Human Reproduction, pp. 1-14,2017
doi:10.1093/humrep/dex067

human ORIGINAL ARTICLE Reproductive biology

reproduction

Synergistic effect of regulatory

T cells and proinflammatory cytokines
in angiogenesis in the endometriotic
milieu

Xiao-Qiu WangT, Wen-Jie ZhouT, Xue-Zhen Luo, Yu Tao,
and Da-Jin Li*

Laboratory for Reproductive Immunology, Key Laboratory of Reproduction Regulation of NPFPC, SIPPR, Shanghai Key Laboratory of Female
Reproductive Endocrine Related Diseases, Hospital and Institute of Obstetrics and Gynecology, IRD, Fudan University Shanghai Medical
College, Shanghai, China

*Correspondence address. Laboratory for Reproductive Immunology, Key Laboratory of Reproduction Regulation of NPFPC, SIPPR,
Shanghai Key Laboratory of Female Reproductive Endocrine Related Diseases, Hospital and Institute of Obstetrics and Gynecology, IRD,
Fudan University Shanghai Medical College, Shanghai, China.Tel/Fax: +86-21-6345-7331; E-mail: djli@shmu.edu.cn

Submitted on September 16, 2015; resubmitted on February 21, 2017; accepted on March 19, 2017

STUDY QUESTION: Do regulatory T cells (Tregs) contribute to angiogenesis in endometriosis?

SUMMARY ANSWER: High levels of CCLI7 and CCL22 cause the recruitment of Tregs, upregulate the immunosuppression of Tregs
and, in turn, may promote angiogenesis in endometrial cells in synergy with proinflammatory cytokines.

WHAT IS ALREADY KNOWN: The peritoneal fluid of patients with endometriosis has a higher percentage of Tregs than that of normal
individuals; however, the regulatory role of Tregs in the disease remains unclear.

STUDY DESIGN, SIZE, DURATION: This study used primary human endometrial stromal cells (ESCs), monocytes (Mo), Tregs and
human umbilical vein endothelial cells (HUVECs). All experiments were performed at least three times.

PARTICIPANTS/MATERIALS, SETTING, METHODS: The migration of Tregs was evaluated by the transwell migration assay. The
activation of extracellular signal-regulated kinase (ERK)|/2, c-Jun N-terminal kinase and p38 signaling pathways was examined using the In-
Cell Western ™ (LI-COR®) western blot analysis system, as well as by traditional western blot analysis. Changes in the expression of CCL22,
CCLI7, transforming growth factor-beta | (TGF-B1), Interleukin (IL)- I, tumor necrosis factor alpha (TNF-a), IL-8 and vascular endothelial
growth factor (VEGF) in cell-culture supernatant were detected by ELISA. We analyzed the Tregs by multicolor flow cytometry to directly
test the expression of CCR4, CD4, CD25, Foxp3, CTLA-4, CD39 and CD73.

MAIN RESULTS AND THE ROLE OF CHANCE: Our results showed that ESCs-Mo co-culture produced significantly higher levels of
CCL22 and CCL17 than ESCs or Mo cultured alone, and that estradiol (E2) or progesterone (P) further promoted this upregulation, demonstrat-
ing stronger chemotaxis on Tregs. The co-culture of ESCs with Mo stimulated TGF-f1 secretion by Tregs, which could be inhibited by anti-
CCL22 or/and anti-CCLI7 neutralizing antibodies (Abs). The expression of CCR4 by Tregs was upregulated in ESCs-Mo co-culture, especially
by treatment with E2 and/or P, and this effect could be abolished by anti-CCL22 and/or anti-CCL|7-neutralizing Abs. The Treg-ESCs-Mo co-
culture treated with E2 (1078 mol/l) and P (1078 mol/I) could enhance the immunosuppression of Tregs, as proved by the elevated expression
of Foxp3, CTLA-4, CD39 and CD73 on Tregs. ESCs-Mo co-culture could significantly promote the secretion of IL-13 and TNF-o.. TGF-1 from
Tregs could activate p38/ERK /2 signaling pathways in ESCs, and IL- 1 and TNF-a produced by ESCs-Mo co-culture had synergistic roles with
TGF-1. TGF-B1 and the proinflammatory cytokines IL-1f or TNF-a could synergistically promote |L-8 and VEGF expression in ESCs via the
p38/ERKI1 /2 signaling pathways. The high levels of IL-8 and VEGF in the supernatant of ESCs stimulated the angiogenesis of HUVECs.

LARGE SCALE DATA: None.
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LIMITATIONS, REASONS FOR CAUTION: This study was only performed in vitro using eutopic ESCs, instead of ectopic cells, from
endometriosis patients. Therefore, it is necessary to do further experiments to determine whether Tregs promote angiogenesis in the endo-

metriotic milieu in synergy with proinflammatory cytokines in vivo.

WIDER IMPLICATIONS OF THE FINDINGS: Co-targeting Tregs and proinflammatory cytokines may be an effective treatment for

endometriosis.
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Introduction

Endometriosis is a frequent benign gynecological disorder character-
ized by the presence of endometrial tissue outside the uterine cavity.
Although Sampson’s theory of retrograde menstruation is by far the
most widely accepted explanation, the exact pathogenic mechanisms
of endometriosis are not clearly understood.

As observed in tumor growth, angiogenesis appears to be essential
for the survival and development of endometrial implants in the
ectopic lesions. Similar to tumor metastasis, neovascularization is
required for endometriotic implants to survive and proliferate, invade
the extracellular matrix and establish endometriotic lesions (Laschke
and Menger, 2007). Accordingly, there is a typical dense vascular net-
work in endometriotic lesions. Angiogenic cytokines levels have been
shown to be elevated in the peritoneal fluid, serum and endometriotic
lesions of patients with the disease (Laschke and Menger, 2007).
Vascular endothelial growth factor (VEGF) has been shown to be a
potent angiogenic factor, and several studies have reported that endo-
metriosis patients have increased levels of VEGF, which indicates that
VEGEF plays an important role in disease progression (Gilabert-Estelles
et al., 2007). Interleukin (IL)-8 levels are also elevated in the peritoneal
fluid of endometriosis patients, and this correlates positively with dis-
ease severity. |L-8 is involved in endometrial cell proliferation and neo-
vascularization in endometriotic lesions (Barcz et al., 2002).

The potential role of immune regulation in the pathophysiology of
endometriosis is increasingly regaining attention. Our group has found
that eutopic endometrium from patients with endometriosis has stron-
ger invasion and growth capacity compared to normal endometrium,
and immune cells such as macrophages have important roles in the
formation of ectopic foci (Shi et al., 2007; Yu et al., 2008; Wang et al.,
2010a, 2010b).

Autoimmune disorders might arise as a consequence of the dysregu-
lation of regulatory T cells (Tregs), which have been proven to play a
critical role in the control and suppression of immune cells such as
macrophages, natural killer cells, dendritic cells and cytotoxic T cells.
Tregs are a subpopulation of CD4"CD25" T cells and these
CD4"CD25" Tregs specifically express the transcription factor
FOXP3, which is of great importance for their development and func-
tion (O’Garra and Vieira, 2004). Although the role of Tregs anomalies
in the etiopathogenesis of several autoimmune disorders has already
been well documented, little is known about the possible role of Tregs
in endometriosis. Recently, Tregs were reported to be present in

eutopic and ectopic endometrial tissues of endometriosis patients
(Basta et al., 2010; Berbic et al., 2010). Increased levels of Foxp3
mRNA were also detected in human endometriotic lesions (Budiu
et al., 2009). The proportion of CD25"&"Foxp3™ Tregs was signifi-
cantly high in the peritoneal fluid of women with endometriosis
(Olkowska-Truchanowicz et al., 2013). These reports suggest that
Tregs might play an important role in the pathogenesis of endometri-
osis. However, to the best of our knowledge, the functional regulation
of Tregs and its possible role in angiogenesis in an ectopic milieu has
not yet been elucidated.

Thymus and activation-regulated chemokine (TARC/CCLI17) and
macrophage-derived chemokine (MDC/CCL22) are the ligands for
the CC chemokine receptor 4 (CCR4), which is expressed on Tregs
(lellem et al., 2001; Curiel et al., 2004). Some tumor and immune cells
can produce CCLI7 and CCL22 and in turn mediate the trafficking of
CCR4-positive Tregs to the tumor focus, and this specific recruitment
of Tregs may be a mechanism by which the tumor suppresses the host
antitumour response (Ishida et al., 2006). B-cell chronic lymphocytic
leukemia cells were found to produce CCL22 and attract CCR4™T
cells (Ghia et al.,, 2002) and patients with B-cell chronic lymphocytic
leukemia showed significantly increased frequencies of CD4+*CD25"e"
Tregs in their peripheral CD4*T cells compared with healthy indivi-
duals (Beyer et al, 2005). The chemokine receptor CCR4 is also
observed in Treg trafficking and function at inflammation sites (lellem
et al, 2001). Ahern et al. 2009 demonstrated that the decreased
expression of CCR4 upon allergen stimulation of CD4*CD25" Tregs
precipitates the failure of their retention at inflammation sites to
attenuate T-cell activation.

Endometriosis is a perplexing chronic inflammatory disease. IL—If is
a multifunctional cytokine that may facilitate the development of the
disease. The endometriotic cells stimulated by IL- | p can express a var-
jety of cytokines and growth factors, which promote growth, adhesion,
invasion, inflammation and vascularization in endometriotic lesions (Kao
etal., 201 1; Yoshino et al., 201 I). Tumor necrosis factor alpha (TNF-a),
a 17.3-kDa peptide, is also a versatile inflammatory cytokine and angio-
genic factor that could stimulate production of some cytokines and che-
mokines, such as IL-6, IL-8, granulocyte-macrophage colony-stimulating
factor and monocyte chemotactic protein-1 (Fahey et al., 2005; Meter
et al., 2005). TNF-a« mRNA is upregulated in both the endometrium
and peritoneum of endometriosis patients compared to healthy control
individuals (Kyama et al., 2006). It is known that TNF-a is important in
early tumourigenesis, which includes a cascade of cytokines, chemokines
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and adhesion molecules. TNF-a can enhance mitogenic activity and up-
regulate IL-8 gene and protein expression through NF-«B activation in
endometriotic stromal cells (Sakamoto et al., 2003).

How Tregs are involved in endometriosis needs to be elucidated.
Therefore, the aim of our present study was to investigate the func-
tional regulation and the possible pro-angiogenic role of Tregs, and to
determine whether the inflammatory cytokines IL- I and TNF-a have
a synergistic effect with Tregs in the ectopic milieu.

Materials and Methods

Tissue collection

The protocol of this study was approved by the institutional review board
of Fudan University, Obstetrics and Gynecology Hospital, Shanghai.
Written informed consent was obtained from all the patients before the

Table | Characteristics of 27 recruited patients with
endometriosis.

Statistics/distribution

Variable name

Age, year Mean =34 (SD = 6.2)
Median = 32
Range = 2243
Gravidity
0 12 (44.4%)
I 10 (37%)
>2 5(18.5%)
rASRM score Mean=23.2 (SD = 19.4)
Median = |5
Range = 6-58
Severity of dysmenorrhea
None I'l (40.7%)
Mild 7 (25.9%)
Moderate 5 (18.5%)
Severe 4 (14.8%)
Complaint of infertility
No 22 (81.5%)
Yes 5(18.5%)
Cyst size (diameter, cm) Mean=5.9 (SD=1.7)
Median = 6.2
Range = 2-9
History of previous gynecologic surgery
No 22 (81.5%)
Yes 5(18.5%)
Co-occurrence of deep infiltrating endometriosis
No 23 (85.2%)
Yes 4 (14.8%)
Co-occurrence of peritoneal endometriosis
No 20 (74%)
Yes 7 (26%)

SD, standard deviation; rASRM, revised American Society for Reproductive
Medicine.

samples were collected. All the patients had regular menstrual cycles and
had not received hormonal treatment for at least 3 months before surgery.
Eutopic endometrium (n = 27) was obtained from fertile women (aged
27-42 years) with endometriosis. The stage of endometriosis was deter-
mined according to the revised classification of the American Society for
Reproductive Medicine (r-ARSM), for eutopic endometrial tissues with
endometriosis. On the basis of this classification, |6 patients had stage one
endometriosis, and | | patients had stage two endometriosis. The charac-
teristics of the 27 recruited patients with endometriosis are shown in
Table | which demonstrates the clinical heterogeneity of the patients. The
collected tissues were transported to the laboratory in Dulbecco’s modi-
fied Eagle’s medium (DMEM)/F-12 (Gibco, CA, USA) on ice under sterile
conditions. The tissues were processed for cell isolation. All the samples
were obtained in the proliferative phase of the cycle, as histologically con-
firmed according to established criteria (Noyes et al., 1975).

Isolation and culture of endometrial stromal
cells

The fresh endometriotic tissue collected in sterile medium was rinsed to
remove blood cells, then was minced and incubated in DMEM/F-12 con-
taining collagenase Type IV (0.1%; Sigma, USA) for 20 min at 37°C with
constant agitation. The resultant dispersed endometriotic cells were
separated by filtration through a 200-mesh sieve to remove debris. After
gentle centrifugation, the supernatant was discarded, and the cells were
resuspended in |:1 DMEM/F-12. Endometrial stromal cells (ESCs) were
separated from epithelial cells by passing them over a 400-mesh sieve.
Stromal cells remaining in the filtrate were collected by centrifugation at
300xg for 10 min and resuspended in DMEM/F-12 containing 10% fetal
bovine serum (FBS; Gibco, USA), 100 IU/ml penicillin, 100 pg/ml strep-
tomycin and 0.25mg/ml amphotericin B. The ESCs were plated in
75-cm? flasks and allowed to adhere at 37°C in a humidified atmosphere
with 5% CO, for 20 min. The purity of ESCs was found to be 95%, as
determined by positive staining for vimentin and negative staining for
cytokeratin.

Isolation and culture of monocytes

Peripheral blood samples were obtained from healthy volunteers.
Peripheral blood mononuclear cells (PBMCs) were isolated by density gra-
dient centrifugation by using Ficoll, after which they were magnetically
labeled with CD14 microbeads. The cell suspension was loaded onto an
MS column (Miltenyi Biotec, Germany) placed in the magnetic field of a
magnetic-activated cell sorting (MACS) separator. The magnetically labeled
CD14" monocytes (Mo) were retained within the column. The isolated
CDI4* Mo were fluorescently stained with fluorescein isothiocyanate
(FITC)-coupled anti-CD 4 Ab (eBioscience, USA) to identify final purity.

Isolation and in vitro expansion
of CD44+-CD25+ Tregs

CD4*CD25" Tregs were purified from peripheral blood of healthy volun-
teers by using a MACS separation kit (Miltenyi Biotec, Germany). Briefly,
PBMCs were isolated by density gradient centrifugation using Ficoll, and
CD4" T cells were enriched by immunomagnetic depletion using a CD4™
T-cell biotin-Ab cocktail and anti-biotin microbeads with an LD column
(Miltenyi Biotec, Germany). Enriched CD4* T cells were incubated with
CD25 microbeads and then applied to an MS column to obtain
CD4*CD25" Tregs. The isolated CD4"CD25" Tregs were fluorescently
stained with allophycocyanin  (APC)-conjugated anti-human CD4 (BD
Biosciences, USA) and FITC-conjugated anti-human CD25 (BD Biosciences,
USA) Abs to identify final purity. The isolated CD4*CD25" Tregs were then
expanded for 2-3 weeks with a Treg expansion kit (Miltenyi Biotec,
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Germany) at a bead-to-cell ratio of 4:1 and recombinant interleukin 2 (rlL-2)
(Peprotech, USA) concentration of 500 U/ml in round-bottom 96-well
plates.

Cell co-culture units and in vitro cell
treatment

To establish an ESCs-Mo co-culture unit, the ESCs were cultured in 96-well
plates at a concentration of | x 10° cells/well until the cells adhered to the
plastic. The media were removed, and Mo were applied over ESCs at the
same concentration. After serum starvation for 12 h, ESCs cultured alone,
Mo cultured alone, and the co-cultured ESCs-Mo were treated with E2
at 107'°~107 mol/I (Sigma, USA), P at 10~'°—10~7 mol/I (Sigma, USA),
or a combination of E2 (107 mol/l) and P (107 mol/l) for 48h.
Lipopolysaccharides at 10 ng/ml was added to the cell-culture units 18 h
before the termination of the experiment. Each experiment was carried
out in triplicate and repeated three times (n = 6).

To establish an ESCs-Mo-Treg co-culture unit, the ESCs were cultured
in 48-well plates at a concentration of 2 x 10° cells/well until they adhered
to the plastic. The media were removed, and Mo and Tregs were applied
over ESCs at the same concentration, while Tregs cultured alone in the
same media were used as controls. 4a-phorbol-12-myristate- | 3-acetate
(PMA) at 50 ng/ml and ionomycin at 2.5 pg/ml were added to the cell-
culture units 6 h before the termination of the experiment. The co-culture
units were treated, respectively, with anti-CCLI7 neutralizing Ab (R&D
Systems, USA) at 1.5 pg/ml, anti-CCL22 neutralizing Ab (R&D Systems,
USA) at 3 pg/ml or the combination of anti-CCL 17 and anti-CCL22 neu-
tralizing Abs for 48 h.

To analyze the intracellular signaling pathway, the ESCs in 96-well plates
at a concentration of | x 10° cells/well were treated with recombinant
human transforming growth factor-beta | (rhTGF-f1; Peprotech, USA) at
a concentration of 20 ng/ml, recombinant human interleukin one beta
(rhIL-1B; Peprotech, USA) at a concentration of 20 ng/ml, recombinant
human tumor necrosis factor alpha (rhTNF-o; Peprotech, USA) at a con-
centration of 20 ng/ml, a combination of rhTGF-f1 and rhiL-1p at the
same concentrations or a combination of rhTGF-1 and rhTNF-a at the
same concentrations for 48 h.

To detect the secretion of IL-8 and VEGF, the ESCs were treated with
rhTGF-Bl at a concentration of 20 ng/ml, rhiL-1p at a concentration of
20 ng/ml, rhTNF-a at a concentration of 20 ng/ml, a combination of rhTGF-
Bl and rhiL-1B at the same concentrations, or a combination of rhTGF-f1
and rhTNF-a at the same concentrations for 48 h. The cells were incubated
with or without the mitogen-activated protein kinase (MAPK)/extracellular
signal-regulated kinase (ERK)I/2 inhibitor U0126 (30 puM; Cell Signaling
Technology, USA), p38 inhibitor SB202190 (20 pM; Cell Signaling
Technology) or c-Jun N-terminal kinase (JNK) inhibitor SP600125 (20 pM;
Cell Signaling Technology), with vehicle as the control.

Transwell migration assay

In the first group, the supernatant from ESCs, Mo or the ESCs-Mo co-cul-
ture, which were treated for 48 h with 1078 mol/I E2, 1078 mol/I P, or
the combination thereof, were placed in the lower chamber, and the Tregs
(2 % 10° cells/well) were put into the upper chamber. In the second group,
the supernatant from the ESCs-Mo co-culture units treated with E2 at
10~ mol/I, P at 1078 mol/I, or the combination thereof for 48 h were
placed in the lower chamber, and the Tregs (2 x 10° cells/well) were put
into the upper chamber. Anti-CCL17 neutralizing Abs at |.5 ug/ml, anti-
CCL22 neutralizing Abs at 3 pg/ml, or the combination thereof was added
to several lower chambers half an hour before the chemotaxis assay. After
4 h of incubation, the Tregs in the lower chamber were counted and col-
lected for flow cytometry.

In-cell western™ blot analysis

In this study, we used the In-Cell Western™ (LI-COR®)-blot analysis to
determine the in-cell protein levels of interest. The eutopic ESCs in 96-
well plates were treated as above. The ESCs were treated with 20 ng/ml
rhTGF-B1, 20 ng/ml rhiL- 1B, 20 ng/ml rhTNF-a, a combination of rhTGF-
B1 and rhiL-1p at the same concentrations, or a combination of rhTGF-f1
and rhTNF-a at the same concentrations for 48 h. Thereafter, the cells
were immediately fixed with 4% formaldehyde in phosphate-buffered saline
(PBS) for 20 min at room temperature. After cells were washed with 0.1%
Triton, they were blocked by adding |50 pl/well blocking buffer with 10%
FBS for 90 min at room temperature. The cells were incubated with rabbit
anti-human phospho-ERK1/2 (1:10, Santa Cruz Biotechnology, USA),
mouse anti-human ERK1/2 (1:10, Santa Cruz Biotechnology), mouse anti-
human phospho-JNK (1:10, Santa Cruz Biotechnology), rabbit anti-human
JNK (1:10, Santa Cruz Biotechnology), mouse anti-human phospho-p38
(1:10, Santa Cruz Biotechnology) and rabbit anti-human p38 (1:10, Santa
Cruz Biotechnology) Abs. After overnight treatment at 4°C, the wells were
incubated with corresponding second IRDye 700DX-conjugated affinity
purified (red fluorescence) anti-mouse (phospho-p38 and phospho-JNK) or
anti-rabbit (phospho-ERKI/2) Ab and IRDye 800DX-conjugated affinity
purified (green fluorescence) anti-rabbit (p38 and JNK) or anti-mouse
(ERK1/2) fluorescence Ab recommended by the manufacturer (Rockland,
USA). This procedure was carried out in the dark. Images of target proteins
were obtained by using the Odyssey Infrared Imaging System (LI-COR
Biosciences). The expression levels of the corresponding molecules were
calculated as the ratio of the intensity of target proteins to total signal mole-
cules (such as total p38, total ERKI/2). The experiments were carried out
in triplicate and repeated three times (n = 6).

Western blot analysis

To verify the results of in-cell western blot analysis, we also conducted
traditional western blotting. The ESCs were treated as described above.
Cells were lysed in RIPA lysis buffer (Pierce) and protease inhibitor cocktail
(Roche, Switzerland) on ice for 30 min. After centrifugation at 10 800xg
for 20 min, protein concentrations were determined with a bovine serum
albumin (BSA) protein assay kit (Beyotime, China). Protein extract (30 pg
per lane) was separated by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis on 10% gel (Beyotime) and then transferred to polyvinyli-
dene difluoride membranes (Millipore, USA). The membranes were incu-
bated overnight at 4°C with rabbit Abs for anti-phosphorylated p38, ERK
and JNK (Cell Signaling Technology), followed by anti-rabbit-horseradish
peroxidase Ab (Bioworld, USA) for | h at room temperature. Ab-bound
proteins were visualized with enhanced chemiluminescence chemilumines-
cent reagent (Millipore). The membranes were then stripped and re-
probed with rabbit anti-total p38, ERK and JNK Abs (Cell Signaling) or
with rabbit anti-GAPDH monoclonal antibody (mAb) (Bioworld, USA).
Band intensities were analyzed with Image | software.

ELISA

In ESCs, Mo and Tregs cultured alone or different two-cell or three-cell
co-culture units, the culture supernatant was collected for detecting the
presence of cytokines and growth factors by commercially available ELISA
kits for CCL22, CCLI7, TGF-BI, IL-IB, TNF-a, IL-8 and VEGF (R&D
Systems), following the protocols supplied by the manufacturers.

Flow cytometry
We analyzed the Tregs by multicolor flow cytometry to directly test the
expression of CCR4, CD4, CD25, Foxp3, CTLA-4, CD39 and CD73. The

fluorescence-conjugated Abs used in this study were APC-conjugated anti-
human CCR4 (eBioscience, USA), APC-conjugated anti-human CD4 (BD
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Biosciences, USA), FITC-conjugated anti-human CD25 (BD Biosciences,
USA), phycoerythrin (PE)-conjugated anti-human Foxp3 (eBioscience, USA),
PE-conjugated anti-human CTLA-4 (eBioscience, USA), APC-conjugated
anti-human CD39 (eBioscience, USA) and PE-conjugated anti-human CD73
(eBioscience, USA) Abs. IgG| immunoglobulin conjugated with the respect-
ive fluorochromes served as isotype controls. The Tregs were blocked by
treatment with 10% normal horse serum in PBS for 20 min at room tempera-
ture before staining. All the fluorescence-conjugated Abs and isotype-
matched controls were incubated with the cells at recommended usage for
35min at room temperature in the dark. For staining Foxp3, | ml of | X
BioLegend’s Foxp3 Fix/Perm solution was added to each tube, vortexed,
incubated at room temperature in the dark for 20 min, and then spun down
to remove the supernatant. The resuspended cells in | ml | X BioLegend’s
Foxp3 Perm buffer were incubated at room temperature in the dark for
|5 min and spun down. The supernatant was discarded, and the resuspended
cells were added to an appropriate amount of flurochrome-conjugated anti-
Foxp3 Ab and incubated at room temperature in the dark for 35 min. The
cells were then washed once with | ml of PBS by centrifugation at 300xg for
5 min and analyzed by FACS Calibur flow cytometry and CellQuest software
(BD Biosciences).

Tube formation assay

Tube formation was studied as described by Klein et al., 2008. In brief,
~5000 human umbilical vein endothelial cells (HUVECs) were seeded on
growth factor-reduced Matrigel in normal growth medium, with the super-
natant of ESCs treated with rhTGF-B1 (20 ng/ml), rhiL-1f (20 ng/ml),
rhTNF-a (20 ng/ml), rhTGF-B1 combined with rhiL-1p or rhTGF-pI com-
bined with rhTNF-a, in 96-well plates. After |2 h incubation at 37°C,
endothelial tube formation was observed using an inverted microscope.
Capillary-like tube formation was quantified by counting the junctions/
enclosed circles in five randomly chosen optical fields with light
microscopy.

Cell viability assay

Cell viability was assessed using CCK8 (Dojindo, Japan). In brief, ESCs, Mo
and Tregs cultured alone, or the ESCs-Mo co-culture were seeded on 96-
well plates at a density of | x 10* cells/well and cultured in DMEM/F-12
containing 1% FBS at 37°C for 12, 24 and 48 h. The culture medium was
replaced with 100 pl DMEM/F-12 containing 10 pl CCK8, and the plates
were incubated for 3 h at 37°C. Absorbance at 450 nm was measured in a
multiwell spectrophotometer. Each experiment was performed in tripli-
cate and repeated three times (n = 6).

Bromodeoxyuridine proliferation assay

The proliferation of the cells was determined using bromodeoxyuridine
(BrdU) cell proliferation assay kits (Merck Millipore, Germany) according
to the manufacturer’s instructions. ESCs, Mo and Tregs cultured alone, or
the ESCs-Mo co-culture, which had been treated with E2 (1078 mol/I),
P (1078 mol/I) or the combination thereof, were seeded at a density of
I x 10* cells/well in 96-well flat-bottom microplates. The cells were cul-
tured in DMEM/F-12 containing 1% FBS for 12, 24 and 48 h. Each experi-
ment was performed in triplicate and repeated three times (n = 6).

Statistical analysis

All values are shown as the mean + SD. Data were analyzed by one-way
ANOVA. Calculations were performed using the Statistical Package for
the Social Sciences software (version |1.5). Differences were considered
statistically significant at P < 0.05.

Results

ESCs-Mo co-culture promoted the secretion
of CCL22 and CCL17, which was further
enhanced by E2 and P

Mo secreted higher levels of CCL22 than ESCs, and the ESCs-Mo co-
culture units promoted significantly higher secretion of CCL22 than
ESCs or Mo cultured alone (n = 6, P < 0.05). We found that E2 at
107°-107" mol/I, P at 1078=10~" mol/I and E2 (1078 mol/I) com-
bined with P (1078 mol/I) increased ESCs secreting CCL22 (P < 0.05).
E2 at 107°—107" mol/I, P at 107'°~1078 mol/I and E2 (1078 mol/I)
combined with P (1078 mol/I) increased Mo secretion of CCL22
(P < 0.05). E2 at 107'°~107" mol/I, P at 107'°=107" mol/I and E2
(1078 mol/l) combined with P (1078 mol/I) promoted ESCs-Mo co-
culture units to secret CCL22 (P < 0.05) (Fig. la).

Although Mo secreted more CCLI7 than ESCs did, their CCLI7
production was not affected by E2 or P. E2 at 10-'°~1077 mol/I, P at
107'"°~1077 mol/I and E2 (1078 mol/I) combined with P (1078 mol/I)
increased the CCLI7 secretion of ESCs (n = 6, P < 0.05). The ESCs-
Mo co-culture had significantly higher levels of CCLI17 secretion than
ESCs or Mo cultured alone (n = 6, P < 0.05), and E2 at
107"°~107" mol/I, P at 107'°~10~" mol/l and E2 (1078 mol/I) plus P
(1078 mol/1) stimulated a higher secretion of CCLI7 by the ESCs-Mo
co-culture (n =6, P < 0.05) (Fig. Ib).
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Figure | Effect of ESCs-Mo co-culture and sex hormones on CCL22
and CCLI7 secretion. ESCs and Mo cultured alone or together were
treated with various concentrations of E2 (IO_'O, 10~%, 108 and
10~ mol/I successively), P (107'°, 107, 1078 and 10" mol/I succes-
sively), or E2 (1078 mol/I) plus P (1078 mol/1), respectively, for 48 h. At
the end of the culture, the supernatant was collected. CCL22 (a) and
CCLI17 (b) levels were determined by ELISA. Data are expressed as
mean = SEM. *P < 0.05 compared to ESCs, Mo or ESCs-Mo control;
#P < 0.05 compared to ESCs treated in the same group; AP < 0.05
compared to ESCs or Mo treated in the same group. The result is rep-
resentative of three repeated experiments (n = 6). Mo, monocytes.
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The CCK8 cell viability assay and BrdU cell proliferation assay
showed that the viability of the cells (ESCs, Mo and ESCs-Mo) did not
reduce after a 48h culture. Moreover, the ESCs and co-cultured
ESCs-Mo proliferated slightly under E2 treatment for 48 h (~1.06—
|.08-fold) (Supplementary data, Figs S2 and S3).

High levels of CCL22 and CCL17 caused
Tregs recruitment in the ectopic milieu

The supernatant from Mo conferred a stronger chemotactic ability in
Tregs than that from ESCs, and the supernatant from the ESCs-Mo co-
culture conferred a stronger chemotactic ability than that from ESCs or
Mo cultured alone (n = 6, P < 0.05). E2 (107 mol/I), P (1078 mol/I) or
their combination could significantly enhance the chemotaxis compared
with the control (n = 6, P < 0.05), (Fig. 2a, left).

The supernatant from the ESCs-Mo co-culture treated with E2
(1078 mol/l) and/or P (1078 mol/l) could significantly enhance the
chemotaxis of Tregs compared with the control (n = 6, P < 0.05). The
anti-CCL17 neutralizing Ab and/or anti-CCL22 neutralizing Ab partly
inhibited this effect (n = 6, P < 0.05) (Fig. 2a, right).

ESCs-Mo co-culture stimulated Tregs
to secrete TGF-f1

We examined the secretion of TGF-f1 in different culture units. The
Tregs co-cultured with ESCs-Mo treated with E2 (1078 mol/I) plus P
(IO’8 mol/l) produced much more TGF-B1 than Tregs cultured alone
(n = 6, P < 0.05), and the anti-CCLI7 neutralizing and anti-CCL22
neutralizing Abs could decrease, but not block, the increased TGF-§1
secretion completely (n = 6, P < 0.05) (Fig. 2b).
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Figure 2 Effect of co-culture and CCLI7 and CCL22 on recruitment and TGF-B| secretion of Tregs. (a) Left: The supernatant from ESCs cultured
alone, Mo cultured alone or the ESCs-Mo co-culture, which were treated with E2 at 108 mol/Il, P at 1078 mol/I or the combination of E2 and P for
48 h, were placed in the lower chamber of transwell plates. Tregs (2 X 10° cells/well) were put into the upper chamber. After 4 h incubation, the
Tregs in the lower chamber were counted. *P < 0.05 compared to ESCs, Mo or the ESCs-Mo supernatant control; #P < 0.05 compared to ESCs
supernatant treated in the same group; AP < 0.05 compared to ESCs or Mo supernatant treated in the same group. Right: The supernatant from the
ESCs-Mo co-culture, which was treated with E2 at 1078 mol/I, P at 10~8 mol/I or the combination of E2 and P for 48 h, was placed in the lower cham-
ber of transwell plates. Tregs (2 x 10> cells/well) were put into the upper chamber. Anti-CCL |7 neutralizing antibody, anti-CCL22 neutralizing anti-
body or the combination thereof was added to several lower chambers half an hour before the chemotaxis assay. After 4 h incubation, the Tregs in the
lower chamber were counted. *P < 0.05 compared to the control, #, A, A, P < 0.05 compared to ESC-Mo supernatant treated with E2 and/or P in
the same group. (b) Tregs were cultured alone or co-cultured with ESCs-Mo treated with E2 at 107 mol/I plus P at 1078 mol/I. Anti-CCL22 neutraliz-
ing antibody, anti-CCL|7 neutralizing antibody or the combination thereof was added. PMA at 50 ng/ml and ionomycin at 2.5 pg/ml were added to the
cell-culture units 6 h before the termination. The supernatant was collected. TGF-B| levels were determined by ELISA. The result is representative of
three repeated experiments (n = 6). Data are expressed as mean + SEM. *P < 0.05 compared to Tregs cultured alone, #P < 0.05 compared to Treg-
ESCs-Mo co-culture units treated with E2 plus P. Tregs, regulatory T cells; PMA, 4a-phorbol- | 2-myristate- | 3-acetate.
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CCL22 and CCL 17 produced by ESCs-Mo
co-culture up-regulated CCR4 expression on
Tregs

We investigated the expression levels of CCR4, the receptor of
CCLI7 and CCL22, and found that CCR4 expression on Tregs could
be regulated by the supernatant from ESCs-Mo co-culture and further
increased when treated with the hormone-treated ESCs-Mo co-
culture supernatant (n = 6, P < 0.05) (Fig. 3a). Notably, the anti-
CCLI7 neutralizing and anti-CCL22 neutralizing Abs inhibited this
effect (n =6, P < 0.05) (Fig. 3b).

ESCs-Mo co-culture enhanced the
immunosuppressive function of Tregs

Tregs were cultured alone or co-cultured with the ESCs-Mo co-cul-
ture treated with the combination of E2 (10~®mol/l) and P
(1078 mol/l). The expression, including the positive rate and mean
fluorescence intensity (MFIl) of CD4, CD25, Foxp3, CTLA-4, CD39
and CD73 on Tregs was analyzed by flow cytometry. We found that
the expression of CD4 and CD25 was not affected by the co-culture,
and anti-CCL|7 neutralizing and anti-CCL22 neutralizing Abs had no

effect on CD4 and CD25 expression on Tregs (n = 6, Fig. 4a).
However, we found that the expression of Foxp3, CTLA-4, CD73 and
CD39 was up-regulated by the ESCs-Mo co-culture treated with the
combination of E2 (1078 mol/I) and P (1078 mol/I). Anti-CCLI7 neu-
tralizing and anti-CCL22 neutralizing Abs could inhibit the effect partly
(n=6, P <0.05) (Fig. 4b).

Interaction of ESCs with Mo enhanced

secretion of the proinflammatory cytokines
IL-1P and TNF-«x

The peritoneal fluid of women with endometriosis has high concentra-
tions of IL-1p and TNF-a (Cheong et al., 2002; Skrzypczak et dl.,
2005). To search for the source of IL-1p and TNF-a, we constructed
ESCs-Mo co-culture units and found that Mo secreted higher levels of
IL- 1B and TNF-a than ESCs did (n = 6, P < 0.05). The ESCs-Mo co-cul-
ture significantly promoted the secretion of IL-I p and TNF-a than that
of ESCs and Mo cultured alone, respectively (n = 6, P < 0.05). E2 and
P had no effect on IL-I{ secretion (Fig. 5a). E2 at 10~ mol/I, P at
107"°~107" mol/I and E2 (10~ mol/I) combined with P (108 mol/I)
increased TNF-a secretion by Mo (n = 6, P < 0.05). E2 at 10~ mol/I,
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Figure 3 CCLI7 and CCL22 in the supernatant from the ESCs-Mo co-culture up-regulate the expression of CCR4 on Tregs. Tregs were treated as
in Figure 2a. The expression of CCR4 on Tregs was analyzed by flow cytometry. Data are expressed as mean + SEM. (a) *P < 0.05 compared to ESCs
supernatant in the same group; #P < 0.05 compared to ESCs or Mo supernatant in the same group; AP < 0.05 compared to ESCs-Mo co-culture
supernatant treated without hormones. (b) *P < 0.05 compared to ESCs-Mo co-culture supernatant treated without hormone but with or without
anti-CCL17 or anti-CCL22 neutralizing Abs or the combination thereof; #P < 0.05 compared to ESCs-Mo co-culture supernatant in the same group
without neutralizing Abs; AP < 0.05 compared to ESCs-Mo co-culture supernatant treated with anti-CCL|7 or anti-CCL22 neutralizing antibody in the
same group. The result is representative of three repeated experiments (n = 6). Abs, antibodies.
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Figure 3 Continued

P at 107'°-107"mol/l and E2 (10~8mol/l) combined with P
(1078 mol/I) also enhanced TNF-a secretion by the ESCs-Mo co-cul-
ture (n = 6, P < 0.05) (Fig. 5b). These results suggest that the high
levels of IL-1p and TNF-a in the peritoneal fluid of women with endo-
metriosis arise from the interaction of ESCs with Mo.

Combination of TGF-f§1 with IL-1f or TNF-«
activated the ERK1/2 and p38 signaling
pathways in ESCs

ESCs were treated in vitro with rhTGF-B1, rhIL-18, rhTNF-a, a com-
bination of rhTGF-BI and rhiL-1p, or a combination of rhTGF-f1 and
rhTNF-a. We found that rhTGF-B1, rhIL-1f or rhTNF-a could acti-
vate p38 and ERKI/2 signaling pathways, and the combination of
rhTGF-B1 and rhIL-1p or the combination of rhTGF-$1 and rhTNF-a
further enhanced this effect (n = 6, P < 0.05). rhTGF-p1 and rhIL-1f in
combination could activate the JNK signaling pathway (n = 6, P < 0.05)
but had no effect alone. rhTGF-f1 and rhTNF-a either alone or in
combination had no effect on the NK signaling pathway (Fig. 6 and
Supplementary data, Fig SI).

IL-1 and TNF-o presented a synergistic
effect with TGF-f1 in stimulating ESCs
to secrete the pro-angiogenic factors IL-8
and VEGF

ESCs were treated as described in the methods section. The super-
natant was collected and analyzed by ELISA. The results showed that

rhTGF-B1, rhiL-1p and rhTNF-a alone could stimulate the ESCs to
secret IL-8 and VEGF. rhIL- 1B and rhTNF-a had a synergistic role with
rhTGF-B1 in promoting IL-8 production (n = 6, P < 0.05), but the
combination of rhTGF-B1 and rhIL-1p or the combination of rhTGF-
B1 with rhTNF-a had no additional role in stimulating ESCs to produce
VEGF (Fig. 7).

Blocking ERKI1/2 and p38 signaling pathways by U026 and
SB202190 could significantly downregulate the promotion of rhTGF-
BI, rhiL-1B or rhTNF-a on IL-8 and VEGF secretion by ESCs (n = 6,
P < 0.05). However, we found that blocking the JNK signaling pathway
by SP600125 not only inhibited the role of rhTGF-1 in promoting IL-8
secretion but also decreased the role of rhiL-1p and rhTNF-a on pro-
moting VEGF secretion in ESCs (n = 6, P < 0.05) (Fig. 7).

Supernatant of ESCs treated with rhTGF-$1,
rhiL-1f, and/or rhTNF-a stimulated
angiogenesis of HUVECs

To probe whether the supernatant of ESCs can promote angiogenesis,
we performed the tube formation assay. As shown in Fig. 8, the super-
natant of ESCs treated with rhTGF-p1, rhiL-1p or rhTNF-a alone pro-
moted angiogenesis (n = 6, P < 0.05); the supernatant of ESCs treated
with the combination of rhTGF-B1 and rhIL-1p or the combination of
rhTGF-B1 and rhTNF-a could further promote angiogenesis (n = 6, P <
0.05). This finding demonstrates that the supernatant of ESCs stimulated
by rhTGF-BI, rhiL-1B and/or rhTNF-a could promote angiogenesis,
which is involved in the pathogenesis of endometriosis. Taking into
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Figure 4 Treg-ESCs-Mo co-culture enhances the immunosuppressive function of Tregs through CCLI7 and CCL22. We established the following
cell-culture units: Tregs cultured alone and Tregs co-cultured with ESCs-Mo, which were treated with the combination of E2 (1078 mol/l) and P
(1078 mol/I) for 48 h. Anti-CCL 17 neutralizing antibody, anti-CCL22 neutralizing antibody or both were added to the ESCs-Mo-Treg co-culture. PMA
at 50 ng/ml and ionomycin at 2.5 pg/ml were added to the culture 6 h before the end of the culture. Flow cytometry was used to analyze the expres-
sion of (a) CD4, CD25, (b) Foxp3, CTLA-4, CD39 and CD73 on Tregs including the positive rate and MFI. Data are expressed as mean + SEM. *P <

0.05 compared to Tregs cultured alone. #P < 0.05 compared to Tregs co-cultured with ESCs-Mo treated with E2 plus P. The result shown is represen-
tative of three repeated experiments (n = 6). MFI, mean fluorescence intensity.

account the results in Fig. 7, we propose that the high levels of IL-8 and
VEGF secreted by ESCs stimulated by rhTGF-B1, rhiL- I and/or rhTNF-
o might be the main factor promoting angiogenesis in the ectopic milieu.

Discussion

Tregs are known to be important immunosuppressive cells that play an
important role in maintaining the immune balance in vivo. The number
and the percentage of Tregs have been reported to be significantly
increased in the peritoneal fluid of patients with endometriosis (Podgaec
et al., 2012; Olkowska-Truchanowicz et al., 2013), which suggests that
Tregs may be involved in the pathogenesis of endometriosis. Tregs may
favor the ectopic implantation of endometrium by inhibiting the function
of effector T cells (Teff). The inhibitory cytokine TGF-f1 has gained con-
siderable attention as a mediator of Tregs in immunosuppression.
Angiogenesis is essential for the pathogenesis of many diseases such as
cancer, chronic inflammation and endometriosis. Endometriotic lesions
have been shown to be highly vascularized, and angiogenesis is critical

for the establishment and growth of ectopic lesions (Groothuis et al.,
2005). Endometriosis is an inflammatory disease, and the levels of a lot
of inflammatory cytokines (such as IL-1p and TNF-a) are elevated in the
peritoneal fluid of patients with endometriosis (Cheong et al., 2002;
Skrzypczak et al.,, 2005). Human Tregs highly express the chemokine
receptor CCR4, and thus, their ligands CCL17 and CCL22 might modu-
late the homing of Tregs to tissues. Foxp3 expression in Tregs is posi-
tively correlated with the levels of CCL22 and its receptor CCR4 (Qin
et al., 2008), implying that CCL|7 and CCL22 can regulate the function
of Tregs. CCLI17 expression is considerably higher in the eutopic endo-
metrium of patients with endometriosis compared with that in normal
fertile women (Bellelis et al., 2013), and tumor cell and macrophage-
derived chemokine CCL22 mediates the trafficking of Tregs to the
tumor, representing a mechanism by which the tumor may foster
immune privilege (Curiel et al., 2004).

Our data showed that the high levels of CCL22 and CCLI7 in the
ESCs-Mo co-culture units, particularly those treated with E2 or P,
could recruit Tregs, promote TGF-fI secretion, increase CCR4



10

Wang et al.

(a) 3500 . a
R DESCs
E 2500 2 Mo
@ 2000 = ESCs-Mo
;. 1500
N owoo- AN AR O#

500 -

o MM BN

— ——— __—_
con E2 combine

(b) 700 :
600 1 a
= *
E soo
)
5— 400
g
% 300
2 200

100 | #

04

__....-—_ __—_
con combine

Figure 5 High levels of the inflammatory cytokines IL-1f and TNF-
o in the peritoneal cavity of patients with endometriosis may arise
from the interaction of ESCs and Mo. ESCs and Mo cultured alone or
together were treated with various concentrations of E2 (107'°,
107%, 1078 and 1077 mol/I successively), P (107'°, 107°, 1078 and
10" mol/I successively) or E2 (1078 mol/I) plus P (10-8 mol/I) for
48 h. The supernatant was collected. IL-I1p (a) and TNF-a (b) levels
were determined by ELISA. The result is representative of three
repeated experiments (n = 6). Data are expressed as mean + SEM. *P
< 0.05 compared to ESCs, Mo or the ESCs-Mo control; #P < 0.05
compared to ESCs treated in the same group; AP < 0.05 compared
to ESCs or Mo treated in the same group. TNF-a, tumor necrosis fac-
tor alpha; Interleukin, IL-1f.

expression and upregulate the immunosuppressive function of Tregs,
which was supported by the increased expression of Foxp3, CTLA-4,
CD39 and CD73 (Fig. 9). The migrated Tregs may suppress the activa-
tion or proliferation of Teffs in an autologous setting in ectopic foci. In
view of the importance of CCR4 in the migration of Tregs, an anti-
CCR4 mAb might be a novel treatment strategy for patients with
endometriosis to overcome the suppressive effect of CCR4™ Tregs on
the host local immune response to ectopic endometrial cells. Ishida
et al. developed a novel chimeric mAb, KM2760, which binds specific-
ally to CCR4. They found that the Ab could induce effective anti-
tumor immunity by reducing the infiltration of CCR4-positive Tregs in
the Hodgkin lymphoma tumor cell environment (Ishida et al., 2004).
Considering that ESCs and Mo are the key component cells in ectopic
tissues, although we used eutopic ESCs in this study, if similar effects
to what we have seen occur at ectopic sites, it is likely that the abnor-
mal immune microenvironment in ectopic foci could recruit and regu-
late Treg functions, which may have an important immunopathological
role in endometriosis.

Our research indicates that the interaction of the endometriosis-
associated cells ESCs and Mo may be the important source of the high
levels of IL-1p and TNF-a in the peritoneal cavity of patients with
endometriosis (Fig. 9). Exogenous rhTGF-BI, rhiL-1p or rhTNF-a
could activate p38 and ERKI/2 signaling pathways, and rhiL-1§ and

rhTNF-a have a synergistic role with rhTGF-f1. Although rhTGF-§1
and rhIL-1f in conjunction promoted the activation of the JNK signal-
ing pathway, rhTGF-p1 or rhiL-1f alone had no effect. On the other
hand, rhTGF-B1 or rhTNF-a alone or in combination had no effect on
the JNK signaling pathway. Our results suggest that ERK|/2/p38 sig-
naling pathways may mediate TGF-B1 signaling, which regulates cell
proliferation and growth (Fig. 9).

We also conducted an experiment to exclude possible side-effects
caused by reduced viability or enhanced cell proliferation, which may
act as confounding factors, and found that the viability of ESCs, Mo
and Tregs cultured alone had no obvious change after 48 h. In fact, the
viability of the ESCs-Mo co-culture increased slightly. This means that
the viability of the cells did not reduce after 48 h culture. The cell pro-
liferation assay showed that the primary cultured Mo and Tregs hardly
proliferate in vitro, regardless of the use of hormone treatment. ESCs-
Mo co-culture showed a higher proliferation compared with ESCs or
Mo cultured alone. E2 could promote the proliferation of ESCs and
ESCs-Mo slightly after 48 h (~1.06—1.08-fold). Thus, the increased
production of certain factors may be partly related to increased cell
numbers, but would mainly reflect their increased expression.

Angiogenesis is required for ectopic tissue growth and may consti-
tute an important point in the control of endometriosis progression.
We found that rhTGF-B1, rhiL-1f or rhTNF-a alone, the combination
of rhTGF-BI and rhiL-1pB, or the combination of rhTGF-fI and
rhTNF-a promoted the ESCs to secrete the angiogenesis factors IL-8
and VEGF (Fig. 9). Furthermore, rhiL-1 and rhTNF-a had a synergistic
angiogenesis-promoting role with rhTGF-fl. U0126 or SB202190
inhibited the promoting effect of rhTGF-B1, rhiL-1p or rhTNF-a alone,
the combination of rhTGF-f1 and rhiL-1f, and the combination of
rhTGF-pl and rhTNF-a on IL-8 and VEGF secretion by ESCs.
SP600125, as an inhibitor of the INK signaling pathway, downregulated
the stimulating role of rhTGF-f1 alone or in combination with rhTNF-
o to secrete IL-8, and also decreased the promoting role of rhiL-1§
and rhTNF-a on VEGF secretion in ESCs. The results above suggest
that blocking ERK1/2 and p38 signaling pathways reduced the levels of
IL-8 and VEGF secreted by ESCs. U0126 or SB202190 may simultan-
eously block some autocrine role in ESCs, and the JNK signaling path-
way is also involved in regulating the secretion of IL-8 and VEGF by
ESCs through other ways. It is well established that IL-8 and VEGF play
a critical role in regulating physiological and pathological angiogenesis.
They are probably the most crucial angiogenic factors involved in the
pathophysiology of endometriosis. The perturbation of TGF-f1 signal-
ing by aberrant activation of ERK|/2 and p38 underlies the critical role
of TGF-BI in pro-angiogenesis behavior in advanced endometriosis. In
summary, the results confirm that ERKI/2/p38 signaling pathways
mediate the pro-angiogenesis of TGF-B1 in ESCs, and the inflamma-
tory cytokines IL-1B or TNF-a have a synergistic effect with TGF-p1.
Findings of the tube formation assay further confirmed our results, that
is, the high levels IL-8 and VEGF secreted by ESCs stimulated by TGF-
Bl have a strong angiogenic effect, and IL-1p and TNF-a have a syner-
gistic effect with TGF-B1.

Nevertheless, our study does have certain limitations. Our use of
eutopic ESCs instead of ectopic ESCs of endometriosis patients might
be better for describing intercellular interactions in eutopic endomet-
rium. The model system we used cannot be easily seen as a model for
ectopic lesions. If interactions and effects similar to what we have seen
in this study occur at ectopic sites, it could be envisaged that
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Figure 6 Effect of TGF-BI, IL- 1B and TNF-a on p38, ERK/2 and JNK signaling pathways in ESCs. Eutopic ESCs were treated in vitro with: rhTGF-p|
(20 ng/ml), rhiL-1p (20 ng/ml), rhTNF-o (20 ng/ml); the combination of rhTGF-f1 and rhiL-Ip; or the combination of rhTGF-B1 and rhTNF-a for
48 h, with vehicle as the control. The In-cell Western™ western blot analysis system was used to analyze the phosphorylation and total levels of p38,
ERK1/2 and JNK. Phospho-p38, phospho-ERK| /2, phospho-JNK = red; p38, ERK|/2, ]NK = green. These pictures are representative of thre individ-
ual experiments (n = 6). *P < 0.05 compared to the control, #P < 0.05 compared to rhTGF-B1, rhlL- I or rhTNF-a treated alone. ESCs, endometrial
stromal cells; ERK, extracellular signal-regulated kinase | /2; JNK, c-Jun N-terminal kinase; rhTGF-B1, recombinant human transforming growth factor-
beta |; rhiL-1p, recombinant human interleukin one beta; rhTNF-a, recombinant human tumor necrosis factor alpha.
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Figure 7 TGF-Bl, IL-1p and TNF-a alone or in combination stimulate ESCs to secrete the pro-angiogenic factors IL-8 and VEGF by activating ERK |/
2/p38 signaling pathways. ESCs were treated with: rhTGF-$1 (20 ng/ml), rhIL-1p (20 ng/ml), rhTNF-a (20 ng/ml); a combination of rhTGF-1 and
rhiL- 1B with the same concentrations; or a combination of rhTGF-B1 and rhTNF-a with the same concentrations for 48 h. The cells were incubated
with or without the MAPK/ERK /2 inhibitor U0126 (30 uM), p38 inhibitor SB202190 (20 pM) or JNK inhibitor SP600125 (20 pM), with vehicle as the
control. The supernatant was collected and detected for the expression of IL-8 (a) and VEGF (b) by ELISA assay. *P < 0.05 compared to the control.
#, A, A, P < 0.05 compared to rhTGF-B1, rhIL-1p, rhTNF-a treated alone or in combination without inhibitors. These pictures are representative of
three individual experiments (n = 6). VEGF, vascular endothelial growth factor. MAPK, mitogen-activated protein kinase.
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Figure 8 Supernatant of ESCs treated with rhTGF-f1, rhiL-1f and/or rhTNF-a stimulates the angiogenesis of HUVECs. HUVECs (5000 cells/well)
were incubated with the supernatant of ESCs treated with rhTGF-B1 (20 ng/ml), rhiL-1f (20 ng/ml) and/or rhTNF-a (20 ng/ml). Next, the tube form-
ation assay was used to analyze the tube formation of HUVECs. Original magnification: x100. Results were highly reproducible in three independent
experiments (n = 6). Error bars depict the SEM. *P < 0.05 compared to HUVECs cultured in medium, #P < 0.05 compared to HUVECs cultured with
the supernatant of ESCs with no cytokine treatment. AP < 0.05 compared to HUVECs cultured with the supernatant of ESCs treated with rhTGF-$1
or rhiL-1p; AP < 0.05 compared to HUVECs cultured with the supernatant of ESCs treated with rhTGF-p1 or rhTNF-a. HUVECs, human umbilical

vein endothelial cells.
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Figure 9 Schematic diagram of key findings. This study has shown that high levels of CCL17 and CCL22 produced by the interaction between
ESCs and Mo can recruit Tregs, increase the expression of CCR4 on them, and upregulate the immunosuppression of Tregs, which in turn pro-
motes angiogenesis by TGF-f1 secretion. The abundant IL- I or TNF-a in an ectopic milieu has a synergistic role with TGF-f1. If similar interac-
tions to what we have seen in this study occur at ectopic sites, it could be envisaged that angiogenesis is strongly promoted, which contributes to

the pathogenesis of endometriosis.

angiogenesis is strongly promoted. Furthermore, such interactions in
the eutopic endometrium are important and may have a role in poor
receptivity and miscarriage. It has been shown that there is a close link
between endometriosis and infertility. Some studies indicate that
30-50% of patients who suffer from endometriosis are infertile and
25-50% of infertile women have endometriosis (Meuleman et al., 2009).
Women with endometriosis display significantly higher rates of miscar-
riages which are reported range from || to 63% (Santulli et al., 2016;

Hjordt Hansen et al., 2014; Gupta et al., 2008). However, although there
is a high correlation between endometriosis and infertility, little is known
about the mechanisms through which endometriosis impair fertility.
Unsuitable endometrial receptivity has been suggested to contribute to
endometriosis-associated infertility. In women with endometriosis, the
microenvironment of the endometrium becomes proinflammatory, E2-
dominant, and P4-resistant, and thereby impairs receptivity for establish-
ment of pregnancy. Endometriosis patients also have altered gene
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expression in the eutopic endometrium (such as HOXAIO, P recep-
tors, matrix metalloproteinases, immunoinflammatory factors and
integrin) that may impair endometrial receptivity (Hurst et al., 2014).
An aberrant immunological mechanism might be one of potent patho-
physiological mechanisms of endometriosis-related infertility (Inagaki
et al., 201 1). The interactions between eutopic ESCs, Mo and Tregs
shown in this study may affect the expression of receptivity-related
molecules and the local immune microenvironment, which may impair
endometrial receptivity and increase rates of miscarriages in endomet-
riosis patients.

At present, surgical removal of endometriotic tissues and inhibition
of ovarian steroid hormone production remain the main treatment for
endometriosis. But the curative effect is not satisfactory because of the
high recurrence rate of the disorder and the adverse side-effects of the
different treatments. Endometriosis is a consequence of the provision
of a fertile environment (the ‘soil’, so to speak), in which compatible
endometrium cells (the ‘seed’) can proliferate. Tregs may play an
important role in creating the suitable environment.

Our present results exhibit for the first time that the abnormal
immune microenvironment can account for the recruitment and func-
tional regulation of Tregs, which partly explains the high levels of
CCL22 and CCLI7 in ectopic foci. Furthermore, excessive sex hor-
mones levels found in patients with endometriosis are attributed to
CCL22 and CCLI7 overexpression. We found that TGF-p| secreted
by Tregs was enhanced by ESCs-Mo co-culture, and IL-1p or TNF-a
had a synergistic effect with TGF-B1 in activating the ERK1/2/p38 sig-
naling pathways to promote the secretion of IL-8 and VEGF by ESCs. If
the effects seen in this study occur at ectopic sites, then our study has
illustrated the mechanisms of recruitment and functional regulation of
Tregs in endometriotic lesions and a new mechanism of angiogenesis
in ectopic foci, which shows a new role of Tregs involved in the dis-
ease. These findings offer the exciting opportunity to develop novel
Treg-based diagnostic and therapeutic approaches for endometriosis,
such as therapy with anti-CCR4 mAbs.

Supplementary data

Supplementary data are available at Human Reproduction online.
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