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ABSTRACT

Abnormal placental development and function are associated with various pregnancy
complications, such as preeclampsia and intrauterine growth restriction. However, due to
ethical concerns, directly obtaining placental samples during gestation for the early diagnosis
and treatment of these pathologies remains largely unrecommended. Recently, nanoparticles
known as extracellular vesicles (EVs) have demonstrated roles in mediating maternal -fetal
crosstalk during placentation and have been actively explored as potential biomarkers for
associated complications. Because previous studies have also reported the presence of various
tissue-derived EVs in the circulation, the analysis of placental EVs in the plasma has been
proposed as a minimally invasive strategy that could provide indirect insight into the maternal-
fetal interface for diagnostic purposes. In this study, we aimed to explore the feasibility of this
approach by first characterizing placental EVs obtained from a uterine Nodal knockout mouse
model that recapitulated many abnormal placental phenotypes, such as impaired fetal growth,
reduced decidual thickness, vascularization changes within the labyrinth, increased
inflammation, and alterations to the composition of immune cell populations. Analysis of the
EV cargo revealed the differential expression of numerous proteins and microRNAs involved
in organ development, angiogenesis, metabolism, and immunomodulation between the
knockout and control mice. Because the dysregulation of these processes mapped to
phenotypic abnormalities actually observed in the Nodal knockout females, these findings
validated the ability of the EVs to indicate the presence of placental defects through molecular
changes in their cargo contents. Furthermore, the identification of specific cargo components
that have previously been implicated in the pathophysiology of numerous placental
complications highlighted the potential clinical applicability of these nanoparticles as disease
biomarkers capable of monitoring maternal and fetal health during pregnancy to improve

overall reproductive outcomes.



RESUME

Les anomalies placentaires sont associées a diverses complications de grossesse telles
que la pré-éclampsie et le retard de croissance feetale. Cependant, le prélévement d'échantillons
placentaires pendant la grossesse pour le diagnostic précoce et le traitement de ces pathologies
n'est pas recommandé¢ pour des raisons éthiques. Récemment, il a été démontré que des
nanoparticules appelées vésicules extracellulaires (VE) jouaient un réle de médiateur dans les
processus impliqués dans la placentation et leurs roles en tant que biomarqueurs potentiels pour
les complications associées a été exploré. Des études antérieures ont également démontré la
présence de divers VE dérivés de tissus dans la circulation sanguine. Ainsi, I'analyse des VE
placentaires dans le plasma a été proposée comme une stratégie peu invasive qui pourrait donner
un apergu de l'interface materno-feetale a des fins de diagnostic. Nous avons cherché a explorer
la faisabilité de cette approche en caractérisant les VE placentaires d'un modéle de souris knock-
out Nodal utérin qui présente de nombreux phénotypes placentaires anormaux, tels qu'une
croissance fcetale altérée, une épaisseur déciduale réduite, des changements de vascularisation
dans le labyrinthe, une augmentation de 1'inflammation et une altération des populations de
cellules immunitaires. L'analyse des VE a révélé 'expression différentielle de nombreuses
protéines et microARNs impliqués dans le développement des organes, 1'angiogenese, le
métabolisme et I'immunomodulation chez les souris knock-out. Etant donné que la dysrégulation
de ces processus correspond aux anomalies phénotypiques observées chez les femelles knock-out
Nodal, ces résultats ont validé la capacité des VE a refléter la présence de défauts placentaires
par le biais de changements dans leur contenu. De plus, 1'identification de composants
spécifiques des VE qui jouent un rdle dans la physiopathologie de nombreuses complications
placentaires a mis en évidence 1'applicabilité clinique potentielle de ces nanoparticules en tant
que biomarqueurs permettant de surveiller la santé maternelle et fcetale pendant la grossesse afin

d'améliorer les résultats globaux en matiere de procréation.
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1. INTRODUCTION

1.1 Mammalian Pregnancy

Pregnancy is an essential reproductive process that ensures the propagation of progeny
and genetic information for thousands of species (Evans & Ganjam, 2011). While there are
nuanced interspecific differences in how pregnancy manifests and progresses physiologically,
many of the general stages remain consistent for most mammals (Abbot & Rokas, 2017; Ochoa-
Bernal & Fazleabas, 2020).

For a pregnancy to occur, the maternal and paternal gametes, also known as oocytes and
spermatozoa respectively, must first fuse in the oviduct following copulation (Ochoa-Bernal &
Fazleabas, 2020). This event is more formally known as fertilization and it enables the formation
of the zygote, which then undergoes several series of cell divisions to form the blastocyst as it
travels to the uterus. Upon reaching the uterus, the blastocyst integrates itself within the uterine
wall with the aid of coordinated embryonic and maternal signals through a process known as
implantation, which marks the successful establishment of a pregnancy (Kim & Kim, 2017). To
support the implanted blastocyst, the maternal uterine tissue itself also undergoes numerous
morphological and functional changes to form the decidua in a process called decidualization
(Ochoa-Bernal & Fazleabas, 2020). This initiates the subsequent development of the placenta,
establishing an interface through which the fetus can obtain nutrients and other resources
necessary for its growth and development during gestation (Favaro et al., 2014; Gude et al.,
2004). Pregnancy is finally concluded upon activation of the parturition cascade, which promotes
the release of numerous cytokines and endocrinological signals to help expel the fetus from the

maternal reproductive tract (Fig. 1) (Keelan et al., 2003).

Implantation &
Decidualization

(D4.5)

Fetal Growth
(D14.5-D19.5)

Parturition

(D19.5-D21)

Placentation
(D6.5-D14.5)

Fertilization
(Do)

Figure 1. Pregnancy timeline in the mouse: Fertilization in the oviduct generates a diploid cell
known as a zygote (D0), which undergoes numerous cell divisions to become a blastocyst as it



travels to the uterus to implant and establish a pregnancy within the mouse (D4.5). This initiates
the process of decidualization, which transforms the maternal uterine environment to support the
embryo during early gestation. The placenta then forms to provide an interface for
communication and resource exchange between the mother and the fetus (D6.5-D14.5), which
further advances fetal growth (D14.5-D19.5). Pregnancy is completed upon expulsion of the
fetus during parturition (D19.5-D21). Figure created using images from (Hemberger et al., 2020;
V. Jain et al., 2022; Shi et al., 2021) and those provided by Servier Medical Art (Servier;
https://smart.servier.com/), licensed under a Creative Commons Attribution 4.0 Unported
License.

As highlighted above, pregnancy is a complex biological phenomenon comprised of
several key steps that must be fulfilled to ensure the proper development of the fetus as well as
the health and safety of the mother. While complications can arise at any stage, many of those
with severe pathological manifestations and poor maternal and neonatal outcomes have been
affiliated with the period during which the placenta forms in particular (Norwitz, 2006). Because
of this, extensive research efforts have been made to study the underlying mechanisms of
placental development and its associated pathologies using a variety of experimental models,
such as mice due to their genetic malleability and capacity to closely recapitulate human

pregnancy (Aguilera et al., 2022; Bryda, 2013).

1.2 Placentation

1.2.1 Placental development in the mouse and its role in pregnancy

The placenta is a fetal-derived organ that is essential for the progression of pregnancy and
fetal development. By anatomically intersecting the maternal uterus and fetal membranes, the
placenta mediates various specialized functions, such as nutrient uptake and delivery, gas
exchange, waste removal, and hormone production to adapt the maternal environment to support
pregnancy maintenance (Burton & Fowden, 2015; Gude et al., 2004). Additionally, the placenta
regulates the immune microenvironment to promote maternal immunotolerance, enhance the
development of the fetal immune system, and protect the fetus from harmful pathogens (Ding et
al., 2022; Smith et al., 2021, p. 17). Because of the importance of its functions, it is not
surprising that one of the key stages of pregnancy is when placenta forms, which is a period

formally known as placentation (Fig. 2).
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Upon fertilization, the blastocyst that is formed consists of an outer layer of cells referred
to as the trophectoderm, which encapsulates a cluster of cells known as the inner cell mass
(Hemberger et al., 2020). Following implantation on embryonic day 4.5, the cells of the inner
cell mass distinguish themselves into the epiblast and primitive endoderm. Concurrently, the
polar trophectoderm adjacent to the inner cell mass proliferates to form the extraembryonic
ectoderm and ectoplacental cone while the mural trophectoderm not in contact with the inner cell
mass differentiates into trophoblast giant cells, which invade the decidua to connect between the
maternal and fetal tissues (Hemberger et al., 2020; Watson & Cross, 2005). At embryonic day
6.5-7, the extraembryonic mesoderm forms from the epiblast and proliferates with the
extraembryonic ectoderm to generate the anterior and posterior amniotic folds respectively,
which subsequently combine to create the chorion (Simmons, 2014). During this time, the
allantois also emerges from the extraembryonic mesoderm to link the developing placental
vasculature to the yolk sac and fetal blood networks. As the allantois grows, it adheres to the
chorion by embryonic day 8.5 in a process known as chorioallantoic attachment (Watson &
Cross, 2005). The chorion then involutes to form the primary villi, which create a space where
the allantoic cells making up the fetal blood vessels can migrate to bring them closer to the
maternal blood sinuses (Simmons, 2014; Watson & Cross, 2005). This establishes the main
architecture of the placental labyrinth, and as the chorion trophoblasts surrounding the fetal
blood vessels fuse and differentiate into a cell type known as syncytiotrophoblasts, the labyrinth
becomes a functionally active interface through which resource exchange can occur (Hemberger
et al., 2020; Simmons, 2014). During the last stage of placentation from embryonic day 10-14.5,
the placenta continues to grow and become more morphologically intricate through the
development of the structurally supportive spongiotrophoblast cell layer from the ectoplacental
cone and through increased branching of the labyrinthine blood vessels (Hemberger et al., 2020;
Watson & Cross, 2005). Additionally, the generation of endocrinologically active and nutrient
storing glycogen trophoblast cells from the spongiotrophoblast layer enables the placenta to
become more functionally efficient, which ultimately aids in its ability to support fetal

development and survival during pregnancy (Simmons, 2014).
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Figure 2. Placentation in the mouse: Upon implantation, the blastocyst undergoes extensive
proliferation and differentiation to form the extraembryonic lineages that later produce the
cellular components of the placenta. Notably, at embryonic day (E) 8.5, the chorion and the
allantois adhere to one another to initiate the vascularization of the placenta through the
development of the labyrinth layer. This is followed by accelerated tissue growth and enhanced
differentiation of the various trophoblast cell types, which enables the placenta to become a
mature and functionally active organ by E14.5. Figure from (Watson & Cross, 2005).

1.2.2  Placental complications

Because of its essential role in mediating maternal-fetal interactions during pregnancy,
perturbations to placental development and function have been associated with numerous high-
risk pregnancy complications in humans (Hemberger et al., 2020). One such complication that is
observed in 10-15% of pregnancies is intrauterine growth restriction (IUGR), which is a
pathological phenotype defined by fetal growth that is below the standard projected rate for the
specified pregnancy timepoint (Armengaud et al., 2021; Mandruzzato et al., 2008). IUGR can
occur due to various reasons, such as chromosomal and congenital abnormalities, infections, and
maternal comorbidities like hypertension or diabetes (Sharma et al., 2016). However, in most

cases, IUGR is caused by placental abnormalities that result in a maladaptive in-utero
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environment that prevents the fetus from receiving all the resources necessary for its normal
growth and development (Armengaud et al., 2021; Sharma et al., 2016). Another prevalent
pregnancy complication that affects up to 2-10% of expectant mothers after 20 weeks of
gestation is preeclampsia (Khan et al., 2022). Clinically, preeclampsia is typically characterized
by the combined presence of newly onset hypertension, proteinuria, and other markers of
systemic organ damage, such as low platelet counts and elevated liver enzyme activity (Khan et
al., 2022; S. Rana et al., 2019). Similar to [IUGR, preeclampsia has multiple underlying causes
that include genetic variations of antiangiogenic factors, oxidative stress, inflammation, and
maternal comorbidities like diabetes, obesity, renal disease, or chronic hypertension (S. Rana et
al., 2019). Among the potential causes for preeclampsia, the most well-characterized is placental
ischemia or reduced placental blood flow caused by the abnormal differentiation and activity of
trophoblasts responsible for maternal vessel remodeling (Huppertz, 2008). This is believed to
increase the release of antiangiogenic factors, such as sFLT and sENG, into the maternal
circulation to promote the deleterious systemic effects commonly observed with this condition
(Huppertz, 2008; S. Rana et al., 2019).

Because many pregnancy complications have etiological links to impaired placentation,
direct analysis of the placental tissue during pregnancy has been proposed as a more effective
and accurate approach for the early diagnosis of these pathologies. The only prenatal procedure
currently practiced to obtain placental samples during pregnancy is chorionic villus sampling
(CVS), which is a technique performed between 10-13 weeks of gestation to biopsy the placenta
(Jones & Montero, 2022). It is typically performed for prenatal genetic testing only when a
patient exhibits risk indications, such as an abnormal non-invasive prenatal genetic screen result,
ultrasound abnormalities, history of a previous child with chromosomal abnormalities, or if the
parent is a known carrier of a genetic disorder. The procedure can be performed
transabdominally where a spinal needle containing tissue culture media is inserted into the
placenta through the abdomen under the continued guidance of an ultrasound, or transcervically
where a specialized catheter containing tissue culture media is inserted into the vagina to access
the placenta (Jones & Montero, 2022). While generally considered to be safe when performed
correctly, the CVS procedure has multiple reported risks due to its invasiveness, which include
pregnancy loss, bleeding, infection, membrane rupture, leakage of amniotic fluid, and

introduction of fetal limb defects (Jones & Montero, 2022; Salomon et al., 2019). Combined with
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the strict indications that must be met for the procedure to be administered, many patients are
unable to access the CVS test, which leads to many cases being left undiagnosed until it is too
late (Jones & Montero, 2022). More minimally invasive diagnostic methods are available for
specific conditions, such as ultrasound estimation of neonatal weight for [UGR, or blood
pressure and urine tests for preeclampsia (S. Rana et al., 2019; Sharma et al., 2016). However,
these options are unable to directly analyze the placenta and are still only offered when risk
indications or symptoms are presented, at which point the condition has typically already
advanced too far for preventative measures to be taken. Because of this, there is a significant
unmet need for a minimally invasive diagnostic strategy that can analyze the placenta early in
pregnancy regardless of a patient’s risk profile in order to better monitor and detect cases of

placental complications.

1.3 Extracellular Vesicles

1.3.1 EV subtypes and biogenesis

Extracellular vesicles (EVs) are cell-derived membranous particles that are unable to self-
replicate and are nanosized in scale, generally ranging from 30-1000 nm in diameter (van Niel et
al., 2018; Welsh et al., 2024). While originally thought to be only involved in cell waste
trafficking and removal, the identification of various membrane and intraluminal cargo
macromolecules, such as proteins, nucleic acids, and lipids, indicated larger functional roles for
EVs in intercellular communication and the regulation numerous biological processes (Hessvik
& Llorente, 2018).

EVs can be categorized into different groups based on their size and how they are
generated (Fig. 3). Exosomes are generally small EVs that range from 30-200 nm in size (van
Niel et al., 2018; Welsh et al., 2024). To generate exosomes, specialized organelles involved in
intracellular trafficking known as endosomes first mature by undergoing membrane invagination
to generate intraluminal vesicles (ILVs) that contain cargo macromolecules (van Niel et al.,
2018). The formation of the mature endosome, or multivesicular body (MVB), is believed to
occur through the combined interaction of several mechanisms. One mechanism utilizes the

ESCRT machinery, which consists of four protein complexes (ESCRT-0, ESCRT-I, ESCRT-II,

14



ESCRT-III) and their associated accessory proteins. The ESCRT-0 and ESCRT-I complexes are
thought to cluster EV cargo components onto MVB membrane microdomains and recruit the
ESCRT-III complex through ESCRT-II to promote the internal budding of these microdomains to
generate ILVs (Colombo et al., 2013). MVB biogenesis can also occur in an ESCRT-independent
manner through the generation of ceramide lipids or tetraspanin protein clusters, which impose
an inward negative curvature on the endosomal membrane to form the ILVs (Kaltenegger et al.,
2021; Trajkovic et al., 2008; van Niel et al., 2011). Once formed, the MVB is either directed to
the lysosome for degradation or the plasma membrane for exosome secretion by interacting with
the actin cytoskeleton in a highly regulated manner that depends on the composition of proteins
present on the MVB membrane (Hessvik & Llorente, 2018). For example, proteins with a
ubiquitin-like modification known as ISGylation are believed to designate MVBs for degradation
by promoting its fusion with lysosomes, while enrichment of the actin-binding protein cortactin
or Rab GTPases, RAB27A/B, have been found to rearrange the cytoskeleton to promote MVB
docking to the plasma membrane (Ostrowski et al., 2010; Sinha et al., 2016; Villarroya-Beltri et
al., 2016). MVBs that are trafficked to the plasma membrane undergo fusion with the assistance
of SNARE proteins, which form complexes to bring membrane sections into close contact with
one another (Jahn et al., 2024; van Niel et al., 2018). Through the activation of small GTP-
binding proteins like ARF6, membrane fission then occurs via actin-myosin contractions to
release the ILVs into the extracellular milieu as exosomes (Muralidharan-Chari et al., 2009; van
Niel et al., 2018).

Microvesicles are a larger subtype of EVs that are 200-1000 nm in size and are produced
from plasma membrane budding (van Niel et al., 2018; Welsh et al., 2024). Its primary
biogenesis mechanism is believed to depend on the activation of Ca**-dependent enzymes, such
as scramblase and calpain, which rearrange the phospholipids of the membrane bilayer in a
manner that reduces lipid asymmetry and subsequently promotes the outward bending of the
plasma membrane to form the microvesicles (Fox et al., 1991; van Niel et al., 2018; Wu et al.,
2020). Transforming the lipid composition of the plasma membrane by enriching it with
cholesterol or ceramide has also shown to promote the generation of microvesicles by altering
the biochemical interactions between membrane components (Gills et al., 2012; Khatibzadeh et
al., 2013; van Niel et al., 2018). Furthermore, restructuring and regulating the actin cytoskeleton

through proteins such as the RHO family of small GTPases and ROCK have demonstrated
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effects on membrane budding dynamics and microvesicles release (B. Li et al., 2012; van Niel et

al., 2018).
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Figure 3. Biogenesis of extracellular vesicles: EVs can be generated through the endosomal
pathway where mature endosomes or MVBs fuse with the plasma membrane to release the
encapsulated ILVs into the extracellular space as exosomes. EVs can also be formed directly
from the cytoplasm via budding of the plasma membrane as microvesicles. Both mechanisms
depend on the complex coordination of numerous regulatory factors and interactions with
various intracellular components. Figure from (Teng & Fussenegger, 2020).

1.3.2  EV cargo delivery and cellular uptake mechanisms

While EV subtypes differ in their biogenesis pathways, the mechanisms by which cargo
molecules are targeted to these nanoparticles are similar and largely dependent on the type of
cargo being sorted. RNAs are proposed to be sorted into EVs through the enriched presence of
conserved sequences, like a 3’UTR motif, or by RNA-binding proteins present on the endosomal
membrane (Oka et al., 2023; Villarroya-Beltri et al., 2013). Alternatively, cargo proteins are
thought to be targeted to EVs by forming complexes with those already present on the
endosomal and plasma membranes or by using post-translational modifications as membrane

anchors (Katzmann et al., 2001; Kunadt et al., 2015; Larios et al., 2020). Finally, lipids are
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believed to be sorted to EV biogenesis sites because of their high affinity for the lipid rafts on the
endosomal and plasma membranes (Hessvik & Llorente, 2018; van Niel et al., 2018).

Regarding their functionality, studies found that EVs participated in intercellular
signaling using two different strategies (Fig. 4). One way EVs have been found to activate
downstream biological responses in recipient cells is through surface receptor interactions, such
as those involving integrins, tetraspanins, lipids, lectins, proteogylcans, or extracellular matrix
components (Altei et al., 2020; Christianson et al., 2013; Kwok et al., 2021; Morelli et al., 2004;
van Niel et al., 2018). The second mechanism is by directly releasing their cargo contents into
the cytoplasm of recipient cells, which can occur through direct fusion of the EV membrane with
the plasma membrane of the recipient cell or through active internalization mechanisms, such as
macropinocytosis, phagocytosis, or clathrin-mediated endocytosis (Fitzner et al., 2011; Parolini
et al., 2009; Tian et al., 2014). In the case of the latter, internalized EVs must enter the endocytic
pathway to integrate with MVBs where they are either degraded by lysosomes, re-secreted, or
undergo back fusion to release their intraluminal contents into the cytoplasm of the recipient

cells (Joshi et al., 2020; van Niel et al., 2018).
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Flgure 4. EV cellular uptake mechanisms: Released EVs can interact with recipient cells to
elicit a biological response through several different mechanisms. Firstly, they can activate
downstream signaling pathways by binding to surface receptors, such as integrins, lipids, and
lectins. EVs can also use active internalization mechanisms, such as phagocytosis or clathrin-
mediated endocytosis, where they will then become components of MVBs to either be degraded,
re-secreted, or undergo back fusion to release their intraluminal contents into the cytoplasm of
recipient cells. Finally, EVs can fuse with the plasma membrane of recipient cells to directly
release their contents into the cytoplasm. Figure from (van Niel et al., 2018).
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Regardless of the internalization mechanism, the release of the cargo contents into the
cell allows the encapsulated macromolecules to exert a biological effect. This can include the
regulation of gene expression by microRNAs (miRNAs), activation of signaling pathways by
specific proteins, or the maintenance of metabolic homeostasis by lipid groups (Ghadami &

Dellinger, 2023; Han¢€lova et al., 2024; O’Brien et al., 2020).

1.3.3 EVs and pregnancy complications

As aforementioned, EVs can impact biological processes by regulating their secretion as
well as their encapsulated cargo. Among the biological processes implicated, several groups have
demonstrated how EVs could mediate the pathophysiology of placenta-related pregnancy
complications (Fig. 5). One way was by adversely affecting the placental vasculature. Under
hypoxic conditions similar to those commonly observed in cases of preeclampsia or [IUGR, EVs
released by HTR-8/SVneo trophoblasts have been found to contain a miRNA known as miR-
150-3p, which targeted the CHPF gene in endothelial cells to suppress their proliferative,
migratory, and angiogenic properties (Sha et al., 2023). Plasma EVs from preeclamptic patients
have also been found to inhibit the vasodilatory response of murine blood vessels by
downregulating endothelial nitric oxide synthase levels, which is a phenotype associated with the
placental ischemia characteristically seen in preeclampsia (Murugesan et al., 2022).
Cumulatively, these findings highlighted how EVs could affect the development and functional
capacity of the placental vasculature to precipitate the pathological outcomes commonly
observed in associated complications.

EVs derived from patients with pregnancy complications, or those generated from cells
exposed to maladaptive conditions, have also demonstrated negative effects on placental tissue
morphogenesis. EVs from the term placenta of preeclamptic patients exhibited low levels of
miR-101, which impaired trophoblast proliferation and migration when co-culture assays were
performed (Cui et al., 2020). Interestingly, procoagulant EVs from mouse endothelial cells were
also found to compromise the overall development and structural integrity of the placental
interface in pregnant mice by excessively increasing the differentiation of the giant trophoblast
and spongiotrophoblast cell types and impairing the differentiation of syncytiotrophoblasts

(Markmeyer et al., 2021). Because alterations to the generation and expansion of different
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placental cell types can impair the tissue’s overall architecture and functionality, the elucidated
findings demonstrated another way by which pathological EVs could compromise the normal
progression of pregnancy through its effects on placentation.

Placental inflammation has also been linked to the development of adverse pregnancy
outcomes and recent studies have suggested that EVs could precipitate this immunological
phenotype. Procoagulant EVs from activated endothelial cells have been found to reduce embryo
size, induce developmental malformations, diminish placental diameter, promote proteinuria, and
increase the production of antiangiogenic factors in mice at mid-pregnancy. Further investigation
of the underlying mechanism responsible for these signs of [IUGR and preeclampsia revealed that
the procoagulant EVs precipitated the observed phenotypes by activating the expression of
inflammasome markers, such as NLRP3, Casp-1, and IL-1f3, in trophoblast cells (Kohli et al.,
2016). Changes to the cargo composition of trophoblast EVs from patients with recurrent
miscarriage or preeclampsia have also been found to generate adverse changes to the immune
cell landscape within the placenta. For example, increased levels of miR-196a-5p, tNA fragment
5’tRF-Glu-CTC, or sphingomyelin lipids were found to induce the M1 polarization of
macrophages at the placental interface and excessively promote the production of numerous
proinflammatory cytokines (Cooke et al., 2024; X. Liu et al., 2022; J. Zhang et al., 2022).
Because inflammation is widely known to induce fetal distress and trophoblast dysfunction, the
enhanced generation of proinflammatory cells within the placenta was proposed as a potential
mechanism by which EVs could promote pathologies like recurrent pregnancy loss or
preeclampsia. Overall, these observations demonstrated how EVs could foster negative placental
phenotypes by disturbing the tissue microenvironment in addition to its development. This
highlighted the multi-factorial role these nanoparticles could play in the pathophysiology of
placenta-related complications, which further emphasizes their biological importance in the

context of mammalian reproduction.
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Figure 5. The role of EVs in pregnancy: EVs have been proposed as major mediators of
pregnancy, especially during placentation. By transversing the placental interface, EVs can enter
the fetal and maternal circulations to impact embryonic development and maternal processes
respectively. Because of this, alterations to the concentration or contents of EVs have been found
to contribute to the pathophysiology of various pregnancy complications, such as preeclampsia,
IUGR, and gestational diabetes. Figure adapted from (Nakahara et al., 2020).

With the accumulation of evidence supporting EVs as major mediators of pregnancy
complications, many have begun to explore their clinical applicability, especially as prospective
disease biomarkers. Recently, EVs that retain the biological signature of their derived tissue of
origin have been found in the circulation, which highlighted the potential for these nanoparticles
to be used as a means to access pathologically implicated tissues in a minimally invasive manner
for the diagnosis of various conditions (Zeng et al., 2022). In fact, several groups have attempted
to isolate placental EVs from the plasma of patients with pregnancy complications using tissue-
specific markers, such as placental alkaline phosphatase (PLAP) or syncytin-1, for this exact
purpose because of the etiological role the placenta plays in many reproductive pathologies
(Chaemsaithong et al., 2023; Levine et al., 2020). However, the inability to compare these EVs
with those directly from the developing placentas of patients has challenged their validity as
representative tissue factors capable of capturing the pathological environment responsible for
the complication being investigated. While other studies have tried to provide more insight on
EVs from the maternal-fetal interface, uncertainty regarding the utilized placental models and
their ability to recapitulate specific disease conditions has questioned the accuracy of the
currently available information. For example, EVs from placental cell lines are believed to be

obtained under circumstances that fail to model the complexity of tissue and systemic biological
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interactions while EVs from term human placenta are thought to be collected at a timepoint that
differs from when the phenotypes manifest. To circumvent these limitations, murine models have
been explored instead as an in vivo system that can realistically recapitulate human pregnancy
while also providing easy access to the placental tissue at the time of disease onset. As these
features can offer greater insights into the pathological placental environment responsible for the
pregnancy complications being studied, many have begun to speculate whether EVs obtained
from the developing placentas of murine models could be alternatively used to characterize
prospective biomarkers, which can later be analyzed in patient plasma samples as a novel

diagnostic approach.

1.4 Nodal

1.4.1 Nodal signaling pathway

While many mouse models of pregnancy pathologies have been introduced, one such
model was generated by genetically dysregulating the Nodal signaling pathway.

Nodal is a 38-42 kDa homodimer protein that is a member of the TGF-f3 superfamily of
signaling ligands (Le Good et al., 2005). Although Nodal is highly conserved across all
vertebrates from zebrafish to humans, the functional role of this protein was first characterized
through a transgenic screen of mice that were genetically manipulated using retroviral vectors
(Shen, 2007). Mice with a recessive insertional mutation that mapped closely to the Nodal gene
exhibited severe gastrulation abnormalities that led to embryonic lethality (Conlon et al., 1991;
Zhou et al., 1993). Specifically, this mutation termed 413.d, impaired the organization of the
primitive streak as well as the subsequent migration and formation of the meso-endoderm
(Conlon et al., 1994). These initial findings confirmed the importance of this protein for
embryogenesis, and following studies further delineated the role of Nodal in other developmental
processes, such as left-right axis determination, neural patterning, and maintenance of stem cell
pluripotency (Brennan et al., 2002; Londin et al., 2005; Vallier et al., 2005).

As a morphogen, Nodal is extracellularly secreted upon being synthesized into its
precursor form, which is a disulfide-linked homodimer with post-translationally modified

glycosylated sites (Le Good et al., 2005). To become functionally active, the N-terminal of the
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Nodal proprotein must be enzymatically cleaved to release the 12 kDa C-terminal domain, which
contains the mature ligand (Fig. 6) (Beck et al., 2002). This step is performed by convertases
Furin and Pace4 with the assistance of a GPI-linked co-receptor known as Cripto, which recruits
these enzymes and the Nodal precursor to the site where the mature ligand will bind to the
recipient cell to initiate its signaling cascade (Beck et al., 2002; Yan et al., 2002). The site itself is
a membrane-bound receptor complex comprised of a type I activin receptor like kinase (Alk4/7)
and a type II activin receptor (ActRIIA/B) (Reissmann et al., 2001). Once Nodal is bound to the
receptor complex, the ActRIIA/B subunit phosphorylates and activates Alk4/7 to initiate the
subsequent phosphorylation of signal transducers Smad2/3 (Yeo & Whitman, 2001). The
phosphorylated Smad proteins will then interact with Smad4 to promote their translocation to the
nucleus where it will partner with additional transcription factors like FoxH1, Mixer, Milk, and
p53 to facilitate DNA binding (Chen et al., 1997). This allows Nodal to regulate the expression
of target genes, such as Sox17, FoxA, and Gata factors, as well as modulate the Fgf, Bmp, and
Wnt signaling pathways to confer downstream biological effects (Meharwade et al., 2023; Soh et
al., 2020; Wlizla & Zorn, 2015).
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Figure 6. Nodal signaling pathway: Cleavage of the Nodal precursor protein by Furin and
Pace4 releases the mature Nodal ligand, which binds to a membrane-bound receptor complex
comprised of Alk4/7 and ActRIIA/B. This step is facilitated by a GPI-linked co-receptor known
as Cripto, which recruits the enzymes and the Nodal precursor to the site where the mature Nodal
ligand will bind to initiate the signaling cascade. Once Nodal is bound, the ActRIIA/B subunit



phosphorylates and activates Alk4/7, which subsequently phosphorylates signal transducers
Smad2/3. Phosphorylated Smad2/3 will then interact with Smad4 to translocate to the nucleus
where it will partner with additional transcription factors, such as FoxH1 and Mixer, to facilitate
DNA binding and the expression of downstream target genes. Figure from (Shen, 2007).

The Nodal signaling pathway is highly controlled by various regulators (Schier, 2009).
Nodal primarily self-regulates itself by activating the transcription of its own gene as well as its
inhibitor Lefty, which binds and blocks the interaction between Nodal and its co-receptor Cripto.
In addition to Nodal and Lefty, other regulators of the signaling pathway have been characterized
over the years. Cerberus is a secreted inhibitor that directly sequesters the Nodal ligand while
Dapper 2 antagonizes the Nodal pathway by promoting lysosomal degradation of the type I
activin receptors. Downstream of the activin receptor complex, Nodal signaling can also be
downregulated by nuclear phosphatase Ppm1A and ubiquitin ligase Ectodermin, which
dephosphorylates Smad2/3 and ubiquitinates Smad4 respectively to block their interaction.
Certain regulators can impair Nodal activity by altering the ability of its downstream effectors to
associate with key transcription factors as well. For example, Zn-finger factor XFDL156 can
bind the p53 transcription factor to block its association with Smad2 while Drap1 can sequester
the FoxH]1 transcription factor to impair its DNA-binding abilities. Alternatively, Nodal activity
can also be upregulated at numerous points throughout the signaling cascade. Early in the
pathway, Ras GTPase Rap2 can reactivate the Activin receptors to upregulate Nodal signaling
while other TGF-f3 ligands, like Gdf1, can heterodimerize with Nodal to functionally enhance its
activity. Nodal signaling transduction can also be increased by blocking the action of its
inhibitors. For example, microRNAs, such as miR-430, have been shown to upregulate Nodal
signaling by repressing Lefty transcripts while the FAM/Usp9x complex has been found to
counter the ubiquitination of Ectodermin to promote the interactions between Smads 2, 3, and 4

downstream in the pathway as well (Tanaka et al., 2007).

1.4.2  The role of Nodal in pregnancy

The discovery of Nodal transcripts in the human endometrium during the proliferative

and early secretory stages of the menstrual cycle suggested a larger role for the signaling
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pathway in the field of female reproduction (Papageorgiou et al., 2009). In fact, the potential
mechanisms by which Nodal can impact the proper progression of pregnancy from implantation
to parturition have begun to be elucidated, and many of these findings were achieved using the
uterine Nodal knockout (Nodal KO) mouse model developed by Dufort et al.

Notably, genetic abrogation of Nodal expression in the maternal uterus was found to yield
many mid-pregnancy phenotypes representative of major reproductive pathologies. For example,
starting from gestational day 10.5, embryos from the Nodal/ KO dams exhibited size and weight
reductions indicative of an IUGR phenotype (Fig. 7A) (Park et al., 2012a; M. R. Rana, 2022).
Additionally, analysis of the maternal and fetal tissues from these mice at the same timepoint
revealed the differential expression of several genes that are commonly implicated in
preeclampsia (unpublished data). When studying the implantation sites from the Nodal KO dams
for potential morphological abnormalities that could account for the observed phenotypes, Dufort
et al. found that the area of the maternal decidua appeared smaller throughout mid-pregnancy
and the fetal portion of the placentas were also notably thinner by gestational day 14.5 (Park et
al., 2012a; M. R. Rana, 2022). Placentas from these females also displayed major disorganization
within the trophoblast giant cell and spongiotrophoblast layers as indicated by the abnormal
staining patterns observed for the Pri3b1, P-17, and TpbpA markers respectively (Fig. 7B) (Park
et al., 2012a). Furthermore, the Nodal KO females exhibited placental vasculature abnormalities
by gestational day 14.5 as well, which was demonstrated by the significant reduction in maternal
blood spaces and the over-expansion of fetal blood vessels seen in the labyrinth layers (Fig. 7C)

(M. R. Rana, 2022).
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Figure 7. Mid-pregnancy phenotypes in Nodal KO dams: (A) Embryos from Nodal/ KO dams
(Nodal®/*) were smaller in size and weight than those from control females (Nodal'®*°*P) at the
same mid-pregnancy timepoint. (B) Transverse sections of day 12.5 implantation sites from
Nodal KO and control females were probed with different placental cell markers using in-situ
hybridization. Extended staining of Pr/3b1 and Tpbpa into the fetal labyrinth indicated
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disorganization and abnormal migration of trophoblast giant cells and spongiotrophoblasts
respectively in the Nodal KO dams. (C) Histological images of the placental labyrinth were
taken at day 14.5 and the maternal and fetal vascular regions were distinguished by maternal and
fetal red blood cells (RBCs) respectively. Lower levels of unnucleated maternal RBCs and higher
levels of nucleated fetal RBCs in the labyrinth of Nodal KO dams indicated abnormalities in the
placental vasculature. Figure adapted from (Park et al., 2012a; M. R. Rana, 2022).

In addition to morphological differences, Dufort et al. also observed major physiological
changes within the mid-pregnancy placentas of the Nodal KO dams. Through PCNA staining and
the TUNEL assay, the cells within the maternal-fetal interface of the Nodal KO females were
found to exhibit reduced proliferation and increased apoptosis levels respectively, which were
believed to contribute to the diminished tissue areas previously described (Park et al., 2012a).
The Nodal mutant females also displayed an elevation in proinflammatory cytokines, reduced
neutrophil levels, and a decreased proportion of anti-inflammatory M2 macrophages at the
maternal-fetal interface by gestational day 10.5, which indicated the presence of a dysfunctional
placental immune environment (unpublished data). Interestingly, some of these phenotypes
persisted and were compounded by an increased sensitivity to endotoxins, such as
lipopolysaccharide, at later pregnancy timepoints as well, which further highlighted the extent to
which compromised Nodal expression could impact the physiology of the placenta on an
immunological level (Ayash et al., 2020).

The morphological and physiological changes observed in the Nodal KO mice
demonstrated several means by which abnormal Nodal signaling could negatively impact
placentation. By extension, because of the placenta’s essential role in supporting fetal
development and pregnancy maintenance, the elucidated findings also illustrated ways with
which the Nodal signaling pathway could precipitate various pathological reproductive
outcomes. With both the phenotypes and their underlying pathophysiological mechanisms
characterized, the Nodal KO mice presented themselves as strong models for the next
translational stage of research, which aimed to apply the obtained knowledge in a clinical

context.
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1.5 Rationale and Hypothesis

By mediating resource exchange and various physiological adaptations within the
maternal microenvironment, the placenta distinguishes itself as an organ essential for fetal
development and pregnancy maintenance. In fact, any biological changes that compromise
placental formation or function have been recurrently linked to several high-risk pregnancy
complications, such as [UGR and preeclampsia. Because of this, many have proposed that the
analysis of the placental tissue during pregnancy could be a more effective and accurate
diagnostic approach for many affected patients. However, due to the risks it presents to both the
mother and the developing fetus, obtaining placental samples during gestation remains largely
unrecommended, which has resulted in the delayed diagnosis of countless pathological cases.
Consequently, there is a significant need for the development of an early and minimally invasive
diagnostic strategy that can be readily accessed to maximize prevention and treatment
opportunities for expectant mothers afflicted by these pregnancy complications.

Recently, cell-derived nanoparticles known as EVs have been explored as carriers for
potential diagnostic biomarkers. Previous studies have demonstrated the active role EVs can play
in mediating various processes involved in placentation both under normal and pathological
conditions, such as tissue morphogenesis, vascularization, and immunoregulation. Supported by
the finding that tissue-specific EVs can enter the systemic circulation to participate in long-range
cell signaling, the analysis of placental EVs has been proposed as an ideal diagnostic strategy for
many pregnancy complications due to their ability to provide close insight into the maternal-fetal
interface while circumventing the risks associated with current techniques.

Concerns regarding the lack of information on the molecular profile of EVs directly from
the developing placentas of patients at the time of disease onset has challenged the feasibility of
the delineated approach. As a result, some have alternatively proposed the study of placental EVs
in genetically engineered mice due to their ability to realistically model irn vivo biological
conditions while also providing easy access to the placental tissue for research purposes. One
mouse strain that has been used to study mammalian reproduction was developed by knocking
down the Nodal gene in the uterus. Maternal abrogation of Nodal signaling in these mice was
found to precipitate numerous mid-pregnancy phenotypes indicative of dysfunctional
placentation, such as trophoblast disorganization, abnormal vascularization, proinflammation,

and impaired fetal growth. With an established model that presents signs of various reproductive
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pathologies, we believed that the feasibility of analyzing EVs for the early diagnosis of
associated complications could be preliminarily tested by first assessing if placental EVs could
accurately capture the phenotypes observed in the Nodal KO mice at the time of sample
collection around mid-pregnancy. We hypothesized that placental abnormalities caused by
dysfunctional maternal Nodal signaling at mid-pregnancy can alter the EVs from the maternal-
fetal interface in a manner that is detectable and predictive of the observed pathological

phenotypes. To validate this research hypothesis, we aimed to:

(1) Characterize and compare the protein cargo of EVs derived from the maternal-fetal
interface of control and Nodal KO mice at mid-pregnancy
(2) Characterize and compare the miRNA cargo of EVs derived from the maternal-fetal

interface of control and Nodal KO mice at mid-pregnancy

Through the work presented in this thesis, we ultimately hope to delineate potential
biomarker candidates that are indicative of placental dysfunction from the cargo of placental EVs
derived from the Nodal KO dams. By doing this, we believe that we can help further advance the
development of a novel diagnostic approach that is minimally invasive, and thus more readily
accessible, to improve reproductive outcomes for patients with high-risk pregnancy

complications worldwide.
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2. METHODS AND MATERIALS

2.1 Generation of Nodal Mutant Mice

All experimental and animal handling protocols were approved by the Animal Care
Committee at the Research Institute of the McGill University Health Centre and adhered to the
regulations stipulated by the Canadian Council on Animal Care. To produce a mouse model that
exhibits pregnancy abnormalities, adult female dams with a uterine-specific knockout of the
Nodal gene were generated using the loxP-Cre recombinase system as previously described
(Park et al., 2012b). In order to obtain the genotypes necessary to implement this site-specific
gene editing approach, we utilized two mouse strains generously donated by two groups. E. J.
Robertson’s group generated and provided mice that possessed loxP sites flanking exons 2 and 3
of the Nodal gene (Nodal'™**°*P) on a mixed background (University of Oxford)(Lu &
Robertson, 2004). Progesterone receptor (PR)-Cre mice (Pgr™") on a C57BL6/129 background
were generated and donated by F. J. DeMayo and J. P. Lydon (Baylor College of
Medicine)(Soyal et al., 2005). The PR-Cre mouse line was selected for this study due to the
strain’s ability to target and restrict Cre-recombinase activity to maternal reproductive tissues
where progesterone receptor expression is highly enriched (Soyal et al., 2005). Furthermore, as
the PR-Cre mice themselves exhibited normal fertility, we could ensure that the reproductive
phenotypes observed in this study were predominately due to the excision of the Nodal gene in

Cre™ mice and

maternal tissues (Mukherjee et al., 2006). Nodal'**"°*P mice were crossed with Pgr
appropriate breeding pairs were formed from subsequent offspring generations to generate the
control females (Nodal'™®™°xP Por** henceforth referred to as CTL) and the homozygous Nodal

mutant females (Nodal'®1oxP Pgr* henceforth referred to as KO) used in this study.

2.2 Genotyping

To extract the DNA for genotyping, tail snips were obtained from the mice and digested
in 300 pL of lysis buffer (100mM tris-HC1 pH 8.0, 10mM EDTA pH 8.0, 0.5% Tween® 20, 0.5%
Nonidet P-40) and 30 pL of 10 mg/mL of proteinase K (Roche, Basel, CH) at 55-60°C on a heat
block overnight. Following overnight digestion, the samples were centrifuged at 13,000 rpm for
6 minutes. The Nodal'®? (290 bp) and Nodal" (220 bp) alleles were amplified by touchdown
PCR on the T100 Thermal Cycler (1861096, Bio-Rad Laboratories, Inc., Hercules, CA, USA)
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for 7 cycles at one setting (94°C for one minute, 58°C for 30 seconds, and 72°C for 30 seconds),
then for 30 cycles at another setting (94°C for 30 seconds, 58°C for 30 seconds, and 72°C for 30
seconds) using the following primers: 5’~ATTCCAGCAGTTGAGGCAGA-3’and 5°-
GCTATGCCACGCAGAACC-3’. The PR (570 bp) and PR* (300 bp) alleles were amplified
by standard PCR for 30 cycles (94°C for one minute, 60°C for 1 minute, and 72°C for 2 minutes)
on the T100 Thermal Cycler with the following primers: 5’-ATGTTTAGCTGGCCCAATG-3’;
5’-TATACCGATCTCCCTGGACG-3’and 5’-CCCAAAGAGACACCAGGAAG-3’. Amplified
bands were then run and visualized on a 1-2% agarose gel using gel electrophoresis to confirm of

the genotype of the samples.

2.3 Mating and Manipulation of Transgenic Mice

Nodal CTL and KO females aged 8-24 weeks were mated overnight with wild-type CD1
males (Charles River Laboratories, Wilmington, MA, USA). The presence of a vaginal mucous
plug the following morning was used as an indication that successful copulation had occurred,
and these females were designated as being 0.5 days pregnant (D0.5). At day 10.5 of pregnancy
(D10.5), the females were euthanized and uterine horns were collected then transferred to a petri
dish containing 1X RPMI 1640 media (350-000 CL, WISENT Inc., Saint-Jean-Baptiste, CA) on

1ce.

2.4 Dissection and Preparation of Placental Tissue

From the collected uterine horns, the decidua and placenta from each implantation site
were isolated and cleaved into quarter segments. To prepare the tissue for cell lysis, 55-100 mg
of tissue was submerged and set aside in 1 mL of 1x RIPA buffer (9806, Cell Signaling
Technology, Inc., Danvers, MA, USA) that contained 1X cOmplete™, Mini, EDTA-free Protease
Inhibitor Cocktail (04693159001, Roche, Basel, CH) and 2mM of PMSF (P7626-1G, Sigma-
Aldrich, St. Louis, MO, USA). Alternatively, to prepare the tissue for EV isolation, the cleaved
segments were placed in 1 X RPMI 1640 media with 20 pg/mL of Liberase™ TM (5401119001,
Roche, Basel, CH) and 30 pg/mL of DNase I (DN25, Sigma-Aldrich, St. Louis, MO, USA) such
that every 0.2 g of tissue was exposed to 2 mL of digestion media (Crescitelli et al., 2021). The

tissue segments were digested for 30 minutes at 37°C, after which the media was pooled through
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a 0.70 pm cell strainer and centrifuged for 15 minutes at 4°C at 500X g to bring down any tissue
fragments and cell debris (Crescitelli et al., 2021). This was followed by another round of
centrifugation for 15 minutes at 4°C at 2000Xg to bring down any remnant debris present in the

media (Crescitelli et al., 2021).

2.5 Isolation of Extracellular Vesicles

Following centrifugation to bring down media debris, the supernatant was filtered
through a 0.45 um filter and transferred to an Amicon Ultra-15 Centrifugal Filter, 100 kDa
MWCO concentrating tube (UFC910024, MilliporeSigma, Burlington, MA, USA). Once the
supernatant was concentrated to 500 pL, it was filtered through a qEVoriginal isolation column
that recovers particles with sizes between 70-1000 nm (ICO-70, Izon Sciences Limited,
Christchurch, NZ). The samples were filtered through the Izon column using 0.1-um-filtered
PBS and five fractions of 400 uL. were collected and pooled for each sample. 10 pL from every
pooled 2 mL sample was set aside for nanoparticle tracking analysis, and the remaining volume
of each sample was then concentrated to 50-70 pL using an Amicon Ultra-0.5 Centrifugal Filter,
100 kDa MWCO concentrating tube (UFC510024, MilliporeSigma, Burlington, MA, USA). The

final samples were stored at -80°C until further analysis was performed.

2.6 Nanoparticle Tracking Analysis

To determine the size distribution and concentration of the particles present in the isolated
samples, nanoparticle tracking analysis was performed using the NanoSight NS300 instrument
(Malvern Panalytical, Malvern, UK). The samples were injected into the instrument with a 1 mL
syringe at a speed of 25 pL/s after being diluted 400- to 2000-fold using 0.1-pm-filtered PBS to
achieve an optimal field of view of 20 to 80 particles per frame. Five 30-second videos were
acquired at a detection threshold of 5, a camera level of 14, a laser wavelength of 532 nm, and a
temperature of 37°C. The NanoSight Software NTA 3.4 (version 3.4.4) was used for analysis of

the instrument’s measurements.
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2.7 Transmission Electron Microscopy

To visualize the collected EVs, 5 uL of the sample was placed on top of a charged 200-
mesh carbon-coated Cu grid for 5 minutes. The grid was washed three times with distilled water
and then negatively stained with 2% uranyl acetate for 45 seconds to 1 minute. Excess solution
present on the grid was blotted off using Whatman filter paper, and the grid was air-dried for 1
hour prior to imaging. The imaging was performed using the FEI Tecnai 12 BioTwin 120 kV TEM
(Thermo Fisher Scientific Inc., Waltham, MA, USA) with the AMT XR80C CCD Camera System
(AMT Imaging, Woburn, MA, USA) at the Facility for Electron Microscopy Research of McGill

University.

2.8 Protein Extraction and Concentration Quantification

To extract protein from the placental cell lysis samples, the tissue that was previously
submerged in 1 X RIPA buffer was homogenized and placed on a plate rocker for 15 minutes at
4°C. The samples were then transferred to Eppendorf tubes and centrifuged for 10 minutes at
10,000xg at 4°C. The middle supernatant layer that contained protein was then collected and
stored at -80°C until further analysis was performed. To extract protein from EVs, the isolated
EV samples were treated with the 1 X RIPA buffer in a 1:1 ratio. Following protein extraction, 6
uL of each of the samples were diluted 60x with filtered PBS and the protein concentration was
checked following the instructions outlined in the Micro BCA™ Protein Assay Kit (23235,
Thermo Fisher Scientific Inc., Waltham, MA, USA). The absorbance of the samples was
measured at a wavelength of 562 nm using the Infinite M200 PRO® NanoQuant microplate
reader (Tecan Group Ltd., Minnedorf, CH) and its corresponding i-control™ software (version

1.12.4.0).

2.9 Western Blotting

The concentrations of the samples were normalized by adjusting the volume of the
sample and filtered PBS diluent accordingly. The samples were then treated with 2X Laemmli
buffer containing 3-mercaptoethanol in a 1:1 volume ratio and placed on a heat block at 95°C for
5 minutes to allow for protein denaturation. The proteins were resolved on a 12% SDS-PAGE gel

at 140 V and transferred to an Immun-Blot® PVDF membrane with a 0.2 pm pore size (1620177,
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Bio-Rad Laboratories, Inc., Hercules, CA, USA) at 20 V overnight at 4°C. The membranes were
blocked with 5% non-fat skim milk in 1X TBS-T for 2 hours and subsequently incubated with
the primary antibodies of interest overnight at 4°C. To detect the expression of common EV
markers, the following primary antibodies were diluted at the specified concentrations in 1X
TBS-T: 1:500 dilution of rat anti-CD63 (143901, BioLegend, San Diego, CA, USA), 1:500
dilution of rat anti-TSG101 (934301, BioLegend, San Diego, CA, USA), 1:500 dilution of rat
anti-CD9 (124802, BioLegend, San Diego, CA, USA), and 1:500 dilution of mouse anti-HSC70
(sc-7298, Santa Cruz Biotechnology, Inc., Dallas, TX, USA). Following incubation with the
primary antibody, the membranes were rinsed 3 times in 5-minute intervals with 1xX TBS-T and
then incubated with the appropriate secondary antibody. The following secondary antibodies
were diluted in blocking bufter at the specified concentrations: 1:5000 dilution of HRP-
conjugated goat anti-rat [gG (112-035-003, Jackson ImmunoResearch Laboratories Inc., West
Grove, PA, USA) and 1:2500 dilution of HRP-conjugated goat anti-mouse IgG (115-035-062,
Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA). The membranes were
rinsed again 3 times in 5-minute intervals with 1X TBS-T and treated with the Clarity™ Western
ECL Substrate (1705061, Bio-Rad Laboratories, Inc., Hercules, CA, USA) for 5 minutes before
being imaged using the Amersham™ Imager 600 (GE HealthCare Technologies, Inc., Chicago,
IL, USA).

2.10 Liquid Chromatography-Mass Spectrometry (LC-MS) Proteomics

LC-MS proteomics analysis was performed by the Proteomics and Molecular Analysis
Platform at the Research Institute of the McGill University Health Centre (RI-MUHC). The
protein concentrations of the EV samples (N=4 of Controls; N=4 of Nodal KO) were normalized
so that approximately 67 ug of protein were sent for each sample. The proteins for each sample
were loaded onto a single stacking gel band to remove any lipids, detergents and salts. The gel
band was reduced with DTT, alkylated with iodoacetic acid, and digested with trypsin. Extracted
peptides were re-solubilized in 0.1% aqueous formic acid and loaded onto an Acclaim™
PepMap™ precolumn (75 uM ID X 2 cm C18 3 uM beads, Thermo Fisher Scientific Inc.,
Waltham, MA, USA) and then onto an Acclaim™ PepMap™ EASY-Spray™ analytical column
(75 uM X 15 cm with 2 uM C18 beads, Thermo Fisher Scientific Inc., Waltham, MA, USA). The
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peptides were then separated using a Dionex UltiMate 3000 UHPLC (Thermo Fisher Scientific
Inc., Waltham, MA, USA) at 250 nL/min with a gradient of 2-35% organic (0.1% formic acid in
acetonitrile) over 3 hours. Peptides were analyzed using a Thermo Scientific™ Orbitrap
Fusion™ mass spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) operating at
120,000 resolution (FWHM in MS1) with HCD sequencing (15,000 resolution) at top

speed for all peptides with a charge of 2+ or greater. The raw data was converted into a *.mgf
format (Mascot generic format) so it can be searched in the Mascot 2.6.2 search engine (Matrix

Science) to delineate mouse protein sequences (UniProt, 2023).

2.11 RNA Extraction

To extract total RNA, 45-50 puL of each EV sample (N=3 of Controls; N=3 of Nodal KO)
was first treated with 20 pg/uL of proteinase K for 30 minutes at 37°C to purify them of non-EV
protein contamination (Ibrahim et al., 2024). The samples were then treated with 20 pg/uL of
RNAse A (FERENO0531, Fisher Scientific International, Inc., Hampton, NH, USA) for 2 minutes
at room temperature to eliminate any non-EV RNA contamination (Ibrahim et al., 2024). The
QIAZol Lysis Reagent from the Qiagen miRNeasy Micro Kit (217084, QTAGEN N.V., Hilden,
DE) was added to the samples in a 5:1 ratio and vortexed for 5 seconds before being kept at
room temperature for 5 minutes. Chloroform was then added to the samples in a 1:5 volume
ratio, vortexed for 15 seconds, and left to incubate for 3 minutes at room temperature. The
samples were centrifuged for 15 minutes at 12,000Xg at 4°C, and the resulting aqueous phase
was removed and mixed with 1.5X 100% ethanol. The samples were transferred to the
MinElute™ columns from the Qiagen miRNeasy Micro Kit and the instructions outlined in the

kit were then followed to complete the RNA extraction.

2.12 RNA Concentration Quantification, Library Generation, and miRNA Sequencing

Quantification of the total RNA concentration, generation of the small RNA libraries, and
the miRNA sequencing were performed by the Centre d’expertise et de services Génome
Québec. The total RNA concentration was quantified using a NanoDrop Spectrophotometer ND-
1000 (NanoDrop Technologies, Inc., Wilmington, DE, USA). Libraries were generated from
1000 ng of total RNA using the NEBNext Multiplex Small RNA Library Prep Kit for Illumina
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(New England Biolabs, Ipswich, MA, USA), as per the manufacturer’s recommendations. cDNA
construct purification was performed using SparQ beads (QIAGEN N.V., Hilden, DE). Libraries
were quantified using the KAPA Library Quantification Kits - Complete kit (Universal) (Kapa
Biosystems, Wilmington, MA, USA) and the average size fragment was determined using a
Fragment Analyzer instrument (Agilent Technologies, Inc., Santa Clara, CA, USA). The libraries
were normalized and pooled. The pool was diluted to 650 pM using RSB Tween20 and a phiX
library was used as a control and mixed with the libraries at a 5% level. The pool was loaded on
a P1 NextSeq 2000 lane as per the manufacturer's instructions (Illumina, Inc., San Diego, CA,
USA) and the run was performed for 2x100 cycles (paired-end mode). Program BCL Convert
4.2.4 was then used to demultiplex samples and generate FASTQ reads. The raw FASTQ files
were initially processed with fastp to remove adapter sequences and ensure quality control. The
resulting trimmed reads were subsequently input into the exceRpt pipeline for small RNA

sequence identification and transcript quantification.

2.13 Bioinformatics and Statistical Analysis

For the proteomics data, the Mascot 2.6.2 search results were loaded onto the Scaffold
Q+/Scaftfold 5 software (version 5.2.2, Proteome Sciences) for quantitative analysis. The proteins
were filtered to eliminate any proteins that had peptide reads missing in more than 50% of the
replicates for either experimental group. The resulting protein list was checked against the
National Center for Biotechnology Information (NCBI) Gene database (National Center for
Biotechnology Information, 2004) and the TissueEnrich webtool (A. Jain & Tuteja, 2021) to
confirm the tissue signature of the EVs. Differential expression analysis for the proteomics data
was performed on Scaffold by calculating the fold change difference for all proteins between the
Nodal CTL and KO EV samples as well as by implementing the Student’s t-test. Proteins were
differentially expressed between the Nodal CTLs and KOs if they displayed a fold change > 1.5
and a p-value < 0.05. Over-representation analysis for enriched gene ontology, phenotype, and
disease terms was performed using the PANTHER (version 18.0) and MOET (version 2.0) online
databases respectively (Mi et al., 2019; Thomas et al., 2022; Vedi et al., 2022).

For the miRNA-Seq results, small RNAs not classifed as miRNAs and miRNAs with
transcript reads missing in more than 1/3 of the replicates for either experimental group were

filtered out. Differential expression analysis on the resulting miRNA list was performed with the
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DESeq2 R package using the raw count data generated by the exceRpt pipeline. The log> fold
change difference was calculated for all miRNAs and statistical significance was determined
using the Wald test with Benjamini-Hochberg correction. miRNAs were differentially expressed
between the two groups if they displayed a logx(fold change) > 1.5 and an adjusted p-value <
0.05. miRNA-gene interactions were annotated using multiMiR R package, which incorporated
the miRTarBase database for validated target information. Associated target genes were subjected
to over-representation analysis to elucidate enriched gene ontology, phenotype, and disease terms
using the clusterProfiler R package and the MOET online database.

To generate the final list of biomarker candidates, a systematic literature review was
performed for the proteins and target genes of miRNAs differentially expressed between the two
groups to determine if they had any previously reported roles in placentation or related
processes. Top biomarker candidates were also checked against publicly available RNA-Seq or
microarray databases of placental samples from patients with pregnancy complications to
determine if they were previously found to be dysregulated under real pathological conditions.

Figures were generated using the ggplot2, heatmap.2, pheatmap, igraph, and ggraph

packages on R version 4.3.1.
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3. RESULTS

3.1 Validate the successful isolation of tissue-derived placental EVs from mice at mid-

pregnancy

3.1.1 Particles within the collected samples exhibit quantitative and qualitative features

characteristic of EVs

To confirm the collected samples consisted of EVs, several orthogonal and
complementary methods, such as NTA, TEM, and immunoblotting, were performed to define
different EV identification parameters as recommended by the Minimal Information for Studies
of Extracellular Vesicles (MISEV) 2023 guidelines (Welsh et al., 2024).

Using NTA, we found that the particles in the control samples had a mean diameter range
of 161.4-182.9 nm and a mode diameter range of 106.5-125.4 nm (Fig. 8A). The particles in the
Nodal KO samples had similar measurements as they displayed a mean diameter range of 156.7-
188.8 nm and a mode diameter range of 105.4-115.9 nm. Because EVs are estimated to be 30-
1000 nm in size, the NTA data validated that the isolated samples possessed EV-sized particles
(van Niel et al., 2018; Welsh et al., 2024). Furthermore, the concentration range of the particles
in the control and Nodal KO samples were approximated to be 2x10'!- 6x10!! particles/mL and
3%x10"-9x10" particles/mL respectively, which confirmed the comparable efficacy by which
the protocol isolated EVs from both control and Nodal KO placentas. TEM analysis allowed us
to visualize membranous spherical structures in the samples (Fig. 8C), which resembled
previously published images of EVs (Rikkert et al., 2019). Along with the confirmed expression
of common EV markers Cd63, Cd9, Tsg101, and Hsc70 in the samples via immunoblotting (Fig.
8B), these findings validated the successful isolation of EVs with the established protocols
(Kowal et al., 2016).
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Figure 8. Collected particles exhibit size, protein markers, and morphological features
characteristic of EVs: (A) Graphical representation of the NanoSight NS300 NTA data
illustrating the concentration and size distribution of the particles present in the Noda/ CTL
(N=3) and KO (N=3) EV samples isolated from enzymatically digested D10.5 placentas. (B)
Western blots displaying the expression of EV markers Hsc70, Cd63, Tsgl01, and Cd9 in Nodal
CTL (N=2) and KO (N=2) EV samples isolated from D10.5 placentas. Protein from
homogenized D10.5 placental tissue (“Cell Lysis”) was used as a positive control. The
concentrations of the loaded protein samples were normalized so that approximately 25 ug of
total protein was loaded for all samples. (C) TEM image of Noda! CTL EVs from enzymatically
digested D10.5 placentas visualized using the FEI Tecnai 12 BioTwin 120 kV microscope. Scale
bar represents 200 nm in the image.

3.1.2  The isolated EVs possess a strong placenta-specific tissue signature at the protein level

Since this study aimed to characterize EVs specifically derived from the maternal-fetal
interface, we had to first confirm that the collected nanoparticles reflected their source tissue of
origin by expressing markers distinctive to the placenta. At the miRNA level, only those from the
chromosome 19 miRNA cluster (C19MC) have been previously characterized as placenta
specific (Bentwich et al., 2005). However, because C19MC miRNAs are exclusively found in
primates, we focused on protein placental markers instead to confirm the tissue origins of our
murine-derived EVs. Proteins extracted from the EVs were analyzed with the NCBI Gene
database and the TissueEnrich webtool, which both utilized transcriptome data from the Mouse
ENCODE Project to determine the tissue specificity of each protein. When mapping the isolated
proteins to different murine tissues, we found that the proteomic landscape of the EVs was most
highly enriched for the placenta by a fold change of 3 and with a statistically significant p-value
of 10* (Fig. 9A). From a total of 1,446 proteins, 129 were elevated in the placenta while 15
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exhibited expression patterns specifically restricted to this reproductive tissue. Upon further
analysis, the proteins exclusively expressed in the placenta were also found to be characteristic
markers of various placental cell types (Fig. 9B). For example, Prl3d1was reported as a common
parietal trophoblast giant cell marker while Ctsj was associated with trophoblasts found within
the labyrinthine layer (Nakajima et al., 2000; Simmons et al., 2008). Overall, through the
discovery of numerous placenta-specific proteins via tissue enrichment analysis, we were able to
validate that the samples contained EVs that were derived from a placental source. Additionally,
by identifying some of these proteins as distinctive markers for various cell types within the
placenta, we were able to gain insight into the cellular origins of our EVs as well to further

confirm the presence of a strong placenta-specific signature.

Tissue Enrichment Analysis of EV Proteins
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Figure 9. The proteome of the collected EVs exhibits a placenta-specific tissue signature:
(A) Bar graph comparing the enrichment score of proteins from the Nodal/ CTL (N=4) and KO
(N=4) EV samples across 11 different mouse tissues. The enrichment score is expressed on a -
Logio(p-value) scale where the p-value was calculated using the hypergeometric test and
adjusted using the Benjamini & Hochberg correction procedure. (B) Table listing proteins from
the EV samples that are exclusively found in the placenta and the placental cell types where they
are most highly expressed. References are indicated as follows: '(Simmons, 2014), >(Simmons et
al., 2008), *(Simmons et al., 2007), *(Sferruzzi-Perri et al., 2009), 3(Kaur et al., 2022), ®(Williams
etal., 2015), ’(Nakajima et al., 2000).
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3.2 Characterize the protein cargo of placental EVs derived from control and Nodal KO

mice at mid-pregnancy

3.2.1 Placental EVs from Nodal KO females at mid-pregnancy differentially express proteins
that are functionally involved in biological processes related to placentation compared to

those from control females

Upon characterizing the proteome of the collected placental EVs, we also discovered that
from a total of 1,446 proteins, 10 were exclusively expressed in EVs from the control mice while
14 were solely expressed in those derived from the Nodal KO females (Fig. 10A). When
exploring the biological processes affiliated with these different proteins using GO analysis, we
found that proteins exclusively found in the control EVs were interestingly enriched for GO
terms which could be involved in placental development and function, such as “regulation of
programmed cell death” (GO:0043067; p=0.0342), “response to oxidative stress” (GO:0006979;
p=0.0105), “cellular anatomical entity morphogenesis” (GO:0032989; p=0.0339), and “oxygen
transport” (GO:0015671; p=0.00409) (Fig. 10B). Likewise, proteins exclusively found in the
Nodal KO EVs were enriched for GO terms such as “organic substance metabolic processes”
(GO:0071704; p=0.0256), “anatomical structure development” (GO:0048856; p=0.0104),
“system development” (GO:0048731; p=0.0157), and “angiogenesis” (GO:0001525; p=0.0194),
which also allude to biological processes frequently linked to placentation (Fig. 10C).
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Figure 10. Comparing proteins exclusively found in EVs from CTL versus Nodal KO mice:
(A) Venn diagram outlining the number of proteins found exclusively in EVs from the CTL
(N=4) mice, Nodal KO (N=4) mice, or both strains. Proteins exclusively found in either the
Nodal CTL or KO EVs are specified. (B) Placentation-related GO processes associated with the
proteins exclusively found in the CTL EVs. (C) Placentation-related GO processes associated
with the proteins exclusively found in the Nodal KO EVs. The bar colour in each GO graph
indicates the enrichment score (p-value) for each biological process, although all specified terms
have a p-value < 0.05. The top 3 GO terms based on protein count are also included to illustrate
the relative enrichment of the placentation-related processes.

When expanding our analysis, 54 proteins were found to be significantly differentially
expressed between the control and Nodal/ KO EVs with at least a fold-change of 1.5 and a p-
value less than 0.05 (Fig. 11A). Of these proteins, 34 were upregulated in the Nodal KO EVs
while 20 were downregulated. GO analysis revealed that many of the EV proteins differentially
expressed between the two groups were associated with biological processes relevant for the
morphological development of the placenta as well as its functional role as an endocrinological
organ and modulator of the tissue’s vasculature and immunological microenvironment.
Specifically, we found that proteins upregulated in the Nodal KO EVs were enriched for GO
terms pertaining to “anatomical structure development” (GO:0048856; p=0.00216), “blood
vessel development” (GO:0001568; p=0.0115), “tissue remodeling” (GO:0048771; p=0.0172),
“uterus development” (GO:0060065; p=0.0454), “response to progesterone” (GO:0032570;
p=0.0305), “positive regulation of stem cell differentiation” (GO:2000738; p=0.0365), and
“negative regulation of macrophage cytokine production” (GO:0010936; p=0.0214) (Fig. 11B).
Similarly, proteins downregulated in the Nodal/ KO EVs were enriched for terms such as “animal
organ development” (GO:0051049; p=0.00481), “regulation of anatomical structure size”
(GO:0090066; p=0.0157), “blood vessel diameter maintenance” (GO:0097746; p=0.0129),
“progesterone metabolic process” (GO:0042448; p=0.0154), and “negative regulation of
cytokine production” (GO:0002719; p=0.0314) (Fig. 11C). Overall, our findings not only
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highlighted distinct differences between the proteome of the EVs from the Nodal KO mice
compared to the controls, but we found that the proteomic differences observed at mid-
pregnancy are functionally involved in processes that mediate some of the major morphological
and physiological changes that occur during placentation. This demonstrated that disturbances in
placentation or related processes could be detected by cargo changes within our murine EVs at
the protein level, further emphasizing their ability to potentially offer acute insight into the

maternal-fetal interface.
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Figure 11. Comparing the expression and biological functions of EV proteins differentially
expressed between the CTL and Nodal KO mice: (A) Heatmap displaying the expression and
hierarchical clustering of proteins differentially expressed between the Nodal CTL (N=4) and
KO (N=4) EV samples with a fold-change > 1.5 and a p-value < 0.05. Proteins were clustered
using the Euclidean distance metric and complete linkage agglomeration method. Colour key
denotes z-score normalized peptide counts where blue to red indicates low to high protein
expression levels respectively. (B) Placentation-related GO biological processes associated with
the proteins upregulated in the Nodal KO EVs. (C) Placentation-related GO biological processes
associated with the proteins downregulated in the Nodal/ KO EVs. The bar colour in each GO
graph indicates the enrichment score (p-value) for each biological process listed, although all
have a p-value < 0.05. The top 3 GO terms based on protein count are also included for both bar
graphs to illustrate the relative enrichment of the placentation-related processes compared to
others implicated by the proteins differentially expressed in the Nodal/ KO EVs.
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3.2.2 EV proteins that are differentially expressed between the two mouse strains are
implicated in pathological phenotypes that are also observed in the Nodal KO females

To determine the phenotypic implications of the differentially expressed EV proteins
between the Nodal control and KO mice, we mapped these proteins against the Mammalian
Phenotype Ontology database. Some interesting phenotypic terms that were enriched in this
analysis included “abnormal vascular development” (MP:0000259; p=0.00896), “abnormal
extraembryonic tissue physiology” (MP:0004264; p=0.05), “abnormal leukocyte migration”
(MP:0003156; p=0.034), “embryonic lethality between somite formation and embryo turning”
(MP:0006206; p=0.0127), “increased susceptibility to weight loss” (MP:0010180; p=0.0314),
and “abnormal pregnancy” (MP:0009661; p=0.0484) (Fig. 12A). These terms were particularly
notable because they were consistent with many of the phenotypes observed in our Nodal KO
females (Park et al., 2012a; M. R. Rana, 2022; unpublished data). As with the GO analysis, this
validated the competency with which these nanoparticles could detect placental abnormalities
and further highlighted how the EVs could demonstrate this ability in a more macroscopic
manner as well to better understand the placenta in a pathologically meaningful way. In fact,
additional analysis using the Disease Ontology database revealed that several of the differentially
expressed EV proteins actually mapped to human diseases, such as “pre-eclampsia”
(DOID:10591; p=0.0110), “pregnancy-induced hypertension” (DOID:9001650; p=0.0111),
“proteinuria” (DOID:576; p=0.0253), “inflammation” (DOID:9005372; p=0.0483), and
“vasculitis” (DOID:865; p=0.0173) (Fig. 12B), which emphasized their potential as biological

indicators for real pregnancy complications and other relevant comorbidities.
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Figure 12. Phenotypes and diseases associated with the differentially expressed EV
proteins: (A) Placental phenotypes associated with the proteins differentially expressed between
the EVs from the Nodal CTL (N=4) and KO (N=4) mice. (B) Pregnancy-related complications
associated with the EV proteins differentially expressed between the Nodal CTL and KO mice.
The bar colour in each graph indicates the enrichment score (p-value) for each phenotype or
disease term, although all have a p-value < 0.05. The top 3 phenotypes or diseases based on
protein count are also included to illustrate the relative enrichment of the terms of interest
compared to others associated with the differentially expressed EV proteins.

3.2.3 Select EV proteins that are differentially expressed between the Nodal CTL and KO mice

exhibit strong potential as biomarkers for human placental complications

Because we ultimately hoped to utilize the obtained cargo data to put forth prospective
biomarkers for various placental complications, we had to first determine whether each protein
had previously established roles in related processes. To do this, a systematic literature review
was performed for each EV protein differentially expressed between the control and Nodal KO
mice. Additionally, several RNA-seq and microarray datasets of placental samples derived from
patients with reproductive complications were analyzed to inquire whether the proposed
biomarker candidates were previously found to be dysregulated under pathological conditions in
humans as well. We identified 7 proteins which were reported to be directly involved in
placentation and other related processes that could contribute to the pathophysiology of adverse
reproductive outcomes (Fig. 13). Examples of their characterized roles included promoting
trophoblast invasion and differentiation, controlling decidualization, upregulating angiogenesis,
and modulating tissue immune responses (Fitzgerald et al., 2023; Liang et al., 2018; Z. Liu et al.,

2023; Zhu et al., 2022). Because these proteins were functionally implicated in processes also
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dysregulated in the Nodal KO mice, they were selected as the top biomarker candidates for the
described placental abnormalities. Furthermore, in addition to some novel candidates, 4 of the
selected proteins were previously found to be differentially expressed in placental samples from
patients with pregnancy complications (Ackerman et al., 2023; Mistry et al., 2010; Verma et al.,
2019). Although these previous studies analyzed term human placentas, the dysregulated
expression of these proteins in the EVs from our Nodal/ KO mice at D10.5 as well reinforced
their diagnostic potential as biomarkers capable of detecting pathological complications earlier

during mid-pregnancy.
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Figure 13. Top pregnancy complication biomarker candidates from placental EV proteins:
Volcano plot illustrating the expression distribution of proteins from the Nodal CTL (N=4) and
KO (N=4) EV samples. Proteins significantly downregulated in the Nodal KOs with a fold-
change > 1.5 and a p-value < 0.05 are indicated in blue while those significantly upregulated are
indicated in red. The top proteins of interest based on previously reported roles in pregnancy-
related processes are specified. Proteins highlighted in purple, orange, or green have implicated
roles in placental development, angiogenesis, or immune processes respectively. * denotes
proteins that have been found to be differentially expressed in placental samples from patients
with pregnancy pathologies in at least two separate transcriptome datasets or studies.
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3.3 Characterize the miRNA cargo of placental EVs derived from control and Nodal KO

mice at mid-pregnancy

3.3.1 Placental EVs from Nodal KO females at mid-pregnancy differentially express miRNAs
that target genes functionally involved in biological processes related to placentation

compared to those from control females

Along with proteins, the small RNA cargo of the isolated EVs was analyzed through
miRNA-Seq. We found a total of 625 miRNAs of which 30 were exclusively expressed in EVs
from the control mice while 20 were exclusive to the EVs from the Nodal KO females (Fig.
14A). When looking into the genes targeted by the miRNAs exclusive to the Nodal CTL and KO
EVs, we found that 391 genes were targeted by the CTL exclusive EV miRNAs, 188 by the
Nodal KO exclusive EV miRNAs, and 91 by both. Through GO analysis, we found that genes
targeted by the CTL exclusive EV miRNAs were primarily involved in biological processes
related to embryonic development as some of the top enriched terms included “pattern
specification process” (GO:0007389; p=0.0193), “morphogenesis of embryonic epithelium”
(GO:0016331; p=0.0356), and “ectoderm development” (GO:0007398; p=0.0193) (Fig. 14B).
Some of the targeted genes were also found to be enriched in terms related to placental
development and function as well, such as “positive regulation of angiogenesis” (GO:0045766;
p=0.00983) and “hormone transport” (GO:0009914; p=0.0244). Meanwhile, the target genes of
the EV miRNAs exclusive to the Nodal KO females were more extensively associated with
placentation-related processes as many of the enriched GO terms included those such as “organ
growth” (GO:0035265; p=0.0000493), “hormone secretion” (GO:0046879; p=0.0348), “cytokine
production involved in immune response” (GO:0002367; p=0.00661), “glucose import”
(GO:0046323; p=0.00139), “placenta development” (GO:0001890; p=0.0447), “maternal
process involved in female pregnancy” (GO:0060135; p=0.0155), and “negative regulation of
sprouting angiogenesis” (GO:1903671; p=0.0464) (Fig. 14C).
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Figure 14. Comparing miRNAs exclusively found in EVs from the CTL versus Nodal KO
mice: (A) Venn diagram outlining the number of miRNAs found exclusively in EVs from the
CTL mice (N=3), Nodal KO mice (N=3), or both strains. miRNAs exclusively found in either the
Nodal CTL or KO EVs are specified. (B) Placentation-related GO biological processes
associated with the target genes of the miRNAs exclusively found in the CTL EVs. (C)
Placentation-related GO biological processes associated with the target genes of the miRNAs
exclusively found in the Nodal KO EVs. The bar colour for the GO graphs indicates the
enrichment score (p-value) for each biological process, although all listed terms have a p-value <
0.05. The top 3 GO terms based on target gene count are included for each graph to illustrate the
relative enrichment of the placentation-associated processes.

16 miRNAs were found to be significantly differentially expressed between the control
and Nodal KO EVs with at least a log> fold-change of 1.5 and a p-value less than 0.05 (Fig.
15A). Among the differentially expressed miRNAs, 6 were upregulated in the Nodal KO EVs
while 10 were downregulated. These miRNAs targeted a total of 1094 genes where 497 were
specifically targeted by the upregulated EV miRNAs, 511 by the downregulated miRNAs, and
86 by both. GO analysis of the target genes revealed that the differentially expressed miRNAs
between the two groups were associated with various biological processes related to placental

development and function. Target genes of miRNAs upregulated in the Nodal KO EVs were
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linked to terms such as “developmental growth involved in morphogenesis” (GO:0060560;
p=0.0000324), “placenta development” (GO:0001890; p=0.045), “hormone secretion”
(GO:0046879; p=0.00911), “positive regulation of glucose import” (GO:0046326; p=0.014),
“leukocyte proliferation” (GO:0070661; p=0.0245), and “negative regulation of cytokine
production” (GO:0001818; p=0.0111) (Fig. 15B), which indicated how the upregulated EV
miRNAs most likely impacted the morphological development placenta as well as its role as an
endocrine organ, nutrient transporter, and immunomodulator of the maternal-fetal interface.
Additionally, the enrichment of GO terms such as “canonical NFkB signal transduction”
(GO:0007249; p=0.000173), “TGFf receptor signaling pathway” (GO:0007179; p=0.00108),
“positive regulation of Wnt signaling pathway” (GO:0030177; p=0.000594), and “EGFR
signaling pathway” (GO:0007173; p=0.000824) reinforced the functional implications of these
miRNAs as many of the specified molecular pathways have established roles in the
aforementioned biological processes (Ariyakumar et al., 2021; Haider et al., 2022; Q. Li et al.,
2007; Nishitani et al., 2023). Similar terms such as “reproductive system development”
(GO:0061458; p=0.0302), “Wnt signaling pathway” (GO:0016055; p=0.00297), or “response to
glucose” (GO:0009749; p=0.0224) were also enriched with the EV miRNAs downregulated in
the Nodal KO mice (Fig. 15C). However, the downregulated miRNAs were found to be more
extensively associated with processes concerning the formation and physiology of the placental
vasculature as some of the top enriched GO terms for these miRNAs included “endothelial cell
proliferation” (GO:0001935; p=0.00967), “endothelial cell differentiation” (GO:0045446;
p=0.000696), and “response to decreased oxygen levels” (GO:0036293; p=0.00454). Overall,
like with its protein cargo, the enrichment of these terms revealed the ability of the EVs to detect

disturbances in placentation-related processes through changes in their miRNA transcriptome.
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Figure 15. Comparing the expression and biological functions of EV miRNAs differentially
expressed between the CTL and Nodal KO mice: (A) Heatmap displaying the expression and
hierarchical clustering of miRNAs differentially expressed between the Nodal CTL (N=3) and
KO (N=3) EV samples with a logx(fold-change) > 1.5 and a p-value < 0.05. Clustering was based
on correlation distance and the complete linkage agglomeration method. Colour key denotes
VST transformed transcript counts where blue to red indicates low to high expression levels
respectively. (B) Placentation-related GO biological processes associated with the target genes of
miRNAs upregulated in the Nodal KO EVs. (C) Placentation-related GO biological processes
associated with target genes of miRNAs downregulated in the Nodal KO EVs. The bar colour in
each GO graph indicates the enrichment score (p-value) for each biological process, although all
have a p-value < 0.05. The top 3 terms based on target gene count are also included to illustrate
the relative enrichment of the placentation-associated processes.

3.3.2 EV miRNAs that are differentially expressed between the two groups are implicated in
pathological phenotypes that are also observed in the Nodal KO females

When mapping the target genes of the differentially expressed miRNAs against the
Mammalian Phenotype Ontology database, we found numerous interesting terms that matched

the phenotypes observed in the Nodal KO mice at mid-pregnancy (Park et al., 2012a; M. R.
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Rana, 2022; unpublished data). Some of these terms included “decreased embryo size”
(MP:0001698; p=0.000000365), “abnormal placenta morphology” (MP:0001711; p=0.0303),
“abnormal placenta physiology” (MP:0010038; p=0.00902), “abnormal placenta vasculature”
(MP:0003231; p=0.011), and “reduced female fertility” (MP:0001923; p=0.0178) (Fig. 16A).
Additionally, when mapping the target genes of the differentially expressed miRNAs against the
Disease Ontology database we found that they were associated with comorbidities related to
placental dysfunction, such as “vascular disease” (DOID:178; p=0.0000603), “autoimmune
disease” (DOID:417; p=0.0474), “hypertension” (DOID:10763; p=0.00495), “growth disorders”
(DOID:9006257; p=0.0398), “placenta disease” (DOID:780; p=0.0199), and “embryo loss”
(DOID:9004994; p=0.00803) (Fig. 16B). As with the protein cargo, these findings supported the
potential of EV miRNAs as prospective biomarkers for pregnancy complications. Furthermore,
by bioinformatically mapping to phenotypes actually observed in the Nodal KO females, we
were able to highlight the relative accuracy with which these EV miRNAs could detect placental

abnormalities and other pathological outcomes as well.
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Figure 16. Phenotypes and diseases associated with the differentially expressed EV
miRNAs: (A) Placental phenotypes associated with the miRNAs differentially expressed
between the EVs from Nodal CTL (N=3) and KO (N=3) mice. (B) Pregnancy-related
complications associated with the miRNAs differentially expressed between the EVs from Nodal
CTL and KO mice. The bar colour in each graph indicates the enrichment score (p-value) for
each phenotype or disease term, although they all have a p-value < 0.05. The top 3 phenotypes or
diseases based on target gene count are also included to illustrate the relative enrichment of the
terms of interest compared to others associated with the differentially expressed EV miRNAs.
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3.3.3  Select EV miRNAs that are differentially expressed between the Nodal CTL and KO mice

exhibit strong potential as biomarkers for human placental complications

To determine which differentially expressed miRNAs could serve as pregnancy
complication biomarkers, we performed a literature review of the target genes associated with
the top ontology terms of interest. We discovered 45 target genes which were directly involved in
placentation or related processes, such as trophoblast invasion and differentiation,
decidualization, angiogenesis, and inflammation (Fig. 16) (Jaykumar et al., 2022; Kamei et al.,
2002; Large et al., 2014; Ma et al., 2014; Xue et al., 2019). Interestingly, these genes interacted
with the same 6 miRNAs, and thus were selected as the top biomarker candidates because of
their established roles in processes known to be dysregulated in various reproductive
complications as well as the Nodal KO mice. When analyzing published studies on placental
samples derived from patients with pregnancy complications, we found that only miR-30c-5p
was previously found to be differentially expressed in patients with preeclampsia and [UGR
(Timofeeva et al., 2021). In addition to the introduction of 5 other differentially expressed
miRNAs as novel biomarker candidates, the dysregulated expression of miR-30c-5p in human
patients further validated its diagnostic potential and clinical applicability as a biological

indicator for mid-pregnancy pathological phenotypes.
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Figure 17. Top pregnancy complication biomarker candidates from placental EV miRNAs:
Network schematic illustrating the top EV miRNAs of interest and their target genes. miRNAs
indicated by red nodes are significantly upregulated while those indicated by blue nodes are
downregulated in the Nodal KO EVs. Target genes highlighted in purple, orange, or green have
established roles in placental development, angiogenesis, or immune processes respectively. *
denotes miRNAs that were also differentially expressed in placental samples from patients with
pregnancy complications.
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4. DISCUSSION

The presented thesis aimed to explore the feasibility of placenta-derived EVs as potential
biological indicators for pathological reproductive phenotypes at mid-gestation. Previous studies
have demonstrated the mechanistic role EVs could play in the pathophysiology of placental
complications from impairing trophoblast differentiation to generating a proinflammatory tissue
environment detrimental towards fetal survival (Kohli et al., 2016; Markmeyer et al., 2021).
Because of this, several groups have attempted to characterize EVs from pathologically
implicated placentas for potential biomarkers that could explain and later be used to detect the
phenotypic changes observed in patients with reproductive complications. For example, in one
study, decreased levels of endothelial nitric oxide synthase in EVs from perfused preeclamptic
placentas was identified as a biological indicator for preeclampsia due to the enzyme’s
implicated role as a mediator for the vasoconstriction and hypertension commonly seen in
patients (Motta-Mejia et al., 2017). In a different study, the upregulated expression of miR-9-5p
in syncytiotrophoblast EVs from preeclamptic placentas was believed to be another prospective
biomarker for preeclampsia because of its implicated role in angiogenesis, which is largely
known to be dysregulated in pathological cases (Awoyemi et al., 2024). While previous studies
have assessed the potential of placental EVs as carriers for prospective pregnancy complication
biomarkers, many of the proposed candidates were characterized with EVs from term placentas
or trophoblast cell lines, which were limited in their ability to faithfully recapitulate the exact
tissue environment responsible for the pathologies in question. Uncertainty regarding the
accuracy of the characterized biomarker candidates thus led us to re-assess whether placental
EVs could provide insight into the pathological changes that occur during a complicated
pregnancy using our Nodal KO mice, which modelled clear placental phenotypes while also
offering easy access to the developing placental tissue to address the aforementioned concerns
regarding the sample source.

We hypothesized that the placental abnormalities in our Noda/ KO mice would alter the
EVs from the maternal-fetal interface in a manner that was indicative of the pathological
phenotypes observed at mid-pregnancy. To explore this hypothesis, we compared the protein and
miRNA cargo of placental EVs from our control and Nodal KO mice at D10.5, which was the
initial timepoint when many of the dysregulated phenotypes were seen to manifest (Park et al.,

2012b; M. R. Rana, 2022). Through our analysis, we found numerous distinct differences in the
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proteome and miRNA transcriptome of the EVs between the control and Nodal KO mice. One of
the first major differences was the existence of EV cargo components which were exclusive to
each strain. In the EVs from the control mice, we discovered that there were 10 proteins and 30
miRNAs which were exclusively found in these nanoparticles. GO analysis revealed that the
control-exclusive EV proteins were associated with various biological processes related to
placental function, such as oxygen transport and hormone secretion, while the miRNAs were
primarily linked to processes concerning embryonic development (Goplerud & Delivoria-
Papadopoulos, 1985; Gude et al., 2004). Alternatively, 14 proteins and 20 miRNAs were
exclusively found in the EVs from the Nodal KO mice. Proteins exclusive to the Nodal KO EVs
were implicated in processes related to the morphological and vasculature development of the
placenta while the miRNAs were additionally linked to functional processes commonly
associated with the tissue, such as glucose import, regulation of blood pressure, and modulation
of the tissue’s immunological landscape (Gude et al., 2004; Mizutani & Tomoda, 1996; Smith et
al., 2021). The enriched GO terms for the strain-exclusive cargo components indicated
differences and thus the dysregulation of various processes involved in placental development
and function between the control and Nodal KO mice. However, because the biological
differences between the two strains could not be accounted for based on the presence or absence
of certain cargo components alone, proteins and miRNAs differentially expressed between the
EVs from the control and Nodal KO mice were analyzed as well.

GO analysis of the cargo components differentially expressed between the control and
Nodal KO mice revealed the significant enrichment of multiple terms relevant to placentation.
According to our analysis, some of the enriched terms associated with the differentially
expressed cargo components suggested that the formation and morphogenesis of the placenta
itself was dysregulated in the Nodal KO mice. For example, target genes of the miRNAs
upregulated in the Nodal KO EVs were associated with GO terms like “placental development”
as well as molecular pathways that mediate trophoblast and decidual stromal cell proliferation
and differentiation, such as the “TGF 8 receptor signaling pathway”, “Wnt signaling pathway”,
and “EGFR signaling pathway” (Haider et al., 2022; Q. Li et al., 2007; Nishitani et al., 2023).
Because miRNAs generally act as transcriptional repressors, the genes and placentation
processes targeted by the upregulated miRNAs were predicted to be downregulated in the Nodal
KO females (Jonas & Izaurralde, 2015). Supporting the analysis findings, placentation was also
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significantly impaired in the Nodal KO dams at mid-pregnancy as the maternal decidual portion
of the placenta was found to be severely diminished due to reduced cellular proliferation by
gestational D10.5 (Park et al., 2012b; M. R. Rana, 2022). Additionally, while not observed until
D14.5 of gestation, the fetal portions of the placentas from these mice were also notably thinner
than the controls, which reinforced the validity of the dysfunctional placental phenotypes
proposed by the GO terms enriched by the upregulated miRNAs in the Nodal KO EVs (M. R.
Rana, 2022).

Another facet of the placenta that was predicted to be impacted by the differentially
expressed EV cargo components was the development and physiology of its vasculature, which
is essential for mediating resource exchange for fetal development and maternal-fetal
communication for general pregnancy maintenance (Simmons, 2014). Among the implicated EV
cargo components, proteins with functional roles in “blood vessel development” were
upregulated while miRNAs that reduce the expression of genes that mediate “endothelial cell
proliferation” and “endothelial cell differentiation” were downregulated. Interestingly, while the
placental labyrinth of our Nodal KO females displayed a decreased density in maternal blood
spaces, the upregulated angiogenesis implicated by the EVs was more consistent the
compensatory expansion of fetal blood vessels also observed in the placentas of these mice (M.
R. Rana, 2022). Given that the proportion of fetal tissue was higher in our sample source, the
enrichment of proangiogenic EVs from the placental layer responsible for the development of the
fetal vasculature network was expected. Regarding the physiology of the placental vasculature,
proteins that mediate “blood vessel diameter maintenance” and miRNAs that target genes
involved the tissue’s “response to decreased oxygen levels” were downregulated, which
suggested the dysfunctional vasoconstriction of placental blood vessels and elevated tissue
hypoxia respectively. Complementary to the phenotypes proposed by the enriched GO terms, the
Nodal KO females exhibited an increased expression of the vasoconstrictor gene Ednl as well as
decreased levels of Tac2, which was a factor previously found to be downregulated upon
exposure to hypoxic environmental conditions (Kiowski et al., 1991; Page et al., 2006;
unpublished data).

The maintenance of an immunosuppressive placental microenvironment is essential for
promoting maternal tolerance towards fetal antigens to minimize the physiological stresses

exposed to the developing fetus during pregnancy (Ding et al., 2022; Smith et al., 2021).
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However, in the placental EVs from our Nodal KO mice, we observed the dysregulated
expression of numerous factors that mediate this immunological process at both the protein and
miRNA level. For example, downregulated proteins and target genes of upregulated miRNAs in
the Nodal KO EVs were associated with GO terms such as “negative regulation of cytokine
production” and “leukocyte proliferation”, while upregulated EV proteins were linked to the
“negative regulation of macrophage cytokine production”. Previously, we found the increased
expression of several proinflammatory factors in the reproductive tract of the Nodal mutant dams
from mid- to late pregnancy, such as /l-1a, Il-1f3, and Mx1, which was consistent with the
enriched GO term that predicted an increased production of cytokines in our mice (Ayash et al.,
2020; unpublished data). Additionally, when characterizing the immune cell profiles of the
Nodal KO females at gestational day 10.5, we had noted a depletion of some major anti-
inflammatory mediators, such as neutrophils and M2 macrophages, within the maternal-fetal
interface (Bouhlel et al., 2007; Marwick et al., 2018; unpublished data). Because these cellular
phenotypes complemented the decreased expansion of leukocytes and macrophage activity
anticipated by our GO analysis, we further demonstrated the competency with which placental
EVs could correctly detect the immunological abnormalities exhibited by the Nodal KO mice.

Finally, we found that the differentially expressed EV cargo components were strongly
associated with processes related to fetal growth. EV proteins downregulated in the Nodal KO
mice were predicted to compromise the “regulation of anatomical structure size” while miRNAs
upregulated in the Nodal KO dams were believed to similarly impede “developmental growth
involved in morphogenesis” and metabolic pathways essential for providing nutrients for fetal
growth, such as “glucose import” (Marconi et al., 1996). The impaired fetal growth and
development that was implicated by our GO analysis was supported by the corresponding
decrease in embryo size seen in the Nodal KO females at mid-pregnancy (Park et al., 2012b; M.
R. Rana, 2022). Again, this indicated the consistency between the dysregulated phenotypes
suggested by the placental EVs with those actually observed in our mouse model, emphasizing
the relative accuracy with which these nanoparticles could detect placental abnormalities. In fact,
when comparing our data against a phenotype ontology database, we found that many of the
enriched terms, such as “decreased embryo size”, “abnormal placenta morphology”, “abnormal
placenta physiology”, and “abnormal vascular development”, also mapped to the same

implicated and observed phenotypes, which further demonstrated this ability.
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Based on their exhibited phenotypes, the Nodal/ KO mice have been characterized as
disease models for various pregnancy complications, such as preeclampsia and [UGR.
Complementary to this, we found that many of the differentially expressed EV proteins and
miRNAs derived from these mice bioinformatically mapped to human diseases, such as “pre-
eclampsia”, “hypertension”, “growth disorders”, “embryo loss”, and “inflammation”. This not
only reinforced the validity of our disease model but highlighted the potential for the isolated
EVs to be analyzed and harnessed as prospective disease biomarkers for diagnostic purposes as
well. Upon performing a literature review of the differentially expressed EV proteins and
miRNAs, we found several strong biomarker candidates with demonstrated functional roles in
placentation and related physiological processes, which were also dysregulated in the Nodal KO
mice. For example, Cst3 was an upregulated EV protein that had previously been found to
attenuate the decidualization of endometrial stromal cells and induce VEGF-mediated
angiogenesis when overexpressed, which was consistent with pathological phenotypes observed
in the decidual and fetal labyrinth layers of the placentas from the Nodal KO mice respectively
(Fitzgerald et al., 2023; M. R. Rana, 2022; Zou et al., 2017). Meanwhile, Slc16a3 was a
downregulated protein in the Nodal KO EVs that had been characterized as a marker for
syncytiotrophoblast layer II cells, a major lactate transporter necessary for embryonic growth,
and an immunosuppressive factor that increased the production of anti-inflammatory cytokines
in previous studies (Moreau et al., 2014; Vrooman et al., 2020; Zhu et al., 2022). The effects of
downregulating Slc16a3 were also similarly reflected by the impaired fetal growth and
proinflammatory placental environment seen in the Nodal KO females at mid-pregnancy (M. R.
Rana, 2022; unpublished data). Among the differentially expressed miRNA cargo, we found
several miRNAs that recurrently interacted with target genes associated with pregnancy-related
processes. miR-149-5p was an upregulated miRNA in the Nodal KO EVs that targeted genes like
Aktl. Previous studies revealed that the decreased expression of A&t/ reduced placental and fetal
weight in rats as well as the proliferation and tube formation of endothelial cells, which was
consistent with the thinner fetal tissues, reduced embryo size, and diminished maternal
vasculature observed in the Nodal KO females respectively (Feng et al., 2012; Kent et al., 2012;
M. R. Rana, 2022). Another miRNA that was upregulated in the Nodal KO females was miR-
30c-5p, which was known to target genes like Egfr. Previously, the downregulation of Egfi was

found to compromise the proliferation and differentiation of endometrial stromal cells in mice
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and significantly reduce the release of antiangiogenic factor sFlt-1 from primary cytotrophoblasts
(Hastie et al., 2019; Large et al., 2014). This was complementary to the reduced decidual area
and increased density of fetal blood vessels seen in the placentas of the Nodal KO mice (Park et
al., 2012a; M. R. Rana, 2022). While increased characterization of the aforementioned EV cargo
molecules is needed to confirm how they mediate the pathological phenotypes observed in the
Nodal KO mice, the presented findings supported their strength as potential biological indicators
of placental dysfunction. Moreover, by discovering that several of our highlighted EV proteins
and miRNAs of interest, such as Slc16a3 and miR-30c-5p, were differentially expressed in term
placentas from human patients with pregnancy complications, we were able to further reaffirm
the relevance and clinical applicability of the presented candidates as prospective diagnostic
biomarkers as well (Ackerman et al., 2023; Awamleh et al., 2019; Blair et al., 2013; Timofeeva et
al., 2021).

Although the presented study yielded many interesting findings, some of our conclusions
were challenged by experimental limitations. One of the first major limitations of the study was
that the term enrichment analysis was primarily performed using the over-representation analysis
(ORA) method, which determined pertinent biological terms based on the number of associated
proteins or target genes alone (S. Zhang et al., 2010). While ideal for identifying relevant
proteins or genes of interest from a specified list, such as those differentially expressed between
the control and Nodal KO mice, the ORA method failed to provide insight on how the
directionality or magnitude of the expression change for a given factor could impact implicated
biological processes. For example, among the differentially expressed proteins in the Nodal KO
mice, we found many that were associated with “blood vessel development”. However, we were
unable to completely ascertain how the up- or downregulation of these proteins specifically
affected angiogenesis without further literature review. Because of this, the correlations between
the dysregulated biological processes proposed by our GO analysis with those observed in the
mice were recognized to be made with a certain degree of assumption and uncertainty, which
questioned the accuracy with which the EVs could detect pathological signs.

Another limitation was in regard to the validity and clinical translatability of the
presented biomarker candidates in the study. Although each of the delineated candidates had
previously demonstrated roles in processes involved in placentation, the studies that

characterized these functional roles utilized various research models, tissues, and experimental
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conditions. This made it difficult to ascertain whether the implicated candidates truly exerted a
pathophysiological effect in our particular mouse model, which challenged their validity as
potential biomarkers for placental complications. Additionally, because we had yet to confirm
whether the proposed candidates were present and differentially expressed in placental EVs from
patient plasma samples, we were unable to determine the likelihood of the selected proteins and
miRNAs being developed into a minimally invasive diagnostic strategy as well.

While there were some notable limitations that challenged our findings, additional
experiments could be performed to address many of the listed experimental concerns. For
example, to confront the concerns regarding the biological relevance of the implicated EV
proteins and miRNAs in the Noda/ KO mice, we propose that functional studies either ablating
or overexpressing these EV cargo components be conducted in mice or appropriate cell lines.
This would not only validate the proposed roles of the selected biomarker candidates but would
also further elucidate the pathophysiological mechanisms underlying the observed phenotypes in
our mouse model. Additionally, we suggest that placental EVs from the plasma of patients with
pregnancy complications be investigated using highly sensitive quantitative techniques, such as
ELISA or gqPCR, to assess the translatability our work as well as the diagnostic capabilities of the
proposed biomarker candidates under real clinical contexts.

Overall, the presented findings strongly supported our hypothesis which stated that
placental abnormalities caused by dysfunctional maternal Nodal signaling in the mouse would
alter the EVs from the placenta in a manner that was indicative of the pathological phenotypes
observed at mid-pregnancy. By characterizing the cargo of the collected placental EVs, we found
that the dysregulated biological processes implicated in our analysis correspondingly matched
the pathological phenotypes observed in the Nodal KO females. This demonstrated how
placental abnormalities could be detected with reasonable accuracy through the analysis of these
nanoparticles, which highlighted their potential as pathological indicators. In fact, we were able
to identify several EV proteins and miRNAs that could be further explored as prospective
biomarkers for complications like preeclampsia or [IUGR, which were modelled by our Nodal
KO mice as well. Ultimately, through our findings, we made significant progress in exploring the
feasibility of a transformative diagnostic strategy that not only offered novel insight into the
maternal-fetal interface, but an opportunity for disease detection that was proactive, accurate,

and minimally invasive in its approach.
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5. CONCLUSION

In conclusion, this thesis demonstrated the ability by which placental EVs could detect
the presence of morphological and physiological abnormalities at the maternal-fetal interface in
the mouse through molecular changes in their cargo composition. Using a previously established
mouse model for pregnancy complications that ablated the Nodal gene in the maternal
reproductive tract, we found that EVs derived from the placentas of these mice possessed a
distinct proteomic and miRNA profile that differed from the control females. Cargo components
differentially expressed between the two strains were associated with the dysregulation of
various biological processes, such as organ growth and development, angiogenesis, metabolism,
hypoxia, hormone secretion, cytokine production, and immune cell regulation. Interestingly, our
analysis complemented the dysfunctional phenotypes observed in the Nodal KO mice, which
emphasized the capability of the EVs to provide acute insight into the placental tissue
environment. We also discovered that EV proteins and miRNAs differentially expressed between
the control and Nodal KO females bioinformatically mapped to human pathologies, such as pre-
eclampsia, hypertension, growth disorders, and inflammation, which reinforced the validity of
our mice as a reproductive disease model that could be further investigated for prospective
pathological biomarkers. In fact, subsequent analysis of individual cargo components revealed
several biomarker candidates with reported roles in processes closely linked with the
pathophysiology of prevalent placental complications as well as the phenotypes observed in the
Nodal KO mice. For the first time, by characterizing the placental EVs from our Noda/ KO mice
at mid-pregnancy, we were able to assess the feasibility and relative accuracy with which EVs
could indicate early pathological signs of placental dysfunction close to the time of symptomatic
onset. Although further studies are needed to verify the clinical translatability of our work, the
presented findings highlight the potential for these nanoparticles to be adapted into a novel
diagnostic approach that addresses the limitations of currently available options to improve

maternal-fetal health prospects for patients with high-risk pregnancy complications worldwide.
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