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Endometriosis is a chronic gynecological disease that affects 1in 10 reproductive-aged
women. Most studies investigate established disease; however, the initiation and early
events in endometriotic lesion development remain poorly understood. Our study used
neutrophils from human menstrual effluent from patients with and without endometriosis
for immunophenotyping, and it used a mouse model of endometriosis and a mouse
endometriosis cell line to determine the role of neutrophils in the initiating events of
endometriosis, including attachment and survival of minced endometrial pieces. In menstrual
effluent from women with endometriosis, the ratios of aged and proangiogenic neutrophils
increased compared with controls, indicating a potentially permissive proinflammatory
microenvironment. In our endometriosis mouse model, knocking down neutrophil recruitment
with a-CXCR2 into the peritoneum decreased endometrial tissue adhesion — supported by
decreased levels of myeloperoxidase and neutrophil elastase in both developing lesions and
peritoneal fluid. Fibrinogen was identified as the preferred substrate for endometrial cell
adhesion in an in vitro adhesion assay and in developing lesions in vivo. Together, aged and
proangiogenic neutrophils and their secretions likely promote attachment and formation of
endometriotic lesions by releasing neutrophil extracellular traps and upregulating fibrinogen
expression as a provisional matrix to establish attachment and survival in the development of
endometriosis lesions.

Introduction

Endometriosis is a chronic gynecologic disease affecting 1 in 10 reproductive-aged women and people who
menstruate (1, 2). Endometriosis is the presence of proliferating endometrial-like tissue outside the uter-
ine cavity and affects the quality of life and reproductive health of millions worldwide (3-5). Individuals
suffering from endometriosis experience dysmenorrhea, chronic pain (including dyspareunia, dysuria, and
dyschezia), and infertility (3, 6) as well as associated comorbidities: gastrointestinal dysfunctions, auto-
immune disorders, and increased ovarian cancer risk (7, 8). Diagnosis is often delayed 7-9 years due to
the need for laparoscopic surgical confirmation or due to incorrect diagnoses, contributing to uncertainty
of the true prevalence of endometriosis (6). Treatments are mainly palliative with no definitive cure (9).
Currently, potential biomarker targets for diagnosis lack specificity, leading to ineffective diagnosis and
treatment options (10, 11).

The definitive etiology and pathophysiology of endometriosis remains elusive. While the field
acknowledges multiple etiologic theories, retrograde menstruation remains a prevailing hypothesis (12,
13). Greater than 90% of women experience retrograde menstruation; however, ~10% develop endo-
metriosis (3), indicating dysfunction in immune regulation and/or indicating that additional factors are
required for development and progression. A primary consensus is that estrogens regulate endometriosis
progression; however, initiation of endometriosis lesion formation appears to be driven by hormone-in-
dependent immune responses (14). Endometriosis is considered an inflammatory condition (3, 14) with
altered immune surveillance as a consequence of endometriosis development from incomplete clearance
of viable endometrial tissue. Neutrophil levels in the peritoneal fluid (PF) of women with endometriosis
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are ~4-fold higher compared with healthy women (15), suggesting an increased inflammatory microenvi-
ronment within the peritoneal cavity. Recent studies report that neutrophils may regulate the initiation of
endometriosis (14, 16-18).

Important for neutrophil recruitment is CXCR2 and its associated factors that are implicated in the
initiation of endometriosis (15, 16, 19-21); thus, they are becoming a pathway of interest for determin-
ing how neutrophils promote inflammatory conditions driving endometriosis. Neutrophils are key players
in immune surveillance and are highly regulated to prevent tissue damage and chronic inflammation in
healthy tissues (22-24). They act as first-responding effector cells that infiltrate into sites of injury (i.e., peri-
toneal cavity) for endometriosis lesion initiation (14, 16, 18). Different neutrophil subtypes and activation
stages exist; for example, individuals with endometriosis have increased expression of angiogenic factors in
PF (25-28) and increased incidences of autoimmune disorders (7, 29-31). Thus, subtypes of proinflamma-
tory neutrophils (i.e., increase inflammation) and proangiogenic neutrophils (i.e., promote angiogenesis)
are of particular interest for understanding mechanisms promoting endometriosis development (32).

In addition to recruitment, CXCR2 is also critical for neutrophil homeostasis and maturation (33, 34).
In several inflammatory disease models, blocking or knocking down CXCR2 decreases neutrophil recruit-
ment, tissue damage, and mortality (33). Increased neutrophils in the PF of women with endometriosis
and in vivo mouse studies of inflammatory diseases strongly suggest a role for CXCR2 and its ligands in
endometriosis development (15, 19-21). Moreover, in patients with endometriosis, CXCR?2 is increased in
endometrial biopsies shown by microarray and IHC analyses implicating it in the inflammatory profile of
endometriosis (20, 21). Neutrophils additionally mediate an adhesive response allowing ectopic endometri-
al tissue to become lesions; therefore, knocking down CXCR2 may prevent lesion attachment and survival.
CXCR?2 inhibitors have potential therapeutic advantages; some have progressed to Phase Ila clinical trials
without deleterious or irreversible side effects (35, 36). Hence, CXCR2 inhibition could target key processes
in disease initiation and possibly serve to prevent lesion development (36-39).

Together with our studies and those of others, we hypothesized that CXCR2 shifts the inflammatory
profile of the microenvironment in the peritoneal cavity during the initiation phases of endometriosis, pri-
marily in the attachment and survival of the viable endometrial tissue that subsequently forms lesions. To
test the hypothesis, we used our mouse model of endometriosis, which is a surgical dispersion of minced
endometrium (SDME) into the peritoneal cavity of hormonally intact mice to capture the cell types present
in retrograde menstruation, increase levels of neutrophils and macrophages as observed in women with
endometriosis, and develop lesions distally to the surgical site (14, 40-42). Our model is well suited for
studying disease initiation, as lesions develop through different stages, are histologically similar to human
lesions (i.e., epithelial glands, stroma, hemosiderin macrophages, and fibrosis), and lesions are viable for
months (14, 40-42). To compare mouse and human relevance, we collected human menstrual effluent from
day 1 of menses to mimic the timing of the early-initiation stage when menstruated endometrium may
attach. For timing to correspond to previous studies (14), we selected 24 hours after endometriosis induc-
tion for lesion harvest to determine the primary attachment and survival of endometrial tissue. For trans-
lational relevance, we selected the first day of menstruation to potentially mimic our experimental mouse
model in comparison with human inflammatory responses. Our data provide evidence that women with
endometriosis have increased aged and proangiogenic aged neutrophil subpopulations and that neutrophils
are contributing effector cells for adhesion and initiation of lesion formation.

Results

Aged neutrophil populations in menstrual effluent from women with endometriosis. Previous findings using our in
vivo SDME model demonstrated neutrophil infiltration peaked after the initiation of endometriosis lesion
formation following the injection of minced mouse endometrial pieces into the peritoneal cavity at ~24
hours (14). Therefore, 24 hours was selected for our human studies to establish translational relevance to
our SDME model to determine whether neutrophils and/or changes in neutrophil subpopulations were
also observed in menstrual effluent of women with endometriosis.

Menstrual effluent from women with and without endometriosis was collected on day 1 of men-
ses for immunophenotyping. WBCs were isolated, stained for cellular surface markers, and quantified
using gating strategies to isolate granulocytes, exclude eosinophils, and identify potential unique sub-
populations of neutrophils associated with endometriosis (Figure 1A). Identified total neutrophils were
normalized as a ratio by: calculating total cells per mL and then neutrophils per mL to total leukocytes
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per mL. No differences in the total neutrophil numbers were observed between endometriosis and control;
consequently, neutrophil subtypes were normalized as a ratio by: calculating cells per mL and then aged or
aged angiogenic neutrophils per mL to total neutrophils per mL. These ratios accounted for variability in
collection volumes and/or time collected per individual. The ratio of neutrophils (CD45*CD66b*CD193")
to total WBCs (CD45%) was not different between endometriosis and nonendometriosis control samples
(Con) (Figure 1B). In contrast, the ratio of aged neutrophils (CD45"CD66b*CD193-CD16 CXCR2")
(expressing CXCR?2) to total neutrophils (CD45*CD66b*CD193") increased significantly by 2-fold in
endometriosis compared with control (Figure 1C). Moreover, the ratio of proangiogenic neutrophils
(CD45*CD66b*CD193 CD16 CXCR2*VEGFR1") (additionally expressing VEGFRI1) increased by
~2.5-fold in endometriosis samples compared with control (Figure 1D). Together, these observations
suggest that aged and proangiogenic neutrophils likely play an important role in endometriosis, poten-
tially by providing cytokines and growth factors for the promotion of endometriosis cell survival, adhe-
sion to the peritoneal cavity, and initiation of lesion development, similar to that observed in our mouse
model (14). Aged and proangiogenic neutrophils may also participate in the recruitment of additional
immune cells (e.g., macrophages, to promote angiogenesis, which would further lesion development) (14).

Neutrophil knockdown attenuates endometrial attachment to sites in the peritoneal cavity. To determine the
effect of neutrophils on endometrial tissue attachment and initiation of endometriosis-like lesion forma-
tion (herein called lesions), donor mice expressing GFP were treated with control IgG or a-CXCR2 anti-
body (2.5 mg/kg in 1x PBS, bidiurnally) 5 days prior to donor endometrial tissue removal to knock down
neutrophil recruitment (Figure 2). Minced endometrial tissue pieces from donor mice were dispersed via
surgical incision and injection into the peritoneum of GFP~ host mice (14, 40—42), and treated with IgG or
0-CXCR2 (2.5 mg/kg in 1x PBS, bidiurnally) with pretreatment beginning 6 days prior to endometriosis
induction. The donor-to-host (d:h) transfer groups were treated as follows: (a) IgG to IgG (I:I), (b) IgG to
a-CXCR2 (I:a), (¢) a-CXCR2 to IgG (a:I), and (d) a-CXCR2 to a-CXCR2 (a:0)). Twenty-four hours later,
developing lesions, PF, and peritoneal cells were collected. At necropsy, using macroscopic analysis, lesions
were categorized into 2 groups — i.e., “attaching” or “unattached” — based on coloration (pink/attached
or white/unattached), the presence of an external blood spot (early initiation of angiogenesis), and/or the
presence of physical attachment to sites in the peritoneal cavity (Figure 3).

In the control I:T group, 74% of lesions were localized to sites of attachment 24 hours after endometri-
osis initiation, and endometrial tissue was pink, more firmly attached, and often found with the presence
of a blood spot and/or a visual external blood supply, indicating that attachment to peritoneal surfaces
and lesion formation had been initiated (Figure 3, A and B). Unattached endometrial tissue (26%) was
white in color, found floating in the peritoneal cavity or lying superficially on top of peritoneal sites, and no
evidence of physical attachment or formation of a visual external blood supply was observed at 24 hours
(Figure 3C). To normalize the number of observed lesions per mouse, a ratio was calculated comparing
the number of attached or unattached lesions with the total number of lesions per mouse. In the I:0- and
a:I-treated groups, 39% and 54% of endometrial tissue, respectively, was found attaching, and attachment
decreased further to 22% in the o:a group when compared with the I:1 group (Figure 3B). As expected, the
unattached (Figure 3C) to attached lesion ratios were inversely proportional based on treatment.

Together, these observations imply that knocking down neutrophil recruitment in host mice (I:a and
o:a) decreased the initiation of lesion formation to a greater degree than host mice treated with control
IgG (I:I and o:I), demonstrating that neutrophil recruitment was required for minced endometrial pieces
to attach and initiate lesion formation. Treatment of donor mice with a-CXCR2 (a:I) decreased lesion
attachment by 27% compared with I:I, suggesting a role for donor uterine neutrophils in attachment
where donor endometrial tissue recruits neutrophils lesser than the host (i.e., peritoneum). Treatment of
host and donor mice with a-CXCR2 antibody (a:o) further decreased (43%) the ability of endometrial tis-
sue to attach to peritoneum compared with I:a, indicating that neutrophils from both host and donor par-
ticipate in lesion development. Together, donor endometrial tissue plays a smaller role in the recruitment
of neutrophils, accounting for the differences between host groups in attaching lesions (27% and 59%, I:1
to a:I and o:I to a: o, respectively).

In addition to the use of a-CXCR2 antibody to knock down neutrophil recruitment, we also investi-
gated neutrophil recruitment in Cxcr2-KO mice (B6.129S2[C]-Cxcr2mi»m/J; gifted by Alex Lentsch, Uni-
versity of Cincinnati) and used a selective CXCR2 inhibitor, SB225002 (data not shown). Unfortunately,
Cxcr2-KO mice exhibit failure to thrive when neutrophil recruitment was knocked out and/or there were
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Figure 1. Women with endometriosis have higher levels of aged and proangiogenic neutrophils compared with healthy women. (A) Cating strategy of total
WBCs isolated from human menstrual effluent. Cells were gated on time, viable cells, single cells, CD45", CD66b", and CD193” to identify total neutrophils. Aged
neutrophils were defined as CD45'CD66b°CD193 CD16 CXCR2', and proangiogenic neutrophils are defined as (D45 CD66b'CD193 CD16 CXCR2'VEGFR1'. (B-D)
Quantitation of total neutrophils to total WBCs ratio, aged neutrophils to total neutrophil ratio, and proangiogenic aged neutrophils to total neutrophil

ratio. Con, healthy controls (n = 13);

EMS, endometriosis participants (n = 10). Data represent + SEM. Statistical significance for each graph was determined

by nonparametric, Mann-Whitney, 1-tailed U test. #*P < 0.05.
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compensation phenotypes for neutrophil recruitment (43); importantly, surgical procedures were not
well tolerated. In addition, neutrophil recruitment was inconsistently reduced in WT mice treated with
SB225002. Thus, due to these factors seen in the Cxcr2-KO mouse and SB225002 treatments, all further
studies were conducted by acutely knocking down neutrophil recruitment with a-CXCR2 antibody.

0-CXCR2 treatment reduces neutrophil recruitment into PF and endometriosis lesions. Peritoneal lavage
obtained from the I:I, a:I, :0, and o:a treatment groups were analyzed to determine changes in the lev-
els of neutrophils recruited into the peritoneal cavity. In addition, peritoneal lavage obtained from sham
surgical mice — i.e., mice having surgery and only given PBS and pretreated with IgG (“I””) or a-CXCR2
(“a”) — served as baseline inflammatory surgical controls. Neutrophils were immunophenotyped as live
population, single cells, and Ly6G™* (Figure 4A).

Analysis of neutrophils from the sham surgical I and o groups showed treatment with a-CXCR2 alone
significantly decreased recruitment of neutrophils into PF by 10-fold compared with I sham treatment.
The addition of endometrial tissue pieces to initiate endometriosis lesion formation increased neutrophil
recruitment in control I:I PF 2.5-fold compared with I sham surgical controls. In contrast, I:a and a:o PF
showed a 12-fold decrease in neutrophils compared with LI:T (Figure 4A), while a modest 1.5-fold decrease
in neutrophil recruitment was observed in o:I compared with I:I PF, likely due to the donor endometrial
tissue response similarly seen in Figure 3. Together, these findings show that the addition of endometrial
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Figure 2. Schematic representation of study treatment and experimental timeline. Donor mice expressing GFP
(green) begin treatment bidiurnally with a-CXCR2/1gG 5 days before collection of endometrial tissue (green diamonds).
At 41 hours before endometrial collection, donor mice receive an i.p. injection of pregnant mare serum gonadotropin
(PMSG) to synchronize uteri. Host mice (black) begin treatment bidiurnally with a-CXCR2/1gG 6 days before surgical
induction of endometriosis (black diamonds) with a final dose administered the day of surgery. Mice are euthanized
and lesions are collected 24 hours after surgical induction.

tissue pieces is required to promote recruitment of neutrophils into PF, and a-CXCR?2 treatment of host
mice is sufficient to knock down peritoneal neutrophil levels almost to o sham levels, irrespective of the
treatment given to donor animals (e.g., l:a = a:a).

Since external blood spots and early initiation of angiogenesis were observed during tissue attachment
and initial lesion formation in I:I mice, we also quantitated levels of proangiogenic neutrophil recruitment
into PF. Murine neutrophils expressing CXCR4 in addition to Ly6G are categorized as proangiogenic (32,
44, 45). Analysis of neutrophils (Ly6G*CXCR4") determined the pattern of proangiogenic neutrophil
recruitment similarly mirrored that observed with total neutrophils (Figure 4B), indicating again that pres-
ence of minced endometrial pieces was sufficient to increase peritoneal proangiogenic neutrophil numbers
with slight differences between host treatment groups (I:I to a:I and I:a to a:a) due to donor tissue inter-
actions and o-CXCR2 treatment of host mice knocked down proangiogenic neutrophil recruitment in PF.

Next, lesion tissue sections were stained with SI00AS8 to determine whether neutrophils recruited to
the peritoneum had infiltrated into the developing endometriosis lesions. Histopathological staining of
lesions was characterized based on a staining scale ranging from no staining to very high staining (Figure
4C). Scores for each lesion were quantitated using the staining scale (Figure 4D). Analysis of lesions from
all treatment groups exhibited similar histological structure with a mixture of stromal, epithelial cells, and
glandular structures 24 hours after endometrial tissue injection (Figure 4, E-H). Moderate to high numbers
of neutrophils were observed in I:I control lesions (Figure 4E), while neutrophil recruitment into I:a (Fig-
ure 4F) and a:a (Figure 4H) lesions decreased to low numbers, corresponding to the decreases observed in
lesion attachment and peritoneal neutrophil recruitment (Figures 3, A and B, and Figure 4, A and B). In
addition, neutrophil recruitment into o:I lesions decreased significantly compared with I:I but significantly
increased compared with I:a and o:a, suggesting that donor neutrophils, present in minced endometrial
tissue, are contributing effector cells in recruitment of host-derived neutrophils.

In summary, the flow cytometry data indicate that neutrophil recruitment was not fully blocked by
0-CXCR2 treatment. Not surprisingly, as neutrophils rapidly differentiate and extravasate from the vas-
culature during inflammation. This increase in neutrophil recruitment into I:I PF, followed by a signifi-
cant increase of neutrophils into I:I lesions, demonstrates that introduction of minced endometrial pieces
into the peritoneum elicits a physiological immune reaction. Moreover, a-CXCR2 treatment knocks down
neutrophil recruitment into PF and lesions, correlating with the decrease in lesion attachment following
treatment (Figure 3). Concomitantly, the considerable decrease in proangiogenic neutrophils also correlates
with the loss of external blood spots or signs of early initiation of angiogenesis (Figure 3). Taken together,
these findings propose that neutrophil recruitment is an important factor in tissue survival, attachment,
angiogenesis, and initiation of the development of endometriosis lesions.

Neutrophil-associated gene expression in endometriosis lesions decreased with a-CXCR2 treatment. To
determine the effect of a-CXCR2 treatment on neutrophils recruited into lesion tissue, we evaluated
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neutrophil-associated gene expression in I:I, a:I, I:a, and a:a lesions compared with control minced
endometrial pieces obtained from IgG-treated (“I”) and o-CXCR2-treated (“o”) donor mice. Neu-
trophil-associated target genes included Cxcr2, S100a8, S100a9, and Csf3r. We observed that Cxcr2
expression was low in IgG and 0-CXCR2 minced endometrial pieces. Thus, given these low levels of
expression, Cxcr2 expression in IgG-treated minced endometrial tissue was normalized relative to ribo-
somal RpL7 gene expression to enable comparisons between treatment and endometriosis groups. Cxcr2
expression increased 8-fold and 9-fold in I:I and a:I lesions compared with I:I, respectively, supporting
the increased recruitment of neutrophils observed previously (Figure 4) (14). In addition, Cxcr2 expres-
sion in I:a and a:a lesions decreased by > 4.5-fold and 2-fold, respectively, compared with I:I lesions.
S100A8 and S100A9 comprise approximately 45% of the cytoplasmic proteins in neutrophils and are
associated with neutrophil recruitment and activation (46—49); CSF3R controls the production, differentiation,
and function of granulocytes, including neutrophils (50). Analysis of $700a8, S100a9, and Csf3r gene expression
revealed that their expression decreased in parallel with that observed for Cxcr2 gene expression and that the
decrease in I:a and a:a lesions was significantly greater compared with I:.T and o:I lesions (Figure 5A). Of note,
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Figure 4. Knockdown of neutrophil recruitment in the SDME model decreased total and proangiogenic neutrophils in peritoneal fluid and lesions. (A)
Total neutrophils were gated as live cells, single cells, and Ly6G" from | sham (n = 10), a sham (n = 9), I:l (n = 7), l:a. (n = 9), c:| (n = 10), and a:at (1 = 10) groups
from biological replicates from 2 independent experiments. I, IgG; o, a-CXCR2. (B) Proangiogenic neutrophils were gated with CXCR4" from the Ly6G"
population from | sham (n = 9), o sham (1 =10), I:1 (n = 10), l:a. (n = 10), ozl (n = 10), and o::a (1 = 10) groups from biological replicates from 2 independent
experiments. (C) Representative images of S100A8 staining scale. (D) Quantitation of S100A8 staining in lesions. I:1 (n =18), l:a. (n = 20), ol (n = 25), and

a:a (n = 24) groups from biological replicates from 2 independent experiments from biological replicates from 2 independent experiments. (E-H) Lesions
stained with S100A8. Dark purple represents neutrophil infiltration into the lesion. Original magnification, 100x. Representative images from I:l, l:a, a:l, and
o:o. Data for each graph represent + SEM. Statistical significance for each graph was determined by nonparametric, Kruskal-Wallis followed with 1-tailed
Mann-Whitney U tests. Letters different from each other are statistically significant. P < 0.05. Scale bar: 100 um. Original magnification, 100x (C, E-H).

o:I lesions in §700a8 and S100a9 genes showed the overall highest levels of neutrophil-associated target gene
expression; although the cause of this was not clear, it may be a result of the host reacting to the a donor tissue.

In determining the potential role of endometrial-associated gene expression in lesion formation, we
initially hypothesized that integrins and selectins would play a major role in the processes of adhesion of
endometrial tissue due to their specialized functions in chemotaxis and extravasation during recruitment
of neutrophils (51); however, analysis of a select group of selectins (Sell, Selp) did not show modulation in
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Figure 5. Knockdown of neutrophil recruitment in the SDME model decreased neutrophil infiltration into lesions and decreased further neutrophil
recruitment. (A) Neutrophil-associated gene expression targets from | uterus, a uterus, I:l, l:0, a:l, and o:a groups. Cxcr2: | uterus (n = 3), o uterus (n = 4), LI
(n=16), l:a (n=11), a:l (n =10), and a:a (1 = 15). S700a8: | uterus (n = 3), a uterus (n = 4), I:1 (n = 16), l:a. (n = 12), a:l (n = 11), and o0 (7 = 16). S7100a9: | uterus (n
=3), auterus (n =5), l:l (1 =15), L:a (1 =12), a:l (n =11), and o0 (1 = 16). Csf3r: | uterus (n = 3), o uterus (n = 5), l:1 (n = 16), l:a (n = 11), azl (n =11), and a:a (1 = 15)
(B) Knockdown of neutrophil recruitment did not alter a subset of genes associated with endometriosis and inflammation, demonstrating uterine-associated
processes in lesion development from | uterus, a uterus, I:l, l:0, o:l, and a:o groups. I/6: | uterus (n = 3), o uterus (n = 5), I:I (n = 7), l:a. (n = 10), a:1 (n = 12), and
a:a (1 =11). Mmp3: | uterus (n = 3), a uterus (n = 5), l:I (n = 16), l:a. (n = 12), a:I (n = 10), and o:a (1 = 16). Itgb2: | uterus (n = 3), a uterus (n = 5), I:1 (n = 16), l:a. (n
=12), azl (n =11), and o:a (n = 16). Vegfa: | uterus (n = 3), a uterus (n = 5), I:1 (n = 17), L:a (7 = 12), ozl (n = 11), and a:a. (1 = 16). For each graph, biological replicates
are shown from 2 independent experiments. Data for each graph represent + SEM. Statistical significance for each graph was determined by nonparametric
Kruskal-Wallis followed with 1-tailed Mann-Whitney U tests. Letters different from each other are statistically significant. P < 0.05.

lesion development in I:I, oI, T:a, or o:a lesions compared with minced endometrial pieces obtained from
I- and o-treated donor mice (data not shown). Interestingly, 7/6, Mmp3, Itgb2, and Vegfa, a group of genes
known to play a role in endometriosis, increased in the developing lesion tissues in all groups compared
with control I and o minced endometrial pieces (Figure 5B). Together, these findings indicate that the
expression of factors regulating neutrophil activation and function are primarily modulated via neutrophils
that have infiltrated into the lesions.

IL-6 is reported as an important cytokine in both the endometrium and endometriosis lesions in women
with endometriosis and is known to be both proinflammatory and antiinflammatory (52). 1/6 expression
increased by greater than 68-fold in all I:I, a:I, I:a, and a:a lesions compared with I- and o-treated minced
endometrial pieces. MMP3 remodels extracellular matrix and is overexpressed in endometriosis, and MMP3
polymorphism increases the risk of developing advanced endometriosis and infertility (53). Mmp3 expression
increased by 200-fold in all I:I, a:I, I:a, and a::a lesions compared with I- and o-treated minced endometrial
pieces. Integrin B-2 (ITGB2) is an adhesion molecule known to play a role in regulating neutrophil traffick-
ing and other immunological processes (51). Irgh2 expression increased by 4-fold in all I'T, oI, I:a, and a:a
lesions compared with I- and o-treated minced endometrial pieces. VEGFA is highest during menstruation
in endometriosis compared with normal controls, is elevated in the PF of women with endometriosis, and
promotes angiogenesis (54). Vegfa expression increased by 3-fold in all I:1, o:I, I:0,, and a:o lesions compared
with I- and o-treated minced endometrial pieces. Additionally, expression of the integrins Izrgall increased
by 124-fold (data not shown), and this increase was independent of neutrophil knockdown. Factors regu-
lating endometrial tissue survival, adhesion to peritoneal sites, and angiogenesis during initiation of lesion
formation are primarily produced by endometrial cells mediated by signals from the endometrium, and these
signals can be modulated by neutrophil-dependent and neutrophil-independent mechanisms.

Vasculature at 24 hours is donor derived. To examine the early initiation of vasculature, lesions from
each group were stained with anti-PECAMI to visualize vasculature and with anti-GFP to validate
donor-derived tissue. Histopathological staining of lesions was examined for de novo vasculature since
PECAMI is involved in angiogenesis and is a marker for endothelial junctions. Representative images
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Figure 6. Endometriosis lesions include
existing GFP* donor-derived blood vessels
and not de novo-derived blood vessels,
regardless of neutrophil knockdown 24
hours after endometriosis induction. (A, C,
E, and G) Developing endometriosis lesions
stained for GFP donor-derived tissue are
GFP* (brown stain) and contain endometrial
glands from minced uterine tissue. (B, D,

F, and H) Developing endometriosis lesions
were stained to visualize endothelial cells
lining blood vessels for PECAM1 (brown
staining). Representative blood vessels (teal
arrowheads) found in developing lesions
from serial sections stained for GFP and
PECAM1. GFP: I:1 (n =12), l:a. (n = 16), a:l (n =
18), and a:a (n = 14). PECAM1: I:1 (n =12), l:a.
(n=18), ozl (n =18), and o:a (n = 14). Lesions
per group represent biological replicates
from 2 independent experiments. Scale bar:
25 pm. Original magnification, 400x.

(Figure 6, B, D, F, and H) from each group are shown. No remarkable differences between the size, loca-
tion, or formation of vessels at the 24-hour time point was observed. Additionally, staining of lesions
with GFP demonstrated that the vasculature in the lesions were donor endometrial tissue derived (Fig-
ure 6, A, C, E, and G). This result is comparable with another study that also did not observe de novo
angiogenesis in the lesion 72 hours after endometriosis induction (16). Although Vegfa (Figure 5B) was
elevated in the endometriosis induction groups, the delay between transcription and translation likely
caused the delay in visible neoangiogensis within the lesion.

Neutrophil extracellular traps promote endometrial tissue attachment. Since knocking-down neutrophil
recruitment did not alter adhesion factor expression, neutrophil extracellular traps (NETs) were examined
to gain further insight into the mechanisms of lesion attachment. NETs are an inflammatory process
resulting in the expulsion of decondensed chromatin, histones, and enzymes to produce a viscous and
adhesive meshwork intended to contain an inflammatory incident (55, 56). In response to stress, NETs
serve as an adhesive substrate for cells (57) and release the byproduct neutrophil elastase (ELA2), which
is essential to initiate NET formation and synergizes with another NET byproduct, myeloperoxidase
(MPO), the most abundant proinflammatory biomarker present in neutrophilic granulocytes, to accelerate
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chromatin decondensation during NET formation (i.e., NETosis) (58, 59). Thus, ELA2 and MPO were
evaluated in both PF and crushed lesion tissues via ELISA to determine whether NET formation was a
potential mechanism involved in the survival and attachment of endometrial tissue.

ELA2 levels decreased by 30% in I:a and by 27% in a:a. PF compared with the I:I group, with no chang-
es in o:I compared with I:I (Figure 7A). ELA2 in lesions decreased by 58% in I:0, with no changes in o:I
and a 38% decrease in a:a lesions compared with the I:I control group (Figure 7B). MPO decreased by 70%
in I:a, with no changes in o:1 and a 65% decrease in a:0, PF compared with the I:1 group (Figure 7C), while
MPO decreased by 22% in I:o and by 15% in a:a lesions with no changes in a:I compared with I:I (Figure
7D). Lesions were not compared with eutopic endometrium or sham PF due to reduced neutrophils (i.e.,
low to no expression of SI00A8/A9 in eutopic endometrium). These observations imply that ELA2 likely
plays a more prominent role in lesion development, whereas MPO is more important in NET formation in
driving the proinflammatory microenvironment provided by the PF.

Neutrophils initiate extracellular matrix remodeling and adhesion sites for lesions. To determine the extracel-
lular matrix (ECM) preferred for lesion adhesion, we used our spontaneously immortalized cell line from
mouse endometriosis lesions (mEmLe) (42) in an ECM array assay to delineate lesion attachment at the
single-cell level based on their ability to attach to the ECM components fibronectin, collagen I, collagen
IV, laminin I, and/or fibrinogen. For this assay, cells were plated in the presence of PF from all groups.
Each group was normalized to BSA-coated wells. Fibrinogen is a glycoprotein and component of blood
clots that is cleaved by thrombospondin to produce fibrin fibers that provide stability to clots (60). As seen
in Figure 8A, mEmLe cells clearly selected fibrinogen as a preferred substrate for adhesion in I:T and a:I
PF compared with BSA control. Furthermore, cell attachment decreased by 2.5-fold in both I:a. and a:0. PF
compared with LI, indicating that decreasing neutrophil recruitment into the peritoneum also decreased
attachment at the cellular level. In addition, mEmLe cells attached modestly to fibronectin, a glycoprotein
present in plasma that can play a major role in cell adhesion and wound healing (61), in a similar trend
seen with fibrinogen. However, mEmLe cells did not attach to collagen I, collagen IV, or laminin over BSA
baseline, implying that these ECM components were not essential for lesion adhesion.

Next, we determined changes in the expression levels of the fibrinogen o (Fga) and B (Fgb) subunits in
attached and unattached lesions in response to neutrophil depletion. Fga was not expressed in lesions or
minced endometrial pieces; however, Fgb expression increased > 8-fold in attached I:I, I: a, and o:I lesions
compared with I and o minced endometrial pieces, and it decreased in unattached I:I lesions by 2.5-fold com-
pared with I:I attached lesions. Fgb expression significantly decreased in unattached lesions and was almost
undetectable in unattached I: a and a:a lesions (Figure 8B). Insufficient lesion numbers were unattached
in a:I or attached in a:0 groups to measure Fgb expression. In contrast, expression of Thbsi, a glycoprotein
involved in hemostasis and cell matrix remodeling (62), was > 10-fold higher in all lesions groups compared
with IgG and 0-CXCR2 minced endometrial tissue controls (Figure 8C). While other ECM factors may con-
tribute to initiation of lesion attachment, stability, and/or survival at the early 24-hour time point, fibrinogen
and, to a lesser extent, fibronectin are most likely key in initiating the lesion attachment process.

Discussion

Mechanisms that regulate the early events of endometriosis lesion formation are still poorly under-
stood. We and others have shown that neutrophils and their associated factors are likely effector cells
in endometriosis pathogenesis (15, 16, 63, 64). Herein, our study provides evidence that women with
endometriosis have an increased ratio of aged and proangiogenic aged neutrophil subpopulations and
that neutrophils are required for adhesion and initiation of lesion formation (Figure 9). In addition,
NET formation and fibrinogen provide a preferred substrate for the adhesion of endometrial cells that
then begin to form endometriosis lesions via the recruitment and the infiltration of neutrophils, the
expression of endometrial- and neutrophil-associated factors that promote attachment and survival,
and the early external initiation of angiogenesis. Furthermore, the murine study provides evidence of
a donor (endometrial) to host (peritoneal) response, supporting the hypothesis that immune cells in the
uterus are primed and may alter the immune response in the peritoneal cavity as supported by retro-
grade menstruation. Importantly, impaired neutrophil recruitment into the peritoneal cavity decreases
NET formation, the attachment of endometrial pieces to peritoneal sites, and the initiation of lesion
formation in our in vivo SDME model. Identifying the mechanisms that regulate the early stages of
endometriosis and discovering biomarkers or targets for preventing lesion attachment and formation
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A ELA2 B ELA2 Figure 7. Knockdown of neutrophil recruitment
(peritoneal) (lesion) in the SDME model decreased NET formation in
peritoneal fluid and developing lesions. (A-D)
ELISA for ELA2 in peritoneal fluid from I:l (n =
4), l:a.(n=11), azl (n = 5), and a:a (1 = 5); ELA2 in
lesions from I:l (1 = 7), l:a (n = 8), a:l (n = 6), and
a:a (n = 11); MPO in peritoneal fluid from I:l (n =
4), l:a.(n = 4), a:l (n = 5), and o::0. (n = 5); and MPO
in lesions from I:1 (n = 11), la (n = 6), a:l (n = 7),
and o:a (1 = 15). Each graph contains biological

a
L]
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Ll la al aa Il ha al aa replicates from 2 independent experiments. Data

for each graph represent + SEM. Statistical sig-
C MPO D MPO nificance for each graph was determined by non-
(peritoneal) (lesion) parametric, Kruskal-Wallis followed with 1-tailed

Mann-Whitney U tests. Letters different from
each other are statistically significant. P < 0.05.
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would have major effects on the clinical management of endometriosis, since endometriosis disease
already begins to clinically manifest itself in young women beginning their periods and current treat-
ment relies on surgical and chemical approaches which are not curative (6).

Traditionally, endometriosis has been considered a hormonally driven disease (40, 65-67). However,
our current study implies that the initiation and early stages of lesion development are immune mediated,
and we reported previously that introducing endometrial tissue pieces into the peritoneum of immune-com-
promised mice using our SDME model did not form endometriosis lesions, supporting the concept that a
functioning immune system is essential for lesion development (14, 42). Introduction of minced endome-
trial tissue pieces into the mouse peritoneum elicited a strong immune response, with neutrophils being the
initial recruited effector cell into the peritoneum (Figure 4).

Based on our previous study using the SDME model, neutrophil levels peaked 24 hours after induction
of endometriosis while macrophages were largely recruited after 48 hours (14); therefore, our current study
focused on 24 hours after induction of endometriosis due to the increase and major presence of neutrophils
during this time point. Neutrophils are a predominant immune cell type found in menstrual effluent (68);
thus, we would predict that retrograde menstruation, which consists of menstrual effluent containing via-
ble uterine tissue, not only provides activated immune cells and their associated cytokines (69, 70) but also
triggers the recruitment of neutrophils into the peritoneal cavity to initiate endometriosis formation. Fur-
thermore, the monthly occurrence of menses provides a cycling and/or chronic activation of the immune
system, which, in turn, supports the growth of established endometriosis lesions and provides viable endo-
metrial tissue pieces with the opportunity to repeatably establish endometriosis lesions (15, 16, 63, 64). Of
considerable interest, retrograde menstruation occurs in nearly all individuals who menstruate; however,
only 10% of these individuals develop endometriosis, suggesting that multiple factors, including neutro-
phils, are at play in endometriosis development (1, 2).

Neutrophils are first responders in a wound-healing environment (71) and participate in uterine homeo-
static processes (72). Analysis of neutrophils in menstrual effluent revealed that the ratio of neutrophil/total
CD45* immune cells in endometriosis effluent did not differ from control effluent; however, the subpopu-
lation of aged neutrophils in endometriosis effluent increased. Our findings indicate that aged neutrophils
are a potentially important maturation state of neutrophils in menstrual effluent from endometriosis women
on the first day of menses, implying that these cells are likely a main effector in the initial flow that refluxes
into the peritoneal cavity to promote a proinflammatory microenvironment required for establishing endo-
metriosis lesions. Since aged neutrophils are implicated in reactive functions such as NETs and infiltration
(73), these neutrophils could attempt to rescue retrograde endometrial tissue in the peritoneum similarly to a
wound-healing response, leading to survival and/or reduced clearance of the endometrial tissue.

‘While macrophages promote angiogenesis in tissue homeostasis and wound repair (74, 75), neutro-
phils also likely contribute to angiogenesis in endometriosis (63). We have identified an aged neutrophil
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Figure 8. mEmLe cells adhere to fibronectin in a neutrophil dependent manner, and the same fibrinogen response is
observed in attaching lesion tissue. (A) mEmLe cells were used in an adhesion array with fibronectin, collagen |, col-
lagen 1V, laminin |, and fibrinogen. Cells were allowed to adhere in the presence of peritoneal fluid from I:1, I:a, a:1, and
a:o groups where | = 1gG and a = 0-CXCR2. n = 4 representative of 3 independent experiments. (B) Fibrinogen (Fgb) gene
expression in minced endometrial pieces, attaching (att), and unattached (unatt) lesions from | uterus, a uterus Il

I:a, ozl, and o::a. groups. | uterus (n = 3), a uterus (n = 5), l:l att (n = 5), l:l unatt (n = 5), l:a. att (n = 7), l:o unatt (n = 4), a:l
att (n = 5), a:l unatt (n = NA), aza att (n = NA), and o:o unatt (n = 10) for attaching and unattached lesions of biological
replicates from 2 independent experiments. (C) Thrombospondin (ThbsT) gene expression in minced endometrial pieces
and lesions from | uterus (n = 3), o uterus (n = 4), I:1 (n =11), ka (n = 9), a:l (1 =7), and o:a (n = 9) groups. n = 3-5 for
minced endometrial pieces, n = 11-17 for lesions of biological replicates from 2 independent experiments. NA = no gene
expression. Data represent + SEM. Statistical significance for each graph was determined nonparametric, Kruskal-Wal-
lis followed with 1-tailed Mann-Whitney U tests. Letters different from each other are statistically significant. P < 0.05.

subpopulation with a proangiogenic subphenotype in endometriosis menstrual effluent that was greater
compared with that observed in control effluent. Angiogenesis is essential for providing nutrients, growth
factors, and other factors essential for cell survival and to prevent hypoxia (76). Previous studies report that
proangiogenic (VEGFR1") neutrophils are recruited to sites of hypoxia (77), and since menstruation is a
hypoxic event (72), it is conceivable that the proangiogenic neutrophils in endometriosis retrograde effluent
contribute to neoangiogenesis, endometrial cell survival, and ultimately lesion development.

Neutrophils not only clear debris via phagocytosis, but they also recruit additional inflammatory
immune cells and induce volatile NETs (55, 56, 78, 79). During inflammation, aged neutrophils readily
release NETs (80), which further increase inflammation via the release of NET byproducts, including
ELA2 and MPO. In our SDME model, MPO levels were 10-fold higher in lesions and 70-fold higher
in PF as compared with ELA2, suggesting that MPO may preferentially enhance the proinflammatory
environment in the peritoneal cavity or alternatively, not be cleared as effectively by the immune system.
In addition, the findings of NETosis byproducts in early developing lesions suggests that the lack of
clearance of the endometrial lesion tissue in women with endometriosis is not only due to the presence
of neutrophils in the peritoneal cavity but also to the infiltration of neutrophils into early lesion tissue.
NETs may provide an adhesive and permissive microenvironment initiating adherence of endometrial
tissue pieces to one another and to peritoneal attachment sites. Thus, therapies that decrease neutrophil
recruitment would likely decrease NETosis in both lesions and PF, leading to decreased lesion attachment
and, ultimately, decreased survival.
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Figure 9. Schematic representation of a proposed mechanism for neutrophil-mediated lesion adhesion and survival. The early development of lesions
consists of concurrent neutrophil-dependent and endometrial-dependent phases. Neutrophils recruited to the peritoneal cavity are polarized or activated
toward an aged or proangiogenic phenotype (black arrows). Aged neutrophils release NETs (and their byproducts: MPO, ELA2), which respond to fibrinogen
to initiate adhesion of minced endometrial pieces and subsequent survival to develop lesions. Proangiogenic neutrophils that may produce NETs and drive
survival of minced endometrial pieces through angiogenesis are shown by the dotted pink line. Minced endometrial pieces express survival and adhesive

factors to further establish lesion development through attachment, survival, and angiogenesis.

Analysis of factors expressed in developing lesions indicates concurrent neutrophil- and lesion-associ-
ated factors independent of each other. Surprisingly, endometrial cells, regardless of a-CXCR2 treatment,
expressed /6 in the peritoneum, which suggests that the endometrial cells are responsible for recruitment of
neutrophils and may encourage proliferation via 7/6 independently from neutrophils. Mmp3, Vegfa, and Itgh2
were also increased in developing lesions compared with minced endometrial pieces. Vegfa is produced by
uterine tissue and macrophages, but our findings suggest that the early initiation of angiogenesis is from
the minced endometrial pieces. While in the mouse studies, the transcript for Vegfa increased, staining for

PECAM1 did not show neoangiogenesis, suggesting that initial lesion vasculature is likely derived from

existing donor (GFP) endometrial tissue vessels. In a different mouse model of endometriosis, neoangio-

genesis was also not observed during the first 72 hours (16). Interestingly, in attaching lesions, the presence

of small external blood spots was observed during necropsy, indicating that neoangiogenesis may begin
superficially or externally prior to internal neovascularization (i.e., when uterine tissue is fully attached to
the peritoneal site). Jrghb2 was also expected to play a neutrophil-mediated role in lesion development due
to cell-surface adhesions properties, but our findings support that integrin responses were independent of
neutrophils and are likely a response to endometrial tissue pieces adhering to each other and to sites within
the peritoneum. The enzyme MMP3, expressed in normal endometrial cells, degrades ECM components,

including fibronectin, laminin collagens, proteoglycans, and elastin important in tissue remodeling and
wound repair (81), and it is found in high concentration in menstrual fluid (82). Interestingly, we found

that Mmp3 expression dramatically increased in endometriosis lesion tissue and that fibrinogen was the

preferred substrate for endometrial cell adhesion. Together, the increase in neutrophils and NET forma-

tion in combination with fibrinogen could provide an endometriosis-specific molecular glue for promoting

endometrial cell attachment to peritoneal sites.
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Considering that endometriosis lesion development may be a wound-healing event, a 3D network is like-
ly essential for hemostasis with the mechanical properties of clots essential to the functions of fibrin (83).
Fibrinogen binds to neutrophils, and the proteases released from them is triggered by fibrinogen degradation
(83). Fibrinogen is converted to fibrin via thrombin-mediated proteolytic cleavage (60). Clinical observations
supporting the importance of fibrin in endometriosis include: increased thrombin and plasminogen activator
inhibitor (PIA1) and sera form denser fibrin clots (84) in women with endometriosis. Also, a FGB polymor-
phism promotes increased risk of endometriosis (85). Since hemostasis begins immediately after an injury
with the formation of a platelet plug that is closely followed by a provisional fibrin matrix to help mediate the
wound healing process (83), we hypothesize that the provisional matrix that promotes endometriosis lesion
adhesion and lesion development is generated via neutrophil migration, proliferation, and NET formation at
attachment sites containing fibrinogen to ultimately support endometrial attachment, survival, and angiogen-
esis in endometriosis. Identifying the mechanisms that regulate these processes could provide urgently needed
biomarkers for determining endometriosis in a disease that takes 7-10 years to diagnose (6). In addition,
discovery of targets for preventing lesion attachment and formation would provide more effective approaches
in clinical management and prevention of endometriosis where current treatments are prophylactic at best.

Methods

Sex as a biological variable. Studies included both humans and animal models. Only females of each species
were part of our study design, because endometriosis is a gynecological disease that occurs in people who
menstruate (i.e., genetically XX). In line with using human female samples, all mouse experiments were
done using female donor and host animals.

Menstrual effluent collection and processing. Menstrual effluent was collected for 6-10 hours on day 1 of
menses using a DIVA menstrual cup. Day 1 was characterized by active bleeding, not spotting. After collec-
tion, samples were refrigerated and transported on ice. Eligible participants were naturally menstruating, not
pregnant, were ages 21-44, did not have an intrauterine device or used hormone contraceptives 3 months
prior to collection, had no history of cancer, had no active infections, were not currently on antibiotics,
and had no known autoimmune disease. Patients with endometriosis were laparoscopically confirmed.
Patient demographics were as follows: Healthy (1 Black, 2 Asian, 10 White; age 25-44 years), Endome-
triosis (10 White, age 21-40 years). Menstrual effluent was filtered through sterile gauze to remove clots
before being centrifuged for 30 minutes at 277g to separate the acellular and cellular fractions. Cells were
resuspended in PBS + 0.5% BSA + 2 mM EDTA buffer, spun, and filtered via 70 pm and then 40 ym
filters to remove epithelial/stromal cells and small clots. Immune cells were isolated via density centrifugation
composed of equal parts Histopaque (11191, Sigma-Aldrich) and LymphoprepTM (07851/07861, STEM-
CELL Technologies) for 20 minutes at 277g¢. The leukocytes were removed from the topmost cellular layer,
washed, and utilized for immunophenotyping using spectral flow cytometry. Due to variability in menstrual
flow and number of hours collected, samples were normalized per mL of fluid collected and the ratio was
determined by the number of neutrophils in each subpopulation per mL corresponding to the total number
of neutrophils per mL.

Animal husbandry. A syngeneic mouse model of endometriosis was used for induction using hormon-
ally intact host mice (41, 42). Host mice (C57BL/6J) were purchased from Jackson Laboratory. Donor
mice (C57BL/6-Tg[UBC-GFP]30Scha/J mice [GFP]) were purchased from The Jackson Laboratory and
bred in house. Experimental mice were 8- to 16-week old females housed on sani-chip bedding (phytoestro-
gen-free) in a controlled temperature range (22°C-23°C) on a 12-hour light/dark cycle. Mice were given
food (phytoestrogen reduced 5V5R, LabDiet) and water ad libitum.

a-CXCR2 antibody. All mice were randomly assigned to treatment groups for each experimental repli-
cate. Host and donor mice were administered an i.p. injection (2.5 mg/kg diluted in PBS) of either mono-
clonal rat IgG anti-mouse CXCR2/IL-8RB antibody (0-CXCR2 Ab) or rat IgG,, isotype control antibody
(MAB2164 or MAB006, R&D Systems). Donor pretreatment began 5 days prior to endometriosis induc-
tion, and mice were dosed bidiurnally for a total of 3 doses before uterine tissue removal. Host pretreat-
ment began bidiurnally for 6 days prior to endometriosis induction, ensuring that mice were dosed on the
day of endometriosis induction. On the day of induction, treatments were added to minced uterine endo-
metrium for injection into the peritoneal cavity. Groups are denoted as donor:host. Experimental pairings
included: I.I (n = 8), Lia. (n = 9), a:I (n = 10), and a:a. (# = 10). Necropsy was conducted 24 + 1 hours after
endometriosis induction.
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Table 1. Mouse flow cytometry antibodies

Antibody
CD11b, eFluor 605NC
Ly6G, FITC
CXCR4, PerCP eF710
F4/80, PE

RRID Vendor, catalog Clone Concentration
AB_10373549 Thermo Fisher Scientific, 93-0112-42 M1/70 0.1mg/mL
AB_465314 Thermo Fisher Scientific, 11-5931-82 RB6-8C5 0.5 mg/mL
AB_10670489 Thermo Fisher Scientific, 46-9991-82 2BN 0.2 mg/mL
AB_465922 Thermo Fisher Scientific, 12-4801-80 BM8 0.2 mg/mL

Induction of endometriosis and lesion collection. Donor mice were synchronized with i.p. pregnant mare
serum gonadotropin (PMSG; 3.25 TU), and uteri were removed 41 hours after PMSG administration. To
obtain endometrium, myometrium with attached blood supply was peeled away, and endometrium was slit
longitudinally and minced (1-2 mm pieces in total ~50 mg) in sterile PBS in glass dishes. Concurrently, a host
mouse was prepped using isoflurane anesthesia and administered buprenorphine (0.1 mg/kg) for pain man-
agement. Uterine tissue was suspended in 500 uL of PBS with antibody and was then disseminated into the
peritoneal cavity of the host through a 3-5 mm dorsolateral hole. To avoid loss of transferred tissue into the
subfascial/preperitoneal plane, peritoneal cavity was pulled closed and held with surgical clamps for 30 sec-
onds before the skin was closed with a 9 mm surgical clip. An equivalent amount of minced endometrial tis-
sue was transferred in to all recipients. Donor uterine tissue was transferred at a 1:1 ratio; however, to ensure
normalization of tissue amount across groups, 1 uterine horn from 2 different donor mice were combined to
meet that 1:1 ratio. All animals were randomized and blinded to the surgeons during surgery and necropsy.

Mice were surgically timed and euthanized 24 * 1 hours after endometriosis induction. At necropsy,
peritoneal lavage was performed to collect peritoneal cells and PF by injecting 1 mL of PBS + 0.5% BSA
+ 2 mM EDTA (PF buffer) into the peritoneal cavity. The cavity was gently massaged (22 times), the
mouse was partially degloved, a small incision was made into the peritoneal cavity, and the fluid was gently
removed. After a 150 uL aliquot was removed for differentials, the PF was immediately spun at 1,200 rpm
for 5 minutes at 4°C and the supernatant was flash frozen on dry ice and stored at —80°C until use; the
cell pellet was resuspended in PBS + 0.5% BSA + 2 mM EDTA and kept on ice until antibody staining.
To assess the a-CXCR2-targeted treatment effect on ectopic endometrial tissue development into endo-
metriotic lesions, ectopic tissues were photographed to document in situ images of endometriotic tissue
lesions (M250FA with DFC450 camera, LAS X v.3.7.4, Leica Microsystem). Endometriotic lesions were
visualized, dissected, measured, and weighed. Tissue was removed with surrounding tissue for histology or
without surrounding tissue for gene expression analysis by real-time PCR and either fixed in 10% formalin
or flash frozen on dry ice and stored at —80°C until use, respectively. Metrics to compare treatment effects
on lesions include lesion number, lesion location, lesion size/weight, lesion volume, and lesion color.

Flow cytometry analysis. For mouse experiments, immune cells were isolated from the peritoneal cavity
via peritoneal lavage. PF cells were spun at 1,200 rpm for 5 minutes at 4°C and resuspended in 1 mL of
FACS buffer (0.5% BSA + 0.1% sodium azide [NaN,] + 2 mM EDTA in PBS). The cells were counted by
hemacytometer; 2 million cells from each host mouse were plated in 96-well round bottom plates. For sin-
gle-color and no-staining controls, a mixture of cells from all groups were plated 1 million cells/well. Cells
were spun (300g for 5 minutes at 4°C), decanted, and suspended in block for 30 minutes in a nonspecific
blocking reagent in FACS buffer with 5% normal mouse serum (015-000-120; Jackson ImmunoResearch),
5% normal rat serum (012-000-120; Jackson ImmunoResearch), and 5 mg/mL anti-CD16/32 (2.4G2 hybrid-
oma, BD Biosciences) (86). Antibodies in FACS buffer were added to the samples, mixed, and incubated for
30 minutes on ice (Table 1). Stained cells were analyzed on a LSR Fortessa (BD Biosciences). Neutrophils
were immunophenotyped as follows: proinflammatory (Ly6G™) and proangiogenic (Ly6G*CXCR4"). F4/80
and CD11b were used as a control to ensure macrophages were not included. Data were analyzed using
FlowJo software (Tree Star Inc.).

For human studies, immune cells isolated from menstrual effluent were isolated and resuspended in with
PBS + 0.5% BSA + 2 mM EDTA. In each well, 2 million cells were plated, blocked with 0.5% normal rat serum
+ 0.5% normal mouse serum + 0.004% anti-human Fc receptor binding (14-9161-73, Invitrogen) in PBS + 0.5%
BSA + 2 mM EDTA for 30 minutes, and then stained for cell surface markers identifying neutrophils. CXCR2
and CD193 were first added, one at a time for 10 minutes each, before adding the additional cell surface mark-
ers as a mixture for 30 minutes (Table 2). After antibody staining, cells were fixed with 1% paraformaldehyde
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Table 2. Human Flow Cytometry Antibodies

Antibody

CD45, NFB610
CD66b, PE-Cy7
CD193, AF488
CD16, NFR700
CXCR2, PerCP-eFluor710
VEGFR1, APC

RRID Vendor, catalog Clone Concentration
AB_2896513 Thermo Fisher Scientific, HOO5T02B05 2D1 2ul
AB_2573359 Thermo Fisher Scientific, 25-0666-41 G10F5 1.25 pub
AB_2802319 Thermo Fisher Scientific, 53-1939-41 SE8-G9-B4 2.5l
AB_2896549 Thermo Fisher Scientific, HO06T02B03 3G8 0.5 uL
AB_11040978 Thermo Fisher Scientific, 46-1829-42 BM8 5puL

AB_357147 R&D Systems, FAB321A 43560 10 uL

Table 3. Inmunohistochemistry antibodies

Antibody
S100A8
GFP
PECAM1
Rabbit normal immunoglobulin

RRID Vendor, catalog Clone Dilution Secondary dilution
AB_2763740 AbClonal, A1688 polyclonal 1:1,500 1:200
AB_641123 Santa Cruz Biotechnology, sc-8334  polyclonal 1:500 1:500
AB_2758592 AbClonal, A11525 ARC50362 1:10,000 1:1,000
AB_2687931 AbCam, ab172730 EPR25A Same as primary ~ Same as secondary

for 5 minutes. Aged neutrophils were defined as CD45*CD66b*CD193-CD16 CXCR2*, and proangiogenic
aged neutrophils were defined as CD45*CD66b*CD193-CD16 CXCR2*"VEGFRI1*. Stained cells were
analyzed using spectral flow cytometer on the FACS Aurora (BD Biosciences). Single-stained controls
for each cell surface marker were used to validate antibodies, unmixing, and compensation using FlowJo
software for analyses.

IHC analysis. Formalin fixed developing endometrial lesion tissues were routinely processed for par-
affin embedding. Sections (3 um) were cut, and slides were used for IHC. Slides were deparaffinized and
hydrated through descending grades of alcohol followed by rehydration to dH,0. Sections were refixed
with 10% formalin for 10 minutes before heat-induced epitope retrieval. Antigen retrieval was performed
using 1x DIVA Decloaker (Biocare Medical) at 95°C for 30 minutes in a decloaking chamber, allowed
to cool to room temperature for 10 minutes, and rinsed with dH,0. For washes between steps, PBS or
PBS with 0.01% Tween-20 (PBS-Tw) was utilized as noted. Avidin-biotin blocking kit (SP-2001, Vector
Laboratories, RRID:AB_2336231) was performed following manufacturer instructions. Protein block-
ing consisted of 5% normal goat serum in PBS-Tw for 1 hour at room temperature. IHC staining for
antibodies (Table 3), diluted in Van Gogh Yellow diluent (PD902L, Biocare Medical), was performed
for 1 hour at room temperature, followed by PBS-Tw washes. Rabbit normal immunoglobulin (Table
3) was used as a negative control. Secondary antibody incubation was performed with Biotin-SP-Affin-
iPure F(ab’)2 Fragment goat anti-rabbit IgG (Table 3; 1:200; 111-066-144, Jackson ImmunoResearch,
RRID:AB_2337970) in Van Gogh Yellow for 30 minutes followed by PBS-Tw washes and a final PBS
wash. Endogenous peroxidase was blocked by incubating slides with 3% hydrogen peroxide for 30 min-
utes, followed by PBS washes. Tertiary conjugation of ExtraAvidin-Peroxidase (1:100; e2886, Sigma-Al-
drich, RRID:AB_2620165) was incubated for 6 minutes, followed by PBS-Tw washes and a final wash
with PBS. ImmPact VIP Substrate Kit (SK-4605, Vector Laboratories, RRID:AB_2336525) was used
to visualize S100A8 localization. ImmPACT DAB EqV Substrate Kit (SK-4103, Vector Laboratories,
RRID:AB_2336521) was used to visualize GFP and PECAMI1 localization. All slides were counter-
stained in Hematoxylin QS (H-3404, Vector Laboratories, RRID:AB_2336843), 1:1 in dH,0 for 30 sec-
onds, blued in tap water, dehydrated, and coverslipped.

Sections were imaged at 100x using a Nikon TE300 microscope and DFC450c camera with LAS X
v.3.7.4 software. Neutrophil quantification was performed similarly to Jones et al. (41). Each lesion was
scored blindly for positive anti-S100A8 neutrophils as follows: no staining, few cells, low, moderate, high, very
high. Scores were then averaged and combined.

RNA isolation and real-time PCR. Frozen endometriotic tissue lesions from mice were pulverized on dry
ice, and RNA was isolated using TRIzol per manufacturer’s instructions (Invitrogen). Lesions containing
both attached and unattached sections were excluded from the Fgb analysis resulting in a lower #. Using a
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Table 4. Mouse primer sequences

Gene Name Forward Primer Reverse Primer
Cxcr2 TTGGTGATGCTGGTCATCTT TTTAGATGCAGCCCAGACAG
Fgb CAACGACGGCTGGGTAACTA GATTGGCTGCATGGCATCTG
Csf3r ACAAAGCAGGGACCTCTTCA ATGGTGTTAAGGTCTTGGGC
16 TCTATACCACTTCACAAGTCGGA GAATTGCCATTGCACAACTCTTT
Itgb2 ACAGGCGCTTTGAGAAGGAG AGAGGGGGTTGTCATTGTTCC
Mmp3 ACATGCAGACTTTGTCCCTTTTG TTGGCTGAGTGGTAGAGTCCC
5100a8 CCGTCTTCAAGACATCGTTTGA GTAGAGGGCATGGTGATTTCCT
Thbs1 GGACGGCTGGCCTAATGAAA GGTTGGGGCAGTTGTCCTTT
Vegfa GCTGTGCAGGCTGCTGTAAC CATGATCTGCATGGTGATGTTG

Primers are listed as 5'-3".

previously described method (42), complementary DNA was synthesized and analyzed by real-time PCR
using Fast SYBR. Relative transcript levels were quantified in comparison with endometrium treated with
PMSG from respective antibody treatment groups and normalized to Rpl/7. Primer sequences (Table 4)
purchased from Sigma-Aldrich or Thermo Fisher Scientific were selected using Primer Express (Applied
Biosystems), Harvard Primer Bank (Harvard University, Cambridge, Massachusetts, USA), PrimerBot!
(McDonnell Laboratory, Duke University, Durham, North Carolina, USA), or NIH Primer Blast.

ELISA. During necropsy, PF was collected via peritoneal lavage and was centrifuged at 277¢ for 5 minutes
to separate acellular and cellular fractions. The flash-frozen acellular fraction was stored at —80°C until analy-
sis. Lesions were cleared of connecting attachments and tissues prior to flash freezing. Representative lesions
throughout the peritoneal cavity were selected. The products of NETs tested were ELA2 and MPO. Each
ELISA was conducted following manufacturer’s protocol (4517-SE, R&D Systems; Ab285307, Abcam).

Cell culture. Cells were cultured in standard conditions at 37°C and 5% CO,. The mEmLe cells
(derived from GFP expressing mEmLe in the Burns Laboratory) (42) were cultured in DMEM + 10%
FBS + 50% conditioned DMEM + 1X penicillin/ streptomycin + fungizone. Standard culture plates
were used, and cells were passaged at 90%—-100% confluence. The mEmLe cells require a feeder layer
derived from peritoneal mesothelial cells (pMeso) developed in the Burns Laboratory. The pMeso cells
are host derived, nonfluorescing cells that proliferate more quickly than the GFP fluorescent mEmLe
cells; plates frequently underwent microscopic evaluation under 488 nM to remove areas of predomi-
nantly nonfluorescent cells.

Cell attachment assay. mEmLe cells were serum starved (DMEM + 2.5% sFBS + 1x antibiotic/anti-
mycotic) overnight (18 hours). Cell adhesion/ECM array assay plates were purchased from Cell Biolabs
precoated with fibrinogen, collagen type I, fibronectin, collagen type IV, laminin, and BSA. PF from
24-hour experiments (i.e., I:I, I:a, o:I, a:a) was mixed 1:4 following manufacturer’s instructions, cells
were resuspended in the medium plus PF mixture, and cells were plated 100,000/well into the ECM
array 48-well plates. mEmLe cells were allowed to attach for 1 hour and processed following manufactur-
ers protocol. The wells precoated with BSA served as a negative control and baseline for each treatment
group with readings graphed as: experimental OD 560 nM — BSA OD 560 nM.

Statistics. When comparing 3 or more groups for multiple comparisons, nonparametric data were ana-
lyzed using a Kruskal-Wallis test with the mean rank of each column compared with the mean rank of
every other column. If the Kruskal-Wallis test was significant (P < 0.05), then Mann-Whitney, 1-tailed U
tests were performed for validation. Statistical analyses were performed using GraphPad Prism version
10.2.0 (GraphPad Software). When comparing 2 groups, nonparametric, Mann-Whitney, 1-tailed U tests
were performed. For multiple-group comparisons, means not sharing a letter are significantly different from
each other (P < 0.05) and means sharing the same single letter or a letter in combination with other letters
are not significantly different from each other. For U tests, the number symbol (#) indicates significant
differences (P < 0.05).

Study approval. All human studies were approved and conducted in accordance with the University of
Cincinnati and Cincinnati Children’s Medical Center IRB (no. 2015-7749). Patients gave written informed
consent prior to participation in the study. All animal studies were approved and conducted in accordance
with the University of Cincinnati’s TACUC (no. 20-11-24-01).
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Data availability. Values for all data points associated with the manuscript are provided in the Support-
ing Data Values file (supplemental material available online with this article; https://doi.org/10.1172/
jei.insight.186133DS1). Additional information and detailed methods are available upon request to the
corresponding authors.

Author contributions

TRW, SAM, and KAB performed human menstrual fluid collection, flow cytometry, and data analysis.
SAM and KRP performed gene expression analysis and attachment assays. DK performed and analyzed
ELISA. SK and KAB developed the mEmLe cell line. TRW, KRP, SAM, DK, and KAB performed surgery
and necropsy on mice. TRW, SAM, and KAB independently scored THC. KAB oversaw the design and anal-
ysis of studies performed by TRW, KRP, SAM, and DK. TRW and KAB wrote the paper with comments
from KRP, SAM, DK, and SK.

Acknowledgments

All flow cytometric data were acquired using equipment maintained by the Research Flow Cytometry
Facility in the Division of Rheumatology at CCHMC supported by NIH S100D025045. We thank the
assistance of the Research Flow Cytometry Facility and the guidance of Alyssa Sproles. We are appre-
ciative of DIVA Cup for donating the DIVA Cups. The Cxcr2-KO mice were gifted by Alex Lentsch
(University of Cincinnati). Sources of support to KAB include RO1 HD097597, Ferring Innovation
Grant from Ferring Pharmaceutical, and University of Cincinnati College of Medicine Startup.

Address correspondence to: Katherine A. Burns, 160 Panzeca Way, Kettering Laboratory Complex,
University of Cincinnati College of Medicine, Cincinnati, Ohio, USA. Phone: 513.558.1877; Email:
Katherine.burns@uc.edu.

—_

. Buck Louis GM, et al. Incidence of endometriosis by study population and diagnostic method: the ENDO study. Fertil Steril.
2011;96(2):360-365.
. Eskenazi B, Warner ML. Epidemiology of endometriosis. Obstet Gynecol Clin North Am. 1997;24(2):235-258.
Giudice LC, Kao LC. Endometriosis. Lancet. 2004;364(9447):1789-1799.
Soliman AM, et al. Real-World Evaluation of Direct and Indirect Economic Burden Among Endometriosis Patients in the
United States. Adv Ther. 2018;35(3):408-423.
. Simoens S, et al. The burden of endometriosis: costs and quality of life of women with endometriosis and treated in referral
centres. Hum Reprod. 2012;27(5):1292-1299.
Zondervan KT, et al. Endometriosis. N Engl J Med. 2020;382(13):1244-1256.
Shigesi N, et al. The association between endometriosis and autoimmune diseases: a systematic review and meta-analysis. Hum
Reprod Update. 2019;25(4):486-503.
. Thomsen LH, et al. Risk factors of epithelial ovarian carcinomas among women with endometriosis: a systematic review. Acta
Obstet Gynecol Scand. 2017;96(6):761-778.
Rolla E. Endometriosis: advances and controversies in classification, pathogenesis, diagnosis, and treatment. 7000Res.
2019;8(529):F1000 Faculty Rev-529.
10. Nisenblat V, et al. Blood biomarkers for the non-invasive diagnosis of endometriosis. Cochrane Database Syst Rev.
2016;2016(5):Cd012179.
. Anastasiu CV, et al. Biomarkers for the noninvasive diagnosis of endometriosis: state of the art and future perspectives. Int J Mol
Sci. 2020;21(5):1750.
12. Sampson JA. Peritoneal endometriosis due to the menstrual dissemination of endometrial tissue into the peritoneal cavity. Am J
Obstet Gynecol. 1927;14:442-469.
13. Halme J, et al. Retrograde menstruation in healthy women and in patients with endometriosis. Obstet Gynecol.
1984;64(2):151-154.
14. Burns KA, et al. Early endometriosis in females is directed by immune-mediated estrogen receptor a and IL-6 cross-talk. Endo-
crinology. 2017;159(1):103-118.
15. Milewski 1., et al. Increased levels of human neutrophil peptides 1, 2, and 3 in peritoneal fluid of patients with endometriosis:
association with neutrophils, T cells and IL-8. J Reprod Immunol. 2011;91(1-2):64-70.
16. Symons LK, et al. Neutrophil recruitment and function in endometriosis patients and a syngeneic murine model. FASEB J.
2020;34(1):1558-1575.
17. Xu H, et al. Ovarian endometrioma infiltrating neutrophils orchestrate immunosuppressive microenvironment. J Ovarian Res.
2020;13(1):44.
18. Lukacs L, et al. Phagocyte function of peripheral neutrophil granulocytes and monocytes in endometriosis before and after sur-
gery. J Gynecol Obstet Hum Reprod. 2021;50(4):101796.
19. Zhang T, et al. MDSCs drive the process of endometriosis by enhancing angiogenesis and are a new potential therapeutic target.
Eur J Immunol. 2018;48(6):1059-1073.

w A~ N

N o

oo

©

1

—_

JCl Insight 2025;10(5):e186133 https://doi.org/10.1172/jci.insight.186133 18



20.

2

—_

2

w

26.

217.

28.

29.

30.

3

—_

32.

33.
34.

3

w

37.

3

0

39.

40.

41.

42.

43.

44.

4

[

46.

47.

48.

49.

50.

5

—

52.

5

w

54.

5

W

5

Q

JCl Insight 2025;10(5):e186133 https:

RESEARCH ARTICLE

Tan A, et al. Bioinformatics approach reveals the key role of C-X-C motif chemokine receptor 2 in endometriosis development.
Mol Med Rep. 2018;18(3):2841-2849.

. Ulukus M, et al. Expression of interleukin-8 receptors in endometriosis. Hum Reprod. 2005;20(3):794-801.
22.

Amulic B, et al. Neutrophil function: from mechanisms to disease. Annu Rev Immunol. 2012;30:459-489.

.Mayadas TN, et al. The multifaceted functions of neutrophils. Annu Rev Pathol. 2014;9:181-218.
24.
25.

Sadik CD, et al. Neutrophils cascading their way to inflammation. Trends Immunol. 2011;32(10):452—460.

Oosterlynck DJ, et al. Angiogenic activity of peritoneal fluid from women with endometriosis. Fertil Steril.
1993;59(4):778-782.

Cosin R, et al. Influence of peritoneal fluid on the expression of angiogenic and proteolytic factors in cultures of endometrial
cells from women with endometriosis. Hum Reprod. 2010;25(2):398-405.

McLaren J, et al. Vascular endothelial growth factor (VEGF) concentrations are elevated in peritoneal fluid of women with
endometriosis. Hum Reprod. 1996;11(1):220-223.

Mahnke JL, et al. Vascular endothelial growth factor and interleukin-6 in peritoneal fluid of women with endometriosis. Fertil
Steril. 2000;73(1):166-170.

Vanni VS, et al. Concomitant autoimmunity may be a predictor of more severe stages of endometriosis. Sci Rep.
2021;11(1):15372.

Chao YH, et al. Association between endometriosis and subsequent risk of Sjogren’s Syndrome: a nationwide population-based
cohort study. Front Immunol. 2022;13:845944.

.Hamouda RK, et al. The comorbidity of endometriosis and systemic Lupus Erythematosus: a systematic review. Cureus.

2023;15(7):e42362.

Massena S, et al. Identification and characterization of VEGF-A-responsive neutrophils expressing CD49d, VEGFR1, and
CXCR4 in mice and humans. Blood. 2015;126(17):2016-2026.

Stadtmann A, Zarbock A. CXCR2: From bench to bedside. Front Immunol. 2012;3:263.

Jaffer T, Ma DQ. Radiomics in head and neck cancer: from exploration to application. Trans! Cancer Res. 2016;5(4):371-382.

. Allegretti M, et al. Current status of chemokine receptor inhibitors in development. Immunol Lett. 2012;145(1-2):68-78.
36.

Rennard S, et al. CXCR2 antagonist MK-7123. A phase 2 proof-of-concept trial for chronic obstructive pulmonary disease.
Am J Respir Crit Care Med. 2015;191(9):1001-1011.

Busch-Petersen J, et al. Danirixin: a reversible and selective antagonist of the CXC chemokine receptor 2. J Pharmacol Exp Ther.
2017;362(2):338-346.

. Cullberg M, et al. Pharmacokinetics of the oral selective CXCR2 antagonist AZD5069: a summary of eight phase I studies in

healthy volunteers. Drugs R D. 2018;18(2):149-159.

Kirsten AM, et al. The safety and tolerability of oral AZD5069, a selective CXCR2 antagonist, in patients with moder-
ate-to-severe COPD. Pulm Pharmacol Ther. 2015;31:36-41.

Burns KA, et al. Role of estrogen receptor signaling required for endometriosis-like lesion establishment in a mouse model.
Endocrinology. 2012;153(8):3960-3971.

Jones RL, et al. Use of a mouse model of experimentally induced endometriosis to evaluate and compare the effects of bisphe-
nol A and bisphenol AF exposure. Environ Health Perspect. 2018;126(12):127004.

Morris SA, et al. Unique sensitivity of uterine tissue and the immune system for endometriotic lesion formation. Front Physiol.
2021;12:805784.

Sanchez J, et al. The role of CXCR2 in systemic neovascularization of the mouse lung. J Appl Physiol (1985).
2007;103(2):594-599.

Christoffersson G, et al. VEGF-A recruits a proangiogenic MMP-9-delivering neutrophil subset that induces angiogenesis in
transplanted hypoxic tissue. Blood. 2012;120(23):4653-4662.

. Jablonska J, et al. Neutrophils responsive to endogenous IFN-beta regulate tumor angiogenesis and growth in a mouse tumor

model. J Clin Invest. 2010;120(4):1151-1164.

Sprenkeler EGG, et al. SI00A8/A9 is a marker for the release of neutrophil extracellular traps and induces neutrophil activa-
tion. Cells. 2022;11(2):236.

Sreejit G, et al. Neutrophil-derived S100A8/A9 amplify granulopoiesis after myocardial infarction. Circulation.
2020;141(13):1080-1094.

Guo Q, et al. Induction of alarmin S100A8/A9 mediates activation of aberrant neutrophils in the pathogenesis of COVID-19.
Cell Host Microbe. 2021;29(2):222-235.

Ding Z, et al. Targeting S100A9 reduces neutrophil recruitment, inflammation and lung damage in abdominal sepsis. Int J Mol
Sci. 2021;22(23):12923.

Mehta HM, Corey SJ. G-CSF, the guardian of granulopoiesis. Semin Immunol. 2021;54:101515.

. Fagerholm SC, et al. Beta2-integrins and interacting proteins in leukocyte trafficking, immune suppression, and immunodefi-

ciency disease. Front Immunol. 2019;10:254.
Bergqvist A, et a. Interleukin 1beta, interleukin-6, and tumor necrosis factor-alpha in endometriotic tissue and in endometrium.
Fertil Steril. 2001;75(3):489-495.

. Cardoso JV, et al. Matrix metalloproteinases 3 polymorphism increases the risk of developing advanced endometriosis and

infertility: a case-control study. Eur J Obstet Gynecol Reprod Biol X. 2019;3:100041.
Danastas K, et al. Expression of vascular endothelial growth factor A isoforms is dysregulated in women with endometriosis.
Reprod Fertil Dev. 2018;30(4):651-657.

. Itagaki K, et al. Mitochondrial DNA released by trauma induces neutrophil extracellular traps. PLoS One. 2015;10(3):€0120549.
56.

Pieterse E, et al. Neutrophils discriminate between Lipopolysaccharides of different bacterial sources and selectively release
neutrophil extracellular traps. Front Immunol. 2016;7:484.

. Kaplan MJ, Radic M. Neutrophil extracellular traps: double-edged swords of innate immunity. J Immunol. 2012;189(6):2689-2695.
58.

Papayannopoulos V, et al. Neutrophil elastase and myeloperoxidase regulate the formation of neutrophil extracellular traps. J
Cell Biol. 2010;191(3):677-691.

//doi.org/10.1172/jci.insight.186133 19



59.

6
6
6

N o= O

6

@

64.

65.

6

(=)}

67.

6

oo

69.
70.

7

—_

75.

7

N

7

~

78.

79.

80.

81.

82.

8

w

85.
. Nakano H, et al. Complement receptor C5aR1/CD88 and dipeptidyl peptidase-4/CD26 define distinct hematopoietic lineages

8

N

RESEARCH ARTICLE

Khan AA, et al. Myeloperoxidase as an active disease biomarker: recent biochemical and pathological perspectives. Med Sci
(Basel). 2018;6(2):33.

. Pieters M, Wolberg AS. Fibrinogen and fibrin: an illustrated review. Res Pract Thromb Haemost. 2019;3(2):161-172.
. Pankov R, Yamada KM. Fibronectin at a glance. J Cell Sci. 2002;115(pt 20):3861-3863.
. Murphy-Ullrich JE. Thrombospondin 1 and its diverse roles as a regulator of extracellular matrix in fibrotic disease. J Histochem

Cytochem. 2019;67(9):683-699.

.Lin Y], et al. Neutrophils and macrophages promote angiogenesis in the early stage of endometriosis in a mouse model.

Endocrinology. 2006;147(3):1278-1286.

Tariverdian N, et al. Intraperitoneal immune cell status in infertile women with and without endometriosis. J Reprod Immunol.
2009;80(1-2):80-90.

Zhao'Y, et al. Dual suppression of estrogenic and inflammatory activities for targeting of endometriosis. Sci Transl Med.
2015;7(271):271ra9.

. Pellegrini C, et al. The expression of estrogen receptors as well as GREB1, c-MYC, and cyclin D1, estrogen-regulated genes

implicated in proliferation, is increased in peritoneal endometriosis. Fertil Steril. 2012;98(5):1200-1208.
Monsivais D, et al. Estrogen receptor B regulates endometriotic cell survival through serum and glucocorticoid-regulated kinase
activation. Fertil Steril. 2016;105(5):1266—-1273.

. Armstrong GM, et al. Endometrial apoptosis and neutrophil infiltration during menstruation exhibits spatial and temporal

dynamics that are recapitulated in a mouse model. Sci Rep. 2017;7(1):17416.

Crona Guterstam Y, et al. The cytokine profile of menstrual blood. Acta Obstet Gynecol Scand. 2021;100(2):339-346.

Hosseini S, et al. Menstrual blood contains immune cells with inflammatory and anti-inflammatory properties. J Obster Gynaecol
Res. 2015;41(11):1803-1812.

. Fischer A, et al. Neutrophils direct preexisting matrix to initiate repair in damaged tissues. Nat Immunol. 2022;23(4):518-531.
72.
73.
74.

Salamonsen LA, et al. Cyclical endometrial repair and regeneration. Development. 2021;148(17):dev199577.

Adrover JM, et al. Aging: a temporal dimension for neutrophils. Trends Immunol. 2016;37(5):334-345.

Graney PL, et al. Macrophages of diverse phenotypes drive vascularization of engineered tissues. Sci Adv.
2020;6(18):eaay6391.

Ono Y, et al. CD206* macrophage is an accelerator of endometriotic-like lesion via promoting angiogenesis in the endometrio-
sis mouse model. Sci Rep. 2021;11(1):853.

. Laschke MW, Menger MD. Basic mechanisms of vascularization in endometriosis and their clinical implications. Hum Reprod

Update. 2018;24(2):207-224.

. Maybin JA, et al. The regulation of vascular endothelial growth factor by hypoxia and prostaglandin F,a during human endo-

metrial repair. J Clin Endocrinol Metab. 2011;96(8):2475-2483.

Remijsen Q, et al. Neutrophil extracellular trap cell death requires both autophagy and superoxide generation. Cell Res.
2011;21(2):290-304.

Vorobjeva N, et al. Mitochondrial permeability transition pore is involved in oxidative burst and NETosis of human neutrophils.
Biochim Biophys Acta Mol Basis Dis. 2020;1866(5):165664.

Yang C, et al. Aged neutrophils form mitochondria-dependent vital NETs to promote breast cancer lung metastasis. J Immunoth-
er Cancer. 2021;9(10):e002875.

‘Wan J, Z et al. Matrix Metalloproteinase 3: a promoting and destabilizing factor in the pathogenesis of disease and cell differen-
tiation. Front Physiol. 2021;12:663978.

Albani PP, et al. Detection of five specified menstrual fluid mRNA markers over the uterine cycle. Forensic Sci Int Genet.
2020;49:102359.

. Kearney KJ, et al. The role of Fibrin(ogen) in wound healing and infection control. Semin Thromb Hemost. 2022;48(2):174-187.
84.

Pirog M, et al. Fibrin clot properties among women with endometriosis and the impact of ovarian stimulation. Reprod Biomed
Online. 2021;43(1):81-90.
Omidi PZ, et al. Association of rs1800790 in FGB and endometrium in Iranian women. Indian J Sci Technol. 2016;9(7):1-4.

of dendritic cells. J Immunol. 2015;194(8):3808-3819.

JCl Insight 2025;10(5):e186133 https://doi.org/10.1172/jci.insight.186133 20



