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Abstract
IL-11 signaling is critical for decidualization of the endometrial stroma in early pregnancy in the
mouse. In this study, we investigate the function of IL-11 signaling in cAMP-induced
decidualization of human endometrial stromal cells. We show that treatment of endometrial
stromal cells with 8-bromo-cAMP (8-Br-cAMP) results in an increase in the levels of secreted
IL-11, whereas levels of cell surface IL-11 receptor α are similar with or without 8-Br-cAMP
treatment. The production of IL-11 correlates with the production of molecular markers of
decidualization, prolactin and IGF-binding protein-1. The expression of these markers is inhibited
when IL-11 signaling is specifically blocked in decidualizing endometrial stromal cells by the
IL-11 antagonist W147A. We demonstrate that 8-Br-cAMP-induced endometrial stromal cells
derived from patients with primary infertility produce lower levels of prolactin, IGF-binding
protein-1, and IL-11 than cells derived from fertile women. Our results suggest that IL-11
expression is critically important during decidualization in the human endometrium, and that
aberrant regulation of endometrial IL-11 production may be associated with some types of
infertility.

THE FAILURE OF the embryo to implant into the endometrium is a major cause of
infertility. After the initial stages of implantation in which the embryo attaches to and
penetrates the luminal epithelium, the trophoblast invades the endometrial stroma, which
then undergoes extensive differentiation to form the decidua. The process of decidualization
is essential for a successful pregnancy and is likely to be regulated by locally acting soluble,
and extracellular matrix-incorporated, signaling molecules. The morphological
differentiation of endometrial stromal cells from elongated spindle-shaped fibroblasts into
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larger polygonal decidual cells is associated with the expression of a variety of specific
secreted molecules, including prolactin and IGF-binding protein-1 (IGFBP-1) (1, 2).

Endometrial stromal cells can differentiate in vitro into decidual cells in response to
exogenous factors such as estrogen (E) and progesterone (P) and to analogs of cAMP,
exhibiting morphological and biochemical changes similar to those observed in vivo (3-6).
In addition, molecules such as relaxin (5), activin A (7), prostaglandin E2 (8), epidermal
growth factor (9), and CRH (10) that are expressed in the human endometrium in vivo have
been shown to facilitate the process of endometrial stromal cell decidualization in vitro.
However, the molecular mechanisms of decidualization and the signaling cascades that drive
it remain to be fully elucidated.

Evidence from knockout and transgenic mouse experiments suggests that IL-11 signaling
via its interaction with the IL-11 receptor α-subunit (IL-11Rα) is an essential component of
the decidualization process in the mouse (11, 12). Female mice lacking the IL-11Rα gene
are infertile due to a defective uterine response to the implanting blastocyst, which is
characterized by severely limited stromal differentiation, followed by uncontrolled
trophoblast invasion and embryo resorption.

IL-11 is a soluble cytokine that has pleiotropic functions in a variety of tissues and cells
(reviewed in Ref. 13). It belongs to the glycoprotein 130 (gp130) family of cytokines that
activate a common transmembrane signaling receptor, gp130. A functional high-affinity
IL-11 signaling receptor is formed in a complex of two gp130 signaling subunits, two ligand
molecules, and two ligand-binding IL-11Rα (14).

In the human endometrium, IL-11 and IL-11Rα mRNA and protein are coexpressed
throughout the menstrual cycle (15-18). Levels of IL-11 have been reported to be elevated in
predecidual cells of late secretory endometrium (16, 18) and in first-trimester decidua and
chorionic villi in humans and primates (19, 20). There is also evidence that IL-11 advances
the process of in vitro P-induced decidualization of human endometrial stromal cells (21).
The mechanisms of regulation of IL-11 expression in the decidualizing endometrium are not
known, although the expression of IL-11 by nondecidualized endometrial stromal cells in
vitro has been shown to be modulated by a number of factors (15, 18).

More recently, microarray analyses have revealed that IL-11 mRNA is strongly up-regulated
in endometrial stromal cells induced to decidualize in vitro with cAMP (22). In this study,
we examine the production and function of IL-11 in decidualized human endometrial
stromal cells in vitro in response to 8-bromo-cAMP (8-Br-cAMP). We also investigate the
capacity of endometrial stromal cells derived from fertile patients and patients with primary
infertility to produce IL-11.

Materials and Methods
Tissue collection and in vitro culture of human endometrial stromal cells

Endometrial tissues were obtained with informed consent from patients undergoing
sterilization, hysterectomy for benign conditions, or laparoscopy for infertility investigation
(primary infertility) in accordance with the requirements of the Oxfordshire clinical research
ethics committee. Patients had regular menstrual cycles of 26–30 d and had not used
hormonal medication for the 3 months before surgery. Fertile patients were women with
normal endometrium and proven fertility, and represented the control group of patients
(mean age, 33.7 yr). Samples were obtained from both proliferative (n = 2) and secretory (n
= 4) stage endometrium. The infertile patient group (n = 10; mean age, 31.8 yr) was
comprised of women who had been diagnosed with primary, unexplained infertility for more
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than 2 yr and excluded those patients who were infertile due to tubal ligation or male factor
infertility. Five of these patients had evidence of endometriosis. Samples were obtained
from proliferative (n = 5) and secretory (n = 5) stage endometrium. The tissue was staged
according to the last menstrual period and standard histological criteria (23).

Endometrial stromal cells were prepared according to a protocol described previously (24).
Cells were used between passages 2 and 5 and were at least 84% and 92% positive for Thy-1
and vimentin, respectively. Cells were maintained in DMEM (Invitrogen Life Technologies,
Paisley, UK) supplemented with 10% fetal calf serum, 100 IU/ml penicillin, and 100 μg/ml
streptomycin at 37 C in 5% CO2 and passaged when confluent.

In vitro decidualization of human endometrial stromal cells
Endometrial stromal cell lines (n = 3) from the control group of patients were plated at 1 ×
105 cells/well in duplicate into four-well tissue culture plates in DMEM supplemented with
100 IU/ml penicillin, 100 μg/ml streptomycin, and 10% charcoal-stripped fetal calf serum
(Sigma-Aldrich Corp., Poole, UK) and incubated until confluent. Decidualization was
induced by incubating the cells in phenol red-free DMEM/Ham's F-12 (Invitrogen Life
Technologies) supplemented with 100 IU/ml penicillin, 100 μg/ml streptomycin, and 0.5 mM

8-Br-cAMP (Sigma-Aldrich Corp.) with or without 250 ng/ml or 1 μg/ml of the specific
IL-11 antagonist W147A (25) for 16 d. The culture media were changed every 3 d. The
culture supernatants were collected, centrifuged, and stored at −20 C. The cells were lysed
with 0.05 M sodium hydroxide, and total protein concentrations were measured using the
Coomassie Plus assay (Pierce Ltd., Tattenhall, UK). Decidualization of endometrial stromal
cells from fertile women (n = 6) and patients with primary infertility (n = 10) was induced as
described above. Cells were used at passages 2 (n = 3 fertile; n = 7 infertile), 3 (n = 1 fertile;
n = 2 infertile), or 5 (n = 2 fertile; n = 1 infertile). Levels of secreted prolactin, IGFBP-1,
and IL-11 were measured in culture supernatants as described below. Phase contrast
microscopy was used to observe morphological changes associated with decidualization.

Cell viability assay
Cells were plated in 96-well plates and allowed to reach confluence. Decidualization was
induced as described above with various concentrations of W147A in replicates of six. The
medium was changed every 3 d, and cell viability was assessed on d 14 using the WST-1
colorimetric assay (Roche, Lewes, UK) according to the manufacturer's instructions.

Measurement of prolactin, IGFBP-1, and IL-11
Culture supernatants were analyzed for prolactin, IGFBP-1, and IL-11 using the Immulite
Prolactin Kit (Diagnostic Products Corp., Llanberis, UK) or Duoset ELISAs with anti-
IGFBP-1 or anti-IL-11 antibodies (R&D Systems, Abingdon, UK), respectively, according
to the manufacturer's instructions. The concentrations were normalized to the amount of
total protein in each well. The minimum detection limits for prolactin, IGFBP-1, and IL-11
were 0.5 ng/ml, 60 pg/ml, and 16 pg/ml, respectively.

Quantitation of IL-11Rα by flow cytometry
Endometrial stromal cell lines from control (n = 8) and infertile (n = 6) women were
cultured in the presence of 8-Br-cAMP in DMEM/Ham's F-12 in 75-ml tissue culture flasks
as described above for 6 d. Cells were then detached by incubation with 0.25% trypsin/1 mM

EDTA (Sigma-Aldrich Corp.), centrifuged, and fixed in 3% paraformaldehyde in PBS for 30
min at room temperature. Nonspecific antibody-binding sites were blocked by incubation in
10% normal human serum and 2% goat serum in PBS for 20 min at 4 C, washed three times
in PBS, and incubated in 10 μg/ml rabbit anti-IL-11Rα (N-20, Santa Cruz Biotechnology,
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Inc., Santa Cruz, CA), or 10 μg/ml rabbit IgG (DakoCytomation, Ely, UK) in blocking
buffer for the controls. Cells were washed three times in PBS and incubated in 25 μg/ml
fluorescein isothiocyanate-conjugated anti-rabbit IgG (DakoCytomation). All incubations
were performed for 1 h at 4 C. Cells were resuspended in PBS and analyzed using a Coulter
EPICS Altra flow cytometer that was precalibrated before each experiment with Flow Set
Beads (Beckman Coulter, Inc., Fullerton, CA). Fluorescein isothiocyanate fluorescence was
detected at 525 nm. The x-mean brightness of each cell sample analyzed represents the
levels of IL-11Rα in that sample.

Statistical analyses
The data were analyzed with one-way ANOVA, followed by post hoc Dunnett's multiple
comparison test for multiple groups using PRISM version 3 software (GraphPad, Inc., San
Diego, CA). Differences were considered significant when P ≤ 0.05. The direction and
magnitude of correlation were quantified by the correlation coefficient (r) or the coefficient
of determination (r2), which is a relative measure of the goodness of fit of the observed data
points to the regression line (ranging from 0–1, where 1 is the measure of best fit).

Results
cAMP induces IL-11 secretion in decidualized human endometrial stromal cells

Human endometrial stromal cells were induced to decidualize in response to 0.5 mM 8-Br-
cAMP, and the levels of decidualization markers produced by cells were similar at different
passages. The 8-Br-cAMP-treated stromal cells displayed typical morphological changes
associated with decidualization, from elongated fibroblasts to polygonal, plump cells
(compare Fig. 1, A and C). Cells from patients with primary infertility also underwent a
morphological change similar to that observed in the control group (Fig. 1B). Prolactin and
IGFBP-1 exhibited characteristic and reproducible profiles of expression during
decidualization (Fig. 2A). After stimulation with 8-Br-cAMP, the levels of both markers
rapidly increased, reaching a peak of IGFBP-1 on d 3 (1367.55 ± 279.12 ng/100 μg protein)
and a peak of prolactin on d 6 (28.07 ± 10.74 ng/100 μg protein). Levels of both molecules
decreased on d 9 and reached a second peak on d 12 (23.4 ± 4.33 ng prolactin/100 μg
protein and 758.38 ± 294.15 ng IGFBP-1/100 μg protein). The levels of IL-11 secreted into
culture supernatants by decidualized (8-Br-cAMP-treated) and nondecidualized (medium
only) cells were measured by ELISA. After stimulation with 8-Br-cAMP, the levels of IL-11
increased throughout the culture period (Fig. 2A). The 8-Br-cAMP-treated stromal cells
secreted significantly elevated levels of IL-11 (4.82 ± 2.17 pg/μg protein on d 0; 547 ± 114
pg/μg protein on d 3; 778 ± 49 pg/μg protein on d 16) compared with nondecidualized
control cells (2.3 ± 1.5 pg/μg protein on d 3; 6.8 ± 5.3 pg/μg protein on d 16).

The concentrations of IL-11 in the culture supernatants were plotted against the
concentrations of corresponding prolactin and IGFBP-1 and revealed a good degree of
correlation between the secretion of IL-11 and prolactin (Fig. 2B; r = 0.87; r2 = 0.76; P <
0.0001) and, to a lesser extent, IGFBP-1 (Fig. 2C; r = 0.69; r2 = 0.48; P < 0.0001).

IL-11Rα expression is similar in decidualized and nondecidualized endometrial stromal
cells

The production of IL-11Rα in 8-Br-cAMP-treated decidualized endometrial stromal cells
was analyzed by flow cytometry. Decidualization was assessed morphologically and by
measurement of secreted prolactin as described above. The brightness of fluorescence (x-
mean) of cAMP-treated cells was higher than that of untreated endometrial stromal cells
from some individuals, but overall the difference was not statistically significant (Fig. 3).
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Levels of IL-11Rα were similar in cells derived from the fertile control group and patients
with primary infertility.

W147A inhibits secretion of prolactin and IGFBP-1 by cAMP-treated human endometrial
stromal cells

We have recently demonstrated that a high-affinity IL-11 antagonist, W147A, competitively
disrupts the formation of multimeric receptor complexes, blocking IL-11 signaling via signal
transducer and activator of transcription-3 phosphor-ylation in cultured human endometrial
cells (25). The function of IL-11 produced by decidualizing human endometrial stromal cells
in vitro was investigated by coincubating the cells with 8-Br-cAMP and increasing
concentrations of W147A.

Levels of prolactin and IGFBP-1 in culture supernatants of 8-Br-cAMP-treated cells were
lower in the presence of W147A from d 3 onward (Fig. 4, A and B). Addition of W147A led
to an approximately 3- to 4-fold reduction of prolactin and an approximately 4- to 5-fold
reduction of IGFBP-1 to nearly background levels on d 16 (Fig. 4C), at which point levels of
IGFBP-1 were also reduced 4- to 5-fold (Fig. 4C). Addition of W147A to 8-Br-cAMP-
treated endometrial stromal cells did not affect cell viability relative to the control (Fig. 4D).

Levels of prolactin, IGFBP-1, and IL-11 are decreased in decidualizing cells from women
with primary infertility

Decidualization of endometrial stromal cells from the normal patients and those with
primary infertility was initially assessed by morphological changes. The morphologies of the
cAMP-treated cells were similar for both infertile and normal groups and were typical of
decidual cells (Fig. 1, A and B). However, we found major differences in the production of
IL-11 and decidualization markers in the two groups (Fig. 5). Culture supernatants of
endometrial stromal cells derived from the infertile group contained significantly lower
levels of prolactin, IGFBP-1, and IL-11 (e.g. d 6: 6.7 ± 2.0 ng/100 μg, 350.0 ± 151.5 ng/100
μg, and 82.65 ± 21.3 pg/μg, respectively) than those from cells derived from the fertile
group (e.g. d 6: 22.9 ± 5.4 ng/100 μg, 807.3 ± 130.1 ng/100 μg, and 464 ± 115.9 pg/μg,
respectively) in the presence of 8-Br-cAMP.

Discussion
Decidualization of endometrial stroma during implantation of the human embryo is likely to
involve complex, regulated interaction of signaling pathways. The importance of IL-11
signaling in decidualization during embryo implantation in the mouse has been established
in IL-11Rα gene knockout experiments (11, 12). In this study we have investigated the
function of IL-11 signaling in 8-Br-cAMP-induced decidualization of human endometrial
stromal cells. We show that 1) IL-11 is produced by 8-Br-cAMP-induced human
endometrial stromal cells; 2) specific blocking of IL-11Rα activation by the endogenous
IL-11 inhibits decidualization; and 3) IL-11 production and decidualization capacity are
considerably reduced in endometrial stromal cells from patients with primary infertility.

We have directly demonstrated that IL-11 is produced by 8-Br-cAMP-induced endometrial
stromal cells and has an important function in decidualization. The levels of IL-11 we detect
in these cells are higher than those in E plus P-induced decidualized cells, in which levels of
secreted IL-11 are similar to those in untreated cells (21). This discrepancy suggests that
induction of IL-11 and decidualization are mediated by factors in addition to E and P.
Indeed, IL-11 production by cells can be up-regulated by analogs of cAMP or cAMP
inducers, such as forskolin, via an activating protein-1 transcription site in the IL-11
promoter, as demonstrated for breast carcinoma cells (26) and osteoblasts (27, 28). We also
note that the decidual response to 8-Br-cAMP is rapid, occurring within a few days, as
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shown here and reported by others (29), whereas the response to E plus P, in the absence of
many other factors that may be relevant physiologically, is much slower (30).

Our data demonstrate that the IL-11 antagonist W147A reduces decidualization of
endometrial stromal cells. However, even at the highest concentration of W147A used in our
study (1 μg/ml), which was previously shown to block IL-11-induced phosphorylation of
signal transducer and activator of transcription-3 in endometrial stromal cells (25), the
secretion of neither marker was completely abolished. These data suggest an important
autocrine/juxtacrine function for IL-11 signaling in the process of 8-Br-cAMP-induced
decidualization and point to additional factors that participate in and facilitate the
decidualization process.

Other molecules have been shown to have a function in decidualization in vitro (5, 7-10,
31). Indeed, recent microarray profiling data from cAMP-induced endometrial stromal cells
predict that there are a large number of cAMP-modulated factors that participate in
decidualization, including molecules involved in cytokine and hormone signaling, cell cycle
regulation, and extracellular matrix remodeling (22), and these may, in turn, regulate IL-11
production and decidualization. Such molecules may include TGFβ and TNFα, which are
increased early in 8-Br-cAMP-induced decidualization of human endometrial stromal cells
(22, 32) and are potent stimulators of IL-11 production in nondecidualized endometrial
stromal and epithelial cells (18). In addition, and similar to the scenario with IL-11,
expression of activin A by stromal cells is increased during 8-Br-cAMP-induced
decidualization, and its specific inhibition, in turn, inhibits the production of decidualizing
markers in this system (31). Decidualization is thus a finely tuned, complex process that is
likely to occur as a result of a cascade of signaling events, in which IL-11-receptor
interactions have a regulatory function.

Our results indicate that modulation of IL-11, rather than its receptor, is critical in the
decidualization process, because the levels of IL-11-Rα are similar in nondecidualized and
decidualized stromal cells. Similar conclusions can be drawn from in vivo studies in mice,
which suggest that although IL-11 levels are maximal at the time of stromal differentiation,
the levels of IL-11Rα remain constant throughout the cycle (11). Furthermore, IL-11
expression is reduced in gestational tissues in human anembryonic, compared with normal,
pregnancy, whereas IL-11Rα levels are the same (19).

One of the major findings of our study is that the decidualization capacity of endometrial
stromal cells isolated from patients with primary infertility is reduced compared with that of
cells derived from the normal group. Although the morphological changes of decidualization
are similar in cells from both groups, cells derived from infertility patients secrete markedly
reduced levels of prolactin, IGFBP-1, and IL-11 compared with cells derived from fertile
women during 8-Br-cAMP-mediated decidualization. Furthermore, similar expression of
IL-11Rα in decidualized stromal cells from infertile and fertile patients is observed,
reinforcing the idea that modulation of IL-11 expression, and not its receptor, is important in
controlling the process of decidualization in humans.

In conclusion, the data presented here demonstrate that IL-11 has an important function in in
vitro decidualization of human endometrial stromal cells and provide additional evidence
that in humans, as in mice, IL-11 is crucial for correct decidualization. We show that
decidualization of endometrial stromal cells derived from women with primary infertility is
defective, and that the production of IL-11 is compromised in these cells. This raises the
possibility that defects in endometrial IL-11 signaling may be associated with some types of
infertility, and if so, this marks it as a potential target for future therapeutic strategies in the
treatment of infertility.
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E estrogen

gp130 glycoprotein 130
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P progesterone
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Fig. 1.
Morphology of 8-Br-cAMP-treated human endometrial stromal cells from fertile and
primary infertility patients. Confluent cells from the fertile control group (A) and primary
infertility patients (B) were treated with 8-Br-cAMP and similarly displayed typical decidual
morphology of large polygonal cells. Untreated cells (C) retained a fibroblast-like, spindle-
shaped appearance. Photographs are representative of several experiments and were taken
on d 4 of the treatment (magnification, ×40).
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Fig. 2.
Production of prolactin, IGFBP-1, and IL-11 by human endometrial stromal cells during 8-
Br-cAMP-induced decidualization. A, Culture supernatants from stromal cells (n = 3)
treated with 0.5 mM 8-Br-cAMP for 16 d were collected and assayed for prolactin ([unk]),
IGFBP-1 (▼), and IL-11 (■; dotted line). The concentrations were normalized to the
amount of total protein in each well. Data are expressed as the mean ± SEM. B, IL-11
concentrations in supernatants plotted against corresponding concentrations of prolactin (r2

= 0.76; P < 0.0001). C, IL-11 concentrations plotted against corresponding concentrations of
IGFBP-1 (r2 = 0.48; P < 0.0001).
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Fig. 3.
Levels of IL-11Rα are similar in decidualizing cultures of human endometrial stromal cells
from fertile and infertile patients. Measurement of IL-11Rα on endometrial stromal cells
derived from the fertile control group (n = 8) and primary infertility (n = 6) patients treated
with 0.5 mM 8-Br-cAMP for 6 d by flow cytometry. Data are expressed as the mean channel
brightness. There was no significant difference between the expression of IL-11Rα in the
control and infertile patient groups and under different culture conditions. Data are
expressed individually, and the mean is represented by the horizontal line.
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Fig. 4.
W147A inhibits prolactin and IGFBP-1 production by decidualizing human endometrial
stromal cells. Levels of prolactin (A) and IGFBP-1 (B) in supernatants from confluent
stromal cells (n = 3) treated for 16 d without (□) or with (■) 0.5 mM 8-Br-c AMP, or 8-Br-
cAMP with increasing concentrations of W147A ([unk], 250 ng/ml; [unk], 1 μg/ml). Data
are expressed as the mean ± SEM. C, Inhibition of cAMP-induced secretion of prolactin (■)
and IGFBP-1 ([unk]) in the presence of 1 μg/ml W147A, expressed as a percentage of the
cAMP-treated control. Prolactin and IGFBP-1 levels are significantly lower in the presence
of W147A (P < 0.05 on d 3–16). D, Cell viability in the presence of 8-Br-cAMP and
W147A assessed using the WST-1 colorimetric assay and expressed as the mean OD450nm ±
SEM. PRL, Prolactin.
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Fig. 5.
Prolactin, IGFBP-1, and IL-11 production by decidualizing endometrial stromal cells from
fertile and infertile women. Levels of prolactin (A), IGFBP-1 (B), and IL-11 (C) in culture
supernatants from confluent stromal cells isolated from fertile (■; n = 6) and primary
infertility (▲;n = 10) patients treated with 8-Br-cAMP for 16 d. Data are expressed as the
mean ± SEM. P < 0.05 for fertile vs. primary infertility groups at each time point. PRL,
Prolactin.
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