
www.manaraa.com

Extracellular vesicle-associated VEGF-C promotes
lymphangiogenesis and immune cells infiltration
in endometriosis
Wan-Ning Lia, Kuei-Yang Hsiaob

, Chu-An Wangc, Ning Changd
, Pei-Ling Hsud

, Chung-Hsien Sune,
Shang-Rung Wuf, Meng-Hsing Wud,g,h,1

, and Shaw-Jenq Tsaia,d,1

aInstitute of Basic Medical Sciences, College of Medicine, National Cheng Kung University, Tainan 70101, Taiwan; bGraduate Institute of Biochemistry,
National Chung Hsing University, Taichung 40227, Taiwan; cInstitute of Molecular Medicine, College of Medicine, National Cheng Kung University, Tainan
70101, Taiwan; dDepartment of Physiology, College of Medicine, National Cheng Kung University, Tainan 70101, Taiwan; eDepartment of Obstetrics &
Gynecology, Lucina Women & Children Hospital, Kaohsiung 807735, Taiwan; fInstitute of Oral Medicine, College of Medicine, National Cheng Kung
University, Tainan 70101, Taiwan; gDepartment of Obstetrics & Gynecology, College of Medicine, National Cheng Kung University, Tainan 70101, Taiwan;
and hDepartment of Obstetrics and Gynecology, National Cheng Kung University Hospital, College of Medicine, National Cheng Kung University, Tainan
70101, Taiwan

Edited by Scott K. Durum, National Cancer Institute, Frederick, MD, and accepted by Editorial Board Member Tadatsugu Taniguchi August 6, 2020 (received
for review November 14, 2019)

Endometriosis is a highly prevalent gynecological disease with
severe negative impacts on life quality and financial burden.
Unfortunately, there is no cure for this disease, which highlights
the need for further investigation about the pathophysiology of
this disease to provide clues for developing novel therapeutic
regimens. Herein, we identified that vascular endothelial growth
factor (VEGF)-C, a potent lymphangiogenic factor, is up-regulated
in endometriotic cells and contributes to increased lymphangio-
genesis. Bioinformatic analysis and molecular biological characteriza-
tion revealed that VEGF-C is negatively regulated by an orphan nuclear
receptor, chicken ovalbumin upstream promoter-transcription factor II
(COUP-TFII). Further studies demonstrated that proinflammatory cyto-
kines, via suppression of COUP-TFII level, induce VEGF-C overexpres-
sion. More importantly, we show that functional VEGF-C is
transported by extracellular vesicles (EVs) to enhance the lymphan-
giogenic ability of lymphatic endothelial cells. Autotransplanted
mouse model of endometriosis showed lenvatinib treatment abro-
gated the increased lymphatic vessels development in the endometri-
otic lesion, enlarged retroperitoneal lymph nodes, and immune cells
infiltration, indicating that blocking VEGF-C signaling can reduce local
chronic inflammation and concomitantly endometriosis develop-
ment. Evaluation of EV-transmitted VEGF-C from patients’ sera dem-
onstrates it is a reliable noninvasive way for clinical diagnosis. Taken
together, we identify the vicious cycle of inflammation, COUP-TFII,
VEGF-C, and lymphangiogenesis in the endometriotic microenviron-
ment, which opens up new horizons in understanding the patho-
physiology of endometriosis. VEGF-C not only can serve as a
diagnostic biomarker but also a molecular target for developing
therapeutic regimens.
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Endometriosis is a chronic inflammatory gynecological disease
defined as the presence of endometriotic lesions outside

of the uterine cavity. Clinical symptoms include dysmenorrhea,
dyspareunia, and even infertility, which severely reduce the life
quality of affected women and their families. In 1927, Sampson
proposed that the retrograded menstrual flow is the main force
for tissues to reach the implanted sites, which remains as the
most accepted hypothesis so far (1). However, more than 90%
women of reproductive age have retrograded menstruation while
only 8–15% of them develop endometriosis (2, 3), suggesting the
involvement of some other critical factors in the pathogenesis of
endometriosis. So far, a number of studies have reported that
endometriotic tissues have the capability to survive in the unfa-
vorable conditions, including having better adhesion ability,
higher proliferation rate, and more resistant to apoptosis (4–6).

Nevertheless, since endometriosis is a multifactorial and com-
plicated disease, the etiology remains largely unclear.
The theory of lymphatic system dissemination has been pro-

posed for almost 100 years (7). Recent data also reported the
involvement of lymphatic system in disease occurrence in distant/
rare sites among patients with endometriosis (8). A few studies
suggest that the lymphatic system may play some roles in the
pathogenesis of endometriosis (9–11), especially in the highly
recurrent cases after medical treatment and/or surgical removal
(12). However, how the lymphatic system is involved in endo-
metriosis and how lymphangiogenic factors are regulated during the
progression of endometriosis are still undefined. Lymphangio-
genesis is mainly promoted by the effect of vascular endothelial
growth factor (VEGF)-C, which is a well-known growth factor re-
sponsible for both angiogenesis and, in particular, lymphangio-
genesis. Although it has been reported that level of VEGF-C is
higher in endometriotic lesions (13, 14), the pathological function
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and the regulatory mechanism remain uncharacterized. VEGF-C
activity is mediated by binding to receptors including VEGF
receptor-2 and -3 (VEGFR-2 and VEGFR-3). Aberrant angio-
genic and lymphangiogenic potential in eutopic endometrium of
women with endometriosis is suggested to favor the survival of
endometrial cell in ectopic sites. However, the hypothesis that
lymphangiogenesis may promote the development of endometri-
osis remains to be tested.
Endometriosis is a disease with prolonged inflammatory re-

sponse. The presence of ectopic tissues in peritoneal cavity, with-
out clear mechanism, reaches a state of balance with a high level of
proinflammatory cytokines and immune cells. Our previous studies
have shown these highly expressed proinflammatory cytokines play
crucial roles in the pathogenesis of endometriosis (15, 16). It is
found that proinflammatory cytokines such as interleukin (IL)-1β
and tumor necrosis factor (TNF)-α suppress chicken ovalbumin
upstream promoter-transcription factor II (COUP-TFII, also
known as NR2F2) (15). As a transcription repressor, COUP-TFII
binds to the motif containing the AGGTCA half site on promoter
sequence to regulate clusters of genes functionally involved in
vital cellular processes including organogenesis, angiogenesis,
metabolism, cell fate determination, and cancer progression (17).
Down-regulation of COUP-TFII resulted in up-regulation of
cyclooxygenase-2 (COX-2), an inducible enzyme responsible for
prostaglandins E2 (PGE2) production (15), angiogenin (18), a
potent angiogenic factor, and aromatase (19), the key enzyme
regulating steroidogenesis, providing evidence to correlate the
proinflammatory cytokines, gene regulation, and pathogenesis of
endometriosis. Nevertheless, whether cytokines-COUP-TFII axis
contributes to lymphangiogenesis in endometriotic lesions remains
unattested.
Here, we hypothesize that the expression of VEGF-C may

promote the infiltration of lymphatic vessels into endometriotic
lesions. The newly developed lymphatic system not only serves as
a channel to drain the wastes out of endometriotic cells but also
provides a network for immune cells to reach the endometriotic
lesions. Thus, the infiltration of lymphatic system enhances the
inflammatory microenvironment, which forms a vicious cycle
that favors the development of endometriosis. The purpose of
this study is to characterize the unrevealed mechanism of lym-
phangiogenesis in endometriotic lesion and employ this finding
to develop a potential diagnostic or therapeutic strategy for
endometriosis.

Results
Elevation of VEGF-C in Endometriosis Is Mediated by Down-Regulation
of COUP-TFII. To investigate the clinical relevance of VEGF-C in
endometriosis, we first analyzed two publicly available microarray
datasets, GSE23339 (20) and GSE7305 (21). Results showed that
VEGF-C mRNA was up-regulated in endometriotic tissues com-
pared to disease-free endometria (Fig. 1A). We then checked the
expression of VEGF-C using clinical samples and found that levels
of VEGF-C protein were increased in ectopic lesion and perito-
neal fluid of patients with endometriosis (Fig. 1 B–D). More im-
portantly, data showed VEGF-C protein was increased along with
the severity of disease (Fig. 1D).
To investigate the underlying mechanism responsible for

VEGF-C up-regulation in endometriosis, we reanalyzed our own
microarray data derived from COUP-TFII-knockdown human
endometrial stromal cells as reported previously (18). Gene set
enrichment analysis (GSEA) revealed that genes involved in
vasculature development are enriched in COUP-TFII knock-
down eutopic endometrial stromal cells (SI Appendix, Fig. S1A),
and VEGF-C is one of the up-regulated angiogenic genes under
COUP-TFII knockdown (SI Appendix, Fig. S1B). Consistent with
our result, analysis of Gene Expression Omnibus (GEO) datasets
also revealed inverse correlation of COUP-TFII and VEGF-C
(SI Appendix, Fig. S1C). To further verify that VEGF-C expression

is negatively correlated with COUP-TFII levels, we knocked down
COUP-TFII in endometrial stromal cells (with higher COUP-
TFII levels) (SI Appendix, Fig. S1D) by two sets of small inter-
fering RNA (siRNA) (siCII#1 and siCII#2). Coherent to the
analytic data, the results showed both VEGF-C mRNA and se-
creted VEGF-C proteins were significantly increased when COUP-
TFII was knocked down (Fig. 1 E and F). In contrast, over-
expression of COUP-TFII in ectopic stromal cells (with low
COUP-TFII levels) reduced VEGF-C secretion (Fig. 1G).

Expression of VEGF-C Is Induced by Proinflammatory Cytokine-Mediated
COUP-TFII Down-Regulation. Our previous data demonstrated that
COUP-TFII was down-regulated by proinflammatory cytokines
(15); we thus aimed to investigate whether treatment with proin-
flammatory cytokines will cause VEGF-C up-regulation. Treatment
of normal endometrial stromal cells with IL-1β and TNF-α caused
a decrease in COUP-TFII protein (Fig. 2A) and concomitantly
an increase in VEGF-C mRNA and protein (Fig. 2 B and C). In
contrast, forced expression of COUP-TFII abolished IL-1β– and
TNF-α–induced VEGF-C up-regulation (Fig. 2D). Promoter ac-
tivity assay demonstrated that VEGF-C was up-regulated by IL-1β
and TNF-α at the transcription level (SI Appendix, Fig. S2A).
Bioinformatic analysis predicted a potential COUP-TFII binding
site in the upstream of VEGF-C promoter (Fig. 2E). Chromatin
immunoprecipitation (ChIP)-qPCR assay showed COUP-TFII in-
deed binds to the VEGF-C promoter region, and the binding is
decreased under cytokines treatment (Fig. 2E). Similarly, there was
a reduced binding of COUP-TFII on VEGF-C promoter in ectopic
endometriotic stromal cell as compared to that in the eutopic
counterpart (SI Appendix, Fig. S2B).

Knockdown of COUP-TFII in Endometrial Cells Stimulates Tube Formation
of Lymphatic Endothelial Cells. Treatment of lymphatic endothelial
cells (LEC) with conditioned media collected from COUP-TFII
knockdown endometrial stromal cells enhanced tube formation (SI
Appendix, Fig. S3A). To confirm this effect is mediated by VEGF-C
signaling, we first treated LEC with different doses of recombinant
VEGF-C and evaluated cell proliferation and migration. Results
show that VEGF-C dose dependently induced LEC proliferation
and migration (SI Appendix, Fig. S3 B and C). Next, lenvatinib, a
selective VEGFR2/3 receptor inhibitor, was preincubated with the
LEC for 30 min prior to the addition of conditioned media. Results
showed that pretreatment with lenvatinib abolished COUP-TFII
knockdown-induced tube formation (Fig. 3A).

Endometriotic Stromal Cells-Secreted VEGF-C Is Carried by Extracellular
Vesicles. It is always a concern how endometriotic cell-produced
lymphoattractant reaches the existing lymphatic endothelial cells,
which are physically away from the endometriotic cells. We hy-
pothesized that extracellular vesicles (EVs) may serve as cargos
that carry and deliver VEGF-C molecules to the remote lymphatic
vessels. To test this hypothesis, we first used a nanoparticle
tracking assay to analyze the production and distribution of EVs.
As seen in Fig. 3B, the total amount of EVs was much greater
in ectopic stromal cells as compared to the eutopic counter-
parts. Further analysis revealed that amounts of nanoparticles
were significantly greater in size: 95–165 nm (exosome) and size
175–245 nm (microvesicles) (Fig. 3C and SI Appendix, Fig. S4 A and
B). Transmission electron microscope examination showed VEGF-
C is carried by EVs, and more VEGF-C molecules are associated
with EVs isolated from ectopic endometriotic stromal cells (Fig.
3D). Further analyses revealed that VEGF-C proteins were de-
tected in EVs but not in EV-depleted conditioned media, and
knockdown of COUP-TFII significantly increased EV-associated
VEGF-C (Fig. 3E). In contrast, forced expression of COUP-
TFII in ectopic stromal cells reduced EV-associated VEGF-C
(Fig. 3F). Treatment with IL-1β and TNF-α significantly increased
EV-associated VEGF-C production by endometrial stromal cells
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(Fig. 3G). Interestingly, the number and size of EVs were not af-
fected by COUP-TFII knockdown or cytokines treatment (SI Ap-
pendix, Fig. S4C andD), suggesting other factors are responsible for
the increased EV number seen in endometriotic stromal cells.

EV-Associated VEGF-C Stimulates Lymphatic Vessel Development and
Immune Cell Infiltration. Endometriotic stromal cells were prela-
beled with PKH67 fluorescent dye to label EVs (SI Appendix,
Fig. S5), which were then used to treat LEC. Confocal images
show EVs secreted by ectopic endometriotic stromal cells can be
uptaken by lymphatic endothelial cells (Fig. 4A). Results from
transwell migration assay and tube formation assay demonstrated
that EVs isolated from COUP-TF knockdown or cytokine-treated
cells significantly induced LEC migration (Fig. 4 B and C) and
tube formation (Fig. 4D), respectively. Finally, we evaluated the
clinical impact of lymphangiogenesis in endometriosis. Immuno-
fluorescence staining showed LYVE-1–positive signals were evi-
dent in ectopic endometriotic lesion while the signal was barely
detected in eutopic endometrium (Fig. 4E and SI Appendix, Fig.
S6). More importantly, we observed CD11c+ immune cells within
and around the lumen of lymphatic vessels in ectopic endo-
metriotic lesion (Fig. 4E) but not in the eutopic endometrial tis-
sues (SI Appendix, Fig. S6).

Increased Lymphatic Vessel Infiltration in Endometriotic Lesion Is
Mediated by VEGF-C. We then tested our hypothesis using mouse
model of endometriosis (SI Appendix, Fig. S7A). We first observed
that induction of endometriosis-like lesions in mice caused severe
adhesion in the peritoneum (SI Appendix, Fig. S7B) and en-
largement of retroperitoneal lymph nodes (Fig. 5A), a phenome-
non like what was observed in women with endometriosis by using
computed tomography scanning (Fig. 5B). Immunofluorescence
staining using Lyve-1 and CD11c+ antibodies revealed that im-
mune cells are detected around the Lyve-1–positive lymphatic
vessels (Fig. 5C). Treatment with lenvatinib reduced lesion sizes as
compared to mice receiving DMSO (vehicle) injection (Fig. 5D)
without causing the weight loss or organ failure (SI Appendix, Fig.
S7 C–F). Immunohistochemical staining also showed that less
lymphatic vessels (stained by Lyve-1 antibody) in lenvatinib-treated
group (Fig. 5E). In contrast, numbers of infiltrated blood vessels
(stained by CD31 antibody) were not affected by treatment with
lenvatinib (SI Appendix, Fig. S8), indicating the specificity of
lenvatinib in blocking lymphangiogenesis. Lastly, we examined
lymph nodes in the peritoneal cavity and found that treatment
with lenvatinib significantly reduced the size of lymph nodes
(Fig. 5F).
We then examined effects of lenvatinib-inhibited lymphatic

system development on immune cells infiltration. Consistent with the

Fig. 1. COUP-TFII mediated VEGF-C expression in endometriotic stromal cells. (A) Expression of VEGF-C in two public datasets (GSE23339 and GSE7305).
Original data were downloaded from GEO and analyzed by in-house bioinformatic tools. Statistical analysis was performed using two-tailed unpaired
Student’s t test. (B) Representative immunohistochemistry images show VEGF-C expression in normal endometrium (Nor) and endometriotic lesion (Endo).
Note that fibroblasts near by the endometriotic cells and infiltrated macrophages (big, round cells indicated by arrows) also stained positive for VEGF-C
besides endometriotic stromal cells. (C) Levels of VEGF-C in peritoneal fluid of women without (Nor, n = 6) and with (Endo, n = 42) endometriosis. (D)
Representative Western blot (Upper) and quantitative results (Lower) of the VEGF-C protein in peritoneal fluids from groups of the patients without/with
endometriosis: normal (n = 6), stage I (n = 5), stage II (n = 9), stage III (n = 18), stage IV (n = 10). (E) Quantitative results of COUP-TFII (Left) and VEGF-C (Right)
mRNA level in human endometrial stromal cells transfected with control siRNA (siNC) or COUP-TFII siRNA (siCII#1, siCII#2) for 24 h (n = 4). (F) Representative
images (Upper) and quantitative results (Lower) of VEGF-C protein in control and COUP-TFII knockdown cells (n = 5). CL, total cell lysate; CM, conditioned
media. (G) Representative images of COUP-TFII, Flag, and VEGF-C protein (Left) and quantitative results of VEGF-C protein (Right) in control (Vector) and
COUP-TFII overexpression (COUP-TFII) ectopic stromal cells (n = 4). Asterisks indicate P < 0.05.
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notion that reduced lymphatic vessels results in less inflammation,
infiltrated immune cells including F4/80- and CD11c-positive mac-
rophages, granzyme B-positive NK cells/cytotoxic T lymphocytes,
and IL-17–positive Th-17 cells were abundant in endometriotic le-
sions (Fig. 6 A and B). Treatment with lenvatinib markedly reduced
numbers of infiltrated immune cells (Fig. 6 A and B). Taken to-
gether, these data suggest that VEGF-C and lymphatic system play
an important role in immune cells infiltration and endometriotic
lesion progression (Fig. 6C).

EV-Associated VEGF-C in Patient’s Serum Is a Potential Diagnostic
Biomarker. To investigate whether VEGF-C can be used as a
diagnostic biomarker, we isolated EVs from an independent co-
hort of patients’ sera and quantified levels of VEGF-C (Fig. 7A
and SI Appendix, Fig. S9A). The size and number of EVs from
fractions 14–19 of eluents in a small set of samples were analyzed
by nanoparticle tracking analysis (NTA) (SI Appendix, Fig. S9B).
Results from Western blotting and transmission electron micro-
scopic analyses showed that EV-associated VEGF-C were signif-
icantly more in patients with endometriosis than that in normal
ones (Fig. 7 B–D). The area under receiver-operating character-
istic (ROC) curve is 0.8175 (95% CI, 0.6973–0.9376), with the
optimal sensitivity of 81.3%, and specificity of 71.4% compared to
normal group by using 912.4 pg/mL as the cutoff value (Fig. 7E).

Discussion
Despite being identified for more than a century, the etiology of
endometriosis, unfortunately, remains largely unknown. The lack
of understanding of the underlying mechanisms responsible for
the pathological processes of endometriosis hampers the devel-
opment of efficacious treatment regimens for this disease. Herein,
we unravel the molecular mechanism of lymphangiogenesis and its
function in the pathogenesis of endometriosis (Fig. 6C). Proin-
flammatory cytokines, such as IL-1β and TNF-α, suppress COUP-
TFII expression in endometrial stromal cells, which causes VEGF-
C secretion. The secreted VEGF-C is mainly transmitted by
nanoscale extracellular vesicles. Carried by these EV nanoparticles
ensures VEGF-C a more stable and effective means of trans-
portation to reach the sentinel lymph nodes, where VEGF-C binds
to VEGFR2/R3 on lymphatic endothelial cells to induce lym-
phangiogenesis toward endometriotic lesions. The formation of
lymphatic vessels provides further routes for immune cells to in-
filtrate into endometriotic tissue and secrete more proinflammatory
cytokines. Thus, the feedforward loop involving proinflammatory
cytokines, COUP-TFII, VEGF-C, and immune cells establishes a
vicious cycle of inflammation and lymphangiogenesis to promote
the progression of endometriosis.
Endometriosis is known as a chronic proinflammatory disease.

Although many studies have partially reported the involvement

Fig. 2. Proinflammatory cytokines suppress COUP-TFII to induce VEGF-C expression. (A) Representative Western blot (Left) and quantification result (Right)
showed down-regulation of COUP-TFII protein in endometrial stromal cells treated with IL-1β (1 ng/mL) and TNF-α (10 ng/mL) for 24 h (n = 8 biological
repeats). (B) Up-regulation of VEGF-C mRNA in endometrial stromal cells treated with IL-1β (1 ng/mL) and TNF-α (10 ng/mL) for 24 h (n = 6 biological repeats).
(C) Representative Western blot (Upper) and quantification result (Lower) show of VEGF-C protein in cultured media of endometrial stromal cells treated with
IL-1β (1 ng/mL) and TNF-α (10 ng/mL) for 24 h (n = 6 biological repeats). (D) Representative Western blot (Left) and quantitative results (Right) show over-
expression of COUP-TFII (indicated by Flag) inhibits IL-1β and TNF-α–induced increases of VEGF-C (n = 7). (E) The schematic drawing (Left) shows the predicted
COUP-TFII–binding sites (-0.6K) in VEGF-C promoter. Two pairs of arrows indicate PCR primers. Right shows quantified ChIP-qPCR result (n = 4 biological
repeats). *P < 0.05 compared to respective controls for all images; #P < 0.05 compared to vector control in D.
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of immune cells, proinflammatory cytokines, and intrinsic/extrinsic
factors in causing inflammation in the endometriotic microenvi-
ronment (see refs. 22 and 23 for review), there are still many
unknown mechanisms that need to be explored. For example, how
immune cells are recruited to the endometriotic tissues and what
the impact of such immune cell infiltration is have not been fully
elucidated. Herein, we provide evidence to demonstrate that im-
mune cells infiltration may be due to loss of COUP-TFII–mediated
VEGF-C expression. Loss of COUP-TFII leads to overproduction
of VEGF-C in ectopic endometriotic stromal cells, which plays an
important role in recruiting immune cells to the endometriotic le-
sion. COUP-TFII is a versatile transcription repressor, which has been
shown to regulate the expression of aromatase (24), COX-2 (15), and
angiogenin (18) in endometriotic stromal cells. In this study, we add
another important player, VEGF-C, to the COUP-TFII–regulated
gene list. These findings not only concur with previous reports that
VEGF-C is up-regulated in women with endometriosis (13, 14) but
also provide the underlying mechanism to explain why VEGF-C is

overexpressed in endometriotic cells. More intriguingly, we demon-
strate that the secreted VEGF-C is carried by EVs. As EVs are
nanoscale cargos that efficiently transport mediators from one loca-
tion to the other, even to the remote sites, EV-associated VEGF-C is
likely to transmit from endometriotic stromal cells to sentinel lymph
nodes to induce the migration of lymphatic endothelial cells toward
endometriotic lesions. Indeed, our in vitro and in vivo data dem-
onstrate that EV-associated VEGF-C is capable of inducing tube
formation and lymphangiogenesis, respectively. Taken together,
our current findings uncover another important pathophysiologi-
cal process of endometriosis regulated by COUP-TFII.
The function of lymphatic system in endometriotic lesion has

been discussed some 90 y ago. In 1927, Sampson proposed the
possibility that lymphatic vessel may serve as an alternative route
for disseminating endometriotic lesions into peritoneal cavity, but
he was not able to prove it (7). Since then, not much progress was
made regarding the regulation or function of lymphangiogenesis in
endometriosis. Recently, it has been reported that endometrial

Fig. 3. Knockdown of COUP-TFII stimulates lymphatic endothelial cell tube formation via VEGF-C–VEGFR signaling. (A) Representative images and quan-
titative result show total loop number of lymphatic endothelial cells treated with conditioned media collected from COUP-TFII knockdown primary cultured
endometrial stromal cells with or without pretreatment of Lenvatinib (Lenv, 20 nM, n = 10). *P < 0.05. (B) Results of NTA of conditioned media collected from
eutopic stromal cells and ectopic endometriotic stromal cells (n = 3). (C) Quantitative results show nanoparticle profile in conditioned media collected from
paired eutopic endometrial stromal cells and ectopic endometriotic stromal cells (n = 3). (D) Representative transmission electron microscopic images show EV-
associated immunogold-stained VEGF-C (black dots) from conditioned media collected from paired eutopic (Eu) and ectopic (Ec) endometrial stromal cells. (E)
Representative Western blot (Left) and quantitative result (Right) show VEGF-C protein in EV fraction but not EV-free conditioned media (n = 3). Conditioned
media collected from control siRNA or si-COUP-TFII (siCII#1 and siCII) transfected endometrial stromal cells. (F) Representative Western blot (Upper) and
quantitative result (Lower) show VEGF-C protein in EV fraction (n = 3) of endometrial stromal cells transfected with empty vector (indicated as −) or COUP-TFII
expressing plasmids (indicated as +). (G) Representative Western blot (Upper) and quantitative result (Lower) show VEGF-C protein in EV fraction (n = 3) of
endometrial stromal cells treated with vehicle (Ctl), IL-1β (IL), or TNF-α (TNF) for 24 h. CD63 and TSG101 are EV markers. Asterisks indicate P < 0.05.
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cells are detected in uterine lymphatic vessels and obturator lymph
nodes in women with endometriosis (10, 11, 25) and in induced
endometriosis model of baboon (26). However, whether these
lymphatic vessel-disseminated cells cause endometriosis metastasis
has not been proven. We suggest higher activity of lymphangio-
genesis found in endometriotic lesions is not for dissemination of
endometriotic tissues but for other fundamental functions such as
infiltration of immune cells to enhance the local inflammation. In-
deed, computed tomography image shows women with endome-
triosis had large reactive peritoneal lymph nodes, a phenomenon
that indicates local inflammation and an increase number of im-
mune cells in lymph node (25). We also demonstrated that ret-
roperitoneal lymph nodes are enlarged in mice with induced
endometriosis and treatment with lenvatinib ameliorated this
phenomenon. These data suggest that the lymphatic system is an
important reservoir of immune cells in response to local inflam-
mation such as aberrant growth of endometriotic lesions.
Besides inducing lymphangiogenesis, VEGF-C has also been

found to promote macrophage and lymphocyte migration in cancer
microenvironment (27–29). Thus, increased secretion of VEGF-C
from endometriotic cells promotes lymphatic vessel formation,
which might provide a speedy highway for immune cells to migrate.
Since the concentration of VEGF-C is high in the lesion, this
creates a chemoattractant gradient favoring the migration of im-
mune cells toward the lesion. As a result, the number of immune
cells is increased in endometriotic tissues. Indeed, we observed a

marked increase in macrophages, regulatory T cells, and Th-17
lymphocytes accumulating near lymphatic vessels in the endometri-
otic lesion, and these infiltrated immune cells population was signif-
icantly reduced by treatment with lenvatinib, a selective VEGFR2/R3
inhibitor, to disrupt VEGF-C signaling. Our findings are supported
by previous studies in human melanoma and in mouse model of
lymphedema that immune cells can infiltrate to cancer region and
injured site, respectively, through lymphatic vessels (30, 31).
Previous studies have shown that immune cells including

neutrophils (32), macrophages (33–35), regulatory T cells (36, 37),
Th-17 cells (38), and even NK cells (39) all contribute to disease
pathogenesis of endometriosis either by increased secretion of
proinflammatory cytokines or reduced phagocytic ability. Since
we demonstrated the importance of VEGF-C in regulating lym-
phangiogenesis and immune cells infiltration, specifically targeting
VEGF-C signaling may exert beneficial effect in ameliorating
endometriosis progression. Indeed, treatment with lenvatinib, a
selective blocker for VEGF-R2/R3, successfully prevents the
growth of endometriotic lesions. Since the lymph nodes are also
reduced by lenvatinib treatment concomitantly with marked re-
duction in infiltrating immune cells in endometriotic lesions, we
reason the regression of endometriotic lesion is likely mediated by
reduced inflammation. Lenvatinib is a promising drug for treating
cancers such as thyroid cancer and metastatic renal cell carcinoma,
and has already underwent clinical trials (40, 41). In our in vivo
murine model, we showed lenvatinib can reduce lesions size

Fig. 4. Increased lymphangiogenesis and immune cell infiltration by EV-associated VEGF-C. (A) The representative confocal microscopic image shows two-
dimensional view (x and left y axes) of EVs uptaken by lymphatic endothelial cells. F-actin was stained with phalloidin (red) and nuclei were stained with
Hoechst 33258 (blue) for visualization. (B and C) Representative images of transwell migration assays using EVs collected from COUP-TFII knockdown (B) or IL-
1β or TNF-α–treated (C) endometrial stromal cells. VEGF-C was used as positive control. (D) Representative images and quantitative results show increased
total loop number of lymphatic endothelial cells treated with EV fraction collected from COUP-TFII knockdown primary cultured endometrial stromal cells
(n = 5). *P < 0.05. (E) Representative immunofluorescence staining images show the expression and distribution of LYVE-1 and CD11c (a marker expressed in
certain groups of immune cells) in human normal endometrium (n = 32) and endometriotic tissues (n = 10). White arrows indicate the LYVE-1–positive
lymphatic endothelial cells.

25864 | www.pnas.org/cgi/doi/10.1073/pnas.1920037117 Li et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
27

, 2
02

1 



www.manaraa.com

accompanied by decreased lymphangiogenesis and immune cells
infiltration and, more importantly, without damaging other organs
or causing weight loss in mice.
Owing to its biological characteristics, EVs have been em-

phasized having extraordinary potential for future applications
particularly in clinical diagnosis and therapy (42). Emerging evi-
dence shows high correlation between certain molecules (proteins,
DNA, or RNA) transported by these nanoscale membranous
vesicles in patients’ blood and disease progression (43), suggesting
patients can possibly be diagnosed in a noninvasive and faster way
for certain diseases. So far, laparoscopy is the only definite way to
diagnose endometriosis, which is relatively risky and time-consuming.

In our study, we proved patients with endometriosis have higher
VEGF-C, and VEGF-C is transmitted by EVs in blood circulation
throughout the whole body. This finding not only further dem-
onstrates the importance of VEGF-C involved in the pathogenesis
of endometriosis, but also provides a way for diagnosing endome-
triosis without receiving surgery. However, it must bear in mind that
EVs and/or VEGF-C can be secreted by many types of cells in the
body, and we did not directly measure EV–VEGF-C secreted by
endometriotic cells in vivo, which is the limitation of current study.
Taken together, our data not only demonstrate the patho-

logical role of VEGF-C signaling in endometriosis but also
show serum VEGF-C can be used as a diagnostic biomarker for

Fig. 5. VEGF-C enhances lymphatic system development in endometriotic tissues. (A) Representative pictures (Left) and quantified result (Right) showed
lymph nodes recovered from peritoneal cavity of mice with (n = 6 mice) or without (control, n = 4 mice) surgery-induced endometriosis. Two to three lymph
nodes were obtained from each mouse. (B) Transversal view (Left) of endometrioma (indicated by a circle) and both transversal (Middle) and coronal (Right)
views of lymph nodes (indicated by red arrows) in patients with endometriosis were taken by computed tomography scanning. (C) Representative images
show immunofluorescence staining of endometrium and endometriotic-like lesion from mice (n = 7 mice per group) using anti-Lyve-1 (red) and anti-CD11c
(green) antibodies. (D) Gross view (Left) and quantified result (Right) of endometriotic lesions (n = 7 mice, four lesions per mouse) collected from mice treated
with vehicle or Lenvatinib for 1 mo. (E) Representative IHC image (Left) and quantified result (Right) showed Lyve-1–positive signals in endometriotic lesions
treated with vehicle or Lenvatinib. (F) Gross view (Left) and quantified results (Right) of sizes of sentinel lymph nodes (n = 7 mice, two lymph nodes per
mouse) collected from mice treated with vehicle or Lenvatinib. Asterisks indicate P < 0.05.
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endometriosis. Furthermore, results from in vivo study also
suggest the feasibility of using lenvatinib or other VEGFR in-
hibitors to treat endometriosis.

Materials and Methods
Ethical Approval and Clinical Samples from Patients. The experimental pro-
cedure was approved by the Institutional Review Board of National Cheng
Kung University Medical Center and informed consent was obtained from
individual patients. Thirty-five endometriosis-free (defined as normal)
women and 111 women with endometriosis were recruited to this study.
Severity of endometriosis was classified based on the revised American So-
ciety of Reproductive Medicine classifications (1997) and were histologically
confirmed by pathologists. Patients information was listed in Dataset S1.

Primary Stromal Cells, Cell Culture Condition, and Treatments. The procedure
for purification of stromal cells from uterine endometrium and ectopic

endometriotic tissues was described previously (44). Stromal cells were rou-
tinely stained with vimentin and cytokeratin to check the purity (SI Ap-
pendix, Methods and Fig. S9A). In vitro decidualization assay was also
performed to verify the cell originality (SI Appendix, Fig. S9B).

Microarray Data Mining and GSEA. The procedure for microarray analysis of
endometrial stromal cells from patients with or without COUP-TFII knock-
down was described previously (18). Herein, we reanalyzed the raw data and
employed GSEA by cross-referencing genes with significant difference in
COUP-TFII–knockdown endometrial stromal cells with biological processes
from the Gene Ontology database (Molecular Signatures Database, version
6.2) (45).

ChIP Coupled with qPCR. The procedure for ChIP-qPCR was performed as
previously described (44). More detailed information is described in SI Ap-
pendix, Methods. Primers are listed in Dataset S2.

Fig. 6. Blocking VEGF-C signaling reduces immune cells infiltration to endometriotic tissues. (A and B) Representative immunofluorescence staining images
(A) and quantitative results (B) showed infiltrated immune cells in endometriotic lesion collected from mice (n = 7 mice per group) treated with vehicle or
lenvatinib. Granzyme B as a marker for natural killer cells and T cells. CD11c as a marker for some lineages of granulocytes, monocytes/macrophages, and
lymphocytes. F4/80 as an immune marker for mice macrophages. IL-17 as an immune marker for T helper 17 (Th17) cell. Nuclei were stained with
Hoechst33258. *P < 0.05. (C) Schematic drawing of working model (see text for details).
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Constructs, siRNA, and Transfection. The procedures of COUP-TFII over-
expression and siRNA knockdown were described previously (15). Reagents
and siRNA information are listed in Dataset S3.

Tube Formation Assay, Transwell Migration Assay, and Cell Proliferation Assay.
Human Dermal LECs were cultured in Endothelial Cell Growth Medium MV2
(ECGM-MV2; PromoCell, C-22022) with SupplementMix, at 37 °C and sub-
jected for different assays (SI Appendix, Methods).

Extracellular Vesicles Extraction from Cultured Conditioned Medium and
Nanoparticle Tracing Analysis. Extracellular vesicles, including exosomes and
microvesicles, were isolated from conditioned media by using ExoQuick-TC
Exosome Precipitation Solution (System Biosciences, catalog no. EXOTC10A-1)
according to the manufacturer’s protocol. However, serum-free conditioned

media from control or treated endometrial stromal cells were spun under low
centrifugation rate to remove debris (500 × g, 10 min), followed by high
centrifugation rate (16,000 × g, 30 min) to collect extracellular vesicles. The
supernatant was diluted by phosphate buffered saline (PBS) and then sent to
the Center for Micro/Nano Science and Technology at National Chung Kung
University for nanoparticle tracking analysis.

Tracking Extracellular Vesicles Uptake. Extracellular vesicles labeled with
PKH67 Fluorescent Cell Linker Kit (Sigma-Aldrich, PKH67GL) were used for
membrane tracking analysis according to the manufacturer’s protocol.

Murine Model of Endometriosis. Autotransplantation model of endometriosis
was performed by sewing the eutopic tissues onto the peritoneal wall as
previously described (44). More detailed information is described in SI
Appendix, Methods.

Immunohistochemistry Staining and Immunofluorescence Staining. Paraffin-
embedded endometrial tissues and endometriotic lesions from human or
mice were stained by standard protocols as previously described (46). De-
tailed procedures are described in SI Appendix, Methods.

Extracellular Vesicles Isolation from Serum by Size Exclusion Chromatography.
Patient’s serum was first centrifuged at 300 × g for 10 min, and followed by
1,200 × g for another 20 min. One hundred microliters of supernatant of
centrifuged patient’s serum was used for miniPURE-EVs: size exclusion
chromatography (SEC) (HansaBioMed Life Sciences, Lonza, HBM-mPEV-10),
and the fractions were collected. We used PBS as mobile phase and counted
three drops (around 100 μL) as one fraction. A total of 20 fractions were
collected.

Enzyme‐Linked Immunosorbent Assay. Levels of EV-associated VEGF-C in pa-
tients’ sera were assessed using Human VEGF-C Quantikine enzyme‐linked
immunosorbent assay (ELISA) Kit (R&D Systems, DVEC00) according to the
manufacturer’s instructions.

Transmission Electron Microscopic Examination of Immunogold-Stained VEGF-C.
The EV fractions from cell culture or patients’ sera were purified and subjected
to transmission electron microscopic examination as described in SI Appendix,
Methods.

Statistical Analysis. Differences between two groups were analyzed by Stu-
dent’s t test. One-way analysis of variance (ANOVA) and two-way ANOVA
were used to compare multiple groups and followed by posttest analysis in
GraphPad Prism 5.0 (GraphPad Software). Serum VEGF-C was analyzed using
ROC to determine the area under the curve, sensitivity, and specificity.
Statistical significance was set at P < 0.05.

Data Availability. Microarray data are available at the National Center for
Biotechnology Information GEO, accession no. GSE107469. All other study
data are included in the article and supporting information.
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