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Abstract

Introduction: Trophoblast cells in vivo form a 3-dimensional structure that promotes complex cell-to-cell interactions that cannot
be studied with traditional monolayer culture. We describe a 3-dimensional trophoblast bioreactor to study cellular interactions.
Methods: Nonadhesive agarose hydrogels were cast from molds using computer-assisted prototyping. Trophoblast cells were
seeded into the gels for 10 days. Morphology, viability, and vesicle behavior were assessed. Results: Trophoblast cells formed
uniform spheroids. Serial sectioning on days 3, 7, and 10 revealed central vacuolization with a consistent outer rim 12.3-p thick.
The vesicle configuration has been confirmed with confocal imaging. Electron Microscopic (EM) imaging revealed its ultrastructure.
The vesicles migrate across a fibronectin-coated surface and invaded basement membrane. Conclusions: Trophoblast cells cultured
in a novel substrate-free 3-dimensional system form trophoblast vesicles. This new cell culture technique allows us to better study

placental cell-to-cell interactions with the potential of forming microtissues.
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Human cellular differentiation begins 5 days postconception in
the blastocyst that is composed of inner cell mass (ICM) cells
and trophoblast cells. The ICM ultimately forms the embryo.'
The trophoblast cells, the focus of this research, further differ-
entiate into the cells required to attach the embryo to the uterine
wall, invade the endometrium and the maternal vasculature,?
and form the maternal-fetal interface and the hormone produc-
ing placental cells.® Surprisingly, little is known about the
molecular mechanisms that guide the process of early
differentiation.

A wealth of information about placental cell differentiation
has been gained from traditional 2-dimensional (2D) mono-
layer culture. However, traditional 2D cell culture does not
allow the study of cell-to-cell interactions. Furthermore, mono-
layer culture prevents analysis of the gene programs required to
form complex cellular structures such as trophoblast vesicles
and the placenta. We have recently developed a method to cul-
ture trophoblast cells into self-assembled symmetric 3D vesi-
cles using nonadhesive micromold bioreactors.*

Methods

Wax molds were designed in computer-assisted design (Solid
Works Corporation, Concord, Massachusetts) and produced
with a Thermolet rapid prototyping machine (3D Systems Cor-
poration, Valencia, California) as described by Dean et al.’
Each mold contained a matrix of 822 cylindrical bottom pegs
200 m in diameter. Agarose gel bioreactors were cast directly

from wax molds. Aliquots of 2 g Ultra Pure Agarose (American
Bioanalytical, Natick, Massachusetts) were autoclaved as a
powder, 200 mL of sterile dH,O was added and the agarose was
dissolved by heating and mixing on a hot plate. The solution
was cooled and approximately 2.75 mL was pipetted into each
wax mold in a sterile dish. After setting, the bioreactors
were separated from the mold using a spatula, transferred
to a 6-well plate, and equilibrated overnight with 3 mL of
RPMI 1640 media containing 10% FBS, 2 mmol/L/mL of
l-glutamine, and 100 U/mL of penicillin/streptomycin.

Cell Culture

TCL-1 trophoblast cells (a generous gift from Dr James Pad-
bury) were maintained in a monolayer in culture with medium
as described above. The TCL-1 cells are immortalized chorio-
nic trophoblast cells that express markers of both extravillous
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and villous trophoblast cells.” Cells were passaged at 90%
confluency and discarded after 20 passages. For experiments,
cell suspensions of 800 000 cells per 100 L were created and
the suspension was added to the rectangular recess of the bior-
eactor. Spheroids were removed by inverting the bioreactor in
the culture well and centrifuging them at 300 RPM for 5
minutes.

Histology

To maintain architecture, the spheroids were fixed in 10% neu-
tral buffered formalin for 10 minutes at room temperature. They
were pelleted by centrifugation at 1200 RPM for 5 minutes, sus-
pended in OCT compound (Tissue-Tek, Torrance, California),
and frozen at —80°C until processed. The spheroids were
cryosectioned at 15 m and collected on poly-l-lysine coated
slides (Electron Microscopy Science, Hatfield, Pennsylvania).
The slides were stained with hematoxylin and eosin following
standard protocol® and imaged on a Nikon Eclipse 80i micro-
scope. Microscopic photographs were acquired with a Spot
Insight 2 CCD (Diagnostic Instruments, Sterling Heights, Michi-
gan). Once the structure was noted with cryostat sections, vesicles
were produced, fixed, imbedded in resin, and sectioned at 6 m.
These sections were stained with hematoxylin and eosin and
visualize the cellular morphology.

Confocal Microscopy

Spheroids were formed for 10 days and then removed from the
wells as described. The spheroids were immersed in 10 mol/L
5-bromo-2'-deoxyuridine (BrdU; Sigma, St Louis, Missouri) in
medium overnight. Confocal images were acquired with a
Nikon Clsi confocal (Nikon Inc, Mellville, New York) using
diode lasers 402 and 488. Serial optical sections were per-
formed with EZ-C1 computer software (Nikon Inc). Serial z
sections were collected at 1.0 um with a 20x Plan Apo lens and
a scan zoom of 1x. Image projections were done in Elements
(Nikon Inc) computer software.

Live: Dead Assay

Spheroids were washed 3 times with 1 mL of phosphate
buffered-saline (PBS) to remove the culture media. They were
then incubated with a solution containing 5 pmol/L of 5-
chloromethylfluorescein diacetate (CMFDA) dye and 5 pmol/
L of propidium iodide at 37°C for 45 minutes. The cells were
then imaged with 640-nm long pass filter.

Transmission Electron Microscopy

The Electron Microscopy Core Research Laboratory at Rhode
Island Hospital processed electron microscopy samples. In brief,
the spheroids were fixed in glutaraldehyde and sodium cacodylate
buffer for 1 hour. The specimens were then dehydrated in a
graded series of ethanol and embedded in resin overnight.
Thin sections (silver-gold) were mounted on nickel grids and
examined with a Phillips 300 electron microscope at 60 kV.

Figure |. Trophoblast cells from speroids. a, Cells cultured in
nonadhesive round-bottom agarose hydrogels readily formed
spheroids. b, Spheroids removed from the hydrogels remain intact
and are manipulatable in culture.

Invasion Assay

Vesicles were allowed to form for 7 days. Matrigel invasion
chambers (Becton Dickinson, Franklin Lakes, New Jersey)
were prepared as described by the manufacturer. Briefly, the
transwells were rehydrated with RPMI for 5 hours at 37°C. Ten
discrete vesicles or 5 x 10* cells from a monolayer (control)
were suspended in 400 mL of serum-free media and placed
in the upper chamber of the transwell; the lower chamber was
filled with 600 mL of complete media. After a 48-hour incuba-
tion, the matrigel and noninvaded cells were removed from the
upper chamber with a cotton swab. The membranes were then
removed from the chamber, fixed with methanol at —20°C for
20 minutes and stained with 5% hematoxylin for 10 minutes.

Results

Trophoblast Cells Consistently Form Symmetric
Spheroids

TCL-1-immortalized trophoblast cells were seeded into nonad-
hesive micromolded bioreactors for 3 to 10 days. At various
time points, the micromolds were inverted and the cells were
easily removed from the wells. The cells consistently formed
spheroids measuring 187 m (+4.6 m) in diameter (Figure 1).
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Figure 2. Spheroids form vesicle structures. Spheroids were formed in nonadherent bioreactors for 7 to 10 days. They were removed from
the bioreactor, fixed, sectioned, and stained with hematoxylin and eosin (H&E; a). The hollow structure is confirmed by confocal microscopy

through the edge (b) and center (c) of the spheroid.

The spheroid size was established by 72 hours in culture and
did not change significantly when cultured for longer periods
of time in the bioreactor. Each spheroid contained approxi-
mately 100 cells as predicted by the number of recesses and the
plating density. Once removed from the bioreactor wells, these
spheroids maintained their structure in culture and were easily
manipulated.

Self-Assembled Vesicles Have Central Vacuolization to
Form Trophoblastic Vesicles

Trophoblast spheres were cultured for 7 to 10 days, collected in
pellets, cryosectioned, and stained with hemotoxylin and eosin.
Surprisingly, the trophoblast spheroids had acellular centers
(Figure 2a), a shape not previously observed by our experience
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Figure 3. Vesicles are viable in long-term culture. Vesicles labeled
with 5-chloromethylfluorescein diacetate (CMFDA) demonstrate
viability for at least 20 days in culture.

with 3D spheroids using similar bioreactors. The vesicle
structure was highly consistent with a cellular rim measuring
12.3 m (41 m). This morphology was maintained for at least
20 days of culture in the bioreactor. To assure that the vesicle
morphology was not an artifact of cryosectioning, intact spher-
oids were stained with BrdU and imaged with confocal micro-
scopy (Figure 2b and c). These studies confirmed the presence
of central vacuolization and consistent rim size.

Vesicles Remain Viable and Proliferative

To assess cellular viability, cells were cultured in the bioreactor
for 10 days and trophoblastic vesicles were then removed and
treated with 5-chloromethylfluorescein diacetate (CMFDA)
and propidium iodide or vehicle. Virtually, all the cells were
noted to be viable (Figure 3a).

Transmission electron microscopy was performed to evalu-
ate cellular morphology within the vesicles. The cells within
the rim are replete with organelles, including mitochondria and
endoplasmic reticulum, demonstrating that the cells are viable
and metabolically active (Figure 4a). Readily detectable mito-
tic figures confirm that the cells are continuing to proliferate
and interestingly, these mitotic cells (Figure 4b, dashed arrow)
are often seen adjacent to apparent apoptotic cells (Figure 4b,
yellow arrow). The apoptotic cells may explain how the vesicle
maintains its constant size in the presence of actively dividing
cells. Clearly, cellular communication is occurring among the
vesicle cells.

Intercellular Junctions Form Between Cells in
Bioengineered Trophoblast Vesicle
High resolution inspection of the trophoblast vesicle demon-

strates the presence of numerous intercellular junctions
increasing in number across the diameter of the rim (Figure 5).

microns

2800X

Figure 4. Trophoblast vesicles are bioactive and proliferative.
Vesicles were formed for 10 days, then fixed and stained. Imaging on
transmission electron microscopy illustrated that the cells were
replete with organelles suggesting high viability (a). Throughout the
vesicle, numerous mitotic figures (dotted arrow) are identified. These
can often be seen alongside apparent apoptotic figures (solid arrow).

These junctions demonstrate the presence of cell-to-cell
communication, which is absent in monolayer cell culture.
Importantly, the development of junctions is a critical step in
trophoblast vesicle formation.

Vesicles are Highly Adhesive and Invasive

Trophoblast vesicles were cultured for 10 days, removed from
the micromold, and placed in 35-mm cell culture dishes coated
with 1% agarose. Free-floating vesicles made contact with
other vesicles and the vesicles attached to each other demon-
strating their highly adherent surfaces (Figure 6a). The vesicles
fused and, after several days, formed one large vesicle.
Vesicles were placed on fibronectin-coated cell culture
dishes to assess whether they will migrate across the basement
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Figure 5. Cells in the rim of the vesicle form cellular junctions. Cellular junctions can be noted between cells in the vesicle rim.

membrane. This test has been standardized as an implantation
assay for blastocysts.” Within 1 hour, all vesicles were attached
to the plates. The cells flattened out and developed invasive-
like microvilli within 24 hours (Figure 6b). These processes
covered the cell culture dish by 72 hours after plating.
Vesicles were placed on matrigel-coated cell culture dishes
to assess their invasive potential. Within 24 hours, stereo micro-
scopy revealed that the cells invaded the matrix (Figure 7a).
Cellular invasion was assessed by placing vesicles and cells
on matrigel invasion chambers. Cells from the vesicles were
identified on the posterior side of the membrane clearly

identifying their invasive potential (Figure 7b). In contrast,
because the TCL-1 cells are not invasive in monolayer, no cells
from the monolayer culture were noted to invade the matrigel.

Cells Demonstrated Differential Differentiation

Morphologic differentiation was assessed with electron micro-
scopy. Cells on the outer rim of the vesicle have numerous
microvillous projections. In contrast, cells on the inner portion
of the rim are larger and do not contain microvilli. Furthermore,
several multinucleated cells developed on the inner portion of
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Figure 6. Trophoblast cell spheroids are highly adherent. Spheroids
were formed in the nonadherent bioreactor. After 7 days, the
spheroids were removed and placed on (a) a nonadherent agarose
surface and noted to rapidly fuse or (b) placed in cell culture-treated
dishes, the spheroids bind to the plate and proliferate.

the rim (Figure 8). These observations illustrate the cellular
polarity within the rim. They also parallel the differentiation
of cells into both extravillous and villous pathways as would
be observed in trophoblast vesicles in vivo.

Discussion

Three-dimensional cell culture can maximize the formation of
complex cell-to-cell interactions not seen in traditional mono-
layer culture and can allow the formation of cellular micro-tis-
sues.® Under appropriate culture conditions, mono-dispersed
cells can self-assemble into a 3D spheroid in a process that
appears to mimic natural processes that occur during embryo-
genesis.”'® These processes have led to the formation of sev-
eral different micro-tissue spheroids including bile
canniculi'! and beating cardiomyocytes.'*'* LaMarca et al cre-
ated 3D trophoblast aggregates of the SGHPL-4 cell line and

b) b vt e

Figure 7. Trophoblast vesicles are invasive. Vesicles for formed in
the bioreactor for 7 days. The spheroids were then placed on a
matrigel-coated cell culture dish for 36 hours. a, Vesicles can be seen
at various positions throughout the matrix. The vesicles in focus
(solid arrow) are closest to the objective while the vesicles varying in
densities are farther away from the objective (dashed arrow). b, Cells
left the vesicle and invaded through the membrane.

demonstrated that the 3D configuration induced the invasive
properties of these cells. This important study illustrated that
trophoblast cells cultured in 3D have functional behavior strik-
ingly different from those in monolayer.'*

We have demonstrated that trophoblast cells placed into a
nonadhesive micromold bioreactor will self-assemble into a
vesicular structure. This structure is not readily predicted by the
current theory of cellular self-assembly.'> According to this the-
ory, called the differential adhesion hypothesis, monodispersed
cells self-assemble via surface adhesion molecules (eg, cadher-
ins) to form spheroids to maximize cell-to-cell adhesion and to
minimize surface free energy. The trophoblast cells of this study
formed spheroids, but these were hollow structures with a con-
sistent rim size and clear cell-to-cell communication. Thus, our
nonadhesive micromolds facilitate not only the cell-to-cell
interactions needed to form a 3D microtissue, they also enable
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Figure 8. The vesicular rim contains differentiated cells. Inner cells
are noted to form giant cells (a) while the outer cells are cuboidal in
appearance and contain numerous microprojections (b).

the cell-to-cell interactions necessary to form a hollow vesicular
structure. This in vitro vesicular structure of trophoblast cells is
predicted by the in vivo behavior of these cells. During embry-
ogenesis, trophoblast cells polarize and create a vesicle by
pumping fluid into the center of the embryo.'®'” Intercellular
tight junctions enable this fluid to organize the trophoblast cells
into a vesicle similar to that present in our model.'® This in vivo-
like organization of our spheroids is further strengthened by the
presence of the cellular junctions noted on electron microscopy.
Therefore, these data suggest that the trophoblast vesicles are
forming a functional micro-tissue.

The importance of 3D trophoblast cell culture has been
described by Korff et al.'” This group created densely packed
spheroids from cytotrophoblast cell suspensions placed into
96-well round bottom plates for 24-hours. Their model demon-
strates phenotypic and functional differences among cells from
first, third, and preeclamptic placenta. This model is not incon-
gruent with our hollow sphere model because the vesicular
structure did not form until after 3 days in culture.

A primary role of early first trimester trophoblast cells is to
facilitate implantation.”® Initially, the trophoblast cells make
contact with the uterus and attach to the uterine epithelium.
Attachment and implantation require that the cells differentiate
into an adhesive phenotype.?' The TCL-1 cells in monolayer
culture are not invasive. However, our trophoblastic vesicles
are highly adhesive, easily attach to a cell culture dish, and are
migratory. Furthermore, they migrate across a treated cell cul-
ture plate and invade across a basement membrane in a manner
similar to that seen with mammalian blastocysts in vivo.

The morphologic development of our model also mimics in
vivo blastocyst development. Human trophoblast cells differ-
entiate along 1 of 2 distinct pathways to form either syncytiotro-
phoblast cells or extravillous trophoblast cells.*? The invasive
extravillous trophoblast cells, which mediate embryo implanta-
tion and placental invasion, are the predominant cell type. The
syncytiotrophoblast cells are multinucleated giant cells, formed
by cell fusion, responsible for the synthesis of critical growth
factors and hormones. There was morphologic evidence of both
of these cell types in the trophoblast vesicles formed in vitro.

The development of an anembryonic blastocyst will provide
investigators with an ideal model to study the molecular
mechanisms involved in human trophoblast differentiation,
blastocyst formation, and implantation. The majority of our
understanding of these events has been derived from traditional
monolayer cell culture and murine tissue models. As men-
tioned earlier, monolayer culture is inadequate to study the crit-
ical cell-to-cell interactions involved in these complicated
processes. The murine model is also a poor model because tro-
phoblast differentiation is along 3 potential pathways (as com-
pared to the 2 pathways in the human).?® Furthermore, while
both the human and the rodent have chorioallantoic placentas
(blood vessels are derived from the fetal allantois and interact
with the maternal endometrium), the rodent has an additional
yolk sac—derived placenta that plays an important supportive
function prior to chorioallantoic placenta formation.***
Because this yolk sac—derived placenta protects the fetus from
nutritional and oxidative stress, the placental gene program-
ming is likely to be highly disparate between human and mur-
ine placentas. Because of these clear distinctions, particularly
during early embryologic events, the mouse is a poor model for
human blastocyst formation and implantation research. The
trophoblast culture technique described in this paper may pro-
vide investigators with a valuable model to study the early
molecular mechanisms involved in trophoblast differentiation,
blastocyst formation, and implantation.

In summary, we have developed a nonadhesive micromold
bioreactor for the formation of micro-tissues in culture. Human
trophoblast cells cultured in this reactor form trophoblastic
vesicles. This structure, while not predicted by the current the-
ories on cellular self-assembly, is the functional biological
structure anticipated for this micro-tissue. The cells in 3D
undergo differentiation and become invasive, behaviors not
seen by these cells in monolayer. We believe this 3D structure
is a better model to study the molecular events involved in early
trophoblast differentiation and blastocyst formation.
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