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The factors that predispose one-tenth of reproductive-aged women to endometriosis are poorly understood. We determined that genetic deﬁciency in transforming growth factor b1 impairs endometriosislike lesion growth in mice. Given that seminal plasma is an abundant source of transforming growth factor
b, we evaluated the effect of exposure to seminal plasma on the growth of endometrial lesions. Human
endometrial explants were exposed to seminal plasma or to control medium before transfer to Prkdcscidmutant (severe combined immunodeﬁcient) mice. Xenografts exposed to seminal plasma showed an
eightfold increase in volume and a 4.3-fold increase in weight after 14 days. These increases were
associated with increased proliferation of endometrial epithelial cells and enhanced survival and proliferation of human stromal cells compared with those in control lesions, in which human stromal cell
persistence was negligible. Although the distribution of macrophages was altered, their number and
activation status did not change in response to seminal plasma. Seminal plasma stimulated the production of a variety of cytokines in endometrial tissue, including growth-regulated oncogene, granulocyte macrophage colony-stimulating factor, and IL-1b. These data suggest that seminal plasma
enhances the formation of endometriosis-like lesion via a direct effect on endometrial cell survival and
proliferation, rather than via macrophage-mediated mechanisms. These ﬁndings raise the possibility
that endometrial exposure to seminal plasma could contribute to endometriotic disease progression
in women. (Am J Pathol 2015, 185: 1409e1422; http://dx.doi.org/10.1016/j.ajpath.2015.01.010)

Endometriosis afﬂicts 10% of reproductive-aged women and is
deﬁned by the presence of extrauterine endometrial tissue,
usually in the pelvic cavity.1 Current pharmacological therapies
suppress endometriotic lesions and can ameliorate the symptoms of dysmenorrhea and chronic pelvic pain but are associated with signiﬁcant side effects. Furthermore, the surgical
excision of endometriotic lesions is associated with high
recurrence rates of 40% to 50% at 5 years postsurgery.2 Women
with endometriosis are also more likely to have difﬁculty
conceiving, suffer depression, and be at increased risk for
developing cancer3e6 and autoimmune disorders.7 Despite the
high ﬁnancial and social burdens of endometriosis, the etiology
and pathophysiological processes underlying the disease
remain unclear.8
Sampson’s theory postulates that endometrial fragments in menstrual ﬂuid pass in a retrograde manner
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through the fallopian tubes before attaching to and
growing at ectopic sites.9 However, this theory does not
explain why only 10% of women develop endometriosis,
when retrograde menstruation occurs in up to 90% of
women.1 Genetic loci that confer a risk for endometriosis
have been identiﬁed,10 and various environmental, inﬂammatory, and immunological factors are implicated.
The relative contribution of these and other causal factors
remains to be established.
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Transforming growth factor (TGF)-b1 is a multifunctional
cytokine that is elevated in endometriotic lesions, serum, and
peritoneal ﬂuid in women with endometriosis.11e13 When
human tissue fragments were transferred to immunocompromised mice with a null mutation in Tgfb1, smaller ectopic
endometriosis-like lesions developed compared with those in
wild-type controls, showing that TGF-b1 bioavailability is a
key determinant of lesion growth.14
Seminal plasma, the acellular fraction of seminal ﬂuid,
contains several cytokines, including very high concentrations
of TGF-b1, TGF-b2, and TGF-b3.15 Seminal plasma injected
i.p. increased cellular proliferation, angiogenesis, and tissue
remodeling when human cervical adenocarcinoma cells were
injected s.c. into nude mice.16 In vitro experiments have
demonstrated increased proliferation of human endometrial
epithelial cells after the addition of seminal plasma to culture
media.17,18 This ﬁnding suggests the possibility that in women,
seminal plasma exposure might enhance epithelial cell proliferation in retrograde menstrual endometrium, contributing to
the development or progression of endometriosis.
Histological analysis indicates that endometriosis-like
lesions progress from an acute inﬂammatory state, with
neutrophil and early macrophage inﬁltration, to a healing
and remodeling phenotype, in which macrophage and
myoﬁbroblast activity predominates.19 In an acute inﬂammatory response, phagocytic macrophages display classic
(M1) activation markers such as C-C chemokine receptor
(CCR)-7 and produce factors such as nitric oxide (iNOS).20
To prevent uncontrolled classic activation, phagocytic tags
from dying cells alternatively activate macrophages via
enhanced TGF-b signaling.21 These M2 macrophages
display the alternative activation marker macrophage
mannose receptor (MMR/CD206), scavenge cellular debris,
and promote tissue remodeling, angiogenesis, and repair.20
In a mouse model, M2 macrophage activity promoted, and
M1 macrophage activity suppressed, endometriosis-like lesion
development.22 Additionally, in TGF-b1edeﬁcient mice, fewer
macrophages were identiﬁed in ectopic endometrial lesions,
suggesting that altered macrophage activity may have contributed to lesion repression. The high levels of TGF-b1 in seminal
plasma could enhance lesion development by promoting an M2
macrophage healing response in ectopic endometrial tissues.
In cervical and endometrial tissues exposed to seminal
plasma, TGF-b1 activates the heterotetrameric TGF-bR1/TGFbR2 receptor complex, leading to the up-regulation of several
cytokines and chemokines, including granulocyte macrophage
(GM) colony-stimulating factor (CSF), IL-1b, IL-6, IL-8,
monocyte chemotactic protein 1, macrophage inﬂammatory
protein 1a, and leukemia inhibitory factor.23e25 These cytokines and chemokines recruit endometrial macrophages and
dendritic cells to activate regulatory T cells and create a tolerogenic environment for an implanting embryo.19 Thus, it is
plausible that seminal plasmaeexposed endometrial tissue in
retrograde menstrual ﬂuid is more likely to escape immune
surveillance, attach, and proliferate at an ectopic site in
response to these chemokines.
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We hypothesized that exposure to seminal plasma
enhances the development of endometriotic lesions via either
a direct proliferative effect on endometrial cells or by
increased M2 macrophageedirected healing and repair.
Additionally, we hypothesized that alterations in endometrial
cytokine proﬁle induced by seminal plasma underpin these
effects. A xenograft mouse model was used to test the effect
of direct endometrial exposure to seminal plasma on
endometriosis-like lesion growth in vivo. Immunohistochemistry (IHC) analysis was used for quantifying the effect
of seminal plasma on the cellular composition and activation
status of macrophages in human endometrial explants and
xenografts recovered from immunocompromised mice.
Finally, we explored seminal plasmaeinduced cytokine
mediators that may inﬂuence endometriotic lesion development in human endometrial explant cultures.

Materials and Methods
Ethics Approval
Approval for the use of human seminal plasma was obtained
from the human ethics committees of St. Andrew’s Hospital
(Adelaide, SA, Australia), the University of Adelaide
(Adelaide, SA, Australia), and the North Western Adelaide
Health Service (Adelaide, SA, Australia) (REC 1394/03/
08). The use of human endometrial tissue was approved by
the human ethics committees of the Children, Youth and
Women’s Health Service (Adelaide, SA, Australia) (REC
2280/5/13). Animal experiments were approved by the
animal ethics committees of the University of Adelaide
(M-2012-080) and the Children, Youth and Women’s
Health Service (AE 838/4/14), and conducted in accordance
with the Australian Code of Practice for the Care and Use of
Animals for Scientiﬁc Purposes.26

Seminal Plasma Collection
Human seminal plasma was obtained from the male partners,
aged 36 to 52 years (n Z 6), of women undergoing treatment
for female-factor infertility at Fertility SA (St. Andrew’s
Hospital) and healthy-proven fertile men (n Z 4). Sperm
analysis was conducted according to the recommendations of
the World Health Organization, and samples were included
only if all parameters were consistent with normal values in
the World Health Organization Laboratory Manual for the
Examination and Processing of Human Semen.27 None of the
samples displayed leukospermia or were obtained from men
taking immune-deviating drugs. After liquefaction, each
sample was centrifuged at 10,000  g for 10 minutes at room
temperature within 1 hour of ejaculation. The seminal plasma
supernatant was then aspirated and frozen at 80 C. Equal
portions of seminal plasma were subsequently thawed and
pooled (to minimize the effect of variation in cytokine levels
between individuals25), aliquoted, and stored at 80 C. Our
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previous experience indicates that seminal plasma prepared
in this way retains full bioactivity (unpublished data).

Collection of Human Endometrial Tissue
Endometrial biopsy samples (n Z 4) of normal histological
appearance appropriate for cycle phase were collected from
women aged 36 to 40 years using Pipelle suction curettage
(Pipelle de Cornier, Laboratoire C.C.D., Paris, France) during diagnostic laparoscopy for infertility. Exclusion criteria
included the use of hormonal contraceptives in the 3 months
before surgery, or surgery for gynecological cancer. No
participant had endometriosis; two were in the proliferative
phase and two were in the secretory phase of the cycle.
Previous work suggests cycle phase has little impact on the
growth of the resulting endometriosis-like lesions (unpublished data). A separate series of endometrial biopsies was
collected from ﬁve women in the secretory phase for studies
of macrophage phenotype. These patients were undergoing
hysteroscopy and endometrial biopsy and their endometriosis
status was not determined; however, all were asymptomatic.
The tissue was placed in phenol redefree Dulbecco’s
modiﬁed Eagle’s medium:F12 (Sigma-Aldrich, Castle Hill,
NSW, Australia) with 1% each insulin-transferrin-selenium-X
supplement and penicillin/streptomycin (both, Life Technologies, Mulgrave, VIC, Australia), 0.1% Ex-Cyte (Merck Millipore, Kilsyth, VIC, Australia), and 10 nmol/L 17b-estradiol
(Sigma-Aldrich) as previously described.14 Tissues were cut
into approximately 1 mm3 fragments, placed into multiwell
plates (15 fragments/well), and incubated for 24 hours in media
alone or in media containing 10% seminal plasma.

Mice
Female mice homozygous for the Prkdcscid mutation (severe
combined immunodeﬁciency) were purchased from Laboratory Animal Services (University of Adelaide) at 5 weeks
of age. Mice were housed under controlled light conditions
(12-hour light:dark cycle) with ad libitum access to a standard diet and sterilized water. At 6 weeks of age, mice were
anesthetized with 1.5% isoﬂurane (Veterinary Companies
of Australia, Artarmon, NSW, Australia) and bilaterally
ovariectomized via a single mid-dorsal incision. A 60-day
release 1.5 mg 17b-estradiol pellet (Innovative Research,
Sarasota, FL) was placed s.c. in the left ﬂank via the same
incision. Mepivicaine (0.02%; Ceva Animal Health, Glenorie, NSW, Australia) was administered at the incision site
immediately after surgery. Buprenorphine (16 mg/mL;
Reckitt Benckiser, West Ryde, NSW, Australia) was given
at 0.05 mL per 10 g body weight for 12 hours postoperatively for further analgesia as needed.
One to two weeks after ovariectomy, mice were anesthetized
using isoﬂurane, and endometrial fragments were injected s.c
ventrally. Mice were randomly allocated to receive human
endometrial tissue that had been incubated with 10% seminal
plasma for 24 hours (n Z 10 mice) or control human
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endometrial tissue that had been incubated in media only for 24
hours (n Z 11 mice). Preliminary studies of cytokine responses
indicated that these conditions were optimal (data not shown),
consistent with previous in vitro17,23 and in vivo work.28,29 The
seminal plasma concentration used represents an estimate of the
highest possible physiologically relevant concentration in the
uterus. Each mouse received 15 tissue fragments (ie, the tissue
contents of 1 seminal plasmaetreated or control culture well)
from one patient as previously described.30 The number of mice
receiving transplanted tissue from a single donor varied
depending on the size of the biopsy sample, but each biopsy
sample was distributed approximately equally between the
groups.
Fourteen days posteendometrial tissue injection, mice were
administered 100 mL of 10 mg/mL 5-bromo-20 -deoxyuridine
(BrdU) and 5-ﬂuoro-20 -deoxyuridine mixture (Sigma-Aldrich)
i.p. and euthanized 1 hour later with 400 mL 2,2,2tribromoethanol (Sigma-Aldrich) i.p. Endometriosis-like lesions were measured (length  width  depth) using calipers,
then dissected, removed, and weighed in a blinded fashion
(K.M.W.) (Figure 1A). Tissues were transferred to 4% paraformaldehyde for 24 hours, followed by washing in phosphatebuffered saline and immersion in 70% ethanol. Tissues were
dehydrated in an ascending ethanol series and transferred to
xylene, then embedded in parafﬁn before sectioning at 5 mm.

In Vitro Experiments
Portions of the same endometrial biopsies obtained for in vivo
studies were used for analyzing cytokine production in response
to seminal plasma. The additional endometrial tissues collected
were prepared in triplicate for the study of macrophage
phenotype in explant culture. In both experiments, an equal
number of tissue fragments (1 mm3) were treated in NunclonD
Surface multiwell plates (Thermo Scientiﬁc, Scoresby, VIC,
Australia) with media containing 10% seminal plasma or media
alone. Additional control wells for cytokine studies contained
media with 10% seminal plasma but no tissue. Explants were
incubated for 24 hours under standard cell culture conditions
before conditioned media were collected for multiplex cytokine
analysis and tissue was transferred to RNAlater (SigmaAldrich) for quantitative real-time RT-PCR or 4% paraformaldehyde for IHC analysis.

IHC and Morphometric Analysis of Endometriosis-Like
Lesions and Endometrial Explants
Hematoxylin and eosin (Sigma-Aldrich) staining was performed on every 20th section from endometriosis-like lesions;
one lesion from the control group was found not to contain
glandular epithelium and was excluded from IHC analysis. The
BrdU In-Situ Detection Kit (BD, North Ryde, NSW, Australia)
was used to detect proliferating cells in endometriosis-like lesions as per the manufacturer’s instructions. Mouse antiehuman
leukocyte antigen class 1 (HLA-1) (1:200 dilution; Abcam,
Melbourne, VIC, Australia) was used for distinguishing human
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Table 1
Study

Sequences and Concentrations of the Primers Used for Quantifying Cytokine mRNA Levels in Human Endometrial Explants in This

Gene
CSF2 (GM-CSF)
IL10
CXCL1 (GROa)
CCL22 (MDC)
IL1B
CCL4 (MIP-1b)

Forward
0

Reverse
0

5 -AGCCCTGGGAGCATGTGA-3
50 -GGGAGAACCTGAAGACCCTCA-30
50 -CCACTGCGCCCAAACC-30
50 -GCGCGTGGTGAAACACTTC-30
50 -CCTGAGCTCGCCAGTGAAA-30
50 -AGCGCTCTCAGCACCAATG-30

Concentration (mmol/L)

0

0

5 -CATCTCAGCAGTGTCTCTACTC-3
50 -CCACGGCCTTGCTCTTGTT-30
50 -GCAGGATTGAGGCAAGCTTT-30
50 -ACTCTGGGATCGGCACAGAT-30
50 -TTTAGGGCCTATCAGCTTCAAA-30
50 -CTTCCTCGCGGTGTAAGAAAA-30

0.5
0.25
0.5
0.25
0.25
0.5

Protein names that differ from the gene names are shown in parentheses.
GM-CSF, granulocyte macrophage colony-stimulating factor; GRO, growth-regulated oncogene; MDC, macrophage-derived chemokine; MIP, macrophage
inﬂammatory protein.

and mouse tissue in xenografts. The antibody clone used
(EMR8-5) recognizes a nonpolymorphic determinant present on
all HLA-1 heavy chains (ie, A, B, and C). Additional sections
were stained with rat anti-mouse F4/80 IgG2ak (1:800 dilution;
eBioscience, San Diego, CA), mouse antiea-smooth muscle
actin IgG2a (1:500; Sigma-Aldrich), or rabbit antievon Willebrand factor polyclonal antibodies (1:600; Merck Millipore,
Macquarie Park, NSW, Australia) to identify macrophages
(murine), myoﬁbroblasts, and endothelial cells, respectively.
Sections from both endometriosis-like lesions and endometrial
explants were stained with mouse anti-human CD68 (1:50
dilution; Dako, Campbellﬁeld, VIC, Australia), mouse antiCD206 (1:200 dilution; R&D Systems, Minneapolis, MN),
rabbit anti-CCR7 (1:60,000 dilution; Abcam), and rabbit antiiNOS (1:1200 dilution; Santa Cruz Biotechnology, Dallas,
TX) were used for identifying human macrophages and macrophages polarized to the M2 (CD206) or M1 (CCR7 and iNOS)
phenotypes. Control sections were incubated with isotypematched control antibody at the same dilution or Flex universal mouse negative control (Dako).
Brieﬂy, slides were dewaxed and rehydrated in a
descending ethanol series. Antigen retrieval was performed
in pH 6.0 sodium citrate buffer (10 mmol/L each citric acid
and tri-sodium citrate) for 5 to 20 minutes, except for CD68
and CD206, which were performed in pH 9.0 Tris-EDTA
buffer (10 mmol/L Tris, 1 mmol/L EDTA) for 5 minutes.
Slides were allowed to cool for 20 minutes, washed thrice
with phosphate-buffered saline, and quenched with 3%
hydrogen peroxide (Sigma-Aldrich) before being incubated
with 10% serum (from the species of origin of the secondary
antibody) in phosphate-buffered saline with or without 1%
bovine serum albumin. Sections were then incubated with
the primary antibodies in phosphate-buffered saline with 2%
to 10% serum overnight at 4 C. After washing, biotinylated
secondary antibodies were applied for 30 to 60 minutes and
detected using streptavidin-horseradish peroxidase (1:500;
Dako), both at room temperature. Diaminobenzidine (Dako)
was used for visualizing the stain. Slides were counterstained with hematoxylin, dehydrated, and mounted, and
coverslips were applied.
Morphometric analyses were performed by an assessor (J.Z.
or J.T.M.) blinded to treatment group. Sections were imaged
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using a NanoZoomer (Hamamatsu Photonics, Hamamatsu,
Japan). The proportion of BrdU-positive cells was calculated by
manual counting in ImageJ software version 1.48 (NIH,
Bethesda, MD) of at least 1300 cells in at least three ﬁelds per
lesion. HLA-1epositive and macrophage-free stromal area was
determined by measuring the glands (epithelium and lumen)
and the subepithelial portion of stroma containing/devoid
of substantial staining, respectively, and expressed as a percentage of the total area of each section (NanoZoomer Viewer,
Hamamatsu Photonics). F4/80, von Willebrand factor, and
a-smooth muscle actin staining in endometriosis-like lesions
was analyzed in up to 10 ﬁelds using VideoPro 32 software
version 2.1 (Leading Edge, Adelaide, SA, Australia) and
expressed as percentage of positive area. CD68, CD206, CCR7,
and iNOS were similarly measured in multiple ﬁelds encompassing the entire endometrial explant tissue section.

Multiplex Cytokine Analysis of Conditioned Media
A custom Milliplex MAP Human Cytokine/Chemokine
96-well multiplex assay (Merck Millipore) was designed
and run on a Luminex 200 System (Luminex Corp., Austin,
TX) according to the manufacturer’s instructions. The minimal detectable limits of the 20 analytes ranged from 0.4 to
26.3 pg/mL. A separate assay (R&D Systems) was used for
assessing IL-4 and macrophage CSF levels in conditioned
media. Samples that were below the minimal detectable
limits were excluded; only analytes for which >50% of
samples tested were above the minimal detectable limits were
considered for statistical analysis. The mean intra- and
interassay coefﬁcients of variation for each analyte were 13%
and 5%, respectively.

Quantitative Real-Time RT-PCR Analysis of Seminal
PlasmaeTreated Explants
Total RNA was extracted from seminal plasmaetreated and
control explants using TRIzol reagent (Life Technologies)
with RNeasy column puriﬁcation (Qiagen, Chadstone, VIC,
Australia) as per the manufacturer’s instructions. Spectrophotometric analysis on a NanoDrop ND-1000 (Thermo
Scientiﬁc) conﬁrmed the purity of the resultant sample
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Ct method. The primer sequences used are listed in
Table 1. Primer concentration was optimized in pilot
studies, and dissociation curve analysis conﬁrmed the
absence of dimer formation for each pair. Ct values for
the endogenous control gene did not differ signiﬁcantly
between the groups [control, 24.1  1.0; 10% seminal
plasma, 25.0  1.9 (means  SEM)]. The coefﬁcient of
variation for replicate PCR wells was 1.25%  0.4%
(means  SEM of cytokine genes).

Statistical Analysis
All analyses of endometriosis-like lesions and endometrial
explants were performed using the U-test or Wilcoxon signed
rank test for independent or related samples, respectively, as
appropriate. For in vivo data, analyses were performed on
values for individual mice. Cytokine concentration in
conditioned media from human endometrial explants was
analyzed by 1-way analysis of variance and Fisher’s least
signiﬁcant difference post hoc tests after passing the ShapiroWilk test for normality. Fold-change cytokine mRNA levels
were analyzed by 1-sample t-test. Correlation between
morphometric variables was assessed using the Pearson
coefﬁcient. The software programs used were GraphPad
Prism version 5.01 (GraphPad Software, San Diego, CA),
SAS version 9.3 (SAS Institute, Cary, NC), and SPSS Statistics version 20 (IBM, Armonk, NY).

Results
Seminal Plasma Exposure Enhances the Size and
Weight of Endometriosis-Like Lesions

Figure 1

Effect of exposure to seminal plasma on endometriosis-like
lesion development in mice. A: A representative mouse with tissue;
endometriosis-like lesions are visible in the s.c. space 14 days after
transfer. B and C: The volume (B) and weight (C) of endometriosis-like
lesions recovered from mice that received seminal plasma (SP)etreated
endometrial tissue or human endometrial tissue incubated in media alone
(control). The boxes represent the medians and interquartile ranges;
whiskers represent minimal and maximal values. n Z 6 per group.
*P < 0.05 (U-test).

[A260:A280, 1.9  0.1 (means  SEM)]. Total RNA (60
ng) was reverse-transcribed in a volume of 20 mL using
SuperScript III with 250 ng random primers (both, Life
Technologies) as per the manufacturer’s instructions. PCR
was performed in triplicate for ACTB and in duplicate for
cytokine genes using Power SYBR Green Master Mix on an
Applied Biosystems 7900HT Real-Time PCR system (both,
Life Technologies). Cytokine gene fold-change in response
to treatment with seminal plasma was calculated using the
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Initially, to test the effect of seminal plasma on the development of endometriosis-like lesion, we used the SCID mouse
model of endometriosis and exposed tissues to human seminal
plasma before transfer to recipient mice. On day 14 after
transfer, SCID mouse xenografts originating from seminal
plasmaeexposed endometrium were found to be signiﬁcantly
larger (P Z 0.015) and heavier (P Z 0.026) than lesions
originating from tissue exposed to culture medium alone
(Figure 1, B and C). There was no signiﬁcant effect of treatment on the proportion of mice that developed endometriosislike lesions (6 of 10 mice in the seminal plasma exposure
group and 6 of 11 control mice).

Seminal Plasma Expands the Donor Tissue
Compartment and Promotes Epithelial Proliferation in
Endometriosis-Like Lesions
Hematoxylin and eosin analysis did not reveal any difference
in the fractional area of glands or stroma in endometriosislike lesions exposed to seminal plasma (P Z 0.309). However, lesions may contain both donor human and host
mouse tissue, and hematoxylin and eosin staining does not
distinguish between these. We thus examined the relative

1413

McGuane et al

A

B

D

E

BrdU+ cells (%)

HLA-1+ area (%)

Epithelium
Stroma

Stromal BrdU+ cells (%)

C

Figure 2 Effects of exposure to seminal plasma on tissue composition and cellular proliferation of endometriosis-like lesions. Representative sections (A)
and quantitative analysis (C) of tissue area immunopositive for human leukocyte antigen class 1 (HLA-1) from seminal plasmaetreated and control groups.
Dotted lines delineate HLA-1epositive (HLA-1þ) tissue boundaries. Inset: Isotype-matched antibody negative control. B: Representative images of seminal
plasma (SP)-treated and control lesions stained for 5-bromo-20 -deoxyuridine (BrdU). Large and small arrows mark BrdUþ stromal and epithelial cells,
respectively. D and E: BrdUþ cells were quantiﬁed and expressed as the percentages of the total number of cells in the epithelium and in the entire stroma
(ie, combined human and murine) (D) and in the human stromal tissue compartment alone (E). The boxes represent the medians and interquartile ranges;
whiskers represent minimal and maximal values. n Z 6 and 4 mice in the SP and control groups, respectively, because in one control lesion, glandular material
was insufﬁcient for quantiﬁcation. *P < 0.05 (U-test). Scale bars: 500 mm (seminal plasma) or 250 mm (control) (B); 50 mm (C). Ep, glandular epithelium; hSt,
human stroma; mSt, murine stroma.

proportion of human and murine tissue in lesions using an
antibody to HLA-1, which is exclusively expressed by
human cells. There was a signiﬁcantly greater proportion of
donor tissue in endometriosis-like lesions from the seminal
plasma group (P Z 0.016) (Figure 2, A and C). Large areas
of human stromal tissue were identiﬁed surrounding the
human-derived glandular epithelium in lesions that had been
exposed to seminal plasma. In contrast, human stromal tissue
was rarely detected in control lesions, and only the glandular
epithelium expressed HLA-1.
We hypothesized that enhanced cellular proliferation in
the human tissue compartment may have accounted for this
increased tissue area. When proliferating cells were quantiﬁed, BrdU-positive epithelial cells were signiﬁcantly more
numerous in endometriosis-like lesions after seminal plasma
treatment compared with controls (P Z 0.038) (Figure 2, B
and D). There was no difference between the groups in the
number of BrdU-positive cells in the stroma when mouse
and human tissue were considered as a whole. Substantial
proliferation was also observed in the human stromal tissue
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of the lesions exposed to seminal plasma, but since this
compartment was effectively absent from control lesions, no
stromal cell proliferation was detected in those tissues
(Figure 2E). Within seminal plasmaetreated lesions, the
concentration of proliferating cells was signiﬁcantly greater
in the human compared with the murine stromal tissue
compartment (P Z 0.046) (Supplemental Figure S1).

Seminal Plasma Alters Macrophage Distribution in
Endometriosis-Like Lesions
Measurement of F4/80 staining revealed no difference in
the density of mouse macrophages in lesions from the two
groups. However, the spatial distribution was altered in
lesions exposed to seminal plasma such that there was a
larger area of stromal tissue subjacent to the epithelium
where host mouse macrophages failed to inﬁltrate
(Figure 3A). In contrast, macrophages were observed in
close proximity to the glandular epithelium in lesions from
the control group (Figure 3A). The difference in the
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macrophage-free stromal area (%)

A

vWF (% positive area)

B

α-SMA (% positive area)

C

Figure 3 Effects of exposure to seminal plasma on mouse macrophage distribution and endothelial cell and ﬁbroblast density in endometriosis-like lesions.
Representative images of sections from seminal plasma (SP)-treated (left) and control tissues (center) stained for F4/80 (A), von Willebrand factor (vWF) (B),
and a-smooth muscle actin (a-SMA) (C). Dotted lines (A) delineate F4/80-positive (F4/80þ) tissue boundaries. Insets, B and C: Isotype-matched antibody
negative controls. The proportions of subepithelial stromal tissue principally devoid of macrophages (graphs, A) and the percentage of area of tissue stained
for vWF (graphs, B) or a-SMA (graphs, C). Boxes represent the medians and interquartile ranges; whiskers represent minimal and maximal values. n Z 6 and 4
mice in the SP and control groups, respectively, because in one control lesion glandular material was insufﬁcient for quantiﬁcation. *P < 0.05 (U-test).
Scale bars: 500 mm (seminal plasma) or 250 mm (control) (A); 100 mm (B and C).

proportion of macrophage-free stroma was statistically
signiﬁcant (P Z 0.016), with a pattern of distribution inverse to that of HLA-1. There was a signiﬁcant correlation
between macrophage-free stromal and HLA-1epositive
area (r Z 0.91; P Z 0.00006). Tissue controls conﬁrmed
that the F4/80 antibody used is speciﬁc to mouse macrophages and does not react with human endometrium,
whereas HLA-1 was detected in human endometrium but
not in murine tissues (Supplemental Figure S2).
Analysis of von Willebrand factor staining indicated
no difference in blood vessel density after exposure to
seminal plasma (Figure 3B). Like mouse macrophages,
myoﬁbroblasts were routinely observed subjacent to the
epithelial layer in control lesions, but myoﬁbroblasts in
this location were rare in seminal plasmaeexposed lesions (Figure 3C). There was a trend toward reduced
myoﬁbroblast density, as measured by a-smooth muscle
actin staining in seminal plasmaeexposed lesions
(P Z 0.056). There were no differences in von Willebrand factor or a-smooth muscle actin staining between
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the human and mouse compartments of seminal plasmae
exposed lesions.

Seminal Plasma Does Not Change Macrophage
Phenotype or Number in Endometriosis-Like Lesions
or Explants
As the distribution of mouse macrophages was altered in
seminal plasmaeexposed endometriosis-like lesions, we
sought to characterize the macrophages present. Using the
human macrophage marker CD68, we observed that in
contrast to naïve endometrial tissue (which is replete with
macrophages), endometriosis-like lesions from both the
seminal plasmaetreated and control groups contained only
sporadic CD68-positive cells (Figure 4A).
To determine whether macrophages displaying markers
of alternate (M2) or acute (M1) activation were present in
endometriosis-like lesions, IHC qualiﬁcation of MMR/
CD206, CCR7, and iNOS was undertaken. MMR-positive
cells (M2 macrophages) displayed a similar pattern to that of
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A

B

Figure 4

C

Effects of exposure to seminal plasma
on human macrophages and macrophage phenotype in endometriosis-like lesions. Representative
images from seminal plasmaetreated sections and
control-group sections stained for CD68 (A) and
macrophage mannose receptor (MMR/CD206) (B).
Tissue controls demonstrated the speciﬁcity of the
CD68 (C) and MMR antibodies (D). Scale bars: 25
mm (A); 500 mm (seminal plasma) or 250 mm
(control) (B); 50 mm (C and D).

D

F4/80 staining and were detected in the murine but not in the
human compartment of endometriosis-like lesions (Figure 4B).
There was no difference in MMR-positive macrophage density
between the groups. Tissue controls conﬁrmed that the CD68
antibody detects only human macrophages (Figure 4C),
whereas the MMR antibody detects M2 macrophages of both
human and mouse origin (Figure 4D). There were few or no
CCR7- or iNOS-positive cells (M1 macrophages) in either
seminal plasmaetreated or control lesions.
To evaluate whether seminal plasma exposure skewed
markers of macrophage activation earlier in the time course
of lesion development, endometrial explants were examined
immediately after exposure to seminal plasma in vitro.
Macrophages as deﬁned by CD68 immunoreactivity were
abundant in seminal plasmaetreated and control tissue after
24 hours in culture (Figure 5A). As in endometriosis-like
lesions, M2 (MMR-positive) macrophages were readily
detected (Figure 5B), whereas endometrial explants were
relatively devoid of M1 (CCR7-/iNOS-positive) macrophages (Figure 5, C and D). Seminal plasma did not alter the
density of CD68-, MMR-, CCR7-, or iNOS-positive cells
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(Figure 5E). Breast cancer control sections conﬁrmed that
CCR7 and iNOS proteins were detectable with the IHC
procedure used (Supplemental Figure S3).

Seminal Plasma Modulates Cytokine Proﬁle in Human
Endometrial Explants
To investigate the mechanism by which seminal plasma exerts
biological effects in endometrial tissue, cytokine production and
mRNA expression were evaluated in response to seminal
plasma exposure. In vitro treatment with 10% seminal plasma
for 24 hours resulted in signiﬁcantly higher concentrations of
macrophage inﬂammatory protein 1b, GM-CSF, IL-1b,
macrophage-derived chemokine, IL-10, and growth-regulated
oncogene (GRO) in conditioned media of tissues treated with
seminal plasma compared with those in seminal plasma alone or
tissue alone (all, P < 0.05 by 1-way analysis of variance)
(Figure 6A), and a seminal plasmaeinduced increase in IL-8
was of borderline signiﬁcance (P Z 0.051) (Supplemental
Figure S4). Levels of macrophage CSF, granulocyte CSF,
IL-1a, IL-6, interferon geinducible protein 10, monocyte
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At the mRNA level, there was a trend toward increased
transcript abundance for each of the cytokines that were
elevated in conditioned media after seminal plasma exposure (Figure 6B). This ﬁnding was most pronounced for IL1b (fold-change, 4.43  1.86). Statistical signiﬁcance was
not reached, partly due to considerable patient-to-patient
variability.

A

B
Discussion
This is the ﬁrst study to demonstrate an association between
contact with seminal plasma and the development of endometriosis in an in vivo model. Direct endometrial exposure to
seminal plasma was associated with consistent and substantial
increases in the volume and weight of resultant endometriosislike lesions. Morphometric analysis of the lesions demonstrated
an increased proportion of tissue immunopositive for HLA-1, a
substantial impact on the persistence of the human endometrial
stromal compartment, and increased endometrial epithelial cell
proliferation. These ﬁndings indicate an increased propensity of
human endometrial tissue to survive and proliferate at an
ectopic site after contact with seminal plasma.
Few macrophages were seen in the large areas of retained
human stroma surrounding the glands in seminal plasmae
exposed lesions. Moreover, differences in total macrophage
density or macrophage activation status were not detected in
xenografts or in human endometrial tissue explants exposed to
seminal plasma in vitro. Thus the endometrial cytokine
response to seminal plasma appears predominantly to directly
support the proliferation of epithelial cells and the survival of
stromal cells of endometrial origin, rather than the induction of
alterations in macrophage activity and function to promote
endometriosis-like lesion development.

C

D

E

Rationale and Study Limitations
Figure 5

Effects of seminal plasma on macrophage abundance and
phenotype in human endometrial explants. Tissues were treated with
seminal plasma or control medium for 24 hours in triplicate and processed
for immunohistochemistry analysis. Representative images of sections
stained for CD68 (A), macrophage mannose receptor (MMR/CD206) (B),
classic chemokine receptor (CCR)-7 (C), and nitric oxide (iNOS) (D). Insets:
Isotype-matched antibody negative controls. E: The percentages of area of
tissue stained for each antigen are quantiﬁed. The boxes represent the
medians and interquartile ranges; whiskers represent minimal and maximal
values (no signiﬁcant differences were found). Data were compared by
U-test. n Z 5. Scale bar Z 50 mm.

chemotactic proteins 1 and 3, regulated on activation normal T
cell expressed and secreted, tumor necrosis factor a, and
vascular endothelal growth factor A were not different between
the treatment groups, although tissue incubated with seminal
plasma produced the numerically highest concentration in each
case (Supplemental Figure S4). IL-4, eotaxin, fractalkine,
IL-1RA, and macrophage inﬂammatory protein 1a were
undetectable in 50% of the explants tested.
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The SCID mouse model of endometriosis used in this study
offers the advantage of in vivo functional assessment of
human endometrial tissues, which is not possible in syngeneic mouse models or in clinical trials in women. Although
macrophage activity and innate immune responses are intact
in SCID mice, humoral T- and B-cell activity is absent, which
is a limitation in its representation of human disease.
Although our ﬁndings suggest that retrograde-shed endometrium exposed to seminal plasma in vivo could have a
higher propensity for proliferation and growth at an ectopic
site in women, additional clinical studies are required for
validation of this theory. There is some epidemiological evidence to support this premise, as endometriosis is more
common in women who report coitus during menses
compared with patients who avoid intercourse at that time.31
Postcoitally, the cervix encounters seminal plasma at moderate to high concentrations; however, the extent to which
seminal plasma contacts the endometrium after intercourse is
difﬁcult to measure in women and remains a point of contention. Uterine insuck of seminal ﬂuid has been proposed as a
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including binding of TGF-b and other active seminal constituents to the postacrosomal region of the sperm head,37 provide
further support for the concept of a physiologically relevant
interaction between endometrium and seminal plasma
constituents.

A

Direct Effect of Seminal Plasma on Endometrial Tissue
Increased proliferation of endometrial epithelial cells was seen
in xenografts derived from endometrial tissue exposed to
seminal plasma. Enhanced proliferation after exposure to
seminal plasma was previously demonstrated in endometrial
epithelial cell cultures and in a xenograft model of endometrial
adenocarcinoma,16e18 consistent with our ﬁndings. Here,
persistence of human donor stromal cells was identiﬁed only in
endometriosis-like lesions exposed to seminal plasma, suggesting that direct exposure induces survival and proliferation
of the both the stromal and the epithelial compartments of
human endometrium. The surrounding murine stromal tissues
did not demonstrate differences in cellular proliferation. This
ﬁnding indicates that seminal plasmaeinduced changes in the
tissue exert a predominantly local effect on human endometrial
cells. Although we did not detect any changes in mouse macrophages or other overt aspects of the host compartment that
would suggest an indirect effect of seminal plasma, we cannot
exclude effects in host immune or other cells.
Fold-change

B

Lack of Host Macrophage, Myoﬁbroblast, and Vascular
Cell Response
CSF2

IL10

CXCL1

CCL22

IL1B

CCL4

Figure 6

Effects of seminal plasma on synthesis of macrophage inﬂammatory protein (MIP)-1b, granulocyte macrophage colony-stimulating factor
(GM-CSF), IL-1b, macrophage-derived chemokine (MDC), IL-10, and growthregulated oncogene (GRO) by human endometrial explants. Tissues were
treated with seminal plasma (SP þ tissue) or control medium (tissue only) for
24 hours in triplicate. Additional control wells contained media with 10%
seminal plasma but no tissue (SP only). Conditioned media were collected for
Luminex multiplex analysis (Luminex Corp., Austin, TX) (A), and tissue was
transferred to RNA later for subsequent total RNA extraction and quantitative
real-time RT-PCR analysis (B). Minimal detectable limits (pg/mL) for cytokine
assays: MIP-1b, 4.5; GM-CSF, 9.5; IL-1b, 0.4; MDC, 3.7; IL-10, 0.3; and GRO,
10.1. Protein data are means  SEM and were compared by 1-way analysis of
variance with least signiﬁcant difference post hoc testing; gene-expression
data were normalized to ACTB (encoding b-actin, as endogenous control
gene) expression and are expressed as means fold-change  SEM relative to
control tissue (no signiﬁcant differences were found). n Z 3 to 4 samples per
group. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0005.

physiological possibility,32e34 and several studies have
demonstrated that technetium-labeled albumin macrospheres
placed at the external os of the cervix reach the tubes within 1
minute as a result of subendometrial and myometrial peristaltic
activity.35,36 Uterine contraction induced by menstruation34 and
coitus may increase vagina-to-uterus transport, thus exposing
intact and shedding endometrium to higher seminal plasma
concentrations and could enhance retrograde ﬂow of endometrial debris into the peritoneal cavity. Other mechanisms,
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Cytokines produced by endometrial tissue in response to seminal plasma are likely to induce recruitment and activation of
immune cells,23,24 which could in turn contribute to the establishment and/or growth of xenografts. However, the numbers of
macrophages and myoﬁbroblasts in endometriosis-like lesions
were not altered by seminal plasma exposure. This ﬁnding was
unexpected, as lower numbers of both cell types were identiﬁed
in association with smaller lesions in the host TGFb1edeﬁcient mouse model of endometriosis,14 and seminal
plasma is an abundant source of TGF-b1 that induces profound
leukocyte recruitment in the female reproductive tract after
coitus.24,38 This difference between the effect of seminal plasma
and TGF-b1 manipulation could relate to the presence of other
bioactive moieties in seminal plasma, including prostaglandin
E or various steroid hormones (eg, estrogen).39,40
In xenografts exposed to seminal plasma, the distribution of
macrophages was altered, with few macrophages (human or
murine) in the abundant human endometrial stromal tissue
surrounding endometrial glandular epithelial cells. We
explored the macrophage activation status in xenografts and in
tissue explants exposed to seminal plasma in vitro. In both
experiments, the M2 macrophage marker MMR was relatively
prevalent, but seminal plasma exposure did not appear to alter
its expression. The M1 markers iNOS and CCR7 demonstrated very low abundance, providing evidence that in
endometrial explants in vitro and in endometriosis-like
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Table 2

Cytokines Induced in Endometrial Tissue in Response to Seminal Plasma

Cytokine

Immune/reproductive function

Effect in endometriosis models

Regulation in endometriosis

GM-CSF

Pro-inflammatory
Postcoital leukocyte recruitment
and activation (esp. DC) (reviewed51e53)
Pro-inflammatory/angiogenic/tumorigenic
Neutrophil chemotaxis58
[ Survival and malignant
transformation (ovarian EC)59
[ Endothelial cell tube formation60
Pro-inflammatory
[ Master Th2 cytokine TSLP (thymic
stromal lymphoprotein) (pHESC)62
Y Apoptosis (pHEEC)
[ Cytokines (eg, GRO, GM-CSF, IL-8,
and IL-1b) (pHESC; mRNA)50
Eosinophil,66 monocyte, DC, NK cell,67 and
activated T-cell68 chemotaxis
Platelet activator69
[ In late secretory phase [endometrial
glandular epithelium (predominantly)
and stromal cells; protein]70
ND in conditioned media of pHESC or pHEEC71
[ In gestation (endometrial
macrophages; mRNA)72
NK cell chemotaxis74
Y In endometritis (endometrium)75
[ During labor (choriodecidua;
mRNA and protein)76
Anti-inflammatory
Y Macrophage activation
(ie, MHC Class II)78
[ Tolerogenic macrophages
(mouse decidua)79

Unknown

4 In peritoneal fluid54,55
4 In peripheral blood56,57

Unknown

[ In peritoneal fluid30,61

[ Angiogenic/pro-inflammatory
factors (ie, VEGF/IL-6) (pHEcSC; mRNA
and protein)43,49
Y Inhibitory mediator of cell cycle
progression (Tob-1) (pHEcSC)43,49
[ Migration/invasion (EcMSC)
Unknown

[63,64 or 465 In peritoneal ﬂuid

Unknown

[ In ovarian and peritoneal
lesions at the mRNA level77

Y TNF-aeinduced inflammatory
pathways in pHEcSC80

[81 or 482 In peritoneal ﬂuid

GRO

IL-1b

MDC

MIP-1b

IL-10

4 In peritoneal fluid73

DC, dendritic cell; EC, epithelial cell; EcMSC, ectopic mesenchymal stem cell; GRO, growth-regulated oncogene; MDC, macrophage-derived chemokine; MHC,
major histocompatibility complex; MIP, macrophage inﬂammatory protein; ND, not detectable; NK, natural killer; pHEcSC, primary human ectopic stromal cell;
pHEEC, primary human endometrial epithelial cell; pHESC, primary human endometrial stromal cell; TNF, tumor necrosis factor; Tob-1, transducer of erbB2.1;
VEGF, vascular endothelial growth factor.

xenografts, the reparative environment associated with alternate M2 macrophage activity prevails. This environment was
previously shown to enhance ectopic endometrial lesion
development in a mouse model.22
We did not detect differences in blood vessel density between
endometriosis-like lesions after seminal plasma exposure. A
previous study attributed the enhanced development of s.c.
HeLa tumor cell xenografts in response to seminal plasma to
increased delivery of nutrients and oxygen via an enhanced
vascular supply.16 Consistent with our result, there was no effect
of seminal plasma on vascular epithelial growth factor production in vitro. The effects of seminal plasma in tumor cells and
endometrial tissue may thus occur via different mechanisms.

Cytokines Induced by Seminal Plasma Are Implicated
in the Proliferative Effect
Several of the cytokines up-regulated by seminal plasma in vitro
promote cell proliferation and/or survival. For example, GROa
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enhances proliferation in epithelial ovarian cancer cell lines,41
whereas IL-1b increases primary human endometrial stromal
cell survival42 and suppresses the expression of the cell cycle
inhibitor transducer of erbB2.1 in ectopic endometriotic stromal
cells.43 Both IL-1b and GM-CSF enhanced the proliferation of
an epithelial gastric cancer cell line,44 although GM-CSF did
not affect primary human endometrial epithelial or stromal cell
proliferation.45 It is possible that there is interaction between
growth factors induced in epithelial cells exposed to seminal
plasma and the survival or proliferation of endometrial stromal
cells, since growth factors secreted by endometrial epithelial
cells are known to act in the stromal compartment.46
The cytokines we identiﬁed as secreted by endometrial explants are predicted to interact with several immune cell types,
particularly of the myeloid lineage, with IL-1b and GRO being
selectively secreted by monocytes and macrophage-derived
chemokine by myeloid cells.47
Increased endometrial explant production of GRO, GMCSF, and IL-1b in response to seminal plasma is consistent
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with our previous ﬁndings in human cervix and ectocervical
epithelial cells.23,24 We found a trend to up-regulation of the
mRNAs encoding these proteins, indicating that increased
transcription is a mechanism of up-regulation likely to have
at least partly contributed to our ﬁndings. Recently, Chen
et al48 examined primary human endometrial stromal and
epithelial endometrial cell responses to 1% seminal plasma
for 6 hours. They found that seminal plasma signiﬁcantly
increased GRO and GM-CSF production in stromal and
epithelial cells but that macrophage inﬂammatory protein 1b
was not affected. Endometrial explants contain immune
cells, in contrast to endometrial and epithelial cell cultures,
and the different secreted cytokine proﬁles are likely to
reﬂect this difference.
Up-regulation of IL-1b in response to seminal plasma is
consistent with ﬁndings in endometrial epithelial cell cultures.17 In a study by Lebovic et al,49 vascular epithelial
growth factor and IL-6 mRNA and protein synthesis were
enhanced by IL-1b in ectopic endometriotic but not eutopic
endometrial stromal cells. IL-1b also induced the expression
of C-X-C motif chemokine ligands 1, 2, and 8 and CSF250;
C-X-C motif chemokine ligand 1 and CSF2 showed trends
toward increased transcript abundance in our study. A feedforward IL-1b up-regulation of its own transcript was also
identiﬁed.50 It is apparent that a complex network of cytokine and chemokine interactions occurs in endometrial tissues in response to seminal plasma that, as we have shown,
is associated with a propensity for ectopic growth. Further
work is required to tease out the relative contribution of the
seminal plasmaeinduced cytokines to this process. The
functions of the up-regulated cytokines and our current
understanding of their roles in endometriosis are summarized in Table 2.
There was no signiﬁcant induction of the major M2
macrophage polarizing cytokines IL-4 or macrophage CSF in
endometrial explants exposed to seminal plasma, although
seminal plasma itself contained signiﬁcant quantities
(approximately 3 ng/mL) of macrophage CSF that may have
inﬂuenced macrophage phenotype. To determine whether
alterations in M1:M2 macrophage activity occurred early after
seminal plasma exposure and were undetectable in day-14
lesions due to resolution of the inﬂammatory process in both
experimental groups, the activation status of macrophages was
examined in endometrial tissues after exposure to seminal
plasma for 24 hours in vitro. Again, the M2 macrophage
phenotype predominated in both groups, and there was no
evidence that seminal plasma altered the activation status of
macrophages. Therefore, this did not appear to have been the
mechanism for the endometriosis-like lesion enhancement in
response to seminal plasma exposure.

implantation and pregnancy outcomes. The current data
provide proof of principle that seminal plasma can effect
pathophysiological alterations in endometrial cells and tissues that, in the context of endometrial shedding during
menses, may facilitate endometriotic lesion survival and
development. The potential bioactive factor(s) in seminal
plasma responsible for this effect include TGF-b1, prostaglandin E, and estradiol,39,40 but this remains to be determined. Women with pre-existing endometriosis may be
particularly susceptible, as endometrial epithelial and stromal cells from women with endometriosis had an enhanced
proliferative response to seminal plasma compared with that
in cells from endometriosis-free women in vitro.18 It will be
important to determine whether physiological routes of
seminal plasma exposure do indeed confer an increased risk
for endometriosis or contribute to its development in
women. If so, modiﬁcations to sexual activity may reduce
this risk and potentially lower the prevalence and severity of
this disease.
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