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Abstract

We have recently shown that platelets play important roles in development of endometriosis and proposed that endometriotic
lesions are essentially wounds that undergo repeated tissue injury and repair (ReTIAR). Further investigation indicated that
endometriotic lesions, stimulated by platelet-derived transforming growth factor B1 (TGF-B1), activate the TGF-f1/Smad3 sig-
naling pathway and undergo epithelial-mesenchymal transition (EMT) and fibroblast-to-myofibroblast transdifferentiation (FMT),
resulting in increased cellular contractility and collagen production and increased smooth muscle metaplasia (SMM), leading to
fibrosis. Using serially dissected endometriotic tissue samples from baboons with induced endometriosis, we tested the
hypothesis of progressive EMT, FMT, SMM, and fibrosis through TGF-B1/Smad activation using immunohistochemistry and
immunoflurescence staining analyses. We found that platelets are aggregated in endometriotic lesions, and vimentin expression
was increased in the epithelial compartment of the lesions as they progressively developed. We also found that the number of
smooth muscle cells (SMCs) appeared to increase with time as lesions progressed and was concomitant with the increased
vimentin-positive glandular epithelial cells in the lesions. As lesion development progressed, TGF-f1 and phosphorylated-Smad3
staining was elevated and the number of a-smooth muscle actin-positive myofibroblasts and highly differentiated SMCs increased
in the stromal compartment, which correlated with the increasing extent of fibrosis. These results, taken together, provide
support for the notion that ReTIAR occurs in the endometriotic lesions, resulting in EMT and FMT, leading to SMM and ultimately
fibrosis as lesions progress. Consequently, our data also provide corroborative evidence that platelets drive the EMT and FMT in
endometriotic lesions over time, promoting SMM and resulting ultimately in fibrosis in the endometriotic lesions. These findings
cast a new light on the natural history of endometriosis which so far has been elusive.
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Introduction

Endometriosis, characterized by the presence and growth of
endometrial-like tissues outside the uterine cavity, is an
estrogen-dependent disorder and a major contributor to pelvic
pain and subfertility affecting 6% to 10% of reproductive-age
women.! Despite exponential growth in the number of publi-
cations on endometriosis in the last 4 decades,2 our understand-
ing of its pathophysiology is still fragmentary.' The lack of a
clear understanding of the pathophysiology of endometriosis
has been a seemingly insurmountable barrier to the develop-
ment of effective, targeted therapy or preventative measures for
this debilitating disease, especially in the development of
nonhormonal drugs.’
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One apparent hurdle to the elucidation of the pathophysiol-
ogy of endometriosis is the lack of understanding of the natural
history of endometriosis development. By the time a patient
seeks medical attention due to overt endometriosis-related
symptoms, the endometriotic lesions would have already been
in her system for some time. In fact, given the well-documented
diagnostic delay of about 4 to 12 years from the onset of first
endometriosis-related symptoms to the definitive diagnosis,>>
the endometriotic lesions at the time of surgery or diagnosis
may have already evolved and developed into something that
could be quite different from the initiating lesions. Naturally,
ethical as well as logistic constraints preclude any serial laparo-
scopic examination of the developing lesions.

While serial observation of the developing endometriotic
lesions in humans is not feasible, the baboon model of endo-
metriosis is quite suitable for serial laparoscopic evaluation on
the development of endometriosis.®® Like human females,
female baboons also menstruate and can develop spontaneous
and induced endometriosis.” As such, the baboon model may
well be the best animal model of endometriosis which is a close
approximation to the human condition and can be used for the
elucidation of endometriosis pathophysiology.'®'? To further
understand the underlying causes of endometriotic lesion
development, it is important to characterize the fundamental
features of lesion development during the entire natural history
of endometriosis. For these purposes, the baboon serves as an
invaluable model for serial studies.

We have recently shown that platelets play important roles
in the development of endometriosis'>!> and proposed that
endometriotic lesions are essentially wounds that undergo
repeated tissue injury and repair (ReTIAR)."*"' Further inves-
tigation indicated that, as the result of this ReTIAR, the endo-
metriotic lesions, stimulated by platelet-derived transforming
growth factor B1 (TGF-B1), activate the TGF-B1/Smad3 sig-
naling pathway and undergo epithelial-mesenchymal transition
(EMT) and fibroblast-to-myofibroblast transdifferentiation
(FMT), resulting in increased cellular contractility and collagen
production, leading ultimately to fibrosis.*> Prolonged expo-
sure to activated platelets also leads to increased expression of
a-smooth muscle actin (a-SMA) as well as markers of differ-
entiated smooth muscle cells (SMCs) in endometriotic stromal
cells, which may be responsible for what is termed smooth
muscle metaplasia (SMM) that is universally seen in endome-
triotic lesions.'”°

In light of these findings, we hypothesized that during the
progression of endometriosis, we should see indications of the
activation of the TGF-B1/Smad3 signaling pathway, progres-
sive EMT, and FMT as evidenced by increased vimentin
expression but decreased E-cadherin expression in the epithe-
lial component of the endometriotic lesions. In addition, we
should see increased expression of a-SMA, a marker for myo-
fibroblasts and SMCs,?'*? in the stromal component of the
lesions. Concomitant with the increased a-SMA expression
and other markers of SMCs, we should see progressive
increase in SMM as well as fibrotic tissue content in the
endometriotic lesions. This serial immunohistochemistry

(IHC), immunofluorescence, and histochemistry study was
undertaken to test this hypothesis.

Materials and Methods

Animals and Induction of Experimental Endometriosis

All experimental procedures were approved by the Institutional
Animal Care and Use Committee of the University of Illinois,
Chicago, and Michigan State University. Endometriosis was
experimentally induced in female baboons (Papio anubis) by
intraperitoneal inoculation with menstrual endometrium on 2
consecutive menstrual cycles, as described previously.''*
Animals had documented regular menstrual cycles and had not
undergone any previous surgeries. Menstrual endometrium was
harvested on days 1 to 2 of menses using a Unimar Pipelle
(Cooper Surgical Inc, Shelton, Connecticut) immediately prior
to laparoscopy. Under laparoscopic guidance, approximately
1 g of menstrual tissue and fluid was deposited from the Pipelle
at 4 sites: the pouch of Douglas, the uterine fundus, the cul de
sac, and the ovaries. At subsequent menses, the animals under-
went a second laparoscopy and endometrial reseeding at the
same ectopic sites. The progression of disease was monitored
in each animal by laparoscopic evaluation at 3 (n = 6), 6 to 8
(n=7), 10 to 12 (n = 3), and 15 (n = 6) months after
inoculation during the window of uterine receptivity (days
9-11 postovulation in the baboon). After laparoscopic entry,
a complete systemic survey of the abdomen and pelvic cavity
was performed, and the number, color, and position of each
visible lesion were digitally documented.>* The presence of
peritoneal fluid, extent of adhesions, level of surface vascu-
lature, scar tissue, and corpora lutea was noted. Following
each laparoscopy, a laparotomy was performed, and ectopic
lesions were harvested to evaluate progression of fibrosis dur-
ing endometriotic lesion development.

Immunohistochemistry

Tissue samples were fixed with 10% formalin (w/v) and par-
affin embedded. Serial 4-pum sections were obtained from each
block, with the first resultant slide being stained with hematox-
ylin and eosin to confirm pathologic diagnosis, and the subse-
quent slides for IHC analysis for TGF-B1 (1:50; Abcam,
Cambridge, United Kingdom), phosphorylated Smad3
(p-Smad3; 1:50, Bioworld, St Louis Park, Minnesota),
E-cadherin (1:400; Cell Signaling Technology, Boston, Mas-
sachusetts), a-SMA (1:100, Abcam), desmin (1:100, Abcam),
and smooth muscle, myosin heavy chain (SM-MHC; 1:100,
Abcam). Routine deparaffinization and rehydration procedures
were performed. For antigen retrieval, the slides were heated at
98°C in a citrate buffer (pH6.0) for a total of 30 minutes and
cooled to room temperature. The slides were then incubated
with the primary antibodies overnight at 4°C. After the slides
were rinsed, the horse raddish peroxidae-labeled secondary
antibody Detection Reagent (Sunpoly-HII; BioSun Technology
Co, Ltd, Shanghai, China) was added and incubated at room



Zhang et al

1411

temperature for 30 minutes. The bound antibody complexes
were stained for 3 to 5 minutes or until appropriate for micro-
scopic examination with diaminobenzidine and then counter-
stained with hematoxylin (30 seconds) 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 400x
magnification of each sample were taken to get a mean optional
density value by Image Pro-Plus 6.0 (version 6.0.0.206; Media
Cybernetics, Inc, Bethesda, Maryland).

Masson Trichrome Staining

Masson trichrome staining was used for the detection of col-
lagen fibers in tissues. Tissue sections were deparaffinized in
xylene and rehydrated in a graded alcohol series and then were
immersed in Bouin solution at 37°C for 2 hours. Bouin solution
was made with 75 mL of saturated picric acid, 25 mL of 10%
formalin (w/v) solution, and 5 mL of acetic acid. Tissue sec-
tions were stained using the Masson Trichrome Staining kit
(Baso, Wuhan, China) following the manufacturer’s instruc-
tions. The areas of the collagen fiber layer stained in blue in
proportion to the entire field of the ectopic implants were cal-
culated by the Image Pro-Plus 6.0 (Media Cybernetics, Inc).

Immunofluorescence

Sections were heated for antigen retrieval in the citrate buffer
(pH 8.0), and they were incubated with 5% goat serum for
blocking nonspecific binding sites. The slides were then incu-
bated overnight at 4°C with primary antibodies, including rab-
bit anti-human «-SMA (1:100; Abcam), rabbit anti-human
CD42b (1:100; Abcam), and mouse anti-human vimentin
(1:250; Abcam) antibodies. The slides were incubated with
1:500 AlexaFluor 647-conjugated goat anti-rabbit secondary
antibody and 1:500 AlexaFluor 488-conjugated goat anti-
mouse secondary antibody (Cell Signaling Technology) for 1
hour at 37°C. Counterstaining of nuclei with DAPI (Beyotime,
Shanghai, China) was also performed. Fluorescent slides were
examined under a confocal laser scanning microscope (Leica
TCS SP5 Confocal Microscope, Solms, Germany) at room
temperature 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 construct merged images.

Statistical Analysis

The comparison of distributions of continuous variables
between or among 2 or more groups was made using the Wil-
coxon and Kruskal test, respectively. Pearson correlation coef-
ficient was used when evaluating correlations between the
staining levels of 2 markers (both square-root transformed to
improve normality, unless stated otherwise). Multivariate lin-
ear regression analyses were used to determine whether the
time since endometriosis induction was associated with the
immunostaining levels or the extent of fibrosis. Since in normal

Control

3 Months

10 Months !

Figure |. Representative photomicrographs of serial immunohisto-
chemistry analysis of transforming growth factor Bl (TGF-BI) and
p-Smad3 in control endometrium and in endometriotic tissue
samples harvested at different time points. Magnification: x400.
Scale bar = 50 pm.

endometrium no fibrotic tissue was found, the percentage of
fibrotic content was treated as 0.

A hierarchical cluster analysis was carried out with scaled
data and the Euclidean distance as the similarity metric, with
the average linkage being the clustering method. The resulting
dendrogram was represented as a heat map. A multidimen-
sional scaling analysis was performed to discriminate all
baboons used in this study. P values of less than .05 were
considered statistically significant. All computations were
made with R 3.2.2 (www.r—project.org).25

Results

Evidence Consistent With the Activation of the TGF-B 1/
Smad3 Signaling Pathway

We first performed an THC analysis of TGF-B1 and p-Smad3 in
ectopic and control endometrial samples. We found that
TGF-B1 staining was seen mostly in cytoplasm and mem-
branes, while p-Smad3 staining was seen in nuclei as well as
cytoplasm in both endometriotic epithelial and stromal cells.
The nuclei staining of p-Smad3 appeared to be more prominent
as the lesions aged (Figure 1). The immunostaining levels of
TGF-B1 and p-Smad3 were progressively elevated as
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Figure 2. Immunostaining levels of transforming growth factor B1 (TGF-B1) (A), p-Smad3 (B), E-cadherin (C), a-smooth muscle actin (a-SMA;
D), desmin (E), smooth muscle, myosin heavy chain (SM-MHC; F), and the percentage of fibrotic content (G) in endometriotic tissue samples
harvested from baboons at different time points after the induction of endometriosis. Except E-cadherin, in which staining was quantified in the
epithelial component, all staining was quantified in the stromal component. Scatter plot shows the relationship between the extent of fibrosis via
Masson trichrome staining and p-Smad3 (H) and desmin (I) immunoreactivity levels in endometriotic lesions. The numbers shown in (H)-(I) are
Pearson correlation coefficients, and each dot represents | data point, with its color corresponding to the time point at which the tissue sample
was taken, as shown in (A)-(G). *P < .05 *¥ ##p < 0]; **kP < 0,001. NS indicates not statistically significant (ie, P > .05). For (A) to (G), the
comparison was made with reference to the control endometrium by group-wise Wilcoxon rank-sum test. In (G), the ## refers to the
significance level when compared to the proportion at 3 months. Data are represented in mean + standard deviation (SD).

endometriosis progressed (Figures 1 and 2A and B), consistent
with the notion that the TGF-B1/Smad3 signaling pathway is
activated during the progression of endometriosis. The linear
regression analyses indicated that staining levels of both
TGF-B1 and Smad3 were positively associated with the time
at which the tissue samples were harvested (P = .0002, R*> =
J7and P =3.3 x 1075, R* = .83, respectively; Figure 2A and
B). The staining levels of TGF-B1 were highly correlated with
that of p-Smad3 (r = .90, P = 6.7 x 1077, both square root
transformed to increase normality).

Immunofluorescence Evidence for EMT and FMT
in the Progression of Endometriosis

Since one consequence of EMT is the acquirement of mesench-
ymal markers in epithelial cells, we first examined the expres-
sion of vimentin, a mesenchymal marker, in the epithelial
compartment in the ectopic endometrium using baboon lesion
samples harvested at 3, 6, 12, and 15 months after the induction
of endometriosis (n = 2-3 for each sampling point). We found
that the glandular epithelial cells did not express vimentin until
about 12 months after induction (Figure 3). In 15-month-old

lesions, the vimentin-positive epithelial cells were conspicu-
ous, especially compared to lesion samples obtained at
3 months (Figure 3B).

Consistent with aggregated platelets in endometriotic
lesions as shown previously,'? we found CD42b-positive plate-
lets scattered in endometriotic lesion samples from all time
points (Figure 4). In particular, platelets appeared to be aggre-
gated within vimentin-positive stromal cells in lesions from
earlier time points but aggregated near glandular epithelial
cells that were differentiated into mesenchymal stromal cells
as the disease progressed (Figure 4). This difference seemed to
correspond with the apparent absence of EMT in the former
and the evidence of EMT in the latter (Figure 4).

a-Smooth muscle actin is a well-recognized marker for
myofibroblasts and also for SMCs.?'** We found that some
a-SMA-positive SMCs were distributed sporadically in the
stroma near the glandular epithelium (which are called intras-
tromal SMCs or ISMC?®), while others were grouped together
as smooth muscle tissue around the lesions, termed surrounding
SMCs or SSMC (Figure 5A and B). Their distinction was so
conspicuous that a clear demarcation line can be made to sep-
arate the 2 types of cells (Figure 5). Remarkably, the number of
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Figure 3. (A) Increased vimentin expression in epithelial cells of endometriotic lesions as endometriosis progresses at 3, 6, 12, and 15 months
following the induction of endometriosis in baboons. Magnification: x200. Scale bar = 250 um. (B) Representative photomicrographs of vimentin
expression in epithelial cells of endometriotic lesions harvested at 3 and 15 months after induction. Magnification: x 1000. Scale bar = 50 pum.
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Figure 4. Localization of vimentin staining and CD42b-positive platelets in endometriotic lesions at different time points during lesion
development. CD42b (in red) is a marker for platelets, and vimentin (in green) is a marker for stromal cells, which is also expressed in
endometriotic glandular epithelial cells during the process of epithelial-mesenchymal transition. Magnification: x 1000. Scale bar = 50 pum.

ISMCs appeared to increase with time as lesions progressed,
concomitant with the increased vimentin-positive glandular
epithelial cells (Figure 5).

Immunohistochemistry Evidence Consistent With
EMT and FMT

We first performed an IHC analysis of E-cadherin and a-SMA
on ectopic and control endometrial samples. We found that
E-cadherin staining was seen mostly in cytoplasm and mem-
branes in endometriotic epithelial cells, but its immunoreactiv-
ity levels were decreased as endometriosis progressed (Figures
2C and 6), suggesting that a progressive EMT occurred as the
disease progressed. Concomitantly, the immunoreactivity
against a-SMA was seen mostly in cytoplasm in endometriotic
stromal cells and also elevated as endometriosis progressed
(Figures 2D and 6), consistent with the notion of progressive
FMT in the development of endometriosis.

In fact, a-SMA staining levels in lesions and control endo-
metrium correlated negatively with that of E-cadherin (» =
—.89, P<.001). For both markers, the staining levels correlated
significantly with the time since induction (r = —.82, P = 4.8
x 107% and » = .85, P = 1.1 x 107°, respectively). While

E-cadherin staining correlated negatively with both TGF-f1
and p-Smad3 staining levels (r = —.86, P = 1.1 x 107>, and
r=—-92,P =16 x 107, respectively), o-SMA correlated
positively with them (r = .89, P=1.5 x 10 %, and r = .94, P =
2.4 x 1078 respectively). These results are consistent with the
notion that as endometriosis progresses, progressive EMT and
FMT, likely driven by the TGF-B1/Smad3 signaling pathway,
occurred in the lesions.

Immunohistochemistry Evidence Consistent
With Progressive SMM and Fibrosis

We also performed Masson trichrome staining to quantify the
extent of fibrosis in endometriotic lesions and IHC analysis of
desmin and SM-MHC, 2 markers of SMCs (Figures 2E and F
and 7). Both markers correlated positively with the TGF-$1
and p-Smad3 staining levels (all »s > .84, all P values
<.0002). We found that both desmin and SM-MHC staining
levels, which were positive correlated (r = .95, P = 3.4 X
107'%), increased progressively as endometriotic lesions
evolved with time. In fact, multiple linear regression analysis
indicated that both desmin and SM-MHC staining levels were
positively correlated with the time since induction (» = .76, P
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Figure 5. (A) Localization of a-smooth muscle actin (2-SMA) and vimentin in younger (6 months) and older (|5 months) endometriotic lesions.
The white line was drawn to demarcate areas with different features. The areas with extensive a-SMA-positive myofibroblasts or smooth muscle
cells within the stromal component contain intrastromal smooth muscle cells or ISMCs as described by Barcena de Arellano et al.?® The white
arrows point to ISMCs. Magnification: x400. Scale bar = 100 pm. (B) Serial immunofluorescent staining of vimentin and a-SMA showing
progressive epithelial-mesenchymal tranision (EMT), as shown by increased vimentin-positive epithelial cells, and fibroblast-to-myofibroblast
transdifferentiation (FMT), as shown by the increased acquirement of a-SMA positivity in the stromal component, in endometriotic lesions as
endometriosis progresses. Magnification: x400. Scale bar = 100 pm.
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Figure 6. Representative photomicrographs of serial immunohistochemistry analysis of E-cadherin and a-smooth muscle actin (2-SMA), along
with Masson trichrome staining in control endometrium and in endometriotic lesions of different ages. Magnification: x400. Scale bar = 50 pm.

=.0015 and » = .70, P = .0053, respectively). Starting from 6
months after induction, the staining levels of both desmin and
SM-MHC were significantly higher than that in control endo-
metrium (Figures 2E and F and 7), indicating the gradual and
progressive accumulation of SMM in ectopic endometrium.
Consistent with this observation, the extent of fibrosis was also
significantly and progressively increased in endometriotic
lesions as endometriosis progressed, as shown with Masson

trichrome staining (Figures 2G and 6). The extent of fibrosis
in ectopic endometrium correlated positively with the time
since the induction (r = .84, P = 1.5 x 1079).

The extent of fibrosis in endometriotic lesions was found to
be correlated positively with the staining levels of TGF-BI,
p-Smad3, desmin, SM-MHC, and o-SMA (all s > .68, P <
.0011) but negatively with that of E-cadherin staining levels
(r = —.66, P < .01; Figure 2H to I) in endometriotic lesions.
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Control
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Figure 7. Representative photomicrographs of serial immunohis-
tochemistry analysis of desmin and smooth muscle, myosin heavy
chain (SM-MHC) in control endometrium and in endometriotic
tissue samples harvested at different time points. Magnification:
%x400. Scale bar = 50 pm.

These data are consistent with progressive EMT, FMT, and
SMM in endometriotic lesions, concomitant with increased
extent of fibrosis.

Hierarchical Cluster Analysis of Select EMT/FMT/Fibrosis
Markers

To gain more insights into the possible molecular mechanisms
underlying the time-dependent changes as endometriosis pro-
gresses, we performed a hierarchical cluster analysis of data on
E-cadherin (a marker of EMT), a-SMA (result of the FMT),
and the extent of fibrosis, since these 3 measurements represent
distinct but possibly overlapping events in the development of
endometriosis. In addition, these data were chosen also because
they were complete for all baboon tissue samples. The results
are presented as a heat map (Figure 8). As shown in Figure &,
all tissue samples could be grouped roughly into 3 clusters:
cluster 1 is featured by a high E-cadherin immunoreactivity
but low or no staining of «-SMA and the absence of fibrosis.
This cluster includes exclusively all control endometrial tissue
samples from baboons without endometriosis. Cluster 2 is the
opposite and is characterized by low E-cadherin immunoreac-
tivity but elevated staining of «-SMA and the higher extent of
fibrosis. This cluster includes all ectopic endometrial tissue

samples that were harvested 10 months after induction. Cluster
3 includes all ectopic endometrial tissue samples that were
harvested at 3 and 6 months after induction and is featured
by intermediate levels of E-cadherin and a-SMA staining and
the presence of some fibrosis (Figure 8).

From the heat map, it is apparent that, through the use of 2
ITHC markers and one histochemistry measurement, we could
distinguish tissue samples that are free of endometriosis (nor-
mal endometrium), in the early stage of endometriosis devel-
opment, and the later stage of endometriosis. Consequently, we
used these measurements to carry out a multidimensional scal-
ing analysis. The results shown in Figure 9 demonstrate that the
use of these measurements can group these tissues to correlate
with the type of tissue (normal vs. lesions) as well as the devel-
opmental stages of the lesions (Figure 9).

Discussion

We have shown in this study that in endometriotic lesions
harvested from baboons with induced endometriosis, platelets
are aggregated in the stromal compartment and TGF-B1 and
p-Smad3 expression increases progressively as lesions
develop. The expression of vimentin is increased in the
epithelial compartment of the lesions as the lesions progres-
sively develop. We also have shown that the number of
ISMCs appears to be increased as lesions progressed with
time, concomitant with the increased vimentin-positive
glandular epithelial cells in the lesions. As the lesion pro-
gresses, the number of a-SMA-positive myofibroblasts and
highly differentiated SMCs is increased in the stromal com-
partment, which correlates with the increasing extent of fibro-
sis. These results, taken together, corroborate with the notion
that ReTIAR occurs in the endometriotic lesions, resulting in
TGF-B1/Smad3-driven EMT and FMT, leading to SMM and
ultimately fibrosis as lesions progress.

The EMT is a highly conserved cellular process that allows
polarized and generally immotile epithelial cells to convert to
motile mesenchymal cells and occurs during embryonic devel-
opment, in cancer, and as a physiological response to injury.?’
It allows the transformed cells to enhance their migratory and
invasive capabilities. The FMT is a key event in physiological
and pathological tissue repair and fibrosis.*® Through the eva-
luation of serially harvested endometriotic tissue samples from
baboons, our data provide evidence that corroborates with our
in vitro results that platelet-derived TGF-f1 drives fibrogenesis
through EMT and FMT in endometriotic epithelial and stromal
cells, respectively, and prolonged exposure to activated plate-
lets induce expression of highly specific marker of differen-
tiated SMCs.*® These data also are consistent with the finding
that older ovarian cysts, having experienced more bleeding
episodes, contain chocolate fluid that is higher in viscosity,
density, and iron content and have a higher fibrotic content
than younger ones.'® In other words, irrespective location or
subtype, all endometriotic lesions share the same commonality
as being the wounds that undergo ReTIAR, resulting eventually
in fibrosis. Viewed through this perspective, it is perhaps not
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Figure 8. Hierarchical clustering heat map of select immunohistochemistry (E-cadherin and a-smooth muscle actin [¢-SMA]) and histochem-
istry (extent of fibrosis) measurements and baboon tissue samples. The heat map was organized by clustering both tissue samples (by rows) and
immunohistochemistry and histochemistry measurements (by columns). The red color represents the minimal values, while the yellow color
represents the maximal values. The designation on the right panel represents either the type of tissues (C as control endometrium) or the age of
the endometriotic lesions, where C indicates a normal endometrial tissue sample and the number represents the ectopic endometrial tissue
samples harvested from baboons at the indicated number of months following endometriosis induction. The designation at the bottom
represents the names of the immunohistochemistry and histochemistry measurements. E-cad indicates E-cadherin; a-SMA: a-smooth muscle
actin; fibrosis: the extent of fibrosis as measured by the Masson trichrome staining.

difficult to understand the natural history of endometriotic
lesions and appreciate why endometriosis is challenging to
treat.

The SMM is frequently found in peritonea
ovarian,'"2%3!32 extragenital,**** and pleuropulmonary endo-
metriosis®> as well as in adenomyosis.>® The possibility of
stromal cells differentiating into SMC, as happened in physio-
logical SMM in the junctional zone of the uterus,’’~* has been
entertained®®*° but nonetheless dismissed due to insufficient
evidence.?® The prevailing view appears to be that they origi-
nate either from the metaplasia of the “second Miillerian sys-
tem” or, more likely, from the basal layer of the endometrium
with stem cell features that were regurgitated through the

1, 17-20 deep, 19,29,30

fallopian tubes because of dysperistalsis.’**%*" Nonetheless,
there are no data that confirm or refute any of these hypoth-
eses.”® This study provides corroborative evidence that, as
endometriotic lesions develop and are thus consistently in con-
tact with activated platelets, there is an increasing SMM in
lesions, concomitant with increased fibrotic contents. Thus,
platelets appear to be a driver in SMM and fibrogenesis during
the development of endometriosis.

Due to the methods we used, the results presented here
cannot, in and by themselves, provide a direct proof that
platelet-derived TGF-B1 drives fibrogenesis through EMT and
FMT in endometriotic epithelial and stromal cells, respec-
tively, leading ultimately to fibrosis. However, given the
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Figure 9. Results of multidimensional scaling analysis using the
E-cadherin and a-smooth muscle actin (¢-SMA) immunostaining levels
and the extent of fibrosis. All tissues are represented by either the
type of tissues (C as control endometrium) or the ectopic endome-
trial tissue samples from the indicated number of months following
endometriosis induction, which are the same as used in Figure 8.

cohesive and biologically plausible hypothesis and the serial
observation of this study and in light of our data indicating that,
as the result of this ReTIAR, platelet-derived TGF-B1 induces
the activation of the TGF-f1/Smad3 signaling pathway that
modulates EMT and FMT in endometriotic epithelial and stro-
mal cells, respectively,*> our data, coupled with the in vitro
human and in vivo mouse data, lend strong support for the
hypothesis we postulated. It should also be noted that adeno-
myosis seems to have a similar developmental process*'*?
because both endometriosis and adenomyosis share the com-
monality of experiencing ReTIAR in ectopic endometrium.

Over time endometriosis is a progressive and dynamic
disease in spontaneous and induced endometriosis.®** But
repeated laparocopy may itself promote the development of
endometriosis.*® In view of this, while our serial analysis of
baboon endometriotic lesions corroborate with our human in
vitro and mouse in vivo data,*’ caution should be exercised
since repeated laparoscopy may accelerate the development
of endometriosis.

One important implication of our results is the biological
justification for a histological staging of endometriotic
lesions, since it is well known that the currently widely used
rAFS/rASRM staging system does not correlate well with
the severity of symptoms, progression, or prognosis.** Both
hierarchical cluster analysis and multidimensional scaling
analysis indicate that, through the use of select IHC and his-
tochemistry measurements, we can nearly perfectly identify
not only changes in lesion tissues compared to the normal
endometrium but also lesions at different stages of develop-
ment based simply on merely 3 markers of the lesions, one on
EMT, one on FMT, and the other on the extent of fibrosis.
Given the inherent variation in IHC and histochemistry anal-
yses, these data are of importance and indicate that, once the
molecular mechanisms underlying the development of

lesions. In other words, endometriotic lesions, in and by them-
selves, may have a built-in record to evaluate their progres-
sive age. Thus, in conjunction with finding that similar
developmental process appears to occur also in adenomyo-
sis,*"*? our data suggest that a histological classification of
endometriosis progression could be within reach. In fact, this
has been validated in principle in ovarian endometriomas
using cyst fluid.'® Given the increased extent of fibrosis con-
comitant with decreased PR-B expression in ectopic endome-
trium,*! it is likely that such a classification system might
have potential in predicting response to medical treatment
or even recurrence. The investigation into the relationship
between endometriosis progression and the severity of pain
or subfertility and the recurrence risk is currently underway.

In summary, our data provide corroborative evidence that,
through the activation of the TGF-B1/Smad3 signaling path-
way, platelets drive the EMT and FMT in endometriotic lesions
over time, promoting SMM and resulting ultimately in fibrosis
in endometriotic lesions during the progression of disease
development.
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