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STUDY QUESTION: [s it possible to establish a mouse model of deep endometriosis (DE)?

SUMMARY ANSWER: A mouse DE model that is macroscopically and microscopically similar to nodular lesions in humans can be con-
structed in as short as 3 weeks by intraperitoneal injection of uterine fragments along with the infusion of substance P (SP) and/or calcitonin
gene-related peptide (CGRP).

WHAT IS KNOWN ALREADY: Although a baboon DE model was reported 5 years ago, its prohibitive cost and demand for facilities
and expertise associated with the use of non-human primates put its use out of reach for most laboratories.

STUDY DESIGN, SIZE, DURATION: A total of 48 female Balb/C mice were used for this study. Among them, |6 were randomly
selected as donors that contributed uterine fragments, and the remaining 32 were recipient mice. The mice with induced endometriosis were
followed up for 3—4 weeks.

PARTICIPANTS/MATERIALS, SETTING, METHODS: One day before the induction of endometriosis by intraperitoneal injection of
uterine fragments, osmotic pumps were inserted into equal groups of recipient mice to infuse either sterile saline, SP, CGRP, or both SP and
CGRP. The hotplate test was administrated to all mice at the baseline and before and after induction of endometriosis. Four (3 for the SP
+CGRP group) weeks after induction, all mice were sacrificed. Their endometriotic lesions were excised, weighed and processed for histo-
pathologic examination, and histochemistry, immunohistochemistry and immunofluorescence analyses of markers of proliferation, angiogen-
esis, epithelial-mesenchymal transition (EMT), fibroblast-to-myofibroblast transdifferentiation (FMT), smooth muscle metaplasia (SMM),
mesothelial-mesenchymal transition (MMT) and endothelial-mesenchymal transition (EndoMT) were done. The extent of lesional fibrosis
was evaluated by Masson trichrome staining. To further evaluate surrounding organ/tissue invasion, the peritoneal areas adhesive to the
lesions were excised for immunohistochemical analysis.

MAIN RESULTS AND THE ROLE OF CHANCE: Endometriotic lesions in mice treated with SP and/or CGRP satisfied all requirements
for DE, i.e. presence of endometrial epithelial and stromal cells, abundance of fibromuscular content, and encapsulation in surrounding tissues
or organs. The lesion weight in the CGRP, SP and SP+CGRP groups was 1.62, 2.14 and 2.18-fold, respectively, heavier than that of control
group. Concomitantly, the SP, CGRP and SP+CGRP groups had significantly shorter hotplate latency than that of control group. Lesions in
mice treated with SP and/or CGRP, especially with SP+CGRP, exhibited characteristics consistent with EMT, FMT, SMM and extensive fibro-
sis, along with signs of MMT and EndoMT. Lesional invasion into surrounding tissues/organs was found to be 25.0, 75.0 and 87.5% in mice
treated with CGRP, SP and SP+CGRP, but none in control mice.

LARGE SCALE DATA: N/A.

LIMITATIONS, REASONS FOR CAUTION: This study is limited by the use of histologic and immunohistochemistry analyses only and
lacks molecular data.

WIDER IMPLICATIONS OF THE FINDINGS: The establishment of a mouse DE model supports the idea that endometriotic lesions

are wounds undergoing repeated tissue injury and repair and underscores the importance of microenvironments in shaping the lesions’” des-
tiny. In addition, signs consistent with MMT and EndoMT indicate that there may be more culpable factors that still remain unidentified and
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should be pursued in the future. Moreover, the close correlation between the extent of lesional fibrosis and markers of EMT, MMT, EndoMT,

FMT and SMM as shown here should facilitate our understanding of the molecular mechanisms underlying the DE pathophysiology. Since this

DE model is based on a biologically plausible and evidence-backed theory, it should shed much needed insight into the molecular mechanisms

underlying the pathophysiology of DE.
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Introduction

Among the three major subtypes of endometriosis, lesions infiltrating
the peritoneum by >5 mm were originally defined as deep infiltrating
endometriosis (DIE) (Koninckx and Martin, 1992) but have now been
redefined as deep endometriosis (DE) (Koninckx et al., 2012; Gordts
etal., 2017). DE is recognized as the most severe clinical form of endo-
metriosis and its clinical management is challenging (Tosti et al., 2015).

The challenge in the management of DE reflects our poor under-
standing of its pathophysiology, due, perhaps in no small amount, to
the lack of an easily available animal model. A baboon DE model based
on autologous grafting of large uterine (either endometrial or full-
thickness uterine) tissues into the peritoneum and waiting for 5-6
months was reported 5 years ago (Donnez et al., 2013). Although a
significant step toward gaining further insight into DE pathophysiology,
this model is nonetheless prohibitively costly and demands facilities
and expertise for the use of non-human primates which preclude most
laboratories from using it This is evidenced by the lack of any subse-
quent publication on its use since its publication except by the group
that originally reported it. Furthermore, the lengthy induction period
would preclude rapid progress and moreover, and since the uteri of
the model animals have been biopsied and are thus far from intact, the
model may be difficult to be justified as a model for the evaluation of
dysmenorrhea or subfertility resulting from DE.

In contrast, rodent models of DE, if available, would be much more
economically and logistically attractive. However, in the last 20+ years,
rodent models of DE have been attempted but so far are not success-
ful (Dr Philippe Koninckx, personal communication).

Why is the making of a DE model so challenging? To qualify for DE,
the lesions need to satisfy the following four requirements (Dr Philippe
Koninckx, personal communication): (R1) consist of endometrial stro-
mal and epithelial cells; (R2) be encapsulated in surrounding tissues or
organs (e.g. bowel wall, rectovaginal septum); (R3) display signs con-
sistent with smooth muscle metaplasia (SMM); and (R4) exhibit exten-
sive fibrosis.

All existing rodent models of endometriosis satisfy R1, and, if given
longer induction period, may also satisfy R4 and perhaps R3 as well.
R3 essentially requires the presence of smooth muscle-like tissues
within the lesion, which can be demonstrated by the presence of cells
that are morphologically similar to that of smooth muscle cells (SMCs)
and also express markers of SMC, such as desmin, a marker for differ-
entiated and mature SMC (Hasegawa et al., 2003). The combination of

R3 and R4 yields an endometriotic lesion that is nodular in look and
feel. R2 requires the presence of adhesion in or around the lesion,
and, additionally, the conjoining of endometriotic lesions and their sur-
rounding tissues and/or organs such as mesothelium. This is referred
to as ‘surrounding organ invasion’ (Donnez et al., 2013). This can be
achieved when endometriotic cells gain mobility and/or invasiveness
through either epithelial-mesenchymal transition (EMT) or fibroblast-
to-myofibroblast transdifferentiation (FMT)—as in wound contraction.
Alternatively, when a subset of myofibroblasts are transdifferentiated
from mesothelial cells through mesothelial-to-mesenchymal transition
(MMT), which is an EMT-like process (Sandoval et al., 2016), this
encapsulation would also ensue.

Taking cues from the striking proximity of DE lesions to several
nerve plexuses and from the observation that endometriotic lesions
are hyperinnervated with sensory nerves (Anaf et al., 2000; Berkley
et al., 2004; Tokushige et al., 2006; Mechsner et al., 2007, 2009; Wang
et al., 2009b; Zhang et al., 2010), especially in DE lesions (Wang et al.,
2009a,b, Anaf et al., 201 1), we recently found that sensory, and to a
much lesser extent sympathetic, denervation, decelerates the develop-
ment of endometriosis (Liu et al., unpublished data). In addition, we
found that through their respective receptors, the sensory nerve-
derived neuropeptides substance P (SP) and calcitonin gene-related
peptide (CGRP) induce EMT, FMT and further transdifferentiation into
SMCs in endometriotic lesions, resulting in extensive fibrosis (Yan
et al., unpublished data). These findings raise the prospect that treating
mice with induced endometriosis with SP and/or CGRP may further
accelerate lesion development, producing DE-like lesions.

In this study, we tested this hypothesis and present our results on
the induction of DE that satisfies all four requirements for DE in
mouse. We also present novel findings of MMT and evidence for
endothelia-mesenchymal transition (EndoMT) in the development of
DE lesions.

Materials and Methods

Animals

A total of 48 virgin female Balb/C mice, 6-week old and ~16—18 gin body-
weight, were purchased from the SLAC Experimental Animal Company
(Shanghai, China) and used for this study. Among the 48 mice, 16 were
randomly selected as donors that contributed uterine fragments, and the
remaining 32 were recipients. All mice were maintained under controlled
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conditions with a light/dark cycle of 12/12 h and had access to food and
water ad libitum.

All experiments were performed under the guidelines of the National
Research Council’s Guide for the Care and Use of Laboratory Animals
(Council, 1996) and approved by the institutional experimental animals
review board of Shanghai OB/GYN Hospital, Fudan University.

Induction of endometriosis

We used an established mouse model of endometriosis by intraperitoneal
(i.p.) injection of endometrial fragments (Somigliana et al., 1999) as used in
our previous studies (Ding et al., 2015; Long et al., 2016). A brief descrip-
tion of the procedure can be found in Supplementary Information.

DE construction

SP and CGRP (Sigma, St Louis, MO, USA) are sensory nerve-derived neu-
ropeptides and inflammatory mediators involved in pain transmission
(Henderson et al., 2006; Wang et al., 2009b; Ozturk et al., 2010; Fisher
et al, 2015; Li et al., 2015) and were used to accelerate lesional fibrosis
and adhesion. The 32 recipient mice were randomly divided into four
groups of equal sizes: control (CTL), SP, CGRP and SP+CGRP. One day
before the induction of endometriosis, Alzet osmotic pumps (model 1004,
DURECT Corp, Cupertino, CA, USA) were inserted in the nape of the
neck (Long et al., 2016) in the groups of mice to infuse sterile saline, SP
(100 pg/kg/day) (Foldenauer et al., 2012), CGRP (100 pg/kg/day), or
both SP (100 pg/kg/day) and CGRP (100 pg/kg/day), respectively. The
pump ensured consistent and controlled release of contents with a uni-
form speed. Since the combined use of SP and CGRP further accelerated
lesional development, mice in this group were sacrificed | week earlier
than mice in the rest of three groups.

Baseline bodyweight and hotplate latency of all mice were evaluated and
recorded before the pump insertion (Day —1), prior to endometriosis
induction (Day 0), every week after the induction (Days 7, 14 and 21) and
before mice were sacrificed by cervical dislocation (Day 28). The abdom-
inal cavities were immediately opened up and all lesions were excised and
processed for quantification and histological analysis. Details on hotplate
test have been reported previously (Long et al., 2016) and can be found in
the Supplementary Information.

Quantification of lesions

After the total lesion weight was measured, the lesions were then fixed
immediately in 4% (w/v) paraformaldehyde and embedded in paraffin for
pathologic examination, and histological, immunohistochemistry (IHC) and
immunofluorescence analyses. The endometriotic epithelium and stroma
were visualized by haematoxylin and eosin (H&E) staining. The extent of
fibrosis was evaluated by Masson trichrome staining. To further evaluate sur-
rounding organ/tissue invasions, the peritoneal areas attached to the lesions
were excised for immunohistochemistry analysis. The presence of surround-
ing organ/tissue invasion was determined as previously reported (Donnez
et al., 2013). Briefly, glandular infiltration was seen from the initial lesion
through the peritoneal and sigmoid wall. In some cases, endometrial glands
were seen to colonize the sigmoid epithelium (Supplementary Fig. S1).

Immunohistochemistry

Serial 4-pm sections were obtained from each block. The first slide was
H&E stained (Sun Biotec, Shanghai, China) to confirm pathologic diagnosis
and the subsequent slides for IHC analysis for proliferating cell nuclear anti-
gen (PCNA) (I pg/ml; Abcam, Cambridge, UK), vascular endothelial
growth factor (VEGF) (2.96 pg/ml; Abcam), neurokinin | receptor
(NKIR) (4 pg/ml; Santa Cruz), calcitonin receptor-like receptor (CRLR)
(I pg/ml, Abcam), receptor activity modifying protein | (RAMPI) (10 pg/

ml, Abcam), E-cadherin (0.13 pg/ml, Cell Signaling Technology, Boston,
MA, USA), vimentin (10 pg/ml, Abcam), a-smooth muscle actin (a-SMA)
(2 pg/ml, Abcam), desmin (5 pg/ml, Abcam), smooth muscle, myosin hea-
vy chain (SM-MHC) (I pg/ml, Abcam), calretinin (4 pg/ml, Santa Cruz),
Wilms tumor-1 (WT-1) (4 pg/m, Santa Cruz), CD31 (20 pg/ml, Abcam),
fibroblast-specific protein-1 (FSP-1/ SI00A4) (5 pg/ml, Abcam). NKIR is
an endogenous receptor for SP, and CGRP mediates its effects through a
heteromeric receptor composed of CRLR and a single transmembrane
domain protein RAMP| (Poyner et al., 2002). Calretinin is a mesothelial
marker (Lopez-Cabrera, 2014), and FSP-1, as a mesenchymal marker, was
used to stain for fibroblasts (Sandoval et al., 2016). WT-| expressed by
mesothelium regulates its functional properties during development.
CD31 is used as endothelial marker, and a-SMA is stained for myofibro-
blasts and differentiated SMCs.

Routine deparaffinization and rehydration procedures were performed,
as reported previously (Ding et al., 2015). Briefly, for antigen retrieval, the
slides were heated at 98°C in a citrate buffer (0.01 M, pH 6.0) for a total of
30 min for staining for PCNA, VEGF, E-cadherin, vimentin, a-SMA, desmin,
SM-MHC, NKIR, CRLR, RAMPI, calretinin, FSP-1 and WT-1, or an EDTA
buffer (pH 8.0, Shanghai Sun BioTech Company, Shanghai, China) for a
total of 20 min for staining of CD31, and cooled naturally to room tem-
perature. The slides were blocked with goat serum for |5 min at room
temperature and then incubated with the primary antibodies overnight at
4°C. The primary antibodies were diluted in phosphate-buffered saline.
After slides were rinsed with phosphate-buffered saline, they were incu-
bated with horseradish peroxidase (HRP) labeled secondary antibody
Detection Reagent (Sunpoly-HlIl, BioSun Technology Co., Ltd, Shanghai,
China) at room temperature for 30 min. The bound antibody complexes
were stained for 3—5 min or until appropriate for microscopic examination
with diaminobenzidine and then counterstained with haematoxylin (30 s)
and mounted. Images were obtained with the microscope (Olympus
BX53, Olympus, Tokyo, Japan) fitted with a digital camera (Olympus
DP73, Olympus). Three to five randomly selected images at X400 magnifi-
cation of each sample were taken to obtain a mean optional density value
by Image Pro-Plus 6.0 (Media Cybernetics, Inc., Bethesda, MD, USA).

Immunofluorescence

Sections were heated for antigen retrieval in citrate buffer (0.01 M, pH
6.0), and they were incubated with 5% (v/v) goat serum for blocking non-
specific binding sites. The slides were then incubated overnight at 4°C with
primary antibodies, including goat anti-mouse calretinin (4 pg/ml, Santa
Cruz), rabbit anti-mouse a-SMA (2 pg/ml; Abcam), mouse anti-mouse
WT-1 (4pg/ml, Santa Cruz), mouse anti-mouse CD3I| (20 pg/ml,
Abcam), or rabbit anti-mouse FSP-1 (10 pg/ml, Abcam) antibodies. The
slides were incubated with 10 pg/ml FITC-conjugated donkey anti-goat
secondary antibody (Servicebio, Wuhan, China) or 10pug/ml Cy3-
conjugated donkey anti-rabbit secondary antibody (Servicebio) or 10 pg/
ml Alexa Fluor® 647-conjugated donkey anti-mouse secondary antibody
(Abcam) as appropriate for | h at 37°C. Nuclei were counterstained with
DAPI (Beyotime, Shanghai, China). Fluorescent slides were examined
under a confocal laser scanning microscope (Leica TCS SP5 Confocal
Microscope, Solms, Germany) at room temperature. |mages were
recorded separately with different objective lenses (20x and 40x/ |.25-oil
objective), and then exported as a TIFF-format digital file. Image-Pro Plus
6.0 was used to process the images (brightness and contrast) and to con-
struct merged images. All images were evaluated with the same setting for
brightness and contrast.

Masson trichrome staining

Masson trichrome staining was used for the detection of collagen fibers in
endometriotic tissue samples. Tissue sections were deparaffinized in
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xylene and rehydrated in a graded alcohol series, then were immersed
in Bouin’s solution (saturated picric acid 75 ml, 10% (w/v) formalin solu-
tion 25 ml and acetic acid 5 ml) at 37°C for 2 h. Sections were stained using
the Masson’s Trichrome Staining kit (Baso, Wuhan, China) following the
manufacturer’s instructions and used as previously reported (Zhang et al.,
2017). The areas of the collagen fiber layer stained in blue in proportion to
the entire field of the ectopic endometrium were calculated by the Image
Pro-Plus 6.0.

Positive and negative controls of
immunohistochemistry analysis

For positive controls, mouse brain tissue samples were used for staining of
NKIR, CRLR, RAMP-1 and calretinin, and human ovarian endometrioma
tissue samples were used for staining of PCNA, VEGF, vimentin, a-SMA,
CD31 and FSP-1 (Matsuzaki and Darcha, 2012). For staining of desmin and
SM-MHC, human adenomyotic tissue samples were used, while human
ovarian adenocarcinoma tissue samples were used for WT-I| (Fadare
etal., 2013). For negative controls, we used IgG from rabbit or mouse ser-
um instead of the primary antibodies (Supplementary Fig. S2).

>

Kinetics of the mean bodyweight B

Total lesion weight

Statistical analysis
The comparison of distributions of continuous variables between or
among two or more groups was made using the Wilcoxon’s and Kruskal’s
test, respectively, and the paired Wilcoxon’s test was used when the
before—after (induction of endometriosis) comparison was made for the
same group of subjects. Multivariate linear regression analyses were used
to determine which factors were associated with lesion weight, hotplate
latency or immunostaining levels.

P-values of <0.05 were considered statistically significant. All computa-
tions were made with R3.5.1 (Team, 2016).

Results

Sensory nerve-derived neuropeptides
successfully induce DE in mouse

All mice survived the experiment. There was no difference in body-
weight among the four groups at all time points (all P-values>0.14;
Fig. 1A) and no notable adverse effect was found. Insertion of the
pump appeared to reduce the bodyweight in all mice (all P-values
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Figure I Summary results of the endometriosis induction experiment and the gross appearance of lesions. (A) The dynamic
changes of the mean bodyweight in mice treated with vehicle, substance P (SP) or calcitonin gene-related peptide (CGRP) or both SP and CGRP. (B)
Boxplot of lesion weight in different groups. The dashed line represents the median value of all groups of mice. (C) Kinetics of the mean hotplate
latency in different groups. At all time points n = 8 for each group. Data are presented as mean = SD. *P < 0.05; **P < 0.01; ***P < 0.001; NS: not stat-
istically significant, i.e. P > 0.05, all by Kruskal’s rank test (except in (B), where the comparison was made, by Wilcoxon’s test, in reference to the con-
trol group). In (A), the time point at which the induction was made is indicated, and the time points at which the hotplate test was administrated are
indicated by blue dots. (D) Gross appearance of endometriotic lesions in different groups of mice. Figures from left to right show endometriotic lesions
in the abdomen of mice treated with vehicle (Control), SP, CGRP and SP+CGRP, respectively (Arrows).
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Table | Summary of the location and cellular components of different immunohistochemistry markers.

Name Cell type

Neurokinin | receptor  Both in endometriotic glandular epithelial

Location of
positive
staining

Cell membrane

Staining intensity Scoring in which component

Medium; increased after SP Glandular epithelial cells of the

(NKIR) and stromal cells (mainly in epithelial cells)  and cytoplasm  treatment lesions

Calcitonin receptor-like  Both in endometriotic glandular epithelial Cell membrane  Medium; increased after Glandular epithelial cells of the

receptor (CRLR) and stromal cells (mainly in epithelial cells)  and cytoplasm  CGRP treatment lesions

Receptor activity Both in endometriotic glandular epithelial Cell membrane  Medium; increased after Glandular epithelial cells of the

modifying protein | and stromal cells (mainly in epithelial cells)  and cytoplasm ~ CGRP treatment lesions

(RAMPI)

Proliferating cell nuclear ~ Both in endometriotic glandular epithelial Cell nucleus Strong; increased after SP Glandular epithelial cells of the

antigen (PCNA) and stromal cells (mainly in epithelial cells) and SP +CGRP treatment  lesions

Vascular endothelial Glandular epithelial cells Cytoplasm Medium; increased after SP Glandular epithelial cells of the

growth factor (VEGF) and CGRP treatment lesions

E-cadherin Glandular epithelial cells Cytoplasm Strong; decreased after SP Glandular epithelial cells in lesions
and CGRP treatment and adhesive lesions

Vimentin Mesenchymal cells Cytoplasm Medium; increased after SP Stromal component of lesions and
and CGRP treatment adhesive lesions

a-smooth muscle actin -~ Mesenchymal cells, also smooth muscle Cytoplasm Strong; increased after SP Stromal component of the lesions

(a-SMA) cells around the lesions and CGRP treatment and mesothelium of adhesive lesions

Desmin Smooth muscle cells Cytoplasm Strong; increased after SP Stromal component of the ectopic
and CGRP treatment lesions

Smooth muscle, myosin -~ Smooth muscle cells Cytoplasm Medium; increased after SP - Stromal component of the lesions

heavy chain (SM-MHC) and CGRP treatment

Calretinin Mesothelial cells Cytoplasm Strong; decreased after SP Mesothelium of adhesive lesions
and CGRP treatment

Wilms tumor-1 (WT-1)  Mesothelial cells Cytoplasm Medium; increased after SP Mesothelium of adhesion lesions

CD3l

Fibroblast-specific
protein-1 (FSP-1/

Epithelium of blood vessels

Mesenchymal cells

Cell membrane

Cytoplasm and
nucleus

and CGRP treatment

Strong; decreased after SP
and CGRP treatment

Medium; increased after SP
and CGRP treatment

Stromal component of the lesions

Stromal component of the lesions

S100A4)

<0.003), until 3 weeks after the induction of endometriosis (Fig. |A).
The drop in bodyweight was most likely due to pain-suppressed appe-
tite because the insertion was followed by a dramatic reduction in hot-
plate latency (P = 3.0 x 107%; Fig. 1C).

Compared with controls, mice that received SP, CGRP or SP
+CGRP infusion had significantly larger lesions (all P < 0.03; Fig. 1B).
On average, the lesion weight in the SP+CGRP group was increased
by 2.18-fold as compared with that of control group, while SP and
CGRP infusion increased the weight by 2.14 and |.62-fold, respectively
(Fig. IB). In addition, consistent with the human DE, the endometriotic
lesions also displayed severe intraperitoneal adhesion in mice treated
with SP and/or CGRP, especially in the SP and SP+CGRP groups
(Fig. 1D). In both SP and SP+CGRP groups, endometriotic lesions
were closely attached to the bowel wall or lateral side of peritoneum
that could not be separated (Fig. 1D).

Consistent with the increased lesion weight and thus the disease
severity, the SP, CGRP and SP+CGRP groups had significantly shorter
hotplate latency than that of control group, starting from 2 weeks after
the induction (all P-values <0.004), even though no difference in
latency was found prior to the mini-pump insertion (P = 0.97; Fig. 1C).

In particular, mice in the SP+CGRP group had significantly shorter
latency than that of the control group starting from the day of induc-
tion (all P-values < 0.024; Fig. |C). Overall, SP+CGRP mice consist-
ently exhibited shorter latency than the other groups, and, with the
only exception of the 2-week post-induction time point, SP mice had
shorter latency than that of CGRP mice, although the difference did
not reach statistical significance (all P-values >0.23).

We next evaluated the immunoreactivity against SP and CGRP
respective receptors NKIR, CRLR and RAMPI in lesions. The staining
of NKIR, CRLR and RAMPI was seen in both epithelial and stromal
cells and localized in the cytomembrane (Table I). As expected, the SP
and SP+CGRP, and to a less extent the CGRP, groups had significantly
higher NKIR expression than that of the control group (all P-values
<0.007; Figs 2 and 3), while the CGRP and SP+CGRP groups and, to a
less extent the SP group as well, had significantly higher CRLR and
RAMPI staining levels than that of the control group (all P-values
<0.007; Figs 2 and 3). The multiple linear regression analysis indicated
that the combined treatment with SP and CGRP did not synergistically
increase the staining levels of either NKIR, CRLR or RAMP| as com-
pared with treatment with SP or CGRP alone.
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Figure 2 Representative immunostaining of NKIR, CRLR, RAMPI, PCNA, VEGF in endometriotic lesions in mice treated with
vehicle, substance P (SP) or calcitonin gene-related peptide (CGRP), or SP4+CGRP. Magnification: X400. Scale bar = 50 pm.

We found that lesion PCNA immunoreactivity was localized in the
cell nucleus and was seen in both glandular epithelial and stromal cells,
but predominantly in glandular epithelial cells (Fig. 2). Similarly, VEGF
staining was seen primarily in glandular epithelial cells and was localized
in the cytoplasm. Therefore, we restricted our attention on the epithe-
lial component of lesions. Consistent with increased lesion weight, SP
and SP+CGRP groups yielded higher immunostaining levels of PCNA
and VEGF as compared with controls (all P-values <0.002; Figs 2 and
3). With the exception of VEGF, CGRP treatment alone also yielded
significantly higher PCNA staining level than that of the controls (P =
0.037; Figs 2 and 3), concomitant with an increased cell proliferative
propensity induced by SP and/or CGRP. Multiple linear regression
analyses also confirmed these findings.

Evidence for EMT, FMT, SMM and fibrosis

In mice treated with SP and/or CGRP, the E-cadherin staining levels in
glandular epithelial cells were all significantly reduced as compared
with that of controls (all P-values <0.0009; Figs 2 and 3). In contrast,
the staining levels of vimentin were all significantly elevated as com-
pared with that of the control group, especially in the SP and SP
+CGRP groups (all P-values <0.0009; Figs 3 and 4). Taken together,
these data strongly suggest the occurrence of EMT within lesions, per-
haps more strongly in mice treated with SP and SP+-CGRP.

We found that a-SMA-positive myofibroblasts were distributed
abundantly in lesional stroma near the glandular epithelium (Table |,
Figs 3 and 4). In particular, the staining of a-SMA became more wide-
spread and intense in the stromal compartment in treated mice, espe-
cially the combined treatment even though the lesions harvested from
the SP+CGRP mice were 25% ‘younger’ than other groups (all P-
values <0.0002; Figs 3 and 4). This is consistent with the notion of pro-
gressive FMT in lesional development, and SP and/or CGRP facilitated
this progression.

We also performed Masson trichrome staining to quantify the
extent of lesional fibrosis as well as IHC analysis of desmin and SM-
MHC, two markers of SMCs. In treated groups—especially the SP and
SP+CGRP groups, the staining levels of both desmin and SM-MHC in
the stromal compartment were significantly higher than that of con-
trols (all P-values <0.0002; Figs 3 and 4), indicating a more thorough
SMM in these groups. Consistent with this finding and those reported
in the above, the extent of lesional fibrosis was also significantly ele-
vated in mice treated with SP and/or CGRP, especially with SP (all P-
values <0.001; Figs 3 and 4). Multiple linear regression analyses also
confirmed these findings.

Evidence for MMT and EndoMT

We found that in the SP and SP+CGRP groups, the lesions were often
closely attached to the bowel wall, or lateral side of the peritoneum
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Figure 3 Summary of immunohistochemistry and histochemistry analyses by boxplots. The staining levels of NKIR, CRLR, RAMPI,
PCNA, VEGF, E-cadherin and vimentin were evaluated in lesional glandular epithelium. The staining levels of a-SMA were evaluated, separately, in the
lesional stromal component and surrounding mesothelium. The staining levels of desmin, SH-MHC, CD3 1| and FSP-1| as well as the extent of lesional
fibrosis by trichrome staining were evaluated in the stromal component, and that of calretinin, ®-SMA and WT-| was evaluated in mesothelium within
adhesive lesions. All comparison was made, by Wilcoxon’s test, in reference to the control group. *P < 0.05, **P < 0.01, **P < 0.001; NS: statistically
not significant, i.e. P > 0.05. SP=substance P; CGRP= calcitonin gene-related peptide.

that could not be separated (Fig. |D). The presence of glandular epi-
thelial cells (E-cadherin-positive) and stromal (vimentin-positive) cells
inside the surrounding adhesive peritoneum in six mice of SP group
(75.0%; P = 0.007), two from the CGRP group (25.0%; P = 0.47) and
seven from the SP+-CGRP group (87.5%; P = 0.0014), but none in the
control group (0.0%) (Fig. 5). This observation indicates that require-
ment R2 was met.

Since adhesion is ubiquitous in endometriotic lesions, we wondered
whether MMT occurred in the putative DE lesions. Accordingly, we
evaluated the expression of calretinin, a-SMA and WT-| in mesothelial
cells by immunohistochemistry analysis. We found abundant a-SMA-
positive myofibroblasts with submesothelial localization and even
some a-SMA-positive mesothelial cells in lesions from SP, CGRP and
SP+CGRP mice (Fig. 5). In contrast to its presence in many stromal
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Figure 4 Representative photomicrographs of immunohistochemistry and histochemistry (Masson trichrome) analyses of E-
cadherin, vimentin, a-SMA, desmin and SM-MHC, along with the extent of fibrosis in endometriotic lesions of different groups.
Magnification: X400. Scale bar = 50 pm. SP=substance P; CGRP= calcitonin gene-related peptide.

cells/fibroblast-like cells, the staining of calretinin, a marker for peri-
toneal mesothelial cells, localized in the cytoplasm in the mesothelium
within lesions was significantly reduced in SP- and/or CGRP-treated
mice versus the control group (P-values <0.002; Figs 2 and 5). As
expected, the stromal WT-| staining levels were higher in the meso-
thelium in adhesive lesions from mice treated with SP, CGRP and SP
+CGRP groups as compared with the controls, especially in the SP
and SP+CGRP groups (P-values <0.003; Figs 2 and 5).

We also found evidence for EndoMT-like changes in endometrio-
tic lesions. Since the defining feature of EndoMT is the expression
of mesenchymal markers in endothelial cells, we stained both FSP-
I, which is typically expressed in mesenchymal cells, and CD31, a
marker for endothelial cells, in the stromal component (Table I).
FSP-1 staining was localized in the cytoplasm and nucleus of mesen-
chymal cells in lesions, but was increasingly intense in the epithelial/
mesothelial component as the lesions became more fibrotic, sug-
gestive of MMT/EMT. CD3| immunostaining was seen mostly in
vascular endothelial cells in lesional stroma. Concomitant with the
decreased CD3|-positive endothelial cells (all P-values <0.021),
there was an elevated staining of FSP-1 under SP and/or CGRP

treatment (all P-values <0.0014; Figs 3 and 4). These results dem-
onstrate that SP may have precipitated MMT and EndoMT in the
development of DE-like lesions in mouse.

To further confirm the occurrence of MMT and EndoMT in putative
DE lesions, we double-stained calretinin and a-SMA or FSP-1 via
immunofluorescence in endometriotic lesions. Through laser scanning
confocal microscopy, we found that, while lesions in the control group
and, to a much less extent, the CGRP group, still retained the expres-
sion of calretinin, those from the SP and SP4+CGRP groups had lost it
and had acquired the mesenchymal/myofibroblast phenotype as seen
by the positive staining of FSP-1 and a-SMA in the mesothelial mono-
layer (Fig. 6A and B).

We also further confirmed EndoMT-like changes by immunofluores-
cence. We found co-localization of endothelial (CD3 1) and mesenchy-
mal (FSP-1) markers in the SP-treated endometriotic lesions, with a
decrease of CD3| expression and an increase of FSP-I staining, but
not in lesions from CGRP or control group (Fig. 6C). Thus, we provide
the first piece of evidence that MMT and EndoMT occurred in our
mouse DE model, and SP and/or CGRP promoted the fibrogenic pro-
cesses in endometriotic lesions, resulting in DE.
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Figure 5 Representative immunostaining of E-cadherin, vimentin, calretinin, a-SMA, WT-1, CD31 and FSP-1 in adhesive lesions
from different groups of mice. Magnification: X400. Scale bar = 50 pm. SP=substance P; CGRP= calcitonin gene-related peptide.

Correlates of hotplate latency and lesional
fibrosis

Since pain is typically the main reason that brings patients to medical
attention, we evaluated what parameters were correlated with the
hotplate latency. We found that the latency was negatively correlated
with the lesion weight (r = —0.50, P = 0.004; Fig. 7). The latency also
correlated with the extent of lesional fibrosis (r = —0.68, P = 1.8 X
107>; Fig. 7), suggesting that the latter may be more important than
the lesion size in determining the degree of hyperalgesia in mouse with
induced endometriosis.

Given that these markers for EMT, FMT and SMM that are known
to be involved in lesional development, which ends with fibrosis, we
further evaluated their relationship, if any, with the extent of fibrosis.
We found that the extent of fibrosis correlated closely with markers
of EMT, FMT and SMM, and also correlated with the lesional expres-
sion levels of NKIR, CRLR and RAMPI (Fig. 7).

The staining levels of the two CGRP receptors correlated very
closely (r = 0.88, P = 2.1 x 107'"; Fig. 7). They also correlated with
NKIR (r's > 0.70, P's < 2.0 x 107°).

Discussion

In this study, by using intraperitoneal injection of uterine fragments in
conjunction with the infusion of SP and/or CGRP, we have developed
a mouse DE model that is macroscopically and microscopically similar
to the nodular lesions in humans. The model met all four requirements
for DE. The induction procedure requires no surgery, the model is
easy to establish, inexpensive, and can be established in as short as 3
weeks. Any laboratory with a mouse facility should be able to use this
model. Additionally, the use of hotplate latency as a surrogate for DE-
associated pain enhances its utility as a mouse model for preclinical
research. Moreover, the close correlation between the extent of
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Figure 6 Representative photomicrographs of immunofluorescence staining suggestive of the occurrence of MMT and EndoMT
in endometriotic lesions. In mice treated with substance P (SP) and SP + calcitonin gene-related peptide (CGRP) the mesothelium apparently lost
its mesothelial marker (calretinin) and acquired the mesenchymal/myofibroblast phenotype as seen by the positive staining of FSP-1 (A) and a-SMA
(B) in the mesothelial monolayer. Mice treated with CGRP still retained the calretinin expression and were also positively stained with FSP-1 (A) and
a-SMA (B), suggesting partial MMT. (C) Lesions from mice treated with SP and SP+CGRP show co-localization of endothelial (CD31) and mesenchy-
mal (FSP-1) markers in the stromal component. Magnification: X400. Scale bar = 25 um.

lesional fibrosis and markers of EMT, MMT, EndoMT, FMT and SMM
as shown here should facilitate our understanding of the molecular
mechanisms underlying the DE pathophysiology.

Despite all the phenotypic and clinical differences, all subtypes of
endometriosis do share one single defining common denominator: as
ectopic endometrium, they all undergo cyclic bleeding as eutopic
endometrium (Brosens, 1997). As such, they are fundamentally
wounds undergoing repeated tissue injury and repair (ReTIAR) (Guo
etal.,, 2015; Zhang et al., 201 6a). Consequently, endometriotic lesions
undergo EMT and FMT, resulting in increased cellular contractility and
collagen production, leading ultimately to fibrosis (Zhang et al., 201 6b;
Duan et al, 2018). Prolonged exposure to activated platelets also
leads to increased expression of a-SMA as well as markers of differen-
tiated SMCs in endometriotic stromal cells, accounting for SMM.
Taken together, these data confirmed that EMT, FMT, SMM and fibro-
genesis are involved in lesional development (Zhang et al., 2016b). In
particular, SP and, to a lesser extent, CGRP accelerate the lesional
development through more thorough EMT, FMT, SMM and fibrogen-
esis. Considering the fact that the tissue samples from mice in the SP
+CGRP group were harvested one week earlier yet exhibit more
extensive fibrosis, SP and CGRP synergistically promote this acceler-
ation in lesional progression.

Our previous attempt to characterize OE and DE lesions by IHC
and histological means (Liu et al., 2018) gives credence to ReTIAR, and
the successful construction of the mouse DE model lends further sup-
port for this notion, and also further underscores the importance of
the lesional microenvironment in shaping the lesional fate. Moreover,
our study presents evidence, for the first time, for the roles of MMT
and EndoMT in the development of endometriosis, which so far have
received scant attention.

It has long been postulated that OE, DE and superficial peritoneal
endometriosis are three separate disease entities, and, as such, pos-
sibly have different pathogenesis and pathophysiology (Nisolle and
Donnez, 1997). However, many similarities shared by both OE and
DE as shown previously indicate that the two, and likely three,

conditions may actually share the same pathogenesis/pathophysiology
(Liu et al., 2018). This study further provides evidence in support for
the common pathophysiology shared by OE and DE, and likely other
subtypes of endometriosis. Differences between them may stem from
the different lesional microenvironments.That is, the determining fac-
tor in shaping the fate and destiny of endometriotic lesions is simply
the location, or the lesional microenvironment.

Whether by surgical induction or intraperitoneal injection, the
induction of endometriosis in rodents frequently uses the full-thickness
of uterine tissue fragments (except (Greaves et al., 2014) and (King
et al., 2016), which use endometrial fragments shed from artificially
induced menstruation), due mostly to the difficulty in separating endo-
metrial tissues from the rest of the uterine tissues. So why the grafting
of the same type of tissues can result in DE lesions in baboons but not
in rodents? Differences in species aside, the duration of induction peri-
od may also be responsible: the induction duration in rodents is typic-
ally 2—4 weeks, possibly not long enough to allow fibrosis to be fully
developed (Zhang et al., 2017). This may be consistent with the well-
documented diagnostic delay in DE (Sinaii et al., 2002). Moreover, the
progression towards a DE lesion could well require additional push,
and in this case sensory nerve-derived neuropeptides such as SP act to
further expedite lesional development towards nodular lesions encap-
sulated in the surrounding organs or tissues.

DE lesions frequently involve implants invading the wall of the pelvic
organ and thus display extensive adhesion (Vercellini et al., 2004).
Defined as abnormal fibrous connections joining tissue surfaces at
non-anatomic locations, adhesion is formed between adjacent tissues
and organs that are injured and is a sequel of the healing process
(Awonuga et al., 2009). Adhesion distorts anatomical structure and
may contribute to pain and presents significant challenges to surgeons.
It is well documented that peritoneal adhesion involves mesothelial
cells that line the peritoneal cavity and form a monolayer with visceral
and parietal surfaces covering the internal organs and body wall,
respectively (Braun and Diamond, 2014). They play critical roles in the
maintenance of serosal homeostasis in response to injury,
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inflammation and immunoregulation. Recent research indicates that
mesothelial cells can differentiate into mesenchymal cells through
MMT (Sandoval et al., 2016). This seems to suggest that the mesothe-
lium is a likely source of fibrogenic cells during serosal inflammation
and tissue repair and, as such, may play important roles in peritoneal
fibrosis and adhesion formation (Mutsaers et al., 2015). Indeed, it has
been hypothesized that mesothelial cells may be a source of (myo)
fibroblasts in interstitial lung fibrosis (Zolak et al., 2013). Our study
provides the first piece of evidence that MMT may also be involved in
lesional fibrogenesis and adhesion in endometriosis. Further investiga-
tion is underway to elucidate its underlying molecular mechanisms.

Similar to mesothelial cells, endothelial cells may contribute to fibro-
sis through the process of EndoMT, which is originally described in
experimental wound repair (Romero et al., 1997). In murine models of
cardiac (Zeisberg et al., 2007) and lung fibrosis (Hashimoto et dl.,
2010), endothelial cells are reported to contribute to the pool of fibro-
blasts. As in EMT, TGF-pI, TNF-a and IL-1p are the main drivers of
EndoMT, suggesting mechanistic similarities between the two pro-
cesses (Rieder et al., 201 I). While our data are not conclusive, at least
they suggest the possibility of the involvement of EndoMT in the devel-
opment of endometriosis. Further research into this area is warranted.

Granted, our DE model may still not be optimal, and further modifi-
cations could make it more efficient. In addition, whether the model
has any translational value remains unclear. ‘All models are wrong, but
some are useful’ (Box, 1979). Due to the vast differences in physi-
ology, the mouse or perhaps even baboon models of DE may still not
recapitulate all features of its human counterpart. However, as long as
the model could help us understand one or more aspects of the dis-
ease, it may still be useful.

In conclusion, we have developed the first mouse model for DE.
The model is easy to implement and inexpensive, and takes as little as
3 weeks to establish. In conjunction with easily measurable pain proxy
measures and a battery of lesional biomarkers representing various
processes that drive lesional development, this model should help
shed more light on the pathophysiology of DE and facilitate its preclin-
ical research. Above all, the successful establishment of this DE model
lends further support for the notion that endometriotic lesions are
wounds undergoing ReTIAR. Arguably, if we can generate a theory-
guided DE model at will, then we are much closer to the day when we
can develop more effective therapeutics and intervention measures for
the disease.

Supplementary data

Supplementary data are available at Human Reproduction online.
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