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Abstract
Problem—Implantation remains the rate-limiting step for the success of in vitro fertilization
(IVF). Appropriate models to study the molecular aspects of human implantation are necessary in
order to improve fertility.

Methods—First trimester trophoblast cells are differentiated into blastocyst-like spheroids (BLS)
by culturing them in low attachment plates. Immortalized human endometrial stromal cells (hESC)
and epithelial cells (ECC-1) were stably transfected with GFP or tdTomato. Co-culture
experiments were monitored using Volocity imaging analysis system.

Results—This method demonstrates attachment and invasion of BLS, formed by trophoblast
cells, into stromal cells but not to uterine epithelial cells.

Conclusion—We have developed an in vitro model of uterine implantation. The manipulation of
this system allows for dual color monitoring of the cells over time. Additionally, specific
compounds can be added to the culture media to test how this may affect implantation and
invasion. This model is a helpful tool in understanding the complexity of human implantation.

Introduction
Approximately half of all human embryo implantations results in failed pregnancy1-3.
Although many factors may contribute to this problem, many cases of implantation failure
are attributed to poor uterine receptivity 4. Indeed, implantation remains the rate-limiting
step for the success of in vitro fertilization (IVF) 5, 6. This lack of progress is the result of a
still limited understanding of the molecular and cellular aspects associated with the process
of implantation.

The uterine endometrium consists of two distinct cellular components, the stromal cells and
the surface epithelium 7. In a receptive uterus, blastocyst apposition and its attachment to the
endometrial epithelial cells are the initial steps required for embryo implantation. In order
for the blastocyst to implant, the endometrium needs to undergo a series of changes that will
facilitate its attachment and invasion 5. In humans, the uterus becomes receptive during the
mid-secretory phase (days 19-23) of the menstrual cycle, commonly known as the window
of implantation (WOI) 4.
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The cellular changes during the WOI include the transformation of the fibroblast-like
endometrial stromal cells into larger and rounder decidual cells (decidualization), as well as
the growth and development of secretory glandules and the emergence of large apical
protrusions (pinopodes) and microvilli on the luminal epithelium. In parallel, modulations in
the expression of different cytokines, chemokines, growth factors, and adhesion molecules
takes place 8-10. The initial contact of the blastocyst with the uterine wall, termed apposition,
is a very loose connection between the blastocyst and the endometrium 11. Apposition is
followed by a much stronger attachment of the trophoblast cells to the uterine epithelium
termed adhesion, which allows for subsequent blastocyst invasion 12. The blastocyst then
reaches the uterine stroma and invades until the embryo is implanted within the
endometrium 13. Thus, successful implantation requires efficient apposition, attachment and
invasion 13-15. Understanding the factors regulating each of these steps is critical for
improving implantation.

Implantation is a complex process that involves a delicate coordination and a dialogue
between the rolling blastocyst and the receptive endometrium 16. This dialogue is mediated
by factors secreted by the maternal reproductive tract and the implanting blastocyst.

Extensive studies on implantation were performed in rodents 17, 18, 15, 19. However, the
implantation process in humans is different from that of mice and rats; therefore, limiting the
application of findings from animal studies to human fertility 20, 21. Recent studies have
attempted to use human embryos or stem cells to understand the mechanism of embryo
adhesion and invasion in the uterus 22-24. Unfortunately, regulations in many countries,
including the US, prohibit in vitro studies using human blastocysts.

The goal of this study was to establish an in vitro implantation model mimicking the human
uterine/trophoblast interactions and the environment of implantation. Additionally, we
describe a multi-color cellular model that allows the evaluation of each of the major cellular
players during the process of implantation.

Methods
Cell lines

Human first trimester trophoblast cells (Sw.71) 25, human endometrial stromal cells
(hESC) 26, and human endometrial epithelial cells (ECC-1, a gift from Charles R Wira,
Dartmouth Medical School, USA)27 were used in these studies. All cells were grown in
Dulbecco’s Modified Eagle’s Medium (DMEM) (Invitrogen, Carlsbad, CA, USA)
supplemented with 10% heat-inactivated FBS (Gemini Bio-Products, West Sacramento, CA,
USA). Decidualization of hESC was done as previously described 26

Generation of Sw.71-GFP and hESC-tom cell lines
Sw.71 trophoblast cells were infected with a lentivirus expressing GFP (Lois et al. Science
2002 Vol 295). Lentivirus was produced using a polyethylenimine (PEI) protocol. HEK
293T cells were seeded in a 10cm plate at a density of 5 × 106 cells. When cells were 80%
confluent, medium was changed 30 min prior to transfection and 10 mg of plasmid DNA
(5:3:2, psPAX:FUGW:pMD2G) and 30 ul of PEI solution (1mg/ml) was added. Virus was
harvested at 48-72 hours and concentrated by ultracentrifugation. Viral infection was done
in suspension using 106 cells in a sterile Eppendorf with concentrated viral particles and 1
ml of fresh DMEM. The cells were incubated 1-2 hours at 37°C, shaking intermittently.
After incubation, the cells were spun at 2000 rpm for 5 minutes and transferred to a 75cm2

tissue culture flask with 6ml of fresh media containing viral particles and placed in the
incubator overnight. The next day, the cells were inspected for fluorescence infection
efficiency by microscopy and flow cytometry. The viral media was removed and replaced
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with fresh DMEM to allow the cells to recover. A similar procedure was used to generate
hESC-tom, but using the tdtomato gene inserted in place of GFP.

Formation of BLS from Sw.71-GFP trophoblast cells
A confluent T75 flask of first trimester trophoblast Sw.71-GFP cells was trypsinized and
divided equally into 3 wells of a Costar ultra low attachment 6-well plates (Corning
Incorporated, Corning, NY USA) or in rotating glass tubes. Formation of spheroids was
monitored until they reached a compact morphology.

Co-culture of Sw.71-GFP BLS with stromal and epithelial cells
hESCs or ECC1s were grown to confluence in 4-chamber tissue culture treated glass slides
(BD Biosciences, Bedford, MA, USA). Sw.71-GFP spheroids (5 spheroids per chamber)
were transferred using a transfer pipette and a dissecting microscope. They were co-cultured
with confluent hESCs or ECC-1s. Co-cultures were maintained in 1 ml of DMEM
supplemented with 10% FBS. All co-cultures were monitored using a Zeiss microscope and
Volocity software.

Results and Discussion
Formation of Blastocyst-like Spheroids (BLS)

As the blastocyst travels from the fallopian tube to the uterine cavity, the surface epithelium
of the uterus functions as the first contact responsible for adequate attachment of the
trophectoderm to the epithelium 19. Therefore, our first objective was to develop a
blastocyst-like structure that would contain only trophoblast cells to be used in coordination
with endometrial epithelial and stromal cells.

We used the first trimester human trophoblast cell line Sw.71, which has characteristics of
trophoblast stem cells 25. These trophoblast cells were cultured in low attachment tissue
culture plates or in rotating glass tubes for several days (24-96h). Under these conditions,
Sw.71 trophoblast cells form spheroids that continue to replicate and increase in number and
size over time (Fig 1A-C). The capacity of Sw.71 trophoblast cells to form spheroids further
suggests that these cells have properties characteristic of stem cells, as spheroid formation
can be associated with the maintenance of stemness (28; 29, 30. These spheroids
morphologically resemble the external trophoectoderm layer of a blastocyst. Since these
spheroids interact with stromal and epithelial cells in a manner similar to that of a blastocyst
as described in detail here, we refer to them as “blastocyst-like-spheroids” (BLS).

When we compared the two methods inducing the formation of BLS, low attachment plates
yielded spheroids that were more consistent in terms of size and structure than the rotating
glass; therefore we used only plates for the remainder of the experiments.

Trophoblast-stroma Interaction
Invasion of the trophoblast through the endometrial stroma or decidua is critical for the
formation of the placenta and the implantation site 31. Therefore, our next objective was to
determine whether the BLS would have the capacity to attach and potentially invade into
stromal cells in culture. For this purpose, we used monolayers of telomerase-immortalized
human endometrial stromal cells (hESCs) 26. These cells have the characteristics of uterine
stromal cells and, following treatment with estrogen and progesterone, undergo
differentiation into decidua-like cells 26. Stromal cells were plated in 4 well chamber slides.
Once the cells reached 100% confluence, BLS were transferred to the culture using a
dissection microscope and monitored using the Volocity imaging analysis system
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(ImproVision). It was critical that the stromal monolayer be completely confluent to prevent
the attachment of the BLS to the tissue culture plate.

Two hours after transfer BLS were observed on the surface of the stromal cells (Fig. 2A);
subsequently, the BLS attached to the stroma and trophoblast cells migrated out towards the
stromal cells (Fig 2B). Interestingly, we observed that the migration of trophoblast cells is
polar; they invade the stromal cells only from one side of the BLS (Fig. 2C-D). After 72
hours, there is a process of stromal cell removal on the opposite side of the attached BLS,
creating an empty space (Fig. 3A-C) similar to the process of lacunae formation during the
development of the interstitial space of the placenta (LOOK FOR HUPPERTZ ref). These
lacunae formed in the stromal cell cultures are eventually replaced by trophoblast cells (Fig.
3D).

These data provide evidence that the trophoblast cells forming the spheroids are capable of
invading the stroma. The formation of the cavity at one of the poles of the BLS is puzzling,
but extremely interesting, since it represents a physiological process occurring during
placentation REF.. Therefore, the model provides a potential basis to further elucidate the
cellular and molecular events during the lacunar stage.

Establishment of a Multicolor Trophoblast-Endometrial Cell Interaction Model
In order to provide a clear definition of the interaction between trophoblast and stromal
cells, we established GFP-Sw.71 trophoblast cells by lentiviral infection 32. The cells
positive for GFP were selected to obtain a 100% GFP-trophoblast SW.71 culture (Fig. 4A-
B) which produced 100% GFP-BLS (Fig. 4C-D). We then tested the ability of the
trophoblast cells to invade by transferring GFP-BLS into the stromal monolayer. As shown
in Fig. 5, the GFP-BLS that were initially observed floating in the supernatant of the culture,
attached to the stroma after 24h and started the process of invasion, which is characterized
by its polarity. This is further demonstrated when we use a two color system consisting of
GFP-BLS and tdtomato-stromal (hESC-tom) cells. In Fig. 6 A and B we can observe the
green trophoblast attaching to the red stroma, and by 24h, GFP-trophoblast move forward
between the red labeled stromal cells (Fig. 6C-D). This model provides an excellent tool to
identify the function and characteristics of each cellular component during the process of
trophoblast invasion.

Trophoblast-epithelial cells Interaction
Between the stroma and the trophoblast there is a layer of epithelial cells that constitutes the
first barrier for implantation 33, 34. As the blastocyst travels from the fallopian tube to the
uterine cavity, the surface epithelium of the uterus functions as the first contact responsible
for adequate attachment of the trophectoderm to the epithelium and the subsequent
trophoblast invasion and placentation 35, 36. The interaction between the trophoectoderm and
the epithelium is a critical step in the process of implantation; failure to interact would lead
to infertility 37.

In spite of its relevance for human reproduction, implantation is one of the most difficult
stages to evaluate 6. Therefore we tested the interaction between our GFP-BLS and an
endometrial epithelial cell line (ECC-1). These ECC-1 cells were created from the luminal
epithelium of an endometrial adenocarcinoma and have been shown to express estrogen
receptors alpha and beta, progesterone receptors and androgen receptors while maintaining a
luminal phenotype 38. Importantly, Mo et al. have shown in these cells the expression of
CD55, which is expressed during implantation 38. This cell line has been widely used to
study several aspects of the biology of the endometrial epithelium 39.
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As it has been suggested that ECC-1 have the capacity to acquire a receptive phenotype 24,
we used these cells to determine whether we could identify a receptive and non-receptive
epithelium within our model. By culturing the cells in media containing a modulation in
cytokines, we tested the ability of the BLS and the ECC-1 cells to form a significant
interaction.

GFP-BLS were transferred to the ECC-1 monolayer and monitored in a similar manner to
that used for the stromal cells. As shown in Fig. 7, GFP-BLS remained floating in the
supernatant of the EEC-1 cell culture which was maintained in complete media and 10%
FBS. The GFP-BLS did not attach to the surface of ECC-1 cells, remaining round and
compact even after 96h of co-culture.

We then wished to determine whether the ECC-1 cells could display characteristics of a
receptive epithelium by forming a significant reaction with the BLS. When we added the
GFP-BLS to ECC-1 cells treated with a combination of inflammatory cytokines (manuscript
in preparation), we observed the attachment of the GFP-BLS to the epithelium and the
development of an epithelial reaction forming an epithelial-trophoblast synapsis (Fig. 8 A-
C)

When a mammalian blastocyst enters the uterine cavity, the surface epithelium of the uterus
is coated by molecules such as Mucin 1 (MUC1) that prevent the attachment of the highly
adhesive blastocyst to an improper site. Indeed, in the human endometrium MUC1 is
upregulated during the implantation period 11, 12, 40. This suggests that the human
endometrial surface epithelium prevents blastocyst adhesion, except for the precise spot
were the embryo attaches 31. In the present in vitro model we have an epithelium that does
not promote trophoblast attachment (non-receptive epithelium), and an epithelium capable
of initiating both attachment and a cellular reaction that strengthens the interaction between
the epithelium and the trophoblast. The non-receptive epithelium described in our model
presents an opportunity to evaluate factors responsible for the preparation of the epithelium
for implantation 41.

In conclusion, we demonstrate the formation of blastocyst-like-spheroids and their ability to
mimic attachment and invasion that occurs during human uterine implantation. The
interaction with the epithelial monolayer and invasion into the stromal monolayer displays
the discrete function of the BLS depending on the cellular environment 42. Additionally,
these cells can be labeled for distinct visualization using fluorescent microscopy (see model
Fig. 9). The extensive utility of this in vitro method lies in the ability to adjust the culture
conditions including to specific hormones, cytokines or compounds that may be present in
the uterus during the window of implantation.
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Figure 1. Formation of BLS from Sw.71 trophoblast cells
Sw.71 cells were trypsinized and placed in a low attachment plates and visualized under
10X magnification after: A) 24 hours of culture in low attachment conditions, B) 48 hours
and C) 72 hours. Note the formation of compact spheroids after 72 hours (D).
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Figure 2. Attachment and invasion of Sw.71 BLS into hESC monolayer
Several BLSs were transferred to a confluent monolayer of hESCs. The cells were imaged
after A) 2 hours, B) 12 hours, C) 24 hours and D) 48 hours.
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Figure 3. Formation of cavity opposite the invading BLS
BLS was placed in co-culture with a hESC monolayer. Note the formation of a cavity in the
opposite pole of invasion. A-C show the lack of cells in the cavity (arrow) while in D the
cavity is replaced by growing trophoblast cells.
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Figure 4. Establishment of GFP-Sw.71 cells and BLS by lentiviral infection of GFP
(A, B) Sw.71 trophoblast cell monolayer was infected with GFP-lentivirus and imaged post
infection. (C, D) Sw.71-GFP monolayer form GFP-BLS.
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Figure 5.
Invasion of GFP-BLS into hESC monolayer. GFP-BLS was placed in co-culture with a
confluent hESC monolayer. Fluorescent and phase contrast images were taken at 0, 24, 48,
72, and 96 hours.
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Figure 6. A two-color system for detecting stromal invasion of BLS
A GFP-BLS was co-cultured with hESC-tom. Fluorescent and phase contrast images were
taken at A,B) 0 hours and C,D) 24 hours.
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Figure 7. Lack of attachment of GFP-BLS in co-culture with ECC-1
GFP-BLS was placed in co-culture with a confluence ECC-1 monolayer. Fluorescent and
phase contrast images were taken at 0, 24, 48, 72, 96 hours.
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Figure 8. Attachment of a GFP-BLS to the epithelium and subsequent reaction surrounding the
BLS
A-C. GFP-BLS attach to the epithelium and form a trophoblast epithelium synapsis
characterized by the formation of an epithelial reaction (arrows) that supports the
attachment.
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Figure 9.
Schematic of the utility of the in vitro implantation model of GFP-BLS, epithelial and
stromal cells. A) Model of Receptive Epithelium: GFP-BLS are able to interact with
epithelial cells forming a trophoblast-epithelial synapsis. B) Model of non-receptive
epithelium: GFP-BLS are observed floating in the media and do not interact with the
epithelium. C) Model of trophoblast invasion in the stoma: GFP-BLS migrate through the
stroma cells establishing a layer of trophoblast cells.
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