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LAY ABSTRACT
The human placenta is an important organ that helps regulate the health of both the
mother and fetus during pregnandyesearcherhave traditionallystuded the
placenta through these of animals or isolated cglbut these have been criticized
for not being similar enough to the human place®ar objectivewasto build
models thatbetterresembled the structure and environment experiebgethe
humarplacenta witin the body such that we could better stutl/function During
the course of my doctoral work, | built and analyzed three models of the human
placenta using human cettgat were grown in thredimensions, in multiple layers,
and/or in a specific environmer@urfirst modeldemonstratedhat placental cell
behaviour and functiooan be controlled by altering the thickness of the surface we
grew them onOur second model grew placental cells in thdigeensions and
mi mi cked the i nvasi on ergsrdariogeecarly préegmahcg. t he mot
Our third model grew placental cells with blood vessel cells to form the barrier that
regulates the passage of all substances between the mother and fetus during
pregnancy. We also tested the impact of low oxygen on the pdatentb ar r i er 6 s
formation and functionOverall, we discovered that placental cells could indeed
function more similarly to how we expect them to in the body when we design
platforms that better resemble their structure and environment. Our model
developmentwork provides new information about placental biology and may

serve as valuable tools in research and drug development.
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ABSTRACT
The human placentiacilitates many key functions during pregnanimcluding
uterine invasion, vascular remodeling, hormeaeretion, immune regulatioand
maternaifetal exchangePlacental research, however, has been limited in part by
the unrepresentative nature of traditional mad€&lse objective of this doctoral
thesiswas to buildand characterizenovel, in vitro modek that reintegrated
important anatomical and environmen&éments of the human placenthus
enablingmore physiologicallyaccurate assessmentspddicental functionin our
first model,we manipulated thehickness of theextracellular matrix surfacto
promote the selfassembly of trophoblast cells into thdienensional (3D)
aggregates that exhibd increased genetic and functional markers of syncytial
fusion In our second model, wastablished a higthroughput platform to generate
3D trophoblast spheroids thainderwent dynamic invasion and migration,
expressed transcriptomic profiles redolent of the extravillous trophoblast
phenotype, and responded to various drugs relevant tmgeg In our third
model,we developed #&rophoblastendothelial ceculture model of the placental
barrier thaunderwensyncytial fusion, exhibédsize specific barrier permeability,
and functioed underphysiologicallyrelevantoxygen tensiondn corclusion our
models may each serve as valuable tofis researchers contribute to
investigations of different aspects of placental biology,a&da the screening of

drugs and toxins for pregnancy.
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TGFB1, TGFB2, (b) ITGAZ2, ITGAS5, ITGB1, VIM, OCLN, CDH1, TJP1, CLDN1,
CLDN4, (c) HIF1A, VEGFA, VEGFC, MMP9, and TIMP2, as measured using RT
gPCR. Significant differences between grodpgermined by unpaireeté¢st; n=4.
Significant differences between means were indicated by ** (p<0.01) or ***
(p<0.001). Nossignificant differences indicated by n.s. (d) Cropped blots of
MMP9 and TIMP2 protein bands as detected by Western blot, and /Aiadé
staining of total protein. n=4. Membrane was cut below 63 kDa and top half used
for the MMP9 blot. Remaining membrane was cut above 25 kDa and lower half
used for the TIMP2 blot. Whole blots with protein ladders found in Supplementary
T T LT 3 PSR 120

Figure 6. EVT spheroids exhibited continuous invasion into ECM over eight days.

(a) Brightfield images of EVT spheroids without or with ECM over eight days. 10x
magnification. Scale bar indicates 200 pm. (b) Histogram of mean spheroid

invasion area perctage over eight days. Significant differences between groups

determined byonvay ANOVA f ol | o wetebt; ri-§. Signifidare y 6 s post
differences between means as determined bytpstst were indicated by different

letters. (c) Immunofluorescent confdémages of EVT spheroids without or with

ECM at day eight stained with phalloidin-&¢tin; green) and DAPI (blue). 10x

magnification. Scale bar indicates 100 um. Immunofluorescent confocal images of

EVT spheroids without or with ECM at day eight stainégth (d) HIF1A (green)
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or (e) MMP9 (green), and DAPI (blue). 20x magnification, imaged at center of
spheroid. Scale bar indicates 100 um. Histogram of mean fluorescent intensity of
FITC normalized to area of DARJositive nuclei for (f) HIF1A and (g) MMPR9
Significant differences between groups determined by unpaktedt;t n=3.
Significant differences between means were indicated by * (p<0.05).......121

Figure 7. Impact of lipopolysaccharide, dexamethasone, 09 1
tetrahydrocannabinol on spheroid invasian). ean spheroid invasion areas of
EVT spheroids treated with 10,000 ng/mL lipopolysaccharide (LPS) on day eight.
(b) Brightfield images of EVT spheroids in ECM treated with the vehicle control,
100 ng/mL LPS, or 10,000 ng/mL LPS (three representatisedselected along
curve to demonstrate effect). White arrows indicate examples of tube formation of
EVTs that have invaded to surface of ECM. (c) Mean spheroid invasion areas of
EVT spheroids treated with-10,000 nM dexamethasone (DEX) on day eight. (d)
Brightfield images of EVT spheroids in ECM treated with the vehicle control, 100
nM DEX, or 10,000 nM DEX. (e) Mean spheroid invasion areas of EVT spheroids
treated with 1.8780 pM 9 7 tetrahydrocannabinol (THC) on day eight. (f)
Brightfield images of EVY spheroids in ECM treated with the vehicle control, 7.5
MM THC, or 30 uM THC. Significant differences between groups determined by
oneway ANOVA followetedty; TuR2yO6Si goisti cant
between means as determined by {pests were indated by different letters.
Images taken at 10x objective magnification. Scale bar represents 20Q.[ 123

Tablel. Forward and reverse sequences for the primers used fQPRR....124

Chapter 4

Figure 1. BeWo and HUVECs aniltured oncontralateral sides of a transwell
insert for up to 7 days. (A) Schematic of@ature method to establish in vitro
placental barrier model. (B) Live, immunofluorescent images of BeWo and
HUVECSs in coculture. Green colour indicates BeWo cells and redwdhdicates
HUVECSs. Scale bar indicates 100 um. (C) Confluency of growth of all cell groups,
as determined by the surface area of fluorescent signal normalized to the total
surface area of field of view. Owveay ANOVA was used to assess significant
differences between the groups. (D)-Bihdered images of the X axis of BeWo

Figure 2. BeWo trophoblastic cells treated with epidermal growth factor (50 ng/mL)

and forskolin (50 pM) express increasedarkers of syncytial fusion. (A)
Immunofluorescent staining for-Eadherin protein of BeWo cells in the control

and fusion treatment groups. (B) Immunofluorescent staining for hCG protein and

nuclei (DAPI). Scale bar indicates 100 pum. Western blots anditderetry

guanti fications of ( C) hCGb and ( D) ER\
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guantification of relative protein expression based on band intensity. All arbitrary

values were expressed as means normalized to Amido bl&KkM. Significant

differences betweetreatment groups determined by te st ; n O 3. Signi
differences between means indicated by *, p<0.05 or ***, p<0.Q01......... 164

Figure 3. Placental barrier exhibits sggecific permeability to 4,000 Da and
70,000 Da molecules. Percentage of fluoreseceansity measured in fetal chamber
normalized to total fluorescent intensity in both maternal and fetal chambers in the
No Cell, unfused BeWo (CON), or fused BeWo (FUS) groups for (A) 4,000 Da
fluoresceindextran molecules or (B) 70,000 Da fluoreseg@xtran molecules. (C)
Apparent permeability coefficients of 4,000 Da and 70,000 Da molecules in BeWo
control and fusion groups at 48 hours normalized to the No Cell control group.
Percentage of fluorescent intensity measured in fetal chamber normalizeal to tot
fluorescent intensity in the No Cell, BeWo only, HUVEC only, or-Qgture
groups for (D) 4,000 Da or (E) 70,000 Da. (F) Apparent permeability coefficients
of 4,000 Da and 70,000 Da molecules in BeWo only, HUVEC only, an@tnire
groups at 48 hoursignificant differences between treatment groups determined
bytwoway ANOVA,; n O 3. Significant differenc
kel o 10 X 00 PSSR 165

Figure 4. Low oxygen tension impacts expression of various protein markers of
hypoxiain trophoblaste! | s. (A) Protein | evels of HIF1U
blot. Full, raw blot may be found in Supplemental Figure S1. (B) Densitometric
guantification of relative protein expression based on band intensity. All arbitrary
values were expressed as meamsmalized to total proteinl SEM. (C) Secreted
protein levels of PLGF, as determined by ELISA. All arbitrary values were
expressed as means normalized to total intracellular prot&iEM. mRNA levels

of (D) HIF1 and (E) PLGF, as determined by-BFCR. Allarbitrary values were
expressed as means normalized to the geometric mean of housekeeping genes
SEM. (F) Cell concentration of BeWo cells cultured in 21% or 3% oxygen for up
to 7 days. Significant differences between means indicated by *, p<0.05, **,
P<O.01, Or *** P<O.00L.. ... et enmr e eees 166

Figure 5. Low oxygen tension impacts morphology and expression of various

markers of syncytial fusion. (A) Live cell imaging of EGBBWo (green) and

RFRHUVECs (red). Images were taken at 10x magnification and scale bar

indicates 100 um. (B) Immunofluorescent staining eC&Adherin and DAPI. Green

fluorescence indicates-Eadherin staining and blue fluorescence indicates DAPI

staining for cell nuclei. Images were taken at 20x magnification and scale bar

indicates 100 um. (C) Proti n | evel s of ERVWE1l and hCGbD
Western blot. Densitometric quantification
protein expression based on band intensity. Full, raw blots may be found in
Supplemental Figure S1. (F) Secreted protein levels 6fG b |, as determined
ELISA. All arbitrary values were expressed as means normalized to total
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intracellular proteinC) SEM. mRNA levels of (G) ERVWE1 and (H) CGB, as
determined by RIGPCR. All arbitrary values were expressed as means normalized
to the gemetric mean of housekeeping geriesSEM. Significant differences
between means indicated by *, p<0.05, **, p<0.01, or ***, p<0.001.......... 167

Figure 6. Permeability of in vitro placental barrier to various molecules under 21%,
8%, and 3% oxygen levels. Percemay fluorescent intensity measured in fetal
chamber normalized to total fluorescent intensity in both maternal and fetal
chambers in the No Cell and @ulture groups cultured under 21%, 8%, and 3%
oxygen levels for (A) 457 Da Lucifer Yellow molecules) @000 Da fluorescein
dextran molecules or (C) 70,000 Da fluoresead@xtran molecules. (D) Apparent
permeability coefficients of 457, 4,000, and 70,000 Da molecules in H@u@are

group under 21%, 8%, and 3% oxygen levels at 48 hours normalized\o ©ell
control group. Significant differences between treatment groups determined by
twoway ANOVA,; n O 4. Significant difference
P<0.01 or *** P<O.00Lu....ciiiiiiiieeeieeee e 169
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Figure 1. Summary of three microphysiological models of the human placenta. (A)
Extracellular matrixdriven selfassembly of placental trophoblast spheroids to
investigate biophysical regulation of cell behaviour and function. iiBadive,
extravillous trophoblast spheroids that could be used for drug and toxin screening.
(C) Multi-layered placental barrier model to investigate transport and function
under physiologicaljtlow oxygen levels...........ccccoiiiiiiiiiiicce e 197

Figure 2. ComputeAided Design (CAD)mages of (A) a placentan-a-chip made

with a circular maternal channel and straight fetal channel and (B) a placesta

chip made with straight maternal and fetal channels. CAD images demonstrating
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Figure 3. Brightfield and fluorescent images of BeWo and HUVEC cells inside

Kaptontape bonded placentara-chip device cultured at 100 uL/hr flow rate for

1, 3, and 7 days. Green fl@scence indicates BeWo cells and red fluorescence

indicates HUVEC cells. Image captured at 4x magnification using Large Image
stitching on NIS Elements software (Nikon)

Figure 4. Brightfield and fluorescent imagesB¥Wo and HUVEC cells inside
plasmaactivation bonded placentara-chip device cultured at 100 pL/hr flow rate
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for 0, 1, and 7 days. Green fluorescence indicates BeWo cells and red fluorescence
indicates HUVEC cells. Image captured at 4x magnificationgusiarge Image
stitching on NIS El ements software (Nikon)

Figure 5. Barrier permeability experiment using Mimetas OrganoPlidee3
70,000 Da fluoresceidextran molecules (10 uM) were pipetted into the top,
materral channel and allowed to permeate across to the bottom, fetal channel over
24 hours. There were either no cells present in the channel, BeWo cells only in the
maternal channel, or a @ulture of BeWo cells and HUVECs. Green colour in
channels represenfisioresceindextran molecules. Brighter green colours present

in pretransport represents BeWo cells. Red colour represents HUVECs. Scale bar
FEPreSENtS 500 [M.....oiiiiiiiieiiieeie e rree e s 201
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CHAPTER 1: INTRODUCTION

An infinitely complex biological phenomenon paired with an
interconnected impact on nearly every system within the body, the establishment
of pregnancy is arguably one of the most defining experiences in human
physiology. Pregnancy is robust and adaptpetsisting as a means for life,
survival, and fitness in nearly all animal species in one way or another. Yet,
pregnancy is also delicate, dependent on numerous factors for success, and may be
vulnerably plagued with disease and complication. While pregnasnmedically
characterized by the National | fetast i t ut es o
devel ops inside a womandés uteruso, it i's
develops in parallel known as tpéacenta This uniquelytemporal organ stas
the conductor orchestrating the symphony of human development, maintaining the
health of not only the fetus, but the mother as well. In this doctoral thesis, | hope to
convince you of the biological marvel of this organ, its many implications for

science and health, and the necessity to build stronger model systems to study it.

The Human Placenta
Overview of early placentation

The human placenta is anatomicatllgfined as the discoishaped, fetal
derived organ comprised of a fusion of fetal and maletissues. In addition to

its involvement in establishing pregnancy, this mattéted organ bears the pivotal
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role of maintaining the growth and survival of the fetiusing the nine months
throughuterine invasion and vascular remodeling, substance exchiamgene
and barrier protection, and endocrine regulation

The placenta originates alongside the fetsisaring the same genetic
blueprint, from an early developmental structure known as the blastdcyst
Approximately oneweek postfertilization, the blastocyst implants into the
epithelial layer of the maternal uterine endothelium, where the polar trophectoderm
layer thendifferentiates intdhe cytotrophoblast angrimitive syncytiotrophoblast
cell layersof the early placenta. The mononuclear, st cytotrophoblast cells
rapidly proliferate, differentiate, and fuse to expand the multinuclepteditive
syncytiotroploblast layer The primitive syncytiotrophoblass responsible for
hormone secretion, enzypmeediated digestion and invasion into the maternal
uterine endometriurd® The invading syngtiotrophoblasts penetrate and rupture
maternal capillaries, which causes maternal blood to pool intofflléd spaces
within the syncytiotrophoblast layer known as syncytial lacuAadwo weeks
postfertilization, chorionic villi emerge forth into & bloodfilled syncytial
lacunae, consisting of a solid core of cytotrophoblast cells surrounded by a
syncytiotrophoblast layerAt three weeksgostfertilization, mesenchymal cells
from the underlying extraembryonic mesoderm penetrate into the cytottaphob
core of the chorionic villi and differentiate into embryonic blood vessels to enable
more efficient exchange betwetatial and maternal systemAt four weeks post

fertilization, the umbilical cord is derived to connect placental and fetal circudation
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5. At five weeks posfertilization, the cytotrophoblast core of the chorionic villi
expand and breach the syncytiotrophoblast layer to reach the decidua basalis of the
maternal uterus. As this occurs, the syncytial lacunae give riadamecavity
between the chorionic and basal plates of the plademdavn asthe maternal
intervillous spacé. At approximately 1012 weeks postertilization, the maternal
intervillous space fills with oxygenated blood sourced from the remodelled, uterine
spiral arterie§ becoming the primary supply of nutrition and oxygen for bo¢h th
placenta and fetus for the remainder of pregndhc¥he placenta continues to
grow and develop at a proportionate rate as the fetus in order to provide adequate
support, with clinical evidence suggesting strong, correlative relationships between
placental surface area, volume, weight, and various morgieslavith fetal growth
and healt?’. However, the specific developmental events in the second and third
trimester remain elusive due to scarcity of available liteea(likely owing to
limitations in modern imaging and sampling techniques.) At term, the placenta
possesses a weight of approximately 500 g, diameter-20 I'n, thickness of-3
cm, and surface area of 15%n

Overall, the proper delopment of the placenta is crucial in maintaining
maternal and fetal health during pregnancy. Poor establishment of early
placentation has been strongly associated with pregrafetyed diseases like
preeclampsia, one of the leading causes of materrthlfetal morbidity and

mortality currently plaguing5% of all pregnancies globalfy
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The chorionic villi

One of the major functional structures within the placentanown as the
chorionic villi. Resemblingtreelike or fingerlike projections, thirty to forty
chorionic villi extendfrom the chorionic plate into the maternal intervillous space
of thehumanplacentaThe chorionic villi may be further divided into dskey units
known asthe anchoring and terminal villF{gure 1). These units play important
roles in establishing the direct contact between the placenta and maternal blood,
thus defining the haemochorial nature of the human placenta. This unique
anatomial structure is particularly defining of the human placenta, and has been
historically difficult to study using animal models, which we will further discuss
the sectionl beVYobwoeahi mhkedméadel so.

The anchoring villi extend from the tips of the chorionic villi to attach to the
decidua basalis of the maternal uterus and secure the placenta and fetus in place.
Solid, trophoblast cell columngive rise to the extravillous trophoblast cells
(EVTs), which are responsible for deegerineinvasioninto the endometrium and
a third of the myometriumandcolonization andemodeling of thenaternalspiral
arteriesThe invasion and migration of interstitial EVT cells are driven by a variety
of factors, includig chemoattraction to oxygen and nutrients present in the
maternal blood and interactions with uterine immune factig.,hatural killer
cells and macrophage¥)*2 I n early pregnancy, the EVT c
plugso within the spiral arter®¥dds to mininm

intentionally retains the placenta a low oxygen environment (=26), which
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promotes specific elements of developmeng(proliferation of cytotrophoblasts
% and vascularizationt@giogenesis®. As described above, the plugs degrade by
the end of the first trimester and the remodeled spiral arteries asdpgbitance,
low-resistance vessels immerse the chorionic villi withinrkervillous spacevith
oxygenated, maternal blood*>,

The terminal villi of the chaonic villi branch outwards into the maternal
blood to engage in nutrient and waste exchange, hormone secretion, and barrier
protection 16, Related to its key functions, these units atso known as the
Apl acent alhe plaentali learriér . contss of an outer layer of
syncytiotrophoblasts that is directly exposed to the maternal blood, an underlying
population of cytotrophoblast cells, various mesenchymal, fibroblastic,
macrophages, and extracellular matrix proteins that make up the stromatadnd f
vascular endothelial cells that make up the fetal blood vessels. Underlying
cytotrophoblasts continually fuse upwards to maintain the syncytiotrophoblast
layer, but the placental barrier eventually thins out to mainly consist of the
syncytiotrophoblas and fetal endothelial layers to enhance matdeatal
exchangeFetal vasculature within these villi also continue to expand and mature,
primarily through branching angiogenesis in the second trimester, and non
branching angiogenesis in the third tringesagain to maximize maternttal

exchangé.
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In summary, the highly orchestrated development and functioning of the
anchoring and terminal chorionic villi play an essential role in establishing the

maternal and fetal circulations withihe placenta.

Placental Trophoblast Cell Types

Despite the highly heterogeneous composition of the placenta, it is clear
from implantation to delivery that the trophoblast cell remains one of the central
cell types responsible for placental function. While the full details of its origins and
differentiation events are still being uncovered, we have some understanding of
how the human trophoblast lineage emerges and differentiates (please refer to
Gamage, et al’ for a systematic review). In brief, present research suggests that
the inner cell mass gives rise to the ectodermic, mesodermic, and endodermic fetal
tissues, whereas the outer trophectoderm layer of the blastocyst derives the
pluripotent trophoblast stem cells that form the placeftgufe 2A). The
cytotrophoblast lineage then diverges down one of two pathways, resulting in either
the villous cytotrophoblast and syncytiotrophoblast cells or the EVRiswever,
the majority of these traditional classifications were made through measuring only
a few RNA or protein markers expressed by thdirdis cell type. Emergent
technologies like singleell RNA-sequencing now enable full characterizations of
genetic signatures, serving to identify more nuanced trophoblast cell subtypes

(Figure 2B) 18,
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Villous cytotrophoblast cells

Villous cytotrophoblasts are epithelial, mononucleated cells found between
the syncytiotrophoblast layer and the basement membrane of the choriorfic villi
Cytotrophoblast cells generally begin as a complete layer between the basement
membrane and syncytiotrophoblasts, but gradaltyease in prominence to about
15% of the total trophoblast population by the end of pregriaticRecent single
cell RNA-sequencing experiments revealed that three functional subtypes of
cytotrophoblasts may exist by 8 weeks of gestation: (1) proliferative, (2) non
proliferative, Syncytir2-positive, and (3) noproliferative, Syncytir2-negative
(Figure 2B) 8 The first subtype likely serves as the stem cell population to
replenish cytotrophoblast pools, and the second subtype acts as the committed
progenitor cytotrophoblast that fuses into the syncytiotrophoblast layer. The role of
the third, norproliferative, Syncytin2-negative subtype is not fully known, but
could perhaps act as progenitors to the EVT linéégedditional work is required
to charactare these novel cytotrophoblast subtypes.
Villous syncytiotrophoblast cells

The multinucleated syncytiotrophoblasts make up the outermost layer of the
placental barrier. It remains debated whether a single, continuous syncytial layer
covers the entire sface of the chorionic villi, or if there are several, connected
large segments They do not proliferate, thus depend on the syncytial fusion of the

underlying cytotrophoblast layer for maintenance and grokitiu¢e 3) 2°.
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Cellular fusion is the geneticalland environmentallyegulated joining of
two or more adjacent cells into a single entity, resulting in the merging of plasma
membranesral cytoplasmic contents. There are three main steps involved in
cellular fusion: competenc@r ability to fuse through possessing the necessary
fusagenic proteinsge.g., syncytins) commitment(or physical positioning in a
manner to undergo fusion, through direct contact with a neighbouring, fusogenic
cell), andundergoing the actufisionevent??. This process is unique to only a few
cell types in the human body, including myobl&stosteoclastd*, and placental
cytatrophoblast$®. Syncytial fusion or syncytialization, which tset cellular fusion
of cytotrophoblasts into syncytiotrophoblastsay beobserved in two main phases
during placentatio’. The initial phase occurs during implantation of the embryo
into the maternal endometrium, where the trophectoderm layer of the blastocyst
must undergo syncytial fusion to form therpitive syncytia/syncytiotrophoblasts
to promote implantation. The second phase occurs throughout pregnancy, where
the underlying cytotrophoblasts continuously fuse into the syncytiotrophoblast
layer in order to maintain the placental barffer

Given their direct contact with maternal blood in the intervillous space, the
syncytiotrophoblasts play a crucial role in regulating the transpatilogtances
between the mother and fetus. As pregnancy progresses, the syncytiotrophoblast
layer has also been demonstrated to facilitate exchange at higher rates, through
increase in microvilli formation to enhance surface area, and at greater specificity,

through apical and basal expression of nutrient and drug transpertgrglcose
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transporters, AT®inding cassette transporters, solute carrier protein transporters,
and more)?®. Syncytiotrophoblasts are also a highly endocrinological cell type,
responsible for a varietyf secretions that maintain and regulate pregnaegy, (
hormones, syncytial knots, extracellular vesicfésExpression of high levels of
chorionic gonadotropin, cytokeratify progesterone, and/or estradiol have
classically been used to identify syncytiotrophoblast céligijre 2A).
Extravillous trophoblast (EVT) cells

The EVT lineage emerges as proliferative pressures among the
cytotrophoblasts separate a specific population from the basement membrane to
form the cell columns of the anchoring villiF{gure 4) 2. EVTs are uniquely
capable of anchoring the placenta to the uterine wall, deep uterine invasion, and
remodeling the uterine vasculatuf®®® These functions are enabled in part by
increased expression of matrix metalloproteinases and a phenotypic switch known
as epitheliato-mesenchymal transition (EMTP3L Similar to when tumours
undergo malignancy, EMT is governed by a number of upstream signalling
cascadese(g., Fibroblast growth factor, Wnt, transforming growth faebdrand
transcription factors that lead to tlewn-regulation of epithelial markers.Q.,E-
Cadherin, occludins, and zona occludéhsand upregulation of mesenchymal
markers €.g., integrins, vimentins, fibronectin, adherins, and more). As the
name describes, the result is a transition from a tetrapithelial cell type towards
a mobile, dynamic mesenchymal cell tyfieExpression of high levels of HL-G&

have classically been used to identify EVFg(re 2A) 32,
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However, different subpopulations of EVTs are responsible for various
roles. Interstitial EVTs are thaitial population that emerge from the cell columns
to undergo deep invasion through the maternal endometrium and inner third of the
myometrium33. A complex network of interactions with the maternal immune
system, growth factors, and oxygen gradient have been demonstrated to regulate
EVTs invasion and localization to uterine vasculafth®. Interstitial EVTs also
assist in the anchorage of the placenta to the uterine wall through secretion of
extracdlular matrices, like matritype fibrinoid 3%4° Once they reach the
myometrium, some imaging studieave demonstrated the terminal differentiation
of interstitial EVTs into nosinvasive, multinucleated, trophoblast giant célst
However, this trophoblast cell type has not been extensively studied in the human
compared to the rodeft

Once within the maternal uterine tissues, they further branch off into several
subpopulationg®. Endovascular EVTs (endoarterial, endovenous, endolymphatic,
endoglandular) localize and remodel the various maternal uterindatases. The
most studied are the endoarterial EVTs, which infiltrate and displace the arterial
vascular and smooth muscle cells to remodel the spiral arteries into large, high
flowing vessels. During the first trimester, they also infiltrate the artenan and
form trophoblast plugs to prevent premature blood flow and oxygenation of the
placenta*>. EVTs were recently demonstrated to also remodel maternal veins
(endovenous EVTs) and lymphatic system (endolymphatic E¥#TEndovenous

EVTs help establish blood flow from the intervillous space back into maternal

10
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circulation and perhaps facilitate passafjtetal or placental secretions.g.,free-
floating DNA, cells, or exosomes). The current hypothesis for endolymphatic EVTs
is that they may help coordinate immune tolerance for the pregnancy, though much
more work is required to verify these speculasi®®. Endoglandular EVTs invade
uterine glands and merge them into the intervillous space at the beginning of
pregnancy to provide nutrition for the fetus in a histiotrophic manner during the
first trimester*.

However, it is important to note that these EVT subpopulations were
classified mainly basd on localization of the cells within the placenta and uterus.
It remains unclear to date whether they possess predetermined trajectories prior to
invasion, or if they arbitrarily migrate and assume the subtype after they arrive at a
specific location?®. Singlecell RNA-sequencing performed onvBeek and 24
week placental samples revealed EVT subtypes with distinct transcriptomic
signatures while still within the trophoblast cell coludinAmongst the 8veek
EVT subtypes, subtype 1 was RR¥asitive (DNA replication) and found at the
proximal end of the cell columif. Subtype 2 was RRMBaegative, SERPINE1
positive and subtype 3 was RRM2gative, SERPINEhegativel both found at
the distal end of the cell columfi From this, we may postulate that either (or
both) EVT subtypes 2 and 3 may exhibit the functional phenotypic categorizations
of interstitial and endovascular EVTs that others have previously ider{figare
2B). The two, 24week EVT subtypes exhibited more complex transcriptomic

signatures, where subtype 1 exhibited an invasive, migrékargene profile and

11
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subtype 2 exhibited a secretory and stirmesiponsive gene profilé®. The
functional implications of these are not yet known.

Future work must build upon these elegant, emergent approaches by further
defining the functional differences between subsypeollecting samples from
larger anatomical region®.g.,all types of uterine vasculature), and harvesting
from more timepoints. Such efforts will expand our understanding of the

heterogeneous, but orchestrated, functions of placental cells thropgbooancy.

Placental Microenvironment

In addition to many cells that weave together to form the organ, there are
also a multitude of factors surrounding the cells that regulate their function and
behaviour through physical or chemical interactions. Tbiliective of norcellular
factors is known as the cellular microenvironm&ntThe microenvironment has
been shown to play fundamental roles in dictating basic functions like cell cycle,
differentiation, and motility in tumours, immune cells, and stem ¢ellst, we
possess a poor understanding of its impact on tropholtaits*’*8 In the
following section, we will provide a brief review of two major microenvironmental
factors: the extracellular matrix and oxygen.
Extracellular matrix (ECM)

The ECM is a network of macromolecules that exist outside of the cell and
provides structural and biochemical support. Specific to placentation, the role of

the ECM is evident as early on as blastocyst attachment and implafifaanly
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immunofluorescence experiments revealed an abundance of fibronectin, laminin,
collagens, entactins, and proteoglycans on the surface of the uterine decidua of the
mother duringthe first trimester®. Recent proteomic analyses of decellularized,
placental ECM have further oovered protein families and peptide fractions of
laminins (0.2220.44), collagens (0.082.14), fibronectin (0.068.11), heparin
sulfate proteoglycans (0.09), among otl¥éfé These ECM molecules likely assist

in various aspects of implantation and placentation, though the significance of their
proportionate combinatioim vivo has yet to be identified.

In return, trophoblast cells also possasariety of mechanisms to modulate
and interact with the ECM. For example, the integrins are one of the major
interacting partners with the decidual ECM moleculgs and matrix
metalloproteinases may be secreted to degrade and remodel collagens within the
ECM *%  While cellECM interactions are speeted to play crucial roles
throughout placentation, there remain a limited number of studies investigating
their specific influences on trophoblast biology This is an arealy requiring
more research, and we hoped to contribute to that in Chapter 2 of this thesis.

Tissue stiffness is one factor heavily influenced by the ECM known to
regulate many aspects of cellular differentiation, behaviour, and even
organogenesis. Atomiforce microscopy revealed that various reproductive tissues
differ in their stiffness at the materraital interface. For example, the decidua
basalis was around 3i0Pascals and the decidua parietalis, -poegnant

endometrium, and placenta were allard 1¢ Pascal$®. Mice embryos cultured
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on 1G¢ Pa polydimethylsiloxane surfacds vitro experienced a significantly
increased success rate of developmentdelR blastocys and hatching blastocyst
stages, compared to embryos cultured diPa(olystyrene surfacé® In addition
to the embryo, we and othersgothesize that the mechanical and biophysical cues
that placental trophoblast cells experience can influence their behaviour and
function ®°. Collectively, there are a multitude of tunable factors in the placental
ECM alongside tissue stiffness, and future work must uncover their roles in
dictating development and function.
Oxygen tension

Another major, dynamic microenvironmental factor dlwed in
placentation is the oxygen tension. During the first trimester of pregnancy, oxygen
levels in the human placenta averaged 20 mmH8242, as measured through a
probe that transited the vaginal and uterine cavities, directly inserting into placenta
tissue in vivo °’. This low oxygen environment is crucial for promoting
cytotrophoblast proliferation during the first trimester, and premature onset of
blood flow and hyperoxygenation was associated with highemfiskiscarriage
5859 At around 1012 weeks, around the end of the first trimester, oxygen levels
rise to approximately 560 mmHg (68%), coinciding with the disintegration of
trophoblast plugs and commencement of maternal blood flow into the placenta via
the remodelled spiral aies'®° Directin vivo sampling of blood oxygen levels
in the intervillous space have not been attempted beyond the seroaster,

likely due to risk of endangering the developing fetus. However, several indirect
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measurements provide estimations: Fror#@3veeks, oxygen levels of around 30
mmHg (4%) were calculated, using né@rared spectroscopy measurements of
oxygenaed hemoglobin concentration in placental tis§tieAt 37-40 weeks,
oxygen levels of around 30 mmHg (4%) were also calculatedig uskygen
measurements of the uterine vein blood (45 mmHg) taken during Caesarean
sections divided by a known ratio of 1.5 between the gas levels in uterine vein and
intervillous spacé?. Thus, despite this chronically low oxygen environment present
in the placenta relative to atmosph air (21%), there has never been any evidence
of detrimental hypoxic damage.{.,necrosis, compromised energy expenditure),
stressing the need to consider states of nhormoxia and hypoxia-iarzitissue
specific manners>®4

One of the major pathways by which cells sense their oxygen
microenvironment is through hypoxiaducible factors (HIF) and prolyl
hydroxylase domain (PHD) enzymf&sIn brief, oxygen activates PHD, generating
a binding site for th&on HippetLindau (pVHL) tumor supmssor protein, which
is partof a ubiquitin ligase complexdnder oxygenated environments, HIR/2 i s
ubiquitinated and targeted for degradatfénThe scientists who uncovered and
characterized this phenomenon, Drs. lKadr., Ratcliffe, and Semenza, were
recently awarded the 2019 Nobel Prize in Physiology or Medicine. Seminal work
by Caniggia, et al* and others have demonstrated the critical role of HiR1
governing the differentiation patterns and behaviours of trophoblagiblighting

a need to incorporate correct oxygen levels into trophoblast models.
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Counter to the common assumption that placental hypoxia causes or is
linked with preeclampsia, placental expgduppertz, et al® argues that no one has
ever actually shown measurements of decreased placental oxygen in patients with
this pathology. While it is true that low oxygen levels can experimentally inhibit
EVT differentiation and functiott, the link between impaired EVT remodeling of
spiral arteries and preeclampsgiavivo is weak. A newer model of preeclampsia
suggests its origins lie in failed villous developrmand poor syncytiotrophoblast
function during early placentation, whereas impaired &&ffodeling of spiral
arteries is more likely associated with intrauterine growth restriétignen then,
there are several reports of hyperoxia associated with preterm birth and intrauterine
growth restriction. Measurements of uterine vein blood oxygen levels in Caesarean
sections of preterm, intrauterine growth restricted infaetgealed calculated
intervillous oxygen levels of 42 mmHg (5.5%) at2@ weeks, approximately 1.3
times elevated compared to healthy controls (30 mmHg®4%issue oxygenation
measurements using neafrared spectroscopy further found calculated placental
oxygen levelsof 48 mmHg (6.3%) in intrauterine growthstricted infants
compared to 30 mmHg (4%) oxygen levels in healthy confifol€learly, the
etiology of placental diseases and the role of the oxygen microenvironment remains
controversial, necessitating the development of novel techniques and models to

provide greater accuracy and insight.
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Traditional Placental Model Systems

A stronger understanding of the mechanisms underlying placental
development and function may unlock many new treatment avenues for prominent
pregnancy/placenteelated diseases, and provide better safety profiling of maternal
exposure to various drugs or ies. However, arr ability to tackle these issues
highly dependent upon the capabilities efperimental models to accurately
recapitulate this complex orgahnhe ideal model for a human placenta should be
discerned based upon the specific scientificstjaa being asked and decided upon
based on how well the model can directly address the question. In the following
section, wewill provide a review of the traditional model systems, and their
advantages and limitations.
In vivo animal models

There is adng history of animal experimentation in placental rese®tch
Animal modeling is advantageous as researchers are able to investigate
developmental progression, complexganto-organ interactions, behavioural
change, and more in a whdbedy system. These variables would be far more
challenging, and even impossible in some cases, to study in isolated models.

Larger animals like the nelmuman primates and sheep were papin prior
decades due to similarities in size, gestational period, and/or cotyledon anatomy,
but decreasing accessibility to largeimal facilities in recent years has severely
limited their usability®®. The rodent model is one of the most practicalivo

animal models to date due to ease of handling, resemblances in hemochorial and
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discoid structure, and trophoblatitected spiral artery remodeling in the uteftis

0 There are also many, validated laboratory tools available to analyze rodent
biology, such as antibodies and genetic sequence databases. Among the rodent
species, the rat has ben more popular for physiological and anatomical studies given
a relatively grater depth of invasion, but the mouse currently remains better
optimized for genetic manipulatich’?

Despite these advantages, some of the major differences compared to
humans include fewer spiral arteries, shallow implantatidar ahorter gestation
period of 21 days (which can also be advantageous for rapid data generation), and
multiparous gestatiorfS. These inhibit the translatability of specific processes, like
embryonic implantation and decidualization. Moreover, many animals @re n
naturally vulnerable to the same placenta#iiated diseases as humans and require
interventions to initiate the disease, such as placenta accreta or caréioma
Altogether, he notable limitation in animal models is the spesiascific
differences in placental anatomy and physiology, challenging our ability to translate
and apply the findings to humartsdure 5).

Ex vivo human models

The mostideal pacenta models must be huridaased. However, humans
remain difficult to use a# vivo systems for pregnancy research given ethical
considerations and the risk of invasive experimentation on the fetus. This is subject
to change as advanced, Aornasive imging techniques improve in quality,

accessibility, and cosdffectivenesg*’®. In the meantime, whole human placental
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testing is mostly restrietl to after the pregnancy has concluded, whether through
vaginal delivery, caesarean section, or premature termin&isinplacenta may
thenbe obtained andampled to undergo molecular analysesjtitized inex vivo
perfusionbased systenf¥.

For ex vivoperfusion experiments$resh, intact placentae are selected and
placed in a temperatuentrolled chamber. The artewgin pairs and intervillous
spaces are theratheterized to establish circulation (schematic of circulation and
images of perfusion seip may be seen iRigure 6). Ex vivoplacental perfusion
systems have proven their utility for whalegan studies of maternfdtal transport
.78 However, hey are unable to be extensively appliedifmestigation due to
thar short lifesparof several hourpostdelivery. This further prevents the study
of developing processes dynamiccellular behaviourssuch as the migration of
EVTs from the anchoring villus and invasion into the endometrium
In vitro models: Primary villous explants

Alternatively, pacentalsections orcells may be isolated from tHeesh
human placenta for longéerm in vitro culture as explants or primary cell€’.
Major advantages of usinig vitro cultures include the ability to isolate specific cell
types for study, longer lifespan compare@xovivq relative ease of manipulation,
and greater experimental permissibility to elucidatelular mechanisms
pathwaysand functions

Explants may be dissected from placentae at any term, and cultured on a

tissue culturdreated plastic plate, hydrogel surfaag(, Matrigel, collagen),
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transwell insert, or freelfloating support systerd. Historically, placental explants
have been useful for studying cellular uptake and secretions, transport, cell
cell/cellkmatrix interactions, differentiation, and pathologi®s’®8l. A major
advantageas that the native, multicellular structure and milieu may be retained
within anin vitro setting. However, a major limitation is the inability to discern
individual cellular effects and contributions given the heterogenous mixture of cell
types presennithe explant.
In vitro models: Primary placental cell cultures

For investigations of specific cell types in isolation, primary trophoblast
cells (and other placental cell types) may be digested, isolated, and purified from
placentae at any term and cuttd for a multitude of different applicatiof&®.
Primary cultures are particularly useful for elucidating and manipulating cellular
mechani sms and mol ecul ar pathways. However
d sho platform upon which cells are grown h
that are difficult to translate back to whole organ and body sy$tefsrthermore,
primary cells and explants both have relatively limited proliferative potential (thus
cannot be expanded) and are highly dependent on the availability of clinical sources
(e.g.,availability of placentae from labour and deliyemits.)
In vitro models: Trophoblastic cell lines

As a result, scientists were motivated to create surrogate cell lines that could
survive and remain robust through longer experimentation. There are three major

methods by which cell lines may be imnadized: (1) Isolation of a cancerous cell
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line from a tumour in an organ/region of interesy(,BeWo or JEG3 trophoblastic
cells isolated from choriocarcinonf&®), (2) Transfection with a gene that
deregulates cell cycle toviaur immortalization €.9.,HTR8/SVneo first trimester
extravillous cell line®?), and (3) Hybridizing a normal cell with a cancerous one
(ACH1P created from fusion of primary trophoblast cells with AC1
chariocarcinoma®.) Cancerous and immortalized cell lines have demonstrated
immense value throughout scientific history, possessing the same advantages as
primary cells in enabling extensive manipulations of cell biology and deep
elucidations of the mechanisrtmt underlie various physiology and dise&s€or
comprehensive reviews tiie available placental cell lines, please refé@dtendi,

et al.% andHuckle®.

One of the most extensivepublished and characterized is the BeWo
trophoblastic cell line, which was originally derived from human choriocarcinoma
8990 BeWo cells have retained impressive functions native to human villous
cytotrophoblasts such as syncytial fusiin placental hormone secretios.d.,
human chorionic gonadotropin, placental lactogen, estradiol, progesténe
microvilli formation %89 and polarity of transport®'® There are several
biochemical factors known to induce syncytial fusion in placental trophoblast cells.
Growth factors, including epidermal growth factor (EGF), vascular endothelial
growth factor (VEGF), placental growth factor (PIGF), insuilke growth factor
(IGF), and others, have been demonstrated to act at the placental barrier, potentially

facilitating syncytial fusion. Indeed, EGF and VEGF were shown to promote
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syncytial fusionin vitro in primary cytotrophoblast¥?, and monolayer formation

in BeWo cells!% Additionally, celtpermeable derivatives of cyclic adenosine
monophosphate (CAMP), cAMPnalogues (8r-cAMP, dibutyrytcAMP), and
forskolin have also been demonstrated to induce syncytial fusion in BeWo cells,
where forskolin was frequently reported as an effective agent for-temort
syncytial fusiont®>1%, Forskolin induces fusion by activating adenylate cyclase to
elevate intracellular cAMP levels, and is advantageous in that it provides a highly
controlled manner to induce fusion compared to the spontanedws flaat occurs

in primary cytotrophoblasts. Numerous studies have further profiled the specific
transcriptomic, epigenomic, and proteomic landscapes associated with farskolin
mediated fusion in BeWo celf§1951%,

However, cell lines have also received heavy criticisms in that they possess
carcinogenic factors, may have deviated in genotype and phenotype due to their
long history of use®®, and may contain heterogenous cell populations if not
maintained well®>. Thus, results from cell line research hasem increasingly
dismissedas irrelevantto human physiology®”*® This common lack of
translatability from many preclinical models to whole human systems poses as a
serious hindrance not only for academic research, but also for drug development
and industrial applications!’. This ultimately carries implications for the
innovation and achncement of pregnancy healthcare, revealingdtreeneed to

develop novelhuman cellbased platforms for placental investigation.

22



Ph.D. Thesis McMaster University
Michael K. Wong Medical Sciences Graduate Program

Alternative microphysiological models

The National Institute of Child Health and Human Development launched
t he nAHucneannt aPIPar oj ect o6 in 2014, a gl obal i n
multidisciplinary, collaborative human placental resedtéMotivated in part by
thel i mi tations that pl aygtensone af theanyajoraimp | acent al
of the Human Placenta Project was to facilitate new collaborations between
different disciplines to lead to the creation of alternative biological models and
platforms®. The simplicity of traditionain vitro culture had served its pose for
the last century, but placental research must now embrace modern technologies and
partnerships to progress in biomedical sophistication, physiological accuracy, and
clinical translatability.
Threedimensional (3D) culture: Spheroids and orgarsid

Spheroidand organoidormation @lsoreferred to in literature &D culture
or mini/microtissue$ involves the culturing of cells iBD aggregates's In
contrast to twedimensional (2D) culture®D cultureshave been shown to better
reflect the phenotypes redolent of their respectingans®’ 113116 |n particular,
spheroidand organoiccultures enable the restamat of features such asssue
specific cell density, microarchitecture, and-@all and ceHECM interactionghat
are often abserin 2D. As a result, 3D culturesavealsobeen demonstrated to
enablemorein vivo-like function, drug and toxin resisteg and invasive behaviour
in both organ and tumour researd¢f**1°. A major difference between the two

terms is that organoid cultudten refers to the use of undifferentiated, stem or
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progenitor cells as the starting cell type that is then differentiated into a specific,
functional cell types through the culture platform, whereas spheroid culture is more
generalizable to any type spherelike, 3D culturing.

While organoid and spheroid cultures remain in infancy in the placental
field, some notable studies were recently publistégider, et al.*?° cultured
primary, firsttrimester cytotrophoblasts as stéike organoids using Matrigel and
a unique organoid media. They demonstratedparable gene expression profiles
as primary cytotrophoblasts and the capacity to differentiate across trophoblast
lineages through alterations in the media formulation. Interestingly, they also
characterized the role of Wnt in directing differentiatioio iEVTs?°. Turco, et al.

21 followed up with a publication several months later, similarly culturing primary
cytotrophoblasts as organoids using Matrayed a unique organoid media. They
use extensive transcriptomic, methylomic, and secretomic analyses to compare
their organoids with firstrimester placental villi. They also demonstrate the ability

of their organoids to differentiate into syncytiotrophoblasts and invasive;GHLA
expressing EVTs, and impressively maintain in culture for up to a'fearandi,

et al.*?2 formed trophoblast spheroids using HTR8/SVneo and primary placental
cells that could be propagated multiple timsesd differentiated down various
lineages¢€.g.,syncytiotrophoblast). They further apply their model to study decorin
and its role in trophoblast sainewal and differentiation®® Lastly, we

contributed our own work to this field by developing an invasive, EVT spheroid
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model that could be applied for drug and toxin screening (further discussed in
Chapter 32%. Several other spheroid publications may be found R&té
Organ-on-a-chip platforms

A Or gmac h i p onothersnoved paradigm that aims to recreate
fundamental units of human orgamghin in vitro platforms.The original promise
of organon-achip was centered around its intentional design of cellular
architecture using microfluidic gmeering and other advanced fabrication
techniques, leading to the creationsgétemshatare more anatomicalgccurate
and dynamicd?®. In its simplest form, orgaan-a-chip devices consist of hollqw
microfluidic channels etched within polymeric unitse(, polydimethylsiloxane;
PDMS) that sandwich a serporous membraneCells may then be seeded onto
contralateral sides of the membranes to form confluent layers, and media may be
perfused through the microfluidic @hnelsusing a syringe pump or gravity flow
systemto supply nutrients for the celfBigure 7). Excitement around the utility of
organron-a-chip platforms has soared since the pioneering tamgChip
publication inScienceby Huh, et al.*C. In the last decade, the number of organ
ona-chip publications on PubMed has grown from singtgtslin 2010, to around
40 per year in 2015, to over 150 per year in 2F§uUre 8).

At the current stage, the majority @fgarron-a-chip devices are personally
designed by the researcher using a compaitegd design (CAD) software and
fabricated irhouse. However, professionalanufacturing companiesuch as

Emulate,Mimetas,CNBio Innovations TARA Biosystemsand ZMicrosystems
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are beginning to emergeto the marketThe microarchitectural design, channel
shape and size, flow ratand cell types will vary depending on the organ system
being modelled. Orgaan-chip devices are currently most readily applied to mimic
highly perfused barrier units within the bodyd.,blood-air interface of alveoli in
lung, gut barriey 139131 Theycarry thepromiseto entirely replace conventional cell
cultures in organ investigation and fotenical drug discovery, andnay better
complement animal and human testtfg

Severablacentaon-a-chip deviceprototypes have been publishiadecent
yeasto model the placental barriglemonstrating rapidly growing interest in the
reproductionfield 9899133137 The majority of devices follow the classic, two
channel desigrHigure 9A-E) anddemonstrate capabilities in mawilli formation
134 pacterial infection and inflammatorgsponsé®’, and maternafletal transport
of glucose®®33 glyburide®®, heparir?®, caffeine®, and nanoparticles®. One of
the major disadvantages of the aforementioned placartechip prototypes is the
inability to emulate the maternal intervillous spacecndiluidic technology is
proficient at reinstating capillatyke flow dynamics into cell culture, which is
advantageous for the fetal capillaries within the terminal villi, but the maternal
intervillous space that the syncytiotrophoblast layer is expised slowflowing
pool mixing oxygenated and deoxygenated blé@Bigure 9B, C). The closest
representation may be found in the modeMiyra, et al34 where a wide, circular
channel is used instead of the narrow, linear channel used in all other dé8ides.

there is no evidence to date to validate nor invalidate the use of a microfluidic
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channel to model the maternal space, it certainly does not represent it well
anatomically?.
3D bioprinting

3D bioprinting is @echnique commonly applied in tissue engineering, but
has recently emerged in experimental model construction. Bioprinting is the precise
positioning and deposition of live cells embedded within a biomaterial scaffold
(e.g.,hydrogel, extracellular matrisocktail) to fabricate 3Bayered constructs?®,
One of the major promises of this technique is the ability to cudsign complex,
functional tissues that resemble the architecture within the df§arhis is most
commonly performed by designing the desired construct on a conrgdésr
design software and fabricating using an extrusiased printerg.g., inkjet),
though more advanced systemslagang developed regularle.@.,laserassisted)
139 Generally, a cell type of interest will be mixed into a scaffolding biomaterial in
l'i quid form t o SBioneaterialsaffolds are Wsddiasthie aetiviery
medium and assist in handling of the cells to be biopritffedhe bioink is then
loaded into the 3D bioprinter and extruded in a preuégtern based on the design
created via computaaided design. The precision, resolution, size, and depth of the
printed construct depends heavily on t he
construct will then be cured through a means specific to theoktaf material
(e.g.,temperature, ultraviolet light, or exposure to a curing agéhtj*'43

To date, there has only been one main research group building 3D

bioprinted placental model&-14446 Using gelatin methacrylate as their base
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hydrogel scaffolding material, they demonstrated the bioprinting of BeW® cel
51.14514%3nd HTRS cell$! to study various aspects of placental barrier function and
EVT invasion. One potential limitation is the requirementlofviolet light to cure
gelatin methacrylate into a solid construct, which may risk introducing DNA
damage in the cells. To overcome this risk, a variety of other available biomaterials
may be considered as the scaffdfd. Additionally, 3D bioprinting may be
prohibitive to many research labs given the cost of biomaterials and the 3D printer,
and a general lack of training with compuséded design software amongst
biologists and clinicians. As these barritwsentry decrease, we will begin to see

greater advancements in this promising approach.

Hypothesis

Ultimately, this all raised the central question: What if we could enable
better investigations of placental gy and function through focusing on the
design and development of more anatomieadlgd physiologicallyrelevantin
vitro platforms?

We hypothesizé that the development aoh vitro modek that better
incorporated the structural anatomy amdcroenvironment of the placentaill

provide more physiologicallyelevant,nvestigations ohuman placental function.
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Objectives

The long-term objective was to build and characterizenovel

microphysiologicaplatforms to modethe human placentandassess their utility
in investigating various placental functions compared to traditional models.

Theshort-term objectiveswere

1. To investigate trophoblast seltsembly and syncytial fusion through the
manipulation of extracellular matrix thickness.

2. Toinvestigate extravillous trophoblast invasion and drug and toxin response
through the development of a 3D invading spheroid system.

3. To investigateplacental barrietransport through the development of a
trophoblastendothelial ceculture platform, and the impact of
physiologicallylow oxygen tension on placental barrier formation and

function.
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Figure 1. Simplified diagram of a term human placenta highlighting the
anchoring and terminal villi. Image adapted fromhttp://medicinase.com/wp
content/uploads/2015/05/Placertalatomy1024x621.jpg.
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Figure 2. Schematic outliningA) the traditional, hypothesized human trophoblast
lineage and associated genetic markers, adapted3eonage, et al’, and(B) the
modern, hypothesized trophoblast lineage based on novel -s&lgI&RNA-
sequencing. Question marks indicate speculated differentiation pathways.
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cycle.Figure adapted frordluppertz*.
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Figure 4. Schematic of EVT invasion and migration from cell column of
anchoring villi into maternal uterine decidua. Red box highlighting cell column
from which EVT cells emerge. Figure adapted fidavies, et al*°.
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Figure 5. Comparison of placentae from different animal specieq.1) Human
placenta(2) Equine;(3) Feline;(4) Rodent;(5) Ruminant;(6) Swine. Am amnion,
Al, allantois, V, yolk sac, and Cchorion.Figurefrom Leiser and Kaufmantf’.

46



Ph.D. Thesis McMaster University
Michael K. Wong Medical Sciences Graduate Program

A

infusion heating block

12-15 ml min™! C @ pump

maternal circuit pressure unit B bubble trap

@ ~‘WH— —ﬁ :[I] oxygenator
®)

|
¥ in”!

MA o - ) —_— 6-8 ml min

; &% fetal circuit

atmospheric O, ][l < T P - @
! |
perfusion
chamber

heating @
water bath heating heating
water bath water bath
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from 148-150.

47



Ph.D. Thesis McMaster University
Michael K. Wong Medical Sciences Graduate Program

el N2

Syringe for “maternal channel”§

|

’Sﬂ‘lﬂgefar “fetal cHénnel”

Figure 7. Image of sample orgaron-a-chip setup with two devices connected
to a syringe pump.
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Figure 8. Number of organ-on-a-chip publications per year and in total.Search
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PubMed.
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CHAPTER 2: EXTRACELLULAR MATRIX SURFACE REGULATES
SELF-ASSEMBLY OF THREE -DIMENSIONAL PLACENTAL

TROPHOBLAST SPHEROIDS

Chapter Preface

This chapter is a reprint of the original artidféong, M. K., Shawky, S. A.,
Aryasomayajula, A., Green, M. A., Ewart, T., Selvagathy, P. R., & Raha, S.
(2018). Extracellular matrix surface regulates-ssembly of thredimensional
placental trophoblast spheroidsLdS One, 13(6), €e0199632This article is
published under the GBY license, whichallowsdownload, reuse, reprintjodify,
distribute, and/or copgAppendix 1).

The importance of the tissue culture surface in determining cellular
phenotype and function remains poorly understood, though recognition of its
biochemical and biophysical contributions is growing in therdgific community.

In this first model, we describe the ability of the thickness and stiffness of the
extracellular matrix surface to drive the sa#fisembly of trophoblast cells into
threedimensional spheroids that exhibit greater levels of syncytsibfuand
associated markers. This is particularly impactful as there have been very few
papers published to date investigating the mechanical impact of the surface on
trophoblast cell behaviour and function. Our work provides a robust model for
future studks to continue diving deeper into this important anatomical and

environmental variable in manipulating placental function.
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Abstract

The incorporation ofhe extracellular matrix (ECM) is essential for generatimg
vitro models that truly represent tmeicroarchitecture found in human tissues.
However, the celtell and ceHECM interactionsin vitro remains poorly
understood in placental trophoblast biologie investigated the effects of varying
thesurfacepropertieqsurface thickness and stiffnesgfwo ECMs, collagen | and
Matrigel, on placental trophoblast cell morphology, viability, proliferation, and
expression of markers involved in differentiation/syncytial fusion. Most notably,
thicker Matrigel surface were found to induce the sedssembly of trophoblast
cells into 3D spheroids that exhibited thickndspendent changes in viability,
proliferation, syncytial fusion, and gene expression profiles compared to two
dimensional cultures. Changes ira€tin orgarzation, cell spread morphologies,
and integrin and matrix metalloproteinase gene expression profiles, further reveal
that the response to surface thickness may be medrateart through cellular
stiffnesssensing mechanisms. Our derivation of -sai$emling trophoblast
spheroid cultures tbhugh regulation of ECM surfa@one contributes ta deeper
understanding of ceEECM interactions, andhay be important for the advancement

of in vitro platforms for research or diagnostics
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Introduction

The hunan placenta is pivotal in the growth and survival of the fetus during
pregnancy due to its involvement in materfeal exchange, immune and barrier
protection, and endocrine regulatidd. To achieve an understanding of the
complex processes underpinning this rapidly developing tissue requires a diverse
range of experimental approachesiuding bothin vivoandin vitro models. There
has recently been great interest in emulating placental barrier function utitizing
vitro models comprised of monolayers of trophoblast cells or more complex
assemblies of multiple cell types referred to as microphysiological systtms
However, manyf thesen vitro platformsare aveloped in the absence of the non
cellular scaffold preserih vivoknown as theextracellular matrix (ECM¥-’. The
ECM is not routinely incorporated mostculture systems, where cells are simply
cultured on twedimensional (2D) polystyrene or glass surfacése physical
properties of these 2D surfaces are known to be distinct from that which exists
in vivo & Considering that the ECM providesumerous biochemical and
biomechanical cueghat are importan for regulating cell behavior °, the
incorporation of ECM forin vitro modeling andtesting maybe of central
importance to accurately understanding placental barrier function

While the importance of considering the thoemensional (3D) ECM for
in vitro cell culture models is becoming evidel our understanding of the

regulatory role of celmatrix interactions on cell function is still incomplete

Specific to placental development, trophoblast cells growaoious ECMs have
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demonstrated phenotypic changes, such as altered gene and protein expressions,
that are indicative of a more differentiated populattéf. Yet, the functional
coneguences dhesebiointerfacedriven changes in phenotype have yet to be fully
elucidatedIn particular there is a disparity in our understandafiggarameters such

as surface thickness and stiffness in the context of trophoblast hidledyCM
propertes may provide key cues to direct cell fate and behaviSdf,
inconsistenciesn tuning the growth surfacenay haveimplications on the
translatability of restiént findings. Hence, there is a needutmerstand how the

ECM parameters employed duriimgvitro culture impact trophoblast growth and
function While the literature does not provide highly defined measures of human
placental ECM thickness and stiffnesse do know that changes in these
parameters are associated with placental pathologies such as intrauterine growth
restriction 8. Therefore,when developingn vitro microphysiological systems,
failure to clearly define the ECM may result in abnormal representation of cellular
function.

In the current study, we investigated the impacthefECM on placental
trophoblast cellé vitro. We hypohesized that altering ECM surface thickness and
stiffnesswould affect cellular organization, function, and expression profiles. A
deeper understanding of the biointerfakceren effects of ECM thickness on
trophoblast cell phenotype will be fundamentahie development of more vivo-
like models for pregnancy research, drug/toxin testing, and prognosis of placental

pathologies.
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Material sand Methods
ECM hydrogel surface fabrication

Collagen | (Corning; 2 mg/mL) and Matrigel (Corning; 5 mg/mL) wereluse
as ECM hydrogels for this study as they are two of the most commulihed
ECM growth surfaces for celt82°. Matrigel is a reconstituted basement membrane
extract from the EngelbretHolm-Swarm mouse sarcoma, which consists of
approximately 60% laminin, 30% collagen IV, 8% entactin, and other proteins and
growth factors (Corning). Growth factoeduced Matrigel was used in this study to
minimize the effect of growth factors and to increase comparability to collagen I,
which is aso growth factoffree?l. Two surface thickesses (50 and 250 pm) were
selectedbn basis of the most commonly used rangeviously seen in literature
for trophoblast culturé®*>, In order to calculate the volume of hgdel required
to produce a specific surface thickness, the following equation was\dadche =
(surface area of cell growth) x (calculated thicknessyontrolled volume of liquid
hydrogel material was deposited onto glass or polystyrene surfaces via
micropipetting and spread evenly over the surface. Matrigel was gelled via
incubation at 37C for 1 hour. Collagen | was gelled via the addition of 10X

phosphatéuffered saline (PBS) and 1N sodium hydroxide, and incubated’at 37

for 1 hour, according to the manufacturerd
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Analysis of ECM surface properties andghanical testing afubstrate stiffness

Analysis and rachanical testing of ECMurfaces werearried out using
the MicroSquisher instrument (CellScale). Images were captusilg the
MicroSquisher camera anble data was recorded using the SquisherJoy software
(CellScale). Atual thicknesses of the surfaces were measuregdsgsectional
imaging ofthe hydrogel and glass coversiipd using a measurement tool within
the SquisherJoy softward total of five measurements were taken per sample
along the edge to the centretié ECM surface.

A 2 mm x 2 mm steel plate glued to a cylindrical cantilever of 203.2 um
diameter was used to perform the mechanical testing for the experiment. All
samples were tested in phospHaiéfered saline bath at room temperature. The
cantileverwas lowered until it made gentle contact with the top of the ECM sample.
Samples were compressed to 10 % engineering strain at a strain rate of 1.61
pm/second and held at a constant deformation for 10 s followed by a release strain
rate of 1.61 um/seconé&orce was measured during the compression, deformation
and release cycle. All the gels showed an elastic region betws3noB the strain
values which were used for analysis. Substrate stiffness was determined by
assessing the force required to comprlessample to a constant displacement.

Cell culture

BeWo cells (ATCC) are one of the most extensiwgded cell lines in

placental trophoblast research to model villous trophoblasts, syncytial fusion, and

many aspects of placental function and diséasé BeWo cells were cultured at
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37°C in 95% room air/5% C&n F-12 media (Corning) supplemented with 10%
fetal bovine serum, 1%-flutamine, and 1% penicillistreptomycin.The nmedia
was changed every twoyka Cells between the passages oflh@vere used for all
experiments, and seeded at an initial density of 4&&lls/cnt on glass coverslips
or 6-well polystyrene plates that were either uncoated (2D control) or coated with
varying thicknesses of collagé or Matrigel.
Live cell imaging of cellular organization

Cells were imaged under a phasmtrast filter and images captured using
an AE2000 inverted microscope (Motic) and Moticam X2 camera (Motic). Images
of cellular organization were captured atabjective magnification.
Immunofluorescence

Cells were fixed for 10 minutes in 2% paraformaldehyde with 0.1%
glutaraldehyde and permeabilized for 5 minutes with 0.1% Tritd®Xin PBS.
Samples were then blocked for 2 hours using 0.01% T\26ed0% goaserum
and 1% bovine serum albumin (BSA) in PBS. Afterwards, samples were incubated
with either AntiE-Cadherin primary antibody (Abcam; ab40772abbit
monoclonal; 1:50Povernight at 4 degrees and then incubated with Goat Anti
Rabbit IgG H&L Alexa Fluo® 488 secondary antibody (Abcam; ab1500F@at
polyclonal;2ug/mL) for 1 hour, or with CytoPainter Phalloieifrluor 555 reagent
(Abcam; ab1767561:100Q for 1 hour. All blocking and incubations were
performed at room temperature, unless otherwise staaimples were

counterstaineavith 4 NgliaBnidina2-phenylindole dihydrochlorideDAPI; Santa
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Cruzl.5 Og/ mL) and mounted ontoAqugdusss sl i de
Mounting Medium (SigmaAldrich). Slides were visualized using an EclipseETi
Inverted Fluorescence Microscope (Nikonjstack images were taken in 0.5 pm
steps to capture all layers. Iges were analyzed using Fiji (National Institutes of
Health) and NIS Elements software (Nikon). To assess syncytial fusioag&erin
was visualized to identify cell borders (asCladherin is localized to the plasma
membrane®®) and DAPI to identify cell nuclei. When merged:Cadherin and
DAPI enabled the visualization of syncytial fusidnCell fusion may be quantified
with the following equatior®: Total Fusion Percentage (%) é&Number of nuclei
in syncytia/Total number of nuclei) x 10Q @ell spread area was determined by
guantifying the binary area of Phalloidin staining, normalized to the mean intensity
of DAPI as an indicator of cell numbet
Cell viability and proliferation

BeWo cells were incubated with Calcein AM (Thermo Scientific; C1430;
1:200) and Ethidium hoodimerl (Thermo Scientific; E11649:200) and imaged
using an Eclipse Tt Inverted Fluorescence Microscope (Nikon). Green
fluorescence indicated live cells and red fluorescence indicated dead cells. Images
were analyzed using Fiji (National Instituted+dalth) and NIS Elements software
(Nikon), and thgpercentage ratiof live to dead cells were calculatby dividing
the mean intensity of live cells (as determined by fluorescence of Calcein AM stain)
by the mean intensity of the dead cells (as determined by fluorescence of Ethidium

homodimerl stain)
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Cell proliferation was determined using a CellTite®38QueousNor+
Radioactive Cell Proliferation Assay kit (MTS Assay; Promega). The absorbance
was measured at 490 nm on a Multiskan® Spectrum spectrophotometer (Thermo
Scientific). Given that the absorbance is directly proportional to the number of live
cells, relative rate of cell proliferation was determined by calculating the fold
change in absorbance compared to the 2D control. Matrigel samples with no cells
seeded were used to correct for any potential background absorbance.

RNA Extraction and RedlimeQuantitative Polymerase Chain Reaction (QPCR)

Cells were isolated from hydrogels using Cell Recovery Solution (Corning).
Total RNA was extracted from cells using TRIzol Reagent (Invitrogen) and Direct
zol RNA MiniPrep Kit (Zymo Research), followingthema f act ur eAd6s pr ot oc
total of 1 ¢ g -tarfscrilieditd cDMA singigh-@apacity eDNA
Reverse Transcription Kit (Applied BiosystemBjimer sets directed against gene
targets of interest were designed through National Center for Biotegyno
|l nformat i-BInAST Pprnimmer designing tool and sy
Mobix Labs [Table 1). Quantitative analysis of mMRNA expression was performed
via gPCR using fluorescent nucleic acid dye PerfeCTa SYBR Fastmix (Quanta) and
CFX384 Touch Rdalime PCR Detection System (BioRad). The cycling
conditions were 95C for 10 min, followed by 40 cycles of 98 for 10 secs and
60°C for 10 secs and 7€ for 15 secs. Relative fold changes were calculated using
the comparative cycle times (Ct) methadrmalizing all values to an endogenous

control gene (18S). The endogenous control gene was selected based on
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experimentallydetermined Ct stability across all treatment groups. Given that all
primer sets had equal pr i ach primer sef weiec i ency ,
calibrated to the average of all control Ct values, and the relative abundance of each
primer set compared with calibrator was determined by the forrfift§ ¥ which
ppCt was t he rMatrigelsdmplesevith no clls seedeere also
analyzed to ensure that any potential traces of RNA found in hydrogels alone did
not confound measurements.
Enzymelinked Immunosorbent Assay (ELISA)

Cell media was collected and proteinlevels @ ¢ r e t &ete analyz26
via ELISA. In bref, 96well high binding polystyrene microtiter plates (Costar)
were coated with a detector ahtiCGDb anti bodwAFOGMer i di an
monoclonal mouse2.94 ug/mb) for 2 hours, and then blocked with 1% BSA in
tris-buffered saline overnight at’€. Media samles were then incubated in the
wells for 2 hours. Plates were incubated with a reporte#@® antibody (Hytest;
27E8;monoclonal mousd).3 pug/mL) conjugated to horseradish peroxidase for 1
hour. Plates were then incubated with TMB substrate (Sigr8&65 for 30
minutes. Absorbances was measured at 550 nm and 450 nm on a Multiskan®
Spectrum spectrophotometer (Thermo Scientific), and 450 nm values were
subtracted from 550 nm values to correct for optimal imperfections in microplate.
Protein levels werenormalized to the absorbance calculated from the MTS
proliferation assay, as the absorbance is directly proportional to the number of live

cells (method adapted frot?).
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Statistical Analysis
All statistical analyses were performed using Prism 5 softviaraphPad).
Results were expressed as means of normalized values + standard error of the mean
( SEM) . Experi ments were repeated at | east
specified. The significance of differences (p<0.05) between normalized mean
values wee then evaluated using unpairetk$t or onevay analysis of variance

( ANOVA) f ol | owe-kestlayappropriate for&the expearirment.

Results
ECM surface type and thickness differentially regulates cellular organization and
morphology

BeWo @lls were seeded onto 2D polystyrene surfaces, or thin or thick
surfaces of collagen | or Matrigel, and live cellular organization was examined
using phaseontrast microscopy. Differences in cellular organization were seen
within 24 hrs of seeding (day Eig 1A-E), with long, strandike morphologies
particularly evidenbn thin Matrigel surface@~ig 1D), and small aggregates seen
on thick surfacesHig 1E). By day 7, BeWo cells cultured on thin collagen | and
Matrigel appeared more dens@lgpulated than the 2D control, but retained sheet
like, confluent growth and were no longer distinct in terms of cellular organization
(Fig 1F, G, I). However,BeWo cells cultured on thick collagen | formed undefined
aggregates at day Fi¢g 1H), whereas ells cultured on thick Matrigel self

assembled into distinct, sphereatiaped aggregates at dayFig(1J). By day 21,
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BeWo cells cultured on thin surfaces no longer appeared different in organization
compared to the 2D contrdtig 1K, L, N). In contrastthe cultures grown otnick
collagen | sampledid not exhibi differencescompared to the 2D contrdtig 1K,
M). Notably, hick Matrigetinduced trophoblast spheroids maintained in shape and
integrity, but grew in size from dayté day 21(Fig 1J, O). Collectively, thick
surfaces were required for aggregate formation, and thick Matrigel was specifically
required for spheroid seffssembly and maintenance.
Matrigel led to thicknesdgependent increases in cell viability and proliferation
Selfassembling3D cell spheroids and microtissues are of great interest as
they have been shown to better recapitulate the phenotypes redolent of their
respective organs compared to tdimensional (2D) cultures, such &ssue
specific cell density, microarchitectureell-cell interactions'®?®3L, Given the
potential value, we further charactedzihe thick Matrigelinduced trophoblast
spheroids at day 7. Cell viability, as determined through the ratio of live to dead
cells, significantly increased in a thicknesspendent manner (p<0.8&r 2D to
thin; p<0.001 for 2D to thick; p<0.01 for thin tadk; Fig 2A, B), with the greatest
viability in cells grown on the thick Matrigel surface (91.3 + 0.2 Rtferestingly,
the mean of theatl proliferationrateappeared tancrease in a thicknestependent
manney with significant differences evident i thick Matrigel surface when
compared to the other two grou@d81.0 + 29.3 %p<0.001 for 2D to thickp<0.05

for thin to thick Fig 2C).
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The effect of ECM surface thickness on syncytial fusion

Due to the robust effects on cellular organization, spheroieassdmbly,
viability, and proliferation, weanvestigatedthe impact of surface thickness on
syncytial fusion, which is an essential feature of syncytiotrophoblast differentiation.
Interestindy, BeWo cells grown on thick Matrigel appeared to be very highly fused
with minimal ECadherin staining at the center of spheraidspared to cells
grown on 2D or thin Matrige{fFig 3A-C). However, due to thhigh density of
DAPI-positive nuclear clustarg in thin and thick Matrigel surfaces, it wast
possible to accurately distinguish nuclei from one anofiterenting the accurate
guantiication ofthe percentage of syncytial fusion. Thus, we assessed the degree
of syncytial fusion through gene ewmssion profiling to verify this qualitative
fusionincrease seen in thick Matrigielduced spheroids.

Thick Matrigetinduced spheroids exhibited a significant tfetd increase
in mMRNA levels of glial cells missing homologGCM31), a transcription factdor
many syncytializatiomelated geneé? compared to cells grown on 2D surfaces
(p<0.05; Fig 4A). Placental lactogenP{) mRNA levels were significantly
increased in a thicknestependent manner (p<0.6dr 2D to thin; p<0.001 for 2D
to thick Fig 4B). Endogenousetrovirus group W member ERVWE] mRNA
levels only increased in the thin Matrigel group (p<t@52D to thin Fig 4C),
but endogenous retrovirus group FRD memberERV(FRD) mRNA levels
contrastingly decreased (p<Q.6r 2D to thick; p<0.05 for thito thick Fig 4D).

Human chori oni €GAyoRNA kdwels weee pricmangelig @E),
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but human chor i o@&B mMRNA teeeld overe sigmificantlyb  (
increased in a thicknestependent manner (p<0.6% 2D to thin; p<0.001 for 2D
to thick; p<0.01 for thin to thickFig 4F). Collectively, surface thicknesstiffness
alone was able to induce increases in sevieeglmarkers of syncytial fusion
(GCM1, PL, ERVWEL, CGB

In accordance, surface thickness/stiffness alone also induigeiicant
increasesecreted protein levels of human chorionic gonadotroim C G im the
cell media(p<0.05;Fig 5).
Cellular stiffness response to changes in ECM surface thickness

Assubstrate stiffness inversely correlated wihlnges isurfacehickness
as seen in our finding${ Fig) and that of other¥®, we were interested in further
elucidatingpotential stiffnessensing mechanisms involved in spheroid formation
with the thick Matrigel ECMT he cel | s& a b asurfacegaknhoown spr ead
stiffnessresponse market®, and may beassessed vig-actin (halloidin)
immunofluorescent staining. At day 3, cell spread areas were significantly
decreased as surface thickness incregse@ @01;Fig 6A, B), and a similar trend
was present at day 7 (p<0.0Flg 6A, C).
Thick ECM surface upegulated genes related to stiffness sensing and invasion

Lastly, we investigated the impact of Matrigel thickness on expression of
genes related totifness sensing and invasion/migration. At dayiTGGAl and
ITGAS mRNA levels significantly increased in cells grown on thin and thick

Matrigel surfaces compared to the 2D control (p<0.001 and p<0.05, respectively;
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Fig 7A, B). MMP2 and TIMP1 mRNA levels also significantly increased in cells
grown on thin and thick Matrigel surfaces compared to the 2D control (p<0.001 and
p<0.05, respectivelyFig 7E, G). mRNA levels ofITGAV, ITGB3, MMP9, and
TIMP2did not significantly change across variausface thicknessegif) 7C, D,

F, H).

Discussion

The current study demonstrates that the nature of the ECM alone impacts
not only the selassembly behaviour of trophoblast cells, but also the expression
profiles of genes related to differentiation awel-ECM interaction, and
functionally alter syncytial fusion and hormone secretion. The abilityatopdate
surface thicknessas a parameter talter substrate stiffness, allows for the
evaluation of hoveellularfunctionand phenotypare regulated bghanging ECM
stiffness withoutlteringthe composition of the ECM hydrogéhe importance of
exploring such relationships is underscored in reports that have demonstrated that
self-assembling spheroids are of great value as they are known to poskeass cel
interactions and densities that amere similar to thén vivo statethan 2D cultures
1029.30 While the generation of placental trophoblast spheroigdbden attempted
by a few prior studie®*38, thecellular phenotype and techniques required for their
derivation had yet to beell-charaterized. Some studies utilized nradherent or
rotating wall vessel bioreactors to generate spheroids, but these models lack the

cel-ECM interactions that are essential vivo 3*3¢, Our study reveals the
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importance of understandinthe celllECM interactions to influence cedkll

interactions, as seen through spheroid formatimportantly, the novelty in our

work demonstrates that the physicabgerties of the ECM contributes to not only

to cellular reorganization, but also alters key cellular functions such as the
trophobl astsdé secretion of hCGb, which is ¢
trophoblast fusion and invasion, and many otkpeats of maternal and fetal health

in vivo 338 This connection between ECM and cellular function may prove to be

a vital factor in dictating adverse pregnancy outcomes. Theréfiovéro models

of placental function using trophoblasts should consider clearly definengECM

used within these constructs.

In the current manuscript,exdemonstrate that the type of ECM plays a key
role in regulating the setissembly and maintenance of 3D trophoblast spheroids
in BeWo cells. The differential abilities of collagen | and Mgl in maintaining
spheroid integrity is consistent with the workfuyenNgoc, et al3° showing
that human breast cancer cells exhibited greater disassociation freormesl
tumourspheroids when grown on or embedded in collagen | compared to Matrigel
alone %3 Collectively, this suggests that Matrigel is naore appopriate
biomaterial than collagen | at maintaining 3phoblastspheroid integrity.
Furthermore, the additional ECM proteins present in Matrige). (laminin,
entactin) compared to 2D surfaces or collagen | alone may also contribute to cellular
different i at i on. For exampl e, knocking out | am

abnormalities and embryonic lethality inmite and sil encing | amini
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receptor led to impaired trophoblastic functions.g(, decreased invasion,

migration, and tube formation) in human placental trophoblast cells, suggesting

unique roles among the varying ECM proteins in development and differentiation.

Indeed ourthick Matrigel-driven trophoblast spheroids exhibited regtiegrees of

syncytial fusion and genéGCM1, PL, ERVWE1, CQBand protein( h CGb)

expression profiles indicative of a more differentiated population compared to cells

grown on 2D surfacesThe lack of chage seen ilCGA mRNA levels are not

particularly surprising given the known differential temporal regulatic®@h and
CGBexpression during pregnancy (MMhere hCGb
weeks, whereas hCGU i ntmpatantyetle exentafdual |y ur
fusion evident in the BeWo cells cultured on thick Matrigel were visibly greater

than on 2D surfaces in conjunction with in
supporting the enhancement of cell fusion via increased ECM thickness and/or

decreased stiffness. In addition to activating cellular differentiai@iyl surfaces

were previously reported to activate cellular invasfoli** During invasion, MMP

expression and activity is increased to degrade collggéhsvhich was also seen

in our study. A hydrogel surface solely consisting of isolated collageh, s

collagen 1, is likely to be more impacted by the degradation compared to an ECM

protein cocktadbased hydrogel, like Matrigel, when faced with invasive, MMP

expressing trophoblast§*’. Therefore, the lack of spheroid structures on collagen

| at day 21 may be attributed to higher degrees of surface degradeg¢iotime,

enabling cells to contact the coverslip and return to confluent growth, whereas
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Matrigel remained more robust as a scaffold due to a more diverse ECM
composition.However, supplementary studies characterizing E@M protein
composition, and aocal changes tantegrity and surface topography of these
surfaces during and after trophoblast invasion are required to verify these
speculations.

While hydrogel arfaceinduced placental cell aggregation was previously
reportedby a small number of oén studies'**>%5 our studyprovides a more
precise definition of thesurfacecasting parameter®.g., surface thicknesand
stiffness). @r data suggests that a critical surface thickness is egbfiar spheroid
formation, and variations in thickness can regulate spheroid phenkitypan and
Feinberg!* cultured primary trophoblasts and JEG3 cells on a gradual slope of
Matrigel (thicknesses reported betwee@um), and elegantly demonstrated
variations in cell morphology across the thicknes$esithough they did not report
spheroid formation due to the short duration of their study7@#4ours), theylid
seerounded and individualkgeeded cells when cultured on-8@ pmthick
Matrigel, which resembled a pepheroid state. Interestingly, theiapéntal cells
eventually entirely degraded thinner coats of Matrigel to resume growth on the
underlying glass coversliff. This povides a plausible explanation for why the
distinct straneike cellular formations seen in BeWo cells cultured on thin Matrigel
at day 1 were not maintained over time. The thickuegsendent changes seen
throughout our study also propose that the calisgrade their behaviour based on

sensing the actual thickness of the surface, or perhaps by sensing another property
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directly affected by thickness, such as stiffness. Indeed, crosslinking poly(ethylene)
glycol networks within Matrigel to increase geffsiess was demonstrated to alter
the invasion and dispersion behaviours of mammary organoids and mesenchymal
stem cellst”*% Others havalsoconsistently reported increased invasive activity
on ECM surface vitro in various cell typed®#648 Wetestedthis hypothesisn

our modelthrough mechanical testirtg showthat ECM thickness was inversely
correlated with stiffness. Moreovahe quantitative reduction in cell spreading
correlates with reduction in matrix stiffness and sugg#sstrophoblast cells
possess the abilitip sense the ECM thickness via stiffresssing and invasion
mechanismsThis was similarly seen in the work of Mullegt al. (2015) in
osteogenic cell$®. Interestingly, even in the absence of a traditional stimulus for
invasion {.e., nutrient or oxygen gradientgmall, but significant, increases in
ITGAL, ITGA5, MMP2and TIMP1 mRNA levels were detected in BeWo cells
cultured on both thin and thick Matrigel, likewise demonstrating that the presence
of ECM is sufficien to induce expression of some underlying genress
understood thathe integrin subunitsav, a5, al and/orb3 link to the actin
cytoskeletonthrough focal adhesion kinase anchoring peintegulatingMMP
expression and subsequent cellular invasie a cellular mechaneensing
pathway %3, However, hough capable of invasion, BeWo cells traditionally
display a less invasive phenotypfe which may explairin partwhy we did not
observerobust changesacross all thegenes €.g., ITGAV, ITGB3, MMP9, and

TIMP2). Additional studies should investigate the effects of a stronger stimulus for
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invasion {.e., nutrient or oxygen gradient) on actual spheroid invaar@hwhether
additional invasion/migration geneblGAV, ITGB3, MMP9, TIMP2, elcmay
also change.

Spheroid formation also coincided with thicknelegpendent increases in
expression ofseveralsyncytializationrelated genesGCM1, PL, CGB and its
secretd protein product, hCGb. While human
cell types, its main source is from syncytiotrophobldsthe fusogenic, non
proliferative, terminallydifferentiated, endocrine cslf®. In effect, increased CG
expression in our trdmblast spheroids acts as a biochemical marker of
syncytiotrophoblast differentiation and fusio®®® thereby, providingsemi
guantitative support for the increased syncytial fusion seanrirunofluorescent
images othick Matrigetderived spheroids$nterestingly, these increases coincided
with minimally-changecdERVWEland decreaseéRVFRDIMRNA levels. While
the syncytins have been demonstrated to play a role in syncytial fusion, the timing
of their expression and functional involvement remain uncléafor example,
SyncytinB knockout mice (analogous t&ERVFRD1gyncytin2 in humans)
resulted in abnormal placentation, but the placentas still exhibited some
syncytialization and the offspring were viable, suggesting compensatory
mechanisms or the existence of alternative fusogenic profeifiaken together,
our data suggest that the Matrigel ECM potentiates mogesytal fusion, even
in the absence of fusogenic agents such as forskolin, but future studies are required

to further profile and characterize the intricate gene expression patterns underlying
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these changes. This increased differentiation and syncytiatizachieved further
validates the importance of the ECM conditions in modelling placentation and

emphasizes the benefits of spheroid formation in trophoblast cultures.

Conclusion

As the sophistication ah vitro research grows through the incorporatio
of ECM biomaterials, so does the necessity to better characterize the biological
response of cells involved. Bearing in mind the collective implications on cellular
organization, behaviour, and differentiaticelated gene and protein expression
profiles our findings emphasize the importancelodracterizinghe ECM surface
parametersised in spheroid/organclthsed assays and cultures. The generation of
selfassembling spheroid cultures through regulation of ECM surface type and
thicknessalso contribues to a deeper understanding of -€&lIM interactionsin
consideration of the increased us-age of 3D
onac hi p o witkirvthedastseveral year$*®!, a proper understanding and
integration of ECM biomaterials will be a crucial pt®wards generating mone

vivo-like models

71



Ph.D. Thesis McMaster University
Michael K. Wong Medical Sciences Graduate Program

Acknowledgments

We thank Dr. Leo Hsu for sharing his insights on experimental design. We thank
Dr. Tom HawkeDr. Ray Truantand their labs, for generously providing access to
microscopes. We thank Dr. Todd Hoare and his lab for generously providing access

to the MicroSqisher.

72



Ph.D. Thesis McMaster University
Michael K. Wong Medical Sciences Graduate Program

References

1

10

11

12

13

14

Huppertz, B., Ghosh, D. & Sengupta, J. An integrative view on the
physiology of human early placental vilRrog Biophys Mol BiolLl14, 33

48, doi:10.1016/j.pbiomolbio.2013.11.007 (2014).

RedHorse, K. et al. Trophoblast differentiation during embryo
implantation and formation of the maternfetal interfaceThe Journal of
clinical investigationl14, 744754, doi:10.1172/JCI122991 (2004).

Blundell, C.et al. A microphysiological model of the human placental
barrier.Lab Chip16, 30653073, doi:10.1039/c6Ic00259e (2016).

Blundell, C.et al. Placental Drug Transpedn-a-Chip: A Microengineered

In Vitro Model of TransporteMediated Drug Efflux in the Human
Placental Barrier.Adv Healthc Mater7, doi:10.1002/adhm.201700786
(2018).

Lee, J. Set al. Placentaon-a-chip: a novel platform to study the biology of
the human placentdhe Journal of MaternaFetal & Neonatal Medicine
1-9, doi:10.3109/14767058.201938518 (2015).

Gohner, C.et al. The placenta in toxicology. Part IV: Battery of
toxicological test systems based on human placéntacol Pathol2, 345
351, doi:10.1177/0192623313482206 (2014).

Tuuli, M. G., Longtine, M. S. & Nelson, D. M. RevievDxygen and
trophoblast biologya source of controversilacenta32 Suppl 2 S109
118, doi:10.1016/j.placenta.2010.12.013 (2011).

Kolahi, K. S.et al. Effect of substrate stiffness on early mouse embryo
development.PloS one 7, e41717, doi:10.1371/jonal.pone.0041717
(2012).

Rozario, T. & DeSimone, D. W. The extracellular matrix in development
and morphogenesis: a dynamic viewev Biol 341, 126140,
doi:10.1016/j.ydbio.2009.10.026 (2010).

Fennema, E., Rivron, N., Rouwkema, J., van Blittersv@jk& de Boer, J.
Spheroid culture as a tool for creating 3D complex tissdesnds
Biotechnol31, 108115, doi:10.1016/j.tibtech.2012.12.003 (2013).

Lei, T., Hohn, H. P., Behr, R. & Denker, H. W. Influences of extracellular
matrix and of conditioned ndéa on differentiation and invasiveness of
trophoblast stem cells. Placenta 28, 1421,
doi:10.1016/j.placenta.2006.01.020 (2007).

Hohn, H. Pet al. The role of matrix contact and of cekll interactions in
choriocarcinoma cell differentiatioieur J Cell Biol69, 76-85 (1996).

Hohn, H. P. & Denker, H. W. The role of cell shape for differentiation of
choriocarcinoma cells on extracellular matiiEkperimental cell research
215 4050, doi:10.1006/excr.1994.1312 (1994).

Kliman, H. J. & Feinberg, R. F. Human trophoblagtracellular matrix
(ECM) interactions in vitro: ECM thickness modulates morphology and

73



Ph.D. Thesis McMaster University
Michael K. Wong Medical Sciences Graduate Program

15

16

17

18

19

20

21

22

23

24

25

26

27

proteolytic activity Proceedings of #aNational Academy of Sciences of the
United States of Americ/, 30573061 (1990).

Hohn, H. P., Parker, C. R., Jr., Boots, L. R., Denker, H. W. & Hook, M.
Modulation of differentiation markers in human choriocarcinoma cells by
extracellular matrix: orthe role of a thredimensional matrix structure.
Differentiation51, 61-70 (1992).

Mullen, C. A., Vaughan, T. J., Billiar, K. L. & McNamara, L. M. The effect
of substrate stiffness, thickness, and citodsng density on osteogenic cell
behavior Biophys J108 16041612, doi:10.1016/j.bpj.2015.02.022 (2015).
Leong, W. Set al. Thickness sensing of hMSCs on collagen gel directs
stem cell fateBiochemical and biophysical research communicatié®i
287-292, d0i:10.1016/j.bbrc.2010.09.052 (2010).

Quibel, T.et al. Placental elastography in a murine intrauterine growth
restriction model.Prenat Diagn 35 11061111, doi:10.1002/pd.4654
(2015).

Benton, G., Arnaoutova, I., George, J., Kleinman, H. K. & Koblinski, J.
Matrigel: from discovery and &M mimicry to assays and models for
cancer research. Advn. Drug Deliv Rev 7980, 318,
doi:10.1016/j.addr.2014.06.005 (2014).

Rosser, J. M.et al. Recent Advances of Biologically Inspired 3D
Microfluidic Hydrogel Cell Culture Systemd.Cell Biol Cell Meab 2, 1-

14 (2015).

Corning. Corning Matrigel Matrix: Frequently Asked Questions. (2013).
Orendi, K. et al. Placental and trophoblastic in vitro models to study
preventive and therapeutic agents for preeclampdacenta32 Suppl
S4954, doi:10.1014.placenta.2010.11.023 (2011).

Orendi, K., Gauster, M., Moser, G., Meiri, H. & Huppertz, B. The
choriocarcinoma cell line BeWo: syncytial fusion and expression of
syncytiumspecific proteins.  Reproduction 140 759766,
doi:10.1530/REPL0-0221 (2010).

Ishikawa, A.et al. Cell fusion mediates dramatic alterations in the actin
cytoskeleton, focal adhesions, andc&ilherin in trophoblastic cells.
Cytoskeleton (Hobokef@), 241-256, doi:10.1002/cm.21165 (2014).
Al-Nasiry, S., Spitz, B., Hanssens, M.uyten, C. & Pijnenborg, R.
Differential effects of inducers of syncytialization and apoptosis on BeWo
and JEG3 choriocarcinoma cells.Hum Reprod 21, 193201,
doi:10.1093/humrep/dei272 (2006).

Borges, M., Bose, P., Frank, H. G., Kaufmann, P. & Potgéng, G. A
Two-Colour Fluorescence Assay for the Measurement of Syncytial Fusion
between Trophobladderived Cell Lines. Placenta 24, 959964,
doi:10.1016/s0143004(03)00175 (2003).

Krtolica, A., Ortiz de Solorzano, C., Lockett, S. & Campisi, J.
Quariification of epithelial cells in coculture with fibroblasts by

74



Ph.D. Thesis McMaster University
Michael K. Wong Medical Sciences Graduate Program

fluorescence image analystdytometry49, 73-82, doi:10.1002/cyt0.10149
(2002).

28 Schweiger, P. J. & Jensen, K. B. Modeling human disease using organotypic
cultures. Current opinion in cell biology 43 2229,
doi:10.1016/j.ceb.2016.07.003 (2016).

29 Skardal, A., Shupe, T. & Atala, A. Organead-a-chip and bodyon-a-chip
systems for drug screening and disease modelingg Discov Today
doi:10.1016/j.drudis.2016.07.003 (2016).

30 Clevers, HModeling Development and Disease with Organoidl 165,
15861597, doi:10.1016/j.cell.2016.05.082 (2016).

31 Shamir, E. R. & Ewald, A. J. Thraimensional organotypic culture:
experimental models of mammalian biology and diselsaéure reviews.
Molecular cell biologyl5, 647664, doi:10.1038/nrm3873 (2014).

32 Huppertz, B. & Gauster, M. Mechanisms Regulatingrida Trophoblast
Fusion. 203217, doi:10.1007/9780-481-97729 9 (2011).

33 LaMarca, H. L. et al. Threedimensional growth of extravillous
cytotrophoblasts promotes differentiation and invasklacenta26, 709
720,d0i:10.1016/j.placenta.2004.11.003 (2005).

34 Korff, T., Krauss, T. & Augustin, H. G. Thredimensional spheroidal
culture of cytotrophoblast cells mimics the phenotype and differentiation of
cytotrophoblasts from normal and preeclamptic pregnan€igseimental
cell researct297, 415423, doi:10.1016/).yexcr.2004.03.043 (2004).

35 Robins, J. C., Morgan, J. R., Krueger, P. & Carson, S. A. Bioengineering
anembryonic human trophoblast vesicleeproductive sciences3, 128
135, doi:10.1177/193371911038192811).

36 Muoth, C.et al. A 3D co-culture microtissue model of the human placenta
for  nanotoxicity = assessment. Nanoscale 8, 1732217332,
doi:10.1039/c6nr06749b (2016).

37 Evans, J., Salamonsen, L. A., Menkhorst, E. & Dimitriadis, E. Dynamic
changes in hyerglycosylated human chorionic gonadotrophin throughout
the first trimester of pregnancy and its role in early placentatitum
Reprod30, 10291038, doi:10.1093/humrep/dev016 (2015).

38 Cole, L. A. hCG, the wonder of today's scieriReprod Biol Endocriol 10,

24, doi:10.1186/147782710-24 (2012).

39 NguyenrNgoc, K. V. et al. ECM microenvironment regulates collective
migration and local dissemination in normal and malignant mammary
epithelium.Proceedings of the National Academy of Sciences of thedUnit
States of America09, E25952604, doi:10.1073/pnas.1212834109 (2012).

40 Miner, J. H., Cunningham, J. & Sanes, J. R. Roles for Laminin in
Embryogenesis: Exencephaly, Syndactyly, and Placentopathy in Mice
Lacking the LEevourmalofcédb®logglddi7iB1723,
doi:10.1083/jcb.143.6.1713 (1998).

41 Onogi, A.et al. Hypoxia inhibits invasion of extravillous trophoblast cells
through reduction of matrix metalloproteinase (MMPactivation in the

75



Ph.D. Thesis McMaster University
Michael K. Wong Medical Sciences Graduate Program

42

43

44

45

46

47

48

49

50

51

52

53

early first trimester of human pregnancylacenta 32, 665670,
doi:10.1016/j.placenta.2011.06.023 (2011).

Bischof, P. & Campana, A. A putative role for oncogenes in trophoblast
invasion?Hum Reprodl5 Suppl § 51-58 (2000).

Librach, C. L.et al.92-kD type IV collagenase mediates invasiotoman
cytotrophoblastsThe Journal of cell biolog¥13 437449 (1991).

Isaka, K.et al. Expression and activity of matrix metalloproteinase 2 and 9
in human trophoblast®lacenta24, 53-64 (2003).

Beck, J. N., Singh, A., Rothenberg, A. R., Elef§eJ. H. & Ewald, A. J.
The independent roles of mechanical, structural and adhesion characteristics
of 3D hydrogels on the regulation of cancer invasion and dissemination.
Biomaterials 34, 94869495, do0i:10.1016/j.biomaterials.2013.08.077
(2013).

Snir, A., Brenner, B., Paz, B., Ohel, G. & Lanir, N. The role of fibrin
matrices and tissue factor in eatgrm trophoblast proliferation and
spreadingThromb Red.32 477483, doi:10.1016/j.thromres.2013.08.023
(2013).

Zhou, Y.et al. Effects of Human iroblastDerived Extracellular Matrix

on Mesenchymal Stem Cell§tem Cell Revdoi:10.1007/s1201616
96717 (2016).

Denecke, Bet al. Human endothelial colorforming cells expanded with

an improved protocol are a useful endothelial cell sourcectfifoldbased
tissue engineering. J Tissue Eng Regen Med9, E8497,
doi:10.1002/term.1673 (2015).

Tarrade, A.et al. Characterization of human villous and extravillous
trophoblasts isolated from first trimester placeb&h InvesB8l, 11991211
(2001)

Mierke, C. T. The integrin alphav beta3 increases cellular stiffness and
cytoskeletal remodeling dynamics to facilitate cancer cell invadiemw
Journal of Physic45, doi:10.1088/136-2630/15/1/015003 (2013).

Martino, M. M. et al. Controlling inegrin specificity and stem cell
differentiation in 2D and 3D environments through regulation of fibronectin
domain stability. Biomaterials 30, 10891097,
doi:10.1016/j.biomaterials.2008.10.047 (2009).

Cohen, M., Meisser, A. & Bischof, P. Metalloprotesea and human
placental invasiveness. Placenta 27, 783793,
doi:10.1016/j.placenta.2005.08.006 (2006).

Bae, Y. H. et al. A FAK-CasRacLamellipodin Signaling Module
Transduces Extracellular Matrix Stiffness into Mechanosensitive Cell
Cycling. Sci Signal7, doi:ARTN ra57

10.1126/scisignal.2004838 (2014).

54

Hannan, N. J., Paiva, P., Dimitriadis, E. & Salamonsen, L. A. Mddels
study of human embryo implantation: choice of cell lin&8logy of
reproduction82, 235245, doi:10.1095/biolreprod.109.077800 (2010).

76



Ph.D. Thesis McMaster University
Michael K. Wong Medical Sciences Graduate Program

55

56

57

58

59

60

61

Handschuh, Ket al. Human chorionic gonadotropin expression in human
trophoblasts from early placenta: compae study between villous and
extravillous trophoblastic cells. Placenta 28, 175184,
doi:10.1016/j.placenta.2006.01.019 (2007).

Huppertz, B. & Gauster, M. Trophoblast fusidmvances in experimental
medicine and biology713 81-95, do0i:10.1007/9784-007-07634 6
(2011).

Gerbaud, P. & Pidoux, G. Review: An overview of molecular events
occurring in human trophoblast fusioRlacenta36 Suppl 1 S3542,
doi:10.1016/j.placenta.2014.12.015 (2015).

Dupressoir, Aet al. A pair of coopted retroviral envelope syncytin genes
is required for formation of the twayered murine placental
syncytiotrophoblastProceedings of the National Academy of Sciences of
the United States of America 108 E11641173,
doi:10.1073/pnas.11B894108 (2011).

Blundell, C.et al. A microphysiological model of the human placental
barrier.Lab Chip doi:10.1039/c6Ic00259e (2016).

Jose, R. R., Rodriquez, M. J., Dixon, T. A., Omenetto, F. G. & Kaplan, D.
L. Evolution of Bioinks and Additive Marfacturing Technologies for 3D
Bioprinting.  ACS Biomaterials Science & Engineering
doi:10.1021/acsbiomaterials.6b00088 (2016).

Kuo, C-Y. et al. Development of a 3D Printed, Bioengineered Placenta
Model to Evaluate the Role of Trophoblast Migration radelampsiaACS
Biomaterials Science & Engineeringoi:10.1021/acsbiomaterials.6b00031
(2016).

77



Ph.D. Thesis McMaster University
Michael K. Wong Medical Sciences Graduate Program

Figures and Figure Legends

2D Control

Thin Collagen| Thick Collagen |

Thin Matrigel Thick Matrigel

Day 1

Day 7

Day 21

Figure 1. Thick Matrigel regulates selfassembly of trophoblast spheroids as
determined by live cell imaging.BeWo cells cultured for 1 day on (A) 2D control
surface, (B) thin collagen I, (C) thin Matrigel, (D) thick collagen I, and (E) thick
Matrigel. BeWo cells were grown for 7 days on (F) 2D control surface, (G) thin
collagen I, (H) thin Matrigel, (1) thick dlagen I, and (J) thick Matrigel. BeWo cells
were grown for 21 days on (K) 2D control surface, (L) thin collagen I, (M) thin
Matrigel, (N) thick collagen I, and (O) thick Matrigel. All images were taken at 4x
objective magnification and scale bar indicd&i@6 pm. n=3.
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Figure 2. Thicknessdependent increases in cell viability and proliferation in

BeWo cells cultured on Matrigel after 7 days(A) Immunofluorescent images of

BeWo cells stained with Calcein AM (green) and Ethidium homoditeed). All

images were taken at 10x objective magnification and scale bar indicates 100 um.

(B) Percentage ratio of mean intensities of live and dead cells cultured on 2D, thin,

and thick surfaces. (C) Relative rates of proliferation of cells cultured on 2D, thin,

and thick surfaces as assessed via MTS assay. Significant differences between

treatment groups determined byemeay A NOVA f ol | owetabt; by Tukey
n O 3. Significant differenctestswdret ween me
indicated by * (p<0.05), ** (p8.01), or *** (p<0.001).
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2D Thin Thick

DAPI E-Cadherin

Figure 3. Immunofluorescent staining of ECadherin and DAPI to visualize
syncytial fusion. BeWo cells grown on (A) 2D, (B) thin Matrigel, or (C) thick
Matrigel surfaces. Green fluorescence indicateSaHherin staining and blue
fluorescence indicates DAPI staining for cell nuclei. Images were taken at 20x
magnification and scale bar indicates 100 pm.
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Figure 4. The effect of Matrigel thickness on gene markers of differentiation

and syncytial fusion. Normalized mRNA levels ofA) GCM1, (B) PL, (C)

ERVWE1(D) ERVFRD1 (E) CGA and (F)CGBafter 7 days of growth on various

surface thicknesses. ( E) Nor mali zed ©protei
Significant differences between treatment groups determined byanANOVA

foll owe d by Tuketyds nPdst Significant di ffer
determined by podests were indicated by (p<0.05), ** (p<0.01), or ***

(p<0.001).
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Figure 5. The effect of Matrigel thickness on the secretion dfuman chorionic
gonadot thcwibrthe bell fiedia Normalized protein levels of secreted
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Figure 6. Thick Matrigel leads to decreased Factin cell spread areas.A)
Immunofluorescent images of Phalloidin staining at days 3 and 7 across various
surface thicknesses. Red fluorescence indicates phalloidin staininguédinFand

blue fluorescence indicates DAPI staining for cell nudtteages were taken at 20x
magnfication and scale bar indicates 100 pum. Average cell spread areas as
determined by quantifying the normalized binary area of phalloidin stain at (B) day
3 and (C) day 7. Significant differences between treatment groups determined by
oneway ANOVA followed by T u ktesy, ®=3. Spuifieant differences
between means determined by pestts were indicated B§* (p<0.001).
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Figure 7. Gene expression profiling of cellular stiffness response to ECM
surface thickness.Normalized mRNA levels of (AJTGAL (B) ITGA5 (C)
ITGAV, (D)ITGB3 (E)MMP2, (F)YMMP9, (G) TIMP1, and (H)TIMP2. Significant
differences between treatment groups determined bywvayeANOVA followed

by

Tuketyédst pos©3.
posttests were indicated By(p<0.05), ** (p<0.01), or *** (p<0.001).
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Table 1. Forward and reverse sequences for the primers used for qPCR.

Gene Forward Reverse GenBank

18S (RNA18S5) CACGCCAGTACAA | AAGTGACGCAGC | NR_003286.2
GATCCCA CCTCTATG

Glial Cells Missing CCTCTGAAGCTCAT | ATCATGCTCTCCC | NM_003643.3

Homolog 1 (GCM1) CCCTTGC TTTGACTGG

Placental Lactogen (PL) | GCCATTGACACCTA | GATTTCTGTTGCG | V00573.1
CCAG TTTCCTC

Endogenous Retrovirus | GTTAATGACATCA CCCCATCTCAACA | NM_014590

Group W Member 1, AAGGCACCC GGAAAACC

Envelope; Syncytid

(ERVWEL1)

Endogenous Retrovirus | GCCTACCGCCATCC| GCTGTCCCTGGTG| NM_207582.2

Group FRD Member 1, TGATTT TTTCAGT

Envelope; Syncytid

(ERVFRD1)

Chorionic Gonadotropin, | GCAGGATTGCCCA | TCTTGGACCTTAG | V00518.1

Alpha (CGA) GAATGC TGGAGTGG

Chorionic Gonadotropin, | ACCCCTTGACCTGT | CTTTATTGTGGGA | J00117.1

Beta (CGB) GAT GGATCGG

Matrix Metalloproteinase | TCTCCTGACATTGA | CAAGGTGCTGGC | NM_004530.5

(MMP) 2 CCTTGGC TGAGTAGATC

MMP9 CCGGCATTCAGGG | TGGAACCACGAC | NM_004994.2
AGACGCC GCCCTTGC

Tissue Inhibitor of GGGCTTCACCAAG | TGCAGGGGATGG | NM_003254.2

Metalloproteinases ACCTACA ATAAACAG

(TIMP)1

TIMP2 GAAGAGCCTGAAC | GGGGGAGGAGAT | NM_003255.4
CACAGGT GTAGCAC

Integrin Subunit Alpha CAGTCTATCCACGG | GGCTCAAAATTC | NM_181501.1

(ITGA) 1 AGAAATG ATGGTCAC

ITGAS CCAAAAGAAGCCC | TCCTTGTGTGGCA | NM_002205.4
CCAGCTA TCTGTCC

ITGAV TCACTAAGCGGGA | AGCACTGAGCAA | EF560727.1
TCTTGCC CTCCACAA

Integrin Subunit Beta GAAGCAGAGTGTG | TGCATCATTCCTC | NM_000212.2

(ITGB) 3 TCACGGA CAGCCAA
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Supplemental Figures
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S1 Figure.Analysis of ECM surface properties.(A) Schematic representing thin

and thick ECM surface sampld®) Representative images of ECM sagés as
captured by MicroSquisher came(&) Measurements of actual thicknesses of
ECM surface based on theoretical calculations for 50 and 250 pm. (D)
Measurements of ECM surface stiffness based on surface thickness. Significant
differences between meaimslicated by *** (p<0.001), as determined by unpaired
t-Test; n=3.
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CHAPTER 3: TRANSCRIPTOMIC AND FUNCTIONAL ANALYSES OF

3D PLACENTAL EXTRAVILLOUS TROPHOBLAST SPHEROIDS

Chapter Preface

This chapter is a reprint of an original article: Wong, M. K., Wahed, M.,
Shawky, S. A., DvorkifGheva, A., & Raha, S. (2019). Transcriptomic and
functional analyses of 3D placahtextravillous trophoblast spheroids. Scientific
reports, 9(1), 41.3. This work is licensed under the Creative Commons Attribution
4.0 International License, which permits unrestricted use, distribution,
modification, and reproduction in any mediuAppendix 1).

By combining our ECM surface discoveries from Chapter 2 and the elegant
methods used by Vinci et al. for tumour spheroids, this second model enabled the
high-throughput generation of 3D extravillous trophoblast spheroids that were
capable of invaion and migration. Traditional invasion assays only examined
invasion of individualized cells, but our model served the advantage of also
illuminating the initial migration away from the core anchoring villi and possessing
greater transcriptomic similaigts to extravillous trophoblasts. Lastly, we were able
to assess the impact of pregnamelevant drugs on placental invasiang., -
tetrahydrocannabinol). This model provides a new platform to investigate the
mechanistic underpinnings of invasion, dises such as placental accreta, and the

impact of drugs and toxins on extravillous trophoblast function.
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Abstract

Placental extravillous trophoblast (EVT) invasion is essential in establishing proper
blood supply to the fetus during pregnancy. Howeverditional 2D in vitro
systems do not model the vivo invasion process in an anatomicalglevant
manner. Our objectives were to develop a 3D spheroid model that would allow
better emulation of placental invasiorvitro and to characterize the trangtomic

and functional outcomes. HTR8/SVneo EVT cells were-astembled into 3D
spheroids using ultrbow attachment plates. Transcriptomic profiling followed by
gene set enrichment and gene ontology analyses revealed major global
transcriptomic differeces, with significant upegulations in EVTs cultured as 3D
spheroids in canonical pathways and biological processes such as immune
response, angiogenesis, response to stimulus, wound healing, and others. These
findings were further validated by RJPCR, siowing significant ugregulations in

genes and/or proteins related to epithatfig@senchymal transition, calell contact,
angiogenesis, and invasion/migration. A htghoughput, spheroid invasion assay

was applied to reveal the dynamic invasion of EdW&y from the spheroid core

i nto extracellul ar matri x. Last -y, |l i popc
tetrahydrocannabinol exposure was found to impact the invasion of EVT spheroids.
Altogether, we present a walharacterized, 3D spheroid model of EVfivasion

and demonstrate its potential use in drug and toxin screening during pregnancy.
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Introduction

The human placenta is a transient organ that forms the interface between the
mother and fetus during pregnanéy One of its key functions during early
pregnancy is invasion and migration into the maternal deéigltRroper invasion
is critical to the remodeling of maternal spiral arteries into high capacitance, low
resistance vessels that supply oxygen and nutrients to the*fefae primary
placental cell type responsible for regulating invasion is the extravillous trophoblast
(EVT), which bears thehdlity to migrate away from the solid trophoblast columns
of the anchoring chorionic villi and invade into the maternal deddTiais process
is highly regulated by a variety of physiochemical factag.(0Oxygen, growth
factors, nutrients, extracellular matrix proteins), and dysregulated EVT invasion
can conversely result in compromised placeatatind an inability to properly
support both the mother and fefudnterestingly, pregnaneselated diseases like
preeclampsia and placenta accreta have bemmggrassociated with altered EVT
invasion and spiral artery remodeling, both poorly understood pathological
outcomes of impaired trophoblast functién However, our ability to better
understand the cellular and molecular underpinnings of these placental diseases
may be limited, in part, by the unrepresentativeirgaof current twedimensional
(2D) in vitro systems.

Accumulating evidence in other organ systems and cancer models suggest
that culturing cells in thredimensions (3D) can provide more anatomicadlyd

physiologicallyrelevant results compared toditional 2D monolayer cultures
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While some researchers have begun to culture placental cells as 3D spheroids or
organoids®!?, our overall understanding of the transcriptomic changes and
functional outcomes associdtewith its formation remains preliminary.
Characterization studies contrasting novel 3D spheroids against 2D monolayers are
especially lacking yet, these are necessary to justify its use and advancement, as
the theorized advantages.d.,enhanced celtell contact, physiological function,

etc.’) are not verified in placentad vitro cultures. Moreover, there are no spheroid
models to date that directly and specifically mimic the trophoblast column of the
anchoring chorionic villi, and demonstrate functional EVT invasion and migration
awayfrom its core as seén vivo'3. To address this, we develop a sssembling,

3D spheroid culture system of the troprasticolumn and EVT invasion, and use a
transcriptomevide microarray and bioinformatics approach to characterize the
global gene expression profiles against traditional 2D monolayers. We further apply
a highthroughput, spheroid invasion assay to measweattual invasion of the

3D EVT spheroids into extracellular matrix in reéimhe, and assess the impact of

various drugs and compounds.
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Results
Extravillous trophoblast cells seffssembled into 3D spheroids with high viability
over eight days

HTR8/SVneo EVT cells seeded in uH@av attachment plates at densities
of 1,000, 5,000, and 10,000 cells/mL all setsembled into spheroids within two
days with average diameters of 211.1 ym, 323.7 um, and 411.6 um, respectively
(Figure 1a). Spheroid dameter increased at rates of 36.05 + 2.01, 31.26 + 1.73 and
26.65 = 3.47 um/day over eight days, respective to the seeding densities, and
maintained structural integrity throughowidgure la, b). Spheroids seeded at
5,000 cells/mL were used in subsequerperiments as they maintained mean
diameters of less than 500 um over eight days, above which has been frequently
characterized with necrotic corés Indeed, live and dead staining using calcein
AM and ethidium homodimet, respectively, confirmed that spheroids maintain
high viability (98.91 99.9% live cells) over eight dayBigure 1c, . Hematoxylin
and eosin (H&E) staining of crosections also revealed that the spheroids exhibit
solid cores Figure 1€), resembling the solid structural anatomy of trophoblast
columnsin vivo*®.
Distinct transcriptomic profiles in EVTs cultured as 3D spheroids and 2D
monolayers

To understand how global gene expression profiles were changed in EVTs
cultured as 3D spheroids compared to 2D monolayers, we analyzed 21,448 genes

via Clariom S Human transcriptome profiling microarray (Thermfo}otal of
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4,562 gene probe sets were foundoe differentially expressed in 3D spheroids
compared to 2D monolayers, with 2,327 genesaglated and 2,235 genes dewn
regulated (FDRw al ue < 0. 05; a b skgura Rag Clisterl d change
dendrogram analyses demonstrated distinct groupihgele samples from 3D
spheroid and 2D monolayer groups and a large height distance to convergence,
suggesting highly different global transcriptome profiles between the two groups
(Figure 2b). The short height distance to convergence seen for sampleas eath
of the two groups suggests similar transcriptome profiles within each group.
Gene set enrichment analysis of canonical pathways and biological processes

We next performed gene set enrichment analysis (GSEA) on the
transcriptome microarray data tdentify the enriched canonical pathways in
extravillous trophoblasts cultured as 3D spheroid compared to 2D monolayers
(Figure 3a). The top fifteen most significantly enriched canonical pathway terms
in EVTs cultured as 3D sumickveligandeseptornc | uded c
interactiono, Aii MmmMune processes, di seases,
AECMO ( F DR Suppterentarp Table S). The top fifteen most
significantly downregulated pathway terms in 3D spheroids included categories:
Adaseso, Atranscription, HI'V I'ife cycleo,
(FDR p<0.05Supplementary Table S2. Full list of canonical pathway modules,
categories, and terms may be foun&upplementary Table S3

We also performed GSEA to idemtithe enriched biological processes in

3D spheroids compared to 2D monolayegrgygre 3b). The top fifteen most
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significantly enriched biological process terms in EVTs cultured as 3D spheroids
included categori es: Al MmmMunegi poocé@pepsoder
Cross l i nki ngo, Asystemic processeso, and
Supplementary Table S4. The top fifteen most significantly downegulated
bi ol ogical process terms in 3D spheroids i1
Amet ampl bi osynt hesi s, catabol i smo, Acel | C
p<0.05; Supplementary Table S%. Full list of biological process modules,
categories, and terms may be foun&upplementary Table S6
Gene ontology analysis of biological processes

In parallel, we performed gene ontology (GO) analysis on the transcriptome
microarray data to elucidate the ovepresented biological processes based on
differential expressionHigure 4). The top fifteen most significantly eegulated
biological proces terms in EVTs cultured as 3D spheroids compared to 2D
monol ayers included categori es: Afsensory ¢
stimul us, wou4dpd otheiad i g @,n aliiGngo, and Ai m
angiogenesi s, and r e sOp;Supdementary Table $Tmul uso ( F|
The top fifteen most significantly downegulated biological process terms in
spheroids compared to monol ayers included
catabolic processeso, fAtranamrdiifpdceloln,cyalaamd

(FDR p<0.05;Supplementary Table S§. Full list of GO biological process

categories, terms, and gene lists may be foullpplementary Table S9
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Increased expression of markers related to epith@liesenchymal transition
(EMT), celtcell contact, angiogenesis, and invasion in EVTs cultured as 3D
spheroids

We were particularly intrigued by the -wegulated biological process
c at e g o mmene pracdssesj angiogenesis, response to stinulusfir esponse
to stimulus and wound healingo, and dAdiffer
in 3D spheroids, given the important role played by EVTs in placental invasion and
vascular remodeling (FDR p<0.055upplementary Table S9. We first
investigatel changes in markers in the EMT pathway viadPICR, as EMT of
trophoblasts closely underlies the initiation of placental invasfomRNA levels
of upstreamEMT markersWNT5A, TGFB1, and TGFB%ere significantly
increased in 3D spheroids compared to 2D monolayers (p<0.01 feigaite 5a).
Further downstream, integr{fiTG)A2, ITGA5, ITGBl1and vimenin (VIM) mMRNA
levels were increased in 3D spheroids compared to 2D, and occlD@ibNf
MRNA levels were decreased (p<0.01 for &lgure 5b). Contrastingly, E
cadherin CDH1) and zona occludefis (TJP1) mRNA levels were significantly
increased in 3D sphaids (p<0.01 for allFigure 5b), whereas they are typically
repressed during EMT. This may be explained in part by the fact @G&H1 and
TJP1were also markers of cedell contact and tight junction formation, whiish
promoted by 3D culture Claudin CLDN)1 andCLDN4 mRNA levels, additional
markers of tight junctions, were also significantly increased in 3D spheroids

(p<0.001 for allFigure 5b).
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We further investigated placental angiogenesis and invasion gene markers
shared across several of the biological process categories listed above. We found
significant upregulations in mRNA levels ¢iIF1A, VEGFA VEGFC andMMP9
in EVTs cultured as 3D sphoids compared to 2D monolayers (p<0.01 for all
genes;Figure 5¢). MRNA levels of TIMP2 remained unchangedrigure 5c).
Protein levels of MMP9 were also increased in EVTs cultured as 3D spheroids, and
protein levels of TIMP2 decreasedrigure 5d; Whole bbts provided in
Supplementary Fig. S). Altogether, this suggests that EVTs cultured as 3D
spheroids exhibit enhanced expression of EMT activation,ceéllicontact, and
tight junction formation in association with increased expression of angiogenesis
andinvasion.

EVT spheroids exhibit dynamic invasion when embedded into ECM

Considering that the spheroids expressed increased markers of invasion and
angiogenesis, we next investigated their actual, functional invasiveness. We
adapted and applied a novelgtthroughput spheroid invasion assay for use with
our EVT spheroids'’. Spheroids were embedded into ECM on day two, and
observable invadopodiike projections bgan to sprout from the spheroid core on
day four, increasing in invaded area over the eight dagsie 6a). Mean spheroid
invasion significantly increased over time, reaching approximateh7080
invasion at day eight (p<0.05fFigure 6b). Using Factin aad DAPI
immunofluorescent staining, the invadopetlika projections were found to be

actual cells moving away from the spheroid core and into the B&ddire 60).
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Control spheroids that were not embedded in ECM did not exhibit any invadopodia
like projectons and remained as round spheres over the eight Beysd 60).
ECM-embedded, invasive spheroids further demonstrated significantly increased
immunofluorescent staining for HIF1A protein (p<0.G%gure 6d, f) and MMP9
protein (p<0.05Figure 6e, g compared to control spheroids.
Spheroid invasion impacted by exogenous drugs and compounds

Lastly, we were interested in testing the responsiveness of our 3D EVT
spheroids to exogenous drugs and compounds. Spheroids were embedded into
ECM and treated withpopolysaccharide, dexamethasone, or THC every 48 hours
for up to eight days. Lipopolysaccharide and dexamethasone have previously been
shown to augment and inhibit placental invasion, respectively, thus would serve to
val i date the s pds®? loppopolgsdccharieedtp0d mysnl and n
10,000 ng/mL) indeed significantly augmented EVT invasion by day eight
compared to the vehicle control (p<0.05gure 7a, b. Tube formation was
observable for some LP&eated spheroids, indicating the invasion of EVTs had
extended up tthe top of the ECM layeF{gure 7b). Dexamethasone (1a1D,000
nM) significantly inhibited EVT invasion by day eight compared to the vehicle
control (p<0.05;Figure 7c, d. Given the dynamic invasive response to the
validated compounds, we were interested in testing the effects of THC, a
controversial, lessinderstood compound with early evidence to impact placental
invasion 2. THC (30 pM) significantly inhibited EVT invasion by day eight

compared to the vehicle control (p<0.G&gure 7e, ).
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Discussion

Threedimensional spheroid and organoid cultures carry the potential to
restorein vivo-like phenotypes in manip vitro organ systems. Our study is the
first to generate a specific 3D spheraidvitro model of the trophoblast column
that is capable of functional and responsive EVT invasion. We further demonstrate
that 3D EVT spheroids: (1) express global transcriptomes that are distinct compared
to 2D monolayes, (2) exhibit invasive and migratory gene and protein expression
profiles alongside dynamic invasive behaviour when embedded into an ECM
environment, and (3) may be studied by adapting the innovative spheroid invasion
assay, which was originally pionedrédoy tumour researchers?4 revealing
responsiveness to exogenous drugs. Moreover, the simplicity of owiowitra
attachment microplate approach, continuous -tieg#@ monitoring capability,
relative low cost of materials required, and use of a-eathblished cell line,
collectively provides an accessible and versatile tool for researchers.

The major transcriptomic differences found in the GSEA and GO analyses
altogether suggest that spheraulturing conditions alone are sufficient to drive
EVTs towards expressing a unique genetic profile compared to monolayers.
Spheroids possessed enhanced expression profiles of EMEeltelbntact, tight
junction formation, invasion, and angiogenesisggesting they may be a useful
model to study EVT invasion. The initial detachment of EVTs from the trophoblast
column and continual, but highlpeasured, taxis into the maternal decidua is a key

phenomenon observénl vivothat is not emulated in traditial invasion assays.
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One major advantage of our model is the establishment of a sbkdosg core,
which mimics the microarchitecture and physiochemical driving forces present at
the trophoblast column of the anchoring chorionic vilh vivo (e.g.,
hypoxia/oxygen gradients, mechanical stimulation via ECM, etc.) Only EVTs that
are truly imasive would be capable of detaching, invading, and migrating away
from the core, whereas traditional assays use individualized cells that are primed to
invade via serurdeprivation/reintroductior?>. HI F1U, a protein kno
rapidly depleted by oxygen, was indeed augmented in our invading spheroids,
suggesting the potential involvement ofypbxia-driven mechanism®®?,  HI F1 U
is a key regulator of invasidn vivo,and mice wittH i f khodked out experience
impaired placental invasion and angiogenesis compared to cofftr$1P9, a
crucial matrix metalloproteinase in EVT invasion and known to be stimulated by
hypoxia 3, was also augmented at the protein lémeinvading spheroids. This
reveals a preliminary mechanism that is consistent imitkivo EVT invasion,
although more work must be done to further validate this.

Spheroid cultures also enable theeotstence of proliferative, quiescent
and apoptotistates within the same population due to the nature of the 3D construct
and the varying depths that cells reside from nutrient and oxygen sources, which
better resembles the heterogeneous cellular organization piesento 24
Accordingly, it has been wetlemonstrated by cancer researchers that tumour
spheroids exbit a more physiological response and resistance in drug studies

compared to monolayef$3-32 and thus serve as more prediciiveritro models.
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Yang, et al2® showed that pancreatic tumour cells cultured as spheroids exhibited
greater invasive and migratory behaviour and more consistently formed tumours
when injected into nude mice, compared to parental cells cultured as monolayers.
Moreover, following paclitagl chemotherapy treatment, ovarian cancer spheroids
remained 20% more viable and proliferative than monolayers, which resembles a
chemoresistance similarly seen in other tumoimrsvivo 2. Following this
hypothesis, our 3D EVT spheroids should also provide more a predictive response
and resistance to drug exposure. For obvious ethical reasons,cihali@nging to
directly compare the drug responses of clinipapulations given the lack of
available data in pregnant women. We do, however, present novel findings that
EVT spheroids are responsive to several exogenous compounds, with augmented
invasion caused by lipopolysaccharide and inhibited invasion caused by
dexamethasone and THC. It is webicumented that lipopolysaccharide increases
cytokines like I1-6 3435 which in turn stimulate MIP-2/9 activity to induce
invasion 8% whereas dexamethasone induces the opposite effect to inhibit
invasionin vivo andin vitro 2%2% While our results with lipopolysaccharide and
dexamethasone are consistent withrach, et al.??, there are some contrasting
reports in literature that demonstrate an opposite or null &féciThis may be
explained in part by the length of exposure, in which our model enables chronic
exposures (eight days) compared to transwethsion assays that must be acute
(24-48 hours)*#%6, However, ths may also reveal a pitfall of transwell invasion

assays as a whole, given that these studies do report a consistent downstream effect
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of the drug €.g., increase and decrease in-6BLvia lipopolysaccharide and
dexamethasone, respectively), but are simplgble to elicit the expected EVT
invasive responsé - Due to the volatility of the inflammatory response and
longerterm drug exposures typically observed in clinical situations, it neay b
argued that our mo d e | 6 dimecnteasorements aex posur es
necessary to accurately study the impact of drugs on invasigitro. Lastly,
significant inhibition of EVT invasion by the highest dose of THC seen in our work
is consistent wit in vitro findings byChang, et al?3, and may reveal a potential
mechanism underlying the detrimental impact of this controversial, recreational and
medicinal drug on placental and fetal developni&dt

While drug screening applications remain limited, our knowledge of
stemness and differentiation in péatal spheroids and organoids was recently
advanced by some exciting studig@s™'2 Nandi, et al.® demonstrated that
HTR8/SVneo and primary placental cells cultured as spheroids magseif and
differentiate down various trophoblast lineageg(, syncytiotrophoblast). Using
Matrigef® drops and organoid medialurco, et al. '* cultured primary
cytotrophoblasts as organoids that shared high levels of transcriptomic and
methylomic similarities with first trimester placental vill, and may also
differentiate into invasive, HLAG-expressing EVTs. Siitarly, Haider, et al!?
used Matrigel and organal media to culture primary cytotrophoblasts as stem
like organoids with comparable gene expression profiles as primary

cytotrophoblasts and the capacity to differentiate. Together with our current
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findings, there is accumulating evidence to support 3Duilas a useful and
multifaceted model system for placental research.

In conclusion, we provide comprehensive rationale and evidence supporting
the development of a microplabased, spheroid invasion model for placental
research. With enhanced invasivedaangiogenic capability compared to 2D
monolayer cultures and a dynamic response to exogenous compounds, we propose
that our model has the potential to be further developed into athnghghput,
screening tool to preclinically assess the safety andangdadrugs and toxins on
placental invasion. Given our current lack of knowledge surrounding the effects of
both prescribed and illicit drug use in pregnant women, especially in Canada and
the United States®, there is a great necessity to advance the development of

alternative placental models.

Methods
Cell culture

Human placental EV-Herived HTR8/SVneo cells (generously provided by
Dr. Peeyush Lala, Western Universityere used due to the hightpnservd
characteristics and gene expression profiles with placental BT $ITR8/SVneo
cels were cultured at 37°C in a humidified atmosphere of 5%/95%0
atmospheric air in RPM1640 (Corning), supplemented with 5% heetctivated
FBS (Gibco), 1% (v/v) penicilliistreptomycin (Corning) and 1% (v/v)-L

glutamine (Corning).
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EVT spheroid genet@amn

96-well ultra-low attachment (ULA) plates (Corning) were used to promote
the selfassembly of HTR8/SVneo cells into thréenensional (3D) cellular
spheroids. HTR8/SVneo cells were seeded at 1,000 cells/mL, 5,000 cells/mL and
10,000 cells/mL into thaltra-low attachment plates. Media was replaced every 48
hours poskeeding by aspirating 100 uL of existing media, being careful to not
disturb the spheroid, and dispensing 100 pL of fresh media into each well.
Live cell imaging and analysis of spheraide

Live images of the spheroids were captured every 48 hoursgeding at
either 4X or 10X objective magnification using an EclipseETinverted
Microscope (Nikon). Diameter (um) of each spheroid was quantified using a
manual measurement tool on Imagejl $aftware (National Institute of Health).
Average spheroid diameters were used to generate a linear regression and slope to
track the growth over time (um/day).
Cell viability staining assay

To confirm cell viability in spheroids over the experimengariod,
spheroids were incubated with calcein AM (Thermo Fisher; 1:100) for green
fluorescence (live cells) and ethidium homodirh€ilhermo Fisher; 1:100) for red
fluorescence (dead cells) for 30 minutes on days 4, 6 and 8. Spheroids were imaged
in 5 um zstacks to capture all layers throughout the spheroid using an Eclipse Ti
E Inverted Microscope (Nikon), and all steps were compiled agprajaction

image. Images were analyzed using NIS Elements software (Nikon) to quantify the
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total areas covered byé or dead cells. The ratio of live to dead cells was then
determined by dividing either live or dead cell area over the total area of the
spheroid.
Hematoxylin and eosin (H&E) staining

Spheroids were fixed in 10% formalin within the ULA plates for 1b at
room temperature. An equal volume of liquified 2% agar was added to each well,
mixed, and solidified on ice for 20 min. Solid agar pellets with spheroids were
transferred into tissue cassettes, placed into 10% formalin for 48 hours, and stored
in 70%ethanol. Agar pellets were then embedded in paraffin wax, sliced into 4 um
sections, stained with H&E, and imaged using an Eclipgefiverted Microscope
(Nikon).
Transcriptomewide microarray

Total RNA was extracted from cells using TRIzol Reaganti{liogen) and
Directz o | RNA Mini Prep Kit (Zymo Research),
protocol. RNA quality was assessed using the RNA 6000 Nano LabChip
Bioanalyzer and TapeStation (Agilent), and 200 ng of RNA was processed to assess
20,000+ genes usinthe Clarion S Human microarray (Thermo Fisher) and
GeneChipE 3000 instrument system (Ther mo
SickKids TCAG Microarray facility.
Transcriptomic analysis

Normalization and output file generation was performed with Affymetrix

Gene Expression Console (Thermo) using the Robust4@hlif Analysis (RMA)
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algorithm [RMA-Genefull] *!. Dendrogram was obtained by using all genes
available on the platform excluding the control probes with the-tuiticlust
function in R. The height distance to convergence suggests the degree of similarity
between the individual branches (samples). The similarity between the branches
was measured based on the expression patterns exhibited by the genes in these
samples.

Differential expression analysis was performed by ubmgapackage in
R 443 Genes with FDR alue < 0.05 were considered to be significantly
regulated. Volcano plot was created using linema package & well. Genes
regul ated with the absolute fold <change
Examination and visualization of the significantly ovepresented biological
processes (Gene Ontology component) was performed by using the BINGO plugin
in Cytoscap environmenf*. Gene Set Enrichment Analysis was performed by
using C2, C5 and HALLMARK MSigDB collections on whole gene expression
profiles *>46 Obtained results were further analyzed and visualized by using the
EnrichmentMap plugin ii€ytoscape environmeft.
Realtime quantitative polymerase chain reaction {§HCR)

Total RNA (500 ng) was further resertranscribed to cDNA as previously
described®. Primer sets directed against gene targets of interest were designed
through National Center for Biotechna gy | nf or mBUASToprinees Pr i mer
designing tool and synt h@abled Qdantikatve Mc Mast er

analysis of MRNA expression was perfor med

104



Ph.D. Thesis McMaster University
Michael K. Wong Medical Sciences Graduate Program

Universal SYBR® Green Supermix (BioRad) and CFX384 Touch-Riea¢ PCR
Detection System (BioRad). The cycling conditions were ®5for 10 min,
followed by 40 cycles of 98 for 10 secs and 6C for 10 secs and 7€ for 15
secs. Relative fold changesneealculated using the comparative cycle times (Ct)
method, normalizing all values to the geometric mean of three endogenous control
genes 18S, ACTB, GAPDH The endogenous control gene was selected based on
experimentallydetermined Ct stability acrosdl treatment groups. Given that all
primer sets had equal priming efficiency,
calibrated to the average of all control Ct values, and the relative abundance of each
primer set compared with calibrator was determimgthe formula 2®¢ in which
ppCt was the normalized value.
Protein Extraction and Western Blot

Total protein was extracted from cells using RIPA buffer supplemented with
protease and phosphatase inhibitor cocktails (Roche). The solution was sonicated
for 5 sec total, 1 sec per pulse, vortexed, and quantified by colorimetric DC protein
assay (BioRad). Loading samples were prepared from fresh total protein extract,
Laemel | i Sampl e Bu f-ercaptoétidaixo), and ratedRta9d ) and b
°Cforbmint o denature the proteins. Proteins (1
via gel electrophoresis in MHPROTEAN® TGX StaifF r e e E20%4
polyacrylamide gels (BioRad), and transferred onto polyvinylidene difluoride
membranes usingthe TraBsl ot E T u r br8ystenT (BiaRad). Membranes

were blocked in 1x Tribuffered salinelween 20 buffer with 5% nefat milk, and
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then probed using aAIMP9 (Abcam; ab76003; rabbit; 1:500) and antviP2
(GeneTex; GTX16392; rabbit; 1:500) antibodies diluted in the blockihgtion.
Donkey antirabbit (1:5,000) secondary antibody was used to detect the species
specific portion of the primary antibody, diluted in the blocking solution. Immuno
reactive bands were visualized using Clari
Total protein was stained on the membrane using Amido Black and imaged to
ensure even loading and transfer
EVT spheroid invasion assay

EVT spheroid invasion was studied by embedding the spheroids in an
extracdular matrix (ECM) inside the ultriow attachment plate. GrowAflactor
reduced Geltrék (Thermo) was used as the ECM cocktail. On day 2, after the
spheroids have se#fssembled inside the ULA plate, 100 uL of media was aspirated
from each well and replad with 100 pL of GeltreéX (10 mg/mL) on ice®. The
entire plate was then centrifuged at 300 g for 3 min at 4 °C to center the spheroids
at a consistent position inside the well, and incubated for 60 minutes at 37°C to
allow the ECM to solidify. 100 uL of media was added on top of the solidified
ECM. Brightfield images of the control and EGAmbedded spheroids were
captured on days 2, 4, 6 and 8 at 4x or 10x objective magnification using an Eclipse
Ti-E Inverted Microscope (Nikon) and analyzed using NIS Elements software
(Nikon). Area of invasiveedge of each spheroid was quantified at each time point
by subtracting the average area of corresponding control spheroids from area of the

invaded spheroid. Spheroid invasion percentage was then calculated as the ratio of
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invasive edge area to total inveatispheroid area and used as a relative measure to
compare the invasiveness between sphefdids
Immunofluorescence

Spheroids were fixed overnight in 4% parafoltheayde and permeabilized
for 5 minutes with 0.1% Triton X00 in PBS. Samples were then blocked for 1
hour using 0.01% TweeR0, 10% goat serum and 1% bovine serum albumin (BSA)
in PBS. Afterwards, samples were incubated with HIF1 alpha primary antibody
(Abcam; ab179483; rabbit monoclonal; 1:50) or MMP9 primary antibody (Abcam;
ab76003; rabbit monoclonal; 1:250) overnight at 4 degrees, and then incubated with
Goat AntiRabbit IgG H&L Alexa Fluor® 488 secondary antibody (Abcam;
ab150077; goat polyclonal; gmL) for 2 hours, as necessary. Feadtin staining,
samples were incubated with CytoPainter PhalleiBinor 555 reagent (Abcam;
abl176756; 1:1000) for 2 hour sdiam@empl es wer
2-phenylindole dihydrochloride (DAPI; SanGxuz; 1.5 ug/mL). All blocking and
incubations were performed at room temperature, unless otherwise stated.
Spheroids were visualized using an EclipseETinverted Confocal Microscope
(Nikon). Z-stack images were taken in 10 um steps to capture all layets
compiled as a -projection image. Images were analyzed using NIS Elements
software (Nikon).
Drug Treatments

Lipopolysaccharide Escherichia coliserotype 055:B5; Sigma Aldrich)

stock solutions were prepared from a dried powder at a concentratiomg/inL
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in phosphatéuffered saline (Corning), and diluted to working concentrations of 1
10,000 ng/mL in RPMIL640 media (Corning) at time of use. Dexamethasone
(Sigma Aldrich) stock solutions were prepared from a dried powder at a
concentration of 1 mgiL in 90% ethanol, and diluted to working concentrations
of 1-10,000 nM in RPMi1640 media at time of use.®i Tetrahydrocannabinol
(THC) stock solutions (Sigma Aldrich) were diluted to working concentrations of
1.87530 uM in RPMF1640 at time of use. @s were treated with 100 pL of media
containing either the vehicle control or drug treatment every 48 hours for up to eight
days.
Statistical analyses

Prism 6 software (GraphPad) was used to statistically analyze all
experimental results. Results wespressed as means of the normalized values +
standard error of the mean (SEM). Data sets were assessed for statistical
significance (p<0.05) through either an unpairddst, or oneavay analysis of
variance (ANOVA), a npodst Hodtest ®© ipayform mualtiple n t

comparisons.
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Figure 1. Selfassembly, growth, and viability of 3D EVT spheroids over eight

days. (a) EVTs seeded at three different densities form spheroids that increase in
size over eight days. 4magnification. Scale bar indicates 200 pm. (b) Mean
spheroid diameter over time across three seeding densities. (c) Immunofluorescent
images of live and dead stain using calcein AM and ethidium homodimer
respectively. Green colour indicates live céRed colour indicates dead cells. 10x
magnification. Scale bar indicates 200 um. (d) Ratio of surface area of live to dead
cells at days four, six, and eight. (e) Representative image of H&E staining of a
spheroid crossection. Scale bar indicates 100 pm3.
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Figure 2. Transcriptome profiling of global gene expression changes in EVTs
cultured as 3D spheroids compared to 2D monolayerga) Volcano plot
comparing fold change (Log?2) tevalue ¢Log10) of differentially expressed genes
measured using Cliam S Human microarray (Thermo). Significance determined

by p<0.05 and absolute fold changeO2.

of the samples by similarity of transcriptome profiles. Four samples were analyzed
per group, with different letters dte end of the name indicating a distinct sample.
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Figure 3. Enrichment maps of GSEA canonical pathways and biological
processes comparing EVTs cultured as 3D spheroids and 2D monolay€ia)
Visualization of results of canonical pathway analyses an@i@gical process
analyses. Every node (dot) represents a module of enriched genes in a particular
pathway or process, with the size of the node representing number of genes. Red
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nodes indicate upegulation in 3D spheroids compared to 2D monolayers kd b

nodes represent dowegulation. Every edge (green line) represents overlap of

genes between two pathways or processes, with the thickness of the line
representing number of genes overlapping. Font size of annotated classification

reflects number of noules within that classification group. Significance
determinedby FDRp al ue < 0. 05 and absolute fold ch
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Figure 4. Gene ontology analysis map of biological processes comparing EVTs
cultured as 3D spheroids and 2D monolayersVisualization & results of
biological process analyses. Every node (circle) represents a module of
overrepresented genes in a particular process, with the size of the node representing
number of genes. Nodes with red to yellow colour gradients indicate strong to weak
up-regulation, respectively. Nodes with dark to light green colour gradients indicate
strong to weak downegulation, respectively. Every edge (line) represents overlap
of genes between two pathways or processes. Red font colour indicates an up
regulated cagory in 3D spheroids compared to 2D monolayers, green font
indicates dowsregulated, and black font indicates a category with an even number
of terms regulated in each direction. Font size of annotation reflects number of
modules within that category. Sigicance determined by FDRyalue < 0.05 and
absolute fold change O 2.
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Figure 5. 3D spheroids exhibit differential mMRNA and protein expression of
markers of epitheliamesenchymal transition (EMT), celicell contact,
angiogenesis, and invasion/migratin. Normalized mRNA levels of (VNT5A,
TGFB1, TGFB2(b) ITGA2, ITGAS5, ITGB1, VIM, OCLN, CDH1, TJP1, CLDN1,
CLDN4,(c) HIF1A, VEGFA, VEGFC, MMP@ndTIMP2,as measured using RT
gPCR. Significant differences between groups determined by unpdesigin=4.
Significant differences between means were indicated by ** (p<0.01) or ***
(p<0.001). Nossignificant differences indicated by n.s. (d) Cropped blots of
MMP9 and TIMP2 protein bands as detected by Western blot, and Amido Black
staining of total protei. n=4. Membrane was cut below 63 kDa and top half used
for the MMP9 blot. Remaining membrane was cut above 25 kDa and lower half
used for the TIMP2 blot. Whole blots with protein ladders fourglipplementary
Figure S1
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Figure 6. EVT spheroids exhibiied continuous invasion into ECM over eight

days. (a) Brightfield images of EVT spheroids without or with ECM over eight

days. 10x magnification. Scale bar indicates 200 pum. (b) Histogram of mean

spheroid invasion area percentage over eight days. Signififearences between

groups determined by ooveay ANOVA f ol | owe+est;ihy. Tukeyds
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Significant differences between means as determined bytgsistwere indicated

by different letters.(c) Immunofluorescent confocal images of EVT spheroids
without or with ECM at day eight stained with phalloidin-AEtin; green) and
DAPI (blue). 10x magnification. Scale bar indicates 100 pm. Immunofluorescent
confocal images of EVT spheroids without or with ECM at day eight stained with
(d) HIF1A (green) or (e) MIP9 (green), and DAPI (blue). 20x magnification,
imaged at center of spheroid. Scale bar indicates 100 um. Histogram of mean
fluorescent intensity of FITC normalized to area of DABsitive nuclei for (f)
HIF1A and (g) MMP9. Significant differences betwegroups determined by
unpaired {test; n=3. Significant differences between means were indicated by *
(p<0.05).

122



Ph.D. Thesis
Michael K. Wong

-
(=3
o

Q

Mean Spheroid Invasion Area
©
2 9

H
o

N
e S

(% of Invading/Control)
(2]
o

o-

N\ NS &S
NSRS SO
\\Q\QQ

LPS concentration (ng/mL)

-
(=3
o

0O

Mean Spheroid Invasion Area

20

(% of Invading/Control)
2]
o

‘?

D I I
MRS

Dexamethasone concentration (nM)

)

Mean Spheroid Invasion Area
(% of Invading/Control)

Qé\e ROIPA RS

THC concentration (uM)

McMaster University

Medical Sciences Graduate Program

A N}
e

Control
(Vehicle)

LPS LPS

(100 ng/mL) (10,000 ng/mL)
-

b"
,

Control
(Vehicle)

DEX DEX
(100 nM) (10,000 nM)

Control
(Vehicle)

Figure 7. Impact of lipopolysaccharide,
tetrahydrocannabinol on spheroid invasion(a) Mean spheroid invasion areas of

EVT spheroids treated with 10,000 ng/mL lipopolysaccharide (LPS) on day eight.

(b) Brightfield images of EVT spheroids in ECM treated with the vehicle control,

100 ng/mL LPSpr 10,000 ng/mL LPS (three representative doses selected along

curve to demonstrate effect). White arrows indicate examples of tube formation of

EVTs that have invaded to surface of ECM. (c) Mean spheroid invasion areas of

EVT spheroids treated with-10,000 nM dexamethasone (DEX) on day eight. (d)

Brightfield images of EVT spheroids in ECM treated with the vehicle control, 100

nM DEX, or 10,000 nM DEX. (e) Mean spheroid invasion areas of EVT spheroids

treated with 1.8780 uM °i tetrahydrocannabinol (TE) on day eight. (f)

Brightfield images of EVT spheroids in ECM treated with the vehicle control, 7.5

MM THC, or 30 pMTHC. Significant differences between groups determined by

oneway ANOVA followetdedty, Tu®2yo6Si goisti cant
between means as determined by ptests were indicated by different letters.

Images taken at 10x objective magnification. Scale bar represents 200 um.
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Table 1. Forward and reverse sequences for the primers used fgPRR.

Gene Forward Reverse GenBank

18S CACGCCAGTAC AAGTGACGCAGC NR_003286.2

(RNA18S5) AAGATCCCA CCTCTATG

ACTB TTACAGGAAGT GCAATGCTATCA NM_001101.5
CCCTTGCCATC CCTCCCCTG

GAPDH TCACCATCTTCC ATGACGAACATG NM_0013579
AGGAGCGA GGGGCATC 43.1

HIF1A CAGCAACGACA TTGGGTGAGGGG AF208487.1
CAGAAACTGA AGCATTAC

VEGFA GGCAGAATCAT GGTCTCGATTGG NM 0011716
CACGAAGTGG ATGGCAGT 23.1

VEGFC CCAATCACACT GCCTGACACTGT NM_005429.4
TCCTGCCGA GGTAGTGTT

WNT5A CTTGAGCACGA GGAGGTTGGAGA NM 003392.4
CGAAGCAAC CAAAGGGG

TGFB1 CTCCCGCAAAG GAATAGGGGATC NM_000660.7
ACTTTTCCC TGTGGCAGG

TGFB2 TGCACCATGCTT CTGGCTGGCTCA NM_ 0011355
TGGCTTTC GCAACTAT 99.3

CDH1 ACACTGGTGCC TTAGGGCTGTGT AH006175.2
ATTTCCACT ACGTGCTG

OCLN TCGACCAATGC CTCCTGGAGGAG U49184.1
TCTCTCAGC AGGTCCAT

TIP1 TCTGAGCCTGT GCTTGCTGCTTAC AF169196.1
AAGAGAGGACT CTGTTGAG

ITGA2 CGGTTATTCAG ACCTACCAAGAG NM _002203.4
GCTCACCGA CACGTCTG

ITGA5 CCAAAAGAAGC TCCTTGTGTGGCA NM 002205.4
CCCCAGCTA TCTGTCC

ITGB1 AAGCGAAGGCA GTCTACCAACAC NM_002211.4
TCCCTGAAA GCCCTTCA

VIM GCAAAGACAGG TTCAAGTCTCAG NM 003380.5
CTTTAGCGAG CGGGCTC

CLDN1 CTGTCATTGGG CTGGCATTGACT NM_021101.5
GGTGCGATA GGGGTCAT

CLDN4 CCACTCGGACA ACTTCCGTCCCTC NM_001305.4
ACTTCCCAA CCCAATA

MMP9 CCGGCATTCAG TGGAACCACGAC NM _004994.2
GGAGACGCC GCCCTTGC

TIMP2 GAAGAGCCTGA GGGGGAGGAGAT NM_003255.4
ACCACAGGT GTAGCAC
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Supplementary Figures and Tables

Supplementary Figure S1 Whole blots for Western blots of (a) MMP9 and (b)
TIMP2 protein. A single gel was run and protein transferred onto a PVDF
membrane. Membrane was then cut below 63kDa and the top half used for the
MMP9 blot. Same membrane was cut just above 25 kDa wasfaisthe TIMP2

blot. Remaining, unused portion of membrane was disposed.

A

235 kDa

180 kDa
135 kDa

100 kDa e and 78-92 kDa
75 kDa e
63 kDa e s

BLUelf 2D 3D
Prestained
Protein MMP9 Whole Blot
Ladder
(FroggaBio)

25 kDa
B 22 B 21 kDa

17 kDa
11 kDa

5 kDa

BLUelf 2D 3D
Prestained

Protein TIMP2 Whole Blot
Ladder
(FroggaBio)
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Supplementary Table S1.Most significantly upregulated GSEA canonical
pathways in EVTs cultured as 3D spheroids.

Module Category Canonical NES FDR
Pathway Term p-value
23 Neuroactive ligand Olfactory Signaling -3.0542696 0
receptor interaction Pathway
23 Neuroactive ligand Olfactory -2.966659 O
receptor interaction Transduction
6 Neuroactive ligand Class Al Rhodopsii -2.5756402 0
receptor interaction Like Receptors
16 Immune processe: Defensins -2.4561152 0
diseases, defensins
6 Neuroactive ligand GPCR Ligand -2.439125 O
receptor interaction Binding
16 Immune processe: Beta Defensins -2.4266376 0
diseases, defensins
6 Neuroactive ligand Neuroactive Liganc -2.3954382 0
receptor interaction Receptor
Interaction
15 Signaling events Peptide Ligand -2.3515468 0
Binding Receptors
7 Immune processe: Chemokine -2.2149904 0
diseases, defensins Receptors Binc
Chemokines
6 Neuroactive ligand Amine Ligand -2.1915238 9.33E05
receptor interaction Binding Receptors
7 Immune processe: CytokineCytokine -2.1703234 8.48E05
diseases, defensins Receptor
Interaction
7 Immune processe: Cytosolic DNA -2.162791 7.77E05
diseases, defensins Sensing Pathway
15 Signaling events G Alpha | Signaling -2.142522 7.17E05
Events
7 Immune processe: Secreted Factors -2.0940683 2.38E04
diseases, defensins
13 ECM ECM Regulators  -2.0885324 2.22E04
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Supplementary Table S2 Most significantly dowrregulated GSEA canonical

pathways in EVTs cultured as 3D spheroids

Module Category Canonical Pathway NES FDR p-value
Term
5 Diseases Respiratory Electror 2.80283 0
Transport
5 Diseases Respiratory Electror 2.735257 0
Transport ATP
Synthesis by
Chemiosmotic
Coupling and Hea
Production by
Uncoupling Proteins
5 Diseases TCA Cycle and 2.715474 O
Respiratory Electror
Transport
2 Transcription, RNA Pol I 2701939 O
HIV life cycle Transcription
2 Transcription, Late Phase of HIv 2.638732 0
HIV life cycle Life Cycle
0 Cell  cycle, DNA Replication 2.581079 O
apoptosis
2 Transcription, mRNA Processing 2.567776 O
HIV life cycle
2 Transcription, RNA Pol 1l Pre 2557952 0
HIV life cycle Transcription Events
0 Cell  cycle, Mitotic M-M/G1 2.541292 O
apoptosis Phases
3 Cell cycle DNA Repair 2.527595 0
0 Cell  cycle, Activation of ATR In 2.509505 O
apoptosis Response tc
Replication Stress
2 Transcription, Transcription 2.504607 O
HIV life cycle Coupled Nucleotide
Excision Repair
3 Cell cycle Nucleotide Excision 2.501146 O
Repair
3 Cell cycle Nucleotide Excision 2.485817 O
Repair
2 Transcription, mRNA Splicing 2.484428 O

HIV life cycle
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Supplementary Table S3Full list of GSEA canonical pathways in EVTs cultured

as 2D monolayers and 3D spheroiddlease see excel document entitled
ASuppl ement aryYcGSHAbICan &Bi c al Pat atway 2D
https://www.nature.com/articles/s415089488168#Sec25
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Supplementary Table S4 Most significantly upregulated GSEA biological
processes in EVTs cultured as 3D spheroids

Module Category Biological Process Term NES FDR
p-value
34 Perception Sensory Perception -2.9727 0
Chemical Stimulus
9 Chemotaxis Chemokine Mediatec -2.23976 3.86E
Signaling Pathway 04
16 Immune Positive Regulation 0 -2.23484 2.58E
Processes Inflammatory Response 04
n/a n/a Phospholipase Bctivating G -2.23057 1.93E
Protein Coupled Receptc 04
Signaling Pathway
39 Peptide cross Peptide Cross Linking -2.2077 1.55E
linking 04
11 Immune Positive Regulation 0 -2.20589 1.29E
Processes Leukocyte Chemotaxis 04
11 Immune Regulation of Leukocyte -2.16591 4.43E
Processes Chemotaxis 04
11 Immune Positive Regulation 0 -2.16474 3.88E
Processes Leukocyte Migration 04
5 Immune Defense Response +-2.15508 4.31E
Processes Bacterium 04
17 Systemic Regulation of Neurological -2.12934 9.29E
process System Process 04
11 Immune Regulation of Leukocyte -2.12286 9.85E
Processes Migration 04
36 Response tc Cellular Response to Zinc lo -2.12121 9.03E
zinc 04
16 Immune Regulation of Hea -2.10755 0.0010
Processes Generation 11
16 Immune Positive Regulation of Acut -2.09269 0.0011
Processes Inflammatory Response 04
28 Immune Natural Killer Cell Activation -2.09089 0.0011
Processes Involved in Immune Respons 85
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processes in EVTs cultured as 3D spheroids

Module Category Biological Process Term NES FDR
p-value
25 Protein Mitochondrial Translation 3.070361 O
complexes
25 Protein Translational Termination 2.97231 0
complexes
25 Protein Translational Elongation 2.886832 0
complexes
2 Metabolism, Electron Transport Chain 2.729035 0
biosynthesis,
catabolism
1 Cell cycle Nucleotide Excision Repai 2.713833 0
2 Metabolism, OxidativePhosphorylation 2.685758 0
biosynthesis,
catabolism
1 Cell cycle Transcription Couplec 2.676514 0
Nucleotide Excision Repai
2 Metabolism, Mitochondrial Respiratory 2.666465 0
biosynthesis, Chain Complex I
catabolism Biogenesis
2 Metabolism, Mitochondrial Respiratory 2.661326 0
biosynthesis, Chain Complex Assembly
catabolism
1 Cell cycle DNA-Dependent DNA 2.659598 0
Replication
4 Transcription  DNA-Templated 2.611477 O
Transcription Termination
2 Metabolism, Cellular Respiration 2.577143 0
biosynthesis,
catabolism
25 Protein Cellular Protein Comple: 2.53722 0
complexes Disassembly
0 Metabolism, tRNA Metabolic Process 2.504275 0O
biosynthesis,
catabolism
4 Transcription RNA Splicing via 2.479853 1.21E
Transesterification 04
Reactions

130



Ph.D. Thesis McMaster University
Michael K. Wong Medical Sciences Graduate Program

Supplementary Table S6Full list of GSEA biological processes in EVTs cultured

as 2D monolayers and 3D spheroiddease see excel document entitled

ASuppl ement ar GSETAbBeolSkgi c al Pracesses 2 C
https://www.nature.com/articles/s415089488168#Sec25
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Supplementary Table S7.Most significantly upregulated GO biological
processes in EVTs cultured as 3D spheroids.IB@ay be used to crossference
categoy and term to find full gene list provided in Supplementary Table S9.

Category GO-ID Biological Process Term FDR
p-value

Sensory 7608 Sensory Perception of Smell 2.97E65

perception

Sensory 7606 Sensory Perception of Chemic 1.36E63

perception Stimulus

Sensory 7600 Sensory Perception 4.10E48

perception

Transport 50877 Neurological System Process 5.62E47

Sensory 50890 Cognition 3.54E46

perception

Transport 3008 System Process 9.63E46

Response to 50896 Response to Stimulus 7.50E40

stimulus, would

healing

Transport 32501 Multicellular Organismal Process 1.74E34

Response to 6952 Defense Response 2.11E13

stimulus, would

healing

Response to 7626 Locomotory Behavior 1.73E10

stimulus, would

healing

G-protein 7186 G-Protein Coupled Receptor Prote 8.83E10

signaling Signaling Pathway

Response to 42330 Taxis 3.71E09

stimulus, would

healing

Response to 6935 Chemotaxis 3.71E09

stimulus, would

healing

Transport 40011 Locomotion 8.68E09

Immune 32101 Regulation of Response to Exterr 4.36E08

processes, Stimulus

angiogenesis,

response to

stimulus
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Supplementary Table S8.Most significantly dowrregulated GO biological
processes in EVTs cultured as 3D spheroids.IB@ay be used to crossference
category and term to find full gene list provided in Supplementary Table S9.

Category GO-ID Biological Process Term FDR
p-value

Metabolic, biosynthetic, 44237 Cellular Metabolic Process 8.46E37

catabolic processes

Metabolic, biosynthetic, 8152 Metabolic Process 1.16E24

catabolic processes

Transcription, 44260 Cellular Macromolecule 3.94E23

translation, DNA Metabolic Process

replication

Metabolic, biosynthetic, 44238 Primary Metabolic Process 1.19E19

catabolic processes

Metabolic, biosynthetic, 34641 Cellular Nitrogen Compoun: 1.50E18

catabolic processes Metabolic Process

Cell cycle 6996 Organelle Organization 9.17E18

Metabolic, biosynthetic, 6139 Nucleobase, Nucleosidi 2.32E17

catabolic processes Nucleotide and Nucleic Acic
Metabolic Process

Cell cycle 9987 Cellular Process 4.64E16

Metabolic, biosynthetic, 6807 Nitrogen Compounc 5.82E16

catabolic processes Metabolic Process

Transcription, 43170 Macromolecule Metabolic 1.04E15

translation, DNA Process

replication

Cell cycle 16043 Cellular Componen 9.53E15
Organization

Transcription, 90304 Nucleic Acid Metabolic 1.05E14

translation, DNA Process

replication

Metabolic, biosynthetic, 44249 Cellular Biosynthetic Proces: 1.27E14

catabolic processes

Transcription, 44267 Cellular Protein Metabolic 4.32E13

translation, DNA Process

replication

Metabolic, biosynthetic, 9058 Biosynthetic Process 5.54E13

catabolic processes
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Supplementary Table S9 Full list of GO biological processes in EVTs cultured

as 2D monolayers and 3D spheroiddease see excel document entitled

ASuppl ement ar-yGOT aBoiloel o 09 c al Procasses 2D
https://www.nature.com/articles/s415089488168#Sec25
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CHAPTER 4: ESTABLISHMENT OF AN IN VITRO PLACENTAL
BARRIER MODEL CULTURED UNDER PHYSIOLOGICALLY -

RELEVANT OXYGEN LEVELS

Chapter Preface

This chapter is a manuscript currently in revisions at a-méewed
journal. There are no copyright restrictions that we are aware of. Contributors to
this manuscript includéMichael K. Wong,Edward W. Li, Mohamed Adam
Ponnambalam R. Selvaganapathy] 8andeep Rah

Any substance that passes between the mother or fetus must be exchanged
at the placental barrier of the terminal chorionic villi. In this third model, we built
an in vitro platform of the placental barrier that supportedcatiuring of
trophoblast and endothelial cells, underwent syncytial fusion, and demonstrated
sizespecificity in maternafetal transport. We further performed culture under an
oxygen environment (8%) that is relevant to what the placenta experientes
vivo. Proper oxgenation of cell culture is likely one of the most misapplied or
ignored factors in placental research to date. Importaméattempted to evaluate
secretion and barrier selectivity under these representative oxygen levels. In
summary, we developed armharacterized a platform that will allow future

researchers to better study matesfietdl transport at the placental barniwitro.
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Abstract

The human placental barrier facilitates many key functions during pregnancy, most
notably, the exchange ofl aubstances between the mother and fetus. However,
preclinical models of the placental barrier often lacked the multiple cell layers,
syncytialization of the trophoblast cells, and the low oxygen levels that are present
within the body. Therefore, we aéd to design and develop amvitro model of

the placental barrier that would reinstate these factors and enable improved
investigations of barrier function. BeWo placental trophoblastic cells and human
umbilical vein endothelial cells (HUVECSs) were-cdtured on contralateral sides

of an extracellular matrixoated transwell insert to establish a multilayered barrier.
Epidermal growth factor and forskolin led to significantly increased multi
nucleation of the BeWo cell layer and increased biochemicdtersaof syncytial
fusion €.g., ERVWE1, hC®). Our in vitro placental barrier possessed size
specific permeability to molecules of different sizes, with 4,000 Da molecules
experiencing greater transport and a lower apparent permeability coefficient than
70,000 Da molecules. We further demonstrated that the BeWo layer had greater
resistance to smaller molecules compared to the endothelial layer. Chronic,
physiologicallylow oxygen exposure {8%) increased expression of HIFand
ERVWEL1, further increased riutnucleation of the BeWo cell layer, and decreased
barrier permeability only against smaller molecules (457/4,000 Da). In conclusion,
we built a noveln vitro co-culture model of the placental barrier that possessed

sizespecific permeability and coulfiinction under physiologicallow oxygen
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levels. Importantly, this will enable future researchers to better study the maternal

fetal transport of nutrients and drugs during pregnancy.

Introduction

The human placental barrier is a complex and dynanterfate that
facilitates substance exchange, hormone secretion, and barrier protection between
the mother and fetus during pregnahcyhe placental barrier mainly consists of a
thin, multinucleated layer of syncytiotrophoblast and vascular endothelial cells,
alongside variable populations of cytotrophoblasts, other placental and immune cell
types, and extracellular matrix (ECM) proteifi®. The fused, mukhucleated
syncytiotrophoblast layer is immersed in maternal @jowhile the vascular
endothelial cells line the blood vessels within the chorionic villi containing fetal
blood??3, Like many physiological barriers within the body, the placental barrier is
of great clinical relevance because of its central role in modulating not only the
transfer of beneficial nutrients, but also drugs, toxins, and otierts between
mother and fetus. Clinical tragedies, like thalidomilnduced teratogenesis, could
perhaps have been avoided by a deeper understanding of what can and cannot cross
the placental barrigt

While progress has been made, there is still much work to be done in
recapitulating the anatomy and function of the placental barrier into preclinical
models, and elucidating the many factors thatate its physiology, such as

syncytialization, multiple cell layers, and the oxygen environment. BeWo or
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primary cytotrophoblast monculture transwell models have been wedkd in the
past®>’, but the fetal vascular endothelial layer is a crucial component of the
placental barrier that cannot be excluded in the study of mafetatiransporf:°.
Recently, several BeWendothelial ceculture transwell models have also been
published®*®, but these models did not include syncytialization of the trophoblast
layer. Syncytialization is a crucial feature in emulating the placental barrier
phenotypen vivo since the syncytiotrophoblast layer has been shown to possess
altered expression of specific nutrient and drug transpdftefsivances in these
areas will create more predictive testing platforms and unlock new discoveries for
prominent pregnanekelated diseases. Thawv oxygen environmentinder which
placental development and trophoblast syncytialization commémegsg is also

of particular importancePhysiological oxygen levels in the human placenta range
from around 20 60 mmHg (~3i 8%) depending on the trimes 12!, Yet, the
majority ofin vitro researchs conducted under atmospheric air (21% oxygen), an
environment which should be extremely hyperoxic for placental é&liSuch
observations raise quasts and concerns about past studies that classify placental
trophoblasts in the | ow oxygen group (<3%)
and atmospheric air (21%) 2°&sWithdilé¢he iheal t hy
knowledge we have today regarditige fundamental role of low oxygen in
mediating early trophoblast processes such as proliferation and differertigfion

and its dynamic, subtmospheric alterations from&% following key events like

spiral artery remodeling*?, modernin vitro approaches must incorporate
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physiological levels into experimental design and characterize the impact
accordingly.

Therefore, in the present study, we aim éwelop ann vitro model of the
human placental barrier by -@ulturing syncytialized trophoblastic cells and
vascular endothelial cells on contralateral sides of EfOlted transwell inserts.
Moreover, we aim to investigate how chronic, physiologieklly oxygen tension
(3-8%) may impact trophoblast syncytialization, placental barrier development, and

transport of molecules of varying sizes.

Materials and Methods
Cell culture

BeWo placental trophoblastic cells (ATCC) were cultured &iGih 95%
room air/5% CQ in 12K media (Corning) supplemented with 10% heat
inactivated fetal bovine serum, 1%dlutamine, and 1% penicillistreptomycin.
BeWo cells were transfected with EBN1 vector (Addgene; plasmid # 54767; a
gift from Dr. Michael Davidson; http://n2t.net/addgene:54767,
RRID:Addgene_54767) using FUGENE 6 Transfection Reagent (Promega), similar
to previously described’. After 24 hours, transfected cells (EGBBWO)
underwent 14 days of selection in media with G418 (Thermo). Bright, fluorescent
EGFRBeWo were confirmed using fluorescent microscopy and expanded for
experimentation. Cells between the passages 06£01Qvere used for all

experiments, and seeded at a density of 1g&ls/cnf. Red fluorescent protein
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transfected human umbilical vein endothelial cells (RFRPVEC; Angio
Proteomie) were cultured at 3C in 95% room air/5% C&in EGM-2 Endothelial
Cell Growth Medium2 BulletKit (Lonza). Cells between the passages-8fwvere
used for all experiments, and seeded at a density of tell&/cnf. Low oxygen
(3-8%) culturing was performed in the Xvivo Systenodiél X3 (BioSpherix),
which allowed longterm cell incubation and handling under specific, constant
oxygen levels.
Transwell insert ceculture model
On Day 0, polyester transwell inserts (Falconwil, 0.4um pores) were
placed upsidelown and the batateral sides of the membranes were coated with
fibronectin (0.1 mg/mL) for 2 hours at 37 degrees to promote cellular attachment
(Figure 1A) . I n the fABeXWal bnolt g0 gBetlVogel3o EGFP
were seeded onto the basolateral side of the trahimsett at 1x18cells/cnf and
incubated at 37 degrees for 3 hours to all/l
and ANo Cel |l 0 gr oupfee FB2K metlig was ddded mthe me of ¢
basolateral side of the transwell insert. All transwell inseei®\then reversed and
inserted into a mukwell plate filled with F12K media. On Day 1, to induce BeWo
syncytial fusion, FL2K media with epidermal growth factor (EGF; 50 ng/mL) was
added to the basolateral chamber for 48 hours, ah2KFmedia with EGH50
ng/mL) and forskolin (5QuM) was added to the basolateral chamber for another 48
hours. In experiments that included control, unfused BeWo cell group2KF

media with an equal volume of vehicle solution was added instead (phaesphate
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buffered saline istead of EGF, dimethyl sulfoxide instead of forskolin). On Day 5,
in the AHUVECCwoht yoe @ nglUMECmis,wer&kdedtled
at 1x16 cells/cnt onto the apical side of the transwell insert and allowed to reach
confluence over 48 hours. IntiieBe Wo onl yo and ANo Cell 0 gr
volume of celifree, EGM2 media was added to the apical chamber.
Cell concentration

BeWo cells were detached from the growth surface using Trypsin solution
(Corning; 0.025%), and cell concentration (cells/migs calculated using trypan
blue solution (Thermo) and the Countess Automated Cell Counter (Thermo), as per
the manufacturerdds instructions.
Transport experiments

457 Da Lucifer Yellow (1QuM; Sigma), 4,000 Da fluorescettextran (10
UM; Sigma), or 70,00@a fluoresceirdextran (10uM; Sigma) were introduced
into the basolateral side of the transwell system, whereas fresh media was
introduced into the apical side. 50 pyL of media was taken from both apical and
basolateral sides at 0, 1, 2, 8, 24, and 48sdtuorescent intensities of media
samples collected were measured at 485 nm excitation/528 nm emission using a
Synergy Pl ate Reader (Bi oTek) . The ndfetal
normalizing the fluorescent intensity measured in the fetal chatobthe total
fluorescence measured in both fetal and maternal chambers. The apparent
permeability coefficient was calculated as follows: Apparent permeability

coefficient (cm/s) = dQ/dt)/(AxCo), Where dQ is the change in fluorescent
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intensity comparedtthe initial fluorescent intensity in the fetal chamber; dt is the
change in time; A the surface area of the transwell insert membragis¢h€ initial
fluorescent intensity in the maternal chamber (adapted foamg, et al®).
Live cell imaging

Live, fluorescent images were captured using an Eclipgé Tiverted
Confocal Microscope (Nikon) under 4x or 10x objective magnification. FITC
channel was used to capture images of EGEW/0 cells and TRITC channel was
used to capture images of RHRIVECSs both from the basal sid&.um, zstack
images of cecultures were captured and 3Bndered using NIS Elements software
(Nikon) to allow X-Z visualization of the cell layers on the transwell insert.
Immunofluorescence

Cells were fixed for 10 minutes inca-cold methanol (100%) and
permeabilized for 5 minutes with Triton -X00 in PBS (0.1%).
Immunofluorescence was performed as previously descfisédn brief, samples
were incubated with either afiirCadherin primary antibody (1:500; Abcam;
ab40772) or atihCG primary antibody (1:1000; Meridian; MAR@A.9) overnight
at 4 degrees and then incubated with goatraiibit IgG H&L Alexa Fluor® 488
secondary antibody (2 pg/mL; Abcam; ab150077) or goatraatise 1gG H&L
Alexa Fluor® 488 secondary antibody (1:10@&bcam; ab150117) for 1 hour.
Samples were counterstainedh 4 Ngliaénidino2-phenylindole dihydrochloride
(DAPI; 1.5 pg/mL; Santa Cruz) and mounted onto glass slides using

FI uor onmgueosus Bvounting Medium (Sigrealdrich). Slides were
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visualized usig an Eclipse FE Inverted Fluorescence Microscope (Nikon). To
assess syncytial fusion;&dherin was visualized to identify cell borders (as E
Cadherin is localized to the plasma membrfhand DAPI to identify nuclei. The
relative syncytial fusion percentage was then calculated as follows (adapted from
Orendi, et al®Y): Fusion Percentage (%) = (Number of nuclei in syncytia / Total
number of nuclei) * 100%, where syncytia may be defined as having two or more
nuclei.
RNA Extraction and Redlime Quantitative Polymerase Chain Reaction (QPCR)
Total RNA (500 ng) was isolatl using Direczol RNA Miniprep Kit
(Zymo Research) and resettranscribed to cDNA using Hig@apacity cDNA
Reverse Transcription Kit (Applied Biosystems), as previously descfibdd
brief, primer sets directed against gene targets of interest were designed through
National Centerd r Bi ot ec hnol o g y-BUAST pdmendasighirgn 6 s Pr i mq
tool and synthesi zedTahlel). Quartitatisetaeatysisof Mo b i x L ¢
MRNA expression was performed via qPCR wus
SYBR® Green Supermix (BioRad) and CFX384 TmiRealTime PCR Detection
System (BioRad). The cycling conditions were @5for 10 min, followed by 40
cycles of 95C for 10 secs and 6@ for 10 secs and 7Z for 15 secs. Relative
fold changes were calculated using the comparative cycle times (@tpadne
normalizing all values to the geometric mean of three endogenous control genes
(18S, ACTB, GAPDH The endogenous control gene was selected based on

experimentallydetermined Ct stability across all treatment groups. Given that all
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primer sets had ega | priming efficiency, the @Ct val
calibrated to the average of all control Ct values, and the relative abundance of each
primer set compared with calibrator was determined by the forrfift§ ¥ which
ppCt was t hvaluenor mal i zed
Protein Extraction and Western Blot
Total protein was extracted from cells using RIPA buffer supplemented with
protease and phosphatase inhibitor cocktails (Roche), as previously destribed
The solution was soniaad for 5 sec total, 1 sec per pulse, vortexed, and quantified
by colorimetric DC protein assay (BioRad). Loading samples were prepared from
fresh tot al protein extract, Laemel | i Sa
mercaptoethanol, and heated at 90 °C fori® tm denature the proteins. Proteins
(20 eg/ well) were separated-PRQTEAN®z e Vvi a ge
TGX StainF r e e-E0% 4olyacrylamide gels (BioRad), and transferred onto
polyvinylidene difluoride membranes using the TiBhs ot E Tunskeo E Tr a
System (BioRad). Membranes were cut into sections based on predicted molecular
weight of target protein, as guided by ladder standard (FroggaBio). Membrane
sections were then blocked in 1x Fhaffered salineTween 20 buffer with 5%
nonfat milk, ard then probed using HIEL ( 1: 1000 ; A b bGGmM; abl1794
(1:20000; Dako; A0231), and ERVWE1 (1:200; Abcam; ab71115) antibodies
diluted in the blocking solution. Antabbit (1:5,000; GE Healthcare; NA9340)
secondary antibody was used to detect the spspmdfic portion of the primary

antibody, diluted in the blocking solution. Immureactive bands were visualized
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using ClarityE Western ECL Substrate (BioR
membrane using Amido Black and imaged to ensure even loagihyamsfer?.
Full, raw blots may be found Bupplemental Figure S1.
Enzymelinked Immunosorbent Assay (ELISA)

Cell media was collected and protein levelsoé cr et ed hCGb and Pl
were analyzed via ELISA kits (Abcam), as described by the manufacturer. Secreted
protein levels were normalized against total BeWo intracellular protein per well
usingcolorimetric DC protein assay (BioRad).
Statistical Analysis

All statistical analysewere performed using Prism 5 software (GraphPad).
Results were expressed as means of normalized values + standard error of the mean
( SEM) . Experi ments were replicated at | eas
specified. The significance of differencgs<(.05) between normalized mean
values were then evaluated using unpaired;tailed ttest or onevay analysis of

variance (ANOVA) f otest aswaeppriitst Tukeyds post

Results
Formation of an in vitro placental barrier model

We established oun vitro placental barrier model by contralaterally- co
culturing BeWo trophoblastic cells and human umbilical vein endothelial cells
(HUVECS) on opposing sides of fibronectinated transwell insert&igure 1A).

Both BeWo and HUVECs cddi be grown up to around 93% confluency in co
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culture by day 7Kigure 1B, C). Syncytial fusion of the BeWo layer via epidermal
growth factor (50 mg/mL) and forskolin (5M) did not impact overall surface
area confluency of either layers, although thenaergtation of fluorescent intensity
at certain regions suggest increased clustering of BeWo Egjlg¢ 1B-C). 1 um,
z-stack images of coultures were captured and 3Bndered to allow X2 axis
visualization of the cell layers on the transwell ins€ig@re 1D). Distinct cell
layers may be seen on contralateral sides of the membrane, revealing maintained
adjacency of the coulture in both control and syncytial fusion groups. Overall, the
establishment of our eoulture placental barrier model allows s emulate the
critical maternal bloodand fetal blooefacing layers that constitute the human
placental barriein vivo?2.

To characterize the syncytial fusion of the BeWo layer, we performed
immunofluorescent staining fdE-Cadherin protein, which visualizes the plasma
membrane borders between cells. BeWo cells that received the fusion treatment
exhibited larger and fewer nuclei, and increased muitieation as shown through
decreased £adherin expression between nu¢kgure 2A). Control BeWo cells
had a fusion percentage of 8.56+0.40%, whereas BeWo cells that received the
fusion treatment had a significantly increased fusion percentage of 30.58+1.49%
(p<0.001;Figure 2A). Furthermore, human chorionic gonadotropin (DQ@&s
found to be increased in BeWo cells that received the fusion treatment, as seen
through immunofluorescent stainingigure 2B) and Western blot (p<0.0001;

Figure 2C). ERVWE1/Syncytinl, a protein responsible for facilitating syncytial
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fusion, was alg found to be significantly increased in BeWo cells that received the
fusion treatment compared to controls (p=0.0Zgure 2D). Collectively, these
results suggest that the BeWo cell layer in our placental barrier model may be
driven towards a syncytiaed phenotypén vitro through our fusion treatment.
BeWo layer of placental barrier exhibits sizgecific permeability to various
molecules

We were next interested in determining how syncytial fusion of the BeWo
cell layer might impact the permeabjlitof our placental barrier system to
molecules of varying size§he use of fluoresceidextran molecules and other
dyes to assess barrier permeability, integrity, andspeeificity has been well
established in variougn vitro organ system$:333 Two fluoresceirdextran
molecules (4,000 Da dn70,000 Da) were introduced into the Be¥doing,
Amat ernal chambero of the transwell insert,
signal accumul ated in the Afetal chamber o v
fluorescence in both maternal anetal chambers. Lower fluorescent intensity
indicated lower number of molecules that passively transported into the fetal
chamber, and thus, greater barrier permeability, and vice %&rSyncytial fusion
of the BeWo layer (FUS) did not cause any significant differences in the amount of
both 4,000 Da and 70,000 Da molecules that crossed into thecfetaiber
compared to the unfused control group (CON) at all time pokitgife 3A, B).
We calculated the apparent permeability coefficients of the 4,000 Da and 70,000

Da molecules at 48 hours in order to compare the permeability of the BeWo layer
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to each mlecule. Significantly lower permeability coefficients were found for the
70,000 Da molecules compared to 4,000 Da molecules in both unfused and fused
BeWo groups at 48 hours (p<0.00(Higure 3C), demonstrating that smaller
molecules more readily permedte BeWo layer.
BeWo and HUVEC layers differentially regulate barrier permeability

We were next interested in determining the individual and joint
contributions of the BeWo and vascular endothelial cell layers in regulating the
permeability of the barer. All BeWo cells from this point onwards received the
syncytial fusion treatment. The BeWo only andQualture groups had significantly
less 4,000 Da fluorescein dextran molecules cross into the fetal chamber compared
to the No Cell group at 2, 8, 24,chA8 hours, and compared to the HUVEC only
group at 48 hours (p<0.0Fzigure 3D). The HUVEC only group also had
significantly less 4,000 Da molecule cross into the fetal chamber compared to the
No Cell group at 2, 8, and 24 hours (p<0.®Bgure 3D). All groups had
significantly less 70,000 Da molecules cross into the fetal chamber compared to the
No Cell group at 2, 8, 24, and 48 hours (p<OFgure 3E). The CeCulture group
also had significantly less 70,000 Da molecule cross into the fetal chamber
compared to the HUVEC only group at 48 hours (p<0.€igure 3E). We
calculated the apparent permeability coefficients of both molecules at 48 hours to
compare the permeability of the molecules across each layer of the barrier.
Significantly lower permeabilitycoefficients were found for the 70,000 Da

molecule than for the 4,000 Da molecule in all groups (p<0.6djyre 3F),
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suggesting both BeWo and HUVEC layers contribute to the-sgeeific
permeability. Furthermore, the ratio between the apparent perieabéfficients
of BeWo only and HUVEC only layers is lower for the 4,000 Da molecule (0.678
+ 0.061) than for the 70,000 Da molecule (0.#89.040; p=0.0589), suggesting
the BeWo layer may play a more substantial role in the-esizkision and
resistane of smaller molecules across the barrier.
Low oxygen tension impacts growth patterns and syncytial fusion

To evaluate the impact of physiologicalbw oxygen tension (8%) on
syncytial fusion of the trophoblastic layer and barrier exchange, BeWsoveele
seeded under 21% oxygen for 48 hours, transferred into chronic 21%, 8%, or 3%
oxygen tension to acclimatize for 24 hours, and induced to syncytialize under the
respective oxygen tensions for another 48 hoHsgoxiainducible factor U
( H1 F 1 @in levels werre significantly increased in a ddspendent manner
when BeWo cells were fused under 3% and 8% oxygen compared to 21% oxygen,
confirming the cell sé responsi Wgureess t o a
4A, B) . Tdulunit Of HIF1 is onstitutively expressed under low oxygen
conditions, but rapidly degraded in the presence of oxygen, making it a useful
sensor for relative oxygen levefs®® Placental growth factor (PLGF) is known to
decrease under low oxygen, thus may be used as a second marker to verify the
cellular respons€’. Indeed, secreted PLGF protein levels were significantly
decreased in a doskependent manner (p<0.0Bigure 4C). HIFLA mRNA levels

were consistently increased at 3% oxygen compared to 21% and 8% oxygen
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(p<0.05; Figure 4D), and PLGF mRNA levels were decreased in an oxygen
dependent manner (p<0.0(Higure 4E). Furthermore, BeWo cetloncentration

did not significantly change across 7 days under 3% oxygen, whereas BeWo cell
concentration significantly increased under 21% oxygen (p<OR@lre 4F).

Live cell imaging of the caultures revealed relatively less BeWo cell
growth at 3%and 8% oxygen compared to 21% based on fluorescent intensity
(Figure 5A), which is consistent with the inhibition of proliferation demonstrated
above Figure 4F). The HUVEC layer of the coulture appeared more abundant
at 3% and 8% oxygen compared to 21fkigure 5A). E-Cadherin
immunofluorescent staining revealed significantly increased syncytial fusion
percentages in an oxygelependent manner, as BeWo cells were cultured under
21% oxygen (28.57+£2.68% fusion), 8% oxygen (38.86+6.29% fusion), and 3%
oxygen (50.44+4.68% fusion) (p<0.05 for alFigure 5B). BeWo cells also
appeared to grow more evenly and organized under 3% with fewer instances of
clustering ERVWEL protein levels were significantly increased under 3% and 8%
oxygen compared to 21% oxygen (p8@L; Figure 5C, D). However, both
intracellular and secreted protein | evels
dosedependent manner in 3% and 8% oxygen compared to 21% oxygen (p<0.05;
Figure 5C, E, H. ERVWE1(p<0.001;Figure 5G) andCGBmMRNA levds (p<0.05;

Figure 5H) were also decreased at 3% and 8% oxygen compared to 21%.
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Low oxygen tension increases specificity of permeability across placental barrier
Given the impact of low oxygen tension on syncytial fusion of the BeWo
trophoblastic layerwe were next interested in investigating the effects on barrier
permeability. Three fluorescent molecules of varying sizes (457 Da Lucifer
Yellow, 4,000 Da fluoresceidextran, and 70,000 Da fluoresceiextran) were
introduced i nto o,heanidnatthee nrad s wlhtaanbteri nt e n.
signal in the nAfetal chamber 0 -Gullue measur ec
group had significantly fewer 457 Da molecules froni 28 hours, 4,000 Da
molecules from I 48 hours, and 70,000 Da molecules fradi 48 hours cross
into the fetal chamber, compared to the No Cell control under all oxygen levels
(p<0.05; Figure 6A-C). We further calculated the apparent permeability
coefficients for each molecule at 48 hours to compare the differences across oxygen
levels. The apparent permeability coefficient of the 457 Da molecule was
significantly lower in the placental barrier under 8% oxygen compared to 21%
oxygen and 3% oxygen (p<0.@igure 6D). The apparent permeability coefficient
of the 4,000 Da molecule ag significantly lower under 3% and 8% oxygen
compared to 21% oxygen (p<0.0Ejgure 6D). There were no significant
differences in the apparent permeability coefficient of the 70,000 Da molecule

(Figure 6D).
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Discussion

Stronger preclinical models of thplacental barrier are key towards
advancing our understanding of the effects of maternal drug and toxin exposure on
the fetus. In the current study, we designed and characterized a new approach to
modelling the placental barrign vitro, where BeWo trophoblastic cells and
HUVECs may be caultured on contralateral sides of an E€bhated transwell
insert. Our approach was novel in the following ways: Firstly, by seeding the BeWo
cells on the basolateral side of the transwell insert, we alge to induce syncytial
fusion without exposing the HUVECSs to forskolin, which is unique compared to
many past transport models that do not attempt to induce syncytial fusion at all
(Aengenheisteet al., 2019, Aengenheistest al. , 2018, Bodeet al. , 2006)
Secondly, we demonstrated that our placental barrier model can exhibit size
specific barrier permeability to various fluorescent molecules (457 Da Lucifer
Yellow, 4,000 Da fluoresceidextran, and 70,000 Da fluoresceiextran). Lastly,
we profiled the response of our placental barrier to physiologit@ayoxygen
environments (B%) and the impact on syncytial fusion and barrier permeability.
Through use of readitpccessible tools (such as transwell inserts) and- well
characterized cell lines @&Vo and HUVEC), our approach is also very practical
for other placental researchers to adopt.

The low oxygen environment {8%) under which placental development
occurs within the body is an important factor that has been controversially ignored

in manyin vitro systems to dat&*°. Our results, however, show that the BeWo

152



Ph.D. Thesis McMaster University
Michael K. Wong Medical Sciences Graduate Program

cell layer is responsive to altered environmental oxygen lelis.is important as
oxygensensitive tanscription factors, such a$lF1, control the expression of
many developmentelated genes and proteid%®®2% and the disruption of its
signalling can lead to impaired placental development and cellular differentiation
40 Thus, placental cultures performed under atmospheric air, which we
demonstrated to indeed have degraded HIpfiotein levels compared to low
oxygen cultures, are expected to lead to markedly altered-tHpendent
transcriptomic and functional phenotyp&s®3° Low oxygen has also been
demonstrated to lead to membraoeytoplasm translocation and reduced
expression of connexin43 in trophoblastic cells, which may be a poteoietular
mechanism underlying the altered barrier permeability in low oxygen given the role
of gap junction formation in intercellular exchange of small moledit&s

Past studies have reported controversial interpretations regarding the impact
of oxygen on syncytial fusion, where maagsumed a priothat low oxygen should
be a deleterious treatment group for trophoblast cuiltuvéro when compared to
atmospheric aif>?% Yet, pregnancy pathologies like preterm birth and intrauterine
growth restriction have been found at times to be associated with hyperoxia, not
hypoxia ***While pathological hypoxia and ischemia may be undoubtedly
har mf ul i n the body, the use of atmospheri
placental experimeat may be confounding and misleading, given the weak

evidence for hypoxia in the etiology of placental dised$edoreover, it does not

reflect the chronic, low oxygen tension experienced within the placeotagtiout

153



Ph.D. Thesis McMaster University
Michael K. Wong Medical Sciences Graduate Program

gestation, especially during trophoblast syncytializatiéff*>4’. Furthermore,
placental explants cultured under 8% oxygen reported better tissue structure and
RNA quality than those cultured under atmospheric*&iWhile there is some
evidence suggesting that BeWo cells have a similar response to changes in oxygen
as primary trophoblast®.Q., decreased PIGF gene expression reported in both
primary trophoblasts and BeWo cells when exposed to 2% vs. 20% oxygen, but
change seen in HTR8/SVneo cefl§)there may also be differences as BeWo cells
have beetnappropriatelyculturedat atmospheric air for many generationkus,

some caution must be taken in interpreting these findings, but it nonetheless
emphasizes the need to better define the oxygen environment in future experimental
and model designs.

The increased presence of muHnucleated cells and elevated
ERVWEL1/Syncytinl protein expression under 8% and 3% oxygen provided
evidence supporting our hypothesis for improved syncytialization under low
oxygen. Furthermore, the selectively decreased permeabilitytortlye smaller
particles (457 and 4,000 Da) at low oxygen would suggest increased barrier
specificity. However, lower oxygen also led to decreased levels in some traditional
markers of syncytializatiore(g.,hCG proteinCGBandERVWEIMRNA), which
is corsistent with findings by other$. To help interpret thisDiaz, et al.>° also
found that hCG expression and secretion was decreased in placental explants with
established, intact syncytiotropHabt layers cultured under 6% oxygen compared

to similar explants cultured under 21% oxygen. These findings alongside expert
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opinions byHuppertz and Gaustét suggest that the state of syncytial fusion does
not always correlate to hCG levels, and that oxygen may even directly regulate hCG
expressior’®. Furthermore, JE@ cells, a noffusogenic, trophoblastic cell line,

may also exhibit augmented hCG expression under certain experimental conditions
without any incidence of fusioP>3 Thus, changing levels of hCG and other
classical mMRNA or protein markers can help indicate syncytial fusion, but must be
supported by additional tests.g.,plasma membrane visualizatigia E-Cadherin

>4, especially when assessing experiments involving changes in oxygen.

While BeWo cells have some limitations as a choriocarcinoma cell line, the
forskolinrinduced model is weNalidated with controlled, predictable rates of
fusion, allowing precise study of barrier permeability and response to low oxygen
tension®”3%. Primary trophoblast cells would have been challenging and perhaps
disadvantageous to use in this study, given their spontaneous, uncontrollable fusion
events and unpredictable rates across dovérsin fact, another BeWo eculture
model was recently demanated to study barrier permeability to nanopartiéles
However, these authors cultured BeWo cells on the apical side and HUVECs on
basal sideand did not attempt to induce fusion in the BeWo cllSyncytial
fusion is a crucial phenotype required to emulate the human placental,arder
our novel approach to reversalturing BeWo cells on the basal side of the
transwell insert enables the selective induction of syncytial fusion prior to seeding
the endothelial cell layer. While we did not demonstrate any changes in barrier

permeadity to fluorescein dextran molecules after syncytial fusion, there are many
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other specific transporters expressed on the placental barrier for functional
molecules €.g., ATP-binding cassette transporter (ABC) Al, ABCG2, glucose
transporter (GLUT) 1) thatmay change in expression and function after
syncytialization or low oxygen exposute®. Therefore, there is much promise for
future studies to build upon and apply our current model to explore the impact of
oxygen and/or syncytial fusion on transgpaf specific, functional molecules.

In conclusion, we established a mdi#tyered,in vitro model of the human
placental barrier that may undergo syncytial fusion, exhibitspeeific barrier
permeability, and function under physiologicalbw oxygen These findings will
contribute vital biological insights to the advancement of future micro
physiological placental systems, such as the plaaantachip or bieprinted
models, ultimately, progressing our understanding of matéetal exchange

duringpregnancy.
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Figure 1. BeWo and HUVECS cecultured on contralateral sides of a transwell

insert for up to 7 days. (A)Sdcematic of ceculture method to establish vitro
placental barrier model(B) Live, immunofluorescent images of BeWo and
HUVECs in coeculture. Green colour indicates BeWo cells and red colour indicates
HUVECSs. Scale bar indicates 1. (C) Confluency égrowth of all cell groups,

as determined by the surface area of fluorescent signal normalized to the total
surface area of field of view. Owveay ANOVA was used to assess significant

differences between the groupd) @D-rendered images of the-X axisof BeWo
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Figure 2. BeWo trophoblastic cells treated with epidermal growth factor (50
ng/mL) and forskolin (50 uM) express increased markers of syncytial fusion.

(A) Immunofluorescent staining fde-Cadherin protein of BeWo cells in the
control and fusion treatment group®) (Immunofluorescent staining for hCG
protein and nuclei (DAPI). Scale bar indicates 1@0. Western blots and
densitometry quantifications of C§f hCGb and () ERVWE1 protein.
Densitometric quantification of relative protein expression based on band intensity.
All arbitrary values were expressed as means normalized to Amido hBEM.
Significant differences between treatment groups determinedtbg & t ;
Significant diffeences between means indicated by *, p<0.05 or ***, p<0.0001.
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Figure 3. Placental barrier exhibits sizespecific permeability to 4,000 Da and
70,000 Da moleculesPercentage of fluorescent intensity measured in fetal
chamber normalized to total fluomnt intensity in both maternal and fetal
chambers in the No Cell, unfused BeWo (CON), or fused BeWo (FUS) groups for
(A) 4,000 Da fluoresceidextran molecules oB{) 70,000 Da fluoresceidextran
molecules. €C) Apparent permeability coefficients of 4,00a and 70,000 Da
molecules in BeWo control and fusion groups at 48 hours normalized to the No
Cell control group. Percentage of fluorescent intensity measured in fetal chamber
normalized to total fluorescent intensity in the No Cell, BeWo only, HUVEC, only
or Co-Culture groups for) 4,000 Da ork) 70,000 Da.F) Apparent permeability
coefficients of 4,000 Da and 70,000 Da molecules in BeWo only, HUVEC only,
and CoCulture groups at 48 hourSignificant differences between treatment

groups determined byvoway ANOVA; n O 3. Significant

means indicated by ***, p<0.001.
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of hypoxiain BeWocells(A) Protein |l evels of HIF1U, as
blot. Full, raw blot may be found iBupplemental Figure S1 (B) Densitometric
guantification of relative protein expression based on band intensity. All arbitrary
values were expressed as means normalized to total pto&tiM. (C) Secreted
protein levels of PLGF, as determined by ELISA. All arbitrary values were
expressed as means normalized to total intracellular protelEM. mRNA levels
of (D) HIF1 and E€) PLGF, as determined by RGPCR. All arbitrary values were
expressed asieans normalized to the geometric mean of housekeeping Yenes
SEM. ) Cell concentration of BeWo cells cultured in 21% or 3% oxygen for up
to 7 days. Significant differences between means indicated by * p<0.05, **,
p<0.01, or ***, p<0.001.

166



Ph.D. Thesis
Michael K. Wong

McMaster University

Medical Sciences Graduate Program

X X
-~ —
AN N
3 32
0 0
X X
(4] (40 ]
Overlay BeWo HUVEC E-Cadherin DAPI
Oxygen Tension 21% 8% 3%
ERVWE1 l | 60 kDa
hCGp i 26 kDa
Protein kDa
§ 3 § 2.0 F = 'E
3 ERVWET 4 3 _ 2
.é %2 akakd .é %15 gg o MGB *k s Kk
] aS51.0 23 ——i
312, 32 £z
2& 205 g
3 £ 83 200
S o S o0 g_g 0
W':\o Q° S\ $\° Qe S & E q:\e\e & e
G Oxygen Tension H Oxygen Tension - Oxygen Tension
g ﬁz.o ERVWET . g ﬁz.o ceB ..
% %1.5 o g %1.5 % &
3 Z o —_—
§ ; 1.0 § ; 1.0 ’.‘
5 £05 s £05
E =
2 o0 2 o0 T
KO L EAE A
Oxygen Tension Oxygen Tension
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staining for cell nuclei. Images were taken at 20x magnification and scale bar
indicates 100 um.Q) Protein levels of ERVWE1 and 8D as determined by
Western blot. Densitometric quantification &f)(ERVWE1 and £) hCGb relative
protein expression based on band intensity. Full, raw blots may be found in
Supplemental Figure S1 (F) Secreted protein levels of h®@Gas determined by
ELISA. All arbitrary values were expressed as means normalized to total
intracellular protein®° SEM. mRNA levels of G) ERVWEland (H) CGB, as
determined by RIgPCR. All arbitrary values were expressed as means normalized
to the geometric mean of housekeepgenes® SEM. Significant differences
between means indicated by *, p<0.05, **, p<0.01, or ***, p<0.001.
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Figure 6. Permeability ofin vitro placental barrier to various molecules under

21%, 8%, and 3% oxygen levelsPercentage of fluorescent intensity measured in
fetal chamber normalized to total fluorescent intensity in both maternal and fetal
chambers in the No Cell and @ulture groups ctlired under 21%, 8%, and 3%
oxygen levels forA) 457 Da Lucifer Yellow moleculesBj 4,000 Da fluorescein
dextran molecules o) 70,000 Da fluoresceidextran moleculesD)) Apparent
permeability coefficients of 457, 4,000, and 70,000 Da moleculégi@eCulture

group under 21%, 8%, and 3% oxygen levels at 48 hours normalized to the No Cell
control group.Significant differences between treatment groups determined by
twoway ANOVA,; n O 4. Significant difference
p<0.01or ***, p<0.001.
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Table 1. Forward and reverse sequences for the primers us&TfgPCR.

Gene Forward Reverse GenBank

18S CACGCCAGTACA AAGTGACGCAGC NR_00328

(RNA18S5) AGATCCCA CCTCTATG 6.2

ACTB TTACAGGAAGTC GCAATGCTATCA NM 0011
CCTTGCCATC CCTCCCCTG 01.5

GAPDH TCACCATCTTCC ATGACGAACATG NM_0013
AGGAGCGA GGGGCATC 57943.1

HIF1A CAGCAACGACAC TTGGGTGAGGGG AF208487
AGAAACTGA AGCATTAC A

PLGF ACCCTCAGGAAT GGCCACGTGTCT X54936.1
TCAGTGCCTTCA TGCTTCTTTCAA

ERVWE1 GTTAATGACATC CCCCATCTCAAC NM 0145
AAAGGCACCC AGGAAAACC 90

CGB ACCCCTTGACCT CTTTATTGTGGG J00117.1
GTGAT AGGATCGG
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Supplementary Figures

Supplemental Figure S1. Full, raw blots for Western blotof (A) HIF1U, (B)
ERVWEL1 andC) hCGb protein overlaid with ladder channel. A single gel was run
and protein transferred onto a PVDF membrane. Membrane was then cut at around
75 kDa and 25 kDa to be used for immunoblotting for the three protein targets.
Antibody used fohCG detectedboth and b subunit s, but
selected for analysi#lol = molecular.
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