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LAYABSTRACT

The placenta is an essential organ in pregnancy and is responsible for a variety of phenomena
that assure the survival of the fetus. However, many women suffer from negative pregnancy
outcomes due to placental disorders, such a preeclampsia, or due to the crossing of unsafe
compounds through the placenta to the fetus. Trophoblasts are the most notable placental cell type
originating from the fetus and they have the capacity to mature into more specialized subtypes that
are respmsible for placental barrier function and placental development via invasion into the
maternal tissue. In this work, we have designed three systems that either model placental barrier
function or trophoblast invasion by culturing primary endothelial cells with differentiated
trophoblast cells on a gelbased device. Using the barrier models, it is possible to assess the rate of
ql ¢ Ut GYI quW¥YnWl RnnWIl WUqWHYAGGY2UT t W6 ¢ qlude! WHUIWGI 131
their safety. Whereas the invasion model has the capacity to model the genesis of the placenta and
therefore may be used to shed light on the causes for placentalysfunctions at the early stage of
pregnancy.
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ABSTRACT

The placenta is a highly vascularized, temporary organ developed in pregnancy that is
composed of both maternal and fetal cells. It plays a pivotal role in gestational health by facilitating
embryo implantation and fostering nutrient exchange between mothe and fetus. Placental
malformation and the diffusion of harmful exogenous substances through the placental barrier can
cause pregnancy complications and, in more severe cases, death of the mother or the fetus. Further,
the placenta undergoes profound mornological and functional changes throughout pregnancy.
Establishing models to mimic these phenomena at different stages of pregnancy informs
prescription drug safety and expedites the development of placental disease treatments. Mouse
models are often usedto simulate human fetal development despite major interspecies differences.
These limitations drive researchers to developingn vitro models consisting of humanderived cells.
This thesis presents three 3D vascularized placental models utilizing human aatental stem cells
(PSCs) and human umbilical vein endothelial cells (HUVECSs) which can model multiple placental
phenomena across early and late-stage pregnancy.

The first model features a 3D fibrin hydrogel network with seissembled vasculature and a
monolayer of syncytialized human trophoblastic stem cells (STs) serving as a platform for barrier
studies at the maternalfetal interface. By tuning trophoblast diferentiation and vascularization of
this model to mimic the early and late-stage placenta, it was revealed that placental barrier
permeability was dependent on placental maturity and that the vascular barrier is also a critical
determinant of what molecules can be passed from the mother to the fetus. The design and
manufacturing of this model were then streamlined to meet the demands of largecale drug studies
in the second placental barrier model.

Placental invasion into the maternal decidua is carefully orchestrated by multiple cell types to
prevent over and underinvasion, both of which can be dangerous to the mother and fetus.
Understanding the biochemical and environmental cues that permit thisealthy invasion can allow
for improved diagnostics and treatments of placental diseases, such as preeclampsia and placenta
accreta. Thus, the third model presented herein is a placental invasion model with chorionic villus
like structures seeded with inasive extravillous cytotrophoblasts (EVTs) and a perfusable vascular
channel.

Collectively, these models facilitate the exploration of placental morphogenesis and function
throughout various stages of pregnancy. They offer a valuable tool for probing placental dysfunctions
and assessing drug safety, ultimately contributing to advanements in fetal-maternal health.
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1. INTRODUCTION

1.1. EARLYPLACENTADEVELOPMENT

The placenta is a temporary organ that starts developing within the first two months of pregnancy
and continues to grow until the 34week to meet the increasing nutrient and oxygen demands of the
FShdzad 5dzNRAy3I GKS FSNIAEATFGA2y adrk3asS 2F KdzYly NB
to create a unicellular organism called a zygote. This cell reproduces mitotically fantiis a hollow cell
mass known as the blastocyst which will then travel into the maternal uterus and embed itself into the
endometrial wall. Cytotrophoblasts form the outer layer of the blastocyst, which develops in the first week
postfertilization. h the firsttrimester of pregnancythese cells are responsible for a diverse list of key
functions, ultimately allowing the establishment and maintenance of the pregnancy. Cytotrophoblasts will
differentiate into specialized subpopulationsf either syncytiotrophoblasts (STs) or extravillous
cytotrophoblasts (EVTs3Tsacquire the capacitio fuse into amultinucleated cellayerwhich acts as the
main site of transplacental transpomshereas EVTisvade the maternal deciduand remodel maternal
spiral ateriesto achieve increased maternal blood perfusion through the pladenta

1.2. TRANSPLACENTERANSPORT

1.2.1Formation oftransplacentabarrierin humans

After blastocyst implantation, cytotrophoblasteginto fuse to form a multinucleated tissue called
the syncytiotrophoblast layer (or syncytium). This differentiation mechanism is paralleled by the secretion
2 T -human chorionic gonadotropi ¢ shCG). The resulting syncytiotrophoblast layer contains two
polarized plasma membranes: an exterior microvillous plasma membrane and interior basal plasma
membrane oriented towards the fetal vasculatér&he characteristics of these membranes will influence
nutrient and gas transport efficiencies across the placenta. Once the syncytium is formed,
cytotrophoblasts that line its interior will rapidly proliferate and penetrate through the syncytium and
evertually surround the blastocyst to form the intervillous space. These cells will form branched
structures, called chorionic villi, which contain the fetal vasculature and are enveloped in both
cytotrophoblast and syncytiotrophoblast layerSidure 1.1). The syncytiotrophoblast is the only fetal
tissue that is in direct contact with maternal blood and represents the main site of nutrient and gas
uptakée® (Figurel1.10). Glucose, the main source of energy for the fetus and the placenta, is transported
across the placenta by facilitated diffusion through glucose transporter proteins (GLUTS) and is therefore
highly dependent on glucose gradients across the syncytiltoreover, the placental syncytium forms a
barrier against pathogen invasion in the fetus. Zeldogich.showed that syncytialization of trophoblasts
increases their elastic modulus, which caused resistantésteria monocytogenédavasion through the
placental barriet. In addition to protecting the fetus against exogenous factors, the syncytium plays an
AYLRNIFYO NRES Ay LINRPGSOOGAY3I GKS RS@OSt2LIAYy3 FSidza
into an inflammatory state during pregnancy by the satfbgenicfetus’. Syncytiotrophoblasts secrete
extracellular vesicles into the maternal blood stream which have been shown to modulate maternal
immune response during gestativh Although rodent models are often used to recapitulate the
maternakfetal barrier of the human placenta, important structural and functional differences exist in the
hemochorial placentas of these two species. Therefore, there are important limitations that need to be
considered when extrapolating data from these modelshtomang. Many in vitro placental barrier
models have recently been established to study placental transport mechanisms.
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C. Intervillous Space

Nutrients Waste
DRUGS

Cho;ionic
Villus

N\ N\ ‘7 Cytotrophoblasts

Intervillous Space

Figurel.l. Structure of the human placentA. The placenta grows in the upper region of the uterus, opposite from the cervix and
is connected to the fetus via the umbilical c@dThe vein and two arteries from the umbilical cord branch out into smaller vessels
throughout the placenta and grow towards the maternal decidua forming chorionidvillhese chorionic villi are lined wigh

layer of cytotrophoblasts. Some of these cytotrophoblasts will fuse together forming a multinucleated barrier, called the
syncyium, separating the maternal blood in the intervillous space and the fetal vasculature. It is through this barrier tleat nutr
gas, waste, and drug transport occur. At later stages of pregnancy, the cytotrophoblast layer will regress to maximiae transp
between mother and fetus.

1.2.2In vivoandex vivoplacental barrier models

There are three major types of placestacross the mammalian class (epitheliochorial,
endotheliochorial and hemochorial) and they are characterized byr tthegree of attachment and
invasion into the maternal decidéiaAnimals such as mice and rats are most often used to model the fetal
placenta barrier because they develop hemochorial placentas, similar to hdfHaMouse placentas
have also been shown to have gene expression profiles that parallel those from human placenta, and
more so in the early phase of gestatidrHowever, the human placentaarrieris composed ofwo cell
layers, thesyncytiotrophoblastayer and the endothelial layewhereas four layers separate the maternal
and fetal blood in mice: 3 trophoblast layers and one endothelial t&yerin addition, human
trophoblasts are more invasive in their penetration of the maternal decidua, and the main nutrient
exchange area is villous rather than the labyrinthine structure of rodent placehtasdifferencesimit
these model&translational potential to humaris Rodent models are especially unsuitable to model
materno-fetal immune transfer given that the FCRn receptors responsible for IgG transfer in mice are
located on the yolk sac and not on the placénatdn their review, Schmideét al. compiled a list of
substances with speciespecific placental transport differencésThese compounds ranged from single
elements, such as chloride and soditinto endogenous compounds, such as gluébaad proteing®,
and to pharmaceutical such as barusiffaand salicylic actd Ex vivaassays$ave therefore become the
standard in placental transport asss&".

Ex vivoperfusion of an intact human placenta is by far the most widelgd technique to model
placental barrier function because it is believed to yield the most relevant réstitt§ Although the
practice had first been described in 1967 by Parggal 2%, this technique has evolved and is still utilized
in 2024°%, Single placental perfusion studies are characterized by the circulation of media or buffer
solution in either the fetal or maternal side of a cotyledon that has been inspected for macroscopic
defects. In contrast, dual perfusion studies include the &attan of both maternal and fetal sides. These
systems have been used for the study of transplacental transport of #tlg$ antibodie$®, antibiotics?,
nanoparticle transpof®2*¢and morg®®’. For example, this year, Moral€sietoet al.showed that a single
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perfusion system could be used to studgdil and natural killer cell microchimerism, the bidirectional cell
transport between mother and fetd4 whereas Elieseat al. utilized a duaberfusion explant model and
showed that bfacitinib, a drug recently approved for treatment of rheumatoid arthritis, psoriatic arthritis
and ulcerative colitis, can readily and extensively cross the placental Barkewever, these models
suffer from low success rates between 15% and%8%awvhich can be attributed to the high complexity

of the protocols designed to maintain explant integrity, perfusion and viability of the cutturasrther,

when collecting placental explants, the tissue must be cannulated within 15 minutes of delivery or the
viability of the tissue drops significantly and they can only be perfused for up to 48 hours, which limits
their applicability to longerm drug treatment trial€8. Finally, placental explants from the first and third
trimester are extremely limited and their perfusion is technically challenging, therefore tesavo
models can only offer insight into transplacental transport in the third trimester of pregffancy

1.2.3In vitroplacental barrier models

For decades, simplan vitro models utilizing trophoblast cell lines cultured on sgrarmeable
polycarbonate filters hdbeen employed to assess placental barrier permeability to hanopatrticles, drugs
and other exogenous substan¢&$’. However many ofthese models fadld to include other cell types
through which molecules need to cross to enter the fetal circulation, such as fetal endothelidleally.

a decade ag®Blundelkt al.developed the first perfusable vascularized placemechip model consisting

of the coculture of villous endothelial and trophoblast cells on opposing sides of apseméable
membrané?. Although practical for barrier studies, this model lacks thdeensionality and utilizes cell
lines, which are notorious for losing the true characteristics of the cells from which they were d&rived
To address some of these drawbadkgshiguchet al.created a placental barrier model containing blood
capillary networks embedded within a hydrogel matrix and a confluent primary human cytotrophoblast
bilayer4. Although many othen vitro placental barrier models have been develoff&td, until recently,

none hal successfully coupleighly-differentiated STsvith vasculaperfusion and donaderived cells.

Since the publication of our first perfusable placental barrier model which achievéd thsiet al.
utilized the same trophoblast stem cell line to produce a coligpe placental barrier model which
incorporated highlydifferentiated stem celtlerived syncytiotrophoblasts and HUVECsThey
subsequently tested the permeabilities of three xenobiotic compounds (antipyrine, caffeine, and
glyphosate) and showed values that trended similarlgxovivoperfusion studies. However, large scale
drug transport studies would not be possible using this model, driving the need foithrimighput
placental barrier models. Recently, machine learning models have been developed which can screen the
literature for the fetal/maternal transport ratios or clearance indexes of large drug libraries andcpred
the transfer of new drugs across the placental baffieHowever, these artificial intelligence models
depend on the availability of large quantities of hifighelity data, whose numbers can only be achieved
viain vitrostudies.

1.3. TROPHOBLA$YVASION ANSPIRAL ARTERY REMODELING

1.3.1Trophoblast invasion and spiral artery remodeling in humans

During early placental development, spiral artery remodeling occurs in the maternal decidua to adapt
to the increasing nutrient and oxygen demands of the fetus. Once the chorionic villi have branched out
towards the maternal decidualized endometrium, cytsihoblast cells at the villous extremities will
rapidly proliferate and further differentiate into an invasive trophoblast subtype called extravillous
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cytotrophoblast (EVT). These cells will penetrate through the syncytiotrophoblast layer and commence
their invasion into the maternal decidua (interstitial trophoblasts) and the maternal spiral arteries
(endovascular trophoblasts), releasing proteolytizymes that degrade maternal spiral artefie¥. EVTs

will then partly or completely replace the maternal vasculature and remodel the arteries infold.0
wider vesseRBZ ¥ NB Y H n n°? (Figdreli)2 whilst aMcioring the chorionic villi to the maternal
decidua. The widened spiral arteries allow increased flow of maternal blood into the intervillous space of
the placenta and therefore increase nutrient and oxygen availability to the developing®etus

Biochemical as well as microenvironmental factors native to the maternal decidua and inflammatory
system will influence the extent of EVT invasion into the maternal tissue. Decidual stromatecéiighly
sensitive to hormonechang¥s Yy R gAff NBfSIFaS AyFErYYFGi2NRE FF OG2N]
L{nmTZ L[myX L[mpE L[ mmoX L[ mnpein addikidnOER/T itvezind g dzS y i f
been shown to be affected by placental levels ofi@helin-1, hepatocyte growth factd®, insulinlike
growth factors®. further, pro-apoptotic factors such as transforming growth fagtor 6-¢ DC I YR OSNJIi | .
TNF cytokines will leave the decidua more susceptible to EVT intYaglaman endocrine gland derived
vascular endothelial growth factor (B@EGF) has been shown to be a negative regulator of EVT invasion
and has been found to be elevated in patients suffering from preeclafpsiaisease caused by poor
trophoblastic invasion of the decidua-10, Ikm H = A Y (i S NF S NP y-aolony stimulayirg faddid y dzf 2 C
(GCSF) have also been shown to limit EVT invasion during pre§li&ndjhese proand antiinvasive
factors seem to be essential in balancing invasion rates and timing during human pregnancy. EVT invasion
is further influenced by the microenvironmental characteristics of their environment. The decidual layer
acts as a physal barrier against invasion, as suggested by the pathologjacénta accretaPlacenta
accretais a placental complication that is characterized by the placenta embedding itself too deeply into
the maternal uterine wall. It is caused by the absence dé¢eidual plate between the chorionic villi and
the maternal uterus, resulting in excessive EVT invé&si@iven the tightly regulated nature of spiral
artery remodeling and the drastic negative consequences of improper EVT invasion, researchers have
developed representative models to study these phenomena.

Normal (“ "\ 2 .
::{): Remodeled
7o, ) Spiral Artery

Figurel.2. Spiral artery remodelihg and tr&)phoblast invasidnExtravillous cytotrophoblast cells (orange) proliferate from the
extremities of the chorionic villus and restructure the spiral arteries lining the maternal deBidmamature intermediate villi
from 9" week of pregnancy. Brightest point projections of fetal blood vessels are in red (CD31) and villi autofluoreiscence
green.
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1.3.2Ex vivanodels of spiral artery remodeling and trophoblast invasion

A common approach to modeling spiral artery remodelmgitrorelies on villous explants from first
trimester pla@ntas obtained from elective pregnancy terminations. This protocol was first developed by
Genbacevet al. in 19947 and consists of washing the tissue, then manually teasing apart small
fragments of placentalilli, which are eventually cultured on Matrigieeated porous culture dish
insert$’. These cultures are then subjected to finvasive or antinvasive factors and monitored to
determine their effects on EVT differentiation and invasion away from the chorioni¢ @ilDunket al.
designed a threelimensional coculture system to study trophobla&stdothelium interactionsn vitro
using matched placentalecidual explants from first trimester pregnand&®d hey placed-2 mn¥ cubes
of maternal decidual parietalis onto a Matriggated membrane culture insert, allowed the Matrigel to
solidify and immobilize the decidual explant without covering its top surface. Small fragments of placental
villi were then carefully placed ontihe apical side of the decidua and maintained in hypoxic (36 O
culture for up to 6 days to mimim vivo placental oxygenation conditions. Authors found increasing
degrees of invasion as culture time increased, with EVTs extemdinthé distal portions of the decidua
by the 8" day®. In addition, they showed that trophoblasts migrated down the endothelial surfaces of the
decidual tissue and relined the vessels with endothelial BVHowever, placental explants are
heterogeneous, making it difficult to study specific cell function, and they differ from donor to donor,
which can affect experimental reproducibifityMoreover, these first trimester placental explant models
rely on the accessibility of placentas from elective pregnancy terminations, further limiting the number of
possible experimental replicates. Cell lines have historically been utilizediiroexperiments to address
the shortcomings of explant culture.

1.3.3Model cell types used iim vitromodels

Placental choriocarcinoma cell lines have been develdpedse in placental modelindghowever,
due to their malignant phenotype, they are not suitable for modeling healthy trophoblast furittiéior
this reason, human extravillous trophoblast cell lines have been developed to model human EVT invasion.
Graham et al. established the first immortalized first trimester human trophoblast cell line,
HTR8/SVned 2 in 1993 by transfecting HT-BRparental cells with simian virus 40 large T antigen. Hiden
et al.established the immortal first trimester cell line AGH by fusing primary first trimester trophoblast
cells with the choriocarcinoma cell line AClo explore autocrine and paracrine loops related to
trophoblast invasion and differentiatidnTrophoblast cell lines TEAVE, Swar7172, TCL *and SGHR4®
have also since been established and exhibit EVT characteristics and are all widely used as models for
trophoblast invasion. Unfortunately, since these EVT cell line are already committed to the EVT lineage,
they cannot be used in assays evaluating tiffentiation pathway.

Primary human trophoblasts offer a more accurate representation of cell morphology and function
in placental invasion and spiral artery remodeling motielslowever, using terminally differentiated
EVTs, similar to EVT cell lines, does not allow for assays evaluating differentiation pathiayfeen
shown that treating human embryonic stem cells with BM&t#bws them to differentiate into trophoblast
cells expressing EVT marker, HhAand therefore these cells can be used to study the differentiation
pathways towards this invasive EViieAge’’® Most recently, Okaet al. derived human trophoblast
stem cells from cytotrophoblast cells and blastocysts and developed efficient differentiation protocols to
guide these cells into either an invasive EVT lineage, or a syncytiotrophoblast lineage which has the
capacity to form a mltinucleated syncytiurf?. Differentiation potential was maintained through at least
50 passages for each of the cell types. Given that the differentiation protocols simply involve cell exposure

6
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to specialized media, trophoblasts can be differentiated gestding in the desired culture systems, and
therefore morphologic and functional changes can be monitored throughout the transition.

1.3.4In vitromodels of spiral artery remodeling and trophoblast invasion

In 1987, Albinket al. designed a tumor invasion model that would later become ofthe most
widely used trophoblast invasion techniques, even tdflajhis assay consists of culturing invasive cells
onto a Matrigelcoated Transwell filter and quantifying cell migration through the gel. Although this
system is cost effective and easy to implement, it does not incorporate the -ttireensional placental
environment. To address this limitation, 3D cell tracking, spheroid confrontation and spheroid gel invasion
models have been develop®. Wonget al.emulated placental invasion by allowing HTR8/SVneo EVT
cells to seHassemble into 3D spheroids and monitored their invasion into an extracellular matrixn real
time®!. Researchers have also created models to probe the effects of the maternal immune system on
trophoblast invasioh®%®%, Abbaset al. created a multilayered microfluidic system to study trophoblast
invasion when exposed to a chemical gradiérithey seeded primary human EVTs into a Matrigel matrix
and exposed them to a gradient of granuloayteacrophage colongtimulating factor (GMCSF), a
cytokine released by natural killer cells in the maternal decidua. EVTs were shown to preferentially
migrate towards areas of high GRISF.

However, most of thes@ vitro models do not include fully formed maternal vasculature, towards
which the trophoblasts can migratén 202Q Puet al.used a commercially available polydimethylsiloxane
(PDMS) microfluidic chip seeded with human umbilical vein endothelial cells (HUVECS) and invasive
trophoblast cell line HTR8/SVneo to model trophoblast inv&&iohheir twecompartment system
allowed crosstalk between both cell types through a barrier of pillars separating the compartments. When
stimulating invasion with folic acid, they showed that trophoblast cells would invade into the
compartment containing té endothelial cells, simulating the placental invasion microenvironment.
Although this more advanced invasion model couples perfusion and the presence of vascular endothelial
cells, itis still lacking the thredimensional blood vessel architecture thatssential to recreating vivo
spiral artery remodeling. To address some of these drawbacks, Park et al. developed a human
GAYLX I-ghinODKA2Y 6KAOK O2yaAiaidSR 2F (62 LISNFdzaAlI ot S ¢
endothelial cells, separated by an ECM matrix through which the primary EVTs were ahlade®.

Utilizing this model, they were able to show EVT remodeling of the maternal vessel, as well decidual
stromal cells influences of the invasion characteristic of fetal EVTs towards. Although this work made
significant progress in the area of understandspgal artery remodeling, this model does not incorporate
chorionic villous architecture, nor is it compatible with hitjinoughput studies of drugs such as
pravastatifi®, which are being studies as treatment for preeclampsia.

1.4. OBJECTIVES AND THESIS OUTLINE

The placenta is a highly vascularized, temporary organ developed in pregnancy that is composed of
both maternal and fetal cells. It allows for the implantation of the embryo and nutrient exchange between
mother and baby. Placental malformation and diffusion of harmful exogenous substances through the
placental barrier can cause pregnancy complications andpore severe cases, death of the mother
and/or fetus’<®3, Establishing models to mimic these phenomena expedites the development of potential
treatment options. Mouse models are often used to simulate human fetal development despite major

7



Ph.D. Thesis S. KouthouridisMcMaster Universitg Chemical Engineering

interspecies differencésThese limitations drive researchers to develogimgitro models consisting of
humanderived cells. Many simple placental trophoblast monocultures have been developed to probe the
placental microenvironmefit®° although they lack the complexity of this heavily vascularized organ.
Designing more physiologically realistit vitro placental moded would allow for more irdepth
exploration of the biology of the placentdhe objective of this thesis was design3D vascularized
placental models utilizing human trophoblast stem cellsttaly transplacental transport and spiral artery
remodeling We presented our findings in this thesis in the four chapters.

In Chapter 2, we characterized the syncytiotrophoblast (ST) differentiation efficiency of blastocyst
derived placenta stem cells (PSCs). Fusion and cell density were quantified by staining PSCs differentiated
on fibrin gels for cell adhesion markercadhegin and nucleic acids, secretion of syncytiotrophoblast
marker human chorionic gonadotropin (hCG) was quantified via ELISA, and monolayer thickness was
assessed via histology cross sections. In addition, gene expression analysis was performed to assess the
similarity of tissues to native placental STs. Results for differentiated PSCs were compared against similar
cultures of choriocarcinoma cell line BeWo b30.

In Chapter 3, once PSCs were confirmed to efficiently differentiate into STs on fibrin gels, the cells
were used to model the earyand latestage placental barrierinodr 6 Qa LCf2¢t f I GS RSO
seeded onto the vascularized fibrin gel of the device to represent theslaige placenta, whereas an
undifferentiated monolayer of PSCs was cultured in IFlowPlate without vasculature to represent the early
stage placentaThese models were validated via inflammatory cytokine secretion panel, and permeability
assays were performed for 4 kDa and 65 kDa dextran, as well as human recombinant insulin, to assess
differences in both models.

In Chapter 4, we adapted the model from Chapter 3 to drug transport studies by transitioning from
seltassembled vasculature to the single, reproducible vascular channel of our AngioPlate device. We then
compared two endothelial cell types cultured in thi®del and studied the effects of adding pericytes to
the culture. Once this model was established, its barrier permeabilities to three model therapeutic
compounds (paclitaxel, vancomycin, 1gG), as well as two different size dextrans (4 kDa and 6BrkDa), w
assessed and compareditovivoandex vivafindings.

Finally, we designed a device to study trophoblast spiral artery remodeling in Chapter 5 of this thesis
by adapting it from the straight channel AngioPlate device presented in Chapter 4. The vascular channel
of this device represented the maternal spiratesies, and we designed 3printed stamps with which
we imprinted chorionic villousike structures onto the fibrin matrix. We then differentiated PSCs into EVTs
and showed that they have the capacity to invade into fibrin matrices. Although significagreps has
been made with the design of this model system, further optimization and validation experiments are
needed.
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2. CHARACTERIZATION OF PLACENTAL STEM CELL DIFFERENTIATION
SYNCYTIOTROPHOBLASTS

Sonya Kouthouridig\lexander Sotra, Zaim Khalustin Alvarado, Sandeep Raha, Boyang Zhang.
Excerpt from the published work of Advanced Healthcare Materials. Reprinted with permission.
Copyright®Viley 2023 https://doi.org/10.1002/adhm.202301428

2.1. ABSTRACT

The earlystage placental barrier isharacterized by a lack of fetal circulation and by a thick
trophoblastic barrier, whereas the latastage placenta consists of vascularized chorionic villi encased in a
thin, differentiated trophoblast layer, ideal for nutrient transport. In this worlegictive models of early
and latestage placental transport are created using blastodgsived placental stem cells (PSCs) by
modulating PSC differentiation and model vascularization. PSC differentiation results in a thinner, fused
trophoblast layer, asell as an increase in human chorionic gonadotropin secretion, barrier permeability,
and secretion of certain inflammatory cytokines, which are consistent with in vivo findings. Further, gene
expression confirms this shift toward a differentiated trophadil subtype. Vascularization results in a
molecule typeand sizedependent change in dextran and insulin permeability. These results demonstrate
that trophoblast differentiation and vascularization have critical effects on placental barrier permeability
and that this model can be used as a predictive measure to assess fetal toxicity of xenobiotic substances
at different stages of pregnancy.

2.2.INTRODUCTION

The placenta is a transient organ which develops from both maternal and fetal cells during pregnancy
and is expelled during parturition. It is indisputably the most important organ during pregnancy because
it is responsible for fetanaternal transport of ntrients, gases, and waste products, in addition to the
secretion of important hormones responsible for pregnancy maintendmt@wvever, its impermanence
combined with the lack of good animal models which accurately represent human placentation is arguably
the reason why it is so poorly understood. However, the search for better models that recapitulate the
functions of the humarplacenta is driven by the observation that pregnant women have a greater
susceptibility to infection and disease combined with the vulnerability of the developing¥&tis.gap
in knowledge makes it challenging to evaluate the risk and safety of drugs for use during pregnancy.

The study of the placenta is mostly limited to either tissue explants, from terminated or term
placentas, an@nimal models. Although placental explants have provided invaluable insights on placental
morphogenesis and dysfunction, explants have limited viability once removed from the body and require
constant sourcing, which is often more difficult for first aret@nd trimester placentas. In contrast,
rodent models allow for controlled maternal exposure to various substances and conditions. However,
there are significant functional and morphological differences between human and rodent placentas
which impair the tanslation of animal study findings to clinical resegElumanbased in vitro placental
models have recently been developed with the goal of modeling placental barrier furi¢tlacenta
on-chip cultures have been designed with trophoblast and endothelial cells cultured on opposites sides of
either a semipermeable membrane or hydro§elhose compartmentalized culture allows for simple
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molecular transport studies. The cultures are subjected to perfusion on each side: trophoblast channel
perfusion to model maternal blood flow and endothelial channel perfusion to mimic fetal blood
flow.*°However, these models do not incorporate the branched morphology reminiscent of fetal
vasculature within the placenta. Further, they often utilize trophoblast cell lines which are susceptible to
genetic drift over time, further distancing them from theipary cells they are meant to represeht.

The choriocarcinoma BeWo cell line has been used in many of these barrier rig@&despite the
fact that cancer cell linegenerally retain most of the genetic properties of their cancer of ofitfseWo
cells exhibit low fusion capacities when grown to confluence and are therefore not representative of the
healthy third trimester syncytium. In contrast, primary placental cells will spontaneously differentiate,
making the expansion of a homogenousl| ggpulation more challenging, in addition to being more
difficult to source. Stem cell technology has recently emerged to provide a cell source that couples the
proliferative capacity of cell lines and the differentiation capacity of primary cells. Eliale recently
derived proliferative trophoblast stem cells from human blastocysts capable of efficiently differentiating
into a fused syncytium otissue culture plasticHigure 2.1, Supporting Information®: These types of
stem celderived trophoblasts have been used to engineer organoids which recapitulate native placental
villous polarity and architectur&:1’"Most recently, Karvas &ll. used these organoids to model SARS
2 and Zika viral infections in the placenta, and showed that cellular infection rates strongly depended on
virus type and trophoblast subtypéDespite the capacity of placental organoids to model placental
development, they are incapable of modeling barrier function. Further, these cultures usually lack
perfusable vasculature which is necessary when modeling such a highly vascularized organ. The
combination of stem cells and engineered vascular perfusion could unlock the exciting possibility of
modeling different stages of pregnancy. Most existing models solely focus on simulating placental barrier
function in the third trimester of pregnancy, athich point molecular transport is highest. However,
modeling placental transport during eafyegnancy could aid in identifying a safety window for certain
drugs, such as antidepressants, whose prescription is sometimes necessary during earlytégealpfs
pregnancy. Adverse effects of antidepressants have been shown to be drug aggeexposure
dependent®t®and therefore may be influenced by placental permeability at the time of exposure. Often,
doctors must weigh these risks against the mother's mental health, and would therefore benefit from
more predictive trimestesspecific placental barrier modei$To model these different stages of growth,
an understanding of placental morphology and function at eauy latestage pregnancy is critical.

The earlystage placental barrier is characterized by a lack of fetal circulation and by a thick
trophoblastic barrier Figure2.1A-C), whereas the latestage placenta consists whscularized chorionic
villi encased in a thin, fused trophoblast layer (syncytiuagure2.1D-E), ideal for nutrient transport!
In this study, we hypothesized that trophoblast differentiation and placental tissue vascularization can be
modulated in vitro to model the earlyand latestage placental barrier. To first model the eastage
placental barrier, we cultured blastocyderived placental stem cells (PSCs) on our previously published
IFlowPlate384 platform, which contains 128 individual units made up of three wells interconnected by
two microchannelsKigure2.1B). The middle well of each unit contains a Rig€@ved cytotrophoblast
barrier seeded on a fibrin gel matrix. To develop the-&&ge barrier model, perfusable vasculature was
incorporated into the fibrin hydrogel and PSCs were differentiated into siptoyphoblasts on the gel
surface Figure2.1B). We characterized gene expression, differentiation efficiency, and morphology of
these cells pre and postdifferentiation and compared them to the wadktablished BeWo b30
trophoblast cell line. We showed that syncytiotrophoblast cells derived fronP&Es produced a more
highly fused syncytium which more closely resembled the native syncytiotrophoblast. Next, we assessed
how PSC differentiation altered barrier permeability and inflammatory cytokine secretion. We then
assessed barrier permeability textran and insulin and showed how vasculature increased molecular
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clearance of small dextran molecules, which could explain efficient-thirekster nutrient transport in

vivo. Finally, we showed that the lagtage model had reduced permeability to insulin when compared
to its avascular equivalent, suggesting that #wdothelial barrier plays an important role in selecting
what molecules cross over to the fetus. In summary, our study demonstrated the importance of both
differentiation efficiency and vascularization in designing physiologically representative inacemtal
barrier models. To our knowledge, this is the first in vitro platform that has coupled a highly differentiated
syncytium with perfusable vasculature to model placental barrier permeability at different stages of
pregnancy. Further, this is the firime it has been shown that the fetal endothelial barrier is the
determining factor against insulin transport from the mother to the fetus.

Development of placental villi IFlowPlate Model
A. WEEKS 1-2
) Y
Media Media Media @ @
ibrin gel
Conception gorines Device Tilt
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Cytotrophoblasts.
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Figure2.1. Timeline of development of placental villi and corresponding IFlowPlate models. A) During the first 2 weeks post
implantation, primary chorionic villi consisting solely of cytotrophoblasts (CTs) lined with a layer of syncytiotrop®b&sts
sprout towad the maternal decidua. B) By the third week, the embryonic mesoderm will have grown into these branching
structures to create what are known as secondary villi. This early placental stage of growth will be modeled using aumonocult
IFlowPlate model awisting of a multilayered culture of cytotrophoblklike PSCs on a porous fibrin gel. C) Fetal vasculature
gradually forms for the next few months until fetal circulation is established at week 10 of pregnancy. D) By week 20, the
cytotrophoblast layer bgins regressing, which increases transport of gases and nutrients toward the fetus to sustain increasing
energy demands. E) As the pregnancy progresses, the syncytiotrophoblast layer thins and the branching, as well astieasculariza
of chorionic villi inrease until delivery at around week 40. The term placenta is modeled using an IFlowPlate coculture model
consisting of a differentiated syncytiotrophoblast monolayer cultured on a fibrin gel laden with fibroblast and endaghiglial c
which selfassembledo form perfusable vasculature.
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2.3. MATERIALS ANBETHODS

2.3.1.Cell culture and media formulation

BlastocystderivedPSCs (R&®40, female) were purchased from Riken BRC Cell Banké¢ 3.2,
Supporting Information), received at passage 17 and used until passage 23 in all experiments.
Cytotrophoblastderived PSCs (R&®36, female) were also received from the Riken BRC Cell Bank,
however, they were observed to be less robust and proliferative than the blastdeysted cells, and
therefore the former were used for all experiments in this work. Cells werterreal in PSC expansion
medium'® (PSCM) consisting of Dulbecco's modified Eagle medium (DMEM)/F12 + GlutaMAX
supplemented with Zmercaptoethanol (0.k 1¢ 9m), fetal bovine serum (FBS, 0.2%), penigillin
streptomycin (0.5%), bovine serum albumin (BSA, 0.3%), ITS (insulin, transferrin, selenium) media
supplement (1%),-ascorbic acid (1.fig mlt Y, EGF (56g mL ¥, CHIR99021 (2 x41%n), A8301 (0.5 x
10" ‘m), SB431542 (1 x 416n), VPA (0.8 1¢ Im), and Y27632 (5 x 16n). Flasks were coated with Col
IV (10ug mkt Y in phosphatebuffered saline (PBS) and incubated for at least 1.5 h &C3@efore cell
plating. Cells were cultured at 3 with 5% C{and media was replaced every 2 days. When cells reached
80% confluency, they were passaged by briefly washing with Dulbecco's phospiffateed saline (DPBS)
and dissociating with TrypLE for 10 min, then split at a ratio of 1:4 onto the coltagaed fasks. BeWo
b30 cells were generously provided by the Raha Lab at McMaster University. They were cultured in DMEM
supplemented with FBE0%) and penicillistreptomycin (1%). When seeded in regular 384l plates,

BeWo b30 and PSCs were seeded at a density of 5000 cetl¥ wiedireas on fibrin gel cast in a 36l

L I 4§S>T OStfa ¢6SNB &SSRS™RPSCsiwete cuRuBed torA8idays fére analysisi nn O
whereas BeWo cells were cultured for 4 days before analysis. Primary HUVECs (Cedarlane Labs, CAP
0001GFP) were cultured in endothelial cell growth medium 2 (ECGM2) and used until passage 5. Primary
human lurg fibroblsts (FBs, Cedarlane Labs,-P@E013) were cultured in DMEM supplemented with

FBS (10%), peniciljstreptomycin (1%), and-@-hydroxyethyl}1-piperazineethanesulfonic acid (1%,

Thermo Fisher Scientific, 15630080) and used until passage 5. BeWo G8IEC$] and lung fibroblasts

were dissociated using trypsethylenediaminetetraacetic acid solution (0.05%) before being seeded into
standard 384well plates or IFlowPlate devices.

2.3.2.PSC and BeWo b30 Syncytial Differentiation

PSCs were differentiated into the syncytiotrophoblast subtype by passaging and immediately seeding
in PSC differentiation mediuf(PSCM+D) consisting of DMEM/F1&l#taMAX supplemented with-2
mercaptoethanol (0.% 1¢ Im), penicilligstreptomycin (0.5%), BSA (0.3%), ITS media supplement (1%),
Y27632 (2.5 x 20m), forskolin (2 x 10m), and KSR (4%). PSCs were differentiated for 8 days before
analysis and media was changed daily. BeWo b30 cells were differentiated by first culturing them in
expansion medium (DMEM supplemented with FBS (10%) and pegétiiptomycin (1%)) and then
supplementing the media with forskolin (50 x*Hh) and EGF (58 mL ) for 2 dg/s, where media was
changed daily?

2.3.3.Immunostaining

The entire immunostaining procedure of cells cultured on fibrin gels was performed on a
programmable rocker (OrganoBiotech, Cat#B001) & 4o allow stains and washes to perfuse through
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the matrix. Cells were first washed withtHBS to remove residual media and were then fixed with
paraformaldehyde (4%) in-BPBS overnight. The next day, cells were washed 3x witB®for 5 min each

and left in DPBS overnight to wash off residual paraf@atdehyde. Cells were then blocked for at least 1

h with FBS (10%) and trite(0.1%) in #BS. A primary antibody solution was prepared by diluting anti
e-cadherin (1:200 dilution) and artiCG (1:50 dilution) in the blocking solution. Samples were ateab

in primary antibody solution overnight and washed 3x the next day and washed overnight. A secondary
antibody solution consisting of aAtabbit (1:1000 dilution), arde-mouse (1:1000 dilution), DAPI (1:1000
dilution), and FBS (10%) in PBS was apui®d the samples for 2 h at room temperature. After
incubation, samples were washed overnight before removing the tissues from the plate and imaging with
a confocal microscope (3i Marianas Lightsheet microscope).

2.3.4.Fusion Percent Quantification

Cells were immunostained for DAPI andagherin, anepithelial cell adhesion molecule, and
fluorescently imaged using a confocal microscope (3i Marianas Lightsheet microscope) to assess cell
fusion rates. The total cell number in each image was quantified by counting thesiaffeld nuclei.

When at leasthree nuclei were present within a singleeadherin boundary, these cells were considered
fused. The fusion percent was reported as the fraction of fused cells over the total cell number.

2.3.5.Histology and IHC

IFlowPlate samples were fixed in 10% formalin & 4or at least 48 h. Tissues were removed from
the device and embedded into HistoGel (VWR, CA83029. Samples were allowed to gel atG
overnight and were packed in histology cassettes and submenge@Ps ethanol before being sent to the
MIRC histology Core Facility at McMaster University. Tissues were embedded in paraffin wax, sectioned,
and stained for H&E ,-eadherin (Abcam, ab1416), and CD31 (Abcam, ab28364). Histologpectioss
were imagedn brightfield with a tissue culture microscope (Nikon Eclipse Ts2).

2.3.6.hCG Secretion Enzyriinked Immunosorbent Assay (ELISA)

PSC and BeWo b30 cell supernatants were analyzed for hCG secretion using a human hCG ELISA kit
(Abcam, ab100533) according to manufacturer's instructions. BriefluL98f media supernatant was
collected from samples cultured in either standard 3@dll plates or 384well plates casted with fibrin
hydrogels. Residual hCG was obtained by washing samples with fresh megia) @@d collecting
remaining media. 10QL of each supernatant sample and of antigen standard curve (positive control)
were incubatedn individual wells of the ELISA array plate overnight“& with gentle shaking. The next
day, wells were incubated at room temperature with gentle shaking with a 1X biotinylated hCG detection
antibody (10QuL) for 1 h, then with a 1X HRReptavidin sdution (100pL) for 45 min and finally with
3,3',5,5tetramethylbenzidine (TMB) onstep substrate reagent (1QL) for 30 min. Wells were washed
four times with 1X wash solution (3Q@Q each) between each incubation step. Stop solutiorp{50vas
addedto each well immediately before measuring absorbance values an#b@sing the Cytation5
microplate reader (Biotek).
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2.3.7.DNA Quantification Assay

PSCs and BeWo b30 cells were cultured in ang8Hplate either with or without fibrin hydrogel and
in their corresponding media. Cells were lysed using a guanisiiieiocyanate lysis buffer (100 pL,
Purelink RNA Mini kit, Thermo Fisher Scientific, BR18A) and sonicated in an ibath for 10 s, in pulses.
The lysis buffer degraded the fibrin gel matrix which resulted in a homogenous cell lysate. DNA was
quantified using the DNAQF kit (Sigalarich, DNAQEKT) by following the manufacturer's instrusts.
Briefly, the DNA standard supplied in the kit was serially diluted in the fluorescent assay buffer to create
I &4 yRFNR OdzNWS® bSEGS I 0A&a0SYyT AYARS &aztdziazy
each well of a blackottomed 96well plate (VWR, 76221764). 10 pL of each sample and each standard
were added to separate bisbenzimifited wells immediately before taking fluorescent reading (360 nm
excitation, 460 nm emission) on the Cytation5 microplate reader (Biotek). The DNA stamtaed c
allowed to convert the fluorescent readings to DNA quantities. To obtain a cell number from these values,
a calibration curve relating cell number to DNA concentration was created using subcultured PSCs. Cells
were lysed with lysis buffer (100 uL) abdIA quantification was performed as described above.

2.3.8.SEM Imaging

Samples were fixed in paraformaldehyde (PFA, 4%) overnight and removed from IFlowPlate device
using a scalpel and tweezers. They were then placed in fresh PFA solution before being sent to the electron
microscopy facility (EMF) in the Health Science CefMmMaster University). Once at the EMF, the
samples were rinsed 2X in buffer solution, pbsed in osmium tetroxide (1%) in phosphate buffer (@)L
for 1 h and then dehydrated through a graded ethanol series (50%, 70%, 70%, 95%, 95%, 100%,
100%).Thesamples were kept immersed in 100% EtOH, placed into wire baskets, and transferred to the
chamber of a Leica EM CPD300 critical point dryer (Leica Mikrosysteme GmbH, Wien, Austria). The
chamber was sealed and then flushed 12 times with liquid CBe Cfilled chamber was heated to
35°C and the pressure was increased in chamber to above @€iG® that Co®was changed from liquid
phase to gaseous phase. The gas was vented slowly from the chamber until atmospheric pressure was
reached and the samples wedehydrated without surface tension damage. The dried samples were
mounted onto SEM stubs with doub$ided carbon tape. The samples on stubs were then placed in the
OKFYOSNI 2F 'y 9Rgl NRa {rmmmhgold yakdiepositBd\dntd tad- steUSTNg | y R
samples were viewed in a Tescan Vega |l LSU SEM (Tescan USA, PA) oper&tihg at 20

2.3.9Transcriptomic Analysis

Microarray sequencing was performed on undifferentiated (PSC Undif) and differentiated PSCs (PSC
Dif), as well as differentiated BeWo b30 cells (BeWo Dif). PSCs were seeded in coMmg&aadl‘@well
LIX I G§S&a i I RSy & A b&'&nd @Ruredvin BnL sofn either Ge&parfsien madiuin f or
differentiation medium. Media was changed everyl&s and cells were lysed on day 8. Lysates from
three wells were combined and used for each replicate to ensure adequate RNA quantities for analysis.

0

BeWo b30 cells were seeded instandasd 6 £ € LI | 4§ S& G | R-Swidichliiredir® ¥ Hnn

expansion medium for the first 2 days. On day 2, the media was switched to differentiation medium, and
cells were lysed on day 4. Only a single well's lysate was sufficient for each RNA replicate given high BeWo
cell densities at day 4. 8ples were lysednd RNA extraction was performed using the Purelink RNA Mini

kit (Thermo Fisher Scientific, 12183018A) following the manufacturer's instructions. RNAs were eluted
from the spin cartridge using RNase/DNdisse water (50uL) and sample quality was assessisihg a
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NanoDrop spectrophotometer (Thermo Fisher Scientific). All samples were ensured to have a 260/280
LJdzNA G& NI GA2&a 2F FHdn YR HcnkHon LIzNRGEGMELGARZE ©
facilities for microarray sequencing. Transcriptomialggis was performed using the Affymetrix Clariom

{ 1 aaleé O6KdzYly ¢KSNXY2 CAAKSNI {OASYUGAFAOT PpAHPHTO
human genes. Datasets were imported into the Transcriptomic Analysis Console (TAC) software for
analysis. Dferentially expressed genes (DEGs) were determined using avapeanalysis of variance

(ANOVA) witlp < 0.05 and folechange criteria of 2 for downregulated genes and >2 for upregulated

genes. Volcano plots and heat maps were generated using GraphPad Prism.

2.3.10. Analysis of Public scRNAg Data and Pearson Correlation

To explore the similarity of microarragenerated transcriptomes to a public single cell Fig4
dataset of syncytiotrophoblast cef%data (accession -MTAB6701) were retrieved from the EBI
arrayexpress resource. Single cell transcript counts were imported into R v4.2.0 using the readMM()
function from the Matrix package vk ENSEMBL gene symbols were then mapped to gene hames using
the org.Hs.eg.db package v3.15.0, and the geNes16461) detected in both the microarray and scRNA
seq dataset were further analyzed. For each gene, an average syncytiotrophoblast expression level was
then calculated as the mean count across all syiatrgiphoblast cells. These values were-teansformed
with an added pseudocount of +1 to avoid division by zero errors. Using the cor() function within R, the
Pearson correlationr) coefficient was then computed between the log2 syncytiotrophoblast expression
levels of all genes and the microarray signal intensities for the BaWfioP SECtrl, and PSOiff datasets.

2.3.11. Statistical Analysis and Plotting

All plots and statistics were performed using either pairé¢est or twoway ANOVAs with Sidak
multiple comparison in the GraphPad Prism software with 95% confidére®05,p < 0.05). Normality
was tested using Shaprw/ilk test and equal variance was tested udiigst. Data in all graphs were
plotted as means with standard deviation as error bars.
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2.4.RESULTS ANDISCUSSION

2.4.1.PSCs Exhibited Higher Rates of Fusion and Higher Secretion of hCG than BeWo b30 Model
Cell Line

Blastocystderived PSCs were compared against the-egthblished trophoblast cell line, BeWo b30,
to determine if they produced higher fusion rates necessary fordtdge placental modeling. Both cell
types were differentiated according to previouslystablished protocol$>22Briefly, PSCs were
immediately seeded in differentiation medium and cultured for 8 days before analysis. BeWo b30 cells
were first expanded for 2 days and then treated with 50 % d®forskolin and 5Ghg mL "of epidermal
growth factor (EGF) for 2 days of differentiatibfiFigure2.2). Longetterm BeWo cell differentiation was
attempted with the goal of increasing fusion rates, however monolayer integrity began to break down
after more than 4 days of forskolin and EGF treatment, which may explain why they are normally only
differentiated for up to 2 days. Fused cells were quantified vizaéherin staining where fusion was
confirmed when at least three nuclei were present within a singta@herin boundary. Fusion rates for
differentiated PSCs (89.4 £ 3.4%) were over tenfold higteer the differentiated BeWo condition (7.1 +
1.7%) Figure2.2A-D). In addition, the undifferentiated PSC control exhibited spontaneous fusion (14.3 =
.3%), whereas almost no spontaneous fusion was observed in the BeWo undifferentiated condition (1.9 +
0.3%).

Human chorionic gonadotropin (hCG) production correlated with fusion data, as expected, given that
hCG is produced by fused villous syncytiotrophoblasts in vivo to maintain pregr&gaye.2E). The
hCG concentrations measured in the PSC supernatant averaged at 125.2 g 581& for
undifferentiated PSCs and 248.6 + 112geml: Mor differentiated PSCs. When compared to hCG level in
the maternal serum during pregnancy, these values fall within the range of reported hCG
concentration$* between weeks 4 and 8 of pregnancy, as well as between weeks 18 and 40, when hCG
levels begin to drop before parturition. However, because these concentrations are highly dependent on
cell number and media volume, it is difficult to compare our measurdneim vivo. Further, terminal
differentiation often results in proliferation arrest and thus, lower final cell numbers, which may skew
results between conditions. We addressed this by normalizing hCG secretion to cell number. hCG
secretion was highest iRSCs and increased with differentiation from 83.4 + 59.1 to 242.7 + 106.6 f§ cell
whereas hCG secretion increased from 1.03 + th&D64 + 1.2%g celt in BeWo b30 cells. PSCs densities
GSNBE mpn ndon BFAN DEBARSHHzZFBABEENSYGAlI G§SR"WAehYy RA (A 2
RAFFSNBYGAIFIGSRd . S22 Odz G§dzNB&E SEKAOGAGSRPMOKA IKSNI
dzy RAFFSNBYGALF SR | yR 'ofarpdifferentiated) givenctheio lagk ofQCcBritattd 6 S f
inhibition?®> and were able to stack into a multilayered cell barrier.

Scanning electron microscope (SEM) images of differentiated PSCs and BeWo cells confirmed cell
polarization by the presence of microvilli on the apical cell surfaiceife2.2H). By visual inspection, PSCs
appear to have higher microvillar densities than BeWo cells. Low microvillar densities have been observed
in preeclamptic placental explants and it has been suggested that they may be an indicator of impaired
trophoblast matuation2®To further investigate the morphological transition between cytotrophoblast
and syncytiotrophoblast cells, histology cressxtions of PSCs were obtainedigure 2.2AB), and
monolayer thickness was assessedj(re2.2F). The undifferentiated PSC control exhibited a multilayered
structure, which is similar to what is seen in the early stages of pregnancy, whereas the differentiated
tissue appears to be a multinucleated sheet covering the fibrin gel in a thin layerolnitvihnas been
shown that the trophoblast layer thins, from a@® um barrier in the first trimester to @ pum in the
third,?”to maximize fetematernal nutrient exchange. Similarly, our differentiated PSCs produced
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statistically thinner monolayers (3.95 + 0.5M) when compared to their undifferentiated counterparts
(14.33 £ 2.81um).

A. B.

Undifferentiated Differentiated

Placenta Stem Cells
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*
*
*
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Figure2.2. Characterization of PSC and BeWa® cell differentiation on fibrin gels indicates higher rates of fusion in PSCs. A)
Undifferentiated PSCs were cultured on fibrin hydrogels for 8 days and stained for nucleic acids (DAPI, blue), cathadkgesion

e-cadherin (green), and hGG 6 NBtdlagybcrosskctions of entire gels were hematoxylin and eosin (H&E) stained and IHC

stained, once again, foreadherin (brown). B) PSCs were differentiated on fibrin hydrogels for 8 days and stained for nucleic acids
(DAPI, blue),-eadherin (green),md hCG o6 NBRO ® 5 dz2NAy 3 RAF TSNS widRerinistamiggshetwegry & € 2 & i
cells, confirming successful trophoblast fusion. Histology-sesons of entire gels were stained for H&E awd@herin (brown)

and showed monolayer cell thiing as a result of differentiation. C) BeWo b30 cells were differentiated on fibrin hydrogels for

48h and stained for nucleic acids (DAPI, blugadherin (green), and h6G 6 NBRO ® 50 t SNOSyYy (i Fdzairzy 2
differentiated PSC and BeW80 cells (onevay ANOVAN= 4, ***p < 0.001). E) Secretion of hCG from undifferentiated and
differentiated PSC and BeWo b30 cells over a span of 24 fwgnANOVAN = 3, ***p < 0.001). F) PSC monolayer thickness

quantified from H&Estained histology rosssections (onavay ANOVAN = 3, **p< 0.01). G) Cell density of PSC and BeWo b30

cells cultured on fibrin gel in standard 3&4ll plates (cells welly as measured via DNA quantification assay {oag

ANOVAN = 6, ***p < 0.001). H) Scanning eleatrmicroscopy images of microvilli on the apical surface of PSCs and BeWo cells
differentiated on fibrin gel. PSCs appear to produce denser patches of microvilli when compared to BeWo b30 cells.
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2.4.2.PSCs Exhibited Greater Similarity in Gene Expression to Native Syncytiotrophoblasts than
BeWo b30 Model Cell Line

Microarray sequencing was performed on both PSCs and BeWo b30 cells to determine if
syncytiotrophoblastelated genes were upregulated and cytotrophoblast genes were downregulated
during differentiation. A principal component analysis was performed orréalting gene expression
data Figure2.3A) and resulted in tight clusters of data points for each experimental condition, indicating
low intersample variability. Next, gene expression data of PSC Dif and BeWo Dif conditions were compared
to the gene expression of syncytiotrophoblast cells fronirdthtrimester placental explantsby
determining their Pearson correlation coefficierifigure 2.3B). This coefficient represents the linear
correlation between our experimental conditions and the primary explants, therefore the closer this
variable is to 1, the more similar the datasets. The PSC Dif condition exhibited a Pearson correlation of
0.661 +0.003, which was statistically higher than that of the BeWo Dif condition (0.645 = 0.004),
suggesting that the gene makeup of differentiated PSCs is more similar to the primary tissue. Next, the
expression of the genes responsible for the production of Aarohorionic gonadotrophin (hCG, CGB1)
and human placental lactogen (hPL, CSH1) was shown to be highest in the PSC Dif deigdité2t8CD),
as expectedgiven that both hormones are mainly produced by the differentiated syncytitibin
contrast, both the insulin receptor gene (INSR) and neonatal Fc receptor gene (FCGRT), whose main
function is to transport immunoglobulin G from maternal to fetal blood, remained unchanged in PSCs
after differentiation Eigure2.3EH.

Further, a list of crucial nutrient transporter gedsasmapped Figure2.3G) and showed that lipid,
iron, oligopeptide, cationic, and large neutral amino acid transporter genes were most highly expressed
in the differentiated PSC condition. GLUT1 is the main glucose transporter across the human
placent&®and should increase with trophoblast fusi¢thowever it was least expressed by the
differentiated PSCs. This may be explained by the fact that hyperglycemia has been shown to
downregulate GLUT1 transporters in human placental trophobfasi€ell culture media itself is
hyperglycemic, and therefore cultures with higher cell densities, such as the undifferentiated-RB€s (
2.2G), and higher metabolisms deplete the glucose in the media quicker, thus lowering extracellular
glucose levels and upregulating GLUT1 transporters. In contrast, choriocarcinoma cell lines have been
shown to be unaffected by extracellular glucose concerdra®?all of which would explain the
difference in GLUT1 transporter gene SLC2Al1. Similar heat maps were generated for thyroid
transporters®and pharmaceutically relevardrug transporterd*to demonstrate the extent at which
fusion can impact trophoblast transport functioRigure 8.3, Supporting Information). The volcano plot
of BeWo Dif versus PSC Dif had a larger spreaplire 2.3HI), which was expected given that the
transcriptome was generated from two different cell typ&simary syncytiotrophoblast marker genes
were more highly expressed in PSC Dif cells when compared to both PSC Undif and BeWo Dif, especially
those coding for pregnancy hormones. In addition, primary cytotrophoblast markers were more highly
expressed inhe PSC Undif condition rather than the PSC Dif condition, suggesting that undifferentiated
PSCs are more cytotrophobldite. Interestingly, in addition to their higher ST marker expression, cells
from the PSC Dif condition more highly expressed cytobidst marker genes than BeWo Dif. However,
this could be explained by the fact that a fraction of cells in the PSC Dif condition remains undifferentiated,
and these cells could be more similar to primary cytotrophoblasts than undifferentiated BeWavbéils,
are derived from a choriocarcinoma and would exhibit a more cancerous genome. The genes highlighted
in the volcano plots were normalized ascores to visualize their relative expressigigure2.3). The
PSC Dif condition exhibited highest normalized expression of most ST markers, most of which were
hormone secretion genés(PSG family, CGB family, INSL4, INHA, LEP, CGA, ANGPT2, LHB, INHBA, KISS1,
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CSHL1, CRH, ANG, GH2, CCK). These findings are in agreement with the fact that the syncytium is the main
site of polypeptide hormone secretion within the placedt&In summary, the transcriptome profiling
suggests that the PSC Undif condition is the most reminiscent of primary cytotrophoblasts and therefore
ideal to include in our eargtage barrier model, whereas the PSC Dif condition is most similar to the in

vivo differentiated syncytium and thus ideal for lagtage placental modeling.
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Figure2.3. Gene expression analysis shows that PSCs more closely resemble primary syncytiotrophoblasts than BeWo b30 cells.
A) Principal component analysis of gene expression of undifferentiated PSCs (PSC Undif), differentiated PSCs (PSC Dif), and
differentiated BeWob30 cells (BeWo Dif) @ 5). B) Pearson correlation of PSC Dif and BeWo Dif cells with primary
syncytiotrophoblast culturéd(two-tailed T-test, N= 5, ***p < 0.001). €F) Gene expression of hormone secretion genes C) hCG
(CGB1) and D) hPL (CSH1), and important transporter genes for E) insulin (INSR) and F) immunoglobulin G ##@&RT) (one
ANOVAN= 5, ***p < 0.001). G) Heahap displaying important placental nutrient transporter getider all three experimental

conditions. Gene expression levels were normalized by calcutet@nges. Colors represent scaled expression values where
magenta signifies high expression and white, low expression. H) Volcano plots comparing upreguldtedramedulated genes

from PSC Undif and PSC Dif cultures. Syncytiotrophaiplasific genes (ST markers) are highlighted in pink and cytotrophoblast

related genes (CT markers) are highlighted in blue. Genes on the left of the zero axis are upreghlate8@ Dif condition and

those on the right of the zero axis are downregulatesk(p n ®np > F2f R OKIFy3IS x pHOP® LU x2f Ol y7?
downregulated genes from BeWo Dif and PSC Dif cultures. Genes on the left of the zero axis areaspreghatPSC Dif
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condition and those on the right of the zero axis are downregulated (pn dnp > F2f R OKFy3IS x pHOD WO
related markers for all three experimental conditions. Gene expression levels were normalized by catadatesg Colors
represent scaled expression values where magenta signifies high expression and white, low expression.

2.5. ACKNOWLEDGEMENTS

This work was made possible by the financial support of the Natural Sciences and Engineering
Research Council of Canada (NSERC) Discovery Grant-QB&IRD18) and Canadian Institute of
Health Research (CIHR) Project Grant-{B6052) to B.Z. The autl®are grateful to the contributors to
BioRender.com which was used to make the illustrations in this work. The authors would like to thank the
electron microscopy facility (EMF) and the MIRC histology Core Facility at McMaster University for their
help insample preparation and imaging. In addition, the authors are grateful to the Genetic and Molecular
Epidemiology Laboratory at McMaster University for performing the microarray gene analysig
Infinotype for their work helping analyze gene expression data

2.6. REFERENCES

=

Turco, M. Y. & Moffett, A. Development of the human placebevelopmeni46, (2019).

2. Kourtis, A. P., Read, J. S. & Jamieson, D. J. Pregnancy and Irfedfiogl. J. Me®70, 221%2218
(2014).

3. Aguilera, Net al. Rodent models in placental research. Implications for fetal origins of adult disease.
Anim. Reprodl9, e20210134 (2022).

4. Nishiguchi, Aet al. In vitro placenta barrier model using primary human trophoblasts, underlying
connective tissue and vascular endothelilBiomaterialsl 92, 140;148 (2019).

5. Li, Z., Kurosawa, O. & lwata, H. A Novel Human Placental Barrier Model Based on Trophoblast Stem
Cells Derived from Human Induced Pluripotent Stem Cédlissue Eng. Part A2020)
doi:10.1089/ten.tea.2019.0342.

6. Aengenheister, let al. An advanced human in vitro €mlture model for translocation studies across
the placental barrierSci. RegB, 1¢12 (2018).

7. Blundell, Cet al. A microphysiological model of the human placental bartiab. Chid.6, 30653073
(2016).

8. Mosavati, B., Oleinikov, A. & Du, E. 3D microfluidgsssted modeling of glucose transport in
placental malariaSci. Repl2, 15278 (2022).

9. Knyazev, E. Nt al. Transport and toxicity of-Buorouracil, doxorubicin, and cyclophosphamide in in
vitro placental barrier model based on BeWo b30 c&lisss. Chem. BUli8, 2344;2349 (2019).

10. Blundell, C.et al. Placental Drug Transpeoin-a-Chip: A Microengineered In Vitro Model of
TransporterMediated Drug Efflux in the Human Placental Bardelv. Healthc. Mater7, 1700786
(2018).

11. Kaur, G. & Dufour, J. M. Cell lin8permatogenesid, 1¢5 (2012).

12. Goncalves, B. Mt al. Placental model as an important tool to study materfethl interface Reprod.
Toxicol112 7¢13 (2022).

13. Costa, Jet al. The Role of the 3Rs for Understanding and Modeling the Human Plade@i. Med.

10, 3444 (2021).

14. Mirabelli, P., Coppola, L. & Salvatore, M. Cancer Cell Lines Are Useful Model Systems for Medical
ResearchCancerd.1, 1098 (2019).

15. Okae, Het al. Derivation of Human Trophoblast Stem Cellsll Stem Ce&ll, 50-63.e6 (2018).

26

w



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Ph.D. Thesis S. KouthouridisMcMaster Universitg Chemical Engineering

Karvas, R. Met al. Stemcellderived trophoblast organoids model human placental development and
susceptibility to emerging pathogenSell Stem Ce2d, 810825.e8 (2022).

Turco, M. Yet al. Trophoblast organoids as a model for mategfiedal interactions during human
placentation.Nature564, 263,267 (2018).

Tharp, M. Aet al. Does lack of exposure to individual antidepressants at different points during
pregnancy associate with reduced risk of adverse newborn outcoBK? Pregnancy Childbir22,

926 (2022).

Williams,  A. S. Antidepressants in pregnancy  and breastfeeding. (2007)
doi:10.18773/austprescr.2007.075.

Thorpe, P. Get al. Medications in the First Trimester of Pregnancy: Most Common Exposures and
Critical Gaps in Understanding Fetal Rlarmacoepidemiol. Drug Sag, 1013;1018(2013).

Kojima, J., Ono, M., Kuji, N. & Nishi, H. Human Chorionic Villous Differentiation and Placental
Developmentint. J. Mol. Sck3, 8003 (2022).

Wong, M. K., Li, E. W., Adam, M., Selvaganapathy, P. R. & Raha, S. Establishment of an in vitro
placental barrier model cultured under physiologically relevant oxygen leMalks. Hum. Reprod.
doi:10.1093/molehr/gaaa018.

Vento-Tormo, Ret al. Singlecell reconstruction of the early materrgiktal interface in humans.
Nature563, 347%353 (2018).

Cole, L. A. Biological functions of hCG andtelEed moleculeskReprod. Biol. Endocrinol. RBE02

(2010).

Heaton, S. Xkt al. The use of BeWo cells as an in vitro model for placental iron transport.J.
Physiol- Cell PhysioR95, C1445C1453 (2008).

Mukherjee, et al. Oxidative stresénduced impairment of trophoblast function causes preeclampsia
through the unfolded protein response pathwaci. Repll, 18415 (2021).

2 020K {d tlolralz '® 3 YIFIYAZAalAZ ad ! OGABS | yF
Ginekol. PoBBO, 772,777 (2009).

Bhagavan, N. V. CHAPTER -3Endocrine Metabolism V: Reproductive System.Medical
Biochemistry (Fourth Editiorfed. Bhagavan, N. V.) 7@01 (Academic Press, San Diego, 2002).
doi:10.1016/B978120954467/50036-6.

Karahoda, Ret al. Trophoblast Differentiation Affects Crucial Nutritive Functions of Placental
Membrane Transportergzront. Cell Dev. BidlO, 820286 (2022).

llisley, N. P. Glucose transporters in the human placétitcenta2l, 14¢22 (2000).

{dzalil AYSR Ke@LISNHt@OSYAlI Ay @GAGNR R2gynNB3AdzZ | G4Sa
human term placental trophoblast: a mechanism to protect fetal development?l.
doi:10.1096/fasebj.12.12.1221.

llisley, N. P., Sellers, M. C. & Wright, R. L. Glycaemic regulation of glucose transporter expression and
activity in the human placent®lacental9, 5174524 (1998).

Loubiére, L. St al. Expression and Function of Thyroid Hormone Transporters in the Microvillous
Plasma Membrane of Human Term Placental Syncytiotropholiastocrinologyl53, 6126;6135
(2012).

Berveiller, Pet al. Drug transporter expression duringvitro differentiation of firsttrimester and

term human villous trophoblast®lacenta36, 9396 (2015).

Liu, Y.et al. Singlecell RNAseq reveals the diversity of trophoblast subtypes and patterns of
differentiation in the human placent&ell Re28, 81,832 (2018).

Burton, G. J. & Fowden, A. L. The placenta: a multifaceted, transient étgéws. Trans. R. Soc. B
Biol. Sci370, 20140066 (2015).

27



Ph.D. Thesis S. KouthouridisMcMaster University, Chemical Engineering

2.7. SUPPORTINIBIFORMATION

2.7.1.Supplementary Figures
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Figure 8.1. Differentiation of PSCs and BeWo b30 cells on tissue culture plasticX(RF®)s were differentiated in 384lls for

8 days, fixed and stained for nucleic acids (DAPI, blue) and cell adhesion maddireen (green)B. Cell density of PSCs and
BeWo b30 cells cultured in standard 384l plates (cells/well) as measured via DNA quantification assaywan@NOVA, N=6,
***n<0.001) C.Secretion of hCG over a span of 24 hours.-(@e ANOVA, N=3, ***p<0.001).
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Figure 8.2. Thawing and expansion of PSCs. Phase contrast images of showing the growth of blaRa@®34840) and
cytotrophoblastderived (RCB936) PSCs in cell culture flasks. (100 um scale bar)
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Thyroid transporters
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Figure 8.3. Heat map displayingX() important thyroid transportefd and B.) pharmaceutically relevant drug transportétor
all three experimental conditions. Gene expression levels were normalized by calcuktorgsz Colours represent scaled
expression values where magenta signifies high expression and white, low expression.
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2.7.2Supplementary Tables

Table 8.1. Reagents and media supplements

Reagent Source Catalog number
DMEM/F12 Thermo Fisher Scientific 10565018
2-mercaptoethanol SigmaAldrich M314825ML
Fetal bovine serum (PBS) Thermo Fisher Scientific 124840128
Penicillinstreptomycin Wisent Bioproducts 450-201-EL
Bovine serum albumin (BSA) SigmaAldrich A9205
ITS liguid media supplement (100x) SigmaAldrich 13146
L-ascorbic acid SigmaAldrich A8960
Epidermal growth factor (EGF) STEMCELL Technologies 78006.1
CHIR99021 STEMCELL Technologies 72054
A8301 STEMCELL Technologies 72022
SB431542 STEMCELL Technologies 72234
Valproic acid (VPA) STEMCELL Technologies 72292
Y27632 STEMCELL Technologies 72304
Collagen IV SigmaAldrich C75215MG
Forskolin STEMCELL Technologies 72112
Knockout serum replacement (KSR) Thermo Fisher Scientific 10-828028
TrypLE Thermo Fisher Scientific 12-605010
Trypsin Thermo Fisher Scientific 25300120
D-PBS Thermo Fisher Scientific 14190144
Endothelial growth medium (ECGM2) | SigmaAldrich G22111
DMEM Thermo Fisher Scientific 11995065
RNase/DNas#&ee distilled water Thermo FisheBcientific 10977023
Fibrinogen SigmaAldrich F38795G
thrombin SigmaAldrich T6884100UN
Bovine serum albumin (BSA) SigmaAldrich A9418100G
paraformaldehyde Electron microscopy science{ EMS 157145
Fetal bovine serum, qualified, hei Thermo Fisher Scientific 12484028
inactivated, Canada (FBS)

Triton-X SigmaAldrich T878750ML
65 kDa TRITC dextran SigmaAldrich T1162100MG
4 kDa FITC dextran SigmaAldrich 46944100MGF
Human recombinant insulin SigmaAldrich 91077C1L00MG
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Table 2.2. List of antibodies.

Reagent Source Catalog number
Anti-e-cadherin (IF and IHC) Abcam ab1416
DAPI SigmaAldrich MBDO00151ML
Anti-rabbit 1IgG (CF594) SigmaAldrich SAB460010250UL
Anti-mouse 1gG (CF594) SigmaAldrich SAB460010250UL
Anti-mouse 1gG (FITC) SigmaAldrich FO2571ML
Anti-hCG SigmaAldrich SAB450016800UG
Anti-CD31 Abcam ab28364
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Chapter3

Development of Two Transplacental Bari$sistems to
Model the Earlyand LateStage Placenta
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3. DEVELOPMENT OF TWO TRANSPLACENTAL BARRIER SYSTEMS TO MO
THE EAREXND LATESTAGE PLACENTA

Sonya Kouthouridis, Alexander Sotra, Zaim Khan, Justin Alvarado, Sandeep Raha, Boyang Zhang.
Continued &cerpt from the published work of Advanced Healthcare Materials. Reprinted with
permission.
Copyright® Wiley 2028ttps://doi.org/10.1002/adhm.202301428

3.1. MATERIALS ANDETHODS

3.1.1Establishment of Eard$tageBarrierModel

The earlystage barrier modetonsisted of a PSC monolayer cultured on a porous fibrin hydrogel
matrix with interconnected adjacent wells. To create this barrier model, our lab's proprietary IFlowPlate
model was utilized, which consisted of a 38dll plate with interconnected well fpiets (inlet, center,
outlet) and pressureadhesive bottoms. Hydrogel casting and cell seeding methodology was adapted from
the previous workand modified to meet the culture model requirements. IFlowPlate's fabrication was
streamlined since the first publicatiband plates were now manufactured in FDA registered, 1SO13485
and GMP certified facility (OrganoBiotech, Cat#A001). This device was consisted of three wells
interconnected by 20@im wide by 20Qum tall channels at its base and was compatible with standard
384-well culture. To set up the culture, first, a fibrinogen paymer solution (1Gng mE Ywas aliquoted
into 125uL quantities. Sterile distilled water (&) was then added to the inlet and outlet wells of the
devices being cast. Inmediately befaasting, thrombin (251, 1 U mt) was mixed into the fibrinogen
solution and 25uL of this mixture was cast into each center well. Hydrogels were allowed to polymerize
at room temperature for 30 min. Water was aspirated from the inlet and outlet wells and appropriate
media was added tolthree wells. For monolayer cultures, PSCs were seeded onto the hydrogel in the
OSYiNIf OKFYOSNI m K I*¥andiNdubatediflat anyri@ rooker mvernighnfor Cefist t 4 &
to attach. The resulting gel waharacterized by an average pore area of 0.54 + 0.183muh an average
Feret diameter of 1.08 + 0.4#m (Figure S.1A-C, Supporting Information). The next day, the plate was
placed on a prggrogrammed rocker (13ilt, 4 tilts h* Y, inducing a basolateral media flow rate of 30.0 +
8.6 pL h {Figure S.1DE, Supporting Infaration), andmedia was changed daily. All types of media used
in the device were supplemented with 2@ ml> "aprotinin to prevent fibrin degradation.

3.1.2.Dextran Permeability Assay

Dextran permeability was assessed in IFlowPlate to evaluate the passive diffusion of small molecules
through the barrier model. Dextran is often used in culture permeability assays because it is not
metabolized by mammalian cells and it has been shown ithean be used to assess siependent
paracellular transportz®in other words, transport across the cell barrier via the intercellular space. This
assay consisted of adding fluorescently labeled dextran into the central apical chamber of the device,
incubating the device on the tilter and taking fluorescent measurmasef the adjacent wells at specified
timepoints. A 1:1 molar ratio of 68Da TRIT{beled dextran (0.2ng mE Y and 4kDa FITdabeled
dextran (0.012ng mk ¥ was prepared in the appropriate culture medium. For experimental conditions
requiring compartnentalized culture, mixed media consisting of a 50:50 ratio of both media types was
prepared to eliminate the effect of media fluorescence on dextran fluorescent readouts. Fresh media
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(90uL) was added to the inlet and outlet wells of device, and dextran solutiopl(pwas added to the
central well to equilibrate the media levels (25 uL gel + 65 pL dextraquk ®0center well). A calibration
curve was created by serially dilutinbet dextran solution and adding @@L into each well triplet.
Fluorescent measurements were acquired using the Cytation5 plate reader and all measurements on the
same plotwere performed on the same day of culture. Preliminary assays confirmed that ther@ova
fluorescent bleedhrough between TRITC and FITC channels, which would skew experimental results
(Figure 8.2, Supporting Information).

3.1.3.Poly(l:C) Treatment and Cytokine Analysis

PSCs were cultured on IFlowPlate for 8 days in either expansion medium or differentiation medium.
On day 8, media in the central compartment was supplemented with poly(I:@y(&@® ¥, a viral mimic
that was shown to elicit an inflammatory response in many tissuasd, for the placenta specifically, it
was usedo induce preeclampsiiike symptoms in animal and explant mod&fsifter 24 h, supernatant
from the central (apical) compartment and media from the adjacent (basolateral) compartments were
collected. Media supernatant was centrifuged at 1@X0r 10 min to precipitate any cell debris, and 70
k[ 2F SIFIOK alYLXS gFa 02ttt SOGSR FTNRY (KS (€ L) adzNF
until they were sent to Eve Technologies for cytokine analysis. Samples were analyzed using the Human
Cytokine Pranflammatory Focused 1Blex Discovery Assay Array (HDF15) fefalowing biomarkers:
GM/ { CZ imC IEIRA, iR, -4, IL5, IL6, 11-8, IL-10, 11:12(p40), IL12(p70), IE13, MCPvYE ¢ b Ch @
Cytokine concentrations were converted to mass by assuming thk @0 supernatant in the central well
and a combined 18(L in adjacent wells. Secretion values under the detectable limit of the assay were
set to O.

3.1.4.Establishment of LatStage Barrier Model

The latestage barrier model consisted of a PSC monolayer cultured on a fibrin hydrogel laden with
perfusable vasculature. First, a gpelymerized hydrogel cell suspension of HUVEC$2&lls mk. Yand
fibroblasts (0.9M cells mk) was prepared and cast in the central well of the IFlowPlate device and
polymerized at room temperature for 30 min, similar to the eatgge model. A coating solution
consisting of fibrinogen (ihg me Y, thrombin (0.1 U nil), and aprotinin (2Qug mL ¥ in ECGM2 was
prepared. Water was aspirated out of the inlet and outlet wells and replaced withul06f the coating
solution. Media (4QL) was added to the central well and the plate was placed flat in the incubator
overnight. The next day the coating solution was replaggd 80 uL of media, the inlet and outlet media
were changed and the plate was placed on the rocker. On day 2, the inlet and outlet wells were seeded
with an HUVEC cell suspension (iLQ 1M cells mk ¥ and incubated flat overnight. Media was changed
onday 3 and the plate was placed on the rocker to encourage endothelial lining of the device channels.
PSCs were seeded on the fibrin gel on day 4, similar to the-gadg model. Once PSCs were seeded in
the central compartment, a compartmentalized medidture commenced: PSC media in the central well
(90pL of PSCM or PSCM+D) and endothelial cell media in the inlets and outlpts g@ECGM?2). In
addition, the plate was placed on the rocker until the end of culture.

3.1.5.Coculture Media Tolerance Assay
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During compartmentalized culture in the IFlowPlate, it was possible for media mixing to occur,
especially in early culture when PSCs had not yet formed a tight barrier separating apical and basolateral
compartments. A coculture media tolerance assay wasopmed to determine at what media mixing
ratios PSCs could still form a confluent monolayer on fibrin and endothelial cells cotddssatible into
vasculature. To do this, media mixtures consisting of different ratios of PSC expansion (PSCM) media and
endothelial cell expansion media (ECGM2) were concocted: 100% PSCM, 75% PSCM/25% ECGM2, 50%
t{/akpm> 9/ DaHX Hp> t{/akTp: 9/ DaHX YR mMnm: 9/ Da
cells welt Yon fibrin gels cast in a 384ell plate and cultured for 9 days in each media type. Endothelial
cells were suspended in the ppolymer hydrogel mixture (2fL) at a density of M cells mk Y cast into
a 384well plate and cultured for 3 days.

3.1.6.Vasculature Morphology Quantification

The vasculature from coculture media tolerance assay was characterized using theacmess
AngioTool softwar@The following variables were inputted into the software: high and low threshold
values, vessel thicknesses, small particles, fill holes, and scaling factor. These values were set for each
image so as to produce the most accurate vessel segmentation ahetwhization. Total vessel area,
average vessel diameter, total vessel length, and the number of vascular junctions were outputted from
the software.

3.1.7.Insulin Permeability Assay

To determine insulin permeability across different placental barrier models, PSCML)95
supplemented with human recombinant insulin X11¢ $n) was added into the central maternal
compartment of the IFlowPlate device. The plates were then incubated on the programmable tilter and
the supernatant samples were collected from each compartment after 24 h. An insulin ELISA ki (Sigma
Aldrich, RABO321KT) was used to quantify insulin permeation from the maternal to the fetal
compartments according to manufactr's instructions. Briefly, 8AL of media supernatant was
collected from the maternal compartment, and 100 from each fetal compartment. Optimal dilution
factors for each sample were determined. 300 of each diluted supernatant sample and of antigen
standard curve (positive control) were then incubated in individual wells of the ELISA array plate overnight
at 4°C with gentle shaking. The next day, wells were incubated at room temperature with gentle shaking
with a 1X biotinylated human insulin detémt antibody (10QuL) for 1 h, then with 1X HRf&eptavidin
solution (100uL) for 45 min, and finally with TMB os&ep substrate reagent (1Q6L) for 30 min. Wells
were washed four times with 1X wash solution (300 between each incubation step. Stogwion
(50uL) was added to each well immediately before measuring absorbance values @amn4&ing the
Cytation5 microplate reader (Biotek). Insulin values below the detectable limit of the assay were set to 0.
Insulinconcentrations were also measuratthe apical (maternal) compartment after the 24 h incubation
(Figure 8.3, Supporting Information).
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3.2. RESULTS ANDISCUSSION

3.2.1Differentiation of the EariPregnancy Placental Model Increased Monolayer Permeability
to Dextran

Having confirmed the superiority of PSC over BeWo b30 differentiation, these cells were seeded on
the IFlowPlate384 device. The central well is first cast with a fibrin hydrogel and PSCs are seeded on its
apical surface to create our eaffyegnancy placetal model. The adjacent wells serve as media storage
and allow for its perfusion through the gel once the device is placed on a programmable tilter. This layout
allows for compartmentalization of the maternal (centand fetal (adjacent) compartments, vahi are
separated by the fibrin gel representing the embryonic mesodétigure2.1B). PSCs were cultured on
the device for 8 days before performing a dextran permeabidlityay Figure3.1A). The hydrogel matrix
alone (without cells) was highly permeable told3a dextran, allowing 2.86 + 1.@fol to permeate into
the adjacent wells after a 21 h incubation, and 4.90 + prb@l, after 36 hFigure3.1B). In contrast, the
PSC monolayer maintained nesgro permeability at all timepoints between 0 and 36 h. To evaluate the
effects of syncytial differentiation on monolayer permeability, a similar assay was performed on PSCs that
had been differentiated onhe device for 8 daysH{gure3.1A). Both TRIFabeled 65kDa dextran and
FITGabeled 4kDa dextran were evaluated. PSC differentiation resulted in adgigendent increase in
dextran permeability, where the @8Da dextran significantly increased from 0.62 + 0.73 to 3.31 %
1.40pmol da/® *and 4kDa dextran, from 4.13 + 1.41 to 10.92 + 3p@@ol day YFigure3.1C).
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Figure3.1. Differentiation of earlystage placental barrier model triggers first trimester inflammatory response and change in
permeability. A) Timeline for establishment of eatgge placental barrier model (undifferentiated) and corresponding fused
model (differatiated). i) Dextran permeability assay was performed by addingDébfluorescently labeled dextran into the
central chamber and measuring its fluorescence in the adjacent chambers afieiiP%o induce an inflammatory state in the
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early-stage placental barrier model, poly(I:C) was added to the central chamber of the treated experimental groups. Cytokine
secretion was analyzed in both the apical (maternal) and adjacent (fetal) chambers of differentiated and undifferentiated PSC
after 24h. B) Timelapse of dextran perfusion into fetal chambers with and without cells. Dextran concentration continuously
increases with time elapsed, whereas the PSCs were able to maintain resistance agkidestp@smeation for at least 36 h
without meda change (tweway ANOVAN = 3, *p< 0.05, **p< 0.01). C) 65 andkDa dextran permeability of undifferentiated

and differentiated earhstage barrier model. Differentiation increased PSC barrier permeabilityDa dextran but did not affect
permeabilty to 65kDa dextran (tweway ANOVAN = 8, *p< 0.05, **p< 0.01). D) Cytokine secretion in apical (maternal) and
basolateral (fetal) compartments of undifferentiated and differentiated PSCs with and without poly(I:C) treatmemtagtwo
ANOVAN = 6, *p<0.05, *p< 0.01, **p< 0.001). E) Summary of the effects of PSC differentiation and poly(l:C) treatment on
inflammatory cytokine secretion. F) Heat map of the effects of differentiation and poly (I:C) treatment on total inflammatory
cytokine secretionldg(pg)) of PSCs cultured in eastage placental model. G) Expression (log2) ofipitammatory and anti
inflammatory cytokine gene markers in PSCs cultured in standaedl plates.

3.2.2.PSC Differentiation Affected Inflammatory Cytokine Secretion

Pregnancytriggers an inflammatory state in the human bodas pregnancy progresses, blood
concentration of many proand anttinflammatory cytokines will fluctuate in a tightly coordinated
immune response to maintain and support the pregnancy-iRlammatory GM-CSE! L C B IL-& i13%
IL-2,2 16,1516 |L-8,17 IL.-12p401° IL-12p70, MCRHL*® TNFh %) and antiinflammatory (L-1Ra® IL-4,% IL-
521 IL-:101720 11-13%Y) cytokines from both undifferentiated and differentiatedarrier models were
guantified to determine if we could simulate these cytokine profilEgre3.1A). In addition, both
undifferentiated and differentiated tissues were treated with viral mimic, poly(l:C), fdr, 26 a positive
inflammatory control. Differentiation triggered an increase of fre/ ¥t I YY I G2 NB @RIE 21 Ay Sa
8, I:12p40, MCHL, TNF" 0 | Y R @ in artBn@aiBiatally cytokine H1Ra Figure3.1D-F). Further,
treatment with 10ug ml "of poly (I:C) decreased the secretion of MGR-2, I1-4, I1l-:1Ra, IE12p70 and
increased the secretion of pioflammatory cytokines, 8, TNF* = L Cb' X AYRAOF G Ay 3 2 dzN
a robust inflammatory response to external stimuli. Interestinglyly(l:C) treatment did not affect 4
secretion rates, despite being present at high levels in the supernatant. This could potentially be due to
the fact that IE6 secretion is modulated by both matrix stiffn&g8and fibrin matrix degradaticiin
some cell types, which may have dampened any polyth€tliated increase in 4&. In contrast, PSC
differentiation increased H6 secretion by over 10fbld in basolateral and apical compartments. This was
consistent with findings that syncytiotrophasts more highly stain for-&2° and with longitudinal studies
showing that It6 levels in maternal sera increase with gestational4gdong with Ik6, TNF* g & 2y S
of the most highly affected prinflammatory cytokines in this study. Undifferentiated and untreated PSCs
secreted neazero amountsof TNF Ay 12 020K O2YLI NIYSydia ondon p 5
pg for basolateal) and the differentiated, poly(l:@eated cells secreted the most TNF A Y U N2 G KS | L
chamber (74.4 + 13.5 pg). This is expected, given thab TN SONB i A2y O2y Ay dz2 dzaf & 2
pregnancy in normal weight womeé#2 TNFh -~ K & 0SSy a K®egpyessidrin mulfipledzelS L [
types®®which explains howrophoblast IL8 secretion followed an identical trend-8Lincreased most
substantially with differentiation, however poly(l:C) treatment appeared to trigger an increase in the
apical compartment exclusively. This increase was most notable in diffaeshtizells, where H3
secretions increased from 4.83 + 2.15 t0 29.9 + 12.0 pg.

In vivo, MCRL is produced in large quantities by trophoblast c&&It has been shown that MCP
secretion into the maternal compartment of perfused placental explants is much higher than its secretion
into the fetal compartment? This suggests that the bulk of M@Psecretion may occur within the
syncytiotrophoblast cells, which are in direct contact with the maternal circulation. This is reflected in our
model where MCH. secretion increased with PSC differentiation (from undietgle levels to 2.13 + 1.77
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pg for apical and 0.94 + 0.40 pg for basolateral). Interestingly,-M@Rn decreased with poly(l:C)

treatment (0.36 = 0.16 pg for apical and 0.02 = 0.02 pg for basolateral>=IM&€Both responsible for

maintaining M1/M2 balance of macrophages and reginly trophoblast invasion of the placent&aThis

reduction in MCHL secretion by the differentiated syncytiotrophoblasts could be signaling to extravillous
GNRLIK2ofl ald OSftta G2 KItd Ay@lraazy Ayid2 GKS aAyTFS
from below the detectable limitd 0.01 + 0.01 pg apically and 0.01 + 0.01 pg basolaterally. When treated

with poly(l:C), apical secretion further increased to 0.03 + 0.02 pg, whereas basal secretion dropped back

dzy RSNJ 4G KS RS{GSOGFo6tS fAYAG® 5 dzNIbwii utérishfingiatdtheS Iy | y O
endometrial vascular remodeling necessary for the growth of the fétaewever it has also been shown

to be produced by human trophoblast cefi$ KA a SF NI & G(GNIyaASyd LINRRdzO(A 2
necessary in preventing maternal immune activation against the semiallogeneiéfetys I RRAGA 2y I |
inhibits invasion of extravillous trophoblasts in the first trimester, which is believed to be necessary in
preventing excessive invasion durimgplantation, leading to the dangerous condition of placenta
accreta®-3® Anti-inflammatory IL4 secretion averages ranged between 0.003 and 0.008 pg for untreated
conditions and were not significantly affected by differentiation or polarity. This finding was surprising

given that, along with 6 and IL7, Il:4 has been shownot stimulate hCG release within the
placenta®*“°IL-4 then decreased to below detectable limits with poly(l:C) treatment, as expected, given

its antiinflammatory properties. Basolateral levels ofl2p40 remained constant throughout all four

conditions, whereas apical levels ofli2p40 increased witlPSC differentiation in both poly(l:C) treated

(0.099 + 0.083 to 0.409 * 0.036 pg) and nontreated conditions (0.096 + 0.078 to 0.399 + 0.205 pg).

IL-2 is primarily known as a T cell growth factor and is responsible for the development of peripheral
immune cellst*?Although levels of 2 secretion were low and did not change with differentiation,
apicatbasal polarity was observed. Basolateral secretion (0.018 + 0.010 and 0.023 + 0.010 pg)} was 3.6
fold and 3.8fold higher than the apical secretion (0.005 * 0.0031 &n006 + 0.003 pg) in the
undifferentiated and differentiated untreated groups, respectively. This polarity was also observed with
poly(I:C) treatment, where changes in2llevels were only significant in the basolateral compartment
while apical #2 lewels remained constant. Despite-2Lconventionally being categorized as a ro
inflammatory cytokine, it has been shown that2lreduces inflammation during pregnancy and can
normalize certain symptoms in rats suffering from placental ischémi#f 12 acts as an anti
inflammatory cytokine within the placenta, this may explain why its basolateral secretion was reduced
with poly(I:C) treatment. Similarly, basolaterall2p70 levels dropped with poly(I:C) treatment in both
undifferentiated (0.133 0.038 to 0.038 + 0.032 pg) and differentiated conditions (0.116 + 0.067 to 0.044
+ 0.047 pg). HL2 is not only pranflammatory, but antiangiogenic and therefore may be important in
regulating fetal vascular formation throughout villous developnf@mthich would explain the higher
baseline 1112p70 secretion valudn the basolateral fetal compartment. Finally, there were no significant
changes in apical or basolateral secretion of-GBF, Hui X4, IL5, 11-:10, and IE13 as a result of
differentiation or poly(l:C) treatmentHigure 8.4, Supporting Information). Overall, cytokine secretion
was more strongly affected by PSC differentiation thanpoly(l:C) treatment. This may be due to
differences in treatment times (48 for poly(I:C) vs 8 days fdifferentiation) or mass transport
differences between media supplements (poly(l:C) vs forskolin) when crossing the placental barrier.
However, we believe that the high level of inflammation caused by the fusion of PSCs is reminiscent of
the first trimeser of pregnancy, during which cytotrophoblast cells are rapidly proliferating and fusing to
form the syncytium. At this early stage, trophoblastdl wecrete chemokines which will recruit and
reprogram the mother's immune system to shield the fetus from both the maternal immune system itself
and exogenous threat§4’Because the baseline inflammation during pregnancy is already high, health
risks to the mother and fetus are increased. Viral infections, smoking, excessive weight gain, and a host of
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other factors may increase inflammation and result in adverse pregnancy outcomes, driving the need for
informative in vitro models such as this one.

3.2.3.Cytokine Gene Expression Showed Similar Trends to Cytokine Secretion Data

Many trends observed in the cytokine secretion data were confirmed using gene expression data of
PSCs. Microarray sequencing was performed on undifferentiated and differentiated PSCs, and gene
marker expression of the 15 inflammatory cytokines studiechi ¢ytokine secretion panel was more
closely examinedrigure3.1G). Expectedly, gene marker expression foripfammatory cytokines I8,
I-12p40, and TNF A Y ONBF aSR aA3AyATFAOlIyidfte gAGK t{/ RAFTFSN
respectively, which agreed with their corresponding secretion data. ILIRIR#) expression increased
modestly with differentiation by 1.1fold. Although a similar increase inlRa secretion was observed
in the apical compartment of our differentiated IFlowPlate cultures, it did not achieve significance (p =
0.53). SimilarlylL10 (I£10) expression increased slightly with differentiation by a factor of 1.12, despite
IL-10 secretion remaining constant. The only discrepancy between the two datasets was for pro
inflammatory cytokine H6 that increased with differentiation, buthe corresponding gene marker
expression decreased by a factor of 1.16. In viv®, éxpression has been shown to be most highly
expressed in cytotrophoblasts and will decrease as cell fusion ¢€étsimilar to what was observed in
our microarray expression data. In contrast, it has also been shown that, when compared to
cytotrophoblasts, syncytiotrophoblasts more strongly stain feg,3twhich is consistent with our cytokine
secretion data. This discrepancy can be explained by the fact that mRNA often does not fully represent
protein secretion, especially when dealing with transient syst&ffiAlternatively, this difference could
be explained by the differences in culture substrates used between experiments (gene expression on a 6
well plate and cytokine secretion on IFlowPlate), which has been shown to affect inflammatory cytokine
secretion?># Further, there were no significant differences in cytokine gene expression of anti
inflammatory cytokines 4, I-5, and IE13, as well as prnflammatory cytokinesGM { C2 WwmCIX' Z L |
IL-2, 11-:12p70, and MCR, which agrees with the cytokine secretiindings. The significant increase in
MCR1 secretion triggered by PSC differentiation was not reflected in the gene expression data (p = 0.23),
however it appears that CCL2 (MCRyene expression trended in that direction. Overall, gene expression
of the 15 inflammatory cytokines examined largely agreed with the results of the cytokine secretion panel
and showed that PSC differentiation directs inflammatory cytokine release.

3.2.4.LatePregnancy Barrier Model Achieved High PSC Differentiation Rates

Vascularization is one of the defining characteristics of the placental organ and evolves throughout
pregnancy. When chorionic villi initially form, fetal vasculature is underdeveloped and does not yet allow
fetal blood circulation, which is vital to thdfieient transport of nutrients to the developing fetus. This
may explain why fetanaternal nutrient transport only commences at the onset of fetal circulation at
around week 12 of gestationi Therefore, perfusable vasculature is a defining feature that distinguishes
between early and latestage placental transport. Having established a model for esizige pregnancy
with undifferentiated cytotrophoblasts, next we incorporated vasculature adiferentiated
syncytiotrophoblasts to model latstage pregnancy. To do this, human endothelial and fibroblast cells
were incorporated into the fibrin hydrogel before being cast into the IFlowPRtu(e2.1B. Cells were
cultured in the platform for 4 days to allow for vascular ss§embly, then PSCs were seeded onto the
apical surface of the gel, similar to the egplegnancy modelRigure3.2A). Once PSCs were added, the
IFlowPlate was switched to compartmentalized media culture in which PSC media was maintained in the
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central well and endothelial cell media, in the adjacent inlet and outlet wells. A culture media tolerance
assay confirmed that both cell types were able to grow in mireellia Figure 8.5, Supporting
Information). Cultures were maintained with daily media changes for 8 more days to allow for adequate
PSC fusion. Vascular perfusion was confirmed immediately before orpaftereability measurements
were taken by introducing fluorescently labelled dextran into the inlet compartment and monitoring its
perfusion throughout the vasculature and into the outlet chanrtégqre3.2B). Tissues were fixed and

a0 Ay S Rliamidind2-phenyirdole (DAPI) andaadherin to assess PSC fusiigre3.2B). Fusion

rates of PSCs were very similar in the {stiiggemodel (Dif PSCs + Vasc, 84.4 + 1Bgtre3.2C) than in
differentiated monoculture (89.4 + 3.4%jgure2.2D) which suggested that compartmentalized media
and endothelial cell coculture did not heavitypact syncytiotrophoblast fusion rates. As expected, PSC
fusion rates in our latstage model were significantly higher than those of our estd@ge barrier modl

(Undif PSCs, 21.9 + 10.1Fgure 3.20), which still exhibited some spontaneous fusion. Despite this
modest reduction, fusion rates were still far improved from those of BeWo b30 cells in ideal culture
conditions (7.1 + 1.7%Figure2.2D). Histology crossections of the latestage tissue show that the
differentiated PSCs formed of a single, thin cell monolayer. Monolayer thickRréss€3.2D) was
comparable to that of differentiated PSCs on fibiftiglre2.2B), once again confirming successful PSC
differentiation into a fused syncytium. Endothelial cells were immunohistochemistry (IHC) stained for
CD31, an endothelial marker for vascular differentiation, which highlighted the luminal structure of the
selfassenbled vasculature.
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Figure3.2. Latestage placental barrier model exhibits altered permeability compared to-statje model. A) Timeline for
establishment of latestage placental barrier model. HUVECs and fibroblasts are cast into the central gel of the device and cultured
for 2 dayshefore adding HUVECSs into fetal compartments to line connecting channels. PSCs are then seeded into the maternal
chamber at day 4 and immediately differentiated for 8 days before permeability assays are performed. B) Imagirgjagfdate
placental barrer model. i) GFRbeled HUVECS (green) and fibroblastsasslémbled into fetal vasculature and dextran (red)
perfused across fetal channels at end of culture (D13){f®8cale bar). ii) Differentiated PSC monolayer fromdttge model

stained for ngleic acids (DAPI, blue) and focadherin (green) to demonstrate high degree of trophoblast fusiofru€ipn

percent of early and latestage modelsD)H&Estained histological crossections of i) whole fibrin gel with apical PSC monolayer

and perfusable vasculature at base. Higher magnification images of ijstd&ted fused PSC monolayer and iii) C&8ihed

HUVECs (brown) forming vascular structuf®sPermeability of 6%Da dextran across different barrier models (tway
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ANOVAN= 5 toN= 17, *p< 0.05, **p< 0.001).F) Permeability of 4Da dextran across different barrier models (tway
ANOVAN=5toN=17, *p< 0.05, **p< 0.001)G) Insulin concentrations in supernatant from basolateral (fetal) compartments

of late-stage placental barrier model (tw@way ANOVAN= 3 toN= 11, *p< 0.05, **p< 0.001). Apical insulin concentrations

were statistically similar between all culture cdtimhs, whereas vascularization of model caused a reduction in insulin transport

into the basolateral compartmenHd ¢ F 6f S &dzYYF NAT Ay 3 GNIyaLRNI FTAYRAy3Ia | ONB&a

3.2.5.Vascularization Altered Dextran Permeability of Barrier Model in al&ipendent Manner

After a total of 12 days in culture, barrier permeability was assessed in both vascularized and
nonvascularized models via dextran and insulin permealaiisaysKigure3.2A). Barrier measurements
were alwaygerformed on the same day (D12) to control for any differences in vascular morphology and
their resulting effects on molecular transport. Similar to vascularized tissues, nonvascularized cultures
were maintained in compamentalized media to control for culture media effects and isolate the effects
of vascularization on barrier permeability. Vascularization affected dextran permeability in -a size
dependent manner. Vasculature significantly decrease#@® dextran permeality (Figure3.2E) from
2.15 + 1.18 (no celtd 0.69 + 0.5Dmol day (Vasc only) through the hydrogel matrix. Further, lower
permeability results were also observed with the addition of vasculature to the differentiated PSC model
(0.47 + 0.29 for Dif PS®©nditionto 0.01 + 0.1(pmol day “for Dif PSC + Vasc condition), however they
did not prove to be significanpE& 0.91). In contrast, vascularization significantly increadddatdextran
diffusion Figure3.2F0 Ay G2 GKS I R2lF O0OSyild ¢Stfta o6KSy O2YLI NBR I
for no cell condition to 9.91 + 5.3@nol day “or vasculature only conditiom = 0.04) and appeared to
result in higher permeability values for the differentiated PSC condition (1.70 + 0.67 for Dif PSC condition
to 3.23 + 0.8(mol day for Dif PSC + Vasc condition). These results suggest that the addition of
vasculature acts as an extra barrier againskba dextran permeability, whereas it allows for faster
clearance of smaller KDa dextran molecules, thus increasing its transporesainto the adjacent
compartments. These findings highlightetimportance of incorporating vasculature in placental models
for fetal toxicity studies, given that smafolecule drugs will more rapidly permeate vascularized tissue.
Therefore, nonvascularized placental barrier models may falsely deem a drug safisefaturing
pregnancy. This result also aligns with the functional role of vasculature in the placenta, which is to
accelerate mass transport as the placenta becomes more highly vascularizedstaepregnancy. In
previous placentan-a-chip studies,ie endothelium functions as an additional barrier and hinders mass
transport, without capturing the clearance effects of perfusable vasculature. Here, we clearly showed that
a matrix that is more extensively vascularized will improve mass transport,safftgasmall molecules.

3.2.6.Vascularization Decreas@&arrier Permeability to Insulin

Ex vivo studies have shown that the placenta is impermeable to insulin at physiological levels, which
allows diabetic patients to continue their insulin treatments throughout pregnancy. Here, we tested our
barrier models to determine whether PSC differatibn and vasculature have a significant effect on
insulin transport from the maternal to fetal compartmentsdure3.2G). Interestingly, we first found that
our undifferentiated (earlystage) condition only slightly decreased (843.8 + 215.6 pl®Ynthe
permeation of insulin into the fetal compartments, whereas the differentiated PSC monolayer (1003 +
73.7 U mbY did not present any type of resistance against insulin passage. The amount of insulin that
ONRP&aSR AylG2 GKS FSOGFt OKIFYOSNER ¢l a adldrx&@yiAolrttaea
which consisted of a fibrin gel alone. The undifferentiated PSC monolayer-gesgty model) and the
differentiated PSC monolayer had statistically similar insulin permeation which agreeduwvitarlier
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findings that the INSR expression does not change with PSC differentiation. In contrast, the addition of
vasculature in our latstage placental model drastically reduced insulin permeation (108.1 £ 95.7 plU
mL® ¥ similar to in vivo. It is often assumed that the trophoblast barrier is the most selective when it comes
to feto-maternal transport, however in ex vivo placental perfusion studies, researchers are not able to
distinguish which cell layer provides resista against molecular passage. Similar tphwoblast cells,
human umbilical vein endothelial cells (HUVECSs) and fetal endothelial cells are also known to express
INSR%%¢ however fetal endothelial cells have been shown to express the gene at much lower rates than
first trimester trophoblast cell® which may explain why the endothelial cells provided more of a barrier
against insulin transport from the maternal to fetal compartment of our {stigge model. These results
suggest that the presence of an endothelial layer is critical to insulin transpodeling and may
significantly affect the safety ratings of molecules tested in in vitro type placental barrier méagisg

3.2H).

3.3.DiscussioN

The placenta is a rapidly evolving, transient organ which is considered the main site of nutrient and
gas exchange between the mother and the fetus. In this work, we engineered a hytesgel culture
model which was capable of simulating earbnd latestage placental function with the careful
modulation of differentiation and vascularization. We first characterized the differentiation capacity of
our blastocystderived trophoblast stem cells on a fibrin hydrogel by quantifying trophoblast fusion
efficiency, hCG secretion, and monolayer thickness. During the early weeks of pregnancy, the corpus
luteum secretes pregnanayaintaining hormones until placental maturation occurs. Trophoblast cells
often only have the capacity to produce hormones such as ptegm® and placental growth hormone
in the more mature placent& with the exception of hCG. Low levels of hCG are detectable in maternal
blood and urine as early as 2 weeks after ovulation. hCG continues to almost double every few days until
it reaches its peak concentration at the end of the first trimeStarhe undifferentiated PSCs exhibited
an 80fold higher baseline hCG production compared to the BeWo b30 cell line and further increased their
secretion with differentiation, more closely adhering to this physiological process. Microarray gene
sequencing wa then performed on both PSCs and BeWo cells, which confirmed a higher expression of
fusionrelated genes in PSCs.

Similar to hormone production, the placenta takes over pregnancy nutrient exchange from the yolk
sac at the end of the first trimestéf The earlystage placental villi therefore feature a structure less
complex than the term placenta and are characterized by an embryonic mesoderm sheathed in multiple
layers of cytotrophoblasts and a single syncytiotrophoblast layer. We constructed gseayd placental
barrier model consisting of an undifferentiated PSC monolayer cultured onto the fibrin gel of our lab's
IFlowPlate device. Most importantly, the permeability of the placenta is continuously evolving throughout
the pregnancy. Barrier pernadility was assessed in this model using fluorescently labeled dextran and
compared to the differentiated equivalent, which exhibited sitependent permeability differences. We
showed that cytotrophoblast fusion slightly increases monolayer permeabhilisntall molecules, and
therefore we believe that the syncytiotrophoblast layer present in earfge villi would offer negligible
resistance to molecular diffusion compared to the multiple layers of cytotrophoblast cells. This
assumption is supported bystudy that found that the cytotrophoblast layer of the rabbit placenta offers
the most amount of diffusional resistance against lipisoluble molecules compared to the
syncytiotrophoblast® To do so, Faber and Stearns used the trafilition method, which consists of
perfusing both permeable and impermeable tracers across the maternal and fetal compartments and
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measuring the recovery over time. More recently, it has been shown that the syncytiotrophoblast layer
contains transsyncytial nanopores which increase molecular diffusion across this b@mista result, the
multilayered undifferentiated PSC culture should be a valid model to represent early pregnancy.

Cytotrophoblasts perform the bulk of their differentiation into syncytiotrophoblasts in the first
trimester and continue this process throughout the entire pregnancy to replenish the syncytium. The
trophoblast differentiation process triggers the releadgpoegnancy hormones such as hCG, however it
also coincides with an increase in inflammatory cytokines within the maternafséfa showed that PSC
fusion increased the secretion of many prdlammatory cytokines and decreased the secretion rates of
anti-inflammatory IE1Ra. Interestingly, this increase is much larger than that resulting from poly(l:C)
treatment, indicating a conderable inflammatory state. This increase in inflammation is observed in the
first trimester of healthy pregnancies, where the maternal immune system is working synergistically with
the trophoblast cells, which are secreting inflammatory cytokines, tditite implantation and fetal
growth. When dysfunction occurs in immune signaling between the fetus and mother, risk of miscarriage
increase$® which is one of the reasons why the first trimester has highest risk of miscarriagésThe
inflammation observed in early pregnancy decreases once in the second trimester. By transitioning the
differentiated cultures back to expansion medium, it may be possible to maintain syncytial fusion while
reducing inflammatory cytokine production atious simulating this firsto-second trimester transition.
Interestingly, most of the factors in the differentiation media were already present in the expansion
media, however at lower amounts, except for forskolin, which has been shown to havaftamtimatory
propertie$>%¢and knockout serum replacement (KSR) which should not have any inflammatory effects as
it is a nutrient supplement. This suggests that the combination of these factors, when inducing cell fusion,
triggers an inflammatory state in the PSCs which may bessecy in vivo, given the inflammatory state
of the body in the first trimester.

The placenta cannot perform most of its barrier function in the first trimester, however its
permeability is selective and increases with gestation time throughout the second and third
trimesters® This is a result of several structural changes in the chorionic villi and morphological changes
in the trophoblast cells that compose it. As the placenta matures, vascularization will increase, and fetal
blood vessels will thicken to accommodate more llgaerfusion. At the cellular scale, cytotrophoblasts
regress and syncytiotrophoblasts thin toward the end of pregnancy, which reduces the barrier thickness
between mother and fetus and further increases transport. In addition, expression of hormone recepto
changes when cytotrophoblasts differentiated into syncytiotrophobfé€tsvhich may have downstream
effects on placental permeabili) These phenomena work synergistically to modulate fetaternal
placental transport. We designed a lattage placental barrier model by incorporating sssembled
vasculature into the fibrin hydrogel of our IFlowPlate device and differentiating thenit®Clayer.
Including vascular perfusion within our model altered its permeability and clearance of multisized dextran
molecules, as well as insulin. The addition of perfusable vasculature appeared to decrkBsediitran
transport and increase KDa dexran transport from the maternal to fetal chambers. These findings
suggest that the sefissembled vessels provided a significant barrier against larger molecules, however
the resulting vascular perfusion permitted the faster clearance of smaller molectles increased
clearance rate was largely duettte increased luminal flow velocity within the vessels, ranging from 13.1
to 338.9um ¢ “depending on the vessel dimensidnshen compared to flow velocity through the gel
alone (3.98 + 2.2pm ¢ “Figure 8.1FG, Supporting Information).

Interestingly, insulin, which is of similar size (58@8 to thesmaller dextran, permeated the barrier
more slowly when vasculature was added to the systéigure3.2G). Human insulin and many of its
analogs have been shown not to cross the human placental barrier at physiological¥&disre, the
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PSC media in the maternal compartment (apical) contained supraphysiological levels of insulin from
animal serum, which produced a larger concentration gradient across the placental barrier. Despite this,
the vascularized latstage placental barrier modeVas capable of maintaining a low concentration of
insulin in the fetal compartments (basolateral). Interestingly, the corresponding avascular model did not
provide any significant resistance against insulin permeation into the fetal compartment. Thesggind
indicate that fetal vasculature may function as the main barrier against insulin transfer to the fetus.
However, it is also possible that the endothelial or fibroblast cells within the gel matrix are binding or
degrading the insulin, or that fibroblasleposition is stiffening the matriX-"®thus reducing molecular
transport. Although we could not fully control for matrix property changes, we made certain to test the
groups on the same day to eliminate culture length effects on matrix degradation. Most ex vivo
experiments which have characteed insulin permeability use placental explants which cannot uncouple
the effects of the trophoblast, stromal, and endothelial cell layers. Regardless of the mechanism of action
at play, the incorporation of vasculature into the latage barrier model @duced insulin permeability

data more reminiscent of the in vivo placental environment. This work highlights the importance of
controlling both trophoblast differentiation and barrier vascularization when modeling the placental
barrier.

As with all in vitro models, there are certain limitations to address. First, the flow direction of vascular
perfusion in our model is bidirectional instead of the unidirectional flow of blood vessels, which may
impact endothelial cell morphology and certanflammatory pathwayg® However, this bidirectional flow
pattern still permitted the selassembly of fibroblast and endothelial cells into functional vessels
reminiscent of human vasculature. Further, this platform utilizes fibrin as its biopolymer hydrogel matrix
instead of baement membrane proteins such as collagen or laminin, which are the main components of
the placental extracellular matrix (ECMAlthough collagen gels would have provided a more
physiologically realistic ECM environment for trophoblast cells, they degradeartthct significantly
over time8! In contrast, fibrin degradation can easily be controlled with the addition of aprotinin to culture
medig? and provide a stable porous substrate that supports cell attachment and endothelial cell growth.
Further, they are conducive to collagen and laminin deposition by fibroblast cells, which alter the cellular
microenvironment and promot8D cellular organizen.® Next, the use of lung fibroblasts and HUVECs,
whose seHassembly has previously been optimized in our IFlowPlate plaff@mot native to the human
placenta and may result in vessels with slightly different barrier functions. Optimizing vessalsssifbly
in this platform using fetal endothelial cells and placental fibroblasts is the next step in elevating the
physiologial relevance of this model. Finally, fetal vasculature is in close proximity to the trophoblast
barrier in native tissues, which is not reflected in our model. However, this distance may be optimized by
reducing hydrogel thickness or by increasing vasquiesence in the top half of the gel. To do this, the
plate can be inverted or the prepolymer hydrogel viscosity can be tuned to prevent cell precipitation
during gelation. In addition, the endothelial and fibroblast cell density within the fibrin gebeasmried
to either increase or decrease the extent of vascularization, more finely tuning the developmental stage
which this device is simulating.

The versatility of our IFlowPlate platform allows us to make further potential improvements to more
closely mimic certain aspects of the native placental barrier. In this work, we triggered PSC fusion into
syncytiotrophoblasts by culturing them in diffet@ation medium containing forskolin, a cAM#etivator
extracted from plant root, which is not present in the human placenta. In vivo, this cAMP pathway is the
main route toward fusion, and it is activated by various chemical and mechanobiological fadioss
mechanisms are largely still unkno##Fluid shear stress has been shown to increase levels of
intracellular cAMP in primary human syncytiotrophoblast é&diad to significantly increase fusion rates
of rabbit trophoblast stem cells without the presence of forsk&lifhese findings suggest that
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incorporating fluid flow into the apical chamber of our device could trigger shear strdgsed PSC fusion

and bypass any nonphysiological side effectgkolin treatment on our system. Moreover, substrate
mechanical stiffness has been shown to affect fusion rates of BeW# aelliscan easily be tuned in our
model with the goal of triggering mechanically induced syncytialization. Finally, native placental villi form
branched structures resulting in large surface areas which are conducive to nutrient transport. These
structures nay be incorporated into our latetage barrier system using an already established hydrogel
patterning techniqué®®°This technique consists of stamping the hydrogel with a negative mold before
polymerization has occurred. Otherwise, the hydrogel can be allowed to completely polymerize against a
sacrificial mol& which can then be dissolved to reveal a villmagterned gel. In addition to increasing
barrier surface area, the surface topography modification would further decrease the distance between
fetal vasculature and the maternal compartment of our device.

3.4. CONCLUSIONS

Since the placenta is not a static organ, certain drugs, antibodies, bacterigyases may permeate
the placental barrier at different rates as a function of trimester and therefore may be deemed safe for
limited periods of time. In vitro placental models should therefore be capable of mimicking the various
stages of its developmerib produce translatable permeability data. Here, we have constructed an in
vitro placental barrier model from human trophoblast stem cells which has the capacity to model first and
third trimester placental function with the careful modulation of trophostifusion and vascularization.
This work shines a light on the critical effects of perfusable vasculature on molecular clearance within the
placenta and, thus, perceived placental barrier permeability. More broadly, this model offers the
opportunity to evduate the safety of certain compounds for use during the different trimesters of
pregnancy.
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3.7. SUPPORTINIBIFORMATION

3.7.1Supplementary Figures
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Figure 8.1. Fibrin gel characterization. A. SEM image of fibrin pores and image processing steps including thresholding and pore
area measurements. B. Average Feret diameter of fibrin gel pores. (N=4) C. Average area of fibrin gel pores. fhF&}ex. 1

bead particles moving through IFlowPlate channel adjoining its wells and respective Trackmate particle movement analysis
tracers. E. Flow rate measurements through IFlowPlate channel during pressere flow obtained from bim latex particle
movement. F. 4 kDRIT@extran perfusion through fibrin hydrogel from left IFlowPlate compartment at t=0s and t=100s. G. 4
kDa dextran velocity through fibrin gel via diffusion alone and diffusion with predsuen flow.
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Figure 8.2. Fluorescent standard curves of 4 kDa and 65 kDa dextran when s8 at different ratios. Standard curves are identical
when mixing FIT{&belled 4 kDa dextran with TRHEDelled 65 kDa dextran at ratios of 10:1, 1:1 and 1:10 [4 kDa : 65 kDa], within

which & the working range of our assay. Standard deviations are represented as error bars, however they are very small and
overlap with the data symbols.
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Figure 8.3. Apical concentrations of insulin in leteage barrier permeability assay. Insulin concentrations in supernatant from
apical (maternal) compartments of lattage placental barrier model. (Tweay ANOVA, N=5 to N=11, *p<0.05). Apical insulin

concentratios were statistically similar between all culture conditions, suggesting that insulin binding or degradation by PSCs
was not significant.
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Figure 8.4. Remaining cytokine secretion data in egulgcental barrier model. 48, 11-:10, 113 GMCSF and4ui & SONB A2y A
apical (maternal) and basolateral (fetal) compartments of undifferentiated and differentiated PSCs with and without poly(l:C)
treatment. (two-way ANOVA, N=6, *p<0.05, **p<0.01, ***p<0.001)
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Figure 8.5. Coculture media tolerance assay.Brightfield images of PSCs cultured on the surface of fibrin gels for 3 days.
Fluorescent images of HUVECs (red)assémbled within fibrin gels for 3 days. Both cells weitired with different ratios of
PSCM and ECGM2 (100/0, 75/25, 50/50, 25/75 and 0/100, respectively). (1000 um scae Tars)apse of PSC monolayer
coverage when culture on fibrin gels. Data presented as averages with standard deviation as er©rTiged.vessel area of
HUVECs sedfissembled within fibrin gels after 3 days in culture. (@ag ANOVA, N=3, ***p<0.00D). Average vessel diameter.
(Oneway ANOVA, N=3, *p<0.05, ***p<0.00FE) Total vessel length. (Ormeay ANOVA, N=3, *p<0.05) Numker of vessel
junctions (Onavay ANOVA, N=3, *p<0.0&). PSCs cultured for 11 days on either-@&4l polystyrene tissue culture plates or
fibrin gel with different media ratios of ECGM2 and PSCM. Cells were immunostained for nucleic acids (DAPI, @) enmd e
(red and green). (100 um scale bars)
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3.7.2.Supplementary Methods

Diffusion and flow velocity though IFlowPlate

Hp >f 2 7F -labelled déxBan in ERSesélution was added to the left compartment of-a cell
free IFlowPlate device with no liquid in the center and right compartments. Dextran movement was then
monitored via fluorescent imaging (Cytation5, BioTek)100 seconds. Timelapse images were imported
into imageJ, thresholded and hadfiipses were manually overlayed onto the areas with dextran. Changes
in the horizontal axis of the ellipse were measured and the velocity of dextran movement was determined.
The effects of diffusion were accounted for by repeating this experiment, however instead of no liquid in
GKS NAIKG OKIYOSNE wp > 2F t.{ 6+a&8 | RRSR (2 Sl
movement was then image at t=0s and t=100s using & plaader (Cytation5, BioTek). Dextran
movement from diffusion was subtracted from the previous measurements to obtain a final flow velocity.
tKSasS @I fdsSa ¢6SNB (KSy O2YLI NBR (2 TFft2g @St 20A0¢
vasculature acquirby the author of our previous publicatigrwhich were originally used for their shear
stress calculations.

Pore size analysis of fibrin

Four fibrin gels were extracted from the IFlowPlate device, dehydrated and SEM imaged at 5kx to
determine their porosity. Images were imported into the ImageJ software, cropped, and their brightness
and contrast were automatically optimized according t&th 32 F G 6 NB Qa -bit graygdldh ( KY ®
images were then thresholded between 0 and 80 and small background dots were eliminated using the
fill holescommand. The resulting binary image adequately represented the pores on the outmost surface
of the gel(Figure 8.1, Supporting Information), which were characterized using Amalyze Particles
function (pixel range 58000 pixels, circularity-0, exclude on edges).

Flow rate through IFlowPlate

The flow rate of media through the IFlowPlate gel was measured by perfusing RITGabelled
latex beads (L1030, 2.5% solids, Sigxtthich) throughout the device. 28 of a 1:800 dilution solution
of latex beads in PBS were added into the left compartment, with no fluid in the center of right wells, to
simulate the 18tilt angle of the rocker. Timelapse videos of the beads moving through the channel were
recorded using a confocal (3i Marianas Lightsheet microscope) at an average timelapse int€@ahsf 1
These images were then imported into imageJ and bead movement was analyzed using the TrackMate
plugir’? with the following settings: 1@m estimated object diameter, 200 quality threshold, 1615 initial
thresholding, 60vm initial search radius, 20m search radius, 1 frame max frame gap, >4.55 number of
spots in track, <1.0 mean directional change rate, >0.9 linearity of forward progression. Average particle
velocity was obtained and, knowing the IFlowPlate square channel dimensions were 20020
were able to calculate the flow rate of media perfusing through the gel.
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Chapter4

Modification of LateStage Barrier Moddbr Transport
Studies of Prescription Drugs During Pregnancy
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4. MODIFICATION OF LASEAGE BARRIER MODELTR2RISPORSTUDIES
OF PRESCRIPTION DRUGS DURING PREGNANCY

Sonya Kouthouridis, Poonam Saktadeleine LudlowBoyang Zhang.
Prepared for journal submission.

4.1. ABSTRACT

Throughout pregnancy, the placental barrier is crucial for fetal development, evolving continuously
to meet the growing nutritional demands of the fetus. Although the placenta has the capacity to
selectively filters compounds, harmful xenobiotic substances from the maternal blood can sometimes
cross over into the fetal circulatioihis drives the development iof vitro placental barrier models in the
context of drug transport studies. In this work, we improve upon the barrier model described in Chapter
4 of this thesis by transitioning from sel§sembled vasculature to a more reproducible straight vascular
channelAy 2dzNJ 1 0Qa ! yairztftl i8S Y2RSt o 28§ (KSy TFdzNIK
assessing the permeability of three model therapeutic agents: paclitaxel, vancomycin, and IgG. Drug
permeabilities were shown to be drug type, concentrationdasize dependent, similar to what has
previously been reportedTherefore, he presented model offers a promising tool for enhancing drug
safety assessments in pregnant women, ensuring both maternabe@lh and fetal health.

4.2.INTRODUCTION

Throughout pregnancy, the placental barrier continuously evolves to accommodate the nutritional
demands of the developing fetuat term, the placenta consists of branched chorionic villi which are
bathed in a chamber of maternal blood and house the fetal vascular. A thin layer of fused
syncytiotrophoblast cells enclose these villi and a smaller population of undifferentiated cytotrophoblast
cells and various stromal cells are present between this syncytium and the endothelial layer constructing
the fetalasculature. Along withf dzi NA Sy iaz ¢l 4GS | yR 3L a8Sazx ESy2z2oAzi
blood stream, such as prescription drugs, can sometimes cross the placental barrier. Prescription drug use
during pregnancy is often necessary for the vibeling of the mother and halseen increasing over the
past 3 decades, especially in the first trimester of gestation

The most commonly prescribed psychotropics for anxiety and depressiogeetive serotonin
uptake inhibitors (SSRIs) and benzodiazepine (BZidsh have been shown to readily cross the
placent& and accumulate in fetal tissu&s Antibiotics make up 80% of medications prescribed during
pregnancy. In the instance of maternal infection, antibiotics may be prescribed to pregnant women,
however they have also been shown to cross the placental baaiet cause increased risks of asthma
and changes in the fetal intestinal microbiofn€hemotherapy use during the first trimester is dangerous
and can lead to the spontaneous termination of the pregnancy and therefore this specific type of drug is
more likely to be prescribed during thé2and 3¢ trimesters, when the risk of severe complications is
reduced. However, many studies evaluating the safety and side effects of these drugsraradictory,
which make it difficult to conclusively judge their saféfy. Despite the potential negative side effects
associated with these medications, it is crucial that pregnant women maintain access to them. The
untreated ailments pose greater risks than the listed side effects. Therefore, physicians must carefully
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weigh the necessity of treatment against the potential risks posed by the drugiro placental barrier
models offer an ethical avenue to inform these decisions, facilitating the testing of drug treatment plans
and the development of novel medications.

Manyin vitro systems have been developed to mimic the placental bafribowever many of them
have not successfully coupled a highliferentiated syncytiotrophoblast layer with perfusable
vasculature. In our previous work presented in Chapters 3 and 4, we established a vascularized placental
IFlowPlate model to model bothaely- and latestage pregnancy which highlighted the importance of the
vascular barrier in transplacental researtiThis model exhibited impressive syncytiotrophoblast fusion
rates averaging34.4 + 1.0%and featured selassembled vasculature, enabling the development of
intricate vascular networks that closely mimic physiological conditions. However, while these networks
offered enhanced realism, they posed challenges to reproducibility because of ngerperson
variability in gel casting techniques and batoRbatch differences in thrombin activityrhese factors
contributed to discrepancies in endothelial ceBtdibution within the gelvhich necessitated the pruning
of a significant number of neperfusable tissues, reducing the throughput of each plate. In addition, this
model required further validation to determine its effectiveness in drug transport studies. Further, lung
fibroblads were used in these tissues due to the commercial unavailability of placental fibroblasts at the
time of this study. To address some of these issues, we have streamlined our placental barrier model
design by replacing the sedltssembled vasculature with a single vascular channel. In addition, placental
pericytes were incorporated into the hydrogel matrix, in the place of lung fibroblasts, to assess their
capacity to support the vasculature of our model. Finally, this new modelusad to assess the
permeability of the commonly prescribed chemotherapeutic drugs paclitaxel, the antibiotic vancomycin,
and human immunoglobulin derived from human seruRlacental permeability to these molecules was
concentrationdependant, therefore hjher maternal concentrations resulted in higher drug
concentrations in the fetal compartment of the model. Permeability was also molecule size dependent.
Larger molecules, such as immunoglobulin G (IgG) and 65 kDa dextran, permeated through the placental
barrier at significantly lower rates when compared to smaller molecules, such as paclitaxel or vancomycin.
All threetested in this workhave varying placental permeabilities vivg and this model was able to
recapitulate the trends in permeability, demstrating the capacity of this model to be used in drug safety
screens for pregnant women.

4.3. MATERIALS ANBETHODS

4.3.1Cellculture (PSCs, HUVECSs and pericytes)

PSCs (blastocyderived, RCRB940, female) were procured from Riken BRC Cell Bank at passage
number 17 and used until passage 23 in all experiments. Undifferentiated cells were maintained in
expansion mediurt consisting of DMEM/F12 + GlutaMAX supplemented withe2captoethanol (0.k
10" M), fetal bovine serum (FBS, 0.2%), penigalireptomycin (0.5%), bovine serum albumin (BSA,
0.3%), ITS (insulin, transferrin, selenium@dia supplement (1%);dscorbic acid (1.ag mk Y, EGF (589
mL> ), CHIR99021 (2 x 1%n), A8301 (0.5 x 10m), SB431542 (1 x 46n), VPA (0.& 1C¢ Im), and
Y27632 (5 x £0m). T75 flasks were precoated with a 10 pg/ml col IV solution in PBS and incubated for
1.5 hours at 3%C. Cells were passaged when they reached 80% confluence by washing with PBS, then
dissociating with TrypLE for 4l mins and splitting at a 1:4 ratio onto collagercbated flasks. Primary
HUVECs were purchased from Cedaglbabs (CABO01GFP) and expanded in endothelial cell growth
medium 2 (ECGM2, Sigmddrich, cat#C22011), on flasks coated with 0.2% gelatin, until passage 5.
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HUVEC/TERT2 cells were obtained from Evercyte-@Q$HJ008) and were expanded in ECGM2
supplemented with G418 (Invi@en, antgn-1), an antibiotic acting as a selection agent to maintain the

purity of the transfected culture. Both HUVEC types were dissociated with THP3JiA solution (0.05%)

for 3 minutes at 37C and replated at a 1:4 ratio. Primary human placental pericytes-Php@vere

obtained from PromoCell (€2980), cultured in pericyte growth medium 2 (PGM2, Millipore Sigma, C

28041) and used uiltpassage 5. Pericytes were dissociated with SteMPxacutasé™ (Thermofisher,

A1110501) forn YAya |G NRB2Y GSYLISNI GdzNB FyR NBLIX FGSR |
instructions. All cells were cultured at®7with 5% CO

4.3.2.AngioPlate manufacturing (soft lithography)

A 30% gelatin solution was prepared by dissolving gelatin from bovine skin (Sigma Aldrich, G9391) in
water and autoclaving immediately after to dissolve and sterilize. Gelatin solutions were stored in the
refrigerator until use and were used within 4 weefpreparation. Standard photolithography techniques
were used to produce positive S8Jmaster molds from which negative PDMS molds would be cast. Each
epoxy mold was silanized (Sigildrich, cat#448931) at ambient pressure with 45 uL of silane for & hou
A prepolymer solution of Sylgard 184 PDMS was mixed at a ratio of 1:5 and cast onto the silanized master
molds, degassed for 1 hr at room temperature and then cured at room temperature for 48 hrs. The cured
PDMS mold were then treated with a 5% solutiohPluronic acid (Pluronic®1B7, Sigmaldrich,
cat#P2443) in water for 30 mins, then rinsed with distilled water and dried. The PDMS mold was then
capped onto a pressure sensitive adhesive 8Microfluidic diagnostic tape, cat#9795R) sheet that was
trimmed to size. Gelatin was preheated in 2B6®il bath for 15 minutes before pipetting into the inlet
PDMS channels and aspirating from the outlet to obtain a gefidléiid channel. Gelatin channels were
left to dry in a humiditycontrolled chamber at 22% humidity an8Cifor 34 days, or until they had dried
enough to detach from the PDMS walls. PDMS was then peeled off to be left with an array of gelatin
channels on a seHdhesive sheet. The patterned sheet was subsequently capped onto the base of a
bottomless 384well plate which had been milled with channels to accommodate the gelatin structures.
Plates were UV sterilized for 10 minutes each side before use.

4.3.3.AngioPlate manufacturing (3D gelatin printing)

A 40% gelatin solution was prepared by dissolving gelatin from bovine skin (Sigma Aldrich,
cat#G9391) in water and autoclaving to dissolve and sterilize. Gelatin channels were 3D printed onto
pressureadhesive sheets (3M microfluidic diagnostic tape, cat#9795R) on a B Rellink) bioprinter
with a 30G needle at the following settings: speed of 15 mm/s, pressure of 24 kPa, printhead temperature
50°C, print bed temperature of P4 ® ¢ KS NBadzZ GAy3a ISt aGAyYy OKFyySfa K
printed in a 384well plate format. The patterned sheet was subsequently capped onto the base of a
bottomless 384well plate which had been milled with channels to accommodate the gelatin structures.

Plates were UV sterilized for 10 minutes each side before use.

4.3.4.Establishment of model

A prepolymer fibrin gel solution was prepared by mixing ¥2b 2 ¥ Mn Y3k Yt -FA 0 NA Y
'f RNAOKZ OF 1 CoyT g0 & A U K-Aldriph, T6§84) i & 1.3mhEppeNdbrf tib& R Y 6 A Y
>[ 3S8Sta&a 6SNB AYYSRAIGSte Orad Ayid2 GKS OSyidSNI gSf
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NE2Y GSYLISNI(GdzZNE F2NJon YAYyaod cdn >[ 2F 6 N¥YSR t.{
a rocker (OrganoBiotech, Cat#B001) éiG3fbr 20 mins to wash away the sacrificial gelatin channels. PBS

was replaced and plate was incubated in the same conditions for another 20 minutes. PBS was then
FELANI GSR FYR pn >[ 2F 9/ Dau adzLlLX SYSy (i Skhns K M
into each adjacent well before placing the plate on thé@Tocker overnight. The next day, media was

aspiated from all wells, being careful not to disturb the fibrin gel in the center compartments. A cell

adza LISy airazy 2F pnnZInnn |1} +£9/7akYf 6Fa LINBLINBR YR
adjacent to the gel. The hydrostatic pressure difference betwbercenter and adjacent wells allows the

cells to flow into the fibrin channel, which eventually becomes the vascular channel. Once seeded, the

plate is incubated flat for 2 hours at37 6 ST¥2NBX pn >[ 2F YSRAlI ¢l a I RR
chang R RIFIAf & o6& LIALISGOGAYT pn >[ Ayid2 GKS OSyiSNI g
PSCs were added to the central compartment to form a monolayer of syncytiotrophoblast cells. Firstly, a
400,000 cell/ml suspension of PSCs was prepare& medig*consisting of DMEM/F12 + GlutaMAX
supplemented with 100 mM-Bnercaptoethanol, 0.5% peniciltistreptomycin, 0.3% BSA, 1% ITS media
adzLIJLJ SYSY (> Hp >a ,HTCOHX H a1 PINBTF2 OSYI m@uzavySw al
to the central compament and media was switched to a compartmentalized setup for the rest of the

culture with ST media in the center and ECGM2 in the adjacent wells. Media was changed daily, and barrier

analyses were performed after 8 days of coculture to allow for ST eliffi@tion.

R

S
St

4.3.5.Incorporation of pericytes in model

Placental pericytes were incorporated into some models to determine where they improve vascular
barrier and/or placental barrier permeability. Before casting, the prepolymer fibrin gel solution was laden
with pericytes at concentrations of either 50,000lsAnl or 25,000 cells/ml. Gels were washed twice with
PBS for 20 minutes, similar to the standard AngioPlate protocol above, however, 8% FBS was added to the
ECGM2 media overnight to promote pericyte growth. Media was changed daily and HUVECs were added
on day 2 of culture after which media was switched to ECGM2 without FBS. PSCs were added 7 days later,
and cultures were maintained as described in the previous section. All media added to the platform
included 1% aprotinin to control fibrin degradation ovene.

4.3.6Vascular permeability assay

A vascular permeability assay was performed before commencing coculture to confirm that the
vasculature had formed correctly, and, once again, before every total barrier permeability assay to verify
that vascular integrity was maintained during cocultuéesolution of 1 mg/ml of TRI9I@belled 65 kDa
dextran (Sigmaldrich, cat#T1162) and 1 mg/ml of H@Belled 4 kDa dextran (SigrAddrich,
cat#46944) was prepared in media. A standard curve was prepared by serially diluting the dextran solution
11,1 mYmManX mYmann FyYyR n YakYfo FyR LALSGOGAYT dn
FALIANI GSR FTNRY GKS LIXFGSE yR cp >[ 2F FTNBaAK YSRA
solution was added to both adjacent wells to normalthe hydrostatic head in all three interconnect
gSffta odn > RSEGNIYSZ cp >[ YSRAIF b wp >[ 3S8tz:
immediately acquired with a Cytation5 plate reader and acquired again after placing the plate on the
rocker for 1hr to determine vascular permeability under realistic culture conditions. When performing
this assay in coculture, dextran solutions, as well as standard curves were prepared in 50/50 mixtures of
the media used in the compartmentalized cultures. All datspnted in the same plots were performed
on the same day.
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4.3.7.Total permeability assay

Total dextran permeability of the AngioPlate placental barrier model by measuring the amount of
dextran that diffused from the maternal compartment (central well above the STs) through the ST and
endothelial layers, into the fetal compartments (adjacentlig)e 4 kDa and 65 kDa fluorescently labeled
dextrans were added into the maternal compartment at a 1:1 molar ration (12g84! and 200>g/ml,
respectively) in mixed media consisting of isovolumetric amounts of ECGM2 and STM. At t=0 of this assay,
mediawas aspirated from all wells and 160 of 1:1 ECGM2 and STM was added to the fetal welld. 75
of the dextran solution was added to the central maternal compartment of the device to equilibrate media
levels between compartments and avoid fl¢2b uL gel ¥5 pL dextran 200uL in center well)The plate
was placed on a rocker at 87 for 24 hours, at which point fluorescent was analyzed to determine the
amount of dextran permeated through the barrier model. Standard curves were prepared in a 1:1 media
ratio of ECGM2:STM to determine the final dextran concentrations in the fetal commgrats. Fluorescent
measurements were acquired using the Cytafiguate reader.The absence of bleetthrough between
channels was confirmed in previous wbrk

4.3.8.Immunostaining

AngioPlate gels were first washed with PBS for 5 mins and then fixed with a 4% paraformaldehyde
solution overnight in a%C fridge, where all overnight immunostaining steps were performed. The next
day, gels were washed with PBS three times for 10 mins each and then fresh PBS was added overnight to
remove any residual fixative. Cells were blocked and permeabilized overniggha\t0% FBS (Thermo
Fisher Scientific, 12484028) and 0.1% tri¥KSigmaAldrich, cat#X100) in PBS solution. Next, a primary
antibody solution was prepared consisting of an agtiadherin (1:200 dilution, Invitrogen, cat#1300)
diluted in 2% FBS. Samples were incubated in the primary antibody solution overnight and washed thrice
with PBS for 10 mins. A secondary antibody solutmrsisting of antmouse FITC (1:1000 dilution, Sigma
Aldrich, cat#F0257) and DAPI (1:1000, Sigidaich, cat#D9542) in 2% FBS was applied to the gels
overnight and tissues were washed in PBS thrice for 10 mins, before being washed with fresh PBS
overnightagain. Samples were manually removed from the plate and imaged in a chamber slide via
confocal microscopy (3i Marianas Lightsheet microscope).

4.3.9Fusion percent quantification

Fusion analysis was performed on confocal images of tissues stained for DARiaatteerin. Total
cell number was determined by counting DARlined nuclei in imageJ. Thecadherin stain was
superimposed onto the DAPI image, and the fusion percent was determined by counting nuclei present
in groups of at least three within a singéecadherin boundary. The fusion percent was reported as the
ratio between the number of fused nuclei and the number of total nuclei in each image.

4.3.10. Drug permeability assay

The drug permeability assay was designed in a similar way to the dextran permeability assay, where
fluorescentlabeled versions of the drugs were introduced into the central maternal compartment of the
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placental model and incubated for 24 hrs, then fluorescent readings of the adjacent fetal compartments
were taken to determine drug concentrations. Paclitaxel (Oregon Green Conjugate, Sigma Aldrich,
cat#P22310) solutions were prepared at concentrations wi, 500 nM, and 50 nM in the 1:1 ECGMZ2:
STM mixed media. Vancomycin (FITC Conjugate, Sigma Aldrict5BRE0028solutions were also
prepared at concentrations of Bg/ml, 500 ng/ml, and 50 ng/ml in the 1IHCGM2: STM mixed media.
Finally, an IgG soliain (FITC conjugate, Sigma Aldrich, F§68& mg/ml was prepared in the same media.

At t=0 of this assay, media was aspirated from all wells andrLQff 1:1 ECGM2 and STM was added to
the fetal wells (left and right). 78L of one of the drug solutions were added to the central maternal
compartment of the device. The plate was placed on a rocker°& 8# 24 hours and 7L of media was
sampled from the fetal wells and pipetted into a blag&lled and clear bottomed 384ell plate for
fluorescent anaisis. Standard curves for each one of these drugs were prepared in a 1:1 media ratio of
ECGM2:STM to determine the final drug concentrations in the fetal compartmé&hterescent
measurements were acquired using the Cytafigate readerat the excitation/emission wavelengths
ALISOATASR o0& (KS RNMHzZZAQ YI ydzF Il O dzNB NJ

4.4, RESULTS ANDISCUSSION

4.4.1Model design

The mature placental barrier consists mainly of a thin syncytiotrophoblast layer jacketing the
chorionic villi, and aendothelial layer which encloses the fetal bloddgure4.1A). When designing this
placental barrier model for drug safety studies, we applied a similar approach to Chapter 3 where a
syncytiotrophoblast barrier, a fibrin gel matrix and a vascular barrier separate the fetal and maternal
compartments of the modeFigure4.1). Further, the plate design is inspired from standard -@&Al
plates, enabling device compatibility with traditional imaging infrastructure and liquid handling tools.
Wells are also connected in tripletSigure4.1C) to allow for perfusion of media throughout the vascular
channel when incubating the plate on a tilting device.

However, to accommodate the requirements of hidnoughput drug safety studies, we transitioned
from the selfassembled vascular networks in the IFlowPldtglatform to a straight, uniform vascular
channel in our placental AngioPldtedevice Figure4.1B). The surface area of the barrier plays a
significant role in dictating both the rate and quantity of molecule permeatiomss a cell layer. Hence,
in drug placental permeability studies, maintaining consistency in barrier surface area across tissues is
vital to mitigate it as a variable. This ensures reliable comparisons and interpretatidngypermeability
data. In addition to increasing the reproducibility of these tissues, the transition frorrassfimbled
vasculature to a straight vascular channel has allowed for a more robust culture protocol and therefore a
higher yield of perfusable tissues. However, thevice manufacturing had to be modified and went
through multiple iterations until a robust and reproducible manufacturing process was selected.
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Figured.1. Design of a single channel placental barrier modld?lacental chorionic villi consist of a thin multinucleated syncytium
enclosing the fetal vasculature. Nutrients are therefore transported from the maternal blood, through both the syncytial and
endothelial barriers, to the fetal vasculature to meet theritisnal demands of the growing fetuB. This placenta barrier model
consists of a fibrin hydrogel acting as the interstitial space with a single vascular channel connecting it to the twb wd|Ece

On the apical side of the gel, a syncytiotrophoblast monolayer is differentiated and endothelial cells are seeded qphérg peri

of the vascular channel to form a vessel. The device is incubated on a tilting device which permits media pettfiesi@sgel.
C.The single channel placental barrier model is designed based on-ael8dlate and can accommodate higifroughput
studies.

4.4.2Designing and manufacturindacental barrier model

In our first placental AngioPlate design iteration, we used a manufacturing technique previously
developed in our lab consisting of soft lithography techniques to generate sacrificial alginate structures
on the bottoms of a 384 well plate In addition to taking Slays for manufacture, this technique suffered
from other drawbacks such as: the messy technique of pouring alginate over the PDMS mold, multiple
time-consuming centrifugation and degassing steps, PEGDM is solid at room tempewadutteerefore
requires constant warming when pipetting into wells, and the use of a polystyrene plate bottoms which
requires a finicky gluing step between itself and the bottomless\880 plate and adds and extra day of
curing (6 days total). To addreseme of these issues and streamline the manufacturing process, we
adopted manufacturing methods previously developedour lab by other graduate students. We
transitioned from alginate as our sacrificial material to geldfigre4.2A) and from using centrifugation
to fill the PDMS channels to pipetting into one inlet and aspirating the gelatin through the channel from
the outlet. Next, we transitioned from polystyrene as our plate bottoms to a presasdhesive sheet and
we began milng the commercial bottomless well plateBigure4.2C) into which we would align the
gelatin pattern, eliminating the final gluing step and the need for PEGDM. This resulted in a total
manufacturing time of 4 days, 2 of which were passive time spent drying. However, this technique also
presented its own imprtant drawbacks. PDMS is an elastic polymer and therefore, when capping
the adhesive sheet, it is possible to accidentally stretch or compress the PDMS, causing the misalignment
of the gelatin channel array onto the adhesive sheet. This resulted in a final misalignment of the adhesive
sheet onto the bottomless well plaseand the elimination of many wells during our quality control step
before commencing culture. In addition, the final peeling of the PDMS from the adhesive sheet could
sometimes damagthe gelatin structures and once again lower the yield of successful wells.
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Figure4.2. Evolutionof manufacturing techniques used to create the AngioPlatdhe gelatin casting method consists of soft
lithography techniques used to create a PDMS mold with channels that are filled with gelatin via pipetting and aspiration and
then dried to obtain a gelatipatterned polystyrene shedB. The gelatin printing method consists of 3D printing a gelatin solution
using a bioprinter onto the pressure adhesive plate botto@dach of the gelatipatterned plate bottoms are adhered onto a
commercial bottomless well plate that has been milled to accommodate themelzinnels connecting the well triplets.

The finalized manufacturing protocol involves the 3D printing of gelatin channels onto an adhesive
sheet using a bioprinter and adhering it onto a milled 384l plate, a procedure established in our lab
by other graduatestudents Figure4.2BC). Using thitechniqueshortened the manufacturing time of
these platesfrom 4 daysto half an houy however it increased the variation of the vascular channel
diameterfrom 292.9° 11.4mm for the gelatin casted plates to 322°337.9 nm for the gelatin printed
plates Figure4.3A). Despite this increase, the 3D printed method allowed for consistent evenly spaced
channels, making it easier to align the patterned adhesive sheet onto the milled bottomless plate at the
tail-end of manufacturing. Once the 3D printed plates were cagh wiffibrin gel, the channel slightly
swelled, and the diameter increased to an average of 4738.1 nm.
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Figure4.3. Characterization of AngioPlate devicAsRepresentative image of the straight vasculature channel patterned using
gelatin casting angrinting methodsC.Violin plot of diameter distribution of gelatin channd)sDiameter of 3D printed channels
before and after casting fibrin gels.
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4.4.3Comparing GFP and TERIVECs

Primary human umbilical endothelial cells (HUVECS) are often used to vascinlariize tissues.
However, they suffer from the same drawbacks of any other cell line: limited passage numbers and
constant need for sourcing. To combat these issues, HUVECs can been transduced witinthease
reversetranscriptasegene (TERT) which permits the maintenance of their differentiated phenotypes and
extends their lifespal¥!8. Although it has been shown that TERTVECS exhibit similar growth rates and
barrier properties their primary counterpaffs'’, we wished to confirm this in our model system. We first
seeded either GFAUVECs or TERIUVECS into the vascular channel of our hydrogel, allowed them to
proliferate and form a confluent luminal vessel, then seeded PSCs only the surface of the gel on day 7.
Cultures were switched to compartmentalized media consisting ¢tSIM above the STonolayer and
ECGM2 in the vascular chanrféigure4.4A). Permeability to 4 kDa and 65 kDa dextran was evaluated on
day 6, before PSCs were added and compartmentalized culture was commenced, as a baseline.
Endothelial cell only conditions were included to isolate the effects of ST coculture from the effects o
compartmentalized media culturd-igure4.4B).

Firstly, the TERAIUVEC condition exhibited higher 4 kDa and 65 kDa dextran permeation rates (682.3
° 112.6pmol/hr and14.82° 6.51 pmol/hr, respectively) than the GAHRUVECS condition (489°234.7
pmol/hr and8.26° 1.04 pmol/hr, respectively) on day 6. However, the vessels constructed of both cell
types degraded over time and did not maintain thieérrier integrity to 4 kDa (1089 169 pmol/hr for
TERIHUVEC@mol/hr and 756.1° 93.2 pmol/hr for GFHUVEQsor 65 kDa dextrans (30.74 9.29
pmol/hr for TERHUVEC®mol/hr and 27.04° 5.61 pmol/hr for GFFHUVEQs Interestingly when
cultured with STs, this barrier degradation was no longer apparent in the 65 kDa permeability assay (8.96
° 2.87 pmol/hr for GFHUVECs STs and .222.71 pmol/hr for TERHAUVECSs + STs), and most notably,
the barrier seemed to improve from day 6 to day 15 when testing for 4 kDa dextran vascular diffusion
(367.2° 67.4 pmol/hr for GFIHUVECs + STs and 319.81.8 pmol/hr for TERRUVECs + STs). These
findings indicate thatrophoblastcoculture enhances the barrier integrity of both endothelial cell types
examined in this studyThis agrees with previous findings by Lek al. that showed that PSC
syncytialization triggered an increasedndogenous progesterone immunomodulatory binding factor 1
(PIBF1) secretion, which was later shown to enhance endothelial migration and tube formation of
endothelial cells in a dosgependent mannéef. The improvements in vascular endothelial integrity that
we observed can be likened to those caused by endothelial cell coculture with other support cells such as
fibroblasts and pericytes, highlighting the importance of paracrine and endocrine sigmadinig the
placent&®. Finally GFPHUVECs exhilgitl superior baseline permeability, thus serving as the preferred
choice for all subsequent experiments detailed in thisrk. Overall, these findings demonstrated the
beneficial impact of STs on HUVEC cultprempting an intriguing inquiry into how trophoblasts at
various differentiation stages influence blood vessel behavior
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Figure4.4. ComparingTERTHUVECs with GFHRUVECs in compartmentalized media and ST cocukufiémeline for placental

barrier model establishment. On day, the fibrin hydrogel is casted, and the gelatin is allowed to dissolve with multiple PBS
washes. On day 0, endothelial cells are seeded into the vascular channel and allowed to reach cefloenBSCs are added

on day 7 and media is switched to compartmentalized culture. PSCs are differentiated into STs until day 15 when a dextran
permeability analysis is usuallyri@rmed.B. Images of 4 kDa and 65 kDa dextran diffusion through vasculature after 1 hour of
perfusion on the rocker on day 15 of cultur@.Diffusion of 4 kDa and 65 kDa dextran through the vascular channel on day 6
(HUVECs only and day 15 (M T-test, **p<0.01, **p<0.001).

4.4.4The effects of endothelial coculture with trophoblast different stages of differentiation

Establishing coculture models, especially with stem cells, can be challenging due to the unpredictable
effects the media supplements of one cell type can have on the other. Further, cells release cytokines and
other soluble factors, such as PIBF1, thatmay F SO0 GKS 02 O0dzf GdzZNB Q& OF LJ OA
therefore imperative that coculture effects, as well as media effects are evaluated in this placental barrier
model and that it is determines if the permeability of these cultures paralleled TRESF1 secretion
profiles presented by Legt al.'°. To do this, we assess the permeability of AngioPlate cultures consisting
of HUVECSs cocultured with undifferentiated PSCs and fused STs. Fluorescently labeled 4 kDa and 65 kDa
dextrans were perfused through the vascular channel for lomer on day 15 otulture and fluorescent
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readings were takerFjgure4.5). As anticipated, the coculture conditions involving both undifferentiated
PSCs (EXP + HUVEs differentiated trophoblasts (ST + HUVECS) successfully established a confluent
monolayer by day 15F{gure4.5A). This outcome aligns with their intrinsic epithelial characteristics,
reflecting their functional roles at distinct stages of gestation within the placental barrier. The diffusion of
both 4 kDa and 65 kDa dextrans was highest in the PSCs + Htdvilliiens (1013.0 120.9 pmol/hr

and 31.0° 4.6 pmol/hr, respectively), suggesting that either PSC expansioramedi incompatible with
HUVEC culture or that undifferentiated PSCs release factors that break down the endothelial barrier
(Figure4.5BC). This could be due to the high media concentrations of valproic acid, a known HDAC
inhibitor?%. It has been shown that HDAC inhibition can lead to endothgl&ilidctior?>?3 whereas HDAC
activation hasbeen shown to drive cytotrophoblast fusitinin vivg undifferentiated cytotrophoblasts

are most numerous and proliferative in the early stages of pregnancy, indicating HDAC inactivation,
whereas vascular formation and syncytial fusion occur concurrently between"tzed 10" weeks of
gestation, indicating HDAC activation.

Surprisingly, HUVECs exhibited the seecamdkest barrieppermeability (763.6 88.5 pmol 4 kDa
dextran/hr and 16.6° 2.5 pmol 65 kDa dextran/hr) despite beingtaukd alone in their specialized
medium (ECGM2), which has been proven to maintain their morphology up until thpak3agé®. We
hypothesize that this is due to the absence of stromal cells, which have been shown to support vascular
formation and longterm stability in tissue engineered mod&té°, ST + HUVEC cocultures seemed to have
improved barrier permeability of both 4 kDa (134.812.8 pmol/hr) and 6%Da dextran (1.068 0.46
pmol/hr) when compared to the HUXZEonly control, with the ST + HUVEC condibieimg the least
permeable.Once again, these permeability results parallel the PIBF1 secretion profiles presented by Lee
et al. which showed that PSCs secreted the least amount of PIBF1 when compared to PSCsnd EVTs
This is reasonable given that, in eastpage pregnancy, when cytotrophoblasts are present in large
guantities, blood vessels have not yet been formed. However, in the second and third trimesters when
STs make up a larger proportion of trophoblasts withie placenta, perfusable fetal vasculature has been
established. These results suggest that ST culture media may be supporting and strengthening the vascular
barrier, or these cell types may be secreting factors that benefit the-terg culture of endthelial cells.
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Figure4.5. Evaluation of the effects of HUVEC coculture with PSCs and STs on endothelial integrity at day 15 df.culture.
Brightfield images of PSC monolayers on fibrin gel of cocultures and fluorescent images of dextran permeability (4 kDa and 65
kDa) assays after 1 hr of perfusidh.Vascular permeability values for HieGelled 4 kDa dextran after 4 hour of hydrostatic
pressurebased vascular perfusion (N=3, tmay ANOVA, *p<0.05, **p<0.01, ***p<0.00C). Vascular permeability values for
TRIT@abeled 65 kDalextran after 4 hour of hydrostatic presstvased vascular perfusion (N=3, tway ANOVA, *p<0.05,
**p<0.01, **p<0.001).

To decouple the effects of coculture and media type on vascular permeability, we next evaluated the
permeability of the vascular channel cultured under different media conditions: ECGM2 only,
compartmentalized media with PSCM in the center and ECGM2 mjheent compartments (ECGM2 +
PSCM), and compartmentalized media with STM in the center and ECGM2 in the adjacent compartments
(ECGM2 + STM). All three conditions were cultesardusively in ECGM2 media until day 6, such as would
be the case in the cotture, and the mixed conditions werwitched to compartmentalized media on
day 7. Dextran vascular permeability assays vperformed both on day 6 and day 1Eigure4.6). Day 6
permeabilities to 4 kDa dextran ranged from 352.83 pmaol/hr to 489.30 pmol/hr across all vascular tissues,
and permeabilities to 65 kDa dextran ranged from 4.54 pmol/hr to 12.55 pmdHigu(e4.6BC). By day
15, dextran permeability was highest in the ECGM2 + PSCM condition (£2839.0 pmol 4 kDa
dextran/hr and 40.34 6.72 pmol 65 kDa dextran/hr), similar to what was observed in the coculture study
with PSCs, suggesting that PSCM media alone can cause vagsfulactibn Figure4.6DE). Interestingly,
the ECGM2 + STM condition exhibited an increase in permeability after 15 days in cultuie (605.8
pmol 4 kDa dextran/hr and 18.823.61 pmol 65 kDa dextran/hr), howewveot as much of an increase as
was seen with the ECGM2 omgndition (901.4 91.8 pmol 4 kDa dextran/hr and 26°45.09 pmol 65
kDa dextran/hr).As a result, between the three media conditions tested, culture of HUVECS in
compartmentalized ECGM2 + STM conditions resulted in the lowest barrier degradation over time. This
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canpossiblybe explained by theresenceof ROCK inhibitor Y27632 and cAMP activator forskolin in STM
media, which have been shown to have protective effects on endothelial barrier permedBity
Notably, forskolin is also recognized for its capacity to promote the differentiation of stem cells into
endotheliatlike cells, emphasizing the critical role of the cAMP signaling pathway in endothelial cell
culture®. In summary, media alone did not improve vessel function over time, this improvement is
attributed to HUVEC coculture with STs, which may be secreting soluble factors that fortify the endothelial
barrier. However, the ECGM2 + STM media configurationtessuil the least vascular barrier degradation
over time.
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Figure4.6. Evaluatiorof the effects of culture media on endothelial integrity on days 6 and 15 of cultuiFuorescent images

of GFRabelled HUVECSs at days 6 and 15 of culture. Cells were cultured exclusively in ECGM2 media until day 6 in all conditions
and on day 15, ECGM2+PSCM and ECGM2+8%Cbhditions were transitioned to compartmentalized me8id/iolin plot

showing the spread of 4 kDa dextran permeabilities of all wells at day 6 of ECGM2 €uWimkn plot showing the spread of 65

kDa dextran peneabilities of all wells at day 6 of ECGM2 cultubePermeability of vasculature to 4 kDa dextran at day 6 and

day 15 for cultures in ECGM2 media alone, ECGM2+PSCM media and ECGM2+8&sté\#p<0.05, **p<0.01, ***p<0.001)
E.Permeability of vasculature to 65 kDa dextran at day 6 and day 15 for cultures in ECGM2 media alone, ECGM2+PSCM media
and ECGM2+STM. (N=8ests, *p<0.05, **p<0.01, ***p<0.001)

4.4.5Incorporating pericytes into fibrin matrix

To study the effects of pericytes on feteaternal transport placentaerived pericytes were
introduced into our AngioPlate placental barrier systdmyvivq fetal pericytes provide support to the
endothelial barrier, play a role in immune cell regulation and vascular development, and control blood
flow through vessefé. However, their function in the placenta has not yet been heavily researched.
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Further, it has yet to be shown that they can be beneficial to the vascular barrier when incorporated into

in vitroplacental vascular modéfs Given that none these previous models included STs indbeirture

designg®3” and that we showed that ST media and ST coculture help support the vascular barrier, we
incorporated placental pericytes as single cell suspensions into the fibrin gel of our AngioPlate coculture

in the hopef studying their effects othe model. 4 kDa and 65 kDa dextran were added to the inlet and

outlet wells of the model and allowed to diffuse through the vascular barrier for 1 hr under perfusion
conditions Figure4d70 @ | ay2 OSftfé¢ O2y(iNRf ¢4l a AyOfdzRSR (2
RAFTdzAAZ2Y GKNRdzZAK GKS FTAONARY 3IStsx la ¢Sttt Fa | af
Y2y 2f 1 @8SNRA& Ay Tt dzSy GigureajA). 6 KS LI | OSy G+t oF NNASNI 6

Although there was no significant difference in 65 kDa dextran diffusion in the no cell and the ST only
conditions due to the absence of endothelial barrier in both (56.1020 pmol/hr and 56.10 5.34
pmol/hr, respectively), the smaller 4 kDa dextran showed marginally decreased diffusion through in the
STs only condition (1268132 pmol/hr) when compared to the no cell control (14574 pmol/hr). This
could be explained by the fact that the ST cells create a barrier between the media in the gel and the
media above the ST cells, which can reduce the volume into which the 4 kDa dextran diffused. The
presence of a ST monolayer therefoasulted in a different concentration gradient throughout thel,g
which is the driving factor in diffusion. As expected, 65 kDa dextran diffusion was much lower in all three
vascularized conditions (3.401.71 pmol/hr for STs + HUVECs, 8.9552 pmol/hr for STs + HUVECs +
hPGPL (high) and 5.801.71 pmol/hr for STs + HUVECs +RR{ow)), however the addition of pericytes
did not have any effects on vascular permeability of this larger dextran.

In the case of 4 kDa dextran, the vascularized conditions once against exhibited lower permeabilities
(195.9° 14.7 pmol/hr for STs + HUVECS, 44002.9 pmol/hr for STs + HUVECs +-RRChigh) and 317.4
° 54.5 pmol/hr for STs + HUVECs +RR{ow)). Interestingly, the addition of a higher density of pericytes
increased the permeability of the vascular chantee#t kDa dextrarwhen compared to the ST+HUVEC
condition. However, because this increase was small and was not paralleled in the 65 kDa dextran
experiment, it is implied that the changes in transplacental permeability were minirha.increase may
be attributed topossible matrix degradation from the pericytes ortdK S LIS NA O& & Swhich NJ LJA R
may have overwheled the culture by depleting the nutrients and gases in thedia. This overgrowth
was likely caused by either placental stem cell media supplements or by the coculture with STs, and
therefore further mediaoptimization is needed to support thikird cell typein this model. The la& of
improved barrier permeability as a result of pericyte inclusion could also be explained by the fact that the
STs supported the vasculature so well that the endothelial barrier could not be improved further.
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Figure4.7. Effects of pericytes on vascular permeabilitplatental barrier modebn day 16 of cultureA. Brightfield images of
vascular channel with the fibrin gel for the following conditions: no cell control, ST monolayer only (ST only), ST§3¥ith ECs
HUVECSs), and two tricultures with STs, ECs an@IsR(€high and low density. Fluorescent imagdd®€abeled 4 kDa dextran

and TRIT@beled 65 kDa dextran within the vascular channel and permeating through the endothelial barrier after 1 hour of
perfusion.B. Vascular barrier permeability to 4 kDa dextran. (N=3wo-tailed ANOVA, *p<0.05, **p<0.01, ***p<0.000.
Vascular barrier permeability to 65 kDa dextran. (Nx=8vo-tailed ANOVA, *p<0.05, **p<0.01, ***p<0.001)
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Once vascular permeability was assessed, the permeability of the entire placental barrier was
evaluated Figure4.8). Asexpected, the no cell control exhibited the highest permeation of both dextran
types (197.5 30.24 pmol/day for 4 kDa and 38.265.92 pmol/day for 65 kDa dextran) and the three
vascularized tissues exhibited the lowest 65 kDa dextran permeability {40880 pmol/day for ST +
HUVECSs, 4.500.52 pmol/day for ST + HUVECs +RBChigh) and 5.0030.81 pmol/day for ST + HUVECs
+ hPEPL (low)) and no significant differences amongst them similar to the vascular permeability assay.
¢tKS {¢ 2yfe O2yRAGAZ2Y Qa LISNI S0.58)mhoVday which éouldibe Iy A F A (
explained by thez being one cell barrier for the dextran to permeate through as opposed to the two in
the vascularized models. Interestingly, there was no difference between 4 kDa dextran permeabilities in
all four cell conditions. However, the ST+HUVEC condition (35.89 pmol/day) trended towards being
significantly different from the ST only condition (60°51.96 pmol/day) and the two tissues containing
pericytes (57.77° 16.96 pmol/day for high density and 57.5019.78 pmol/day for low density,
respectively). Qusidering that the pericytes offered no improvement to vascular or total barrier
permeability andthat their overgrowth in the culture resulted in the overtaking of the vascular channel
in some tissues and likely caused a reduction of nutrient availability for the endothelial and trophoblast
cells, pericytes were not included in any future placentajiéBlate cultures.
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Figure4.8. Effectof pericytes on total barrier permeability of placerttakrier model on day 18 of cultur@&. Fluorescent images

of FITGabeled 4 kDa dextran and TRIl@Beled 65 kDa dextran permeating from the central maternal compartment of the
placental barrier model, through the ST and EC batrriers, to the adjacent fetal after 24 Bolicgal barrier permeability to 4
kDa dextran from the maternal to the fetal compartments. (Nx@wo-tailed ANOVA, **p<0.01, ***p<0.001}. Total barrier
permeability to 65 kDa deran from the maternal to the fetal compartments. (NZ6two-tailed ANOVA, ***p<0.001)
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4.4.6Drug barrier study

To assess the suitability of our platform with drug transport studies, we determined the permeability
of our barrier system to three therapeutic agents: paclitaxel, a chemotherapeutic drug that triggers
mitotic arrest and apoptosis in cancer c&llsvancomycin, an antibiotic mainly prescribed to treat gram
positive bacterial infectior¥§, and immunoglobulin G from human serum, which is used in a variety of
therapeutic strategies for patients with primary antibody deficientiés These drugs were selected
because of their known transport profiles supportedibyivodata and because they span the range of
small molecules to large proteins. Fluorescently labeled versions of these drugs were introduced into the
central maternal compartment of the device and incubated for 24 hours with vascular perfusion, before
fetal concentrations were analyzed via fluorescent intensity measurement. A similar assay was also
performed with fluorescently labeled dextrans (4 kDa and 65 kDa) to éstilateffects of molecular size
on permeability.

Breast cancer is the most common cancer type diagnosed during pregnancy, representing 40% of all
cancer diagnoses, followed by lymphoma (12%) and cervical cancer*{1@%jas been shown that
paclitaxel and other taxane therapies are a viable option for women suffering from cancer during
pregnanc§®*. Paclitaxel concentrations of>3M, 500 nM and 50 nM were introduced into the central
maternal compartment. As expected, paclitaxel permeation into the fetal compartment was proportional
to paclitaxel concentrations in the maternal media. Values ranged from 203082 pmol/day for the 5
>M maternal values to 0.312 0.076 pmol/day for 500 nM, and values were out of range (OOR) for 50
nM (Figure4.9A). This same downward trend was observed in the paclitaxehigasdrnal ratios (F/M)
(1.00° 0.345% for 5>M, 0.312° 0.075% for 500 nM, OOR for 50 nM), suggesting a diffihi@en
permeation that is dependent on concentration gradierfgy(re4.9D).In comparisonNekhayevaet al.
perfused the maternal artery of 7 placental explants with 100 nM of paclitaxel for 2 hours and showed
that the concentration of paclitaxel in the fetal circuit were also low at’42® %4°. Similarly, a baboon
study showed that fetal paclitaxel levels paralleled maternal concentrations at rates 100 times lower and
the drug was not detectable in the fetal tissues at necrépsy

Vancomycin is an antibiotic drug commonly prescribed to treat serious bacterial infection during
pregnancy. It has been confirmed to cross the placental barrier and to cause significant changes in the
fetal microbiome and kidney injury in animal studi#s however has not been shown to cause adverse
effects during human pregnantyThree vancomycin solutions were prepared at concentrations of 5
>g/ml, 500 ng/ml and 50 ng/ml and introduced into the maternal well. Similarly, vancomycin levels in the
fetal compartment correlated to those in the maternal compartment with 41°5860.45 ng/day for a
maternal concentration $g/ml, 4.97° 0.48 ng/day for 500 ng/ml, 2.070.62 ng/day for 50 ng/mKjgure
4.9B). However, an inverse correlation between F/M values and maternal vancomycin concentrations
were observed (4.18 1.05% for 5>g/ml of maternal vancomycin, 4.970.48% for 500 ng/ml, 20.67
6.22% for 50 ng/ml), suggesting that the transport of this antibiotic across the placental barrier may be
transportdriven {igure 4.9D). However, multiplein vivo studies that measured cord vancomycin
concentrations in pregnant women showed that fetal vancomycin concentrations can eventually reach
maternal concentrations during maternal antibiotic infusittl. Thesein vivopermeability values are
significantly higher than those presented in this work, as well as those fromiotkigroor ex vivdbarrier
model$2 For examples, Nanovskagtal. perfused placental explants with 2i/ml of vancomycin for 4
hours and measured a final F/M percent of 9.81% in the fetal circulatiod. It has been suggested that
duringin vitroandex vivovancomycin permeability studies, media with heparin will cause the formation
of a heparinvancomycin complex that will decrease the transplacental passage of vancétnieiparin
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is one of the components in ECGM2 medium and therefore may have affected the results of this assay.
However, heparin is also present in blood, albeit at concentrations 10x lower than ECGM2. Another
explanation for this lower fetal/maternal ratio could bieet smaller transport area of the model compared

to that of the human placenta, which significantly reduces diffusion rates.

Finally, the permeability of immunoglobulin G (IgG) from human sera was assessed at a maternal
concentration of 1 mg/ml and found to permeate the placental barrier at a rate of ¢.53B387>g/day,
which corresponded to a F/M percent of 0.268.095% [igure4.9C). IgG is known to be transported
across the placenta via FCRn receptors present on the syncytiotrophoblast surface. These low transport
rates are likely due to the fibrin gel, which has been previously shown to have a pore &8 af
0.12um?3, 1gGs are typically 15 nm in stzeherefore the fibrin gel may significantly hinder IgG molecules
from crossing the placental barrier model. However, native ECM will also affect mass transport of these
molecules. Further, it is also possible that rapid maternal perfusier invopermeability assays much
improve the diffusion of IgG across the placental barrier compared to the maternal compartment in our
model, which is static. Although there is maternal perfusiorvivg it is much slower and therefore
diffusion rates may be muchweer than the placental explant models.

To assess the impact of size on barrier permeability and to elucidateutihelative barriereffects
the ST and E®arriers, we employed 4 kDa and 65 kDa dextr@figure4.9E), which are considered
relatively inert to mammalian cefs in a similar fluorescencebased assayPermeabilities to 65 kDa
dextran were statistically similar for the single layer HUVECSs only conditions (4.6% pmol/day) and
the double layer STs + HUVECSs condition K087 pmol/day), but much lower than the no cell control
(31.16° 3.01 pmol/day). This suggests that the HUVEC barrier is so minimally permeable to 65 kDa that
the extra ST layer has no discernible effect, which agrees with previous findings of HUVEC dextran
permeability®. When converting the 65 kDa dextran permeability rate of the ST + HUVEC condition to a
fetal/maternal ratio, we obtain a value of 0.4280.174%, which is higher but in in the same order of
magnitude as that of Ig®.268° 0.095%. This can be explained by the fact that these molecules are of
similar sizes, with 1gGs averaging a higher molecular weight of 150 kbaontrast, the smaller 4 kDa
dextran permeated the STs + HUVECSs barrier (37537 pmol/day) at a lower rate than the HUVEC only
culture (45.64° 7.54 pmol/day), due to the fact that the endothelial layer is spetimeable to smaller
dextrans$®. The fetal/maternal ratios of 4 kDa dextran in the ST + HUVEC coculture equate°t® 0%,
which is closer the that of smaller molecules such as vancomycin(4.1%% for 5>g/ml of maternal
vancomycin, 4.97 0.48% for 500 ng/ml, 20.676.22% for 50 ng/ml). In summary, these findings confirm
that the permeability of our placental barrier model is molecule size, concentration, as well atypeug
dependent and can therefore be used to explore the safety of many commonly prescribed tivedica
during pregnancy.
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Figure4.9. Drug barrier study from maternal to fetal compartments of placental barrier m@d€l.Permeation of paclitaxel,
vancomycin, immunoglobulin G from the maternal channel to fetal channel afteis2sf vascular perfusion. OOR: Out of Range.

(N=5, twotailed ANOVA, *p<0.0, *p<0.01, ***p<0.000. Corresponding fetal to maternal ratios of druds.Total barrier
permeability to 4 kDa and 65 kDa dextrans from the maternal to the fetal compartments in no cell, HUVEC only and STs + HUVECs
conditions. (N=5, twailed ANOVA, *p<0.0, *p<0.01, **p<0.001)
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4.5. CONCLUSION

Highfidelity in vitro placental barrier models are necessary to determine the safety of prescription
drugs regimes during pregnancy. In this work, we engineered a 3D placental barrier model that
incorporates both differentiated syncytiotrophoblast and endothelial layers amdngpatible with the
high-throughput requirements of drug safety assays. Throughout this work, we refined our plate design
and manufacturing methods to minimize manufacturing time to a mere one hour. Once the coculture
model was estalshed, we showed that the syncytiotrophoblast cells and their media perform a
supportive role in maintained vascular barrier integrity, so much that the inclusion of placental pericytes
caused no further discernable improvement to the model. We then destrated that the coculture
maintains its barrier integrity over 18 days in culture, allowing for efficient syncytial differentiation of the
trophoblasts, which is vital to term placental modeling. This extended culture time offers the opportunity
for longe drug treatment studies in future work. Finally, when assessing the permeability of three drug
types (chemotherapeutics, antibiotics, and antibodies) we determined that the barrier permeability was
molecule, size, type and concentration dependent, whighees with literature findings.
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5. BUILDING ALACENTAL INVASION MODEL INCORPORATINGL\/KE OUS
SUBSTRATE TOPOGRAPHY AND STEM CELL DERIVED EXTRAVILLC(
TROPHOBLASTS

Sonya Kouthouridis, Poonam Saha, Madeleine Ludlow, Boyang Zhang.
Prepared for journal submission

5.1. ABSTRACT

Spiral arteryremodeling is a tightlyegulated process which occurs during the first and second
trimesters of pregnancy. It is characterized by trophoblast invasion into the maternal decidua and by the
remodeling of spiral arteries into larger, funreaped vesssthat pump large volumes of maternal blood
into the placenta. Psfunctions in this process can lead to placental disorders such as preeclampsia and
fetal growth restriction, which may be harmful to both the mother and the fetus. Despite a preeclampsia
inciderce of 3.1% in the US, a cure has not yet been developed, driving the need for representative
vitro placental invasion models. In this work, we present a trophoblast invasion model design consisting
of differentiated EVT spheroids cultured within the chorionic wlikes structures of a hydrogel matrix,
alongside a perfusable vascular epithelial chdmapresenting the maternal spiral arteries.

5.2.INTRODUCTION

Controlled trophoblast invasion is imperative to the development of a healthy placenta during
pregnancy. Maternahnd placentatissues bothrelease preand anttinvasive factors that tightly control
trophoblast differentiation rates, migration rates and the extent of maternal tissue remod&ling
Following the implantation of the blastocyst into the maternal decidua and the branching of the chorionic
villi, cytotrophoblast cells will differentiate into invasive extravillous cytotrophoblasts (EVTs) and
penetrate the syncytiotrophoblagST)ayer lining the extremities of the fetal chorionic villThese cells
will then invade into the decidualized endometrium of the mother and reconstruct the vasculature to
increase maternal blood flow to the placenta and therefore adiat the increasing nutrient and oxygen
demand of the developing fetus. Dysregulation of spiral artery remodeling has been associated with early
onset preeclampsia and fetal growth restriction, which can both result in premature and underweight
births®. A study including over 450,000 pregnant participants in the US state of Washington revealed an
overall preeclampsia rate of 3.1%t was also revealed that the risk of perinatal death wa$old higher
in preeclamptic pregnancies than in healfimegnancies. Despite the high risk of nheonatal morbidity and
mortality associated to these types of disorders, the only treatment for this condition is déliTéig has
driven the development of both animal ama vitro placental models of spiral artery remodeling.

For a long time, Transwell assays have been the standard for invasion assays, from the testing of
metastatic cancer cefig to the invasive potential of trophoblasts'? For example, Godbolet al.
developed a trophoblast invasion model that consisted of coating Transwell filters with a layer of Matrigel
through which JE@ cells invaded into the lower compartment which was filled with endometrial
conditioned medi&. Although Transwells have traditionally been used to model cellular invasidino,
many microphysiological systems (MPS) have recently been developed to study the pathophysiology of
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these diseasé4 For example, Pet al.developed a trophoblasinvasioron-a-chip model with perfusable
endothelial and trophoblast channels allowing for the isolation of flow rate effects on EVT invasieness
However, trophoblast invasion is characterized by a collective cell migration through the- three
dimensional matrix of the maternal decidua, as well as the remodeling of vessel structures, both of which
cannot be modeled using Transwell cultures whictusoon simple chemotaxis. In addition, the low
throughput nature of the device and the cumbersome tubing which connected the device to a syringe
pump make it incompatible with drug discovery studies which require a more streamlined approach.
Further, many 6these models utilize immortalized EVT cell lines, such a8FsMRed® and Swan 74,

which have been shown to exhibit invasive properties, yet significantly stray from the genome of their
native tissuesThe most complex current in vitro human models of EVT invasion often involve the use of
first trimester placental explants, which are highly dependent on the frequency of elective pregnancy
terminations and suffer from poor viability.

Toaddressome2 ¥ (G KS&AS Y2RStaQ aK2NIO2YAy3azr 6S KIF O3S RS
allowing for indirect coculture of human umbilical vein endothelial cells (HUVECS) with placental stem
cells(PSCs) which have been differentiated into EVhis system is adapted from the AngioPlate model
developed in Chapter 4 of this thesis and incorporates a perfusable vascular channel and chidltisnic
inspired architecture. A protocol for EVT differentiation was adapted from established techHi¢flzal
the critical importance of seeding density in successful differentiation was noted. These cells were then
selfassembled into spheroids and invasion was assessed in fibrin, Matrigel and mixed gels. Finally, EVT
and HUVECs were cocultured and it wgsdilgesized that EVT media (EVTM) provided a protective effect
on the vasculature. This model provides a promising avenue for spiral artery research, however both
media and matrix optimization steps are still required to finalize this model and apply #rdsweVT
invasion studies.

5.3. MATERIALS ANBETHODS

5.3.1.Cell culture

Blastocystderived stem cells (R€®40, Riken BRC Biobank) were once again employed to build this
model and were used until passage 23 in all experiments. Briefly, these cells were expanded in DMEM/F12
+ GlutaMAX supplemented with factors allowing the mb@mance of a proliferative trophoblast
population. The cells were maintained in T75 flasksqmated with 10 pg/ml collagen IV and passaged
when reaching 80% confluence to avoid overcrowdimgdiated spontaneous differentiation. Human
umbilical vein endthelial cells (HUVECS) were also used in this model and were maintained in T75 flasks
pre-coated with 0.2% gelatin and cultured in ECGM2 medium. HUVECs were never allowed to exceed 90%
confluence in T75 flasks before passage.

5.3.2.PSC differentiation into EVTs in well plates

PSCs were differentiated into EVTs before seeding into villous cavities of the patterned AngioPlate
using a protocol adapted from Oka al!® and Weiet al®. Briefly, PSCs were plated on a Matrigel
treated (1:100 in PBS, 1 hounwell plate at a densiésof 200,000 cells/well 0400,000 cells/well and
cultured in 2 ml of EVT1 medium consisting of DMEM/F12 basal media supplemented with 0.1 mM 2
mercaptoethanol, 0.5% penicild § NBLJG 2 YE OAY X ndoz . {! X wm3: L¢{ &dzLJLJ
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3 of culture with 2 ml of EVT2 medium, consisting of EVT1 medium without NRG1 and with a reduced
Matrigel concentration of 0.5%. Media was again replaced orédaigh EVT3 medium, consisting of EVT2

medium without Knockout Serum Replacement, and cultures were maintained for an additional 2 days.

5.3.3.EVT spheroid invasion assay

To determine whether differentiated EVTs were capable of invasion in our gels, we first assembled
PSCs into spheroids using Aggrewell80ficroplate wells. To prevent adhesion of cells onto the
microwell surface, plates were treated with aiaiilherence rinsing solution (STEMCELL, cat# 07010), then
centrifuged for 8 mins at 1300g. Asatdherence solution was aspirated, and wells were washéd
culture medium and centrifuged for 3 mins at 1000g before seeding. PSCs were seeded into
Aggrewell80®platesatr RSy aAide 2F pnn OSfttak>gStt Ay 9x¢m YS
differentiation. Spheroids were harvested on day 2 and suspended in 2 typespblyraer gel solutions,
GKS FANRG O2yaraidAyda 2F mMHp >SFBS7®PUMKYRIwYE >FA@NRA
thrombin (Sigma Aldrich, T68&50UN), the second consisting of Matrigel (Sigma Aldrich, CLS354234),
YR GKS GKANR O2yaraidAay3a 2F | YAEGdINB 2F dr: FAoN
with 5-20 PSC spheids was cast into each well of a 3@l plate. The gels were then allowed to crosslink
at3?/ FT2NJon YAydziSa o6SF2NB dn >[ 2F 9x¢m YSRALF &SN
gel culture, or day 3 of total culture, to adhere to the original protocol for EVT differentiation in well plates,
and then to EVT3 on say 4 of gel culture. Medas changed every 2 days and brightfield images were
acquired on a tissue culture microscope (Nikon Eclipse Ts2).

5.3.4.Immunostaining

Gels were first washed with PBS for 5 mins and then fixed with a 4% paraformaldehyde solution
overnight in a 4C fridge, where all overnight immunostaining steps were performed. The next day, gels
were washed with PBS three times for 10 mins each and then fresh PBS was added overnight to remove
any residual fixative. Cells were blocked and permeabilized overnightarn10% FBS (Thermo Fisher
Scientific, 12484028) and 0.1% tritéh (Sigm&Aldrich, cat#X100) in PBS solution. Next, a primary
antibody solutiorwas prepared consisting of an aftLA class 1 (1:1000 dilution, Abcam, cat#ab23755)
diluted in 2% FBS. Samples were incubated in the primary antibody solution overnight and washed thrice
with PBS for 10 mins. A secondary antibody solution consistingiei@use FITC (1:1000 dilution, Sigma
Aldrich, cat#F0257) dctin dye (1:1000, Cedarlane, cat#2058®) and DAPI (1:1000, Sigwdrich,
cat#D9542) in 2% FBS was applied to the gels overnight and tissues were washed in PBS thrice for 10 mins,
before behg washed with fresh PBS overnight again. Samples were inragitalvia confocal microscopy
(3i Marianas Lightsheet microscope).

5.3.5.Manufacturing of the stamped AngioPlate

Gelatinpatterned adhesive sheets were manufactured by 3D gelatin printing according to the
protocol in the previous chapter and capped onto the bottom of milled bottomlessvadiplates to
obtain our AngioPlate device. These plates were UV sterilizddvaene casted with a 5:1 solution of 10
mg/ml fibrinogen and 10U/ml thrombin into each central well and allowed to crosslink for 30 minutes at
room temperature. 3D printed resistamps, consisting of 4 equidistant pillars of 2.76 mm in height and
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400 um in diameterwere manufactured using BormLab Form 3B+ Printer with high temperature resin
(FormLab, Cat#R=2HTAMO02), then treated with antiadherence solution for 30 mins and completely
drying for another 30. Once dry, they were stamped onto the surface of the crosslinked fibrin hydrogels
and held in position for 5 minutes and gently extracted as to not disturb the resattgrned matrix. To
dissolve the gelatin channels in the vascular channels, two PBS washes were performed for 20 mins each
at 37°C. PBS was then aspirated and replaced with ECGM2 media supplemented with 1% aprotinin to
control fibrin degradation throughout culture. The plate was placed on the rocker overnight to completely
dissolve away any gelatin before seeding.

5.3.6.EVT and HUVEC coculture

A prepolymer fibrin gel solution was prepared by mixing 22p 2% wmMnY3akY{f -FTAO0NAY:?

I f RNAOKS OFdl CoyT b 6 A (i K-Aldriph, T684) i & 1.5mhEpgeNdbrf tib& R Y 6 A Y
>[ 3ASta 6SNB AYYSRAIFIGSte Olraid AyiGz2z GKS OSyGSNI ¢Sf
roomtemperatuS F2NJ on YAyad on >[ 2F 6FN¥SR t.{ ¢6l4&a |IRR

a rocker (OrganoBiotech, Cat#B001) &iG3fbr 20 mins to wash away the sacrificial gelatin channels. PBS
wasreplaced and plate was incubated in the same conditions for another 20 minutes. PBS was then
FELANI GSR FYR pn >[ 2F 9/ Dau adzLdlX SYSYGSR 6AGK M3
into each adjacent well before placing the plate on th€@¥ocker overnight. The next day, media was

aspirated from all wells, being careful not to disturb the fibrin gel in the center compartments. A cell
adzallSyairzy 2F pnnInnn 1) 9/ &akYf 6l a& LINBLINBR I|yR
adjacent to thegel The hydrostatic pressure difference between the center and adjacent wells allows the

cells to flow into the fibrin channel, which eventually becomes the vascular channel. Once seeded, the

plate is incubated flat for2 hours at37 6 S¥2NBX pn >[ 2F YSRAI ¢l a FRRSR
OKFy3aSR RIFEAf&@ o6@& LALSGGAYT pn > AylG2z GKS OSYydGSNJI ¢
PSCs were added to the central compartment to form a monolayer of syncytiotraiatalls. Firstly, a

400,000 cell/ml suspension of PSCs was preparét/ifmedia®?' consisting oDMEM/F12 basal media
supplemented with 0.1 mM -Enercaptoethanol, 0.5% penicilistreptomycin, 0.3% BSA, 1% ITS
adzLILX SYSY (X wmnn y IkMef HbdwpD MeZa T, dMpT c>0aH X! yng: Yy 2 O 2 dzi
Matrige,c n >[ 2F OSftt &adzalLlSyairzy gSNBE RRSR G2 (G4KS O
compartmentalized setup for the rest of the culture wii\VTmedia in the center and ECGM2 in the
adjacent wells. Media was changed daily, and barrier analyses were performed after & dagsalture

to allow forEVTdifferentiation.

UP

5.4. RESULTS AND DISCUSSION

5.4.1.Model design

Spiral artery remodeling is essential to the proper formation of the human placenta. This
phenomenon occurs early in the first trimester of gestation and consist&E\6fs, located on the
extremities of the chorionic villi, invading into the maternal tissue and restructuring its blood vessels to
allow for increased maternal blogaerfusion into the placentahtervillous spaceRigure5.1A). We took
inspiration from this process to design our placental invasion model that utilizes the AngioPlate device
established in Chapter 4. We adapted it for this purpose by inversing the maternal and fetal compartments
so that the center apical companient represents the fetal villi, and the vascular channel represents the
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maternal spiral arteries. In addition, we utilized a previowsitablished fibrin gel stamping technicfde
to create chorionic viliike indentation into which would seed our differentiated EVTs. This new design
would permit the migration of EVTs from the extremities of the villus structures to the maternal vascular

channel Figure5.1B).

A.

Maternal

| o : \1 Endothelial Cells
Spiral Artery.! " Remodele ~
) 7 Spiral Artery

Chorionic Extravillous —__|
Cytotrophoblasts

INVASION MODEL

Figureb.1. Inspiration for and ésign of theAngioPlatdnvasion modelA. Cross section of a placental chorionic villus during spiral
artery remodeling where extravillous cytotrophoblasts invade into the maternal decidua and enlarge the BedsejoPlate
invasion model consisting of a patterned fibrin gel, replicating chorionic villous architecture, and of a perfusable creeswokhr

representing a maternal spiral artery.

5.4.2.Designing and 3D printing stamps for villus structures

3D printed stamps werdesigned to generate villdge structure in the fibrin gel of the AngioPlate
device Figure5.2A). Each pyramidal pillar had a height of 2.76 mm and a base height and width of 400
pm (Figureb.2B). Pillar bases were spaced 900 um apart to leave ample space for the vasculature channel
between them. Stamps were designed in arrays of 5 to stamp multiple fibrin gels at the same time. The
stamping protocol involved casting the fibrin gels, allowingnthto polymerize for 30 minutes and
applying the stamps to obtain 4 equidistant vilile indentation in the gelsHgure5.2C). Fluorescent
latex beads were scattered on the surface of the stamped gel and perfused through the vascular channel
G2 RSY2YyailiNIGS GKS @I a0dz I NJ OKI yy Giguea2DE) | OSY Sy i
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10 um latex beads

Figure5.2. 3Dprinted stamps designed to pattern fibrin gels with the architecture of chorioniévitihage of 3D printed stamps.
B.Dimensions of 3D printed stampS.Impressions in the fibrin gel after stamping. Straight dotted lines represent the placement
of the vascular channel and circular dotted lined represents the villus strudiuiRed fluorescent latex beads scattered on the
surface of the patterned fibrin gel to visualize the chorionic villus structEr€een fluorescent latex beads perfusbrbugh

the vascular channel of the invasion model.

HUVECs were seeded into the vasculature channel of a stamped AngioPlate to confirm that the villous
structures did not interfere with the vascular chanrgigure5.3A). In another well, undifferentiated PSCs
were cultured on the apical surface of a AngioPlate stamped with a previous iteration of the villus stamps
(Figure5.3BC), which consisted of 9 pillars instead of 4. Cells were then stained for DAPtauattteen
to visualize the topography of the stamped gel and to confirm that cells could be seeded in the extremities
of the villi Figure5.3BC). Once vascular channel and villi were shown to be intact, the development of an
EVT differentiation protocol commenced.

500 pm grid

GFP-HUVECs 500 pm grid e-cadherin
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Figure5.3. Seeding cells in the individual compartments of another design of the stamped AngioPlateAldlioarescently
labeled GFHMHUVECS cultured alone in the vascular channel of the d®&viEep view of stamped AngioPlate device with nucleic
acidstained PSC<C. Nucleic acid staining (blue) and immunostaining efadherin (green), a cell adhesion marker, in
undifferentiated PSCs monocultures.

5.4.3.Differentiation of placental stem cells into extravillous cytotrophoblasts

The establishment of an EVT differentiation protocol of the blastedgstzed PSCs was necessary in
the development of this model. This differentiation protocol was adapted by those published byeOkae
al.and Weiet al 1>, During the testing of these differentiation protocol, we determined that the success
of their differentiation hinged greatly on their seeding densities at the onset of this process, similar to
what has been previously reportéd The extremely low seeding densities described by Gitaal.
resulted in proliferation arrest and culture death, whereas densities of 400,000 cell@lescribed by
Weiet al.resulted in cells growing in patches which were not conducive to EVT differentiation. A seeding
density of 200,000 cells/well appeared to result in cells with the mostli¥ Morphology Figure5.4A).

These cells were then stained for HGAa known marker for EVT differentiation, and showed higher levels
of expression than the undifferentiated PSC contradj(re5.4B).

A. 200,000 cells/well 400,000 cells/well

\

B. Placenta Stem Cells Extravillous Cytotrophoblasts
u HLA-G

J U BN y _fs 100 pm
Figureb.4. Establishment of an EVT differentiation protadhpted from Okae et al. and Wei et%. A. Phase contrast images
of PSCs differentiated into EVTs after 6 days of culture at seeding denfsi@#3000 cells/@vell and 400,000 cells/érell. B.
Immunostaining images of Hi@, a known EVT marker, in undifferentiated PSC and differentiated EVT tissues.

hyOS (KSasS OStftaQ OFLIOAGeE (G2 RAFFSNBYyUGAFGSR
different matrices: fibrin only, fibrin + 10% Matrigel and Matrigel only. PSCs were firassethbled into
spheroids in Aggrewell culture for the 2 fiddys of the differentiation protocoHgure5.5A). Spheroids
were then harvested and embedded into the three gel types for an additional 12 Bays€5.5B).
Spheroids embedded into fibrin + 10% Matrigel began sprouting into the matrix earliest and were then
followed by the spheroids in the fibrin only condition. However, spheroids in the Matrigel only condition
appeared to break down the longer they wene culture. These results were surprising because
trophoblasts have been shown to invade through MatrfjeHowever, in these assays lower Matrigel
concentrations were used which likely resulted in more porous gels, increasing the ease at which cells
were able to invade. Next, tissues were fixed and staineddotih on day 12 to visualize the cytoskeleton
of the invading cellsHigure5.5C). This stain confirmed the lack of invasion in the Matrigel only condition
and the limited invasion in the other two conditions. Unfortunately, by the time tissues were stained, it
appeared as if many of the spheroids underwent invasion arrest in thienRill0% Matrigel condition
(Day 11Figureb.5B). These results suggest that the EVTs have the capacity to invade into both the fibrin
and fibrin + 10% Matrigel matrix, however the invasion and degradation speeds seem to differ. Pro
invasive factors such as placental growth factor (PIGF) and leptid be introduced into the system to
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increase EVT invasion into the matrix before invasion arrest c€@fiSurther, matrix optimization could
also result in more drastic invasion by increasing pore size.

C.

A. Day 2 in aggrewell culture

Fibrin
Fibrin

Fibrin +10% Matrigel
Fibrin +10% Matrigel

Matrigel

T
2
£
=
®
=

Figure5.5. Assessing EVT capamty to invade into fibrin, Matrigel and mixed matiokggrewell cultures of PSCs on day 2 of
the EVT differentiation protocds. Progression of EVT invasion through fibrin only, fibrin + 10% Matrigel and Matrigel only gels
from day 1 of embedding to day 11C.Factin staining of differentiated EVTs after 12 days of embedding in the three hydrogel

types.

5.4.4 EVT and HUVEC coculture

As in previous chapters, establishing whether the trophoblast cells could be harmoniously cocultured
with HUVECSs is a vital stepping stone in the establishment of this invasion model. In Chapter 4, we showed
that vascular degradation occurred from day 6dmy 15 of HUVEC monoculture and suggested that this
was due to the exclusion of stromal cells such as fibroblasts, pericytes or smooth muscle cells, which would
have supported the vasculature through the lengthy cultuFéggre 5.6). When culturing EVTs in
compartmentalized media with HUVECs on a-patierned AngioPlate resulted in a decrease in barrier
permeability compared to the HUVEC only condition for both 4 KD6&.%° 195.6 pmol/hrfor EVTs +
HUVECs and63.6° 88.5 pmolhr for HUVECs onlyand 65 kDa dextran8.72° 4.83 pmol/hrfor EVTs +
HUVECs antb.6° 2.5 pmolhr for HUVECSs onlyThis suggests that either the EVT media or the EVT cells
themselves are supporting the vascular barrier. However, BkTlenown to secrete proteolytic enzymes
that start breaking down the spiral arteries before they fully invade and restructure the tiueurther,
many of the media supplements present in EVTM are shared with STM, which was better at maintaining
HUVEC barrier integrity when compared to endothelial cell media alone. Therefore, we hypothesize that
most of the improved barrier function repat for the EVT + HUVEC condition can be attributed to the
media. Interestingly, when cultured as a monolayer on the fibrin gel, EVTs did not exhibit the elongated
morphology characteristic of invasive cells that was observed during the spheroid cultdréhegndid
not appear to invade into the matrix. During chorionic villus gromthivg proliferative cytotrophoblasts
will break through the syncytium and differentiate into EVTs at the extremities of the Vhierefore,
they might need a compact environment, such as that of a spheroid to trigger invasion. The next steps
involved in this work would be to coculture both cell types in the final stamped model design, then
optimize the coculture media conditiongjrther optimize the matrix, and perhaps include grivasive
factors to improve invasion rates.
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Figure5.6. EVT andHUVEC coculturé. Brightfield images of EVTs cultured as a monolayer on the fibrin gel of-pati@nned

AngioPlate device. Fluorescent images of 4 kDa and 65ddzalar permeability assays performed on dayBL8. kDa dextran

permeability assay comparing PSC + HUVEC, ST + HUVEC, and EVT + HUVEC cocultures with HUVEC only control. Data from Figure
4.5 of Chapter 4 was reused here. (N=3,-aag ANOVA, *p<0.05, *p<0.01, ***p<0.00C)65 kDa dextran permeability assay

comparing PSC + HUVEBC,+ HUVEC, and EVT + HUVEC cocultures with HUVEC only control. Data from Figure 4.5 from Chapter

4 was reused heréN=3, onewvay ANOVA, *p<0.05, **p<0.01, ***p<0.001)

5.5. CONCLUSIONS

In this work, we developed a 3D microphysiological model to culture EVTs within chorionilikéllus
structures and in proximity to a perfusable vascular vessel with the goal of using it for future trophoblast
invasion studies. 3D printed stamps were usedattern the fibrin hydrogel of the AngioPlate model
described in Chapter 4 of this thesis, which has been shown to be compatible withtogighput assays.
Further, we adapted previoushstablished EVT differentiation protocols to PSC spheroids dddukin
hydrogels and showed that these cells can be cocultured with the HUVECs. However, further media and
matrix optimizations need to be performed to utilize this model in trophoblast invasion studies which
require finely tuned culture conditions to pmwote extensive EVT differentiation. Once these
optimizations are performed, additional cell types can be added to more closely recapitulate the maternal
microenvironment. For example, smooth muscle cells could be incorporated into to the fibrin gel matrix
to support endothelial cells, since they play an important role in spiral artery remodel@gnversely,
this system could be adapted to model an earlier stage of placental development, such as endometrial
invasion, which would require the addition of maternal endometrial &&lfs In summary, this work
presents a noveh vitrodesign for higkthroughput placental invasion modeling.
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6. CONCLUSIONSNDFUTURHEDIRECTIONS
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Excerpt from the published work dfends in BiotechnologyReprinted with permissioim the section
0Using sesspecific cells in placental and other organ moélels
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6.1. CONCLUSIONS

The placenta is a highly vascularized, temporary organ developed in pregnancy that is composed of
both maternal and fetal cells. It allows for the implantation of the embryo and nutrient exchange between
mother and baby. Placental malformation and diffusiof harmful exogenous substances through the
placental barrier can cause pregnancy complications and, in more severe cases, death of the mother
and/or fetus. Further, the placenta undergoes drastic morphological and functional changes throughout
pregnancy Establishing models to mimic these phenomena at different stages of pregnancy expedites the
development of potential treatment options. Mouse models are often used to simulate human fetal
development despite major interspecies differences. These lirnitatdrive researchers to developiimg
vitro models consisting of humadkerived cells.In this thesis, three distinct placental models were
developed to tackle many of the limitations of existimgvitro barrier and invasion models, such as
throughput limtations, limited syncytiotrophoblast fusion rates, lack of vascular perfusion and absence
of physiological tissue architecturéheadvancementsnade in designing and establishing these models
broaden the horizons of possibilities within the realm of placental rese#&nefiher, these models have
enabled us to better understand the unique roles of endothelial and trophoblast cells within the context
of placental function and development.

The most important characteristic of a mature placental barrier is the presence of a fused syncytium.
In Chapter 2, we assessed the degree of differentiation of placental stem (Bi€s)nto the
syncytiotrophoblast lineageshen culturedon fibrin gels, as outlined by the protocol established by Okae
et all. This characterization served as a foundation for the experiments conducted in the following
chapters3 and 4 We showed that we were able to obtain a highly differentiated monolayer with fusion
rates averaging89.4 = 3.4% tenfold higher than the undifferentiated control condition of
cytotrophoblastlike stem cells. hCG secretion rates, which are correlated with syncytiotrophoblast
differentiatior?, were found to be twice as high for the differentiated cultured and resulted in a media
supernatant concentration dt48.6 + 112.6 ngnL BeWo b30 cultures were similarly analyzed and found
to have drastically lower fusion and hCG secretion rates when differentiated witlegtablished
protocols. To assess morphological changes in the PSCs caused by differentiation, histological cross
sedions were obtained, and it was determined that cell fusion decreased monolayer thickness. This
agrees withex vivofindings which showed a reduction of trophoblast barrier thickness with gestational
age. This phenomenon facilitates the increase of passive diffusion across the placenta, thus allowing the
placenta to meet the rising nutrient demands of the fetus. As fitracterization, gene expression
analysis was performed on PSCs and BeWo b30 cells and it was determined that the PSCs produce fused
STs morelosely resembling the genome of native STs. Finally, the fibrin hydrogel used in the subsequent
models was charaerized in this chapter to determine pore dimensions, interstitial flow rates and
velocities. Analysis of SEM images revealed that the fibrin gels exhibited a pore size ave@#yig
0.12pm. Additionally, through fluorescent particle assays, we determined that the flow velocity within
the gel was minimal in comparison to the flow observed within vascular channegimmary, this
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cultured on fibrin hydrogels.

Once it was established that the PSCs were compatible with fibrin gel culture and capable of fusing at
impressively high rates, earffage and latestage models were established and their permeability to
different sized molecules was characterized in @G&aR. Firstly, the effects of media mixtures of different
proportions of endothelial cell media and PSC media were evaluated to determine if PSCs and HUVECs
could be cultured harmoniously. PSCs maintained their morphology and could form confluent mosiolaye
in media mixtures of as little as 25% PSCM, whereas HUVECs were able to propessesdiie in media
mixtures with as little as 50% ECGM2. These results confirmed that media mixing during
compartmentalized culture would not be detrimental to eachiuidual culture and therefore coculture
of these cell types was possible. The first eathge barrier model consisted of a monolayer of
undifferentiated PSCs atop a fibrin gel. This model was utilized to assess the effects of PSC differentiation
on barrer permeability as well as cytokine secretion. We determined that PSC fusion increase barrier
permeability to 4 kDa by more thanfé@ld, enabling higher rates of transplacental diffusion, and that
inflammatory cytokines were produced during this maturatigraralleling the inflammatory state of
early-pregnancy. Next, the latstage IFlowPlate placental barrier model was established and consisted of
selfassembled vasculature within a fibrin gel, atop which was cultured a monolayer of syncytialized PSCs.
PSQusion rates in this coculture rivaled those previously measured in ideal culture conditions with a rate
of 84.4 + 1.0%The permeability of both earyand latestage models were assessed via dextran and
insulin permeability assays and markable differences were observed. The vasculature in gtadate
model provided a significant additional barrier against the transpbinsulin from the maternal to the
fetal compartment. Additionally, the perfusion of the vascular channel allowed for more rapidutale
clearance, and thus increased perceived transport rates across the placental barrier. These findings
highlighted the importance of modeling different stages of placental development to provide a more
multifaceted understanding of placental permedyil

Chapter 4 expands upon the lastage model introduced in Chapter 3, adapting it to accommodate
drug safety assays. These assays demand dependable¢hhigighput models capable of generating
consistent and reproducible datslVe therefore transitioned from selissembled vasculature to guided
vasculature by creating a single tubular channel through the fibrin gel, connecting the adjacent two
compartments. To do this, we first utilized PDMS soft lithography to create satrifatain channels
which wouldbe dissolved away after fibrin gel casting. The manufacturing process was then streamlined
by transitioning to 3D printing, which reduced manufacturing time from 4 days to 30 minutes per plate.
Two endothelial cell types were assessed to determine whickdymed vasculature channels that were
more stable over the long term, and it was concluded that-BHEVECs suffered less from endothelial
degradation in long term culture when compared to TERIVECs. Additionally, the effects of
compartmentalized media @hof coculture with STs were evaluated. Results suggested that both STM
and ST cells grant a protective effect which increased vascular barrier integrity and sustained the culture
for longer term. As the final optimization step, pericytes were incorporatamthe fibrin gel of this model
at high and low concentrations. However, they did not seem to improve the vascular barrier and were
even shown to increase its permeability, possibly by depleting the nutrients in the cell culture media and
starving the WVECs. The final model used for the drug barrier study consisted éd(G¥PCs cultured
in the vascular channel, without pericytes within the gel and with a differentiated monolayer of STs on
the apical surface. Once this model was established, placertahgability assays with fluorescently
labeled paclitaxel, vancomycin and IgG were performed and fetal/maternal ratios were calculated.
Permeability to the drugs was evidenced to be siage- and concentratiordependent, similar to what
has been seeim vivo.
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Finally, in Chapter 5, we presented our design for a trophoblast invasion model consisting of a
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introduce chorionic villous architecture into which we coulédénvasive extravillous cytotrophoblasts
(EVTSs). In this model, the vascular channel represented maternal spiral arteries and the apical side of the
gel represented the fetal compartment into which it is possible to seed EVT spheroids. We first confirmed
that HUVECs and PSCs cell could be cultured in this model. Next, we adapted established EVT
differentiation protocols to our PSC cultures and sesi$embled them into spheroids, which were
embedded into three types of gel matrices to study their invasigsn®Ve found that their invasion into
the matrix was highest in fibrin + 10% Matrigel matrices and that further matrix optimization is required
to obtain more highly invasive cultures. Finally, vascular permeability values of EVT and HUVEC AngioPlate
cocutures demonstrated that further coculture media optimizations are also required to utilize this model
in trophoblast invasion studies.

6.2. RECOMMENDATIONS FOR FUTURE WORK

6.2.1.Incorporating stromal cells into barrier and invasion models

Stromal cells serve a variety of functions within the body, including structural support of tissues, blood
flow control, immune regulation, as well as angiogenic and transport medfdtibtowever, the function
of these cells within the placenta is not yet wetiderstood. Some of the most abundant stromal cells
present within the chorionic villi are fibroblasts and pericytes. Unfortunately, human placental fibroblasts
were not yet commerally available and were not included in the models within this thesis. Instead,
introducedplacentalpericytes into our straight channel placental model vitie hope of observing their
support of the vascular barrier. However, we suspected that thiepes were weakening the endothelial
barrier due to their overgrowth, which led to the nutrient depletion in the media and the increase in vessel
permeability. This can be addressed in future models by connecting the central AngioPlate compartment
to the top and bottom adjacent wells via a microchannel above the gel. This would add an additional 200
pL media reservoir which should be sufficient in maintaining the cultures with daily media changes.
Furthermore, the observed pericyte overgrowth might beiatited to the influence of ST cells or specific
differentiation factors present in the STM. This is particularly noteworthy since these cells, when
previously cecultured with HUVECs exclusively in EC medium in our laboratory, did not demonstrate
comparalle growth dynamics. Consequently, the effectiveness of thisulture model is critically
dependent on theoptimizationof the caculture media

Smooth muscle cells (SMCGae coiled around the spiral arteries in the maternal dectduand
undergo controlled apoptosis during spiral artery remodeling by EVTs. In fact, it has been shown that
SMCs undergo apoptosis from the outermost layers of the vessé] &évgn before the endothelial barrier
is invaded by EVTSEhe loss of smooth muscle cells is crucial to the widening of these vessels because it
causes the loss of contractility of the vessel. Therefore, to truly recapitulate spiral artery remodeling, it
would be necessary to incorporate SMCs imwitro placental invasion models. This can be achieved in
our model by the addition of SMCs into the fibrin géarriset al. showed that SMC apoptosis can be
initiated not only by the presence of primary trogblasts, but by perfusion of trophoblasbnditioned
mediun®, suggesting that the placental cells secrete apoptotic facfss result, the culture model could
be simplified by ceulturing ECs and SMCs without trophoblasts and simply applying trophoblast
conditioned media to initiate the breakdown of the vessel. Either model would allow for the easy
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visualization of SMC and EC apoptosis during spiral artery remodeling and offer insight into the interplay
of these two cell types within the maternal decidua.

6.2.2.Incorporating oxygen gradient into placental models

Studyingthe effects ofoxygenin tissues has gained traction in the past few yeaspecially due to
the realization that different organs are subjected to different oxygen tensions within the humani.body
Healthy oxygen partial pressure (On arterial blood generally ranges from 80 to 100 mifHg
(corresponding to 1414%). However, the partial pressure experienced by other organs varies
significantly, from the lungs being the highest at 104 mmHghie alveolt''2due to their direct contact
with ambient air, and to tissues such as bone marrow which experience oxygen levels of 44*mmHg
the eye such at 22 mmHgIn vitrocell cultures are mostly maintained in incubators with 21% oxygen
levels, however manin vitro cultures experience hypoxic conditions when grown under thick layers of
culture media®. Thus, novein situoxygen measurement techniques have been necessary to accurately
evaluate the effects of pOon engineered tissues. Many of these technigues have incorporated
fluorescent oxygen sensors within or below biocompatible thin films which line the culture vessels to
protect the cells from any cytotoxici§’. Visualizing oxygen gradients within mammalian cell culture has
therefore become more attainable.

In the context of the placenta, oxygenation plays an important role in the form of oxygen gradients
which drive certain placental functions. The eatgge placenta develops in a mostly hypoxic
environment and oxygen levels significantly increase withpregression of spiral artery remodeling
which funnels oxygenated maternal blood into the tisSulnterestingly, uteroplacental hypoxic gradients
have been argued to be one of the driving factors in spiral artery remodeling due to the presence of a
steep oxygen gradient from the hypoxic environment of the fetus to the comparatively oxiaietissue
of the maternal decidud?°. However, oxygen gradients are not only present in the matefigtal axis of
the placenta. It has been shown that placental morphology varies along the lateral oxygen gradients from
the center to the extremities of the diskthaped orgaft. Additionally, placental oxygen concentrations
have been shown to play a role on fibrin matrix deposition. Although no morphological or proliferation
changes were observed in hypoxic cultures of primary placental fibroblasts, these cells increased their
fibronectin and collagen IV deposition with decreasing oxygen févelgating a fibrotic environment
reminiscent of placental fibrosts An example of incorporating hypoxia in the models presented in this
thesis would be to plug or seal some of the wells on the device to create an oxygen gradient across the
compartments of the device. Fibrin gel and cell seeding locations could thedalp¢ed to obtain the
desired EVT invasion direction. Modulating oxygen gradients within pladewigdo cultures would allow
researchers to model both healthy and diseased placental changes influenced by hypoxia, and therefore
better understand the pathgenesis of these diseases and permit the informed development of novel
treatments.

6.2.3.Using sesspecific cellsn placental and other organ models

Sex refers to biological characteristics that are often categorized as male or female. These physical
and physiological attributes include reproductive anatomy, production of sex hormones, gene expression,
and sex chromosome type (XX vs) X8overnment of Canada, https://cimsc.gc.ca/e/48642.html).
Biological sex, which diffefieom gender is linked to innumerable physiological factors, such as immunity,
lifespan genetic makeup, and hormone levelsdure6.1). Despite this, there is a long history of bias
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towards the male sex in experimental designs in biomedical research. For instance, the lack of diversity in
early clinical trials created a bias in treatment methods that are nextensively validated for male
patients. In contrast, female patients had no choice but to tolerate the potential higher risk that
accompanies every new treatmefft It was only in 1994 that the US implemented a federal law requiring
clinical research funded by the National Institute of Health (NIH) to include female trial participants. This
transition has shed light on the sexually dimorphic nature of the phys@abgesponse to treatments,

such as vaccines, chemotherapy, and transplants. Unfortunately, this bias has now been extended to the
more recent field of preclinical microphysiological modeling. Although the NIH had put forth
recommendations in 2014 to baleesex in cell and animal models, this bias has continued to affect the
design of preclinical studies which regularly involve the exclusive use of male rodents and c&ftypes
Further, cell sex im vitro models often remains unspecified, impeding any subsequent analysis-of sex
specific cell functions.

The vast majority of current orgamodels, except for those modeling reproduction, are designed
without considering sex as a biological variable. These asexual models often neénglesexual
dimorphism observed in human organ morphogenesis, function, and disease, which are missed
opportunities By considering sex as a biological variable im3(iro studies, we can better understand
the differences in organ development, function, and disease between men and women, thus eventually
designing more tailoretherapies for patients suffering from various diseas@he simplest method to
incorporate sex into microphysiological models is by utilizingspexified cells. Although the placenta is
a uniquely female organ, the trophoblast cells that form its chorionic villi are genetically derived from the
fetus. As a rsult, it is possible to construct female and matevitro placental models and explore
differences in their morphogenesis and function which can then be correlated to the differences observed
in dinical studies. Up until now, placental sexual dimorphism has been mostly observed in animal models
and clinical studie§?’. Maternal diet during pregnanés?® hypoxid®, exposure to corticosteroid%®?,
and exposure to environmental chemicdlsave all been shown to result in gene expression or DNA
methylation differences in the placentas of female and male pregnancies. However, most of these studies
focus exclusively on gene expression patterns and have not yet shown many functional diference
between sexe¥. Most pregnancy complications, such hypertension, preterm birth and stillbirth, have
been shown to be more highly associated with the male fetat®séxFurther, sex differences in fetal
responses to nutrient availability obesity’® and gestational diabeté$have been established. Given that
the placenta is the main source of fetal nutrition and gases, and is selective in its transport, these observed
differences may be due to selependent differences in the placenta. It is our hope that with the
developmentof novelin vitro placental models, placental functional assays, and with the increase in
trophoblast stem cell availability, that sexual dimorphism in placental function could be explored in depth.

Including both male and female primary cell types into an experimental design can be costly and
would inevitably increase the scale of an experiment. For instance, if researchers are expected to include
both male andfemale models in the study to avoid sepecific bias, then sample sizes will effectively
need to be doubled to allow for statistical testing. If the experimental objective is to not only avoid
experimental bias due to sex differences but also statisyicailalyze the effect of sex, then more than
three male and female cell sources will be needed, which will expand the experimental conditions and
sample size by six times. However, most microfldidised orgaron-a-chip devices are designed for
target valdation studies and have laboand timeintensive manufacturing and operational protocols,
which is one reason why accounting for sex differences can be challenging. More research groups are
starting to develop and commercialize hitiiroughput platforms ¢ address these limitations on
experimental throughput¥<*3, These systems are often based on eitherd®@84well formats that are
scalable and compatible with lab automation for both tissue production (e.g., Robotic liquid handling
system, etc.) and experimental readouts (e.g., plate reader and image cytgra&tg. More notably, the
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multi-chamber designs of these platforms allow for hydrostatic pressiren media perfusion via
interconnecting microfluidic channels without the need for microfluidic flmamtrolled pumps, which is

the critical feature that improves experimental thrgloputs'®4446, Although orgaron-a-chip devices

were originally designed and envisioned for target validation purposes, we anticipate the demand for high
throughput platforms will continue to increase due to the need for multiplex experiments in biomedical
research. Hwever, it is also important to note that these advances in liquid handling robots and high
throughput systems do not necessarily address the increased manual handling that accompanies the use
of multiple male and female cell sources. Each cell line orgyircell will still need to be separately
isolated, expanded, and maintained, which inevitably will drastically increase workload and logistic
challenges.
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Figure6.1. The importance of implementing human sexual dimorphism in microphysiological models and techniques to do so.
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