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Abstract
Objective To establish a model of human implantation that responds to hormonal stimuli and can differentiate between endo-
metrium from fertile women and those with idiopathic infertility.
Design A trophoblast stem cell (trophectodermal) line (TSC; derived from human pre-implantation embryo) was used to form
trophectodermal spheroids (TS). TS attachment to monolayers of endometrial epithelial cell lines or primary endometrial
epithelial cells (pHEECs) was determined.
Setting Independent Medical Research Institute with close clinical linkages
Interventions Spheroid attachment and outgrowth was determined with added hormones (estradiol 17β (E), E +
medroxyprogesterone acetate (MPA) or E + MPA + human chorionic gonadotropin (hCG)). Spheroid attachment to E/MPA
treated pHEEC prepared from fertile women or those with idiopathic infertility tested.
Main outcomemeasure Firmly attached spheroids counted after co-culture for 6 h. Outgrowth was determined by quantitation of
area covered by spheroid after firm adhesion.
Results Functional adhesion of TS to two endometrial epithelial cell lines, Ishikawa and ECC-1 cells, was hormonally respon-
sive, with adhesion/outgrowth increased by E/MPA (ECC-1; p < 0.01, Ishikawa; p < 0.01) and E/MPA/hCG (ECC-1; p < 0.001,
Ishikawa p < 0.01) versus E alone. The same pattern of hormone responsiveness was observed in pHEEC obtained from fertile
women (E vs, E/MPA; p < 0.01, E vs. E/MPA/hCG; p < 0.001). TS adhered to 85% of pHEEC obtained from fertile women (11/
13) and 11% of pHEEC obtained from women with unexplained infertility (2/18, p < 0.001).
Conclusion This new model of “embryo” implantation largely discriminates between endometrial epithelial cells obtained from
fertile vs. infertile women based on adhesion; this holds potential as an in vitro “diagnostic” tool of endometrial infertility.
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Introduction

The molecular pathways and events underlying the first stages
of human life are gradually being elucidated. In vitro fertiliza-
tion (IVF) has provided an elegant system to examine and
understand critical interactions between oocyte and sperm at

the time of conception. We can also study and manipulate the
initial developmental stages after fertilization using excess hu-
man embryos [1]. However, the subsequent earliest stages of
pregnancy, embryo attachment to, and implantation into the
endometrium remain enigmatic. In IVF cycles, the time imme-
diately before and after the embryo is placed into the uterine
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cavity has been termed the “black box” of reproduction [2]. It is
estimated that inadequate endometrial receptivity or failure of
the endometrium and the embryo to interact appropriately un-
derlies ~ 40% of implantation failures of euploid embryos [3].
The dynamic molecular changes underpinning the initial adhe-
sion and attachment stage, during which the blastocyst makes
first contact with the endometrial epithelium to initiate the im-
plantation cascade, remain largely unknown in humans, due to
a lack of effective and accurate models.

In vitro models utilizing cell lines, derived from choriocar-
cinomas, have facilitated studies of maternal-fetal interactions
[4–6] with the cells induced to form spheroids mimicking the
blastocyst. However, these cancer cells represent the highly
invasive cells of the later stages of placentation and choriocar-
cinoma and are thus unlikely to closely represent the
trophectoderm layer of the blastocyst at implantation.

In vitro models, utilizing both cryopreserved human em-
bryos and primary human endometrial cells in 3-dimensional
or monolayer culture, are highly relevant for implantation
studies [7–10], but there is uncertainty regarding the quality
of the available thawed embryos (generally scored only on
morphology), which remain after the best are selected for
transfer. Further, embryos available for research are scarce,
and the reason they do not consistently attach to hormonally
primed endometrial epithelial cells obtained from fertile wom-
en is unknown [7–10]. Models examining human embryo
attachment to plastic have also been used to mimic the “im-
plantation stage” [11, 12]. Unfortunately, this is not physio-
logical; indeed, the embryo adheres readily to tissues outside
the uterus (eye, kidney, spleen, testis) [13–15], reinforced by
the high incidence of pregnancies in ectopic sites (1–2% of all
pregnancies) [16]. However, embryos will not implant into
non-receptive endometrium [17]. This highlights the specific-
ity of receptive endometrium–embryo interactions; thus, this
process must be studied within the context of endometrial
cells from the same species.

Mouse models of implantation (particularly mice with ge-
netic modifications) have also been widely studied, but sub-
stantial species differences exist versus women [18]. These
include different modes of endometrial preparation (particu-
larly decidualization), different mechanisms of interaction be-
tween blastocyst and luminal epithelium [19], and different
modes of placental development [20]. Many findings in ge-
netically modified mice have not translated to the human. For
example, the leukemia inhibitory factor (LIF) knockout
mouse is infertile due to an endometrial defect [21], but this
has not held up in women [22, 23], and an RCT of recombi-
nant human LIF, administered to infertile women subcutane-
ously for 7 days starting on the day of embryo transfer, dem-
onstrated reduced clinical pregnancy rates [24]. Thus, to un-
derstand and monitor human specific events, an appropriate
human model for the very early stages of implantation is ur-
gently needed.

A novel trophoblastic spheroid model was recently report-
ed: a human embryonic stem cell line (Val3) was differentiated
into trophoblastic cells, under a complex regime of applied
factors [25]. The resultant cells formed spheroids following
transfer to low attachment plates: most demonstrated a
blastocoel-like cavity. These spheroids differentially adhered
to human endometrial epithelial cells (Ishikawa cell line or
primary cells) with dependence on time in culture and the
epithelial cells used. Separately, mouse embryonic stem (ES)
cells “coated” with mouse trophoblast stem cells formed a
“blastoid” appearing to mimic a blastocyst [26]. Elaboration
of the full trophectoderm-like function of these blastoids and
their appropriate implantation into the mouse uterus appeared
to require ES cells within the structure. However, the rele-
vance of these findings to the human is unknown.

These elegant studies are severely limited by the need to
differentiate embryonic stem cell lines, generation of spher-
oids of different sizes, and differential adhesion depending on
duration of spheroid formation. We therefore aimed to devel-
op a highly reproducible human-specific model of “embryo”
adhesion, which could be manipulated to increase or inhibit
embryo adhesion and utilized to differentiate between poten-
tially receptive and potentially non-receptive endometrium in
women embarking upon assisted reproduction. To achieve
these aims, we used a human trophoblast stem cell line [27]
developed from individual blastomeres of donated human em-
bryos. These have characteristics of trophectodermal cells
(TEAD4, CDX2, geminin, HMGA2, LIFR, GDF15, and
LGR5 expressions) and can be manipulated to differentiate
towards a syncytiotrophoblast or cytotrophoblast fate.
Similar models have proven useful for understanding early
implantation events [28]; thus, the model developed herein
is likely to be physiologically meaningful.

Subject details and methods

Ethics and tissue collection

Ethical approval for tissue collections was provided by the
Institutional Ethics Committees at Monash Health and
Monash Surgical Private Hospital. Written informed consent
was obtained from all subjects prior to tissue collection.

Endometrial tissue collection and patient details

Endometrial biopsies for culture were collected by curettage
from normally cycling women (28–32-day cycles) during the
late proliferative phase of the cycle (days 10–15). Inclusion
criteria includes the following: under 40 years of age, no ste-
roid hormone therapy/contraception in preceding 6 months,
and not breastfeeding. Some women were fertile (> 1 parous
pregnancy; n = 13) while others were experiencing
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unexplained infertility (primary or secondary (inability to con-
ceive after previous successful pregnancy), n = 18). Women
included in the infertile group had not conceived after > 1 year
of unprotected sex. All women were menstruating regularly
(28–32-day cycle) and were determined to have normal ovar-
ian appearance and follicular development. The presence of
endometrial polyps was the only potential abnormality noted;
however, these were also present in women within the “fer-
tile” group. As these tissues are collected via altruistic dona-
tion from women consented immediately before entry to op-
erating theatre through a private hospital, only limited patient
background data is available (Table 1).

Epithelial cell isolation from human endometrial
tissue

Performed per previous protocols [29]. In brief, within 16 h of
collection, endometrial tissues were washed in phosphate-
buffered saline (PBS), finely chopped and incubated with
1200U collagenase type III and 100 mg/ml DNAse in 2 ml
of phosphate-buffered saline (PBS) for 45 min at 37 °C with
shaking at 130 rpm. Digestion was terminated by addition of 4
volumes of DMEM/F12 containing 1% v/v penicillin/strepto-
mycin (p/s). Digested tissue was passed through a 45-μm filter
and retained epithelial fragments washed off, centrifuged, re-
suspended in DMEM/F12 containing 10% v/v fetal bovine
serum (FBS, Gibco, Invitrogen) and 1% p/s, and seeded into
24-well plates (2 cm2 surface area). Epithelial fragments were
allowed to attach for 48 h before thorough washing with PBS

to remove stromal and other cells. Endometrial epithelial cell
preparations were visually assessed for contamination with
endometrial stromal fibroblasts and only those with ≥ 95%
epithelial cells used for experimental purposes. Primary hu-
man endometrial epithelial cells (pHEECs) were not passaged
and were used at p0 (i.e., at first seeding after isolation) as, in
our experience, this reduces the likelihood of stromal cell con-
tamination of the cultures. pHEECs at p0 were used for ex-
perimental purposes within 1 week of isolation. An example
of morphologically pure epithelial preparation with character-
istic “rounded” morphology, and no contaminating stromal
fibroblasts is provided in Fig. 1a. This is the typical appear-
ance of epithelial cultures used in the current study.

Cell culture

The aim of the method development for the trophectoderm
spheroid (TS) co-culture model was to identify an endometrial
epithelial cell line which (i) facilitated adhesion in a time-span
approximating that proposed to occur in vivo in the human (6–
24 h) displaying gradually increasing adhesion during this
time and (ii) robust response to steroid (estrogen and proges-
terone) and pregnancy (human chorionic gonadotropin; hCG)
hormone stimulation in terms of facilitating TS adhesion.
Thus, 4 commonly used endometrial epithelial cell lines were
tested for their ability to support TS adhesion.

ECC-1 endometrial epithelial cells (ATCC) are an endome-
trial cancer cell line with characteristics of the endometrial
luminal epithelial layer. They were obtained from the ATCC
with validity routinely validated in our laboratory via Short
Tandem Repeat (STR) DNA profiling of human cell lines per
ATCC guidelines. They were maintained in a 1:1 mix of
DMEM:F12 Glutamax (Gibco, Invitrogen) supplemented
with 1% p/s/10% v/v FBS.

Ishikawa endometrial epithelial cells were a kind gift of
Prof Masato Nishida, National Hospital Organization,
Kasumigaura Medical Center, Japan. Ishikawa cells were rou-
tinely maintained in phenol red free DMEM supplemented
with 1% p/s/1% L-glutamine/10% v/v FBS. HEC-1A endo-
metrial epithelial cells (ATCC) were routinely maintained in
McCoy’s 5a modified medium supplemented with 1% p/s/
10% FBS. RL95-2 endometrial epithelial cells (ATCC) were
routinely maintained in a 1:1 mix of DMEM/F12 Glutamax
supplemented with 1% p/s/10% v/v FBS.

All cell lines above were seeded into 24-well plates and
used for experimental purposes as described below.

TSC (trophectodermal) cells are human trophoblast stem
cells (kind gift of Prof Susan Fisher, UCSF) [27]. They were
routinely maintained in a 1:1 mix of DMEM:F12 Glutamax
(Gibco, Invitrogen) supplemented with 1% v/v p/s, 10% v/v
FBS with addition of 10 ng/ml basic fibroblast growth factor
(bFGF, 233-FB-025, R&D systems), and 10 μM SB431542
(#1614, Tocris Bioscience) (referred to as trophectoderm

Table 1 Characteristics of infertile women

Participant BMI Infertility Endometrial
findings

Spheroid
adhesion

P1 21.5 Primary Normal No

P2 25.5 Primary Normal No

P3 19.6 Primary Polyps No

P4 34 Secondary Polyp Yes

P5 33 Secondary Normal No

P6 27 Primary Normal No

P7 23.7 Primary Polyp No

P8 24.3 Primary Normal Yes

P9 21 Primary Normal No

P10 36 Primary Normal No

P11 22.7 Primary Normal No

P12 33 Primary Normal No

P13 19.4 Primary Normal No

P14 20.8 Primary Normal No

P15 24.6 Secondary Normal No

P16 30.9 Primary Normal No

P17 22.3 Secondary Normal No

P18 21.4 Primary Polyp No
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medium throughout). Cells were grown on flasks coated with
0.5% gelatin (G1393, Sigma-Aldrich).

Spheroid formation and model development

Manufacture of methylcellulose

Methylcellulose (4000 centipoises, Sigma-Aldrich) at 1.5%
(w/v) was dissolved in DMEM medium by stirring at room

temperature for 90 min followed by stirring overnight at 4 °C
and subsequent centrifugation for 90 min at 3500 rpm to re-
move insoluble methylcellulose.

Formation of trophectodermal spheroids (illustrated, Fig.
1b, c)

Initial optimization studies found that 2500 trophectoderm
cells formed a compact spheroid of approximately the same
size as a human blastocyst (0.1–0.2 mm); 1000–4000 cells per
spheroid were initially tested (data not shown). A total of 2500
trophectoderm cells in 150 μl of 20% methylcellulose/80%
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Fig. 1 Trophectoderm spheroid manufacture, co-culture model develop-
ment and characterization of adhesion to endometrial epithelial cell lines.
Example of a pure preparation of primary human endometrial epithelial
cells with characteristic “rounded”morphology (a). TSC trophectodermal
cells were seeded into round bottomed well (2500 cells/well) in the pres-
ence of methylcellulose (b) for 48 h at which time a compact spheroid
was observed (c). Trophectoderm spheroids were collected into conical
tubes and centrifuged to pellet (d) before seeding onto monolayers of
endometrial epithelial cells (e). The trophectodermal spheroids (black
arrowhead, f) can be observed attaching to the endometrial epithelial
monolayer (open arrowhead, f). Similar cellular interactions were ob-
served in co-cultures of primary human endometrial epithelial cells and

trophectodermal spheroids (G). Fixation of these 3-dimensional structures
in agar demonstrates interaction of the trophectoderm spheroid (black
arrowhead, h) with the endometrial epithelial monolayer (open arrow-
head, h). Closer examination highlights the interaction between these 2
cell-types at the adhesion interface (box, i). Immunostaining demonstrates
attachment of the trophectoderm spheroid (#) to the epithelial monolayers
(*) but no displacement of the monolayer at 6 h (j). Trophectoderm
spheroids demonstrate differential adhesion rates to endometrial epithelial
cell lines Hec1a ( , k), ECC-1 ( , k), Ishikawa ( , k) and RL95-2 (■, k)
across a time course of adhesion. Data presented as mean ± SEM of 4
biological replicates
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trophectoderm medium [30] were seeded into a round bot-
tomed well with one spheroid forming/well. Any mis-
formed spheroids (< 5% of spheroids) were discarded.

Trophectoderm spheroid adhesion: time course
optimization

The timing of attachment and implantation of a human em-
bryo to the maternal endometrium is unknown. Based on early
hCG measurements, full implantation is predicted to take
place 8–10 days after ovulation in natural cycles [31, 32]; in
IVF, this corresponds to 24 h after transfer of a day 5 blasto-
cyst into the uterine cavity. Co-culture optimization studies of
trophectoderm spheroid attachment therefore focused on the
0–24-h time frame. Furthermore, the adhesion characteristics
of these trophectoderm spheroids (TS) to endometrial epithe-
lial cells were completely unknown. Therefore, the time
course over which TS adhere to the 4 endometrial epithelial
cell lines was examined to determine (i) the optimal cell line
and (ii) adhesion time point within the physiologically rele-
vant 0–24-h time frame to be used for subsequent studies.
Other considerations included determination of a time point
and cell line in which TS adhesion could be increased or
decreased in subsequent studies.

ECC-1, Ishikawa, Hec-1a, and RL95-2 cells were seeded to
confluence (≥ 95%) and allowed to settle overnight.
Monolayers were washed twice with PBS and incubated in
0.5% charcoal stripped (cs) FBS for 16 h. Spheroids were
harvested and placed into 15 ml conical tubes (10 spheroids/
tube) using wide bore filter tips to prevent damaging the
spheroid structure by shear force. Spheroids were centrifuged
at 800×g for 8 min to pellet and then resuspended in serum
free medium to wash out traces of methylcellulose and
trophectoderm media (Fig. 1d). Spheroids were resuspended
in media containing 1% FCS (pilot studies found a small
amount of serum necessary to support adhesion) and left to
adhere for 2, 4, 6, 8, or 24 h (Fig. 1e, f). At the end of each time
point, firmly adhered spheroids were determined by the fol-
lowing method:

i) Total spheroids present within the well were counted
under an inverted light microscope.

ii) The media was gently removed and co-cultures gently
washed with PBS by pipetting slowly down the side of
the well. NB: each well underwent media removal and
PBS washing individually to prevent cell drying (com-
mon when dealing with multiple wells) which could
influence the adhesion result.

iii) Firmly attached spheroids clearly visible on epithelial
monolayers (example provided in Fig. 1f) were re-
counted.

iv) Adhered spheroids were expressed as a percent of total
spheroids.

Once the optimal time point for adhesion of TS to endo-
metrial epithelial cell lines has been determined, adhesion to
pHEEC (p0) was examined at this time point (example
provided in Fig. 1g).

Hormonal treatment of endometrial epithelial cells

ECC-1, Ishikawa (chosen based on time course experiments),
and pHEEC were examined for hormone mediated alterations
in TS adhesion. Cells were seeded as described above follow-
ed by two washes in PBS and incubation in 0.5% charcoal
stripped (cs) FBS for 16 h. A specific hormonal treatment
paradigmwas deployed tomimic hormonal exposure through-
out the menstrual cycle. Cells were primed with 10−8 M 17β-
estradiol (E: henceforth referred to as estrogen) for 24 h. Cells
were then:

i. Treated for a further 24 h with E alone followed by exam-
ination of TS adhesion at 6 h (optimized time point)

i i . T r e a t e d w i t h c om b i n e d E p l u s 1 0 − 7 M
medroxyprogesterone acetate (MPA; henceforth referred
to as progestin) for a further 24 h followed by examina-
tion of TS adhesion at 6 h

iii. Treated with combined E/progestin for 24 h, followed
by treatment with E/P and 10 IU hCG for 24 h and TS adhe-
sion subsequently examined at 6 h

Hypoxia studies

ECC-1 cells were prepared and treated sequentially with E
followed by combined E/progestin as described above and
TS spheroid adhesion examined at 6 h. From the time of cell
seeding, throughout hormone treatment, and during TS adhe-
sion, the cells were incubated at 1–20% oxygen.

Outgrowth studies

After quantitation of firmly adhered TS after hormonal treat-
ment of monolayers, remaining attached TS were left in treat-
ment media (E alone, E/progestin, or E/progestin/hCG) for a
further 18 h (24 h total) followed by imaging and outgrowth
quantification (measured in nm) assessed using Motic image
2.0 software.

Statistical analysis

GraphPad Prism version 7 for Windows was used for all sta-
tistical analyses. Before analysis, all data was tested for nor-
mality. If the data was found to be non-parametric, a Kruskal–
Wallis or Mann–Whitney U analysis was performed. If the
data was parametric, one-way ANOVA with a Tukey’s or
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Dunnett’s post-hoc test or an unpaired t test was performed.
Significance was given as p < 0.05, and all data presented as
the mean plus/minus the standard error of the mean (mean ±
SEM). Experiments were performed a minimum of 4 times
with 2 technical replicates.

Results

Human endometrial epithelial cell lines exhibit
differing adhesive capacity for human trophectoderm
spheroids

Overall, trophectoderm spheroids (formation: Fig. 1b–e,
closed arrowhead, Fig. 1f) attached to confluent endometrial
epithelial cell monolayers (open arrowhead, Fig. 1f “cobble-
stone” appearance cells, adhesion to primary endometrial ep-
ithelial cells, Fig. 1g). Endometrial epithelial–trophectoderm
spheroid co-culture cross sections (at 6 h) demonstrated spher-
oid attachment (closed arrowhead, Fig. 1h) to the monolayer
(open arrowhead, Fig. 1h), but there was no dispersal of the
monolayer (*, Fig. 1i, j) which remained clearly intact below
the trophectoderm spheroid (#, Fig. 1i, j), suggestive of early
adhesive but not invasive events during the embryo implanta-
tion cascade.

HEC1A cells (Fig. 1k), considered to be non-receptive
[33], exhibited low attachment between 2 and 6 h (20%; 2 h,
28%; 4 h, 32%; 6 h) rising to 66% adhesion at 8 h and 95% at
24 h.

ECC-1 cells (Fig. 1k) are more representative of the lumi-
nal epithelium [4], the first point of contact between blastocyst
and maternal endometrium. ECC-1 cells displayed intermedi-
ate levels of adhesion (30%; 2 h, 36%; 4 h, 48%; 6 h, 65%; 8
h, 78%; 24 h).

Ishikawa cells (Fig. 1k) have characteristics of the glandu-
lar epithelium; adhesion characteristics were not known.
Ishikawa cells exhibited intermediate adhesion between 2
and 4 h (37%; 2 h, 46%; 4 h). A high degree of adhesion
occurred at subsequent time points (80%; 6 h, 83%; 8 h,
100%; 24 h).

RL95-2 cells (Fig. 1k) are non-polarized and considered
highly receptive [34, 35] and here allowed rapid adhesion of
trophectoderm spheroids (62%; 2 h, 69%; 4 h, 80%; 6 h, 96%;
8 h, 100%; 24 h).

For an ideal model, a desirable cell line would display a
level of adhesion that could be both improved upon with ad-
dition of factors to facilitate endometrial receptivity or
inhibited with addition of factors to abrogate receptivity.
Thus, the ECC-1 cell line and a 6-h time point were chosen
as these cells demonstrated ~ 50% adhesion at this time point
and are hormonally responsive [36]. The Ishikawa cell line
was also used further as a “positive control” for estrogen/

progestin–regulated events as it is known to be hormonally
responsive.

Severe, but not moderate, hypoxia alters
trophectoderm spheroid adhesion

The microenvironment of embryo implantation is relatively
hypoxic, with uterine oxygen concentrations ~ 8% [37, 38].
IVF laboratories conventionally use ~ 5% oxygen in embryo
culture [39]. Oxygen concentration approximating those with-
in the human uterine cavity (5–8%) had no significant differ-
ence on trophectoderm spheroid adhesion to ECC-1 cells at
6 h compared 20% oxygen (Fig. 2). However, profound hyp-
oxia (1–2.5%) increased trophectoderm spheroid adhesion
from ~ 50 to ~ 85% (Fig. 2; *p < 0.05, **p < 0.01).
Subsequent experiments were performed under atmospheric
oxygen as trophectoderm spheroid adhesion under this condi-
tion was highly similar to uterine oxygen conditions (~ 8%).

Reproductive hormone treatments alter
trophectoderm spheroid adhesion to human
endometrial cells

The necessity of hormonal preparation of the endometrium by
estrogen to ensure responsiveness to progesterone has been
previously demonstrated [40] as has the requirement for estro-
gen and progesterone for receptivity changes [40]. A role for
hCG in receptivity is well proven, with a large number of
in vivo and in vitro studies supporting its role in facilitating
receptivity for implantation [29, 41–45]. Furthermore, the
proteomes of the ECC1 cells used here differ considerably
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between cells treated with estrogen alone or estrogen/
progestin [46]. Human endometrial epithelial cell lines
(ECC1 [Fig. 3a] and Ishikawa [Fig. 3b]) and pHEECs (Fig.
3c) were treated with hormones to mimic the proliferative
(estrogen alone) and secretory (estrogen/progestin) phases of
non-conception cycles and conception cycles (estrogen/pro-
gestin/hCG).

ECC-1 cells receiving estrogen alone were minimally ad-
hesive (23%; Fig. 3a), while estrogen/progestin (40% adhe-
sion, **p < 0.01 vs. estrogen) and estrogen/progestin/hCG
(54% adhesion, ***p < 0.001 vs. estrogen, p = 0.08 vs. estro-
gen/progesterone) treatments both increased trophectoderm
spheroid adhesion.

Ishikawa cells exhibited similar patterns, with steroid hor-
mone responses similar to those of ECC-1 cells: low adhesion
following estrogen treatment (41%; Fig. 3b), increasing sig-
nificantly with estrogen/progestin treatment (61%, **p < 0.01
vs. estrogen). However, there was no significant increase with
addition of hCG (65%, **p < 0.01 vs. estrogen; ns vs. estro-
gen/progestin).

To establish the physiological relevance of cell line data,
hormone experiments were replicated in pHEECs from fertile
women. The pattern of trophectoderm spheroid adhesion mir-
rored that in ECC1 cells: low spheroid adhesion to estrogen-
treated cells (33%; Fig. 3c), which increased with estrogen/
progestin treatment (59%, **p < 0.01 vs. estrogen), and fur-
ther with inclusion of hCG (76%, ***p < 0.001 vs. estrogen, p
= 0.06 vs. estrogen/progestin). Thus, ECC-1 cells represent a
good model for primary endometrial cells in demonstrating
functional adhesion responses for trophectoderm spheroids
to hormone treatments.

Trophectoderm spheroids discriminate
between endometrial epithelial cells derived
from fertile and infertile women

Primary endometrial epithelial cells were isolated from 31 en-
dometrial biopsies, blind to the fertility status of each woman,
and treated sequentially with estrogen followed by estrogen/
progestin to prime the cells for receptivity. Trophectoderm
spheroid adhesion assessment was assessed per the optimized
protocol. After blinded adhesion assays, the fertility status (fer-
tile/infertile) of each woman was determined from clinical re-
cords and adhesion data separated by fertility status.
Trophectoderm spheroids adhered to 85% of the fertile tissues
assessed (11/13; Fig. 4), whereas adhesion was observed to
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Fig. 4 Trophectodermal spheroids discriminate between primary
endometrial epithelial cells isolated from fertile and infertile women.
Trophectodermal spheroids adhered to 85% of estrogen/progestin primed
primary endometrial epithelial cells isolated from fertile women (n = 13)
but only 11% of cell preparations treated with the same hormonal priming
isolated from infertile women (n = 18). ***p < 0.001
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only 11% of infertile tissues (2/18; Fig. 4, ***p < 0.001) despite
appropriate in vitro hormonal (estrogen/progestin) priming. In
the infertile group the average BMI was 25.6±5.4, with an
average BMI of 24.3 ± 3.8 in the fertile group (ns). A total of
14/18 were experiencing primary infertility while 4/18 had sec-
ondary infertility. Polyps were found in 4/18 women within the
infertile group while 14/18 women in this group had normal
endometrium. Polyps were found in 3/11 women in the fertile
group, with 8/11 found to have normal endometrium. Of the 2
infertile women whose endometrial epithelial cells supported
adhesion, one had a BMI of 34, secondary infertility, and
polyps reported, while the other had a BMI of 24.3, primary
infertility, and normal endometrium reported.

Hormone treatments alter trophectoderm spheroid
outgrowth: a proxy indicator of placental
development

Outgrowth of trophectoderm spheroids on ECC-1 cells at 24 h
(Fig. 5a) progressively increased upon epithelial cell treatment

with estrogen/progestin versus estrogen alone (***p < 0.001
vs. estrogen) or estrogen/progestin/hCG (***p < 0.001 vs.
estrogen; *p < 0.05 vs. estrogen/progesterone). A similar pat-
tern of increasing outgrowth was also observed in Ishikawa
cells (Fig. 5b; ***p < 0.001 vs. estrogen) and pHEECs (Fig.
5c; *p < 0.05 vs. estrogen). In terms of extent of outgrowth,
trophectoderm spheroids displayed a greater degree of out-
growth on pHEECs (Fig. 5d–f) compared with outgrowth on
ECC-1 or Ishikawa cells.

Discussion

This human co-culture model of implantation, whose devel-
opment is described here, is a promising tool to differentiate
between in vivo-derived potentially “receptive” (i.e., able to
support adhesion of TS in this context) and potentially “non-
receptive” (unable to support adhesion of TS) endometrium,
offering promise for identifying and improving endometrial
receptivity in women. The model is unique in the use of true
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Fig. 5 Reproductive hormones
alter trophectoderm spheroid
outgrowth at 24 h. Pre-treatment
of endometrial epithelial cell lines
ECC-1 (a) and Ishikawa (b) or
primary human endometrial epi-
thelial cells (c) with combined
estrogen/progestin (E/P, ) or es-
trogen/progestin/hCG (E/P/hCG,
) significantly enhanced

trophectodermal spheroid out-
growth versus treatment with es-
trogen alone (E, ).
Trophectodermal spheroids con-
sistently demonstrated greater
outgrowth on primary human en-
dometrial epithelial cells ( ) ver-
sus ECC-1 ( ) and Ishikawa ( )
after treatment with estrogen (d),
while only ECC-1 ( ) cells dem-
onstrated significant differences
versus primary human endome-
trial epithelial cells ( ) after treat-
ment with estrogen/progestin (e)
and estrogen/progestin/hCG (f).
*p < 0.05; **p < 0.01; ***p <
0.001. Data presented as mean ±
SEM of 5 biological replicates
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trophectodermal spheroids of blastocyst dimensions, while the
responses of both the cell lines and the primary endometrial
cells, to estrogen, progesterone, and hCG, also mimic in vivo
effects.

Development of this human “embryo implantation” model
utilizing trophectoderm spheroids [27] and their adhesive in-
teraction with endometrial epithelial cells represents a signif-
icant advance towards understanding mechanisms underpin-
ning the earliest stages of human embryo implantation.
Published studies have utilized in vitro “blastoids” or embryo
like structures, developed using differentiated stem cells, to
gain greater understanding of pre-implantation blastocyst dif-
ferentiation and implantation into the endometrium [25, 26,
47]. The model described here is simpler and quicker (spher-
oid formation within 48 h). Despite its lack of inner cell mass
and blastocoel (thus a less accurate representation of a true
blastocyst), it does present the main cellular components of
the initial implantation interface: the endometrial epithelium
and embryonic trophectoderm. This simplicity provides an
ideal conduit for medium throughput, cost-effective screening
for pro- and anti-implantation compounds, enabling selection
of critical molecules for subsequent testing in more complex
models, thus optimizing resources. Rivron et al. [26] identi-
fied in their mouse model that the presence of cells
representing the murine inner cell mass was critical for the
appropriate implantation function of the embryo mimics.
This does not appear be the case in the present study, as the
human trophectoderm spheroids adhered well to hormonally
primed human endometrial epithelial cell lines and primary
human endometrial epithelial cells obtained from fertile wom-
en demonstrating the functional response of these cells to re-
productive hormones. However, the trophectoderm spheroids
did not adhere to hormonally primed cells obtained from in-
fertile women highlighting the selective nature of this model.
Given the human focus of our model, implantation of these
spheroids in a mouse model and their induction of
implantation-induced decidualization were not examined.
This is an important point to emphasize as it is not clear
whether the mouse luminal epithelium presents the same “bar-
rier” to implantation as in the human and decidualization is
spontaneous in the human as opposed to embryo induced in
the mouse; as previously elaborated, physiological differences
in implantation are considerable.

Uniquely, this trophectoderm spheroid attachment model
largely discriminates between endometrial epithelial cells ob-
tained from fertile versus infertile women. To our knowledge,
all previous co-culture studies exclusively utilized tissue biop-
sies from fertile women. The response of endometrial stromal
cells to high- versus low-quality embryos and the alteration in
the stromal cell response in women with recurrent pregnancy
loss (RPL) has been well documented with stromal cells from
womenwith RPL being too “permissive” to implantation [48].
Here we suggest that a differential response to a high-quality

embryo may also be mounted by the endometrial epithelial
cells depending on the fertility status of the woman. Indeed,
the current study suggests a highly active role for the luminal
epithelium in the initial stages of implantation and that in
some infertile women, the barrier function of this cell layer
cannot be appropriately modulated to enable trophectoderm
attachment thus resulting in implantation failure. This model
could thus provide a simple, rapid functional test of endome-
trial receptivity for clinical use in women with no known
cause for infertility and/or failed IVF cycles to “diagnose”
endometrial infertility in combination with established genetic
diagnosis methods of investigating altered receptivity [49] and
may also provide an in vitro model to test potential solutions
thus leading to personalized infertility treatment. Importantly,
to obtain viable epithelial cells, the endometrial tissue is best
harvested before ovulation. Nevertheless, the primary epithe-
lial cells used in adhesion assessment following hormonal
treatment hold the characteristics of the parent tissue obtained
from fertile or infertile women, i.e., capacity for sufficient or
insufficient differentiation towards a potentially receptive phe-
notype. Thus, it appears that potential for the epithelium to
subsequently develop receptivity is present even prior to ovu-
lation [50, 51]. Intriguingly, the data presented herein comple-
ment the findings of Sebastian-Leon et al. [52] in which ret-
rospective analysis of “receptivity” (window of implantation;
WOI) predictions found that up to 76.6% of women with
implantation failure had a pathological WOI or a pathological
and displaced WOI. The existence of a pathological WOI as a
cause for implantation failure may highlight the inability of
the endometrial epithelium to mount an appropriate
transcriptomic and functional response to an embryo.
Herein, we found that pHEEC derived from 11% of women
could support TS adhesion, suggesting they may have a
displacedWOI but maintain hormonal responsiveness or have
a non-endometrial cause of RIF as observed in 4.7% of wom-
en [52]. The failure to support TS adhesion after 6 h of co-
culture with pHEEC obtained from 89% of infertile women
may be indicative of a pathological cause highlighting the
need for innovative treatments/interventions or displaced
WOI; thus, implantation of these “embryos” (TS spheroids)
may occur later. The possibility of later implantation due to
displaced WOI/altered receptivity timing was not investigated
herein as strict timing criteria were set to enable comparisons
and due to limited clinical material. However, novel methods
now developed for expanding primary pHEECs (e.g.,
organoids culture [53–55]) to maximize limited starting mate-
rial opens opportunities for future expansion on the studies
herein and development of personalized therapies.

The increase in trophectoderm spheroid adhesion at ex-
tremely low oxygen levels (1–2.5%) is also of interest. This
may reflect an increase in lactate production; decreasing oxy-
gen concentration in the microenvironment of human embry-
os increases glucose metabolism towards lactate production
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[56] which may facilitate implantation. However, the physio-
logical relevance of these data is unclear in the light of recent
findings. Culture of human embryos to the peri- to post-
implantation stage in 5% oxygen reduced the expression of
pluripotency markers and increased apoptosis, suggesting that
peri-implantation, such oxygen concentrations, may be detri-
mental to embryo health [57]. However, in the current study,
5% oxygen did not significantly alter the rate of spheroid
adhesion versus 20% oxygen. Therefore, the increased adhe-
sion at profound levels of hypoxia may bemore representative
of a stress response rather than of physiological relevance.
Furthermore, if this potential test were to be introduced into
a clinical setting to examine functional response of the endo-
metrium to a TS (i.e., ability to mount a functional implanta-
tion response) combined with complementary transcriptomic
analysis (e.g., ERA or ER Map/ER Grade), these assays
would be technically more feasible under atmospheric oxy-
gen. Clinically, women with uterine hypoxia are at an in-
creased risk of recurrent pregnancy loss (RPL) [58] while
many RPL women are considered “superfertile” and establish
another pregnancy within 3 months [59]. These clinical data
combined with observations of embryo health [57], and the
findings herein may indicate that profound uterine hypoxia
favors initial embryo adhesion/implantation but compromises
ongoing pregnancy outcomes.

A global understanding of human endometrial receptivity
remains elusive, most likely due to the plethora of cell types
included in analyses and the variability between women. The
current study differs significantly in its specific examination
of the functional status of endometrial epithelium. Its strength
lies in the unique power of the trophectoderm spheroid model
to largely differentiate between epithelial cells derived from
“fertile” and “infertile” endometrium rather than reliance on
menstrual cycle day or apparent fertility status.

The human implantation co-culture model described here
provides a potential new tool for identifying endometrium
which is able to support adhesion of a blastocyst, and for
testing factors that may modulate this either to enhance fertil-
ity in infertile women, or to inhibit receptivity as a contracep-
tive strategy. Intriguingly, ECC-1 and Ishikawa cells present
an adhesion “pattern” in response to steroid and pregnancy
hormones similar to that mounted by primary human endome-
trial epithelial cells, albeit at a lower total adhesion rate. This
suggests that ECC-1 or Ishikawa cells may be used for medi-
um throughput screening of compounds which may improve
receptivity/adhesion characteristics to select the best potential
cohort of compounds to progress into testing using primary
endometrial cells for development of personalized therapies.
Further work using this model to determine the proteins
unique to the receptive state and those regulated at the inter-
face between endometrial and trophectoderm cells, mimicking
the implantation interface, is underway and should extend
these outcomes.
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