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Abstract

Fetal cytotrophoblast invasion of maternal decidual vasculature is necessary to normal pregnancy.
In preeclampsia, there is shallow invasion and abnormal remodeling of the uterine vasculature that
lead to significant maternal and perinatal morbidity and mortality. The placental basement
membrane (BM) proteins (e.g. laminin, collagen) has been implicated in the development of
placenta while the level of laminin is significantly lower in preeclampsia. However, there are very
limited studies, if any, on the effect of extracellular matrix (ECM) microenvironment on the
invasion of cytotrophoblast. In this study, we hypothesized that placental BM proteins are required
for effective cytotrophoblast invasion. Using proteomics, we found that more than 80% of ECM
proteins in placental basal plate (pECM) were BM proteins. In addition to upregulating
expressions of MMP2 (1.5 fold) and MMP9 (6.3 fold), pECM significantly increased the motility
rates of cytotrophoblasts by 13 fold (from 5.60+0.95 to 75.5+21.8 um/day) to achieve an effective
invasion rate that was comparable to /n vivoresults. Treatments with PI3K inhibitors completely
removed the pECM-enhanced invasive phenotypes and genotypes of cytotrophoblasts, suggesting
its dominant role in cytotrophoblast-ECM interactions. Our results described, for the first time, the
substantial effects of the ECM microenvironment on regulating cytotrophoblast invasion, an area
that is less investigated but appear to be critical in the pathogenesis of preeclampsia. Moreover, the
approach presented in this work that fabricates organ models with organ-specific ECM can be an
attractive option to screen and develop novel therapeutics and biomarkers not only in preeclampsia
but also other diseases such as cancer metastasis.
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Introduction

In normal pregnancy, embryo implantation and placentation occur by cytotrophoblast
invasion of the maternal spiral arteries to create a low-resistance, high-flow maternal
uteroplacental circulation1=4. Impaired cytotrophoblast invasion of the maternal spiral
arteries results in abnormal placentation leading to reduced placental perfusion and oxidative
stress1>. One of the major clinical complications of impaired cytotrophoblast invasion is
preeclampsia (PE)S. PE is a leading cause of maternal and perinatal morbidity and mortality
affecting 3 to 8% of all pregnancies'=37:8 and resulting in 29,000 deaths yearly in US®. The
only treatment option for PE available is the premature delivery of baby and placenta
because the mechanisms of cytotrophoblast invasion are poorly defined?:3-10,

In early placental development, cytotrophoblasts differentiate and lose their organized
epithelial phenotype and transitioning to a more migratory and invasive mesenchymal
phenotype which allows them to infiltrate the maternal decidua and spiral arteries. This
transition has been recently suggested as a type of epithelial-mesenchymal transition (EMT)
that involves upregulating and secreting matrix metalloproteinase (MMP) and gaining the
ability to migrate and invade1-15, EMT has been reported to be mediated by tyrosine kinase
receptors (TKR) and transforming growth factor beta (TGF-B) family14-16. Among these
receptors, TKR appears to have a direct and specific impact on endometrial susceptibility to
implantation /n vivo based on a murine TKR-ablated uterus model (epidermal growth factor
receptor, EGFR, knock-out)1’. Moreover, EMT is mediated through the action of
phosphoinositide 3-kinase (PI3K) signaling pathway416, a major signaling pathway located
downstream of TKR that regulates cellular processes including motility, proliferation,
survival and growth— which are critical for cytotrophoblast invasion®1819, However, the
effect of extracellular matrix (ECM) microenvironment on EMT and PI3K signaling on
cytotrophoblast invasion remains poorly understood.

Cell-ECM interactions play a fundamental role in the growth, differentiation and invasion of
cytotrophoblasts?C. Prior to implantation of blastocysts, the maternal endometrium
undergoes substantial remodeling and differentiation to become decidua, a process known as
decidualization1’21, When decidualization occurs, the maternal decidual stromal cells (those
in direct contact with cytotrophoblasts) produce pericellular basement membrane (BM)
proteins that are critical to placental development and successful embryogenesis. For
example, knocking out laminin genes in murine models cause embryonic lethal outcomes
(Lamal; Lama5; Lambl; Lamcl) and considerable abnormalities in vascular and
cytotrophoblast differentiation during placental development (Lama5)22-23, These placental
abnormalities are potentially caused by the lack of stable adhesion between cytotrophoblasts
and Lamab. Moreover, human term placenta from preeclamptic pregnancies have lower
expression levels of laminin compare to those of normal pregnancies?4-26. The expressions
of laminin alpha 2 appears to also be downregulated in the basal plate of preeclamptic term
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placenta?”. Even though these evidences implicate the vital role of BM proteins in
placentation and cytotrophoblast invasion, the majority of published literature focuses on the
effect of soluble factors20. The intricate and highly ordered nature of ECM makes it difficult
to reproduce using synthetic or purified components and these BM-proteins are often tissue-
specific and work in concert instead of individually20.23.28, These differences in ECM
compositions between native tissue and /n vitro culture techniques affect cellular genotypes
and phenotypes?0. Therefore, studies on cell invasion utilizing single ECM components,
while still valuable, may not represent the /n vivo environment.

Our hypothesis is that placental BM proteins isolated from basal plate of human placenta are
required for effective cytotrophoblast invasion. To test this hypothesis, we isolated and
characterized ECM from the basal plate of term human placenta, which is defined as pECM
for the rest of the work. Through proteomics, we determined that more than 80% of pECM
consists of BM proteins. Our results showed that the addition of isolated placental BM
proteins substantially increased the invasion rates by 13 fold while significantly upregulated
the gene expressions of MMP2 and MMP9 (surrogate markers for invasion and EMT19:29),
The addition of LY294002, a well-established PI3K inhibitor®>18, significantly reduced the
enhanced invasive rates and expressions of MMP2 and MMP9. These results demonstrated
that the placental BM proteins stimulated cytotrophoblast invasion predominantly through
P13K signaling - first direct evidence indicating that the cytotrophoblast differentiation and
invasion are critically modulated by their surrounding ECM microenvironment.

Materials and Methods

Cell Culture

BeWo cells were purchased from American Type Culture Collection (ATCC) and cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, ATCC), 15% (vol/vol) Fetal Bovine Serum
(FBS; Thermo Fisher Scientific), and 1% penicillin/streptomycin (Pen/Strep; Thermo Fisher
Scientific). Cells are cultured in standard cell culture incubator (Thermo Fisher Scientific) at
37°C and 5% CO, with humidity control.

Tissue Collection and Isolation

Five ex vivo placenta from normal pregnancies were collected from MedStar Washington
Hospital Center (maternal age=29.1+1.2 years; gestational age=37+0.84 weeks) according to
protocol approved by the MedStar Research Institute Institutional Review Board (IRB#
2015-131). The placentas are frozen at —80°C immediately after delivery until tissue
isolation. Surgical tools (e.g. scissors, scalpels, forceps) were utilized to carefully harvest the
top slice of the placenta from the maternal side (no more than 3 mm). The isolated tissue
was minced and washed using until the effluent become clear.

Decellularization, Digestion and Characterization of Placental Basal Plate

The decellularization and digestion protocols were developed based on previous studies28-30,
The minced tissues were treated with 1% (v/v) antibiotic/antifungal (Thermo Fisher
Scientific) and placed on a shaker overnight at room temperature. The tissue was then
treated in 0.1% Sodium Dodecyl Sulfate (SDS) in distilled water for 48 hours to
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decellularize the tissue without any buffer change. Following SDS treatment, the tissue is
washed in distilled water for another 48 hours and lyophilized. The lyophilized,
decellularized tissue was crushed using a mortar and pestle set and digested in pepsin (1 g of
pepsin / 10 g of dry tissue) in 0.5M acetic acid in 4°C for 48 hours. The pH of the tissue
digest was adjusted to 7.4 using an aqueous base solution (e.g. NaOH) and then centrifuged
at 3000 g for 5 mins. The supernatant was filtered using a cell strainer (100 pm, Thermo
Fisher Scientific) and stored at —80°C until further use. The resulting supernatant was
defined as pECM for the current work. The DNA content of pECM was tested using a
Quant-iT PicoGreen dsDNA Assay kit (Life Technologies) following the manufacturer’s
protocol. Collagen content of pECM was tested using a hydroxyproline assay kit (Sigma-
Aldrich).

Gelatin Methacrylate Synthesis

Proteomics

Gelatin methacrylate (GelMA) was synthesized according to previously published
methods31-33, Briefly, Type A porcine skin gelatin (Sigma-Aldrich; 300 bloom) was mixed
at 10% (w/v) in phosphate buffered saline (PBS; Thermo Fisher Scientific) at 50°C for 20
minutes. Methacrylic anhydride (Sigma-Aldrich) was then added at 0.6 g of Methacrylic
anhydride / g gelatin under rigorous stirring for one hour. The reactants were then diluted 2x
with PBS to stop the reaction. The mixture was centrifuged and the pellet was discarded.
The supernatant was dialyzed against deionized water at 50°C using dialysis cassettes
(10kDa MWCO, Thermo Fisher Scientific) for at least 3 days. The deionized water was
changed twice a day to remove salts and excess methacrylic acid. The dialyzed GelMA was
then lyophilized for at least 3 days and store at —80°C until further use.

The digested ECM sample was dissolved in SDS-loading buffer and separated by size using
a 10% acrylamide gel by SDS-PAGE. The gel was then fixed and cut into 10 pieces of
similar sizes for proteomics analysis using clean razors using the ladder as a guide. Briefly,
the proteins in gel bands were digested with sequencing grade Trypsin (Promega) and the
resulting peptides were extracted with acetonitrile-formic acid buffer. The peptide mixtures
from each band were sequentially analyzed by liquid chromatography-mass spectrometry
(LC-MS) using nano-LC system (Easy nLC 1000, Thermo Fisher Scientific) connected to Q
Exactive mass spectrometer (Thermo Fisher Scientific). The peptides were eluted at a flow
rate of 300 nL/min using linear gradients of 2-25 % Acetonitrile for 35 min, followed by
25-40% for 10 min, 40-60% for 1 min, and static flow at 60% for 14 min. The MS raw data
were searched against UniProt database that also included common contaminants using
MaxQuant software (version 1.5.5.1).

Size Exclusion Chromatography (SEC)

250uL of pECM (prepared as specified above) were loaded onto a ENrich™ SEC 650
column (Bio-Rad) using the NGC Quest™" 10 chromatography system (Bio-Rad) which was
equilibrated with 1x PBS. Proteins were eluted from the column using 1x PBS as mobile
phase at a flow of ImL min~1 while monitoring the absorbance at 280nm. Samples were
collected in 0.7mL fractions using a fraction collector (BioFrac™, Bio-Rad) and frozen at
—20°C until further use.
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Cell Adhesion Study

Adhesion of cytotrophoblasts to pECM was evaluated using the washing assay. This assay
relies on seeding cells onto substrates of interest and washing off ‘nonadherent’ cells with
physiological buffers and then counting the remaining cells3*-37. Briefly, a 24 well plate (not
tissue culture treated, Corning) was coated with desired ECM overnight, both at 4°C. The
following ECMs were used for coating: GelIMA (0.1 g/mL), pECM (0.1 g/mL) and
fibronectin (0.1 g/mL). Cytotrophoblasts were stained with Calcein AM (Thermo Fisher
Scientific) following manufacturer’s recommendations and seeded on the treated cell culture
wells in culture media (30,000 cells/cm?). Cytotrophoblasts were allowed to adhere for 2
hours at 37°C and then an initial fluorescent readings (F1) was taken using a fluorescent
plate reader taken at 530 nm. Then the wells were washed twice with PBS to remove non-
adherent cells and the fluorescence was read again (F2). Fraction of adhesion (FA) was
calculated using the formula: FA=1 - (F1-F2)/F1.

Bioprinting of Placenta Model with pECM

All bioprinting work was completed using a commercial bioprinter (3D-Bioplotter;
EnvisionTEC). To prepare the prepolymer solution, lyophilized GelMA was dissolved in
complete growth media at 50°C (10% w/v) for 20 minutes. Photoinitiator (2-hydroxy-1-(4-
(hydroxyethoxy)phenyl)-2-methyl-1-propanone, also known as Irgacure 2959; BASF) was
then added into the GelMA solution at 0.1% (w/v) at 50°C for 15 minutes under vigorous
stirring. The prepolymer solution was loaded into the low-temperature printer head and
allowed to equilibrate for 30 minutes at 37°C. Additional biomaterials such as pECM, cells,
and/or growth factors of interest were added at this time, and the functionalized prepolymer
solution was equilibrate to printing temperature (e.g. ~23°C) for another 30 minutes prior to
printing. The following settings were utilized for all bioprinting work: needle diameter=0.4
mm; printing temperature = 23°C; pressure = 0.5-1 bar; layer thickness = 0.35 mm; speed =
10 mm/s. The placenta model was a cylindrical construct (height = 2 mm, diameter = 10
mm) with a central source of chemoattractant (height = 2mm, diameter = 3 mm; epidermal
growth factor, EGF, loading level = 10 uM) at the center and an outer layer of
cytotrophoblasts in the periphery. Printed constructs were UV-cured for 30 seconds (0.09
mW/cm?) using a UV box (VWR). The Live/Dead assay (Thermo Fisher Scientific) was
used to assess cell viability within printed constructs according to the manufacturer’s
instructions. An inverted fluorescent microscope (Olympus CKX41) with mercury lamp
(Olympus U-RFLT50) were used to image the stained cells.

Mechanical Analysis

Unconfined compression testing was performed on the bioprinted 3D cylindrical GelMA
discs (diameter= 10 mm; h = Imm) containing different concentrations of pECM (0, 0.02,
0.2 mg/mL) (Fig 1f). Hydrated samples were placed between two compression plates and
were loaded at a strain rate of 15% per minute using a mechanical tester (Instron). Young’s
modulus were defined as the slope of the linear portion of the stress-strain curve comprised
between 20-40% strain.
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Invasion Study

For the invasion experiments, cells were bioprinted (2 million cells/mL) along the periphery
of the cylindrical placenta model with a chemotactic source (epidermal growth factor, 10
HM) at the center as previously described38. pECM were added at various concentration to
determine its effect on invasion rates (0, 0.02, 0.2 mg/mL pECM). Cytotrophoblasts were
cultured in growth media with reduced serum concentration (5%) and phase-contrast images
were taken on day 2 and day 7 using an inverted microscope (Olympus CKX41). The
distance between the edge of the placenta model and the invasion fronts were measured and
averaged over time to obtain invasion rates. For samples with reduced PI13K signaling,
samples were treated with LY294002 (25 pM) on days 4 and 6 for 24 hours.

DNA Isolation and Quantification

Sample discs (10 mm diameter and 2 mm height, 2 million cells/mL) were bioprinted for
DNA quantification study. Bioprinted discs were cultured in standard cell culture incubator
(37°C, 5% CO,) with humidity control for seven days. On day 7, bioprinted discs were
treated with papain (4 mg/mL) for 30 mins at 37°C to dissolve the gel and isolate the cells.
The isolated cells were lysed with RIPA Lysis and Extraction Buffer (Thermo Fisher
Scientific). The DNA content of the cell lysates were directly tested using a Quant-iT
PicoGreen dsDNA Assay kit (Life Technologies) following the manufacturer’s protocol.

RNA Isolation and qRT-PCR

Sample discs (10 mm diameter and 2 mm height, 2 million cells/mL) were bioprinted for
gene expression studies. Bioprinted discs were cultured in standard cell culture incubator
(37°C, 5% CO,) with humidity control for seven days. On day 7, bioprinted discs were
dissolved by treating them with papain (4 mg/mL) for 20 mins at 37°C, and dissolved in
Trizol (Thermo Fisher Scientific). Total RNA was isolated from the cytotrophoblasts using
the RNeasy Plus Mini Kit (Qiagen) and then reverse transcribed to complementary DNA
(cDNA) using a High Capacity cDNA Archive Kit (Thermo Fisher Scientific). Quantitative
reverse transcriptase-polymerase chain reaction (QRT-PCR) was performed by combining
the cDNA solution with a Universal Master Mix (Thermo Fisher Scientific), as well as
oligonucleotide primers and Tagman probes for MMP2, MMP9 and the endogenous gene
control glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Life Technologies). The
reaction was performed using a 7900HT real-time PCR System (Applied Biosystems) at
thermal conditions of 2 min at 50°C, 10 min at 95°C, 40 cycles of 15 s at 95°C, and 1 min at
60°C. The relative gene expression level of each target gene was normalized to the mean of
GAPDH in each group then the fold change was determined relative to the Bioprinted
Placenta Model without pECM. Fold change was calculated using the AACT relative
comparative method as described previously3°.

Measurement of MMP Activity

Sample discs (10 mm diameter and 2 mm height, 2 million cells/mL) were bioprinted for
MMP activity studies. Bioprinted discs were cultured in standard cell culture incubator
(37°C, 5% CO,) with humidity control for 7 days. On day 7, supernatant from cultures of
bioprinted placenta model with different dosage of pPECM were collected after 7 days of
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culture. The MMP activity was measured using the MMP Activity Assay Kit (Abcam)
according to manufacturer’s instructions.

Statistical Analysis

Results

Error bars indicate standard deviation and * indicates statistically significant differences
between groups. Data from all the studies were analyzed using the Multiple Comparison
Test function in MATLAB. A confidence level of 95% was chosen, and p values below 0.05
were considered significant. All experiments were done in triplicates (biological replicates)
unless stated otherwise.

Isolation and Characterization of Placental Basement Membrane Proteins

To harvest relevant ECM material to study cytotrophoblast invasion, we isolated the basal
plate of the fresh human term placentae by removing a thin layer (less than 3 mm) of tissue
from the maternal side (Figure 1a, red arrows). Following decellularization and
solubilization, the amount of DNA present in it the processed tissue was 95% lower than that
of solubilized native tissue (Figure 1d) and was below the level indicated to induce immune
response?0. The decellularized and solubilized ECM isolated from basal plate of term
placenta is referred to as pECM for the rest of the work (Figure 1c). Next, we compared the
amounts of collagen in pECM to solubilized native tissue and showed no significant
differences (Figure 1e). These data showed that the decellularization treatment was effective
in removing the DNA contents and kept the ECM components intact which was
demonstrated by the similar collagen levels. Since the mechanical properties of the substrate
have a profound impact on cellular behavior*!, we used compression testing and determined
that the pECM has no significant impact (p>0.05) on the Young’s modulus and yield
strength of bioprinted GelMA constructs (Figure 1f). Therefore, any biological effects
induced by pECM on cytotrophoblasts were due to differences in ECM composition rather
than bulk mechanical properties.

Effect of pECM on Proliferation and Adhesion of Cytotrophoblast

Since cytotrophoblasts are anchorage-dependent and their binding to ECM is required to
invade the decidual matrix, we tested the effect of pECM on proliferation and adhesion of
cytotrophoblast. As shown in Figure 2a, the fraction of adhered cells for pECM-coated
group (0.82+0.05) was significantly higher than those of untreated plastic (0.35+0.19,
p<0.05) and GelMA coated plastic (0.38+0.24, p<0.05). GelMA was used as a control
because it was the basis material for our bioprinting work. In addition, the fraction of
adhered cells on pECM coated wells was comparable to that of the fibronectin coated wells
(0.85+0.06), a widely-used ECM matrix that promotes cell adhesion?1-38, In addition, we
observed that the addition of pECM enhances the proliferation of bioprinted
cytotrophoblasts in a dosage-dependent manner, expressed as fold change from day 1 after 7
days of culture (Figure 2b). Monolayer of cytotrophoblasts were grown on top of GelMA in
2D as a control to ensure cytotrophoblasts were proliferating on GelMA alone (dark purple
bar in Figure 2b). Consistent with published literature, we observed a higher proliferation
rates in 2D compare to cells encapsulated in 3D (dark purple vs. orange bars in Figure 2b)*2.
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Qualitative images using live/dead viability staining kit demonstrated that the additional
pECM did not affect the viability of bioprinted cytotrophoblasts with mostly viable cells
(green) and very few dead cells (red, Figure 2c). Encapsulated cytotrophoblasts form a sub-
population of aggregates and appeared differently than 2D culture in bioprinted GelMA
constructs, consistent with published literature with cells encapsulated in hydrogels (Figure
2d)*2. These results demonstrated that pECM supported the adhesion and proliferation of
cytotrophoblast.

Characterization of Complete and Fractionated pECM

Since pECM is a mixture of ECM proteins, we used proteomics to determine its composition
to elucidate the mechanism behind the interactions between pECM and cytotrophoblast.
Using proteomics, we found the pECM was composed of mostly BM proteins (80% by
peptide counts), including laminin, collagen, fibronectin, Heparan sulfate proteoglycan
(Figure 3a), and these results were validated by Western blot analyses (Figure 3b). To
evaluate if the effect of pPECM was due to the placental BM proteins, we used size-exclusion
based chromatography (SEC) to separate pPECM components into high molecular weight
(>158 kDa, referred to as HMW-pECM) and low molecular weight (<3.5 kDa, referred to as
LMW-pECM) as indicated by the two peaks in Figure 3c. Relative amount of ECM proteins
in these two fractions were determined using proteomics (Figure 3a). Our results indicate
that key placental BM proteins such as laminin, collagen, fibronectin, heparan sulfate
proteoglycan, and nidogen were depleted in LMW-pECM as their amounts are lower than
that of HMW-pECM by at least 3 fold.

Effects of Fractionated pECM on Cytotrophoblast Invasion

Once the compositions of the fractionated and complete pECM were determined, we tested
their effects on cytotrophoblast invasion rates of BeWo cells, an epithelial trophoblastic cell
line that is extensively used to study placental development%43 in a bioprinted placenta
model (BPM)38. BeWo cells was used instead of HTR8 because we wanted to study
epithelial-mesenchymal transition of cytotrophoblasts and HTRS8 is considered
mesenchymal-like based their positive expression for vimentin®4. The concentrations of
ECM protein were kept at 0.02 mg/mL, a level that was comparable to current in vitro
studies3® across all groups in Figure 4c. The cytotrophoblast bioprinted in LMW-pECM had
a lower invasion rate compared to those of HMW-pECM (17.6+8.19 versus 36.1+£12.5 um/
day, respectively; Figure 4c). Interestingly, however, both invasion rates were lower than that
of complete pECM (65.8+37.5 um/day; Figure 4c). These results indicated the effect of
complete pECM on cytotrophoblast invasion cannot be reproduced using individual fractions
alone, suggesting a combination mechanism of action of both placental BM proteins and
peptide components. To confirm that invasion required the expression of MMP, a known
group of enzymes that are responsible for the degradation of ECM proteins and are
upregulated during EMT and invasion of cytotrophoblasts?%45, we tested the effect of
fractionated and complete pECM on the gene expressions of MMP2 and MMP9 (Figure
5)18:46_Using the groups without any pECM as reference points, HMW-pECM upregulated
the expressions of MMP2 and MMP9 significantly (p<0.05) compared to LMW-pECM and
the control group without any pECM (Figure 5a,b). LMW-pECM, on the other hand, did not
have a significant impact (p<0.05) on MMP2 or MMP9 expression. Even though HMW-
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PECM upregulated MMP2 and MMP9 expressions, the magnitudes remained lower than that
of complete pECM (1.40 versus 1.55 and 2.39 versus 5.99 fold change, respectively), again
suggesting there may be synergistic effects between the different components of pECM
which was consistent with the invasion rate results.

Mechanism of pECM-Induced Cytotrophoblast Invasion

Finally, we determined cytotrophoblast invasion rates as a function of pECM concentrations
to test our hypothesis that placental BM proteins are required for effective cytotrophoblast
invasion. Our results showed that pECM, at both dosages (0.02 and 0.2 mg pECM/mL),
significantly increased invasion rates of cytotrophoblasts (65.8+37.5, and 75.5+21.8 um/day,
respectively; p<0.05; Figure 4d) compared to control BPM with no pECM (5.6+1.0 pm/day).
Similarly, the addition of pECM increased MMP activities (normalized to control group
without any pECM) but only significantly at a higher pECM concentration (0.2 mg
pECM/mL; p<0.05; Figure 4e). Since PI3K signaling is upstream of secretion of MMP and
has been previously implicated in embryonic implantation, we tested its role cytotrophoblast
invasion171847_ The addition of a PI3K inhibitor (LY294002; 25 pM) in the presence of
pECM significantly reduced the invasion rates (12.6+10.4 and 15.0+6.90 pm/day; p<0.05)
compared to their respective dosages of pPECM (65.8+37.5 and 75.5+21.8, respectively).
Moreover, there were no statistically significant differences (p>0.05) between the invasion
rates of control BPM and pECM groups treated with PI3K inhibitor, indicating that
inhibiting P13K signaling completely removed the effects of pECM. A similar pattern was
observed in the amount of MMP activities (normalized to control group without any pECM)
where pECM increased MMP activities (1.28+0.049 and 1.41+0.10; figure 4e) and the
addition of PI3K inhibitor significantly reduced them (0.78+0.17 and 0.89+.27, respectively;
p<0.05).

At the genetic level, the addition of complete pECM (0.2 and 0.02 mg pECM/mL)
significantly upregulated MMP2 gene expression, expressed as fold change from the control
group without any pECM, (1.55+0.04 and 1.97+0.08, respectively; p<0.05) and were
reduced when PI3K inhibitor was added (1.15+0.02 and 1.05+0.02, respectively; Figure 5a;
p<0.05). Similarly, the addition of pECM significantly upregulated MMP9 (6.48+2.1 and
5.99+1.96, respectively; p<0.05) and were equally reduced when the PI3K was inhibited
(1.24+1.1 and 1.48+0.50, respectively; p<0.05; Figure 5b). Additionally, there were no
statistically significant differences (p<0.05) between control BPM without pECM and PI3K
inhibited groups in terms of MMP2 and MMP9 expressions, indicating that the effect of
pECM on the gene expressions was completely removed by PI3K inhibitors. These results
indicated that the pPECM-enhanced invasion rates were correlated directly with upregulated
of MMP2 and MMP9, and PI3K signaling appeared to play a dominant role in pECM-
enhanced cytotrophoblast invasion.

Discussion

Cytotrophoblast-ECM interactions play a fundamental role in placentation and are critical to
placentation and overall pregnancy success20. However, there are very limited studies, if any,
that investigate the effect of ECM microenvironment on cytotrophoblast invasion and
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differentiation. In this research, for the first time, the necessary and critical roles of placental
BM proteins on cytotrophoblast invasion were demonstrated. The addition of pECM, which
was rich in BM proteins, significantly increased the invasion rates by 13 fold (Figure 4c) and
upregulated the gene expressions of MMP2 (1.5 fold) and MMP9 (6.3 fold) of
cytotrophoblasts, all compared to samples without pECM (Figure 5). These pECM-
enhanced invasive responses were completely removed upon the addition of PI3K inhibitor,
suggesting placental BM protein stimulated cytotrophoblast invasion predominantly through
PI13K signaling (Figure 4,5).

In preparation for embryonic implantation, the maternal endometrium undergoes substantial
remodeling and differentiation to become the decidual’-21 and causes the maternal decidual
stromal cells (those in direct contact with cytotrophoblasts) produce pericellular basement
membrane (BM)28. Published studies have established the significance of BM proteins in
placentation and embryogenesis in murine BM-proteins ablated models23, human placental
tissue2>4849 and cytotrophoblast invasion Jn vitro?>5951, However, none of the studies to
date have directly determined the impact of extracellular placental BM proteins on
cytotrophoblast invasion. We found the placental BM proteins significantly increased
cytotrophoblast invasion rates and MMP expressions compare to samples without pECM
(Figure 4,5). If we used the invasion rates obtained through the placenta model loaded with
pECM and assumed a decidual thickness of 5 mm?®2, the maternal decidua would be fully
invaded by cytotrophoblasts in 7 weeks, consistent with 77 vivo results from human
pregnancies®2. Without the presence of placental BM proteins, the cytotrophoblast invasion
was critically impaired, a condition that is associated with preeclampsial~. These findings,
for the first time, exemplifies the necessary and critical role of placental BM proteins in
normal cytotrophoblast invasion. Since placental BM proteins are secreted from
decidualization, our findings validate the importance of endometrial remodeling prior to the
arrival of blastocyst. Future studies will involve incorporating decidual stromal cells into our
tissue-specific placental model to assess their roles in cytotrophoblast invasion.

Our results showed that the placental BM proteins promoted cytotrophoblast invasion
predominantly through PI3K signaling, a critical signaling pathway downstream of TKR that
regulates cell motility, proliferation, survival and growth16.18, \We demonstrated that the
improved invasive phenotype and genotypes of cytotrophoblasts in the presence of were
completely removed when PI3K signaling was inhibited (Figure 4,5). This result was not
surprising because other study demonstrated laminin binding activates the PI3K pathway in
mammalian cells®3. However, our results suggest that the reason for the failed implantation
in TKR-ablated uterus in a murine modell’” may be due to impaired cytotrophoblast invasion
and differentiation. Since PI3K signaling appeared to be an important signaling pathway that
regulates the interactions between cytotrophoblast and placental BM proteins, it could be an
attractive potential therapeutic target for preeclampsia. However, further testing for other
molecular pathways and inhibitors are necessary before preclinical testing.

The ECM microenvironment plays a fundamental role in the maintenance of cellular

phenotypes such as invasion20:28:54_ There is strong evidence supporting that the interaction
between ECM microenvironment and cells is mediated through receptor-ligand interactions
and biomechanical stimuli, which in turn control cellular function?8:54, Recent studies have
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validated tissue-specific ECM improves cell function and intricate tissue formation28:55,
These ECM scaffolds were shown to have the capacity to direct tissue-specific cell lineage
commitment and maintaining the phenotype of mature cell populations.?8 The cell-ECM
interactions are extremely complex in nature and justify the need for a tissue-specific
approach to recreate the native cytotrophoblast niche to encourage and maintain their
invasive phenotypes?8:56. As such, we isolated placental BM proteins from the basal plate of
fresh term placenta because it is a rich source of invasive extravillous cytotrophoblasts®.
This concept was confirmed when we found that we could not reproduce the biological
effects of pECM using its fractionated components alone (pECM vs. LMW-pECM vs.
HMW-pECM), which indicated that all components of pPECM were required, as
demonstrated in Figure 4b and Figure 5. Therefore, current literature on cytotrophoblast
biology that utilizes soluble, single ECM components and/or tissue culture polystyrene,
while still valuable, may not represent the /n vivo environment. Utilizing additive
manufacturing technologies, we combined the unparalleled features of pPECM with
bioprinting to construct a cytotrophoblast-laden placenta model with micro-patterned
biomaterials (Figure 4a). The ability to pattern cells and chemoattractant was crucial because
it enabled the quantifications of cell invasion rates (demonstrated in Figure 4b) rather than
the binary read-outs in current conventional, 2-dimensional (2D) invasion assays (e.g.
transwell). /n vitro culture using pECM supports adhesion, proliferation and invasion of
cytotrophoblasts for at least 7 days (Figure 2). Altogether, we demonstrated that bioprinting
with tissue-specific ECM is an attractive option for constructing /n vitro placental tissue
model to screen for novel therapeutics for placental diseases and their pathology. Our tissue
specific, bioprinted placental model can potentially predict /n7 vivo drug administration
outcome for PE. Furthermore, other tissue models such as cancer can be developed based on
the method presented in this work by recreating the key microenvironmental characteristics
(complex ECM composition, mechanical properties, cellularity) that are representative to the
in vivo environment.

Conclusion

We successfully incorporated placental BM protein isolated from basal plate of human
placenta in our established bioprinting platform. Our results showed that pECM significantly
increased adhesion, proliferation, and invasion of cytotrophoblasts and these effects could
not be reproduced using fractions of pECM. Particularly, the addition of pECM, which is
rich in basement membrane proteins, was required for cytotrophaoblasts to achieve effective
invasion rates that is comparable normal pregnancies and PI3K appear to play a dominant
role in this process. Our results illustrated, for the first time, the significant effects of the
ECM microenvironment in cytotrophoblast invasion, a parameter that is less investigated but
critical in the development of preeclampsia. Moreover, the approach of bioprinting organ
models with organ-specific ECM can be used to screen for novel therapeutics for placental
and other diseases such as cancer invasion.
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Figure 1. Development of Decellularized Placental ECM (pECM)
(a) Anatomy of Ex Vivo Placenta. Top image illustrates the major structures of human

placenta and bottom image demonstrated a cross section of human placenta sample. Red
arrows indicated the location of basal plate. Scale bar= 10 mm. (b) Representative Image of
Lyophilized pECM. The tissue of basal plate was lyophilized for long term storage after it
has been decellularized. The lyophilized pECM was a porous scaffold with white-yellow
appearance. (c) Representative Image of Solubilized pECM. The lyophilized pECM was
solubilized in pepsin under acidic condition at a desired concentration to be bioprinted later.
(d) DNA Content of Solubilized ECM. After treatments of SDS and DNase (blue), 95% of
the DNA from the native tissue was removed (red, n=3). (e) Collagen Content of Solubilized
ECM. There was no significant difference between the collagen contents of solubilized
decellularized and native tissue, which suggested the integrity of the ECM was well-
preserved after decellurlarization treatment (n=3). (f) Effect of pECM on the Mechanical
Properties of Bioprinted Constructs (n=6). Our results showed that the addition of pECM
into bioprinted GelIMA constructs did not alter the Young’s modulus and Yield Strength

significantly.

J Biomed Mater Res A. Author manuscript; available in PMC 2019 June 01.

=0 mg pECM/mL
20.02 mg pECM/mL
= 0.2 mg pECM/mL

Al &

Young's Modulus Yield Strength



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kuo et al.

Page 17

Y]
(o2

LG U N §

290 9
[ I NIe - I N N I I N
.

Mass of DNA Normlaized to Day 1

® uncoated, non-TCPS m I\D/Iay OI GelMA (0 ECMIHTL)
m GelMA Coating (0.1 g/mL) m Monolayer on e mg p m
mpECM Coated (0.1 g/mL) 0 mg pECM/mL

Fibronectin Coated (0.1 g/mL) :g.mergng%C'\)Al\//In?ﬁmL

Figure 2. Effect of pECM on Growth of Cytotrophoblasts
(a) Effect of pECM on Relative Adhesion. A washing adhesion assay, which is qualitative,

was performed to test the relative adhesion of cytotrophoblasts on different substrate
coating.34:36:37.57 Our results show that pECM coating significantly increased the adhesion
of cytotrophoblasts compared to non-tissue culture treated polystyrene and GelMA coating.
In addition, the fraction of adhesion was not significantly different from fibronectin, the
most extensively utilized ECM to promote cell adhesion in biomedical research. (b) Effect
of pECM on Proliferation of Cytotrophoblasts. The mass of DNA of bioprinted
cytotrophoblasts encapsulated in different concentrations of pECM were quantified after 7
days of culture (normalized to day 0). Our results demonstrated a dosage-dependent
response of DNA mass and concentration of pECM. Monolayer of cytotrophoblasts grown
on GelMA in 2D was used as control to ensure GelMA alone supports cytotrophoblast
growth. (c) Representative Live/dead Images of Bioprinted Cytotrophoblasts. The cells are
stained with calcein-AM (green) for live cells and propidium iodide (red) for dead cells. The
majority of the bioprinted cytotrophoblasts were stained live (green) with very little dead
(red). Scale bar = 100 um. (d) Representative Live/Dead Images of Cytotrophoblasts
Demonstrating Aggregate Formation. The cells are stained with calcein-AM (green) for live
cells and propidium iodide (red) for dead cells. Scale Bars = 100um.
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Figure 3. Characterization of Fractionated and Complete pECM
(a) Compositions of Fractionated and Complete pECM. We found that there is ample

basement membrane (BM) proteins including laminin, collagen (VI, XII, XIV and XV),
fibronectin, BM-specific heparan sulfate proteoglycan in pECM which consist of more than
80% peptide fractions. Moreover, we quantified the peptides of ECM molecules and
calculated the ratio of HMW over LMW pECM. We found that the amounts of placental BM
proteins are at least two orders of magnitude higher in HMW pECM than that of LMW
pECM. (b) Western Blot Results. SDS-page and positive immunostaining of collagen I, 11
serves as confirmation of the proteomics results. (c) Chromatogram of Solubilized pECM
After Eluting Through a SEC Column. Samples were taken from the high molecular weight
fractions (defined as HMW pECM, MW>158 kDa) and low molecular weight fractions
(defined as LMW pECM, MW~1.35 kDa).
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Figure 4. Effect of pECM on Cytotrophoblast Invasion
(a) Overview of Bioprinted Placenta Model. The bioprinted placenta model (BPM) was

based on previously published work that has a layer of cytotrophoblasts along the periphery
of a cylindrical disc (green) with a chemoattractant at the center. Placental BM proteins were
incorporated with GelMA throughout BPM. (b) Representative Images of Cytotrophoblast
Invasion. By taking images of cytotrophoblasts at day 2 (red) and day 7 (green), we
observed the shift in the invasion fronts. We calculated the invasion rates by taking the
differences between the invasion fronts and average over time. (c) Effect of Fractionated
pECM on Invasion Rates of Cytotrophoblasts. The cytotrophoblasts bioprinted in complete
PECM has the highest invasion rates, followed by HMW-pECM and then LMW-pECM
(n=3). (d) Trophoblast Invasion Rates as a Function of pECM and PI3K Inhibitor. The
pECM at both dosages (0.02 and 0.2 mg pECM/mL) significantly increased invasion rates of
cytotrophoblasts compared to the control BPM without any pECM. The addition of
LY294002, a PI13K inhibitor, significantly reduced the effect of pPECM on the invasion rates
when compared to their respective dosage of pECM. Moreover, there’s no statistically
significant differences between the invasion rates of control BPM with no pECM and groups
treated with LY 294002 (n=3), which indicated that the effect of pECM was completely
removed by LY294002. (e) Effect of pECM and PI3K Inhibitor on MMP Activities. A
similar pattern was observed in the amount of MMP activity where pECM increased MMP
activities significantly at both dosages (0.2 and 0.02 mg pECM/mL) and the addition of
PI3K inhibitor significantly reduced the effect of pECM. (n=3).

J Biomed Mater Res A. Author manuscript; available in PMC 2019 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Kuo et al.

Normalized mRNA Levels

Normalized mRNA Levels
[Fold Change]

Page 20

MMP2

10 7 * *
9 1 *
8
o 7 A
2
g 61
G 51
°
5 4
L3
2 4
1 4
0 |
MMP9
=0 mg pECM/mL m0.02 mg LMW-pECM/mL #0.02 mg HMW-pECM/mL
= 0.02 mg pECM/mL m0.02 mg pECM/mL with LY29002 = 0.2 mg pECM/mL

= 0.2 mg pECM/mL with LY29002

Figure 5. M echanisms of pECM -enhanced Cytotrophoblast Invasion
(a) Effect of pPECM on the Expressions of MMP2 of Cytotrophoblasts. The HMW-pECM

increased the expressions of MMP2 significantly compared to LMW-pECM and control
with no pECM. The MMP2 expressions for HMW-pECM was lower than that of complete
pECM with no significant differences. LMW-pECM did not have a significant impact on the
MMP2 expression (n=3). The addition of pECM significantly increased the MMP2 gene
expression compared to control. However, the effect of pECM was completely removed
when PI3K was inhibited with no significant differences with the control (n=3). (b) Effect of
PECM on the Expressions of MMP9 of Cytotrophoblasts. The HMW-pECM increased the
expressions of MMP significantly compared to LMW-pECM. However, the magnitude of
HMW-pECM’s impact on MMP9 was substantially lower than that of complete pPECM with
significant differences. On the other hand, LMW-pECM does not change MMP9 expressions
significantly compared to control (n=3). Moreover, the treatment of pECM increased the
MMP9 gene expression compared to control (0 mg pECM/mL) but again the effect was
completely removed when PI3K inhibitor added with no significant differences with the
control (n=3).
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