-a (49). In line with these findings,
we observed a trend toward decreased levels of IL-17C following the AIDEN-
intervention. The level of IL-17 is known to be elevated either in endometrial
lesions, PF, or blood of women with endometriosis (50-52), suggesting that an
anti-inflammatory diet may help reduce inflammation. However, no significant
changes were observed in IL-6 or hs-CRP levels, key inflammatory markers
consistently reported to be elevated in endometriosis (53, 54). Furthermore,
we observed increased levels of LIF-R, TRAIL, and TNF-a. LIF-R, the receptor for
LIF, is involved in decidualization, endometrial immune regulation, and tissue
remodeling (55). Notably, prior studies report reduced LIF in ectopic tissues of
women with endometriosis while LIF-R is up-regulated (56). Consistent with this
biology, higher LIF-R here may indicate greater tissue sensitivity to LIF signaling.
TNF-qa, while a canonical pro-inflammatory cytokine implicated in lesion dynamics
and immune-cell recruitment, can also reflect enhanced immune surveillance when
moderately elevated (57). Meanwhile, TRAIL, a TNF-family ligand, induces apoptosis
in stromal cells (58) and has been reported as suppressed in some endometriosis
cohorts (59), suggesting impaired apoptotic clearance. Together, the increases in
TNF-a and TRAIL may therefore reflect more effective immune surveillance (TNF-a)
and improved apoptotic control of ectopic tissue (TRAIL), rather than a simple
escalation of inflammation.
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The most notable immunological impact of the AIDEN-intervention was observed
in MAIT cells, both systemically and within the uterine environment. MAIT cells
are a non-conventional T cell subset found in blood and mucosal tissues, where
they contribute to antimicrobial defense and inflammatory responses through
rapid cytokine production and cytotoxic activity (60, 61). They are constantly
present in the endometrium, and their frequency remains stable across menstrual
cycle phases and independent of sex hormones. It has been suggested that
endometrial MAIT cells represent a transient tissue-resident population that can be
replenished from circulation (62). Although the role of MAIT cells in endometriosis
pathophysiology remains unclear, previous studies have reported elevated
frequencies of MAIT cells in both blood and PF of women with endometriosis,
with an increased proportion of CD8" MAIT cells and reduced double-negative
(DN) MAIT cells in PF (31). In our study a reduction in total uterine MAIT cells,
along with decreased CD8* and increased DN MAIT cell proportions in ME was
observed. Interestingly, the percentage of CD8" MAIT cells in PB were increased
after the AIDEN-intervention. Taken together, these data suggests that the AIDEN-
intervention likely reduces recruitment of CD8" MAIT cells to the uterus, leading to
fewer MAITs in the uterus and more in blood. However, this mechanism needs to be
further elucidated.

MAIT cells are known to expand in response to commensal microbial colonization,
particularly in the presence of riboflavin-producing bacteria (63). However, in our
study no significant changes in genus-level composition of both gut and vaginal
microbiome were observed. Even though the composition of microbiome did not
change significantly, microbial metabolites such as riboflavin-pathway derived MR1
ligands and short-chain fatty acids could shift and influence immune cells. Future
studies should incorporate targeted metabolomics and pathway-level profiling
(e.g., riboflavin biosynthesis genes) to resolve microbiome-MAIT cell interaction.

After the AIDEN-intervention, a trend toward increased relative abundance of the
SCFA-producing genus Bifidobacterium was observed. SCFAs are well-established
immunomodulators acting on both innate and adaptive immune compartments (64).
Their intestinal production depends on substrate availability for SCFA-producing
bacteria, primarily derived from dietary fiber (65). Consistent with this, participants
increased their intake of fiber-rich foods such as fruits, vegetables, whole grains, and
legumes, and total dietary fiber during the AIDEN-intervention. Although we did
not directly quantify SCFA levels, future studies should assess whether enhanced
fiber intake and shifts in Bifidobacterium contribute to the clinical effects observed.
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A key strength of our study is its integrative design, combining questionnaires
and biological samples to explore both symptom relief and potential underlying
biological mechanisms. By including both systemic and uterine immune parameters,
using ME as a non-invasive method to assess the uterine immune system (42). This
provides a comprehensive picture of the diet’s potential immunological effects. The
study also benefits from a standardized yet personalized nutritional approach. All
participants were supervised by the same dietitian, using a shared dietary protocol
tailored to individual needs. This personalized approach mirrors real-world dietary
counseling and may enhance the generalizability of our findings to endometriosis
patients seeking lifestyle-based treatment options. Moreover, this individualized
approach may stimulate individuals with endometriosis to adhere to the diet for
a prolonged period of time. However, this individualization also poses limitations.
The consultation with the dietitian may have influenced self-reported outcomes
such as pain and HRQoL through increased feelings of support or social desirability.
In addition, lower scores on the EHP-30 subdomain control & powerlessness were
observed which reflects a stronger sense of control and empowerment.

Fostering a greater sense of control is an important psychological factor in pain
management and, in addition to any biological mechanisms, may have contributed
to the reduction in NRS pain scores and the improvement in HRQoL. This is consistent
with the findings of Ahmed et al (66). Actively involving individuals with endometriosis
in their own healthcare, through self-management interventions can empower them
to improve control their pain symptoms which leads to better HRQoL.

As a feasibility study, the sample size was small, which may have limited detectable
effects on systemic inflammatory markers and immune parameters. Moreover, our
strict inclusion and exclusion criteria yielded a relatively homogeneous cohort. Given
the limited sample size and the inherent heterogeneity of endometriosis, we were
unable to perform subgroup analyses (e.g., by disease subtype). Itis also plausible that
a particularly motivated subset, individuals willing to change their diet, self-selected
into the study. Although this may limit generalizability to the broader endometriosis
population, it reflects the group most likely to consider an anti-inflammatory diet
as a treatment option. Finally, the absence of a healthy control group and a non-
intervention control group constrains our ability to attribute observed changes
specifically to the dietary intervention.

The impact of dietary interventions on endometriosis-related pain symptoms and
HRQoL is shown in a few studies. However, none of them investigated a specific
anti-inflammatory diet. In an exploratory observational study by Krabbenborg et al.,
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which assessed diet quality, pain symptoms and HRQoL, no specific dietary
adjustment was found to increase HRQoL while various dietary changes were
reported to improve endometriosis-related pain (7). Nevertheless, evidence from
related dietary approaches supports our findings. Cirillo et al. found a trend toward
pain reduction with adherence to the Mediterranean diet (MD)(67), a dietary pattern
with similarities to the anti-inflammatory diet, though HRQoL was not assessed. In
contrast, Haaps et al. investigated the impact of low-FODMAP and endometriosis-
specific diets on HRQoL and, similar to our results, reported significant improvements
in pain, emotional well-being, powerlessness, and self-image domains of the EHP-30
questionnaire(68). Notably, their study did not find improvements in social support,
whereas our participants reported significant gains in this domain possibly due to
the continuous involvement of a supportive dietitian.

Although the AIDEN-intervention produced only modest changes in systemic inflam-
matory markers and immune parameters, larger controlled trials are warranted to
confirm these trends and clarify underlying mechanisms. Nevertheless, an anti-
inflammatory diet remains a promising non-pharmacological approach to alleviating
endometriosis-related pain and improving HRQoL.
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Supplementary material

Supplementary Table 1. Antibody details

Fluorochrome Marker Company
PerCP/Cyanine5,5 CD16 Biolegend
PE/Fire™ 640 CD19 Biolegend
PE/Fire™ 700 CD45RA Biolegend
PE/Cyanine5 CD278 Biolegend
Brilliant Violet 785™ CD279 Biolegend
PE/Cyanine7 CD11c Biolegend
PE/Dazzle™ 594 CD141 Biolegend
PerCP CcD8 Biolegend
Spark Blue™ 550 cD3 Biolegend
Brilliant Violet 570™ CcD127 Biolegend
APC TCRVa7,2 Biolegend
Spark NIR™ 685 CD197 Biolegend
Brilliant Violet 605™ CD25 Biolegend
Brilliant Violet 650™ CD38 Biolegend
PE/Fire™ 810 CD194 Biolegend
Spark Blue™ 574 CD45 Biolegend
Brilliant Violet 711™ Tigit Biolegend
Spark Violet™ 538 CcD14 Biolegend
Zombie NIR™ Fixable Viability Kit Fix viability dye Biolegend
BD OptiBuild™BUV615 TCR-yd BD
NovaFluor™ Blue 660-40S HLA-DR Thermofisher
eFluor™ 450 CD161 Thermofisher
BD OptiBuild™ BUV496 CD28 BD

BD OptiBuild™ BUV563 CD196 BD

BD OptiBuild™ BUV615 CD123 BD

BD OptiBuild™ BUV661 [e]€ BD

BD OptiBuild™ BUV737 CD103 BD

BD OptiBuild™ RY586 CD56 BD

BD Horizon™ BV480 CD185 BD

BD OptiBuild™ BV750 CD29%4 BD

BD Horizon™ RB780 CD69 BD

BD Horizon™ BUV395 CD183 BD

Alexa fluor 700 IgM Biolegend
BD OptiBuild™ BUV805 CD24 BD
PerCP/Fire™ 806 CD4 Biolegend
NovaFluor™ Yellow 730 CD1c Invitrogen
APC IgD Biolegend
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Supplementary Table 1. Continued

Fluorochrome Marker Company
APC/Fire™ 810 CD11b Biolegend
FITC CD27 Biolegend
PE CD49a Biolegend
Brilliant Violet 421™ CD39 Biolegend
Brilliant Violet 510™ CD326 (EpCAM) Biolegend

Supplementary Table 2. Health-related quality of life, SF-36

Baseline, T1,mean (SD)  Mean difference P-value

mean (SD) (95% CI) (two-sided)
Physical Component 47.8 (6.7) 47.3(8.7) 0.42 0.8202
Summary (PCS) (-3.43t04.27)
Mental Component 38.9(10.1) 445 (10.4) -5.63 0.019°
Summary (MCS) (-10.20 to -1.05)
Subdomains of the SF-36 Baseline, T,

median (IQR) median (IQR)
Physical functioning 95.0 (10.0) 95.0(13.8) 0.952°
Role limitations due 75.0 (93.8) 87.5(100.0) 0.887°
to physical health
Role limitations due to 83.3(91.7) 100.0 (25.0) 0.054°
emotional problems
Energy/fatigue 45.0(18.8) 52.5(32.5) 0.068°
Emotional wellbeing 60.0 (29.0) 66.0 (30.0) 0.529°
Social functioning 62.5 (25.0) 75.0 (37.5) 0.066°
Pain 50.0(12.5) 41.25 (47.5) 0.972°
General health 60.0 (27.5) 57.5(22.8) 0.390°

2Paired Samples t-test.
®Wilcoxon Singed-ranks test, asymp. Sig (2-tailed.
SF-36: Short Form-36.
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Supplementary Table 3. Food group consumption Compl-eat™

Foodgroups Baseline, Intervention  Mean difference P-value
mean (SD) period ?, (95% Cl) (two-sided)
mean (SD)

Alcoholic beverages 11.1(32.3) 5.6 (23.6) 5.6 0.331
(-6.16 t0 17.27)

Bread 78.3 (46.5) 76.1 (26.9) 2.3 0.851
(-22.66 to 27.18)

Cereal products and 84.4 (45.1) 103.1 (37.1) -18.7 0.106

binding agents (-41.77 to 4.38)

Cheese 32.5(31.0) 33.7 (25.9) -1.2 0.798
(-10.96 to 8.55)

Eggs 29.5(32.9) 37.9(30.1) -84 0.176
(-20.91 t0 4.13)

Fats and oils 14.6 (7.2) 18.2 (6.3) -35 0.093
(-7.74 t0 0.65)

Fish 19.9 (46.9) 23.6 (38.0) -3.7 0.680
(-22.56 to 15.08

Fruit 179.4 (119.4) 280.3 (55.5) -100.8 0.003
(-161.15 to -40.49)

Legumes 64.8 (70.2) 98.4 (54.3) -33.6 0.016
(-60.08 to -7.04)

Meat and poultry 124.4 (65.1) 58.1 (54.6) 66.4 <0.001
(36.19 to 96.55)

Meat and dairy substitutes ~ 81.9(102.7) 98.3 (54.6) -16.3 0.341
(-51.45to0 18.82)

Milk and dairy products 163.9 (159.1) 269.7 (110.1) -105.8 0.010
(-182.87 to -28.69)

Non-alcoholic drinks 1203.4 (836.8) 1448.7 (685.8) -245.3 0.241
(-670.83 to 180.22)

Nuts and seeds 26.8 (18.6) 27.6(12.6) -0.9 0.856
(-10.60 to 8.89)

Pastry, cake and biscuits 20.2 (31.1) 16.2 (33.0) 4.0 0.292
(-3.74t0 11.70)

Potatoes 74.2 (80.2) 60.6 (76.5) 13.6 0.237
(-9.80 t0 37.02)

Processed meats 9.4 (12.4) 6.7 (12.2) 2.8 0.086
(-0.44 t0 5.99)

Savory sandwich fillings 14.2 (18.3) 13.9(14.6) 0.3 0.961
(-11.67 to 12.23)

Savory sauces 5.3(10.4) 2.8 (6.3) 2.5 0.166
(-1.14 t0 6.14)

Savory snacks and 25.3 (47.0) 15.6 (40.4) 9.7 0.186

salty bites (-5.16 to 24.60)

Soups 32.9(77.9) 24.6 (66.1) 8.3 0.483

(-16.16 to 32.83)
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Supplementary Table 4. Continued

Foodgroups Baseline, Intervention  Mean difference P-value
mean (SD) period ?, (95% ClI) (two-sided) ®
mean (SD)
Sugar, candy, sweet 0.0 (0.0) 0.0 (0.0) 0 -
spreads, and sweet sauces
Vegetables 235.5(174.4) 401.3 (72.1) -165.8 <0.001

(-251.50 to -80.04)

2Mean score of the three 24h-recalls during the AIDEN-intervention period. The intervention period is
a combination of three 24h-recalls.
bPaired Samples t-test.

Supplementary Table 4. Macro- and micronutrient intake Compl-eat™

Macro- and Baseline, Intervention Mean difference P-value
micronutrients mean (SD) period ?, (95% Cl) (two-sided)
mean (SD)
Energy (kcal) 1765 (504) 1600 (221) 157 (-90.00 to 403.59) 0.198
Protein total (gram) 79.9 (24.1) 78.3(13.6) 1.0(-11.01 to 13.07) 0.859
Protein total (En%) 18.6 (4.1) 19.9 (2.8) -1.5(-3.79t0 0.78) 0.183
Protein, plant (gram) 29.5(9.4) 43.4(9.3) -13.8 (-20.14 to -7.54) <0.001
Protein, animal (gram) 48.8 (19.5) 34.2 (8.0) 14.6 (4.18 to 25.09) 0.009
Fat total (gram) 79.5 (33.4) 61.3(15.0) 17.9 (1.52to 34.21) 0.034
Fat total (En%) 38.7 (6.8) 33.4(5.1) 5.2(1.72t0 8.58) 0.006
Saturated fat (gram) 249 (11.7) 13.7 (3.8) 11.0 (5.43 to 16.59) <0.001
MUFA's 32.0(74.8) 28.1(7.1) 4.1 (-2.94t0 11.13) 0.236
PUFA’s 15.8 (8.0) 14.4 (4.4) 1.1(-3.26 t0 5.41) 0.609
Carbohydrates 169.0 (44.5) 164.4 (20.6) 4.3 (-18.52t0 27.13) 0.696
total (gram)
Carbohydrates total (En%) 39.8 (7.4) 42.0(3.5) -1.9(-4.75t0 0.86) 0.162
Dietary fiber total (gram) 21.4(6.8) 349 (6.1) -13.2 (-17.02 to -9.46) <0.001
Calcium (mg) 601.7 (257.5) 899.5 (223.8) -322.1(-473.21t0-171.03) <0.001
Iron total (mg) 10.1 (3.1) 12.6 (3.1) -2.4(-4.18 t0-0.67) 0.010
Iron, haem (mg) 1.2(1.2) 0.1(0.2) 1.1(0.51to-1.98) <0.001
Iron, non-haem (mg) 8.9 (2.6) 12.5(2.7) -3.5(-5.09 to -1.98) <0.001
Vitamin E (mg) 13.6 (6.2) 14.3 (3.4) -1.0 (-4.14 t0 2.07) 0.492
Vitamin C (mg) 68.9 (34.8) 130.3 (44.7) -62.5 (-88.96 to -35.97) <0.001

2Mean score of the three 24h-recalls during the AIDEN-intervention period. The intervention period is
a combination of three 24h-recalls.

®Paired Samples t-test.

MUFA = monounsaturated fatty acid

PUFA = polyunsaturated fatty acid
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Supplementary Table 5. Sleep quality (PSQI), physical activity (IPAQ-SF) and BMI (kg/m?)

Baseline, Baseline, P-value
median (IQR) median (IQR) (two-sided)?
PSQI (0-21)
Total score 6.5 (4.25) 4.0 (2.75) 0.033
IPAQ-SF (0-10)
MET-min/week 3298.5(3133.3) 3093.0 (2426.3) 0.134
BMI
kg/m? 23.0(2.8) 21.9(3.7) 0.053

2Wilcoxon Singed-ranks test, asymp. Sig (2-tailed)

PSQI = Pittsburgh Sleep Quality Index

IPAQ-SF = International Physical Activity Questionnaire Short Form
BMI = Body Mass Index

Supplementary Table 6. Kendall’s tau-b significant correlations

Kendall’s tau-b Sig. 2-tailed Cl-95%

Significant correlations nutrients, foodgroups, pain and HRQoL

FFQ nuts and Pain NRS average 0.664 0.002 0.388t0 0.831
FFQ nuts and Pain NRS maximum 0.624 0.002 0.329 to 0.809
FFQ nuts and SF-36 PCS -0.418 0.028 -0.675 to -0.071
FFQ nuts and SF-36 MCS -0.400 0.035 -0.663 to -0.050
FFQ dairy and Pain NRS maximum 0.544 0.007 0.215t00.762
FFQ dairy and EHP-30 Total score 0.383 0.038 0.030t0 0.652
FFQ sugary beverages and 0.439 0.035 0.080 to 0.697
Pain NRS maximum

Dietary fiber total (gram) 0.505 0.013 0.164 t0 0.738
and Pain NRS average

Dietary fiber total (gram) and 0.423 0.035 0.060 to 0.687
Pain NRS maximum

Iron total (mg) and Pain NRS average 0.455 0.026 0.100 to 0.707
Iron. haem (mg) and Pain NRS maximum -0.460 0.023 -0.710to -0.106
Iron. non-haem (mg) and 0.589 0.004 0.278t0 0.788

Pain NRS average

Vegetables and Pain NRS average 0.463 0.023 0.110t0 0.712

Significant correlations EHP-30 Total and subdomain

Eetscore-FFQ Total and EHP-30 pain 0.367 0.048 0.011 to 0.640
Dietary fiber total (gram) and EHP-30 pain  0.450 0.015 0.110 to 0.696
Dietary fiber total (gram) and 0.417 0.024 0.070to 0.674

EHP-30 emotional wellbeing

Pain NRS average and EHP-30 Total score 0.421 0.039 0.058 to 0.686
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Supplementary Table 6. Continued

Kendall’s tau-b Sig. 2-tailed Cl-95%
Pain NRS average and EHP-30 0.412 0.044 0.048 to 0.680
Control & powerlessness
Pain NRS maximum and 0.483 0.016 0.136 t0 0.725
EHP-30 Total score
Pain NRS maximum and 0.576 0.004 0.260 to 0.781
EHP-30 Control & powerlessness
Pain NRS maximum and 0.423 0.035 0.060 to 0.687
EHP-30 Emotional wellbeing
Pain NRS maximum and 0.406 0.048 0.041t0 0.676

EHP-30 Social support

Supplementary Table 7. Relative abundance (mean) of gut microbiome

TO, mean T1, mean
g__Agathobacter 0,0651 0,0519
g__Anaerostipes 0,0193 0,0179
g__Bacteroides 0,0785 0,0832
g__Bifidobacterium 0,0397 0,0755
g__Blautia 0,0897 0,0976
g__Christensenellaceae_R-7_group 0,0301 0,0232
g__Coprococcus 0,0141 0,0190
g__Dorea 0,0151 0,0183
g__Faecalibacterium 0,0895 0,0877
g__Fusicatenibacter 0,0245 0,0159
g__Prevotella_9 0,0284 0,0527
g__Roseburia 0,0217 0,0339
g__Ruminococcus 0,0657 0,0576
g__Subdoligranulum 0,0373 0,0586
g__UCG-002 0,0207 0,0141
Others 0,3607 0,2930

Supplementary Table 8. Relative abundance (mean) of vaginal microbiome

TO, mean T1, mean
g__Aerococcus 0,0160 0,0014
g__Anaerococcus 0,0017 0,0062
g__Atopobium 0,0034 0,0031
g__Bacteroides 0,0026 0,0022
g__Corynebacterium 0,0032 0,0009
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Supplementary Table 8. Continued

TO, mean T1, mean
g__Dialister 0,0112 0,0094
g__Fastidiosipila 0,0001 0,0021
g__Finegoldia 0,0012 0,0019
g__Gardnerella 0,0466 0,0142
g__Lactobacillus 0,8319 0,8477
d__Megasphaera 0,0369 0,0347
g__Prevotella 0,0204 0,0331
g__Sneathia 0,0040 0,0003
g__Streptococcus 0,0001 0,0256
g__Veillonella 0,0001 0,0013
Others 0,0200 0,0160

Interested patients with endometriosis (n=114)

Assessed for eligibility and received patient
information letter (n=56)

Excluded based on criteria (n=21)
no response (n=6), no participation wanted (n=7), use of
immunosuppressive medication (n=2), participation in other
intervention study (n=2), other (n=4)

Included endometriosis patients (n=35)

Excluded before diet intervention (n=12)
pregnant (n=2), start hormonal treatment (n=2), start fertility
treatment (n=2), eating score >140 (n=2), no participation wanted
(n=2), not nulligravida (n=1), lost in follow-up (n=1)

Started diet intervention (n=23)

Excluded during diet intervention (n=5)
private circumstances (n=2), could not follow the diet (n=2),
lost in follow-up (n=1)

Completed diet intervention and included in analysis
(n=18)

Without the use of
(copper) IUD or
hormonal treatment
(n=13)

With the use of (copper)
IUD or hormonal
treatment (n=5)

Supplementary Figure 1. Flow chart of the inclusion and exclusion criteria. IUD: Intrauterine Device.
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Throughout history, women’s reproductive health has often been overlooked
in both scientific research and medical practice. Endometriosis and recurrent
pregnancy loss (RPL) affect millions of women worldwide, yet they remain poorly
understood and insufficiently addressed. Dysregulation of the immune system is
thought to play a key role in the pathophysiology of these reproductive health
disorders. Understanding the mechanisms by which immune cells contribute
to disease development is therefore essential for identifying new therapeutic
opportunities. However, the limited knowledge available has hindered the
development of effective treatment strategies. This gap highlights the urgent
need for innovative approaches that not only target disease mechanisms but also
empower women to manage their own symptoms. In this thesis, we describe the
immunological mechanisms that may contribute to endometriosis and RPL and
outline lifestyle interventions that could modulate the immune system. These
interventions represent a novel, cost-effective, and low-risk strategy that supports
women to take a more active role in managing their health.

Distinct phenotypes and functional profiles of uterine versus
systemic immune cells

It is well established that the function and phenotype of immune cells within
mucosal tissues, like the uterus, including the endometrium and decidua, differ
significantly from those of the systemic compartment, peripheral blood (PB)
immune cells (1). As observed in Chapters 5 and 7, the immune response to
aerobic exercise and diet interventions also varies between these compartments,
underscoring the importance of distinguishing systemic from local uterine immune
system. In this thesis, menstrual blood (MB) was employed as a non-invasive source
to access uterine immune cells; thus our discussion is mainly restricted to the
non-pregnant uterus (endometrium). During menstruation, endometrial immune
cells are shed into MB, making it a valuable resource for studying uterine immune
cells, and several studies have shown that the immune cell profile of MB closely
resembles that of endometrial biopsies (2, 3).

In Chapter 3, the most striking differences between MB and PB immune cells were
observed in the NK cell population of both healthy controls and RPL patients. Uterine
NK (uNK) cells, the predominant immune cell population in the uterus, display a more
immunoregulatory phenotype characterized by reduced cytotoxicity and secretion
of cytokines that promote trophoblast invasion and vascular remodeling (4-6).
Compared to PB, the proportion of NK cells in the uterus is markedly higher (1),
and uNK cells express tissue-residency markers such as CD69 and CD103, which are
largely absent in peripheral NK (pNK) cells (7). They also exhibit increased expression



Discussion | 193

of inhibitory and activation markers including KIRs, LILRB1, Ki-67, NKp30, and NKG2A,
alongside reduced expression of activating receptors such as NKG2D, CD161, and the
transcription factor T-bet (8, 9). By contrast, pNK cells are typically characterized by
lower NKG2A expression and higher levels of CD57, CD16, and DNAM-1 (10, 11). These
phenotypic and functional differences between pNK and uNK cells raise the question
of whether they reflect distinct ontogenies or whether the uterine microenvironment
reprograms circulating NK cells into a specialized uNK phenotype upon entrance into
the uterine tissue.

The developmental origin of uNK cells remains a subject of debate, with several
non-mutually exclusive hypotheses proposed. One possibility is that they arise from
circulating CD34" hematopoietic progenitor cells (HPCs) or NK-lineage committed
precursors that migrate to the uterine mucosa and differentiate locally. Supporting
this view, in vivo bone marrow transfer studies have demonstrated that HPC-derived
NK cells can populate the endometrium and decidua (12, 13). In parallel, NK cell
precursors have been identified in PB and have shown to differentiate into mature
NK cells in the presence of IL-15, indicating that local cytokine signals can drive
their maturation within the uterine microenvironment (14). Another hypothesis
is that pNK cells can differentiate into uNK cells when exposed to the uterine
microenvironment. Indeed, experimental exposure of pNK cells to TGF-31, possibly
produced by decidual stromal cells, induces a uNK-like phenotype, suggesting

that circulating NK cells can adapt functionally and phenotypically to the uterine
milieu (15). There is evidence that uNK populations can be replenished from the
circulation, pointing to a dynamic interplay between systemic recruitment and
local differentiation (16). Together, these findings indicate that uNK cells may not
be derived from a single origin but instead reflect a composite pool shaped by both
progenitor recruitment and local reprogramming signals.

Beyond NK cells, T cells are also an important constituent of the uterine immune
system. Relative to PB, the overall frequency of T cells is lower in the endometrium (1).
Endometrial T cells predominantly display a tissue-resident phenotype (CD697,
CD103*, CD62L7), whereas circulating T cells are typically CD69~, CD103~, and
CD62L* (17). Unlike PB, where CD4" T cells predominate, the endometrium
is enriched in CD8* T cells, resulting in a lower CD4*:CD8" ratio and reflecting a
distinct tissue-resident immune landscape (18). However, the CD4*:CD8" T-cell ratio
in MB more closely resembles blood, reflecting its mixed composition of circulating
and endometrial immune cells (2). In addition, there are more Th1 and less Th2 type
T cells in the endometrium compared to blood (1). The frequency of regulatory
T (Treg) cells is generally comparable between blood and the endometrium (1).
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Together, these observations highlight that uterine immune system is not merely
a reflection of the systemic immune system but rather represents a uniquely
adapted compartment.

Factors shaping uterine immune cell phenotypes and functions
Hormonal signals play a central role in shaping uterine immune system, regulating
both the abundance and function of local immune cells throughout the
menstrual cycle and pregnancy (19, 20). Rather than being static, uterine immune
populations are highly dynamic, during pregnancy they adopt a more tolerogenic
phenotype that facilitates implantation and fetal tolerance (1). This plasticity
reflects cyclical fluctuations in estradiol and progesterone, which create distinct
immune environments. Estradiol is generally associated with a pro-inflammatory
environment, whereas progesterone promotes an anti-inflammatory state through
the regulation of cytokines and chemokines (21). In particular, progesterone
upregulates CX3CL1, CCL7, CCL14, and CCL4 in the mid-secretory endometrium,
thereby attracting and retaining uNK cells (22). It also induces stromal cell secretion
of IL-15 (23, 24), a cytokine essential for uNK proliferation and differentiation,
providing a mechanistic explanation for the marked expansion of uNK cells in
progesterone-rich states such as the mid-secretory phase and early pregnancy.

In line with this, our data in Chapter 2 show that women using combined oral
contraceptives (COCs) had lower frequencies of uNK cells than women not using
COCs. This difference may be attributable to suppression of the menstrual cycle and
the continuous presence of synthetic progesterone and estrogen. Similar findings
were reported by Bister et al.,, who observed reduction in the percentage of uNK
cells (25). This observation may not be the direct impact of the hormones because
classical progesterone receptor isoforms (PR, and PR)) have been detected only
in mature KIR™ pNK cells and not in uNK cells (26). However, this effect may occur
indirectly mediated through reduced IL-15 production by endometrial stromal cells
in response to altered progesterone levels (25). Unfortunately, in our study blood
samples were not available to explore systemic effects of COC use. Nevertheless,
given the presence of progesterone receptors on circulating immune cells,
hormonal treatments are likely to affect systemic immune responses as well.

Beyond hormones, CMV infection induces phenotypic changes in circulating NK
cells, giving rise to a subset characterized by high NKG2C expression, co-expression
of CD57 and KIRs, and reduced expression of NKG2A, NCRs, and CD161 (27-29).
CMV can also infect both the endometrium and decidua leading to the expansion
of NKG2C*LILRB1* uNK cells (30, 31). However, CMV induced uNK cell expansion
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is not often observed in non-pregnant endometrium (25). Given the monthly
regeneration of the endometrium, endometrial NK cells may not experience
sufficient or sustained CMV antigen exposure, therefore, prolonged exposure
such as pregnancy may be necessary to acquire a CMV-specific NKG2C*/LILRB1*
signature. Indeed, Feyaerts et al. observed an increased presence of NKG2C*LILRB1*
uNK cells in previously pregnant CMV seropositive (CMV*) women compared with
CMV* women without prior pregnancies (32). Gamliel et al. similarly observed an
expansion of these cells in both the decidua and endometrium of multigravida CMV*
women (33). In Chapter 3, we did not find significant differences in the frequencies
of NKG2C* or NKG2C*LILRB1* uNK cells between CMV* and CMV seronegative
(CMV~) women, consistent with previous findings (25). A key limitation of the study
is that we could not stratify by prior live birth due to the small sample size; this
likely limited our ability to detect effects related to previous live birth. Together
with previous studies, these data support a model in which CMV infection may be
insufficient on its own and prior live birth may be required to license or expand the
NKG2C*LILRB1* uNK subset.

Pregnancy has been shown to expand NKG2C*LILRB1* uNK cells as well as uNK
cells carrying KIRs specific for self-HLA-C (32-34). These changes can persist after
pregnancy, potentially enhancing NK cell function in subsequent gestations (33).
In Chapter 3, we describe a higher abundance of NKG2A*KIR*LILRBT*NKG2C™ uNK
cells in both CMV* women and women with secondary idiopathic RPL (isRPL),
suggesting that CMV seropositivity, previous live birth or both may contribute to
this phenotype. In addition, we found differences in the expression intensities of
NKp44 and CD161 in uNK cells of women with primary idiopathic RPL (ipRPL) and
isRPL suggesting these biologically represent two distinct sub-groups. However,
due to limited sample size, we could not definitively assess the relative impact
of pregnancy history and CMV infection. To address this question, future studies
should investigate uNK cell phenotypes in large cohorts of women of reproductive
age before and after their first pregnancy, with careful assessment of maternal CMV
status. Moreover, CMV status should be systematically considered in future research
on uterine immunity, given its significant influence on uNK cell phenotypes as
demonstrated by our findings.

The impact of exercise intervention on systemic immune cells of
women with iRPL

Since NK cells play a pivotal role in implantation, in Chapter 3 we describe the
investigation of their phenotype and abundance in women with iRPL. Both pNK
and uNK cells have been implicated in iRPL, with deviations in number and function
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reported across studies (35-37). A meta-analysis indicated higher pNK cell numbers in
women with RPL compared to controls, although the data were heterogeneous (38),
and pNK levels did not predict subsequent miscarriage (39). Findings for uNK cells
are similarly inconsistent: studies using MB reported either no differences (40, 41),
decreased (42), or increased uNK levels in iRPL compared to controls (3). Further
analyses revealed altered uNK composition, with higher percentages of CD569mCD16*
and reduced CD56"9"CD16*~ cells in iRPL. In our analyses, overall pNK and uNK cell
abundance did not differ between women with iRPL and parous controls. However,
phenotypic profiling revealed significantly reduced expression of 2B4 and NKp44 on
uNK cells in iRPL. While 2B4 is best known as a co-stimulatory receptor on mature
pNK cells (43, 44), in uNK cells it functions as an inhibitory receptor, limiting excessive
activation and contributing to maternal-fetal tolerance (45). Endometrial NK cells
show lower 2B4 expression than decidual NK cells (34), but its precise functional role
in the uterine compartment remains unclear. Nevertheless, reduced 2B4 expression in
iRPL may impair trophoblast tolerance and thereby compromise implantation success.
Given these observations, there is an urgent need for minimally invasive, cost-effective
approaches to monitor, modulate NK cell function and improve pregnancy outcome.

Successful pregnancy requires coordinated adaptations across maternal metabolic,
cardiovascular, and the immune systems (46-49). Aberrancies in these systems,
particularly during early pregnancy, can lead to pregnancy loss (41, 50-52). In
Chapter 4, we evaluate a moderate-intensity aerobic exercise intervention (HMove)
as a multi-systemic approach for targeting all three systems in women with iRPL.
Exercise is well known to improve metabolic and cardiovascular health, and may also
modulate the immune system. The primary aim of HMove was to determine whether
moderate-intensity aerobic exercise could influence pNK and uNK phenotypes in
women with iRPL. A key strength of HMove is the comprehensive, paired dataset
collected before and after the intervention, encompassing gynecological/clinical
history, fitness measures, metabolic and cardiovascular indices, and immune
profiling. Integrating these data may enable identification of patient profiles to
predict responsiveness to an exercise-based intervention. The main limitation was
recruitment, which specifically affected the timeline control (iRPL without exercise).
The small size of this group limited our ability to disentangle exercise effects from
variation between sampling points. Future studies should design randomized
controlled trial (RCT) with time-matched iRPL control and healthy control group to
be able to find exercise driven changes.

Multiple studies have shown that physical exercise can modulate the systemic
immune system, influencing the distribution, phenotype, and activity of different



Discussion | 197

immune cell subsets (53-55). NK cells appear particularly responsive, they mobilize
into the circulation immediately after exercise (56, 57), with mobilization favoring
more mature NKG2A“KIR* NK cells over the less mature NKG2AKIR™ subset in
peripheral blood (58). Once in the bloodstream, NK cells are thought to redistribute
to peripheral tissues. However, the effects of exercise on tissue-resident immune
cells, such as those in the uterine environment, remain largely unexplored (59). The
intensity and duration of exercise may also influence mobilization and function of NK
cells. Acute higher-intensity exercise (= 70-80 % VO,max) led to a more pronounced
mobilization of NK cells into the circulation and greater increases in NK-cell cytotoxic
activity compared with moderate exercise (50-65 % VO,max) (60, 61). By contrast,
resting NK cell function did not differ after 12 weeks of either high- or moderate-
intensity training (62). In Chapter 5, we show that a three-month moderate-
intensity aerobic exercise intervention did not alter the abundance of NK cells but
did reduce the expression intensity of NKp30, NKG2A, and CD161 in pNK cells. We
also observed decreased IFN-y production in pNK cells, while uNK cells remained
unaffected. These results suggest that chronic moderate exercise dampens the
cytotoxic and inflammatory potential of pNK cells, whereas uNK cells show limited
responsiveness over the timeframe studied, an important consideration given their
unique tissue-resident characteristics. pNK and uNK cells already display distinct
sensitivity to environmental cues, and uterine immune cells are replenished each
menstrual cycle and shed during menstruation. Consequently, longer interventions

may be required before measurable changes in uNK cells become apparent.

Our cohort consisted of a heterogenous population, including women with very
low VO,max suggesting a sedentary lifestyle and those with medium to high
VO,max. The HMove intervention significantly improved VO,max levels, particularly
in participants with low baseline VO,max, while showing little effect in others.
Furthermore, at the 1-year follow-up, 12 of the 26 women, who completed the
intervention, had miscarriages, while the remaining participants had either
successful or ongoing pregnancies. This suggests that our exercise program may
be beneficial for a subset of women. Future studies should stratify participants by
active versus sedentary lifestyle and correlate their immune profiles with these
lifestyle categories. This approach could help identify lifestyle patterns associated
with a more favorable immune profile that may support reproductive success.

Immune modulation of endometriosis through an
anti-inflammatory diet

Pain is the primary symptom of endometriosis, severely limiting quality of life
and social well-being. Conventional hormonal and surgical therapies often fail to
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provide lasting relief, prompting many patients to adopt self-management strategies,
with dietary modifications being a common approach. While such interventions are
believed to alleviate symptoms, robust scientific evidence remains limited. To address
this, we investigated the impact of a three-month anti-inflammatory diet (AIDEN)
intervention on symptoms, immune responses, and the microbiota of women with
endometriosis, as described in Chapter 7. We observed that AIDEN intervention
reduced pain symptoms, although its impact on immune parameters and microbiota
were relatively modest.

Interestingly, systemic and uterine immune cells responded differently to the
intervention. MAIT cells increased in peripheral blood but decreased in the uterus.
MAIT cells, which recognize microbial-derived intermediates, play a key role in
the defense against bacterial, fungal, and viral pathogens. Their relevance in the
immunopathogenesis of endometriosis has been highlighted by others, reporting
elevated MAIT frequencies in the peritoneal fluid of affected women compared to
healthy controls (63). Furthermore, microbial imbalance, or dysbiosis, particularly
in the gut (64) and at other mucosal surfaces, can alter MAIT cell frequency and
function both locally and systemically (65). MAIT cells are consistently present in
the endometrium, with their frequency remaining stable across menstrual cycle
phases and independent of sex hormones. Interestingly, it has been suggested that
endometrial MAIT cells constitute a transient tissue-resident population that can
be replenished from circulation (66). To further explore this biology in the context
of dietary modulation, we analyzed both gut and vaginal microbiota before and
after the AIDEN intervention. Unfortunately, we did not find any significant changes
in genus-level composition of both gut and vaginal microbiome. Even though
the composition of microbiome did not change, microbial metabolites such as
riboflavin-pathway derived MR1 ligands and short-chain fatty acids could shift and
influence immune cells (65). Future studies with larger cohorts should incorporate
targeted metabolomics and pathway-level profiling (e.g., riboflavin biosynthesis
genes) to resolve microbiome-immune cell interaction to determine whether
microbial-immune modulation can be harnessed to develop targeted, evidence-
based dietary therapies for endometriosis.

While dietary interventions such as AIDEN are low-risk adjunct strategies for
symptom relief, they do not eradicate endometriosis. Therefore, there is a need for
new pharmacological targets to resolve inflammation and immune cell dysfunction
that drive disease onset and progression. Current pharmacological options for
symptom management are largely limited to hormonal therapies, analgesics
and non-steroidal anti-inflammatory drugs (NSAID) (67). Unfortunately, these
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treatments do not alleviate pain for all individuals and symptoms frequently recur
after cessation.

In Chapter 6, we examined the role of Janus kinase/signal transducer and activator
of transcription (JAK-STAT) signaling pathway as a potential therapeutic target.
The JAK-STAT signaling pathway is activated by hormones, cytokines and growth
factors (68) and is implicated in malignancies and autoimmune disorders (69-71).
In our cohort, individuals with endometriosis had significantly higher levels of
inflammatory proteins such as IL-6, and stimulation with inflammatory cytokines
induced significantly increased levels of phosphorylated STAT3 (p-STAT3) in T cells
from individuals with endometriosis compared to healthy controls. Notably, elevated
p-STAT3 has also been detected in the eutopic endometrium of adenomyosis patients
across both proliferative and secretory phases (72).

Preclinical studies using either human tissues or mouse models of endometriosis have
explored the targeted inhibition of STAT3, including tofacitinib (JAK inhibitor) (73),
Stattic (74), WP1066 (JAK2/STAT3 inhibitor) (75), Niclosamide (76), and Crypto-
tanshinone (77) and generally report reduced lesion growth. Consistent with these
findings, short-term treatment in our cohort with the selective JAK1 inhibitor,
Upadacitinib, reduced STAT3 phosphorylation to baseline. However, we need further
evidence to determine how these treatments modulate inflammation, and immune

function, and whether they translate into clinical benefit.

Finally, we investigated whether increased p-STAT3 influences T cell lineage
commitment by analyzing FoxP3 and RoryT expression. Although p-STAT3 positively
correlated with both markers, the data did not conclusively indicate a shift toward
either the Treg or Th17 lineage. Overall, these findings support the JAK-STAT
pathway as a promising therapeutic avenue in endometriosis, while underscoring
the need for mechanistic studies and clinical trials to clarify efficacy, safety, and to
identify which patient sub-group may benefit most.



200 | Chapter 8

Lifestyle factors

5%

Moderate-Intensity Aerobic Exercise

Anti-Inflammatory Diet

Systemic immune response Uterine immune response

(Blood) (Menstrual effluent)
Exercise: NKG2A, CD167, NKp30, and IFN-y l Oral contraceptive: Abundance of eNK l
Diet: CD8+ MAIT cells T Diet: CD8+ endometrial MAIT l
Endometriosis: p-STAT3 in CD4+ TT iRPL: NKp44, 2B4 in eNK l

o) % @ endometrial NK
S ' endometrial T cell

(&) peripheral NK

J

Contraceptive use

Previous live births A %‘f

'
Microbiome 1+ 7."*
(Gut & Vaginal) ~ Previous infections
(eg. CMV)

Biological factors

Figure 1. Lifestyle and biological drivers of systemic and uterine immune system. Lifestyle factors
such as moderate-intensity aerobic exercise and an anti-inflammatory diet are managed by individuals
and can differentially shape systemic (blood) and uterine (menstrual effluent) immune responses.
Biological factors including previous infections (e.g., CMV), prior live births, contraceptive use, and the
gut/vaginal microbiome set the baseline immune environment. Together, these factors contribute to
individual variation in immune profiles relevant to reproductive health.

Concluding remarks and future perspectives

Despite years of research, curative treatments for reproductive health disorders
such as endometriosis and RPL remain elusive, an important contrast to advances
in other areas of medicine. Current treatment strategies are mainly focused on
treating symptoms rather than addressing underlying causes. For example, women
with endometriosis are often prescribed contraceptive pills to manage pain rather
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than the disease itself. Diagnosis is frequently delayed, prolonging suffering and
reduced quality of life. Similarly, RPL is often approached through trial-and-error
therapies, with many women receiving similar therapies such as aspirin, antibiotics,
or anti-inflammatory drugs regardless of the underlying mechanisms. This “one-
size-fits-all” approach exposes patients to unnecessary treatments and frustration.

The findings of this thesis demonstrate that immune dysregulation plays a key role
in the pathogenesis of reproductive health disorders and that lifestyle interventions,
such as exercise and diet, can modulate immune responses. These interventions
have the potential to serve as safe, accessible, and cost-effective adjunct therapies.
Moreover, empowering women to take an active role in managing their health may
improve not only physical symptoms but also mental well-being. As Aristotle once
said: “We are what we repeatedly do. Excellence, then, is not an act, but a habit.” While
building sustainable, healthy habits may not cure the disease, it can significantly
improve quality of life, a meaningful and attainable goal.

Reproductive health disorders are inherently heterogeneous and complex, involving
multiple biological systems. They should not be viewed as single diseases but as
umbrella terms encompassing diverse subtypes with distinct underlying causes.
Consequently, no single treatment is likely to be effective for all patients. Current
research often focuses on isolated factors, such as hormones, genetics, the immune
system, or the microbiome, without integrating them into a comprehensive
framework. Advancing the field will require the development of integrated patient
profiles that combine clinical and biological data including microbiome composition,
hormonal status, metabolic markers, and gynecological history. Reliable diagnostic
and prognostic tools are essential to classify patients and tailor treatments to their
individual needs.

Looking ahead, addressing these disorders will require a multidisciplinary approach
and close collaboration across clinical and research fields. Larger RCTs are needed
to validate lifestyle interventions and explore their potential in combination with
pharmacological treatments, a strategy currently investigated in oncology, where
lifestyle interventions complement chemotherapy or immunotherapy. Ultimately,
the goal is to move toward personalized medicine, in which each patient’s unique
profile guides the choice for interventions, identifies the relevant biological
pathways to target, and informs the timing of preventive and therapeutic measures.
This integrated approach promises to improve diagnostic accuracy, reduce delays
in effective treatment, and ultimately enhance the overall quality of life for women
affected by these conditions.
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Reproductieve aandoeningen vormen wereldwijd een grote bedreiging voor de
gezondheid en het welzijn van vrouwen. Twee veelvoorkomende voorbeelden
zijn endometriose en herhaalde miskramen (‘recurrent pregnancy loss, RPL).
Endometriose treft ongeveer 10% van vrouwen in de vruchtbare leeftijd en
gaat vaak gepaard met hevige menstruatiepijn, chronische bekkenpijn en
verminderde vruchtbaarheid. RPL wordt gedefinieerd als het verlies van twee of
meer zwangerschappen voor 24 weken zwangerschap. In ongeveer de helft van
de gevallen wordt geen duidelijke oorzaak gevonden, dit wordt aangeduid als
idiopathische RPL (iRPL). Ondanks de hoge prevalentie en de grote impact op het
leven van vrouwen, zijn er nog maar weinig effectieve behandelingen beschikbaar.

Een belangrijke overeenkomst tussen deze twee aandoeningen is de ontregeling
van het immuunsysteem en de chronische ontstekingsreactie. In de baarmoeder
wordt normaal een delicate balans gehandhaafd tussen enerzijds de afweer tegen
ziekmakende organismen (pathogenen) en anderzijds de noodzakelijke tolerantie
voor het half-lichaamsvreemde embryo. Het in stand houden van deze tolerantie
is voornamelijk afhankelijk van drie typen immuuncellen: de natural killercellen
(NK-cellen), T-cellen en macrofagen. Wanneer de functie of activiteit van deze
cellen wordt verstoord, kan dit leiden tot een ontregeling van de immunologische
omgeving in de baarmoeder, met als gevolg verminderde kans op innesteling of
implantatie, miskramen en de ontwikkeling van endometriose.

De huidige behandelingen voor deze aandoeningen zijn vaak ontoereikend. Bij iRPL
ontbreekt een duidelijk aangrijpingspunt voor therapie, waardoor vrouwen vaak
zijn aangewezen op behandelingen waarvan de effectiviteit niet is aangetoond,
zoals progesteron, aspirine, glucocorticoiden of leukocytenimmunotherapie.
Voor endometriose richten de gangbare behandelingen waaronder ‘non-steroidal
anti-inflammatory drugs’ (NSAID’s), oftewel niet-steroide ontstekingsremmers en
hormonale therapieén zich voornamelijk op symptoombestrijding. Deze middelen
verlichten de chronische pijn meestal slechts tijdelijk, de klachten keren vaak terug
na het stoppen van de therapie en het effect bij ernstige vormen van de ziekte is
beperkt. Chirurgische ingrepen kunnen de pijnklachten eveneens tijdelijk verlichten,
vaak komen de klachten terug. Dit benadrukt de noodzaak voor alternatieve, meer
doeltreffende behandelstrategieén.

In dit proefschrift wordt onderzocht in welke mate leefstijlinterventies, zoals
regelmatige lichaamsbeweging en een ontstekingsremmend dieet, invloed hebben
op het immuunsysteem en respectievelijk het krijgen van iRPL en de pijnklachten bij
endometriose. Het uitgangspunt is dat leefstijl een laagdrempelige, niet-belastende
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en patiéntgerichte manier kan zijn om het immuunsysteem te beinvlioeden,
om daarmee zowel de kwaliteit van leven als het verloop van de zwangerschap
te verbeteren.

Onderzoeksopzet en resultaten

Allereerst is onderzocht wat de invloed is van hormonale voorbehoedsmiddelen
op de samenstelling van immuuncellen in de baarmoeder van gezonde vrouwen.
Hieruit bleek dat het gebruik van hormonale anticonceptie inderdaad veranderingen
teweeg kan brengen in deze immuuncelpopulaties, wat belangrijk is bij de
interpretatie van immuun-gerelateerde gegevens in vruchtbaarheidsonderzoek.

Vervolgens is bij vrouwen met iRPL gekeken naar de expressie van verschillende
receptoren op hun NK-cellen. De resultaten laten zien dat twee factoren hierbij
een belangrijke rol spelen, namelijk het verloop van eerdere zwangerschappen
en de aanwezigheid van antistoffen tegen cytomegalovirus in het bloed. Deze
bevindingen benadrukken het belang van een zorgvuldige karakterisering van
patiéntprofielen bij het interpreteren van immuunafwijkingen bij RPL.

Daarnawerd eeninterventiestudie uitgevoerd naar de effecten van matig-intensieve
duurtraining bij vrouwen met iRPL. De resultaten lieten zien dat lichaamsbeweging
een verschillend effect heeft op NK-cellen in het bloed (systemisch) vergeleken met
die in het baarmoederslijmvlies (uterien). Dit benadrukt dat de activiteit van het

immuunsysteem in het perifere bloed niet altijd representatief is voor de lokale
immuunactiviteit in de baarmoeder.

In een daaropvolgende studie werd onderzocht hoe een specifieke signaalroute tussen
immuuncellen, de JAK-STAT-signaalroute, betrokken is bij ontstekingsprocessen
en T-celactivatie bij vrouwen met endometriose. De bevindingen laten zien dat
deze signaalroute overactief is bij endometriose, wat suggereert dat remming van
deze route (bijvoorbeeld met zogeheten JAK-remmers) een mogelijk therapeutisch
aangrijpingspunt zou kunnen zijn.

Ten slotte werd in een klinische studie het effect onderzocht van een twaalf
weken durend ontstekingsremmend dieet bij vrouwen met endometriose. Dit
dieet leidde tot een duidelijke vermindering van pijnklachten en een verbetering
van de kwaliteit van leven. Daarnaast werden veranderingen waargenomen in de
frequentie van specifieke, atypische T-celpopulaties in het baarmoederslijmvlies.
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Ook werden effecten gevonden op het microbioom van de darm en de vagina, wat
suggereert dat voeding een invloed kan hebben op zowel het systemische als het
lokale immuunsysteem.

Conclusie

Dit proefschrift laat zien dat leefstijlinterventies, zowel op het gebied van
lichaamsbeweging als voeding, het immuunsysteem en ontstekingsprocessen
kunnen beinvloeden bij aandoeningen die de vruchtbaarheid en zwangerschap
raken. De resultaten tonen bovendien aan dat dergelijke interventies niet alleen
laagdrempelig en veilig zijn, maar ook kunnen bijdragen aan een groter gevoel van
eigen regie en zelfmanagement bij patiénten. Daarmee bieden ze een veelbelovend
alternatief of belangrijke aanvulling op bestaande behandelingen voor vrouwen
met endometriose en iRPL.
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Research data management

This thesis is based on research involving human participants and existing data
from published studies, all conducted in compliance with relevant national and
international legislation and regulations, ethical guidelines, codes of conduct and
Radboudumc policy. The privacy of the participants, involved in these studies,
was protected through pseudonymization. The pseudonymization key was stored
securely on a restricted-access network drive, available only authorized project
members, and kept separately from the research data. Written informed consent
was obtained from all participants for the collection and processing of their data
for this research project.

For the study described in chapter 2, menstrual effluent samples were obtained
from healthy control participants. The raw and analysed dataset has been added
to the “Investigating endometrial immune cells in contraceptive users” collection [DOI:
https://doi.org/10.34973/gcxv-ex07] Research Documentation Collection (RDC)
in the Radboud Data Repository, with closed access. Additionally, the aggregated
data from chapter 2 have been published open access in the American Journal
of Reproductive Immunology (https://doi.org/10.1111/aji.70145). All data can be
accessed using standard, widely available software.

In chapter 3, peripheral and menstrual effluent samples from healthy controls and
women with recurrent pregnancy loss were analysed. All participants provided
written informed consent in compliance with the Dutch Medical Research involving
Human Subject Art (Commissie Mensgebonden Onderzoek Arnhem-Nijmegen,
Nr 2017-3256). The raw and analysed data of the research performed in this study
were added to the “Unexplained recurrent pregnancy loss" collection [DOI: https://
doi.org/10.34973/pwc0-j489] of the RDC, to which access is closed.

In chapter 5, menstrual effluent and peripheral blood samples were used from
women with recurrent pregnancy loss participating in the HMove study. This
clinical trial was performed between 2021-2025 in collaboration with Maastricht
University Medical Center. This study was conducted in accordance with the
Declaration of Helsinki, the Medical Research Involving Human Subjects Act, and
the guidelines for Good Clinical Practice (GCP). Approval of this study was obtained
from the Dutch Central Committee on Research Involving Human Subjects
(CCMO, NL77307.091.21) and the local ethics committees of the Radboudumc and
Maastricht UMC+. Written informed consent was obtained from all participants. The
results of this study have been published in Frontier in Immunology (https://doi.
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org/10.3389/fimmu.2025.1602939). The corresponding dataset is available in the
“Aerobic exercise intervention in recurrent pregnancy loss” collection [DOI: https://doi.
org/10.34973/eax7-2a18 1 in RDC, with closed access.

In chapter 6 and 7, peripheral blood and menstrual blood samples from individuals
with endometriosis and healthy controls were analysed. These samples were
obtained as part of the AIDEN study, a prospective, exploratory feasibility study
conducted at the Radboudumc between February 2023 and June 2024. Ethical
approval was granted by the regional ethics committee ‘METC Oost-Nederland’
in the Netherlands (reference number: 2022-13650) and the study was registered
at the EU Clinical Trails Register (reference number EUdraCT 2022-13492). The
dataset from this study is available in the “Anti-inflammatory diet intervention in
endometriosis” collection [DOI: https://doi.org/10.34973/qrwt-tc04] in RDC of the
Radboud Data Repository, to which access is closed.

Data from chapters 2-7 were also stored and analyzed on the department server.
Clinical data used in chapter 5, 6, and 7 were stored in Castor EDC and are only
accessible by project members working at the Radboudumc. These secure storage
options safeguard the availability, integrity and confidentiality of the data. Paper
(hardcopy) data is stored in cabinets on the department.
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PhD portfolio of Aysel Gurbanova

Department: Laboratory of Medical Immunology

PhD period: 01-10-2021/01-10-2025

PhD Supervisor(s): Marien de Jonge

PhD Co-supervisor(s): Dr. Renate van der Molen, Dr. Tess Meuleman, Dr. Lotte Wieten

Training activities Hours
Courses

Radboudumc - In the lead - Radboudumc introduction for PhD candidates (2023) 12.00
Radboudumc - General Radboudumc introduction for research personnel (2023) 9.00
RU - Design and Illustration (2023) 26.00
RU - Essential skills to manage your PhD project (2023) 24.00
RU - Writing Scientific Articles (2023) 96.00
RU - Entrepreneurship and Innovation for PhD-students (2023) 84.00
Career Development for PhD candidates & PostDocs ‘The next step in my career’ (2025) 24.00
Radboudumc - Scientific integrity (2025) 20.00
Seminars

Placental Biology Course (2022) - Oral presentation 40.00
Conferences

European Society of Reproductive Immunology (2022) - Poster presentation 40.00
NVVI-2022 (2022) - Oral and poster presentation 16.00
PhD Retreat 2023 (2023) - Poster presentation 8.00
International Society of Reproductive Immunology (ISIR)-2023 (2023) - Poster presentation ~ 40.00
Joint Belgian-Dutch Immunology Meeting (2023) - Poster presentation 16.00
European Society of Reproductive Immunology (ESRI)-2024 (2024) - Oral presentation 40.00
NVVI-2024 (2024) - Poster presentation 16.00
Dutch Nutritional Immunology Conference (2025) - Poster presentation 8.00
16th World Congress on Endometriosis (2025) - Poster presentation 40.00
Other

Chair of the PhD Council (2024) 72.00

Teaching activities

Supervision of Internships

Supervision of a master student (2022) 36.00
Supervision of a master student (2023) 36.00
Supervision of a master student (2024) 36.00

Total 739.00
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my opportunities.
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for creating positive change for PhD candidates are truly inspiring.
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Begiim, biz uzun yillardir tanisiyoruz fakat son 4-5 yilda hayat bizi gercekten ¢ok
daha yakinlastirdi. Bunu tanistigim herkese sdyliyorum: senden ¢ok sey 6grendim.
Seninle arkadas olmak hayatimda bircok seyi degistirdi; kendimle olan iliskimi,
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diger insanlarla olan iliskimi ve hayata bakis agimi. Seninle birlikte hayattan zevk
almayi, kendimi sevmeyi ve kendimi daha iyi anlamayi 6grenmeye basladim. Bu son
yillarda her zor animda yanimda oldugun icin sana cok tesekkiir ederim. Hayatima
iyi ki girdin ve iyi ki benim arkadasimsin. Umarim ne kadar uzak yasarsak yasayalim
arkadashgimiz her zaman devam eder. Senin icin hayatta en glzel seyleri diliyorum,
¢lnkd bunu gercekten hak ediyorsun.

Aarti, we have known each other for more than six years now, and | truly feel that
we have grown up together. | deeply appreciate all the effort you have put into our
friendship. You and Thijs have become like a second family to me. Thank you for
always inviting me to your home during holidays, for giving me advice about love
and relationships, and for supporting me through difficult times. | will never forget
the moment you came to pick me up when | was not feeling well. Our friendship
and the memories we have created together mean so much to me. | often tell
people that your relationship with Thijs is a true example of a healthy and loving
partnership. It makes me very happy to see you building such a strong foundation
for your future together. Thank you also for the beautiful artworks that made this
thesis a million times better. Your creativity and kindness are truly inspiring.

Laurien, | cannot fully express in words how much gratitude and love | have for
you. Your kind heart is what makes you so special. We became closer through our
4Daagse training walks, where we spent hours walking and talking about life,
sharing our problems, and supporting each other. With you, | always felt seen,
heard, and understood. We have so much in common, and | feel incredibly lucky
to have a friend like you in my life. As | write this, so many memories come to
mind. We have experienced so much together: going to raves and festivals and
dancing from dawn to dusk, walking the 4Daagse where you literally dragged me

through the last days so | could finish (without you, | truly would not have made
it), traveling together, crying together, celebrating together, and taking long walks
through the city center. My personal growth is greatly connected to your support.
Whenever | needed help, you were always the first person there for me. Seeing you
build a home together with Aaron is incredibly inspiring, and it also reminds me
how much we have both grown over the years. It truly makes me happy to see you
two together. You have always reminded me of who | am and what | am capable
of. | admire how open you are to new experiences. You see the world from such a
unique perspective and always manage to find the positive side, even on difficult
days. | am so happy that you are my friend.
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Valideynlarima va qardasima, xaricde yasamaq va alim olmaq arzumda mana
dastak oldugunuz lciin tasakkiir ediram. ilhaminiz, dastayiniz va casaratiniz
olmadan bu giin oldugum yerds ola bilmazdim. Mama, bu giine gadar xatirlayiram
ki, xaricda yasamaq sanin arzun idi ve zamanla manim arzum oldu. Homise mani
xarico getmaye tasviq edirdin. Bazan bu arzumu ger¢aklasdirdiyim lclin 6zimi
gunahkar hiss ediram, ¢tinki bu, bir cox basqa seylardan vaz ke¢gmak demak idi.
Amma balka da manim bdylylub mustaqil bir gadin olmagim ug¢in lazim olan
masafe mahz bu idi, har vaziyyatloe basa ¢ixmadi bacaran. Bezen o qiz olmagd
darixiram; sahar mani oyandirdigin, Gzimi yudugun ve mani sahzada kimi
geyindirdiyin zamanlari. Distnuram ki, he¢ kim mana o qadar qaygi va sevgi vera
bilmaz. Umid ediram ki, manim sevgimi siz da hiss edirsan, baxmayaraq ki, sizdan
uzaqda yasayiram. Papa, son manim Urayimda xulsusi yera maliksan. Hemiso
bacariglarima, glicima va doézimlildylima inanmisan. Manca, bunlarin hamisini
sondan oyrondim. Kas saninle daha ¢ox vaxt kecira bilsem ve bagimizi daha da
dorinlasdire bilseam. Sen ve mama arzularimizi ger¢aklasdirmak l¢lin cox seydan
kecdiniz. Bunun Uglin size hamisa minnatdar olacagam.

These past four years have not only been about conducting research. They
have also given me a deeper perspective on what it means to be a woman and
on the fascinating complexity of female biology. During my PhD, | realized how
extraordinary the female body truly is. The ability to grow a new human being in
the womb is, from an immunological perspective, nothing short of a marvel yet it
is often perceived as something completely ordinary, even expected. | would like
to acknowledge all the women who struggle with different reproductive health
disorders, yet continue to live their lives, work on themselves, and try to manage
their symptoms despite the limited knowledge and treatment options that are
often available.The lack of awareness in this area is difficult to witness not only as
a scientist, but also as a woman who hopes to build a family and have children one
day. It is painful to see how female biology has been misunderstood, neglected,
or even used against women throughout history. That is why | feel proud to have
worked on a project with wonderful women and men who are committed to
bringing more awareness to this field and advancing women'’s health. | sincerely
hope that this work can contribute, even in a small way, to the growing efforts
to better understand reproductive health and ultimately improve the lives of
women everywhere.
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