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DE NOVO ANEMBRYONIC TROPHOBLAST VESICLES
AND METHODS OF MAKING AND USING THEM

FIELD OF THE INVENTION
The invention is in the field of biotechnology. More specifically the

invention is directed to the creation of anembryonic trophoblast vesicles.

BACKGROUND OF THE INVENTION

From the moment of conception, the human embryo undergoes rapid
proliferation and differentiation. By six days postconception, the embryo forms a
spherical, fluid-filled blastocyst containing multiple cell lines. The trophoblast cells,
destined to become the placenta and embryonic membranes, line the outer rim of the
sphere forming a vesicle. The formation of this structure is critical for implantation,
normal placental invasion, and embryonic development. However, the mechanism by
which the blastocyst forms is unclear. Current research studying trophoblast
differentiation relies on monolayer cell culture and tissue explants. Neither of these
models is capable of studying the complex cell-to-cell interaction and early
differentiation required to form a trophoblast vesicle.

Mammalian embryonic development occurs through rapid cellular
division and differentiation. The development occurs within a sphere confined by the
zona pellucida, a glycoprotein shell surrounding the embryo. On post-conception day
number 3, the pre-embryo contains approximately 8-16 pluripotent blastomeres
(depending on species) filling the sphere. Tight junctions begin to form among the
blastomeres distorting their shape resulting in a “mulberry”-shaped morula. The tight
junctions restrict paracellular passage of ions and small molecules creating a distinct
fluid component. 2> 2' The cells begin to express cell membrane bound sodium-
potassium ATPase on their inner surfaces that begin to increase the oncotic pressure in
the blastocyst; this results in an increase of fluid in the center of the blastocysts.22 As
this fluid accumulates the cells are moved to the outer rim creating a hollow sphere.
Two separate cell lines are now identifiable, the trophoblast cells that will develop into

to the placenta and fetal membranes and the inner cell mass that will develop into the
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embryo. Because the trophoblast cells form a hollow sphere they are referred to as
trophoblast vesicles.

The human placenta is a highly invasive endocrine organ formed from a
progenitor cell, termed the cytotrophoblast, that can be identified in the embryo as early
as six days postconception.' The cytotrophoblast cell can differentiate along one of two
distinct pathways to become either an extravillous or a villous trophoblast cell (see Fig.
1).2 The extravillous trophoblast cell is a highly migratory cell type that invades the
uterus and maternal vasculature anchoring the embryo and forming the maternal-fetal
interface. In contrast, the villous trophoblast cells encompass the embryo and are critical
for the synthesis of hormones and growth factors.> These villous cells make up the
majority of the placental mass.

The processes of proliferation, differentiation, and invasion are highly
coordinated to establish and maintain a normal pregnancy. It has been postulated that
disruptions in the processes lead to pregnancy-related diseases such as recurrent
spontaneous abortion, preeclampsia and intrauterine growth restriction.* > However, the
molecular mechanisms that guide these processes, the overall focus of the principal
investigator’s research, are not known.

A wealth of information about placental cell differentiation has been
gained from traditional two-dimensional monolayer culture. Gene profiling techniques
have identified important target genes for studying the pathways. The role of growth
factors, such as IGF-1 and TGF-$ has been demonstrated and the importance of novel
genes such as syncytin, an envelope gene of the recently identified human endogenous
retrovirus HERV-W, has been discovered. ** Culture techniques have been refined by
optimizing the media and culture environment; for example, low oxygen culture
promotes the differentiation of cells in the extravillous trophoblast cell pathway. ’

Despite the important information gained from traditional two-
dimensional cell culture, this technique does not allow the study of cell-to-cell
interactions. Furthermore, monolayer culture does not allow the study of the gene
programs that are required to form complex cellular structures such as trophoblast
vesicles and placenta. For these reasons, biologists have attempted to bioengineer three-
dimensional cell-culture systems. Many of these systems utilize an extra-cellular matrix,
such as fibronectin or alginate, to maintain the three-dimensional shape of the culture.'®"

12 Cells are imbedded into the matrix and then cultured. It has been well described that
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different matrices may have significantly different effects on promoting gene programs
and it is critical to experiment with multiple matrices to establish an appropriate in vitro
model. '

Synthetic and natural scaffolds have also been used as temporary
substrates for native extracellular matrix. This technique is particularly useful for
bioengineering micro-tissues that form matrices such as osteoblasts. '* As with using
extracellular matrix components, materials used in scaffold based tissue engineering can
affect gene programming. Therefore, it is critical to utilize multiple models.
Furthermore, if the bioengineered tissue is ultimately to be transplanted, the scaffold
material must be non-antigenic, non-mutagenic, and non-carcinogenic.

Early placental differentiation is unique because it forms in the absence
of extra-cellular matrix. As mentioned earlier, the trophoblast cells are the first cells to
differentiate in the pre-embryo, approximately 5 to 6 days post-conception. This
differentiation is occurring as the pre-embryo is coursing through the fallopian tube
without contact with the tubal epithelium. Therefore, three-dimensional culture of this
tissue type would be most ideal without the use of any extracellular matrix. Hanging
drop culture, one of the oldest cell culture techniques, promotes three-dimensional
spheroid formation without extracellular matrix. A small number of cells (100-600) are
suspended in a small amount of media and dropped onto an inverted lid of a sterile dish.
The lid is then placed on the dish to form a “hanging drop”. '® The cells cluster, by
gravity, to the bottom of the drop and cell-to-cell interactions result in the formation of a
spheroid. Hanging drop has been used extensively to culture embryonic stem cells. The
stem cells remain undifferentiated in monolayer; in hanging drop culture, the cells begin
to differentiate and form embryonic structures. This technique has also been used to
culture mice embryos and demonstrate that the cells can be pushed further along the
developmental pathway. However, the hanging drop method has several drawbacks. A
small number of cells must be used to maintain the drop and the time in culture is
limited as the media cannot be changed. Furthermore, the cells cannot be manipulated

and remain in the three-dimensional support.

SUMMARY OF THE INVENTION
In one aspect, the invention comprises functional, de novo, anembryonic

trophoblast vesicles. The trophoblast vesicles of the invention are made from
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trophoblast cells using a cell aggregation device composed of non-adhesive hydrogels
containing a plurality of cylindrical recesses; the hydrogels can be cast from molds
designed using computer-assisted design rapid prototyping as is fully described in PCT
Patent Application PCT/US2007/002050 (PCT Publication No. W02007/087402),
which is incorporated by reference herein in its entirety. This is an improvement over
the known method of matrix-free self-assembly known as “hanging drop”. 17-19

Briefly, wax micro-molds are designed using computer assisted design software
and produced using a rapid prototyping machine. Molds contain arrays of cylindrical
pegs with hemispherical tops, sitting on a rectangular box used to create a cell-seeding
chamber (Fig. 2 left side). A hydrogel, for example, polyacrylamide, or agarose is then
gelled around the micro-mold; on removal the gel contains an array of recesses
complementary to the pegs on the mold (Fig. 2 right side) and forms the cell
aggregation device in which cells can aggregate without adherence to the hydrogel
substrate. As described in W02007/097402, the aggregation device has a plurality of
cell-repellant compartments recessed into the uppermost surface. Each compartment is
composed of an upper cell suspension seeding chamber having an open uppermost
portion and a bottom portion, and one or more than one, lower cell aggregation recesses
connected at the top to the bottom of the upper cell suspension seeding chamber by a
port. The upper cell suspension seeding chambers are formed and positioned to funnel
the cells into the lower cell aggregation recesses through gravitatiohal force. The
aggregation recesses are formed and positioned to promote cellular aggregation by
coalescing cells into a finite region of minimum gravitational energy, increasing
intercellular contact and minimizing or preventing cell adherence to the substrate. For
agarose or polyacrylamide hydrogels, a depth of between about 1000 to about 2000 um
is preferred for the seeding chambers and between about 500 to about 1000 pm is
preferred for the aggregations recesses. The width (horizontal cross-sectional shortest
length) of the cell seeding chambers should be at least 2 mm and the aggregations
chambers should be between 20 and 5000 um preferably fromn about 200 to about 600
pm . A cell suspension seeded into the chamber will settle into the recesses and form a
spheroid of uniform size in the bottom of each recess (see Fig. 3). The size and shape of
the recess can be altered and these changes are reflected in the properties of the
spheroids. The aggregation device then is placed in a sterile dish containing media and

the cells are allowed to aggregate into spheroids.
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The trophoblast cells seeded into the device form three-dimensional spheroids
with an acellular center resembling trophoblast vesicles. Because the agarose substrate
is porous, nutrients move across the agarose to support the cells. Therefore, cell culture
can be performed for extended periods. The spheroids can easily be removed,
manipulated and re-plated into the device. This technique is ideal for bioengineering
placental tissue. The experiments outlined herein employ this non-adhesive, micro-mold
cell aggregation device to form de novo trophoblast vesicles, the earliest stage of
placental development.

The formation of this unique trophoblastic structure is not predicted by the
current literature on cellular self-assembly. Data disclosed herein suggest that these
vesicles form a functional micro-tissue. Therefore, culturing trophoblast cells in a
nonadhesive micro-mold bioreactor, such as the one referenced above, can create de
novo functional trophoblast vesicles. The development of these vesicles will
significantly improve the ability of scientists to study early embryonic events such as
implantation and placental formation leading to a better understanding of diseases
including infertility and preeclampsia. Furthermore, the creation of de novo functional
trophoblast vesicles can be used by scientists to improve the techniques for genetic
manipulation of animals, such as mouse knockout models, and dramatically improve
their efficiency.

In another aspect the invention comprises a method of making de novo
functional anembryonic trophoblast vesicles. In the method, trophoblast cells are
seeded into a non-adhesive cell aggregation device, incubated and allowed to form
three-dimensional spheroids with an acellular center. These spheroidal trophoblast
vesicles may then be injected with inner cell masses or embryonic stem cells from the
same or from a different organism and implanted in a receptive endometrium.

Currently, trophoblast vesicles are anembryonic blastocysts traditionally
made by microsurgical removal of the inner cell mass. When transferred to a receptive
endometrium, trophoblast vesicles will implant and begin development. In the absence
of a viable inner cell mass, this development will arrest. However, the inner cell mass
does not need to be from the same blastocyst as the trophoblast. Rossant and colleagues
removed the inner cell mass from mouse blastocysts using microsurgical techniques.
The blastocyst vesicle reformed a hollow sphere. Inner cell masses from different mice

were injected into the vesicle and the newly reconstructed blastocysts were transferred
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into prepared mouse surrogates. This procedure resulted in the birth of healthy pups of
the strain identical to the inner cell mass. 2 2* This technique can also be used to for
interspecific cloning. Polzin et al injected caprine inner cell masses into ovine vesicles
created from ovine blastocysts having their inner cell masses removed and transferred
the resultant embryos to ovine surrogates. 2> The ewes birthed thirteen young (59%
pregnancy rate) of whom ten were caprine, 1 was ovine and 2 were caprine-ovine
chimeras. These models are powerful tools to study maternal-fetal interactions during
pregnancy, particularly in regard to maternal tolerance and maternal-fetal
incompatibility. They have also been employed as a mechanism to rescue endangered
species using cloning technology. ** A major obstacle to the development of these
technologies is the difficulty in preparing the trophoblast vesicles, using microsurgery,
without damaging their morphology. The bioengineering of de novo trophoblast
vesicles as described herein eliminates this step. This technique could have significant
impact in creating genetically manipulated animals such as knockout mice. By injecting
manipulated embryonic stem cells into the de novo trophoblast vesicles of the invention,
genetically altered mouse models could be created with 100% somatic cell effect and no
affect on the invading placenta.

Embryonic stem cells derived from the blastocyst will self-sort into their
tissue of origin. Investigators labeled trophoblast and epiblast cells with green
fluorescent protein, injected into the center of the blastocyst and tracked the cells until
they incorporated into the blastocysts. 2% %7 Trophoblast cells contributed exclusively to
the trophectoderm while cells derived from the inner cell mass contributed exclusively
to the embryo. This phenomenon has been exploited for use in gene therapy and
transgenetics 2%. These therapies are limited by the preparation of both embryonic stem
cells and trophoblast vesicles. The bioengineering of the de novo trophoblast vesicles of
the invention as described herein has the potential to vastly improve the studies with

these techniques and advance this science.

DESCRIPTION OF THE DRAWINGS
Figure 1 is a schematic representation of the trophoblast differentiation pathway.
Figure 2 is a photographic reproduction of the wax micro-mold designed using

computer assisted design and rapid prototyping. Molds contain arrays of cylindrical
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pegs sitting on a cell-seeding chamber. Agarose is gelled around the micro-mold. On
removal, the gel contains an array of recesses complementary to the pegs on the mold.

Figure 3 are photographic reproductions of the trophoblast cell spheroids
cultured in non-adhesive, round-bottomed hydrogels cell aggregation devices (bottom
panel) and the spheroids removed from the cell aggregation device showing the
spheroids remain intact and are manipulatable in culture.

Figure 4 are photographic reproductions of the trophoblast cell spheroids fixed,
sectioned and stained with H & E. A consistent sized rim 12.3 p (+/- 1 ) in the left
panel. The hollow structure is confirmed by confocal microscopy through the edge
(center panel) and center (right panel) of the spheroid.

Figure 5 is a photomicrograph of the spheroids in long-term culture. Spheroids
labeled with CFDMA demonstrated viability for at least 20 days in culture.

Figure 6 is a photograph of TCL spheroids placed in cell culture treated dishes
(left panel) and on a non-adhesive surface (right panel). The left panel spheroids
rapidly adhere to the plate and begin proliferating into a monolayer. The right panel
spheroids rapidly fuse together, forming large cellular complexes.

Figure 7 is a photomicrographic reproduction of the rim of a vesicle at 4400X.

Figure 8 is a photomicrographic reproduction of the rim at 36000X.

Figure 9 illustrates the pressure device employed in Example 4 to measure the
pressure inside a trophoblast vesicle. |

Figure 10 (a)-(¢) are photographic reproduction showing the results of the
experiment carried out in Example 10.

Figure 11 is a schematic representation of an alternative technique to indirectly
calculate vesicle pressure.

Figure 12 is a schematic representation of the system for measurements of

pressure inside trophoblast vesicles.

DETAILED DESCRIPTION

In the following examples, trophoblast cells form de novo anembryonic
trophoblast vesicles when placed into a non-adhesive micro-mold cell aggregation
device or bioreactor. In this context de novo means from non-aggregated trophoblast
cells, in contrast to trophoblast vesicles known in the art, which are created by

microsurgical removal of the inner cell mass from blastocysts. The de novo trophoblast
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vesicles of the invention are morphologically similar to naturally occurring trophoblast
vesicles. The cells within the vesicle are metabolically active and form tight-junctions.
Further they attach and proliferate across a tissue culture treated dish. These actions
.indicate that the trophoblast vesicles are biologically functional tissue. This is

demonstrated in the following examples.

Example 1. Trophoblast cells form trophoblast vesicles in a nonadhesive micro-mold
bioreactor
Human immortalized trophoblast cells were seeded into nonadhesive

micro-mold bioreactors containing 822 cylindrical recesses 200um in diameter. Each
recess was seeded with 800,000 cells. The cells settled into the wells within hours of
seeding. Within three days, the cells formed uniform sized spheroids approximately
150um in diameter (see Fig. 4) Determination of the three-dimensional spheroid
morphology and was performed on days 7 and 10 after seeding. The spheroids were
removed from the molds, fixed and sectioned. Surprisingly, the spheroids contained a
hollow center with a cellular rim 12.3pm (£1pm) in thickness (see Fig. 4). The
morphology did not change significantly between days 7 and 10; the thickness of the
rim and the diameter of the center remained constant. The consistent hollow shape of
the sphere was confirmed in live cells with confocal imaging after DAPI staining (see
Figs. 4-6). This hollow configuration is not predicted by previous models of spheroid

formation and has never been previously reported.

Example 2. Trophoblast cells in vesicles are highly active and form tight-junctions
Electron microscopy was performed to further demonstrate cellular
morphology and examine cell-to-cell interactions. Close inspection of individual cells at
high power demonstrated that the cytoplasm was replete with cellular organelles
including large numbers of mitochondria, endoplasmic reticulum and golgi. This
confirms that the cells are alive and, more importantly, metabolically active. Mitotic
bodies can be identified illustrating that the cells in the rim are proliferating. Apoptotic
bodies can be also identified throughout the cellular rim adjacent to mitotic cells.
Numerous tight-junctions were identified among the viable cells supporting the notion
that cell-to-cell communication is occurring (see Figs. 7-8). This formation of tight

junctions is a hallmark of irn vivo trophoblast vesicle formation.
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Example 3. Trophoblast vesicles are highly adherent

Spheroids removed from the molds adhere to the cell culture dishes
within two hours. These cells will proliferate across the surface of the plate and form
confluent monolayers. This proliferative action is morphologically similar to a
blastocyst attached to a cell culture dish. Upon reseeding into the aggregation device,
the cells in monolayer will re-form spheroids. There are no obvious morphologic
differences among the spheroids formed by multiple reseedings. These data indicate that
the trophoblast cells are forming biologically active vesicles. These de novo vesicles
may be employed in implantation, using various known in vitro and in vivo models of

tissue function and implantation.

Example 4. Measurement of pressure

Referring now to Fig. 9, in order to measure/sense ultra-small (< 5 inches
of H,0) pressures accurately with high signal to noise ratios (> 100), a pressure probe is
integrated into a microfluidic controller developed for imposing/measuring microfluidic

3335 See also

pressures as small as 0.1 inches of water in micro channel networks.
United States Patent Publication 2006/0193730 (United States Serial No.-11/184,533
herein incorporated by reference herein in its entirety.) Figure 6 shows a snapshot of
the controller and the measured pressure inside a microfuidic channel with nanoliter
flow. In this technique, a micro capillary filled with air is connected to a MEMS based
pressure sensor with precision electrical circuitry. When the microcapillary is inserted
inside a vesicle or droplet, the fluid rises to compresses the air. This results in

compression of MEMS membrane. The pressure inside the vesicle or droplet can then
be evaluated using the formula p,,.,, = Prosswres — 27 €080/ R . Here, the second term is
a constant which quantifies the rise of fluid due to capillary action(R = radius of
capillary, y surface tension). This device, integrated with an accurate precision motion
stage, may be employed for measuring pressure inside the de novo trophoblast vesicles

of the invention. An alternative technique to indirectly calculate vesicle pressure is

illustrated in Fig. 11.
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Example 5. Cell culture environment affect trophoblast cell differentiation

Purified trophoblast cells were cultured in 21% and 2.5% oxygen tension
for up to 5 days. RNA was obtained, reverse transcribed, and assayed by real-time PCR
for markers of villous and extravillous trophoblast cell differentiation pathways. The
cells grown in 21% oxygen increased the expression of hCG, hPL and syncytin, all
markers of villous trophoblast differentiation. This is consistent with the known
spontaneous differentiation of these cells in 21% oxygen and has been well
characterized by several investigators. In contrast, cells grown in low oxygen
demonstrated decreased expression of these villous markers and increased expression of
HLA-G, a marker of extravillous trophoblast cells. Next, cells were cultured in 21% or
1% oxygen for five days and then stained for desmosomal protein or HLA-G.
Desmosomal protein marks the cell membranes. By counterstaining the nuclei, the
presence of multinucleated synctiotrophoblasts is identified. As anticipated, cells grown
in ambient oxygen synctialized. Cells grown in 1% oxygen did not form a syncytium.
Only the cells grown in low oxygen expressed HLA-G. Taken together, these data
(genetic markers and immunohistochemistry) indicate that oxygen tension plays a role
in determining the lineage of cytotrophoblast cell differentiation. The effect of oxygen
tension on the differentiation and formation of trophoblast vesicles can be tested as

described below.

Example 6: Testing functional capacity for implantation

The de novo trophoblast vesicles have the functional capacity for
implantation. Both in vitro and in vivo models of implantation can be created by those
of skill in the art. Functional trophoblast vesicles will produce matrix metal proteinases
and will implant into a basement membrane. This can be confirmed by demonstrating
the production of MMP-2 and MMP-9 by RNA. The function of these proteins can be
assessed by zymography. Implantation can be assessed by trophoblast invasion into
basement membranes. Finally, the ability to implant in vivo can be assessed by
transferring trophoblast vesicles to prepared mouse surrogates and calculating

implantation rates nine days after transfer.

Example 7: Testing pressure and ionic concentrations inside trophoblast vesicles

10
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To determine the relationship between trophoblast vesicle formation and
increased spheroid pressure, it is necessary to have a description of the activities of its
component and pressure in relation to time and environment. To our knowledge, there
exists no data on the measurement of time dependent changes of pressure and ionic
concentration in trophoblast vesicles. There have been many studies performed to
measurement solute and pressure (turgor) in plant cells to understand metabolic
functions. * Solute measurements can be addressed by the use of techniques such as

ion-sensitive fluorescent probes, % *!

that can be used to show that a particular
component or compound is located in certain cell types. In some cases, however,
quantitative precision of these techniques is doubtful. This is especially true where
solutes are measured because these contribute to both metabolic and osmotic cell
functions. In addition to measurements of cell turgor, the pressure measurements were
also performed across red cells. The pressure across the red cell membrane has been
estimated to be around 2 mm H,0. 3 No difference in stiffness was found between the
rim and the biconcavity of the cell or between biconcave discs and hypotonically
swollen cells. Above studies clearly suggest that changes in solute concentrations can
have effects both on the rate of flux through biochemical pathways and on trophoblast

vesicle pressure. Changes in the latter will have consequences on the functional capacity

and growth of self-assembled three dimensional trophoblast vesicles.

Example 8: The effect of recess geometry, cell number, and oxygen tension on
trophoblast vesicle morphology

Wax molds are created using computer assisted design and rapid
prototyping with a variety of geometries. Configurations to be tested include cylindrical
recess with diameters of 100, 200, 400, or 600 pm containing flat and cylindrical
bottoms. These diameters are chosen because they approximate the size of mouse and
human blastocysts. Non-cylindrical conical geometry can also be assessed. Trophoblast
cells are seeded into the gels and cultured for up to 10 days. Cellular morphology is
assessed with stereo and confocal microscopy and by fixing and sectioning the
spheroids. Viability is assessed using live:dead assay. To determine the lineage of
trophoblast cell differentiation, RNA is collected from the spheroids and the expression
of villous (syncytin, hPL) and extravillous (HLA-G, a,f8;) trophoblast cell markers is
quantified with real-time PCR. Data is standardized to B-actin and 18S.

11
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To determine the effect of cell number on vesicle morphology,
trophoblast cells are seeded into the non-adhesive micro-mold cell aggregation devices
at cell densities between 30 and 3000 cells per recess. Spheroids are allowed to form for
10 days. After 10 days, the spheroids are removed from the wells and the maximal
dimensions (height and width) and morphology determined with confocal microscopy
and serial sectioning. The live:dead assay is used to determine the percent 'of cellular
viability within the vesicle. These experiments are repeated for each of the bioreactors
created in the experiments above. In a parallel set of experiments, spheroids are formed
for 10 days and RNA is collected to determine cellular patterns of differentiation into
villous (syncytin, hPL) and extravillous (HLA-G, a,8;) trophoblast cell lineage
pathways.

Because low oxygen tension promotes trophoblast cells in monolayer to
differentiate along the extravillous trophoblast cell lineage pathway, low oxygen tension
can induce extravillous trophoblast differentiation in trophoblast vesicles. Trophoblast
cells are seeded into nonadhesive micro-mold bioreactors as determined by the two
prior experiments. Cells are immediately placed in incubators containing 20% oxygen,
10% oxygen, or 2.5% oxygen. These oxygen tensions correspond to room air, oxygen
tension in the intervillous space during the second trimester of pregnancy, and the
oxygen tension in the intervillous space during early pregnancy. *® The trophoblast
vesicles are cultured for 10 days and then assessed for morphologic development and
differentiation as noted above. Morphology is described with the use of confocal
microscopy and serial sectioning. Differentiation is determined with real time PCR for
villous and extravillous markers.

Cells are assessed for size with confocal microscopy. Horizontal (x, y
plane) diameters of 10 aggregates per sample is measured by converting 3D image data
into a 2D projection of average pixel intensity. These images are thresholded and
analyzed for area (x, y plane) with Scion Image software. Assuming a circular
geometry, diameters are calculated from the x, y area. Height in the z-dimension for 10
aggregates is determined by plotting image intensity profile (intensity as a function of
the z-dimension). The height is calculated as the z distance over which an aggregate
displayed intensities above a minimum threshold of 5%. The 3D reconstructions are
obtained for qualitative assessment of aggregate shape. Comparisons among spheroids

are made by comparing the mean areas, and two-dimensional diameters using ANOVA.

12
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Statistically significant F-ratios for the vitamin supplementation variable is followed up
using Tukey’s honestly significant difference technique for multiple comparisons.

The percentage of live cells is calculated by randomly selecting 10 high-
powered fields, counting the number of total and live cells, and dividing the number live
by the total. A minimum of 100 total cells are counted. Comparisons are made among
the spheroids using Chi-square analysis.

Real-time PCR data from the markers of differentiation are evaluated for
quality prior to data analysis. Data must have single peak melting curves at the
appropriate Tm, amplification slopes must be parallel in the log view, amplification
must occur subsequent to the 10™ cycle, there must be at least 5 points along the linear
amplification, and the correlation coefficient must be greater the 0.990. Cycle thresholds
(CT) are calculated using the PCR baseline subtraction curve fit option. Data can be
input for analysis using the Q-gene software for real-time PCR. This software calculates
cDNA quantity based on the efficiency of amplification of both the experimental and
reference genes and allows the input of multiple reference genes. The quantity of cDNA
is compared among the vesicles using ANOVA. Linear regression is used to identify an
association between markers of differentiation and size and shape of the vesicles.

An optimal trophoblast vesicle will contain a perfect sphere with an
acellular center. The cellular rim will contain viable cells with few dead cells. These
cells will primarily differentiate along the extravillous trophoblast pathway.

The cell line that may be employed should express features of both
villous and extravillous cells.  Alternatively, primary trophoblast cells that can be
obtained from term placenta using enzymatic dispersion may be employed. Another
cell line that may be employed is the murine trophoblast stem cell line identified by
Rossant. ¥’ These cells differentiate along the three trophoblast cell line pathways

identified in the mouse.

Example 9: Mechanism of trophoblast vesicle formation

The formation of de novo trophoblast vesicles was not predicted by
previous studies using similar bioreactors or using hanging drop cultures. We
hypothesize that the trophoblast cells are programmed to form vesicles. As the cells are
seeded into the bioreactor, they settle into a cell clump by gravity. Once contact is made

the cells reassemble into a spheroid. The resulting vesicle may be the de novo
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reassemble structure, may be created by cells in the center of the sphere undergoing
apoptosis or necrosis, or may be formed by the accumulation of fluid.

To determine whether apoptosis or necrosis is responsible for the
formation of trophoblast vesicles, trophoblast cells are seeded into the non-adhesive
micro-molded cell aggregation devices described above. Each day, the vesicles are
removed from the wells, fixed and serial sectioned to view progressive changes in
morphology. Immunohistochemistry for caspase-3 and -7 are performed on these
sections to identify presence of apoptosis. The serial sections are also viewed by
transmission electron microscopy to further delineate between necrosis and apoptosis.
To confirm the presence or absence of apoptosis, vesicles are collected daily from a
parallel set of experiments, RNA is collected, and the expression of caspace-3 and -7 is

measured by real-time PCR.

Example 10: The trophoblast cells develop cytoplasmic membrane Na-K ATPase

pumps
Trophoblast cells are seeded into the cell aggregation device for up to ten

days to form trophoblast vesicles. The vesicles are removed from the cell aggregation
device, the cells are lysed, and plasma membranes are prepared from the homogenate.
Protein resolution is performed with SDS-PAGE and transferred to nitrocellulose paper.
Antibody blotting against the Na-K ATPase a-1 and B1 subunits is performed to identify
their presence.  Other vesicles formed in the aggregation devices are measured for
pressure using a standard intra-cytoplasmic sperm injection needle attached to a micro-
positioning robot and pressure controller/sensor to measure the pressure in the center of
the vesicle and in the media. The difference between the inside and outside of the
vesicle is calculated. To demonstrate that vesicle pressure is due to Na-K ATPase
activity, trophoblast vesicles are seeded in the nonadhesive micro-mold cell aggregation
device. After 24 hours, the media is supplemented with and without ouabain, a cardiac
glycoside Na-K pump inhibitor. The cells are cultured for 7 days and the morphology
and intra-vesicle pressure assessed. To demonstrate that vesicle pressure is maintained
by Na-K ATPase activity, trophoblast vesicles are formed as described. After 7 days,
the media is supplemented with ouabain or vehicle. The morphology and intravesicle
pressure is measured daily for 3 days.

Immunohistochemical staining is qualitatively assessed to demonstrate

induction of apoptosis over time. These data can be confirmed by real time PCR data
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using the Qgene data analysis program as described above. The amount of Na-K
ATPase is determined by Western blotting and chemiluminescence assay and the
resulting x-ray bands are analyzed using ImageQuant software. For quantitative
pressure data, the means, standard deviations and standard errors within groups are
calculated using Microcal Origin (version 7.0).

To determine whether the vesicles will rupture upon insertion of the
pressure probe, pressure measurements can be performed using the resistance to
deformation or stiffness of the membranes of the trophoblast vesicles. Briefly, it
requires a measure of the pressure and time required to draw a cell into a micropipette
(see Fig. 8). The governing equations for this approach are:

c !

atm

Trophoblast pressure and stiffness can be evaluated by measuring P, R, .

Example 11: Trophoblast vesicles produce matrix metal-pfoteineases and invade into a
basement membrane

De novo trophoblast vesicles are created as described above and cultured
for up to 10 days. Standard media is changed ever 48 hours and the spent media is
assayed via zymography for the presence of gelatinase. Migration assays and
trophoblast outgrowth assays are performed to demonstrate the capacity for invasion.
Briefly, the migration assay is performed by placing a fixed number of vesicles on a
Matrigel coated Boyden chamber for 20 hours and counting the number of cells that
pass through the membrane. Outgrowth assays are performed by culturing the vesicles
on fibronectin coated plates for three days and calculating the area of outgrowth.

Normally developing blastocysts up-regulate receptors to fibronectin in a
polarized fashion. This assay is employed identify the position and semi-quantify the
concentration of fibronectin receptors on the bioengineered trophoblast vesicles.
Briefly, the trophoblast vesicle is cultured in the presence of fibronectin coated
fluorescent microspheres. After approximately one hour, the fluorescent intensity and
position are calculated. The presence of fibronectin receptors indicates a functional
trophoblast vesicle.

To establish the in vivo hormonal milieu necessary to support a

pregnancy, pseudo-pregnant immunodeficient mouse surrogates are prepared by mating
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female mice with vasectomized males. Because the mouse is immuno-deficient, it will
not reject the vesicle. (This model has been used to test several human tissues including

38, 39) Ten trophoblast vesicles are then

endometriosis, transplanted into mice.
transferred to a single uterine horn of each surrogate. Implantation should be detectable
by embryonic day 9 (E.9). However, because the vesicles do not contain an inner cell
mass, the pregnancy is not likely to continue beyond this point. Therefore, on E.9, the
pregnant mice are euthanized, the uteri removed, and implantation rates calculated.

Data from zymography is captured using a fluorescent CCD camera and
analyzed using ImageQuant software. The mean intensity decreased from background
represents the amount of MMPs in the media. The migration assays are quantified by
counting the number of vesicles that are stained on the membrane in the lower chamber
of the transwell. The presence and position of the fibronectin receptors is qualitatively
determined. If present to a significant degree, the amount of fluorescence can be
calculated using ImageQuant software and compared among time points as described.

The presence of implantation sites is identified. Implantation rates are calculated as the

number of implantations divided by the total number of embryos transferred.

Example 12: Implantation of the vesicles
Inner cell masses from different mice are injected into the trophoblast
vesicles of the invention and the newly reconstructed blastocysts are transferred into

prepared mouse surrogates following the methods of Rossant.? 2

The trophoblast
vesicles are implanted as follows. Female reproductive aged Nu/Nu mice (Charles River
Laboratories) are mated with vasectomized C57B/6 males to prepare them for
surrogacy. After successful mating as demonstrated by the presence of a copulation plug
the females have ten trophoblast vesicles transferred to one uterine horn. Trophoblast
vesicle transfer is performed intra-abdominally to mice under adequate anesthesia.
Mice are anesthetized with an intra-peritoneal injection of 75mg/kg of ketamine and 1
mg/kg of medetomidine to provide an adequate surgical of 20-30 minutes. A small
incision is made in the animal’s back, the uterus is identified, a puncture is made in the
uterus and the embryos are transferred directly into the uterine horn. The incision is

closed with 4.0 vicryl suture and the animals are closely observed until they have

completely recovered from the anesthetic agent.
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This technique can also be used for interspecific cloning following the

methods of Polzin et al.?

MATERIALS AND METHODS

Cell culture: TCL human trophoblast cells immortalized from third
trimester chorion are maintained in RPMI containing 10% FBS, penicillin (100 U/ml),
and streptomycin (100 pg/ml) in a water-jacketed incubator with a humidified
atmosphere (5% CO»/air) at 37°C. The cells are maintained in monolayer, the media is
changed every 48 hours, and the cells are passaged when they reach 95% confluence for
a maximum of 12 passages. Approximately 800,000 cells are suspended in 100ul of
media and added to the bioreactor. After thirty minutes at 37°C, 3ml of media are added
to wells containing the bioreactor.

Maintenance of oxygen tension: Oxygen is maintained in controlled
atmosphere culture chambers (Biospherix, Redfield, NY) that continuously monitor
oxygen and CO, tension. Low oxygen is maintained by nitrogen displacement. To
change media, manipulate the culture or to visualize the cells, the cells are placed in a
glove box that controls oxygen, CO2 and temperature. The glove box contains a
microscope and CCD camera to view the cells and record changes.

Live:dead assay: Trophoblast cells are grown on coverslips placed in 12
well plates for up to 10 days. On days one through six, a coverslip IS removed and
washed with 1000 volumes of PBS. The coverslips are then incubated with a solution
containing SuM of carboxyfluorescein dye and 5uM of propidium iodide at 37°C for 45
minutes. The coverslips are inverted onto 10ul of PBS placed on a microscopic slide
and the number of red and green cells is calculated. The live cells will fluoresce green
while the dead cells will fluoresce red. The percentage of live cells is calculated as the
number of green fluorescent cells divided by the total number of fluorescent cells.

RNA Collection and Quantification: RNA is collected using RNA Stat
60 (Tel-Test, Friendswood, TX) per the manufacturer’s instructions. For each condition,
2pg of total RNA is reverse transcribed with SuperScript II (Invitrogen, Carlsbad, CA)
as per the manufacturer’s instructions to yield 10ng/ul of cDNA. Each PCR reaction
contains 10ng cDNA, 10uM of each primer, 1pl of 2X Sybr Green, 8ul of Hot Master
Mix (Eppendorf, Westbury, NY) and 7ul DEPC-treated water. The PCR protocol

includes 40 cycles of amplification and a melting curve is produced by a slow
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denaturate of the PCR products to validate the specificity of amplification. Small
oligonucleotide primers are designed to span an intron and produce an amplicon of
approximately 120 base pairs. All primers are tested for efficiency of amplification and
only those primers with an efficiency of greater than 95% are utilized. The PCR results
are confirmed for each primer by sequencing the final product after gel purification.
The primers are:

Forward Primer Reverse Primer

HLA-G CCACAGATACCTGGAGAACG TGGTGGCCTCATAGTC

B-HCG TGTGCATCACCGTCAACAC GGTAGTTGCACACCACCTGA
B-Actin AGCACAGAGCCCTCGCCTTT ACATGCCGGAGCCGTTGT

hPL GCTATGCTCCAAGCCCATC TGCAGGAATGAATACTTCTGGTC

Syncytin AGGTGGGTTTCCTGGGTTTGC TGGTGTCAATGTTGTTGG

Samples are normalized to B-actin and to 18s using Quantum RNA 18S internal
standard (Ambion, Austin, TX) to account for the relative abundance of this RNA. Data
is analyzed using the Q-gene real time PCR program that improves on the accuracy of
2(ACT) by taking into account the efficiency of amplification for both the experimental
and standard genes.

Fixing, sectioning and staining cells for immunohistochemistry: Mold
are inverted in the six-well dish and centrifuged at 300rpm for 5 minutes. The medium
containing the trophoblast vesicles is aspirated from each well and transferred into a
15mL conical tube. The vesicles are then pelleted by centrifugation at 300rpm for 5
minutes and the supernatant is discarded. Cell pellets are fixed with 4%
paraformaldehyde for 10 minutes. The fixed pellet is resuspended in PBS and
centrifuged at 300rpm for 5 minutes. The fixative is removed and 1 drop of OCT is
added to the pellet and the pellet tube is placed on dry ice at -80°C for at least 30
minutes. The frozen pellet is placed in the cyrostat on a precooled cryomold with OCT
as a base and allowed to freeze. It is then sectioned at 15um and collected onto
precleaned slides.

For immunohistochemistry, the cells are blocked with 5% low fat milk
for 30 minutes at room temperature. A monoclonal anti protein antibody (i.e. anti-
caspace-3 and -9) is added to blocking solution at a 1:400 dilution and the cells are
incubated at 37°C for 30 minutes. Cells are subsequently washed with TBS-T and
incubated for one hour with a 1:15 dilution of biotinylated anti-mouse immunoglobulin

secondary antibody. This antibody is removed by washing with TBS-T followed by
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0.3% H,0; in distilled water. Following another wash with PBS, the cells are incubated
with avidin biotin peroxidase complex diluted 1:15 in PBS followed by the peroxidase
substrate AEC (3-amino-9-ethycarbazole) for about 5-15 minutes until color develops.
The slide is washed and the cells are counterstained with hematoxylin. |

Membrane preparations: Cells from the trophoblast vesicle are
dispersed by gentle repetitive pipetting of the vesicle. The cells are lysed with freshly
prepared ice-cold buffer containing Tris-HC1 (50mM), EDTA (5mM), 1% Triton X-
100, SDS (0.05%), NaF (50mM), Na3VO4 (100microM), B-glycerophosphate (10mM),
sodium pyrophosphate (10mM), phospho-serine (ImM), phospho-threonin (1mM),
phospho-tyrosine (1mM), leupeptin (20microg/ml), bacitracine (500microg/ml), and
PMFS (100microg/ml) for 10 minutes. The cells are then centrifuged for 15 min at 4°C
at 13000 x g and the supernatant is removed Bradford assay as described by the
manufacturer.

Quantification of Na-K ATPase: 40pg protein is separated by 6% SDS-
PAGE under a reducing condition using 100 volts for 5 hours. The proteins are
electrophoretically transferred from gels to nitrocellulose membranes. The membrane is
blocked for 1 hour with 5% nonfat milk in TBS-T and then washed with TBS-T for 10
minutes x 3. The membrane is incubated with a 1:100 concentration of a monoclonal
antibody to Na-K ATPase al or B1 subunit (Abcam, Cambridge, MA) overnight at 4°C.
The membranes is then washed and incubated for 1 hour with a 1:2000 dilution of
horseradish peroxidase-conjugated goat anti-mouse antibody. The antigen-antibody
complexes are detected with the ECL chemiluminescence detection kit (Amersham
Biosciences, Piscataway, NJ). Membranes are visualized by exposure to x-ray film,
scanned, and quantified with the ImageQuant program. These experiments are
performed at least three times. Each membrane is stripped and assayed for B-actin
antibody to account for protein differences.

Measurement of vesicle pressure: A trophoblast measuring system is
integrated to the pressure sensing/controller instrument illustrated in Fig. 6 as follows.
The trophoblast pressure measuring system as illustrated in Fig. 9 is composed of a
vesicle holding unit, an imaging unit, a pressure controller unit and a micropositioning
unit. To minimize vibration, all units except the host computer will be mounted on a
vibration isolation table. The cellular pressure sensor probe, connected to a readout

circuit board, is mounted on a three degrees-of-freedom (DOF) micro robot, in which
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the axes each has a travel of 2.54 cm with a step resolution of 40 nm. A standard ICSI
injection pipette (Cook K-MPIP-1000-5) tip section with a tip diameter of Sum is
attached on the probe tip. The imaging unit includes an inverted microscope, a charge-
coupled device (CCD) camera, a peripheral component interconnect (PCI) frame
grabber, and a host computer. A Nikon TE2000 inverted microscope is used with a 40
long working distance objective and a Hoffman modulation contrast condenser. The
CCD camera is mounted on the side port of the microscope. The frame grabber captures
30 frames/s. The software unit samples the cell membrane deformation images and
pressures synchronously. The membrane geometries in each frame of image are
measured offline with a resolution of one pixel. This platform is also used to measure
the effect of replacing Na+ and K+ on the evolution of trophoblast vesicles. The ionic
strehgth is measured using fluorescence and electric potential measurements.

Na-K ATPase inhibition: Ouabain octahydrate (Sigma, St. Louis, MO)

- is prepared in water. Trophoblast vesicles are treated with ouabain at doses between

10ng/ml to 10Qug/ml. Initial experiments can conducted to determine the maximal
tolerated dose of the glycoside, but it is anticipated that this will be approximately
100ng/ml. Media is supplemented with or without ouabain beginning 24 hours after
seeding (to determine the role of Na-K ATPase on vesicle formation) or ten days after
seeding (to determine the role of the ATPase in vesicle maintenance.

Zymography: The protein content of the media is measured using
Bradford protein assay as described by the manufacturer. If necessary, protein may be
concentrated with Vivaspin protein concentrators (Sartorius, Edgewood, NY) per
manufacturer’s instructions. A 4% SDS-PAGE stacking gel is prepared with 40mg of
gelatin added to the lower buffer. Approximately SOpg of protein is resolved using 100
volts for 5 hours. Once resolution is adequate, the gel is incubated in 0.5% Trition X-
100 washing buffer for one hour followed by overnight incubation with digestion buffer
(10 mM calcium chloride, 20mM Tris acetic acid with pH of 7.5.) at 37°C. The gels are
then stained with 0.1% coomasie brilliant blue in 13% acetic acid followed by 10%
acetic acid and 5% methanol for 3 hours.

Migration assay: The upper well of a transwell is coated with Matrigel
(1mg/1) (Becton-Dickinson, Franklin Lakes, NJ) and the lower well is filled with 1ml of
media containing 5 pg of fibronectin. Trophoblast vesicles are removed from the

bioreactor with gentle centrifugation (300rpm for 5 minutes), washed with RPMI
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containing 1% FBS, and placed on the Matrigel. The transwells are incubated for 24
hours at 37°C. The media in the lower chamber is then aspirated, the membrane is
removed and stained with Diff-Quick (Fisher Scientific, Louisville, KY), and the
number of invaded vesicles is counted.

Fibronectin Binding Assay: Green-fluorescent microspheres (Molecular
Probes, Eugene, OR) are prepared by incubating 200 ul of microspheres with 144 pg/ml
of fibronectin-120 (FN-120.) Incubating the trophoblast vesicles with 50mg/ml FN-120
for 1 hour augments the fibronectin binding capacity. Next, the vesicles are incubated
with FN-120 coated microspheres for one hour, unbound spheres are removed, and the
vesicles are fixed with 4% paraformaldehyde. The vesicles are viewed with an inverted
microscope with fluorescent illumination and the positions of the maximal fluorescent
intensity, identifying the majority of fibronectin receptors, are noted. To quantify the
receptor, 10-12 regions of interest are identified across the area of maximal fluorescence
and intensity is averaged using image analysis software.

" Embryo transfer: Surrogate animals are prepared by mating a Nu/Nu
female mouse with a vasectomized male (C57B1/6 mouse strain). The morning after the
breeding pair has been mated, the presence of a copulatory plug is investigated. Animals
that have been successfully mated will have the trophoblast vesicle transfer performed.
A pulled Pasteur pipette with a flame-polished tip is loaded with oil, a small amount of
air, and then ten vesicles are loaded in approximately 50 pl of media. The recipient
female is anesthetized with an intra-peritoneal injection of 75mg/kg of ketamine and 1
mg/kg of medetomidine to provide an adequate surgical of 20-30 minutes. The lower
back is then shaved and cleaned with 70% ethanol. A lcm incision is made in the
abdomen and the fat pad and ovary are identified. The ovary is retracted and the
infindibulum of the oviduct is located. The pipette is carefully placed into the oviduct
and the ten vesicles are transferred. The oviduct is replaced in the abdomen and the
incision is closed with 4.0 vicryl suture and a skin staple. The mouse is monitored

frequently until she completely recovers from anesthesia.

CONCLUSION
The de novo formation of anembryonic trophoblast vesicles as described
above enables scientists to study the complex events involved with blastocyst formation,

implantation, and placental development, events that can not be adequately modeled
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with currently available models. These studies will increase our knowledge about the
etiologies of infertility and diseases of placentation including preeclampsia. The method
and compositions of the invention can be employed to test mechanisms of implantation
and to develop culture methods to improve implantation.

The compositions and methods disclosed and herein can be made and
executed without undue experimentation in light of this disclosure. = Although the
compositions and methods of the invention have been described in terms of preferred
embodiments, it will be apparent to those having ordinary skill in the art that variations
may be made to the compositions and methods without departing from the concept,
spirit and scope of the invention. Fore example, certain agents and compositions that
are chemically related may be substituted for the agents and compositions described
herein if the same or similar results would be achieved. All such similar substitutes and
modifications apparent to those skilled in the art are deemed to be within the spirit,
scope, and concept of the invention. All publications, patent applications, patents and
other documents cited herein are incorporated by reference in their entirety. In case of
conflict, this specification including definitions will control. In addition, the material,

methods, and examples are illustrative only and not intended to be limiting.
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Claims:

1. Anembryonic, de novo, trophoblast vesicles further characterized by (a) having
the functional capacity for implantation, (b) being composed of a substantially perfect
sphere having a hollow, acellular center, (c) having a cellular rim containing viable cells
that are proliferating, and (d) having numerous tight-junctions among the viable cells in
the rim.

2. Anembryonic, de novo, trophoblast vesicles according to claim 1 wherein the
functional capacity for implantation is exhibited by production of MMP-2 and MMP-9.
3. Anembryonic, de novo, trophoblast vesicles according to claim 1 wherein the
vesicles are formed from trophoblast cells seeded into a cell aggregation device.

4, Anembryonic, de novo, trophoblast vesicles according to claim 1 wherein the
vesicles demonstrate Na-K ATPase activity.

5. Anembryonic, de novo, trophoblast vesicles according to claim 1 wherein the
vesicles implant when transferred into a uterine horn of a pseudo-pregnant,
immunodeficient mouse surrogate.

6. A method of making anembryonic de novo trophoblast vesicles comprising
seeding trophoblast cells in a non-adherent cell aggregation device and incubating the

cells in the device until the cells form anembryonic trophoblast vesicles.

7. The method of claim 6 wherein the cell aggregation device is composed of
agarose.
8. The method of claim 7 wherein the cell aggregation device is formed having a

plurality of cell-repellant compartments recessed into the uppermost surface wherein
each compartment is composed of an upper cell suspension seeding chamber having an
open uppermost portion and a bottom portion, and a lower cell aggregation recess
connected at the top to the bottom of the upper cell suspension seeding chamber by a
port.

9. Anembryomic, de novo, trophoblast vesicles made by the method according to

claims 6, 7 or 8.
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