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Abstract

Introduction: Gestational diabetes (GDM) affects 1/6 pregnancies globally, and
commonly results in large-for-gestational-age (LGA) infants. This increases risk
of birth injuries and predisposes offspring to adulthood cardio-metabolic
complications. The cause of LGA in GDM is unclear, however GDM placentas
display abnormal morphology indicative of vascular immaturity. MicroRNAs
(miRNAs) regulate vascular development in other systems. Vascular regulatory
miRNAs are detected in maternal circulation in extracellular vesicles (EVs) and
levels are altered in GDM. EVs can enter into, and influence events in the
placenta so it is possible that EV-encompassed miRNAs influence placental
vasculature in GDM.

Objective: To determine if EV-encompassed miRNAs are associated with LGA
in GDM pregnancies, and if these miRNAs are involved in placental
vascularisation.

Methods: EVs were isolated from maternal plasma at 24 — 32 weeks gestation
and characterised by TEM, Western blotting and NTA. Levels of vascular
regulatory miRNAs were quantified via RT-gPCR in both EVs and human
placental tissue. Primary placental mesenchymal stromal cells (PMSCs) were
isolated from term placentas and characterised by flow cytometry,
immunocytochemistry and trilineage differentiation. AntimiRs were used to
inhibit miR-1-3p and miR-133a-3p in PMSCs. RT-gPCR was used to measure
levels of vascular smooth muscle cell (VSMC) markers.

Results: miR-1-3p and miR-133a-3p were decreased in plasma EVs in GDM
but there was no association with LGA. miR-1-3p and miR-133a-3p were
decreased in GDM LGA placenta, compared to GDM AGA, and GDM LGA
levels were comparable to those in first trimester placenta. Induction of PMSCs
towards VSMC lineage was accompanied by increased levels of miR-1-3p and
miR-133a-3p. Inhibition of miR-1-3p and miR-133a-3p in PMSCs reduced their
ability to differentiate towards a VSMC lineage shown by decreased levels of
VSMC markers.

Conclusions: miR-1-3p and miR-133a-3p regulate VSMC differentiation in
placenta. Altered levels may contribute to LGA in GDM pregnancies by
preventing placental vascular maturation.
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Chapter 1

Introduction
1.1 Diabetes in pregnancy

1.1.1 Global impact

Maternal diabetes is widely recognised as one of the most common
complications of pregnancy worldwide, having affected 21.1 million, or 16.7% of
pregnancies in 2021'. Of these, 80.3% of the cases of hyperglycaemia during
pregnancy were due to GDM and current data demonstrates that the
prevalence of GDM is increasing’. It was speculated that this was due to the
adoption of more sensitive diagnostic criteria, however, this increase remains
even when criteria are standardised?3. Elevated prevalence of GDM has been
recorded both globally and locally within the UK and the Republic of Ireland®.
The frequency of cases varies between different regions, with the highest
standardised incidence in high-income countries’2. Evidence suggests that this
may be due to a shift in lifestyles by these populations, causing higher levels of
obesity and pregnancy later in life, both of which are risk factors for the
development of GDM2°. Whilst the highest prevalence of age-adjusted rates of
elevated blood glucose levels during pregnancy (hyperglycaemia) are found in
low-income countries, where there are often restrictions on access to antenatal
care to monitor and control blood glucose’.

There are growing concerns that the intergenerational transmission of maternal
diabetes; as well as the associated increased risk of other cardiovascular and
metabolic diseases, will lead to substantial morbidity and mortality in future
generations®. A family history of diabetes is a risk factor for the development of
maternal diabetes, whilst there is also evidence demonstrating that maternal
hyperglycaemia in utero predisposes offspring to diseases including obesity and
type 2 diabetes’. To help ameliorate this growing demand on healthcare
systems worldwide, it is becoming ever more important to understand how
maternal diabetes, especially GDM, affects fetal development and
programming. A more in-depth understanding of how GDM interacts with fetal
development is vital for understanding these developmental origins of health
and disease (DOHAD). Such knowledge will also be essential for developing
preventative regimens and/or treatments for these complications, this will be
explored in detail throughout this thesis.
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1.1.2 Types of diabetes in pregnancy

The term diabetes mellitus refers to a group of metabolic disorders
characterised by severely reduced insulin biosynthesis in the pancreas or
depleted insulin action in target tissues, which leads to poor glycaemic control in
those affected®. Maternal diabetes can be categorised into pre-gestational
diabetes, where an individual with existing type 1 or type 2 diabetes (T1DM,
T2DM) becomes pregnant, or through gestational diabetes mellitus (GDM)®.
Affected patients demonstrate fluctuations in circulating levels of glucose
outside the healthy range of <56.6mmol/L fasting and >7.8mmol/L
postprandrially’®. High levels of glucose in the blood, otherwise known as
hyperglycaemia, occur when glucose is not being transported into the body’s
cells where it can be utilised as energy’. This happens both in diabetes outside
of pregnancy and in maternal diabetes, where complications arise due to
hyperglycaemia in pregnancy (HIP), which occurs in cases of GDM and pre-
gestational diabetes (PGDM)"'. Links between maternal hyperglycaemia and
altered levels of hormones, growth factors and cytokines, essential for healthy
fetal development, suggest that hyperglycaemia in diabetic pregnancies may be
central to the complications such as fetal overgrowth, preterm birth and
respiratory distress syndrome, that are associated with maternal diabetes®'2.
This is supported by the observed positive correlation between maternal blood
glucose levels and adverse perinatal outcomes in GDM'3. Although,
complications still arise in diabetic pregnancies where glucose levels have been
well controlled, for example, despite achieving comparable levels of glucose
control, patients with recurrent GDM have a higher frequency of LGA and
macrosomia compared to those diagnosed with GDM for the first time'4.

GDM is a transitory form of diabetes present for the duration of pregnancy,
manifesting in the second and third trimester, until birth®. The precise
mechanism by which GDM develops is not yet clear. However, it has been
hypothesised that physiological stressors of pregnancy exacerbate insulin
resistance and low-grade inflammation already present due to pregnancy,
thereby initiating an early stage in the progression of T2DM'S. Uncomplicated
pregnancies are considered to be a state of insulin resistance, whereby there is
typically a 50% reduction in insulin-mediated clearance of glucose and a 250%
increase in insulin synthesis to maintain maternal glycaemic control’®.
Underlying so-called metabolic inflammation in GDM patients may be caused
due to excess nutrients circulating in obese patients, which may interfere with
the essential pro-inflammatory uterine signalling at the site of implantation, and
immunosuppression to maintain pregnancy throughout the rest of gestation'”.
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Although, this may not explain the development of GDM in individuals without
this excess of nutrients who have a healthy BMI.

Despite the vast similarities between the symptoms and health consequences
of PGDM and GDM, it should be recognised that their onset usually occurs on
different timescales. With the existence of PGDM being consistent from
conception, as compared to GDM, which develops during gestation. Such
variability in diabetes progression may be associated with a differential impact
on developmental processes. For example, organogenesis, whereby the
cardiovascular and nervous systems are established, occurs in weeks 5 to 8 of
gestation, 14 weeks before hyperglycaemia is usually detectable as a sign of
GDM11,18_

1.1.3 Diagnosis and treatment

The symptoms of HIP, such as fatigue and frequent urination, are often mild
and can therefore be difficult to recognise, especially since they are also
present in healthy pregnancies®. Therefore, GDM is currently diagnosed via oral
glucose tolerance testing (OGTT) at 24-28 weeks of gestation, where patients
ingest 75g of glucose and two hours later their blood glucose is evaluated’.
GDM is diagnosed when fasting blood glucose =5.6mmol/litre or 120min
postprandial blood glucose 27.8mmol/litre'°. Increasing levels of insulin
resistance have been demonstrated throughout healthy pregnancies
uncomplicated by maternal diabetes, however, GDM is characterised as insulin
resistance that exceeds the healthy range resulting in hyperglycaemia detected
by OGTT'®'°, There are numerous clinically recognised risk factors associated
with the development of GDM and T2DM, including: obesity, advanced maternal
age, vitamin D deficiency, y-glutamyltransferase (GGT) levels, ethnicity,
polycystic ovaries syndrome and genetic determinants of glycaemic traits?%-23.

Similar to other forms of diabetes, routine management of GDM is achieved
through self-monitoring of blood glucose, in combination with treatment to
promote euglycaemia?*. Patients are encouraged by clinicians to lead a healthy
lifestyle consisting of a balanced diet alongside regular moderate exercise to
enhance glycaemic control, by minimising postprandial hyperglycaemia?*. In
circumstances where attempts to achieve glycaemic control through diet and
exercise are unsuccessful within 1-2 weeks, medication is used to treat
hyperglycaemia?>28, The two primary treatments prescribed to patients with
GDM are insulin and metformin, which can be used individually, or as
combination therapy of metformin supplemented with insulin if necessary to
reduce glycaemic levels®.
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1.1.4 Perinatal impacts of maternal diabetes

Maternal diabetes and the HIP that it causes can have detrimental
consequences on both fetal and maternal health. These complications can
manifest during gestation or post-partum, and in the most severe cases can
lead to preterm birth and perinatal death including stillbirths?’-2°. Patients with
PGDM or GDM have also been identified as a high-risk group for the
development of preeclampsia, a condition characterised by hypertension in
pregnancy and other indicators of severe organ dysfunction, such as
proteinuria®®3'. This disorder poses risks to the growing fetus through its
constraints on the oxygen supply to the placenta, as well as causing systematic
inflammatory stress to maternal organs®2. As consequence, patients with a
history of preeclampsia frequently go on to develop cardiovascular diseases
such as heart disease, strokes and hypertension in later life32.

Furthermore, complications of maternal health can arise as a result of HIP,
through accelerated development of comorbidities associated with diabetes, for
example, diabetic retinopathy, cardiovascular disease and T2DM?733-37 These
comorbidities are more common in patients with PGDM compared to GDM
patients, although they can occur in either®3°. The elevated risks of PGDM
compared to GDM are also reflected with regards to fetal health, with increased
incidence witnessed of congenital malformations of the central nervous
system?8.

1.1.4.1 Fetal overgrowth

The most prevalent disorder associated with maternal diabetes is fetal
overgrowth, which affects up to 45% of pregnancies, this is three-fold higher
than background rates in normoglycaemic pregnancies®%4%. These neonates are
born large for their gestational age (LGA), namely infants are characterised as
being LGA if they weigh over the 90" percentile for their gestational age?.
Some studies also use the term macrosomia to categorise fetal overgrowth,
macrosomic neonates have birthweights >4000g or >4500g depending on the
authors’ definition*'. Although these terms denote similar conditions, they
should not be used interchangeably, however, this sometimes occurs within the
literature0.

On account of their increased size, LGA and macrosomic pregnancies pose a
higher risk of birth trauma to the offspring, such as shoulder dystocia, as well as
birth canal injuries during delivery for the mother*?. As a result, in cases of
suspected LGA, early induction of labour and caesarean section are
recommended to limit fetal growth and aid delivery?°. However, current methods
of LGA detection through two-dimensional ultrasound can be inaccurate,
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leading to a high proportion of false positives, which lead to unnecessary
caesarean sections being performed that may cause respiratory problems in
neonates?42,

The mechanism by which maternal diabetes promotes fetal overgrowth was
addressed in Pedersen’s hypothesis, which states that HIP leads to elevated
transfer of glucose across the placenta to the fetal bloodstream and that this
elicits the release of insulin by beta cells within the fetal pancreas*?.
Subsequent fetal hyperinsulinemia in the presence of secondary
hyperglycaemia further stimulates fetal anabolism; which in turn causes
accelerated growth and results in the fetus being LGA?’. However, analysis of
type 1 diabetic pregnancy outcomes has shown that the relationship between
HIP and macrosomia is not as clear-cut as Pedersen’s hypothesis states. LGA
is still common in the offspring of diabetic mothers whose glycaemia is well
monitored and controlled throughout pregnancy?®444°, This suggests that
Pedersen’s hypothesis is not an exhaustive explanation for the association
between maternal diabetes and fetal overgrowth.

On the other hand, it is worth noting that the adoption of continuous glucose
monitoring (CGM), which can attain more frequent glucose readings than self-
monitoring, could help to explain any potential disconnect between the influence
of circulating glucose and the development of LGA babies. Continuous
monitoring of glucose, as opposed to the periodic nature of self-monitoring
strategies, has been able to pinpoint certain periods of elevated glucose levels
that may be associated with the development of fetal overgrowth that was
previously missed. For example, CGM enabled the establishment of a
relationship between time above glucose range (TAR) expected after lunch and
the development of LGA or macrosomic neonates in GDM?*. This was
supported by findings from Law et al.’s (2019) study, where increased
nocturnal glucose levels were found to be associated with the development of
LGA in GDM via CGM*'. It also appears that circulating glucose plays a role in
fetal overgrowth in PGDM, research by Scott et al. (2020) identified that periods
of increased blood glucose throughout pregnancy are associated with LGA in
T1DM#*. Moreover, even in non-diabetic pregnancies, Sung et al (2015) found
that duration and magnitude of hyperglycaemia correlated positively with
birthweight*°. However, at present, it does not seem that switching from self-
monitoring to CGM alone is enough to reduce the number of cases of diabetes
in pregnancies that go on to have LGA babies®. Therefore, it remains important
to gain a better understanding of the factors leading to fetal overgrowth for
earlier detection and treatment strategies.
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1.1.4.2 Fetal growth restriction

At the opposite end of the spectrum, pregnancies complicated by maternal
diabetes are also more likely to produce newborns that are small for their
gestational age (SGA), compared to healthy pregnancies?*5'. Clinically, SGA is
categorised in neonates that weigh below the 10" percentile of what is expected
for their gestational age and can occur as a consequence of fetal growth
restriction (FGR)%2. Evidence from prospective and retrospective cohort studies
indicate that increased rates of FGR in pregnancies diagnosed with GDM may
be due to hypertension and pre-eclampsia brought on by GDM?>3%4, It has also
been speculated that FGR has, in cases of PGDM and GDM, been a result of
an intensive glycaemic control regimen that, may in effect, starve the fetus of
nutrition, resulting in it being SGA%. Comparative analysis of metformin and
insulin-based regimen in the treatment of GDM have indicated that neonates
exposed to metformin in utero are significantly smaller than their insulin-treated
counterparts, weighing 107g less on average®. In consideration of the findings
of this meta-analysis of 28 studies of cohorts across the world, one strategy to
minimise this would be to target rigid glycaemic control to LGA pregnancies®®.
However, current strategies for detection of LGA via ultrasound are most
accurate at 35 — 37 weeks gestation; approximately 10 weeks after diagnosis,
where they achieve a 76% detection rate, compared to 51% at 19 — 24 weeks
and 65% at 30 — 34 weeks around the time of GDM diagnosis®’-°8. Meaning that
using this regimen, a substantial proportion of LGA pregnancies could go
undetected and therefore untreated with adequate glycaemic control®. At the
opposite end of the spectrum, as aforementioned, ultrasound fetal
measurements also often produce false positives, this could lead to
inappropriate targeting of rigid glycaemic control to non-LGA pregnancies?>42.

1.1.4.3 Congenital abnormalities

The aberrant fetal development observed in cases of maternal diabetes can
also manifest as congenital abnormalities unrelated to birthweight, for example,
cardiovascular and neural tube developmental defects are common in
newborns exposed to HIP?7:3959_ Birth defects are established early in fetal
development, during organogenesis, as such, the onset of HIP has a major
impact on the risk of congenital anomalies'. As illustrated by the markedly
elevated risk of congenital malformations witnessed in cases of PGDM, and the
slightly increased risk seen in cases of GDM, as compared to normal
pregnancies®. This reflects the differences in the onset of HIP in PGDM, where
poor glycaemic control is present at conception, versus in GDM, where
glycaemic control deteriorates part way through gestation. It is suspected that
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the extra glucose metabolism in the developing embryo, generated through
maternal hyperglycaemia, causes birth defects by increasing oxidative stress
and enhancing levels of apoptosis?”°. However, the exact mechanism for this
is not known.

1.1.5 Consequences of maternal diabetes on long-term maternal and
fetal health

1.1.5.1 Maternal glucose intolerance

Despite the transient nature of GDM, there can be serious implications of the
disease on patients' health even after their glycaemic control has returned to
healthy parameters postnatally. Recurrent GDM in subsequent pregnancies is a
frequent problem among patients previously diagnosed with GDM, with around
half of the individuals who have a history of the disease receiving a recurrent
diagnosis®'-%4. Among the risk factors for recurrent GDM are: higher pre-
pregnancy BMI, advanced maternal age, prolonged intervals between the
pregnancies, family history of T2DM, low maternal birthweight and maternal
birthweight >4000g®’. Glucose intolerance following GDM diagnosis is not
limited to recurrent GDM, with substantial numbers of patients with a history of
GDM going on to develop T2DM in later life3’. Estimates vary depending on the
cohort and period of time being studied postpartum, but current figures suggest
that progression to T2DM occurs in up to 60% of GDM patients®°.

1.1.5.2 Developmental origins of health and disease

The concept of ‘Developmental Origins of Health and Disease’ (DOHaD)/‘Fetal
Origins of Adult Disease’ (FOAD) was first postulated by Barker and colleagues
in the 1980s when they performed retrospective studies to determine the effects
of maternal health on offspring %667, This research indicated that environmental
stressors applied early in development can permanently reprogram the genome
of an individual, predisposing them to diseases in adulthood. Specifically, it was
found that SGA and LGA offspring are more likely to develop disorders such as
T2DM, obesity, hypertension and coronary artery disease in adulthood5266-70,

Research into the long-term effects that maternal diabetes has on offspring has
now indicated a similar link to cardio-metabolic diseases in adulthood”'-73, It is
theorised that reprogramming of the genome in response to such in utero
stressors such as HIP is carried out through epigenetic changes in the genome,
which alter gene expression through chromatin structural modifications and
production of non-coding RNAs®8. These modifications help adapt the fetus to
the unfavourable intrauterine environment but are ill-matched to the future
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extra-uterine environment when problems arise®”. At present, it is not possible
to predict which pregnancies complicated by maternal diabetes will result in
fetal growth complications, and there are no treatments for LGA or SGA except
for early delivery; which itself can cause complications to the baby linked to pre-
term delivery’.

Since LGA is a regular complication of pregnancies diagnosed with GDM, there
may be some overlap in their links to DOHAD, or common causality between
fetal overgrowth and poor cardiometabolic health. Indeed, it has been reported
that offspring from GDM pregnancies present symptoms of increased metabolic
risk, for instance, higher blood pressure and lower high-density lipoprotein
cholesterol levels, at just six years of age’®. A sex difference has also been
recognised, in the incidence of T2DM and CVD among high birthweight
individuals in adulthood, whereby LGA females display a stronger tendency for
the development of cardiometabolic diseases compared to LGA males®°.
Altogether, maternal perturbations during gestation, for example,
hyperglycaemia as a result of maternal diabetes, must be transmissible across
the placenta to affect fetal development and for the programming of DOHAD7®,
Consequently, it is essential to understand how the placenta responds to
stressors within the maternal environment so that the mechanisms by which the
placenta influences fetal programming can be identified?®.
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1.2 Roles of the placenta in fetal growth

The placenta is a vital organ in pregnancy that mediates the exchange of gases,
nutrients and waste products between the maternal and fetal bloodstreams,
whilst also performing essential immunological and endocrine functions that
help to maintain gestation’”. Consequently, the placenta is considered to be an
important organ that regulates fetal growth in healthy pregnancies, as well as
being implicated in the development of fetal growth disorders. This was
confirmed in the morphometric investigation by Bukowski et al. (2017) of
placental abnormalities associated with SGA or LGA in live births and
stillbirths™. It was found that of the 15 placental abnormalities associated with
stillbirth, 10 were also associated with altered fetal growth conditions®.
Extensive research has also been conducted exploring the relationship between
placental insufficiency and FGR7%8%. This adequately demonstrates the
implications that placental dysfunction can have on fetal growth. Therefore, to
determine the mechanism underpinning the development of altered fetal growth,
it is vital that placental structure and function must be taken into account.

The placenta exists for the duration of pregnancy, from implantation until birth, it
grows in parallel with the fetus, accommodating its changing demands
throughout development. Under normal, healthy circumstances, the placenta is
discharged from the uterus post-partum?®’. It acts as the main interface through
which maternal tissues can interact with the growing fetus, this is enabled by
the extensive network of vasculature that the placenta comprises®’. In light of
the placenta's essential role, in maintaining the fetus as all of its key organ
systems differentiate and mature, it is logical that aberrant development and
functioning of the placenta can result in numerous disorders that present high
risks of morbidity and mortality.



27
1.3 Placental development and structure

1.3.1 Placentation

The majority of the placenta, as well as the fetal membranes, are initially
derived from the layer of trophoblast cells or cytotrophoblasts that surround the
inner cell mass (ICM) of the blastocyst, otherwise known as the trophectoderm,
which forms roughly 5 days post-conception®. The ICM, on the other hand,
goes on to become the embryo, the umbilical cord and the placental
mesenchyme?®. In humans, placentation commences approximately one week
following conception, when the blastocyst is released from its surrounding
membrane, known as the zona pellucida so that it can attach to the uterine
wall®s,

From here a group of the trophoblast stem cells, otherwise known as
cytotrophoblasts, differentiate into extravillous trophoblasts (EVTs) capable of
invading the underlying uterine wall, which itself has undergone decidualisation,
to anchor the placenta’”-828485 Here they are also responsible for remodelling
uterine spiral arteries, to enable the perfusion of the placenta with maternal
blood, increasing the supply as pregnancy progresses®. EVTs achieve this
through depletion of elastin and smooth muscle in these vessels, this ensures
the circulation of maternal blood to the placenta at a reduced velocity and
pressure, to protect it from mechanical damage®’.

Cytotrophoblasts from the blastocyst that are in immediate contact with uterine
endometrium also differentiate into multinucleated syncytiotrophoblast which
forms a continuous layer described as the syncytium®2. As implantation
progresses, the syncytium grows, supplied with more cells from the resident
cytotrophoblast populations of the placenta®. Expanses within the syncytium
called lacunae begin to open and come together to generate the intervillous
space, within which maternal blood eventually pools following the successful
invasion of the decidua by EVTs®6.

Between each lacuna are pillars of cytotrophoblasts, referred to as trabeculae,
which at approximately two weeks after conception, proliferate into finger-like
outgrowths in the intervillous space®-8. These protrusions, termed chorionic
villi, are the functional unit of the placenta®. During this time, the
extraembryonic mesoderm derived from the ICM invades the developing villi,
this is the point at which it is believed that the mesenchymal progenitor cells
enter the villous core which enables the development of vascular networks
within the placenta throughout gestation®.
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In the mature placenta, the syncytiotrophoblast layer is found at the surface of
the branching network of chorionic villi, in contact with the intervillous space and
the maternal bloodstream®2. Oxygen and nutrients flow through the microvillous
membrane of the syncytiotrophoblast into the villus core, which is made up of
mesenchymal tissue and fetal capillaries where it enters the fetal bloodstream
and is transported to the fetus via the umbilical vein (fig. 1.1)77:%. GLUT
proteins, otherwise known as glucose transporters, facilitate the passage of
glucose into the fetal circulation from the intervillous space via diffusion down a
concentration gradient’”°".92, Fatty acids can also travel across the placental
barrier, first triglycerides are hydrolysed into non-esterified fatty acids which are
transported into the fetal circulation from the intervillous space via fatty acid
transport proteins (FATPs)%29, Similarly, amino acid transport proteins such as
SNATSs are expressed by syncytiotrophoblasts that facilitate the active transport
of small non-essential amino acids such as alanine, glycine and serine into the
fetal bloodstream®°-92,

Meanwhile, waste products such as carbon dioxide and nitrogenous molecules
are transported in the opposite direction, from the villus core, into the intervillous
space and the maternal bloodstream®’. To aid transport, the chorionic villi have
a large surface area, with the surface area of the syncytiotrophoblast layer
reaching approximately 12m? 4. The syncytium also plays immunological roles
in development, protecting the growing fetus from the maternal immune
system®.

The vascularisation of the placenta at the end of the first trimester represents a
pivotal checkpoint in development where the fetus transitions from histotrophic
nutrition from endometrial glands, to nourishment by maternal blood flow
through the placenta®’. During which time, the placenta transforms from having
a restricted blood supply with a relatively low partial pressure of oxygen (~20
mmHg), into a highly vascularised organ with an increased partial pressure of
oxygen in the second and third trimester (~60mmHg and ~40mmHg
respectively), suitably adapted for nourishing the fetus®’. Healthy development
of the placental vasculature is a product of tight regulation of angiogenesis by
pro- and antiangiogenic factors. It starts with vasculogenesis, commencing on
day 21 after conception, where pluripotent mesenchymal progenitor cells
differentiate into endothelial cells that assemble into the vascular plexus®.
These initial vessels connect into a network, which is expanded by
angiogenesis from day 32 post-conception up until parturition®.
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Fig. 1.1 Morphology of the placenta. Diagram depicting the main structures of
the organ in the third trimester of pregnancy as well as a cross-section of a

chorionic villous, the functional unit of the placenta that acts as the interface for
exchange between maternal and fetal blood supplies. Created using Biorender.
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1.3.2 Villous tree

The complex vascular networks of the placenta, with cytotrophoblasts and the
syncytium, form interconnected villi that together become branching tree-like
structures referred to as the villous tree®-%. Initially, villi form as primary villi on
day 13 post-conception. These avascular villi contain only trophoblast cells until
week five, whereby mesenchymal tissue from the embryoblast invades them,
generating secondary villié. From the initial mesenchymal stroma, de novo
vasculogenesis occurs, creating the first fetoplacental capillaries and converting
the secondary villi into tertiary villi that can develop into the range of villi that
exist within the mature placenta®. As such, all the villi that develop from tertiary
villi are considered to be types of tertiary villi®.

The most primitive form of tertiary villi is mesenchymal villi, which are present
from five weeks after conception as they are the earliest to develop®°7. They
contain simple capillaries and two trophoblastic layers, a cytotrophoblast one
around the villous core, and a syncytial layer on the villous surface®. Their tips
are as yet avascular, however, these villous sprouts are an essential site for
endocrine signalling throughout pregnancy®. From mesenchymal villi, immature
intermediate villi (IIV) develop that consist of an expanded loose stroma plus an
increased capillary density as a result of branching angiogenesis®®%-97 New
protrusions of proliferating cytotrophoblasts emanate from the surface of IV,
which eventually develop into branches of mesenchymal villi®®-°7. This leads to
peripheral regions of the tree forming branches of new sprouting villi, whilst
central IIV becomes stem villi and central capillaries differentiate into arterioles
and venules via vascular smooth muscle differentiation and recruitment to
vessels®. Stem villi connect to the chorionic plate of the placenta and operate
as the main support of the villous tree structure®®.

At 24 — 26 weeks gestation, there is a substantial change in villous tree
development. Production 11V stops, as there is an increase in stem villous
conversion and mesenchymal villi begin to produce mature intermediate villi
(MIV)®6:97_In contrast to the branching angiogenesis of IV, MIV structure is
characterised by longitudinal growth of unbranched capillaries by non-branching
angiogenesis, forming capillary loops®. During the emergence of terminal villi,
the fifth and final type of tertiary villi, these loops fold in on themselves®®.
Generating a bulge which brings the fetal bloodstream even closer to the
intervillous space by pushing the capillary against the syncytium®. Terminal
villous occupation within the third trimester placenta increases exponentially,
optimising the surfaces of these villi for the elevated nutrient and gaseous
exchange required by the fetus in this late stage of pregnancy?®.
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1.4 Placental vascularisation

Vascularisation of the placenta in the late first trimester is essential for gestation
to meet the growing gaseous and nutritional demands of the developing fetus®’.
Blood vessels are first generated through vasculogenesis, the differentiation of
pluripotent mesenchymal progenitor cells into endothelial cells that assemble
into the vascular plexus; then the network expands through angiogenesis until
parturition®.

1.4.1 Vasculogenesis

The process of vasculogenesis within the mesenchymal villi of the placenta
generally occurs between days 21 and 32 post-conception and is dependent on
the presence of mesenchymal precursors within the stroma that differentiate
into haemangiogenic stem cells®®*°. Primitive fetoplacental capillaries are
assembled de novo from haemangiogenic stem cells that differentiate into
angioblast cells, the progenitors of endothelial cells (ECs) which make up the
endothelium enclosing each capillary®®. Haemangiogenic stem cells also
differentiate into haemangioblast cells, these are haematopoietic stem cell
progenitors, eventually differentiating into a range of blood cells including red
blood cells, lymphocytes and platelets®®. The earliest stages of vasculogenesis
involve the recruitment of angioblast cells into cell cords, within which an
intercellular cleft forms that become the lumen of the vessel®®9°. At 28 days
post-conception, the haemoangioblastic cords of most villi have transformed
into endothelial tubes'®. Mesenchymal stromal cells are located just outside the
endothelial tubes, they have a highly developed rough endoplasmic reticulum
and later go on to form pericytes and vascular smooth muscle cells that
surround the endothelial tubes to form contractile vessels (VSMCs; fig.
1.2)89.100_ At this stage, haematopoietic stem cells can be observed in the
lumens of capillaries, although they are not yet connected to fetal circulation.
By days 32 to 35 after conception, villous capillaries fuse with allantoic vessels
which expand in embryonic and placental directions, resulting in the beginning
of fetoplacental circulation°.

It was shown through in vivo experiments utilising genetic knockout strains of
mice that vascular endothelial growth factor (VEGF) signalling is an essential
regulator of placental vasculogenesis. Findings from studies by Ferrara et al
(1996 and 2000) showed that knockout of VEGF or VEGF receptor VEGFR2
prevents differentiation of ECs from their precursors''-192, Whilst VEGFR1-
knockout mice still demonstrate EC differentiation, the arrangement of their ECs
during vasculogenesis is disorganised compared to wild-type mice, and the
subsequently formed blood vessels are notably abnormal'®3, It is now
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established that VEGFR2 is involved in the recruitment of early differentiation of
haemoangiogenic stem cells into blood vessels, and VEGFR1 promotes the
arrangement of ECs into endothelial tubes®®.

1.4.2 Angiogenesis

Angiogenesis refers to the mechanism by which new blood vessels sprout from
existing ones. It is especially important in placental development following
vasculogenesis, to generate the complex network of blood vessels present in
the placenta in mid- to late pregnancy. Angiogenesis occurs as a sequence of
highly controlled events, starting with a local or systematic increase in the
abundance of proangiogenic factors. This leads to the disruption of endothelial
basement membranes by activated proteases, where endothelial migration and
proliferation can synthesise new vessels'%4.

There are two main types of angiogenesis within the placenta, branching and
non-branching®. Branching angiogenesis relies on the lateral growth of sprouts
from a blood vessel, or the formation of an endothelial pillar spanning the lumen
which becomes a new branch via intussesception'. Whilst non-branching
angiogenesis occurs when blood vessels elongate through EC proliferation or
when circulating ECs or their progenitors are assimilated into the endothelium,
these are categorised as proliferative or intercalative non-branching
angiogenesis respectively'%. This type of angiogenesis forms capillary loops
within the villi in late pregnancy (fig. 1.2)'%4. Once ECs have arranged to create
a new vessel, the lumen forms and perivascular cells, including pericytes and
vascular smooth muscle, are differentiated from mesenchymal stromal cells and
recruited to form the outer casing of the blood vessel®®1%, Especially, centrally
located capillaries of the 11V that are >100um that will go on to become arteries
and veins within stem villi'%.

Numerous growth factors have recognised functions in placental angiogenesis,
acting as proangiogenic factors that are essential for initiating vascular network
expansion. For example, VEGF is expressed throughout gestation by placental
ECs, it has been found to upregulate the expression of proteases that help to
liberate ECs from the extracellular matrix, enabling them to migrate and
proliferate'%4-106_ Additionally, VEGF itself has been shown to stimulate EC
proliferation, migration and tube formation in vitro'°”-1%_ Similarly, fibroblast
growth factor 2 (FGF2), erythropoietin (EPA), leptin (LEP), placental growth
factor (PIGF), and transforming growth factor-g1 (TGF-B1), are also associated
with the induction of angiogenesis in the placenta, through interaction with
specific cell surface receptors®1%4. Such placental proangiogenic factors are
secreted locally, by trophoblasts, smooth muscle cells and placental
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macrophages known as Hofbauer cells, where they target neighbouring ECs
and promote angiogenesis®. Platelet-derived growth factor (PDGF) has also
been shown to aid angiogenesis through the recruitment of perivascular cells,
by acting as a chemotactic stimulus and promoting their proliferation'0110,

Hypoxia is also a potent regulator of placental vascular development, it is
capable of controlling the expression of a group of proangiogenic factors via
regulation of their transcription, mRNA stability and translation®. Low levels of
oxygen promote the expression of hypoxia-responsive genes in the placenta,
such as VEGF, via hypoxia-inducible factors (HIFs) that bind to hypoxia-
responsive elements in their promoters, introns or enhancers, which stimulate
transcription®194,

On the other hand, antiangiogenic factors which downregulate angiogenesis
help to maintain tight regulation of this process to prevent hypervascularisation
of the placenta. For example, the soluble truncated form of VEGFR1, soluble
FMS-like tyrosine kinase-1 (sFit1), which lacks a transmembrane domain, acts
as an antiangiogenic factor. The sFIt1 splice variant competes with
transmembrane VEGFR1 for binding to VEGF and PIGF, sequestering them
and reducing their downstream signalling'!'. Similarly, the soluble form of
endoglin (SEng) binds and prevents the downstream signalling of TGFR"'2.
Dysregulation of these antiangiogenic factors has been associated with
pregnancy complications such as preeclampsia’'" 112,
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Fig. 1.2 Placental vascular development throughout gestation. During the
first trimester of pregnancy blood vessels are formed via vasculogenesis. From
the second trimester until term, the vascular networks of the placenta are
extended through branching and then non-branching angiogenesis. Created
using Biorender.



35
1.4.3 Blood flow

1.4.3.1 Uteroplacental circulation

The uteroplacental flow of blood in the placenta refers to the movement of
maternal blood from the uterine wall, through the spiral arteries of the decidua
into the intervillous space®. Oxygenated, nutrient-rich, maternal blood flows
around the terminal villi of the placenta and forces deoxygenated, nutrient-
depleted blood into endometrial and uterine veins. Flow is established towards
the end of the first trimester, at term maternal blood flow to the placenta is
approximately 600 — 700ml per minute %. Essentially replacing the blood within
the intervillous space two to three times every minute''3. Uteroplacental flow is
enabled by maternal arterial pressure that pushes blood through low-resistance
uteroplacental vessels which are primed throughout pregnancy by spiral artery
remodelling to accommodate increasing levels of perfusion''3114,

The generation of uteroplacental circulation begins with the invasion of the
uterine wall by EVTs 6 — 8 weeks following implantation, a process that is
completed by 19 — 20 weeks gestation''3. Invasion by trophoblasts is
categorised as vascular or interstitial, although vascular invasion is especially
important in the formation of uteroplacental circulation''3. EVTs invade maternal
blood vessels at the termini of arterioles, accumulating when they reach the
spiral arteries to form what is known as a spiral arteriole plug®''® Formation of
these plugs restricts blood flow, generating a hypoxic environment for the
embryo, which is instead nourished by uterine glands''®. These plugs
deteriorate at 10 to 12 weeks gestation, allowing maternal blood to flow into the
intervillous space via uteroplacental flow 94113.114,

1.4.3.2 Fetoplacental circulation

Fetoplacental blood flow enables the two umbilical arteries to supply nutrient-
depleted, deoxygenated blood from fetal circulation to the placental villi, where
gaseous exchange occurs, as well as removal of waste products from fetal
blood and the replenishment of nutrients such as glucose %. The oxygen and
nutrient-enriched blood then flow back to the fetus via the umbilical vein 4.
Doppler ultrasound is utilised by clinicians to assess the velocity of fetoplacental
blood flow. By quantifying the movement of blood through the umbilical artery
during fetal systole and diastole, the general health of the fetus can be
estimated, based on the supply of nutrient and oxygen-rich blood'"s. In healthy
pregnancies, it is anticipated that at 24 — 29 weeks gestation, a mean of 443 +
92 ml/min of blood should be passing through the umbilical artery, below that,
fetuses are at risk of being SGA at birth ®*115, At the opposite end of the
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spectrum, reduced resistance to umbilical vein blood flow to the fetus has been
linked to the development of fetal macrosomia and proposed as a potential
strategy for detection of fetal overgrowth'6.117.

The contractility of vascular smooth muscle in the vessels on the fetal side of
the placenta plays a vital role in regulating the pressure of blood flow to the
fetus. Especially since the fetoplacental vessels are not innervated, and are
consequently not controlled via the autonomic nervous system''8. Instead,
these vessels are sensitive to vasodilators such as serotonin, angiotensin Il and
oxcytocin® 119 Intercellular signalling by ECs also mediates vascular tone within
fetoplacental vessels. For instance, it has been shown through in vitro studies
that human umbilical vein ECs (HUVECS) supplying the growing fetus, secrete
elevated levels of prostaglandins compared to the endothelium of umbilical
arteries. Prospective Doppler ultrasound studies have been able to confirm the
relationship between vasodilators like NO and fetoplacental flow. Giles et al.
(1997) identified a correlation between decreased NO synthase activity in term
placental tissue with abnormal umbilical artery flow velocity during
pregnancy'??. Research by Martin et al. (2020) using an ex vivo perfusion
model showed that the pulsatile nature of fetoplacental flow itself enhances
NOS synthesis, thereby reducing vascular impedance to blood flow'?".

1.4.3.3 Influence of blood flow on placental development

The impact that blood flow has on placental development is a field of increasing
interest within pregnancy research and its relation to the development and
treatment of pregnancy pathologies. Studies investigate shear stress in
placental blood vessels, which refers to the physical friction generated by blood
flow which can stimulate cells''8. Fluidic shear stress has been implicated in
processes of vascular development and homeostasis which are essential for
adequate placental function including vasculogenesis, angiogenesis and
vascular tone'?2. Shear stress is sensed by mechanosensors present within the
endothelium and this signal is transduced via its impacts on the configuration of
the extracellular matrix and EC cytoskeleton, resulting in downstream signalling
pathways that feedback into vascular development and tone to control blood
ﬂOW118,123_

Dysregulation of these homeostatic processes during gestation has also now
been linked to pathologies such as FGR'"®, Findings suggest that increased
vascular impedance in FGR pregnancies leads to increased shear stress in
placental vessels, followed by an overproduction of NO, resulting in excessive
vasodilation compared to healthy pregnancies''®. Since blood flow regulates
placental vascular development, this could alter the morphology of the placenta
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and the flow of nutrients to the fetus influencing fetal growth trajectory'?2. In
comparison, far less attention has been paid to the effects that reduced
vascular impedance has on placental vascular physiology. Yet the association
between increased umbilical vein blood flow and fetal overgrowth, as well as
placental vascular lesions in GDM and elevated risks of LGA infants strongly
suggests that there is an interaction between this factors#7:116.117,124,125
Alterations in the vascular structure such as immature, hypervascularised villi
may be affecting the vascular impedance of flow’®'26. Moreover, contractility of
the VSMC walls of placental vessels may be influencing the reduced resistance
to flow in pregnancies affected by fetal overgrowth'6.117,
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1.5 Placental vasculature in pregnancies complicated by

maternal diabetes

Following the initial establishment of a blood supply in the first trimester of
gestation, the placenta is in constant contact with maternal circulation.
Subsequently, the placenta is heavily exposed to maternal stressors during
pregnancy such as the diabetic milieu in maternal diabetes'?’. It is thought that
such contact with hyperglycaemia and inflammatory cytokines interferes with
the normal development of the placenta, leading to altered placental
morphology'?8. These alterations to the placenta in pregnancies complicated by
maternal diabetes affect its ability to facilitate the transfer of nutrients to the
growing fetus, potentially resulting in pathologies such as aberrant fetal growth
disorders 28129,

Altered placental morphologies have been observed in pregnancies
complicated by pre-existing maternal diabetes and gestational diabetes alike.
However, there are some differences between the histology of placentas
complicated by type 1, type 2 and gestational diabetes'%'3'. This could be due
to differences in the time of onset and severity of hyperglycaemia between
these conditions'32133_ Although existing results on this subject have been
inconsistent, with different studies frequently reporting opposing observations
regarding placental structure in diabetes. Here, the available data on placenta
vasculature in pregnancies complicated by pre-existing and gestational diabetes
will be discussed to clarify the relationship between diabetes and placental
vascular development.

With regards to the gross structure of the placenta, research suggests that
placentas from pregnancies complicated by maternal diabetes are prone to
being heavier than those from uncomplicated pregnancies. This has been found
in murine models of diabetes in pregnancy, as well as cohort studies, which
also recorded higher placental weight and altered placenta to fetal weight
ratio’?%134-136_This increase has not been consistently observed in all cohort
studies, although this may be due to insufficient sample sizes to achieve
statistical significance'3%'3". Placental weight in pregnancies complicated by
maternal diabetes could be affected by changes in the regulation of the
trophoblast cell cycle. It has been hypothesised that regulation of trophoblast
proliferation, apoptosis and differentiation are altered in pregnancies
complicated by diabetes, however, at present, it is unclear whether these
processes are upregulated or reduced'®.
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1.5.1 Placental vascularisation in maternal diabetes

Due to its highly vascularised structure, the placenta relies heavily on the tight
regulation of vasculogenesis and angiogenesis within its vascular network to
function correctly'?. In pregnancies complicated by maternal diabetes, where
this process is subject to maternal stressors, complications to fetal development
are more likely'?®13°_ This was clearly illustrated in a recent study by Leon et al.
(2022), whereby vascular lesions, such as inflammation of the chorionic villi
(villitis), as well as maternal and fetal vascular malperfusion, were found to be
associated with fetal congenital heart defects'#?. Therefore, it is important to
understand the placental vascular lesions associated with maternal diabetes to
help elucidate the development of the aberrant fetal growth disorders and
malformations associated with the disease.

In recent years the vasculature of the placenta in pregnancies complicated by
maternal diabetes has been researched in depth by multiple laboratories, which
concluded that the diabetic milieu significantly alters placental vasculature in
both pre-gestational and GDM. It was found that placentas from pregnancies
complicated by GDM displayed a higher proportion of placental lesions that
indicate chorionic villous immaturity, compared to uncomplicated
pregnancies'?. As well as demonstrating indicators of villous inflammation,
termed villitis and signs of fetal hypoxia through elevated red blood cells'?141,
Several studies also recorded fibrinoid necrosis within placentas from diabetic
pregnancies, defined as the replacement of villous stroma with fibrinoid'25:142,
The majority of studies focused on the degree of vascularisation of chorionic
villi, finding that placentas from diabetic pregnancies frequently displayed
angiosis, otherwise known as hypervascularisation of villi25130.142143 However,
a substantial proportion of studies either reported the opposite, that villi were in
fact hypovascularized'#, or that there was a mixture of hyper- and hypo-
vascularised villi (results summarised in table 1.1)'26:132_ Conflicting
observations have also been reported regarding the extent of placental capillary
branching in placentas from diabetic pregnancies, whereby it is unclear whether
capillary branching or elongation are enhanced, unchanged or
decreased'25129.131.137.143 Thjg |ack of consensus suggests that the relationship
between the diabetic milieu and placental vascularisation may be more complex
than previously anticipated.
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Table 1.1 Key findings of research into the effects of maternal diabetes on placental morphology. Findings listed by publication
and details regarding the type of diabetes investigated, methods used and the extraneous maternal and fetal characteristics considered
have been included. N = not specified in the paper; v' = variable accounted for either by uniformity in sampling, by balancing the groups
or by identifying that the variable did not significantly affect placental characteristics being measured; x = variable was identified between
groups but not accounted for; 1 = increased; | = decreased.

Publication

Key finding(s)

Methods

Comorbidities

Extraneous maternal and fetal variables

BMI

Glucose
Control

Treatment

Birthweight

Fetal
Sex

Mode of
Delivery

Troncoso

¢ 1 no. chorionic blood vessels per
villi

Paraffin-embedded
Immuno-stained

1in

v v v
2017143 GDM o | area o: bIoo;I vestseIT - Brightfield Excluded GDM N N
* | ratio of newborn to placenta microscopy
weight
¢ 1 villous stromal capillarisation in
both
¢ 1 syncytial nodes in perivillous Paraffin embedded Diet
area of both :
. S Hematoxylin, (GDM)
Akarsu GDM ¢ 1 density of capillarisation in free - v v v
130 o toluidine blue & Excluded N N
2016 T1DM & stem villi in GDM compared to ; ; :
T1DM & non-diabetics immuno- stained Insulin
) i T1DM
« | microvilli in GDM Light & TEM (T1DM)
¢ 1 irregularity & blunting of
microvilli in GDM
e Terminal villi vascular
degeneration i
. . - . Glutaraldehyde fixed ;
Meng ¢ | density of microvilli per unit of Thionine & IMMUNO- Obesity rin ‘Dlet.or
20164 GDM surface area stained Hypertension | GDM * medical N Y Y
¢ Thickening of vasculo-syncytial therapy’

membrane
¢ No difference in placental weight

Light & TEM
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~ Extraneous maternal and fetal variables |

Comorbidities

Glucose
Control

Treatment

Birthweight

Fetal
Sex

Mode of

Jirkovska

* 1 variability of vascularity,
including hypo- & hyper-
vascularised terminal villi

* Such villi had altered villous
stroma structure

Formalin fixed &
paraffin embedded

Delivery

2012126 T1DM | « Hypovascular villi had capillaries Hematoxylin, eosin & Excluded N N N v v
with wavey course & |diameter immuno- stained
* Hypervascular villi occurred in Confocal microscopy
reduced stroma & had tdiameter
* 1 villous capillary branching
* No difference in placental weight
* 1 terminal villous volume in both
* 1 intervillous volume in both
* 1 villi surface area in both
Higgins TIDM | ° 1 cap!llary length in both . Formglin fixed & b?,ﬁ%?/zfgf _
2011131 ToDM | ] capillary length & volume in paraffin embedded Excluded hypergly- Insulin N v v
T1DM vs. T2DM & non-diabetic Light microscopy caemia
* 1 capillary volume in poor
glycaemic control
* No difference in placental weight
¢ 1 frequency of placental lesions
such as:
o Hypervascularised villi Paraffin embedded
Daskalakis o Villous immaturity Hematoxylin & eosin Diet or .
2008'%5 GDM o Villous fibrinoid necrosis stained Excluded Y insulin 1in GDM N N
o

Nucleated red blood cells (mark
of fetal hypoxia)
* 1 placental weight

Light microscopy
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Comorbidities

Extraneous maternal and fetal variables

Glucose
Control

Treatment

Fetal
Sex

Birthweight iloels @i

Delivery

* 1 villous immaturity, chorangiosis Formglin fixed &
_ and ischaemia ’ | paraffin em_bedded_ _
gﬂad%ﬂ' GDM | 1 fibrinoid necrosis and Hematoxylin & eosin v v Diet or v N N
008 : . AR, stained insulin
inflammation within villi (villitis) : :
* tnucleated red blood cells _L|ght microscopy
images
* | mean & total area of villous
vessels Formalin fixed &
* Hypervascularisation in mild paraffin embedded Grouped
Calderon hyperglycaemia Hematoxylin & eosin . by level of Diet or
2007132 GDM 1, H{/%O\?a)s/:cularisation in more stained Hypertension hypergly- insulin N N N
severe hyperglycaemia Light microscopy caemia
* 1 total area of terminal villi in mild | imaged
hyperglycaemia
* 1 redundant capillary connections Glutergld_ehyde &
Jirkovska per villous forma!ln fixed & N N N N < N
200246 GDM |, 1 longitudinal growth and paraffin embedded
branching of cappilaries Laser scanning
confocal microscopy
* Altered surface expression of Perfusion fixed with
Babawale junctional proteins PFA .
2000"¥ GDM |, JNo differer?ce in combined length | Immuno-staining Excluded Y Insulin * N Y
of fetal vessels Confocal microscopy
* 1 volume of fetal capillary bed Formalin fixed &
* 1 length, diameter & surface area | paraffin fixed , .
I1\/I9a3/ IE;N N of capillaries Masson trichome S:;'r?%%e:t?; v li?mftil?nr v 4 v
* | fetal plasma diffusion distance stain
* No difference in placental weight | Light microscopy
* 1 placental weight Formglin fixed &
Mayhew N * | fetal plasma diffusion distance 'r\)/laraffm fm?f’dded Reti th v Diet or v v v
1993148 * 1 volume, surface & length of fetal St:is:]son richome etinopathy insulin
capillaries Light microscopy
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Extraneous maternal and fetal variables

Publication  Type Key finding(s) I Glucose . . Mode of
Comorbidities Control Treatment Birthweight Delivery
* Hypo- & hyper-ramified villi Gluteraldehyde fixed .
':gggﬁg N * | diameter of terminal villi Uranyl stained Retinopathy x D'et I9r N v
* 1 syncytial knots SEM & TEM insulin
* 1 surface area of terminal villi I Grouped
st * | surface area of placental villous F°r.ma"” f|xed_ ' by
0z N lari Stain not specified ; .
1988144 capillaries Liaht microsco Preeclampsia metabolic N x N
* hypovascularisation of terminal 19 Py adjust-
vill imaged ment
* Disrupted organisation of villous ' .
Bjork \ length onfixed tisste N N . L .
1984150 * 1 branching of peripheral villous ar?imet ensiona nsulin
capillaries P ry
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1.5.2 Discrepancies in studies of placental vasculature in diabetic

pregnancies

Opposing observations of vascular structure could be explained by the varied
techniques used to fix and visualise placentas. For example, if a placenta is not
fixed soon after delivery the blood vessels deteriorate’'. Such artefacts could
lead to false conclusions being made about placental vasculature as placental
volume, villous surface area, the volume of the fetal vessels, and vessel surface
area all decrease after the umbilical cord is clamped®'. The best practice to
prevent this is via perfusion with fixative to re-dilate vessels to their
physiological dimensions'®'. On the other hand, the distinct inclusion and
exclusion criteria for each study should not be overlooked when analysing the
available literature. There are numerous other factors during gestation that
influence placental development that could be contributing to or compensating
for the effects of maternal diabetes.

Among these is the subject of glycaemic control, which can be a variable
among individuals with maternal diabetes. Subsequently, a number of cohort
studies have investigated this by splitting the diabetic group according to blood
glucose levels, measured through OGTT values and/or levels of glycated
haemoglobin. They reported that mild hyperglycaemia leads to
hypervascularisation of the placenta whilst more severe hyperglycaemia causes
hypovascularisation and increased capillary volume'3'-132, Research by Arshad
et al. (2014 and 2016) monitoring birth outcomes in pregnancies complicated by
GDM that were treated by diet and exercise, subcutaneous insulin or metformin,
suggests that treatment of hyperglycaemia impacts placental weight and
vascularisation in diabetic pregnancies'?'53, Such altered placental
morphology and subsequent function may be influencing the relationship
between metformin treatment and risk of SGA outcomes, this is explored further
in the review by Owen et al. (2021)%6:154-1%6_Other characteristics of the
maternal environment have also been implicated in abnormal placental and fetal
development, this includes comorbidities like pre-eclampsia and hypertension,
as well as maternal adiposity'57-1%°.

Furthermore, fetal sex has also been identified as a determinant of placental
structure and postnatal outcomes following insults of environmental stress in
utero'®°. Analysis of placental weight across >70,000 pregnancies by Ogawa et
al. (2016) indicated that male fetuses develop larger placentas compared to
females'®'. Additionally, it was found that placental weight was lower for
neonates delivered via caesarean section compared to vaginal birth'®'. As of
yet, it is unclear how maternal diabetes interacts with these factors in the
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development of placental vasculature, but research has identified metabolic
dimorphism in placentas from diabetic pregnancies due to fetal sex'62,

A similar relationship has also been identified between placental morphometry
and fetal weight, whereby placental weight, volume and surface area are
positively associated with birthweight in singleton pregnancies'®3. This is
consistent with results from the comparison of placental surface area between
dichorionic twins, where confounding variables such as gestational age and
intrauterine environment were identical'®4. This could contribute to the
inconsistencies in observations of placental vascular structure in the current
literature where birthweight was not always controlled for, and comparisons
between AGA, LGA and SGA pregnancies have not been made.

Considering the limitations of the available data, it remains evident that
maternal diabetes is affecting placental vascular morphology since
malformations have been observed using a wide range of techniques across
numerous cohorts where different variables have been accounted for.
Differences in the manifestations of this vascular dysfunction highlight the
susceptibility of placental development to alteration by environmental factors, as
well as reflecting the unpredictability of fetal complications in maternal diabetes.
Such variation in placental vascular structure between patients with maternal
diabetes explains the diverse fetal outcomes observed. Future research into
placental vascular morphology in diabetic pregnancies should therefore stratify
their sample for birthweight, to decipher whether these placental lesions are
distinct in AGA, LGA and SGA pregnancies.

1.5.3 Endothelial dysfunction in pregnancies complicated by

maternal diabetes

In order to determine the mechanism by which maternal diabetes causes
altered placental morphologies, in vitro investigations have been undertaken
often using human umbilical vein endothelial cells (HUVECs) as a model for
placental endothelial cells (ECs) #3185, For instance, Zhou et al. (2016) found
that human umbilical vein endothelial cells from pregnancies complicated by
GDM demonstrated reduced proliferation, migration and tube formation
compared to those from healthy pregnancies'®®. This supports observations of
altered placental vasculature in the histological data and the theory that
diabetes alters the processes of vasculogenesis and angiogenesis.

Alterations in the regulation of endothelial cell function were discovered at the
transcriptional level in research by Cuvitic et al. (2018), which compared DNA
methylation in human fetoplacental arterial and venous endothelial cells from
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pregnancies complicated by GDM, to those from uncomplicated pregnancies.
Differential epigenetic programming of genes involved in determining cell
morphology, intercellular signalling, cell movement and the cell cycle were
found in the GDM group, in conjunction with defective barrier function of
endothelial cells due to disrupted actin organisation®8.

Furthermore, evidence also suggests that endothelial cells are able to
dedifferentiate into MSCs via endothelial-to-mesenchymal transition (EndMT),
where they lose the expression of typical EC markers'®”. This is associated with
their ability to migrate and form new vessels during angiogenesis'®”. Although
this has not yet been clearly linked with GDM or placental vascular dysfunction,
current research indicates that EndMT is linked to organ fibrosis in numerous
pathologies such as pulmonary hypertension and athersclerosis'®816°, Thus, the
process of EndMT may be linked to the development of fibrotic regions within
the villiin GDM placentas, the presence of which could be influencing fetal
development through altered flow'"°.

1.5.4 Vascular smooth muscle dysfunction in pregnancies

complicated by maternal diabetes

Vascular smooth muscle cells (VSMCs) are another prominent vascular cell
type within the placenta. They are essential for regulating blood flow through the
maternal intervillous and fetal intravillous networks and are important for
determining vascular structure'”". At present, it is largely unclear how diabetes
in pregnancy affects VSMC function. This is an issue which has also been cited
in diabetes research outside of pregnancy, although it has been established that
VSMC function is impaired in T1DM and T2DM according to meta-analyses
conducted'”?173, Similar signs of dysfunction have been observed in in vitro
studies of umbilical cord VSMCs from GDM pregnancies, whereby vasorelaxant
response is reduced due to decreased expression of ATP-sensitive K*
channels'#175, This appears to be consistent with ex vivo experiments of
placental fetal arterioles, which reported an increased baseline vascular tone in
pregnancies complicated by T1DM, suggesting increased vasoconstriction'®.
However, further research is needed to better understand the role that VSMC
function may be having in placental vascular dysfunction, and if so how this
process is regulated. Among the candidates for regulatory factors of vascular
tone within the placenta are miRNAs, which have been found to regulate the
VSMC proliferation, differentiation and contractility, as well as other essential
processes in vascular development such as angiogenesis®177-180,
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1.6 MicroRNAs as regulators of placental development

1.6.1 MicroRNAs

MicroRNAs (miRNAs) are short non-coding endogenous RNA molecules (21 —
25nt), which act as epigenetic regulators of target gene expression8'.182,
Initially, they are transcribed as long double-stranded primary transcripts (pri-
miRNA) that are processed within the nucleus by Drosha and its cofactor
DGRCS, before being released into the cytoplasm via Exportin 5'8'. This
precursor miRNA (pre-miRNA) duplex is further cleaved by Dicer and a single
strand is loaded into the RNA-induced silencing complex (RISC) in association
with Argonaute proteins'® (fig. 1.3). RISC is able to mediate the
posttranscriptional repression of target mRNAs through partial complementary
binding of the guide miRNA strand to the 3’-UTR (untranslated region) of the
target gene and promoting degradation via deadenylation, removing the poly(A)
tail’®185 |t is estimated that upwards of 60% of genes are regulated by
miRNAs, including those involved in placental development'®’.
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Fig. 1.3 miRNA Biogenesis. Long primary miRNA transcripts (pri-miRNAs) are
transcribed in the nucleus, and the protein Drosha and its cofactor DGCRS8 then
cleave the single-stranded ends of the pri-miRNA to form precursor miRNA
(pre-miRNA). Pre-miRNA is exported into the cytoplasm by Exportin 5 and the
terminal loop is cleaved by Dicer, leaving a miRNA duplex. RNA-induced
silencing complex, miRISC, is then formed when a single-stranded guide
miRNA associates with Argonaute proteins which degrade the remaining strand.
Created using Biorender.
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1.6.2 miRNAs in the healthy pregnancies

Throughout gestation, the placenta produces a multitude of different miRNAs
that regulate the organ’s development, including several miRNAs that are
placenta-specific'®. The two major clusters C19MC and C14MC, produce 54
and 34 mature miRNAs respectively that are exclusive to the placenta'®’. As
well as acting proximally within their tissue of origin, miRNAs are capable of
entering circulation, where they can travel to distal tissues and regulate gene
expression'®. As such, it is possible that the miRNAs from tissues other than
the placenta could be influencing placental development. Studies comparing the
placental levels of miRNAs with well-characterised functions in placental
development, in early and later stages of pregnancy, have shown that the
miRNA profile is dynamic throughout gestation and reflect the developmental
changes that occur within the organ on a cellular leve|'86:189.190,

The roles that some miRNAs play in regulating cells during vascular
development of the placenta have been determined via inhibition and
overexpression experiments. For example, the ability of the miR-290 cluster to
upregulate trophoblast progenitor cell proliferation was identified following in
vivo knockdown in mice, which lead to vascular labyrinth disorganisation'®’.
Placenta-specific miRNAs miR-517 and miR-519a are also highly expressed in
trophoblasts and are important for placental villous development, regulating
villous weight and cytotrophoblast to syncytiotrophoblast differentiation
respectively, due to their roles in regulating trophoblast proliferation®?192, As
well as trophoblasts, miRNAs are important regulators of endothelial cell
function. For instance, miR-126 regulates angiogenesis by promoting
proliferation, differentiation and migration of human placental endothelial
progenitor cells, and miR-16 targets VEGF to inhibit HUVEC proliferation,
migration and tube formation'®3. In contrast, there is a lack of research into the
regulatory functions of miRNAs within vascular smooth muscle cells of the
placenta, however, evidence from other tissues suggests that miRNAs are
important for regulating VSMC proliferation and differentiation”7:194,

1.6.3 miRNAs in maternal diabetes

As potent regulators of gene expression and subsequent cellular function, it is
unsurprising that the dysregulation of miRNAs is associated with metabolic
diseases such as T1DM, T2DM and GDM'8.195.1% Connections between
miRNA dysregulation and GDM have been the subject of research aiming to
identify potential biomarkers and better understand the development of
complications commonly associated with the disease'®".
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Such investigations have utilised specific miRNA RT-gPCR98-203 RNA-seq?%*
or microarray and specific miRNA gPCR validation?°5-2"" to identify differentially
expressed miRNAs in maternal circulation and placental tissue in GDM
compared to uncomplicated pregnancies. Information regarding each
dysregulated miRNA and its function has been displayed in table 1.2. 34 of the
37 validated dysregulated miRNAs in GDM identified display functions that have
the potential to influence placental vascular development.

Among those dysregulated were many miRNAs which have already been linked
to placental vascular development such as miR-16, miR-126, miR-517 and miR-
518a mentioned in the previous section'98:199.205,206.211.212 ‘Moreover, let-7, miR-
9 and miR-222 have been shown to regulate angiogenesis within HUVECs
through their roles in endothelial cell proliferation, migration and network
formation99.201,204-206,210,211,213-217 ' mjR-146, which was found to be altered in
plasma in GDM, functions in the regulation of endothelial cell activation within
the placenta, having anti-inflammatory effects on HUVECs'9%199218  Another
miRNA involved in controlling inflammation-mediated angiogenesis, miR-503,
was increased in the placenta and peripheral blood in GDM?209:219-221 The
expression of miR-503 in HUVECs is upregulated by high glucose, this provides
a potential connection between maternal hyperglycaemia and placental
vascular dysfunction??'. Similarly, miR-210, which drives the expression of
VEGFA in HUVECs and is upregulated by hypoxia-inducible factors, is
increased in the plasma of overweight/obese women with GDM99:213.222.223 Thjs
too may link hyperglycaemia and its associated hypoxia with placental
abnormalities in GDM.

In addition to these miRNAs, which have established functions in placental
vascular development, numerous miRNAs that have yet to be investigated in
placental tissue have also been found to be altered in GDM (table 1.2).
According to the available literature on other tissues and model systems, many
of them influence blood vessel morphology and vascular network structure,
regulating microvascular density, vascular remodelling, blood vessel size and
length, vascular integrity, neovascularisation and vascular permeability (table
1.2). Dysregulated miRNAs identified also have established roles in vascular-
specific cells such as endothelial cells, controlling angiogenesis, sprouting,
filamentous actin remodelling, migration, proliferation and apoptosis (table 1.2).
Likewise, the literature indicated the roles of dysregulated miRNA in vascular
smooth muscle function, mediating their differentiation/dedifferentiation,
migration, proliferation, apoptosis, hypertrophy and contractility (table 1.2).
Lastly, a few miRNAs regulate the proliferation of mesenchymal progenitor cells
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prior to their differentiation into endothelial and vascular smooth muscle cells.
See table 1.2 for details of the vascular functions of the dysregulated miRNAs.

The published regulators and targets of the miRNAs that are dysregulated in
GDM indicate their involvement in the regulation of vascular development in
other systems, both upstream and downstream of other known regulatory
factors such as hypoxia, glucose concentration and growth factors previously
discussed in this review (table 1.2). For example, VEGF regulates a number of
the miRNAs associated with GDM whilst also itself being a common target of
repression by them, along with its receptors??4-226_ Other growth factor
receptors targeted by the dysregulated miRNAs that are involved in vascular
development were FGFR and IGF1-R22".227,
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Table 1.2 miRNAs altered in GDM and their potential functions in placental vascular development according to the

literature.
miRNA Publication(s) Tissue Result(s) Function(s) in Vascular Development
let.7a/ Tryggestad 20162" HUVECs Increased in GDM Highly expressed in HUVECs, regulates angiogenesis:?'®
et-7alg .
Stirm 2018204 Whole blood cells  Increased in GDM endothelial cell proliferation, migration and networking?'®.
Li 2015210 Placenta Decreased in GDM
miR-9 Regulates angiogenesis in HUVECs?'".
Lamadrid-Romero 2018%°'  Serum No change
Zhu 201522 Plasma Increased in GDM Regulates angiogenesis in endothelial cells by targeting
224 227
iRAG Cao 20171% Plasma Increased in GDM VEGFA***, VEGFR2 and FGFR1%". Affects placental
microvasculature density, litter size and placental and fetal
Pheiffer 20182% Serum No change weight in mice?28.
Zhu 201522 Plasma Increased in GDM
RA7 Cao 2017'% Plasma Increased in GDM VEGF induced regulator of angiogenesis in endothelial
miR-
Pheiffer 201820 Serum No change cells?29:2%
Lamadrid-Romero 2018%°'  Serum No change
Cao 2017"% Plasma No change
Pheiffer 201829 Serum No change Regulates endothelial sprouting and angiogenesis, as well
miR -19 as apoptosis?®'?%2, Targets angiogenic inhibitor
Stirm 20182% Whole blood cells  No change

Zhu 2015%2

Plasma

Increased in GDM

thrombospondin-1 (TSP-1)'78,
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Zhu 201522 Plasma Increased in GDM . : .
Regulates angiogenesis and vascular remodelling by
miR-20a  Cao 201798 Plasma Increased in GDM targeting VEGF induced endothelial cell migration?33234,
i-a235
Pheiffer 2018206 Serum Decreased in GDM Affects vessel size™.
Increased in overweight/obese  Regulates vascular smooth muscle proliferation, apoptosis,
miR-21 Wander 20179 Plasma women with GDM carrying a hypertrophy and contractility, expression is upregulated in
male fetus proliferative blood vessels?3.
miR-27a  Li 201520 Placenta Decreased in GDM Promotes angiogenesis®®’.
Zhao 2011205 Serum Decreased in GDM
‘Borderline’ increase in women  Targets VEGFA and suppresses angiogenesis??®. Also
miR-29a  Wander 2017'%° Plasma with GDM carrying a male involved in vascular smooth muscle differentiation and
fetus migration?38.239,
Pheiffer 20182% Serum No change
Tryggestad 20162 HUVECs Increased in GDM . . .
Regulates sprouting angiogenesis, vessel number and
miR-30 Li 2015210 Placenta Decreased in GDM length through VEGF signalling and endothelial cell
1e240,241
Tagoma 201827 Plasma Increased in GDM apoptosis ’
Controls angiogenesis by regulating endothelial cell
miR-92a Li 2015210 Placenta Decreased in GDM
proliferation and migration?*2.
Regulates the production of cytokines by endothelial cell sin
miR-98 Cao 2017198 Placenta Increased in GDM

the inflammatory response?*3.
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AngiomiR that regulates inhibits angiogenesis by targeting

miR-101  Floris 2015%% HUVECs Increased in GDM _ _ o
VEGF and regulating endothelial cell proliferation?#245,
Increased in 15t trimester and
miR-125b Lamadrid 2018%" Serum decreased in 2" trimester in Inhibits tube formation of blood vessels?4®.
GDM
Wander 20179 Plasma No change Endothelial cell-specific miRNA that promotes
angiogenesis, as well as regulates vascular integrity,
endothelial cell proliferation and migration93247. Also
miR-126 ST
Tryggestad 20162'" HUVECs Increased in GDM regulates VEGF and Angiopoietin-1 signalling?48.
Endothelial miR-126 increases the turnover of vascular
smooth muscle®*.
] Plays a role in angiogenesis through the regulation of
miR-130b  Tryggestad 20162" HUVECs Increased in GDM
VEGF?%,
Zhao 2011205 Serum Decreased in GDM Highly expressed in endothelial cells, it increases their
miR-132 proliferation and tube formation. It has also been associated
H 206
Pheiffer 2018 Serum No change with neovascularisation?5'252,
R137 Lamadrid-Romero 2018**" ~ Serum No change Inhibits vascular smooth muscle cell proliferation and
miR-
Li 2015210 Placenta Decreased in GDM migration®%,
Regulates vascular integrity and angiogenesis in
. zebrafish?®*. Controls the proliferation of mesenchymal
miR-142  Stirm 20182% Whole blood cells  Increased in GDM

stem cells and their differentiation into vascular smooth

muscle?®’.
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Decreased in GDM controlled
by diet but not in GDM

Muralimanoharan 2016°%  Placenta o Regulation of vascular smooth muscle cell differentiation
miR-143 controlled by medication
. - and contractility, as well as vascular remodelling?%®.
(glyburide or insulin)
Stirm 2018204 Whole blood cells  Increased in GDM
‘Borderline’ positive ) o
o ] Regulates endothelial cell activation, has been shown to
miR-146  Wander 2017'%° Plasma association in women with
_ have an anti-inflammatory effect on HUVECs?2'8.257,
GDM carrying a male fetus
Inhibits angiogenesis by controlling endothelial cell
miR-148a Tryggestad 20182" HUVECs Increased in GDM migration, filamentous actin remodelling and angiogenic
sprouting?%82%°,
Increased in women with GDM o
miR-155  Wander 2017'%° Plasma . Regulates vasoconstriction in vascular smooth muscle?®.
carrying a male fetus
Regulates angiogenesis and vascular permeability?®’. miR-
miR-195  Tagoma 201827 Plasma Increased in GDM 195 from endothelial cell-derived EVs regulates vascular
smooth muscle proliferation?62.
Increased in 1%t trimester and o _ _ _
_ _ . Inhibits angiogenesis by targeting VEGF?%3. Also controls
miR-200b Lamadrid-Romero 2018%"  Serum decreased in 3 trimester in y
vascular permeability?®4.
GDM
Increased in overweight/obese  Regulated by HIF1a and HIF2aq, it induces angiogenesis in
miR-210 Wander 20179 Plasma women with GDM carrying a a hypoxic environment through driving expression of VEGF

male fetus

and VEGFR in endothelial cells?13222223
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Zhao 20112% Serum Decreased in GDM Regulates angiogenesis in HUVECs by controlling
Wander 2017198 Plasma No change endothelial cell differentiation, migration and sprouting
miR-222 through its effects on VEGF signalling?'426%. Also involved
Pheiffer 201829 Serum Decreased in GDM in vascular remodelling and proliferation, dedifferentiation
and contractility of vascular smooth muscle?'4.265,
miR-330  Sebastiani 2017208 Plasma Increased in GDM Regulates vascular smooth muscle contractility26.
Regulates trophoblast cell viability, migration and
miR-362  Li 20152 Placenta Decreased in GDM ) ]
invasion?%7.
miR-452  Tryggestad 20162" HUVECs Increased in GDM Regulated by VEGFA?%5,
Regulates angiogenesis by controlling vascular sprout
miR-494  He 20172 Peripheral blood Increased in GDM ] ) ) )
formation and endothelial cell proliferation?68,
Regulates inflammation-mediated angiogenesis in
Placenta (array) endothelial cells, as well as their proliferation and migration
miR-503  Xu 2017209 and peripheral Increased in GDM by targeting IGF-1R?'%-22"_ Upregulated by high glucose in
blood (validation) HUVECs?2'. Also controls the proliferation of vascular
smooth muscle cells?®®.
‘Borderline’ positive o ) )
Placenta-specific miRNA, highly expressed in trophoblast
miR-517  Wander 2017 Plasma association with GDM in _ _ _ o
cells, which determines the weight of placental villi'®2.
women carrying a male fetus
e srg Wander 2017199 Plasma No change Placenta-specific miRNA that regulates cytotrophoblast to
miR-518a
Zhao 2011205 Placenta Increased in GDM syncytiotrophoblast differentiation®.
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In contrast to these studies of GDM patients, dysregulated miRNAs in
pregnancies complicated by pre-gestational diabetes have not been
investigated to a comparable level. Microarray and cluster analysis by Collares
et al. (2013) identified 9 miRNAs that are similarly expressed in the peripheral
blood mononuclear cells of T1IDM, T2DM and GDM patients (miR-126, miR-
1307, miR-142-3p, miR-142-5p, miR-144, miR199a-5p, miR-27a, miR-29b and
miR-34s-3p)?7°. Despite this, more transcripts were found to be differentially
expressed between the groups, 54 between T1DM and T2DM, 28 between
T2DM and GDM, and 31 between T1DM and T2DM?7°. This suggests that the
different types of diabetes cause distinct changes in the miRNA profile of
patients. However, since the cohort of T1IDM and T2DM patients were not
pregnant, this research does not consider the changes in miRNA profile induced
by pregnancy in patients with pre-existing diabetes. So far only Ibarra et al.
(2018) have conducted massive sequencing of miRNAs on placental tissue
from T1DM and T2DM pregnancies®’". They identified some potential classifiers
for TIDM and T2DM that consisted of 2-3 miRNAs associated with the
diseases?’!. However further research is required to better characterise the
miRNA profile in pre-gestational diabetes.

Overall, it appears that miRNAs are being dysregulated in response to the
diabetic milieu throughout gestation and that this in turn could be affecting the
vascular development of the placenta. Although, the association between
diabetes in pregnancy and miRNA profile is complex, and it seems that other
factors, such as: type of diabetes, treatment of hyperglycaemia, maternal
obesity, and fetal sex, also contribute to miRNA expression'99202.270_ The
presence of numerous dysregulated miRNAs in maternal serum and plasma, as
listed in table 1.2, suggests that extracellular miRNAs are being secreted into
circulation. This opens up the possibility of intercellular signalling pathways that
may link the altered miRNA profile of distal maternal tissues, as a consequence
of the diabetic milieu, with placental dysfunction in GDM.
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1.7 Extracellular vesicles as regulators of placental

development

1.7.1 Extracellular vesicles

Extracellular miRNAs are prone to degradation by RNases unless they are
bound by protein carrier complexes such as Argonaute2, or they can be
secreted from cells within lipid bilayer-bound, non-self-replicating particles
known as extracellular vesicles (EVs)?72-274, EV's are characterised by their
pathway of release from cells into three subtypes of overlapping sizes:
exosomes (~40-150nm), microvesicles (~100-1000nm) and apoptotic bodies
(~500-2000nm; fig. 1.4)%75. Each of these subtypes is distinguished by its
mechanism of biogenesis, exosomes, for example, are generated from the
inward budding of the endosomal membrane to form a multivesicular body
(MVB)?7>276 The MVB then releases these intraluminal vesicles as exosomes
upon fusion with the plasma membrane. Microvesicles, on the other hand, are
derived from the outward budding of the plasma membrane and are typically
released under conditions of cellular stress and activation?’>276, Lastly,
apoptotic bodies are formed during apoptosis, where cellular components are
fragmented and packaged into EVs?”7. All EVs transport a range of cellular
cargo, including phospholipids, miRNA, mRNA, DNA, and transmembrane as
well as cytosolic proteins?77:278,

Due to the overlapping size distributions of the subtypes, in combination with
the lack of a definitive specific marker for each subtype, the field is now moving
away from using these terms to describe EVs in publications?’227®, The ‘Minimal
Information for Studies of Extracellular Vesicles’ set by the International Society
for Extracellular Vesicles (ISEV) instead recommends that EVs are described
by their physical characteristics, ergo, their size with defined ranges that do not
overlap?’2. For example, EVs <200nm in diameter are now referred to as small
EVs (SEV) and EVs >200nm are large EVs (LEVs).

EVs are continually being released by all cells of the body into body fluids such
as blood, spinal fluid and urine, where they are taken up by target cells via a
variety of mechanisms including clathrin-mediated endocytosis, membrane
fusion, macropinocytosis and phagocytosis?’3. This allows EVs to mediate the
transport of their functional protein, lipid, and nucleic acid cargo, including non-
coding RNAs, between cells from different areas of the body as part of cellular
communication'8-273_ With regards to the placenta, its production of EVs has
been long established, following the discovery that syncytiotrophoblasts shed
microparticles that are capable of immunoregulation of circulating
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monocytes?80-281, Research into placental EVs has also been aided by the
identification of placental alkaline phosphatase (PLAP) as a marker for EVs
produced by placental syncytiotrophoblasts?®2.

OO&& O O
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Fig. 1.4 Extracellular vesicle biogenesis and uptake. (1-3) Extracellular
vesicle biogenesis. (1) Exosomes (~40-150nm) are formed from the inward
budding of the early endosome to form a multivesicular body which eventually
fuses with the plasma membrane, releasing the intraluminal vesicles into the
extracellular space. (2) Microvesicles (~100-1000nm) are generated through the
outward budding of the plasma membrane. (3) Apoptotic bodies (~500-2000nm)
are similarly formed from the outward budding of the plasma membrane, except
they are exclusively produced by cells undergoing programmed cell death. (4-6)
EV uptake from donor cells. EVs can be taken up by recipient cells via
processes such as phagocytosis or macropinocytosis (4), clathrin-mediated
endocytosis (5), and fusion with the plasma membrane (6). Created using
Biorender.
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1.7.2 EVs in pregnancy

Initial studies of the involvement of EVs in pregnancy focussed on the roles of
microvesicles from first trimester placental explants, termed trophoblastic
debris, in the regulation of endothelial function. It was found that placental
microvesicles induced changes in endothelial cell proteome and transcriptome,
including the upregulation of vasodilator hormone CSH128. In subsequent
research, it was established that placental microvesicles from pre-eclamptic
placental explants contained dysregulated miRNA profiles, including increased
levels of miR-145, which was capable of altering the transcriptome of ECs in
vitro®®*. Furthermore, increased expression of membrane-bound Flt-1 in
severely pre-eclamptic pregnancies was found to promote the activation of ECs
through sequestration of VEGF?%. These findings supported the involvement of
EVs in regulating placental vascularisation and function as well as the
development of pathologies.

In vitro experiments using cell lines and purified EV isolates have demonstrated
the roles that EVs play in regulating aspects of placental vascular development
through mediating cell-to-cell communication. For example, EVs isolated from
extravillous trophoblasts were found to promote vascular smooth muscle
migration from the vessel walls?®287_ Placental EVs are also known to enter
maternal circulation, enabling them to interact with maternal tissues and
influence cellular processes?®. Nair et al. (2018) visualised the uptake of
chorionic villous-derived EVs by primary human skeletal muscle cells and found
that they influenced cell migration and glucose uptake?®. Moreover, placental
EVs have been shown to interact with the maternal immune system by carrying
immunomodulatory proteins which elicit anti-inflammatory responses in
maternal T cells and leukocytes?®°.

Holder et al.’s (2016) visualisation of the internalisation of PKH labelled
maternal macrophage-derived EVs by the placenta shows that this EV-
mediated communication between maternal tissues and the placenta is
bidirectional®®'. In fact, maternal macrophage EVs that modulate placental
cytokine production are actively transported into the placenta by clathrin-
mediated endocytosis?®!. This reversed communication is supported by the
ability of maternal adipose tissue EVs to influence glucose metabolism in the
placenta, by upregulating genes involved in glycolysis and gluconeogenesis?%2.
Furthermore, an investigation of the pro-angiogenic effects that circulating
extracellular vesicles from the umbilical vein of pigs have on HUVECs, by
upregulating VEGF and Notch1, supports the roles of circulating EVs in
placental vascular development?®3. Lastly, the bidirectional trafficking of
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placental specific chromosome 14 and chromosome 19 cluster miRNAs into
maternal and fetal compartments has been demonstrated both in vivo in mice,
as well as in matched patient placental biopsies, maternal and fetal
plasma?®42%_ This research shows that miRNAs can also permeate through the
placental barrier into maternal and/or fetal compartments, potentially via EVs.
The process of active uptake of EVs by the placenta could provide some
explanation for the disparities between the levels of some miRNAs in circulation
compared to in the placenta, if EVs are selectively taken up that contain a
miRNA that is sequestered within the placenta (table 1.2).

1.7.3 EVs in maternal diabetes

In line with their proposed roles in normal placental development, EVs have
been associated with pregnancy complications like maternal diabetes.
Pregnancies complicated by GDM were found to have higher concentrations of
circulating EVs compared to normal pregnancies?%. The concentration of PLAP
was also increased in GDM, suggesting that upregulated EV biogenesis by the
placenta contributed to the higher concentration of plasma EVs?%. However,
specific markers for EVs derived from other tissues have not been measured to
determine whether this upregulation of EV biogenesis is placenta specific, or
whether accelerated EV secretion is also occurring in other tissues resulting in
increased levels in maternal circulation.

Findings from Rice et al. (2015) suggest that maternal hyperglycaemia may be
contributing to the elevated EV biogenesis; trophoblast cells exposed to 25mM
glucose released approximately 2-fold more EVs compared to those cultured at
5mM glucose?®’. Such EVs, produced by trophoblasts at high glucose
concentrations, were also found to induce increased cytokine release in
HUVECs compared to those from cells exposed to normal glucose
concentrations, indicating that endothelial activation as a result of
hyperglycaemia may be being mediated via trophoblast EVs?%’. This occurred
when the protein concentration of EVs being applied in each condition remained
constant, suggesting that differences in EV cargo between hyper- and
normoglycaemic trophoblasts prompted changes in endothelial cells. However,
it is important to acknowledge that the 25 mM glucose concentration used to
model hyperglycaemia is relatively extreme compared to physiological
concentrations observed in treated and untreated maternal diabetes, this limits
conclusions that can be drawn from these findings.

Another factor which may be affecting placental EV biogenesis in maternal
diabetes is oxygen tension, increased EV release was recorded in extravillous
trophoblasts that were exposed to 1% oxygen compared to 8%2%. Profiling of
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their miRNA cargo revealed functions in cell migration and cytokine production,
and indicated a differential abundance of EV-miRNAs between the two
conditions?®. It was also observed that the application of EVs from EVTs
cultured at 1% oxygen leads to decreased migration of HUVECs, compared to
increased migration induced through the application of EVs from EVTs cultured
at 8% oxygen?°8. This suggests that placental hypoxia, which is known to be
increased in pregnancies complicated by maternal diabetes, may be causing
vascular dysfunction through EV-mediated regulation of endothelial cell
migration®2%°,

At present, the exact mechanisms by which EVs influence placental
development and dysfunction in maternal diabetes are unknown. To help
resolve this, researchers are now beginning to look into the differences in EV
cargo that may be affecting their downstream function, for example, their
miRNA profile in complicated pregnancies. Gillet et al. (2019), detected 10
maternal serum EV miRNAs that were upregulated in GDM at early gestation3%.
According to the available literature, eight out of ten have identified functions in
vascular development, including miR-29a, miR-132 and miR-210 due to their
confirmed dysregulation in serum and/or plasma (table 1.3)3°. Additionally,
miR-29b, miR-122, miR-36, miR-342 and miR-520h too were altered, each of
which has confirmed roles in the vasculature and supporting cells that could be
linked to vascular dysfunction of the placenta (table 1.3)3%. These results
suggest that circulating EV-enclosed miRNAs may contribute to placental
dysfunction in GDM3%. Current evidence also supports the role of EVs and their
miRNAs in placental vascular dysfunction seen in GDM and the subsequent
development of aberrant fetal growth. However, few studies have stratified their
patient cohorts by individual birthweight centile (IBC) to enable the investigation
of this.
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Table 1.3. Maternal serum EV miRNAs that are increased in GDM during
early pregnancy according to Gillet et al. (2019) and their observed
functions in vascular development.

miRNA Function(s) in vascular development

miR-29a Refer to table 1.2.

miR-29b Regulates vascular smooth muscle differentiation and has been associated
with vascular calcification?38:301,

miR-122 Downregulates angiogenesis by targeting VEGFC32,

miR-132 Refer to table 1.2.

miR-136 Promotes vascular smooth muscle proliferation3%,

miR-210 Refer to table 1.2.

miR-342 Controls angiogenesis and endothelial cell migration, proliferation and

dedifferentiation, as well as regulating blood vessel lumen formation3%.

miR-520h Regulates trophoblast migration and invasion®?.
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Similar to the aforementioned study by Gillet et al. (2019), Cartland also
investigated how the miRNA profile of serum EVs is altered in GDM, this time at
24 — 28 weeks gestation via a microarray3S. Of the 84 miRNAs tested, which
were selected due to their abundance in serum and plasma, 7 were found to
have altered relative abundance of at least +/-2-fold change or p<0.05 in GDM
pregnancies compared to uncomplicated pregnancies (table 1.4). Each of the
miRNAs found to be altered in GDM has published roles in vascular
development, often relating to the regulation of angiogenesis and VSMC
differentiation (table 1.4). This suggests that miRNA profile may be playing a
role in the development of placental vascular abnormalities in GDM
pregnancies, although more research is needed to determine the influence that
these have on placental vascular development specifically as many of these
miRNAs have not yet been studied within the context of the placenta.

Table 1.4 Maternal serum EV miRNAs with roles in vascular development
are altered in GDM compared to uncomplicated pregnancies. Microarray
analysis of serum EV miRNAs was used to quantify differences between the
abundance of miRNAs in patients with GDM (n=8) compared to a control group
(n=8) in unpublished research by Sarah Cartland3%. Out of the 84 tested 7
miRNAs were found to have altered abundance in patients with GDM with at
least +/- 2-fold change or p<0.05 compared to uncomplicated pregnancies, they
are listed in this table along with their fold change and published functions in
vascular development.

miRNA Fold Change Function(s) in vascular development

Upregulated in preeclampsia and inhibits

hsa-miR-885-5p 1 3.558 angiogenesis3%307

Suppresses angiogenesis by targeting VEGFA and

hsa-miR-203a-3p 1 2.281 inhibits HUVEC proliferation migration and invasion308:30°,

Promotes vascular senescence in ECs and VSMCs, as
hsa-miR-34a-5p 12.237 well calcification of VSMCs and dysregulation of VSMC
phenotype3'%-312,

VSMC-specific miRNA that promotes contractile
phenotype through prevention of migration and

migration3'3-316, Involved in EC dysfunction and

suppresses angiogenesis®'7:318,

hsa-miR-145-5p 12.079

Inhibits VSMC proliferation and migration to promote

hsa-miR-133b 12.036 contractile phenotype319:320,

hsa-miR-126-3p 10.239 (see table 1.2)

Inhibits angiogenesis, targeting FGF2 and VEGF, as well

hsa-miR-15a-3p | 0.474 as inducing VSMC apoptosis®?'-3%,
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Unlike Gillet et al. (2019), Cartland’s research also compared the serum EV
miRNA profile between GDM pregnancies that had LGA and AGA offspring.
Findings from this microarray analysis identified 20 miRNAs with an altered
relative abundance of at least +/- 2-fold change or p<0.05 in GDM pregnancies
that delivered LGA babies compared to those that delivered AGA babies (table
1.5). As with the comparison between GDM and non-GDM pregnancies, all
miRNAs that were altered in GDM LGA compared to GDM AGA pregnancies
had published functions in vascular development. These included: associations
with preeclampsia, as well as regulation of angiogenesis, EC to mesenchymal
transition and VSMC differentiation (table 1.5). Few studies have investigated
the difference between GDM LGA and GDM AGA pregnancies. Nonetheless,
results from Cartland et al. (unpublished) suggest that GDM pregnancies that
have LGA offspring may be subject to increased placental vascular dysfunction
compared to those with AGA outcomes due to the known functions within
vascular development of the dysregulated miRNA profile. However, functional
studies of these miRNAs within the placenta are required to determine this.
Findings from such investigations could help to further elucidate the mechanism
by which LGA develops in GDM pregnancies and offer an avenue for the
potential development of prevention strategies and treatments for the disorder.

However, it should be acknowledged that since Cartland et al.’s experiment, it
was found that platelet-derived EVs released during clot formation after blood
collection, could account for over half of serum EV content305324.325 Thjs
contamination is avoided in plasma processing, whereby cells such as platelets
are removed, therefore it is recommended that plasma is used as the preferred
biological fluid for isolation of circulating EVs324325,

In summary, substantial histological and molecular evidence from numerous
studies indicates that placental vasculature is altered in pregnancies
complicated by GDM. According to the essential role that the placenta plays as
the interface for the exchange of nutrients and waste products between the
maternal and fetal bloodstreams, it is logical that such lesions that cause a
disturbance in the highly organised vascularised structure of the placenta may
affect fetal growth trajectory. However, the mechanism for fetal overgrowth, the
most common complication of GDM pregnancies, is still unclear. Observations
that circulating EV-miRNAs are dysregulated in GDM LGA pregnancies, and
that EVs can transfer miRNAs to the placenta, present a potential mechanism
for the development of LGA in GDM pregnancies that warrants further
investigation.
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Table 1.5 Maternal serum EV miRNAs with roles in vascular development
are altered in GDM LGA compared to GDM AGA pregnancies. Microarray
analysis of serum EV miRNAs was used to quantify differences between the
abundance of miRNAs in patients with GDM and LGA outcomes (n=8)
compared to patients with GDM and AGA outcomes (n=8) in unpublished
research by Sarah Cartland3%5. Out of the 84 tested 20 miRNAs were found to
have altered abundance in patients with GDM with at least +/- 2-fold change or
p<0.05, they are listed in this table alongside their fold change and published
roles in vascular development.

miRNA Fold Change Function(s) in vascular development

Prevents calcification of VSMCs and suppresses
angiogenesis by inhibiting EC migration and tube

hsa-miR-133a-3p 14.617 formation®?%327  |nhibits VSMC proliferation and

migration to promote contractile phenotype®'®.
hsa-miR-203a-3p 1 4.072 (see table 1.4)
hsa-miR-196a-3p 1 3.350 Downregulated by VEGF to promote EC migration®®
Elevated levels in preeclampsia linked to inhibition of
hsa-miR-200a-3p 1 3.071 trophoblast invasion, also modulates of endothelial-

mesenchymal transition32933°,

Promotes EC and VSMC proliferation and

hsa-miR-499a-5p 1 3.065 migration®’

Inhibits VEGF expression and suppresses
trophoblast invasion preeclampsia, also regulates
proliferation, chemotaxis, angiogenesis, permeability

hsa-miR-375 13.028 and inflammatory response in ECs and is
downregulated in hypoxia®***=3**, Promotes
proliferation and migration of VSMCs3*

hsa-miR-211-5p 1 2.650 Promotes VSMC calcification®%.

Induces proliferation and migration of VSMCs and

hsa-miR-374a-5p 1 2.595 ECs337:338

Promotes angiogenesis through upregulation of

hsa-miR-296-5p 1 2.582 VEGF and downregulation of Notch133934,

Regulates vascular lineage-specific differentiation
and is associated with EC dysfunction®1342,

hsa-miR-31-5p 12412 Promotes oxidative stress and migration in

VSMCs*3,
hsa-miR-16-5p 12.325 (see table 1.2)
hsa-miR-27a-3p 12.313 (see table 1.2)
hsa-miR-133b 12.297 (see table 1.4)

Inhibits angiogenesis through suppression of VEGF
and promotes endothelial to mesenchymal

hsa-miR-200c-3p 1 2.264 transition®**34°. Potential roles in vascular damage
following hyperglycaemia, as well as EC apoptosis
and senescence®*:34
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Associated with EC dysfunction and inhibits

hsa-miR-122-5p 12217 endothelial to mesenchymal transition34:34°,

hsa-miR-19b-3p 1 2.189 (see table 1.2)

hsa-miR-34a-5p 12.182 (see table 1.4)

hsa-miR-19a-3p 1 2.099 (see table 1.2)
Promotes VSMC differentiation and expression of
contractile markers, as well as inhibiting proliferation

hsa-miR-1-3p 11.973 of VSMCs***%%, Regulates angiogenesis through
modulation of VEGFA and induces EC
dysfunction'73%,

hsa-miR-145-5p | 0.419 (see table 1.4)
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1.8 Hypothesis

EV-bound miRNAs within the maternal circulation influence placental vascular
development. Dysregulation of this process in pregnancies complicated by
GDM contributes to the development of LGA babies through the formation of
placental vascular lesions that disrupt normal fetal growth.

1.9 Aims

1) Isolate and characterise EVs from maternal plasma and determine
whether there are any differences in size, concentration or cargo in
pregnancies complicated by GDM and pathological fetal growth.

2) Determine expression and origin of vascular regulatory miRNAs in
placental tissue from pregnancies complicated by GDM and LGA.

3) Develop a primary human in vitro model to study mechanisms regulating
placental mesenchymal stromal to vascular differentiation /dysfunction.

4) Establish the functional roles of altered EV and/or placental miRNAs on
placenta vascular development using a primary human in-vitro
differentiation model.
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Chapter 2

Materials and methods
2.1 Maternal blood plasma

2.1.1 Patient recruitment and sample collection

Before sample collection ethical approval was acquired for this study by the
NRES Committee Yorkshire and the Humber — Bradford Leeds (REC reference
no. 13/YH/0344; IRAS project ID 130157), as well as from West Midlands —
South Birmingham Research Ethics Committee (REC reference no.
12/WM/0010; IRAS project ID 130157). Informed consent was attained from
patients at Leeds Teaching Hospitals NHS Trust between February 2016 and
May 2017, with assistance from the midwifery research team based at St.
James’ University Hospital, Leeds, UK. Non-fasting maternal plasma samples
were taken from each patient at 24-32 weeks gestation. Patients were tested for
GDM at 24-28 weeks via OGTTs as is routine and patients diagnosed were
treated according to NICE guidelines so that glucose control was maintained
within <5.3mmol/litre fasting and <7.8mmol/litre postprandial®®’.

2.1.2 Patient demographics

Maternal demographic information was collected at initial booking (12-14
weeks), and pregnancy outcomes were recorded at birth. IBC was calculated
using the Gestation Related Optimal Weight (GROW) principles, which
considered: maternal height and weight, parity, fetal weight, sex and gestational
age. The calculated IBCs were used to categorise AGA, LGA and SGA
pregnancies (LGA, IBC=90; AGA, 90>IBC>10). The cohort from which 42
patients were selected included women of varied ethnicities carrying a singleton
pregnancy that displayed at least one risk factor for GDM. These risk factors
include BMI >30, previous baby that was >4.5kg at birth, GDM diagnosis in a
previous pregnancy, having a first-degree relative with GDM, previous
unexplained stillbirth, polycystic ovaries syndrome, age >35 years and being of
South Asian, Black, African Caribbean or Middle Eastern ethnicity. Patients with
pregestational diabetes, diagnosis of vitamin B12 or folate deficiency in their
current pregnancy, pregnancies with neural tube defects, diagnosis of severe
anaemia (haemoglobin <10g/dL) or had B12 injections in the last 6 months
were excluded from the study.

22 patients diagnosed with GDM were selected from the cohort for this study
(13 AGA; 9 LGA), as well as 20 uncomplicated, non-GDM pregnancies as a
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control for comparison (15 AGA; 5 LGA). The selection of maternal plasma
samples for this study aimed to create four groups (Non-GDM AGA, Non-GDM
LGA, GDM AGA and GDM LGA) that were balanced for maternal BMI, ethnicity,
parity, and age, as well as fetal sex and mode of delivery. Unfortunately, data
regarding smoking status was not available in the patient records for this cohort.
All of the plasma samples within the cohort were taken within the same window
of time, between weeks 24 and 32 weeks of gestation. However, despite all
sampling taking place within this window, those within the GDM LGA group
were found to be significantly older than plasma samples within the non-GDM
AGA and non-GDM LGA groups. Unfortunately, the available cohort was limited
in the number of samples from LGA pregnancies, due to it being less common
than AGA outcomes in pregnancy. As such, matching the samples selected
provided the best compromise available whilst including as many patients within
the groups as possible. Any conclusions drawn from these findings will consider
this difference and must be confirmed in samples from matched gestations in
future research.

OGTT scores were also significantly different between GDM and non-GDM
pregnancies, this is to be anticipated from the current strategy for diagnosing
the disorder®. Furthermore, birthweight and IBC were found to be significantly
different between AGA and LGA groups. This was also expected since groups
of samples were generated according to their IBC. Notably, IBC and not
birthweight were significantly different between GDM AGA and GDM LGA
groups. This highlights the differences between the two classification systems
for fetal overgrowth and highlights the increased sensitivity of IBCs which
consider factors such as ethnicity and gestational age in their categorisation3.
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Table 2.1 Maternal plasma donor patient demographics. (Overleaf).
Demographical information regarding the plasma samples being used for EV
analysis was collected from patient notes. Maternal plasma patients were
grouped according to GDM diagnosis and birthweight centile into four groups:
non-GDM AGA (n=15), non-GDM LGA (n=5), GDM AGA (n=13) and GDM LGA
(n=7). The variance was measured between all four groups, in parametric
datasets, this was achieved via one-way ANOVA testing, whilst variance across
non-parametric datasets was assessed with a Kruskal Wallis test. Posthoc
multiple comparison testing was then used to identify where the difference lay
between groups (Tukey’s test was used following one-way ANOVA; Dunn’s test
was used following Kruskal-Wallis testing). For categorical variables, Chi-
Squared testing was used. Significant p-values are featured in the table, the
multiple comparisons were as follows:

Non-GDM AGA vs. Non-GDM LGA
Non-GDM AGA vs. GDM AGA
Non-GDM AGA vs. GDM LGA
Non-GDM LGA vs. GDM AGA
Non-GDM LGA vs. GDM LGA
GDM AGA vs. GDM LGA
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Non-GDM AGA

Non-GDM LGA

GDM AGA

GDM LGA

sample (days)

(n=12) (n=5) (n=13) (n=7) Significance
Fetal sex Female 7 Female 3 Female 4 Female 4 NS
Male 5 Male 2 Male 9 Male 3
Maternal age (years) 31.5+/-5.71 34.4 +/-5.55 31.9 +/-4.02 29.8 +/-6.08 NS
BMI at booking (kg/m?) 28.7 +/-4.64 31.2 +/-8.84 30.0 +/-8.04 31.8 +/-8.23 NS
Arab 0 Arab 0 Arab 1 Arab 0
Asian 1 Asian 1 Asian 5 Asian 2
Ethnicity Black 2 Black O Black O Black 1 NS
Multiple O Multiple O Multiple 1 Multiple O
White 9 White 4 White 6 White 4
Fasting OGTT (mM) 4.1 +/-0.39 3.9 +/-1.07 4.7 +/-0.70 4.7 +/-0.42 Non-GDM AGA vs. GDM LGA*
Non-GDM AGA vs. GDM AGA****
Non-GDM AGA vs. GDM AGA**
2-hour OGTT (mM) 5.2+/-1.23 5.1 +/-0.59 8.7 +/-0.97 8.3 +/-0.55 Non-GDM LGA vs. GDM LGA**
Non-GDM LGA vs. GDM LGA*
Parity 1.0 +/-0.85 1.8 +/-1.30 1.4+/-1.33 1.6 +/-1.42 NS
Gestational age ofthe | 1555 4/.3.61 181.8 +/-4.60 197.4 +/-15.36 202.3 +/-12.63 Non-GDM AGA vs. GDM LGA®

Non-GDM LGA vs. GDM LGA**

Birthweight (g)

3307 +/-339.1

4472 +/-449.8

3269 +/-320.2

3597 +/-804.6

Non-GDM AGA vs. Non-GDM LGA****
Non-GDM AGA vs. GDM LGA*
Non-GDM LGA vs. GDM AGA****
GDM AGA vs. GDM LGA*

Individual birthweight

Non-GDM AGA vs. Non-GDM LGA**
Non-GDM AGA vs. GDM LGA***

N 37.78 +/-16.52 96.5 +/-2.89 44.8 +/-17.65 95.7 +/-3.73 Mo DM LOA v GOM AGA
GDM AGA vs. GDM LGA**
AVD 10 AVD 0 AVD 2 AVD 1
ELLSCS 0 EL LSCS 1 EL LSCS 2 EL LSCS 1
ivery +
Mode of Delivery EM LSCS 2 EM LSCS 1 EM LSCS 0 EM LSCS 2 NS
NVD 10 NVD 3 NVD 9 NVD 3

T AVD - assisted vaginal delivery; EL LSCS — elective lower section caesarean section; EM LSCS — emergency LSCS; NVD natural vaginal delivery
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2.1.3 Blood plasma processing and storage

2ml blood was collected into an ethylenediamine tetraacetic acid (EDTA) blood
collection tube (Becton Dickinson, New Jersey, US) and mixed by 8 — 10
inversions of the tube, before being stored at 4°C. Within 4 hours of storage,
blood was centrifuged (horizontal rotor) at 1100 — 1300xg for 10 — 20 min at
room temperature. The plasma was collected from the top layer of the sample
and 200yl aliquots were prepared, which were then stored at -80°C.
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2.2 Placental tissue

2.2.1 Patient recruitment and sample collection

Before sample collection, at St. Mary’s Hospital in Manchester and the Leeds
Teaching Hospital NHS Trusts, ethical approval was acquired from North West -
Greater Manchester Central Research Ethics Committee (08/H1010/55) and
London Riverside Research Ethics Committee (18/LO/0067) for collecting term
placental tissue in Manchester and Leeds respectively. For the collection of first
trimester tissue in Manchester, ethical approval was provided by North West -
Haydock Research Ethics Committee (13/NW/0205). Informed consent was
attained from patients before delivery, placentas were collected from 2010 —
2016. As stated in the NICE guidelines, all patients were routinely tested for
GDM at 24 — 28 weeks via OGTT, and those diagnosed were treated to achieve
euglycemia (<5.3mmol/litre fasting glucose and <7.8mmol/litre postprandial
glucose)®’.

2.2.2 Patient demographics

Maternal demographic details were recorded along with pregnancy outcome,
fetal sex, and fetal and placental weight at delivery. Altered fetal growth was
categorised using IBCs using the same categories that were used for plasma
samples calculated using GROW (2.1.2). The selected cohort included 51
women of a range of ethnicities all with singleton pregnancies, 24 were
diagnosed with GDM (15 AGA; 12 LGA) and 24 were uncomplicated
pregnancies (13 AGA; 11 LGA). The patients selected had no comorbidities or
co-existing pregnancy complications, such as pre-eclampsia, hypertension or
PGDM, apart from GDM and LGA in their respective groups. As before,
samples were selected to create four groups (Non-GDM AGA, Non-GDM LGA,
GDM AGA and GDM LGA) that were matched for maternal age and BMI as well
as fetal sex, ethnicity and parity where possible.

Despite best efforts to match groups on maternal age, it was found to be
significantly different between non-GDM AGA pregnancies and GDM AGA as
well as GDM LGA pregnancies. This is likely a result of the increased risk of
GDM that is associated with advanced maternal age3®°. The lack of a significant
difference between the maternal age of non-GDM LGA donors and GDM AGA
and GDM LGA donors may be attributable to the fact that advanced maternal
age is also a risk factor for the LGA and macrosomia in pregnancies
uncomplicated by diabetes®®°. Similarly, it was found that there was a significant
difference between the modes of delivery between the placentas selected for
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each group in the cohort, it is probable that this is attributable to grouping
samples based on their IBC category. Since it is often recommended that
patients carrying LGA babies deliver via caesarean section as opposed to
natural vaginal delivery due to the associated risks of shoulder dystocia and
vaginal tears®'362 Furthermore, risks appear to be heightened in GDM
pregnancies including those which are LGA, where there are increased rates of
emergency caesarean sections in nulliparous patients3¢3. Due to the limited
number of samples, it was not possible to select groups with completely
matched maternal age or mode of delivery.

As expected, due to the nature of categorising patient groups based on AGA or
LGA birth outcomes, significant differences were identified between the IBCs
and birthweights of all AGA and LGA groups. Furthermore, consistent with
observations made in previous research, trimmed placental weight was found to
be significantly increased in LGA pregnancies compared to AGA pregnancies
within non-GDM and GDM pregnancies'35364,
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Table 2.2 Placenta donor patient demographics. (Overleaf). Demographical
information regarding the placenta samples being used for miRNA analysis was
collected from patient notes. Placenta donor patients were grouped according to
GDM diagnosis and birthweight IBC into four groups: non-GDM AGA (n=15),
non-GDM LGA (n=5), GDM AGA (n=13) and GDM LGA (n=7). The variance
was measured between all four groups, in parametric datasets, this was
achieved via one-way ANOVA testing, whilst variance across non-parametric
datasets was assessed with a Kruskal Wallis test. Posthoc multiple comparison
testing was then used to identify where the difference lay between groups
(Tukey’s test was used following one-way ANOVA; Dunn’s test was used
following Kruskal-Wallis testing). For categorical variables, Chi-Squared testing
was used. Significant p-values (p<0.05) are featured in the table, the multiple
comparisons were as follows:

Non-GDM AGA vs. Non-GDM LGA
Non-GDM AGA vs. GDM AGA
Non-GDM AGA vs. GDM LGA
Non-GDM LGA vs. GDM AGA
Non-GDM LGA vs. GDM LGA
GDM AGA vs. GDM LGA
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Non-GDM AGA Non-GDM LGA GDM AGA GDM LGA Significance
Number/group 13 11 15 12 N/A

Female 8 Female 5 Female 7 Female 5
Fetal sex Male 5 Male 6 Male 8 Male 5 NS

Unknown 0 Unknown 0 Unknown 0 Unknown 2

Non-GDM AGA vs GDM AGA**

Maternal age (years) 26.9 +/-6.10 30.0 +/-4.38 33.6 +/-4.45 33.7 +/-4.44 Non-GDM AGA vs. GDM LGA**
BMI at booking (kg/m?) | 30.0 +/-7.87 30.3 +/-10.30 30.4 +/-6.45 32.6 +/-6.26 NS

Arab 0 Arab 0 Arab 1 Arab 2

Asian 2 Asian 3 Asian 6 Asian 3
Ethnicity Black 1 Black 1 Black 3 Black O NS

Multiple O Multiple O Multiple O Multiple O

White 10 White 7 White 5 White 7
Parity 1.2 +/-1.01 0.8 +/-0.83 1.1+/-1.13 2.34/-2.61 NS

Birthweight (g)

3458 +/-243.1

4153 +/-321.0

3262 +/-356.1

4239 +/-546.0

Non-GDM AGA vs. Non-GDM LGA***
Non-GDM AGA vs. GDM LGA****
Non-GDM LGA vs. GDM AGA****
GDM AGA vs. GDM LGA****

Individual birthweight

Non-GDM AGA vs. Non-GDM LGA***
Non-GDM AGA vs. GDM LGA****

N 46.9 +/-13.29 95.3 +/-2.37 52.0 +/-26.02 96.5 +/-4.21 o DM LG v GO AGAR*
GDM AGA vs. GDM LGA****
i - - * %
Trimmed placental 553 +/-103.4 689 +/-124.8 545 +/-125.0 806 +/-290.0 Non-GDM AGA vs. Non-GDM LGA

weight (g)

GDM AGA vs. GDM LGA**

Smoking status during

pregnancy

Non-smoker 10
Smoker 3

Non-smoker 10
Smoker 1

Non-smoker 15
Smoker 0

Non-smoker 12
Smoker 0

NS
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NVD 4 NVD 5 NVD 9 NVD 0
EM LSCS 0 EM LSCS 0 EM LSCS 1 EM LSCS 4
. 1_ % %k
Mode of delivery ELLSCS 8 ELLSCS 6 ELLSCS 5 ELLSCS 6
Unknown 1 Unknown O Unknown O Unknown 2
(Gdis;:)tm" at delivery 276.6 +/-6.87 274.5 +/-8.55 269.9 +/-7.23 270.8 +/-5.31 NS

T EL LSCS - elective lower section caesarean section; EM LSCS — emergency LSCS; NVD natural vaginal delivery
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2.2.3 Sample processing and storage

At delivery, fetal membranes and umbilical cord were removed and the
placental weight was recorded. Three full-thickness portions, approximately
2cm?3, were taken from the centre of the placenta near the umbilical cord
insertion, the edge and the middle region between these areas. Dissecting the
placenta in this way ensures that downstream analysis is representative of the
entire organ. Tissue sections were washed in phosphate-buffered saline (PBS)
three times to remove blood residue until the solution becomes clear. The
chorionic and basal plates were then removed before each section was
dissected further into ~0.25cm? pieces which were refrigerated in RNALater
(Sigma-Aldrich, Missouri, USA) for 18-24 hours at 4°C, before being stored long
term at -80°C.
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2.3 Cell culture

2.3.1 Cell culture conditions

All cell types were cultured at 37°C/5% CO.. Culture media and passage
frequency varied between cell types, full details regarding the conditions for
each cell type can be seen in table 2.3.



81

Table 2.3 Cell culture conditions for each cell type. A list of different cell types was used in this research, alongside the culture media
used its growth factors and glucose concentration, as well as the passage and media change frequencies (N/A — not available).

Cell Type Medium and Suplement(s) Manufacturer Glucose (mM/L) Passage Details
Human skeletal muscle myoblasts Human Skeletal Muscle Growth Medium Sigma-Aldrich, 6.10 Every 2 — 3 days when cells reached
Missouri, US 80 —90% confluency.

Cell dissociation using 0.25% Trypsin
(Gibco, Massachusetts, US).

Cells are seeded into flasks/plates
coated with Collagen Coating
Solution (Sigma-Aldrich, Missouri,

us).
Human skeletal muscle myoblast Human Skeletal Muscle Cell Differentiation Sigma-Aldrich, 23.59 Non-replicating cell type,
differentiation into myotubes Medium Missouri, US proliferation ceased during

differentiation.

Placental mesenchymal stem cell Dulbecco’s Modified Eagle’s Medium — Low | Sigma-Aldrich, 5.55 Every 4 — 6 days, when cells reached
(undifferentiated) Glucose with 1000mg/L L-Glutamine and Missouri, US 80 —90% confluency.

Sodium Bicarbonate Cell dissociation using 1X TrypLE

Select (Thermofisher, Massachusetts,
us).

10% Fetal Bovine Serum Gibco, N/A
Massachusetts,
us
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Antibiotic-Antimycotic Gibco, N/A
Massachusetts,
us
MEM Non-Essential Amino Acids Gibco, N/A
Massachusetts,
us
Placental mesenchymal stem cell Stemxvivo® Osteogenic/Adipogenic Base R&D Systems, N/A Non-replicating cell type, cells
differentiation into adipocytes Media Minnesota, US reached 100% confluency and were
contact inhibited.
10% Fetal Bovine Serum Gibco, N/A
Massachusetts,
us
Penicillin-Streptamycine-Glutamine Gibco, N/A
Massachusetts,
us
Adipogenic Supplement (100X concentrated | R&D Systems, N/A
solution containing hydrocortisone, Minnesota, US
isobutylmethylxanthine, and indomethacin
in 95% ethanol)
Placental mesenchymal stem cell Stemxvivo® Osteogenic/Adipogenic Base R&D Systems, The experiment ended before the
differentiation into osteocytes Media Minnesota, US passage.
10% Fetal Bovine Serum Gibco, N/A
Massachusetts,
us
Penicillin-Streptamycine-Glutamine Gibco, N/A
Massachusetts,

us
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Osteogenic Supplement (20X concentrated R&D Systems, N/A
solution containing Minnesota, US
dexamethasone, ascorbate-phosphate, and
B-glycerolphosphate)
Placental mesenchymal stem cell DMEM/F12 (1:1) With L-Glutamine And Gibco, 17.51 Cells were grown as a pelletin a
differentiation into chondrocytes Sodium Bicarbonate Massachusetts, 15ml falcon tube that was not
us passaged following initiation of
differentiation.
ITS Supplement (100X concentrated R&D Systems, N/A
solution containing insulin, transferrin, Minnesota, US
selenious acid, bovine serum albumin, and
linoleic acid)
Penicillin-Streptamycine-Glutamine Gibco, N/A
Massachusetts,
us
Chondrogenic Supplement (100X R&D Systems, N/A
concentrated solution containing Minnesota, US
dexamethasone, ascorbate-phosphate,
proline, pyruvate, and recombinant TGF-f3)
Placental mesenchymal stem cell Dulbecco’s Modified Eagle’s Medium — Low | Sigma-Aldrich, 5.55 Every 4 — 6 days, when cells became
differentiation into vascular smooth Glucose with 1000mg/L L-Glutamine and Missouri, US 80 —90% confluent.
muscle cells Sodium Bicarbonate Cell dissociation using 1X TrypLE
Select (Thermofisher, Massachusetts,
us).
5% Fetal Bovine Serum Gibco, N/A Cells are seeded into flasks/plates
Massachusetts, coated with Collagen Coating
us Solution (Sigma-Aldrich, Missouri,
T - - - us).
Antibiotic-Antimycotic Gibco, N/A
Massachusetts,

us
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MEM Non-Essential Amino Acids Gibco, N/A
Massachusetts,
us
5ng/ml Recombinant Human TGF-B1 BioLegend, N/A
(Carrier-Free) California, US
300uM L-Ascorbic Acid-2-Phosphate
Sesquimagnesium Salt Hydrate
Human Umbilical Vein Endothelial Cells | EBM-2 Promocell, 5.55 Every 4 — 6 days, when cells reached
Heidelberg, 80 —90% confluency.
Germany Cell dissociation using 1X TrypLE
EBM-2 Media Supplement containing: Promocell, N/A Select (Thermofisher, Massachusetts,
0.02ml/ml Fetal Bovine Serum gzlr(;l:;k:srg, Us).

Il into flasks/pl
0.004ml/ml Endothelial Cell Growth C? s seeded into flas .s/p ates.coated
Subplement with Human Plasma Fibronectin

PP (Sigma-Aldrich, Missouri, US).
0.1ng/ml Epidermal Growth Factor (EGF;
recombinant human
1ng/ml Basic Fibroblast Growth Factor (FGF;
recombinant human)
Bone marrow mesenchymal stem cells Dulbecco’s Modified Eagle’s Medium — Low | Gibco, 5.56 Every 4 — 6 days, when cells reach 80
Glucose with Pyruvate Massachusetts, —90% confluency.
us Cell dissociation using 1X TrypLE
10% Fetal Bovine Serum Gibco, N/A Select (Thermofisher, Massachusetts,
Massachusetts, us).
us
Antibiotic-Antimycotic Gibco, N/A
Massachusetts,

us
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MEM Non-Essential Amino Acids Gibco, N/A
Massachusetts,
us
1mM L-Glutamine Thermofisher, N/A
Massachusetts,
us
75ug/ml L-Ascorbic Acid-2-Phosphate Sigma-Aldrich, N/A
Sesquimagnesium Salt Hydrate Missouri, US
Saphenous vein smooth muscle cells Dulbecco’s Modified Eagle’s Medium —Low | Gibco, 5.56 Every 4 —7 days, when cells reached
Glucose with Pyruvate Massachusetts, 70 — 80%.
us Cell dissociation using 0.25% Trypsin
10% Fetal Bovine Serum Gibco, N/A (Gibco, Massachusetts, US).
Massachusetts,
us
1mM L-Glutamine Thermofisher, N/A
Massachusetts,
us
Antibiotic-Antimycotic Gibco, N/A
Massachusetts,

us
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2.3.2 Sources of purchased or gifted primary cells

Commercially available primary human skeletal muscle myoblasts were a gift
from Lee Roberts’ research group at passage 2 (Sigma-Aldrich, Missouri,
US)365_

Primary human saphenous vein smooth muscle cells at passage 4 were gifted
to the project by Karen Porter’s research group, who isolated and cultured the
cells from tissue biopsies3®®.

Primary human bone marrow mesenchymal stromal cells (BMSCs) were a gift
from Jayne Charnock’s research group at passage 13¢7.

2.3.2.1 Differentiation of human skeletal muscle myocytes into myotubes

Undifferentiated primary human skeletal muscle myoblasts were thawed and
transferred to T25 flasks containing Human Skeletal Muscle Growth Medium
and cultured for approximately 48 hours until they reached 90% confluency.
Myoblasts were then passaged and split into T75 flasks that had been pre-
coated with Collagen Coating Solution. Once myoblasts had again become 90%
confluent, the growth medium was replaced with Human Skeletal Muscle Cell
Differentiation Media and cultured for 5 days to differentiate them into
myotubes. Once differentiated cells were harvested for RNA extraction.

2.3.3 Commercially available primary cells

Primary human umbilical vein endothelial cells (HUVECs) from a pool of donors
were purchased from Promocell (C-1223; Heidelberg, Germany).

2.3.4 Primary human placenta mesenchymal stem cells

2.3.4.1 Patient Recruitment and tissue collection

Under the same ethical approval provided by London Riverside Research
Ethics Committee (18/LO/0067) mentioned in section 2.2.1, patients were
recruited from Leeds Teaching Hospital NHS Trusts between 2020 and 2021.
Informed consent was acquired before delivery and term placental tissue was
collected at the time of delivery as well as demographical information about the
mother and the neonate.

2.3.4.2 Patient demographics

The patients selected for recruitment all had pathologically uncomplicated
singleton pregnancies, meaning that they had not been diagnosed with GDM or
any other pregnancy complications, nor did have any pre-existing health
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conditions such as pregestational diabetes, obesity or other cardiometabolic
disorders. Pregnancies with IBCs <10™" or >90" were also excluded from this
group, as well as those which demonstrated severe placental structural
abnormalities. Primary placental MSCs were isolated from six patients in total,
all of which were delivered via elective caesarean section.
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Table 2.4 Placenta donors for PMSC isolation patient demographics.
Demographical information regarding the placenta samples being used for
PMSC isolation was collected from patient notes. Placental tissue was collected
from n=6 patients in total that had no comorbidities or complications to their
pregnancy.

Number 6

Fetal sex Female 2
Male 4

Maternal age (years) 34.0 +/-4.06

BMI at booking (kg/m?) | 23.1+/-3.36

Arab 0
. Asian 0

Ethnicity Black 1

White 5
Parity 2.2 +/-1.17
Birthweight (g) 3405 +/-387.4
Indl\{ldual birthweight 47.8 +/-26.25
centile
Trimmed placental 456 +/-149.1

weight (g)

. . Non-smoker 4
Smoking status during

reenanc Smoker 1
pregnancy Unknown 1
Gestation at delivery 274.5 +/-3.27

(days)
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2.3.4.3 Isolation of primary MSCs from term placental tissue

Placentas were collected within 30 min of delivery and kept on ice prior to
dissection. For dissection, the umbilical cord and fetal membranes were first
trimmed, and the placenta was weighed. Then approximately 10g of 0.5cm
deep sections of the decidua on the maternal side of the placenta were placed
in Hanks Balanced Salt Solution (HBSS; Gibco, Massachusetts, US) so that
they remained hydrated. Forceps were used to mechanically separate the
amniotic membrane from the surface of the fetal side of the placenta and ~10g
of 1.0 wide by 0.5cm deep sections were taken from the chorionic plate beneath
and placed in HBSS. From the area where the chorionic plate has now been
removed, ~10g of 1cm? sections of the chorionic villous tissue were taken and
placed in HBSS, whilst ensuring to stay at least 1cm away from the decidual
layer. Sampling from the three major tissues of the placenta aimed to obtain a
mixture of MSCs that are representative of the organ in its entirety. Sections
were washed three times in HBSS to remove any residual blood left on the
tissue until the solution became clear.

At this stage, tissue could be stored overnight in Dulbecco’s Modified Eagles
Medium-Low Glucose (DMEM-LG; Gibco; Massachusetts, US) for further
processing the following morning. Prior to digestion, tissue sections were
minced into 1 — 5mm? pieces. 10ml digestion solution (details in appendix 1)
containing collagenase |, dispase Il and DNase | enzymes (Invitrogen,
Carlsbad, US; Sigma, St. Louis, US) diluted in DMEM-LG was then added to
~10g of tissue from each of the three regions of the placenta. Throughout the
90 min digestion, the tissue suspension was incubated at 37°C on an agitator.
During this time, digestion of the extracellular matrix by collagenase I, the basal
membranes by dispase Il and the genomic DNA released from necrotic cells by
DNAse | liberates mononuclear cells such as MSCs from the placental tissue.
Next 30ml of DMEM containing fetal bovine serum was added to each tissue
suspension to deactivate the enzymes in the digestion solution.

To pellet the unwanted tissue debris left after the digestion, the tissue
suspension was pulsed in the centrifuge for 5s at 340xg. The short spin ensures
that mononuclear cells remain in solution and are retrieved afterwards when the
supernatant is transferred to a fresh falcon tube. To liberate any remaining cells
from the tissue debris, a further 30ml DMEM-LG was added, and the solution
was shaken vigorously before the centrifuge step is repeated and the
supernatant collected. To pellet the mononuclear cells in the collected
supernatant, the suspension is centrifuged for 5 min at 340xg, and the
supernatant is discarded. The pellets were resuspended in a 15ml MSC growth
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medium and passed through a 100um cell strainer to eliminate larger debris
from the solution. Cells isolated from the decidua, chorionic plate and chorionic
villous were then combined and plated out into three T75 flasks.

Half of the MSC growth medium was replaced on day 3 and again on day 4
post-isolation. On day 5 all the medium was discarded, the cells were washed in
warm MSC growth medium and then replaced with fresh MSC growth medium
and left to proliferate until they reached 80 — 90% confluency when they were
passaged.

2.3.4.4 Cryopreservation of PMSCs

After passage two (P2), PMSCs were routinely frozen down at approximately
3x108 cells/ml for future experiments. Immediately after passage, cells in
suspension were pelleted by centrifugation at 300xg for 5 min and resuspended
in DMSO Cell Freezing Medium (Sigma-Aldrich, Missouri, US). Cells were
placed in a Mr. Frosty Freezing Container (Thermo Fisher Scientific,
Massachusetts, US) cooled by 1°C/min to -80°C over a period of 24 hours.
Next, cells were transferred to storage in the vapour phase of a liquid nitrogen
storage vessel.

2.3.4.5 Adipogenic differentiation of primary PMSCs

Coverslips were first sterilised in 100% methanol, left to dry and placed in 24
well cell culture plates. Primary PMSCs were plated out at passages 3 — 4 at a
density of 2.1x10* cells/cm? in aMEM basal media onto the sterilised coverslips
and incubated overnight until they reached 100% confluency. Once cells were
100% confluent, cells in the first undifferentiated timepoint were fixed for
subsequent staining, and the media on the remaining coverslips was replaced
with adipogenic differentiation media and refreshed every 2 — 3 days (table 2.3).
After 7, 14 and 21 days of differentiation cells were fixed for characterisation via
Oil Red O, as described in section 2.3.5.4.

2.3.4.6 Osteogenic differentiation of primary PMSCs

Primary PMSCs at passages 3 — 4 were seeded on to sterilised coverslips in a
24 well plate (prepared as in 2.3.4.5) at a density of 4.2x10° cells/cm? in aMEM
basal media. When cells had reached 60 — 70% confluency, after approximately
2 days of culture, media was replaced with osteogenic differentiation media
(table 2.3). Media on coverslips was replaced every 3 — 4 days. At 7, 14 and 21
days after induction, cells were fixed for characterisation via Alizarin red staining
as described in section 2.3.5.5.
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2.3.4.7 Chondrogenic differentiation of primary PMSCs

2.5x10° primary PMSCs were transferred to a 15ml falcon tube and centrifuged
at 200xg for 5 min to pellet cells. The supernatant was aspirated and discarded
before resuspending cells in a 0.5ml chondrogenic differentiation medium (table
2.3). Again, cells were pelleted by centrifugation at 200xg for 5 min, instead this
time leaving the media. To allow gaseous exchange, the cap of each tube was
loosened and placed upright in the incubator for culture. Media was replaced
every 2 — 3 days. On days 7, 14 and 21, cell pellets were washed in sterile PBS
and placed in a foil mould before adding OCT embedding matrix (VWR
International, Pennsylvania, US). Pellets were stored at -80°C. Cell pellets were
cryosectioned using a cryostat microtome at -20°C into Sum thick sections and
mounted on SuperFrost Plus adhesion microscope slides (Thermo Fisher
Scientific, Massachusetts, US), before storing at -80°C. Cell pellet sections
were thawed and fixed in 4% PFA and characterised by immunocytochemistry,
as described in section 2.3.5.6.

2.3.4.8 Vascular smooth muscle cell differentiation of primary PMSCs

At passage 3, PMSCs were seeded at 4,000 cells/cm? into collagen-coated
plates/flasks or onto collagen-coated coverslips, in a VSMC differentiation
medium supplemented with TGF-f3 and ascorbic acid (table 2.3). Cells were
passaged every 5 days, and cells were harvested for RNA extraction and fixed
for immunocytochemistry 3-, 7- and 14-days following induction.

2.3.5 Characterisation of cells by immuno- and cytochemical-

staining

2.3.5.1 Fixing cells with paraformaldehyde

4% paraformaldehyde (PFA) was made up in sterile PBS by dissolving the
powder at 50°C on a heated stirrer and leaving it to cool. Cells grown on
coverslips that were ready for fixing were removed from the incubator and
washed with sterile PBS, 1ml per coverslip. PBS was discarded and 1ml 4%
PFA was added per coverslip and incubated at 37°C for 15 min. PFA was then
discarded and coverslips were washed three times with 1ml PBS before storage
in 2ml PBS, wrapped in parafilm at 4°C prior to any staining. Fixing with 4%
PFA enables the fixing of cells without perforating the plasma membrane,
preserving optimal cell morphology. This is optimal for membrane protein
staining, though intracellular staining requires permeabilization of the
membrane with an appropriate detergent.
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2.3.5.2 Fixing cells with formalin

Cells that were ready for fixing were removed from the incubator and washed
with 1ml sterile PBS. PBS was discarded and 1ml of 10% neutral buffered
formalin (VWR International, Pennsylvania, US) was added per coverslip and
incubated at room temperature for 30 min. Formalin was discarded and cells
were washed three times in 1ml PBS before storage in 2ml PBS per coverslip
wrapped in parafilm at 4°C ready for staining. Similar to fixing with PFA,
formalin fixation is good for the staining of plasma proteins, and plasma
membrane permeabilization is required for intracellular staining.

2.3.5.3 Fixing cells with methanol

At least 1 hour before fixing, 100% methanol should be stored at -20°C to cool.
Cells that are ready for fixing were removed from the incubator and placed on
ice, and 1ml of sterile PBS wash was added per coverslip. PBS was discarded
and 1ml of ice-cold methanol was added per coverslip. Cells were incubated on
ice for 20 min. Methanol was then discarded and cells were washed three times
in PBS before storage in 2ml PBS per coverslip, wrapped in parafilm at 4°C
ready for staining. lce-cold methanol fixes cells and permeabilises the
membrane in a single step, this process for fixation is best used for staining
intracellular proteins.

2.3.5.4 Oil red O staining

Following induction of adipogenic differentiation, cells were fixed with 4% PFA
and washed three times with PBS. Oil Red O Staining Solution (Sigma-Aldrich,
Missouri, US) was diluted at a 1:3 ratio in dH2>O and passed through filter paper.
500yl of diluted staining solution was added per coverslip (within a 24-well
plate), and incubated at room temperature for 30 min. After the incubation, the
staining solution was discarded and washed four times with PBS. Stained
coverslips were imaged using a light microscope.

2.3.5.5 Alizarin red staining

After osteogenic differentiation had been initiated, formalin-fixed cells were
washed three times with dH20 and 500pl Alizarin Red Staining Solution (Sigma-
Aldrich, Missouri, US) was added per coverslip (within a 24 well plate) and
incubated in the dark at room temperature for 45 min. The staining solution was
then discarded, and coverslips were washed four times with dH20. Wells were
photographed against a white background to access colour change and
micrographs were taken of cells using a light microscope.
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2.3.5.6 Immunocytochemistry

Round 13mm diameter coverslips were sterilised in methanol and left to dry
before placement in 24 well plates. After passaging cells of interest, 0.5m|
suspension of dissociated cells was added on top of each coverslip and
cultured as usual. When cells reached 90 — 100% confluency, they were fixed
with Paraformaldehyde (PFA; Sigma-Aldrich, Missouri, US)) in PBS or ice-cold
methanol (table 2.5). For PFA fixing, the culture medium was removed, and
cells were washed with sterile filtered PBS at room temperature. 1ml of 4% PFA
was added to each well and cells were incubated at 37°C for 15 min. The PFA
was discarded, and cells were washed three times with PBS for 5 min, fixed
slides were stored in PBS at 4°C. This method of fixation was used for
immunostaining proteins localised on the cell surface.

For intracellular protein immunostaining, the cell culture medium was removed,
and cells were washed with cold sterile-filtered PBS before adding 1ml of -20°C
methanol and incubating on ice for 20 min. During this step, methanol fixed cells
and disrupts the plasma membrane, permeabilising cells so that staining
antibodies can enter the cell and bind to target proteins. Afterwards, the
methanol was discarded, and cells were washed with cold PBS three times for 5
min. Fixed slides were stored in PBS at 4°C.

Fixed coverslips were first blocked with 100ul 5% Bovine Serum Albumin (BSA;
Sigma-Aldrich, Missouri, US) diluted in PBS for 30 min to prevent unspecific
binding of antibodies. The blocking was then wicked off and 100yl of primary
antibody at the appropriate concentration, diluted in PBS, was added and
incubated overnight at 4°C (table 2.5). Control coverslips were also prepared
that were incubated with a mouse 1gG isotype control to ensure that positive
staining was not due to non-specific binding (table 2.5). As well as slides not
incubated with any primary antibody to control for positive staining as a result of
non-specific binding of the secondary antibody.

The following day, the primary antibody was wicked off and the coverslip was
washed three times for 5 min with PBS. After the final wash, 100l of secondary
antibodies made up to the correct dilution in PBS was added, and the coverslips
were incubated at room temperature for 1 hour. The secondaries were wicked
off of the coverslips and they were washed three times in PBS before being
mounted in a vector shield containing DAPI on glass microscope slides. Clear
nail varnish was used to seal around the edges of the coverslips, and they were
stored in the dark at 4°C for at least 20 min before being visualised on the Axio
Scope.A1 Fluorescent Microscope and the Zen 3.3 software (Zeiss,
Oberkochen, Germany). The desired fluorescence channels were first selected
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for each condition, and exposure was calculated using the auto exposure
feature on stained slides. Small adjustments were then made, where required,
to the exposure for optimal visualisation of staining. The exposure was then
applied to all slides, including isotype and no stain controls, for that particular
stain and micrographs were taken. The contrast of images was optimised using
the tools within the Zen 3.3 software package.
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Table 2.5 Antibodies used for immunocytochemistry. List of antibodies used
for ICC experiments in this project alongside their manufacturer, catalogue
number, working concentration and the fixation strategy used for staining cells.

Antibody Manufacturer Concentration Fixation Reagent

R&D Systems
ACTA2 (mouse 12.5ug/ml Methanol
monoclonal) (MAB1420)
Aggrecan (goat R&D Systems 10.0pg/ml PEA
polyclonal) (967800)
Alexafluor 488 anti Invitrogen 1.5pg/ml Either
mouse IgG (A11001) ‘
Alexafluor 568 anti | Invitrogen 1.5pg/ml Either
mouse IgG (A11031) '
Sigma-Aldrich
CALD1 (mouse 15.9ug/ml Methanol
monoclonal) (C4562)
CD14 (mouse Millipore 2.0mg/ml PEA
monoclonal) (MAB1219) .
CD19 (mouse dillere 2.0mg/ml PFA
monoclonal) (MAB1794) .
CD44 (mouse Millipore 2.0mg/ml PFA
monoclonal) (CBL154) .
CD90 (mouse Millipore 2.0mg/ml PFA
monoclonal) (CBL415) .
2B Scientific . ;
Mouse IgG Control (1-2000-1) Variable Either
Sigma-Aldrich
MYH11 (mouse 36.0pg/ml Methanol
monoclonal) (M7786)
NL-557 anti-goat IgG R&D Systems 5.0pg/ml Either
(donkey polyclonal) (NLOO1) .
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2.3.5.7 Flow cytometry

Cells were grown up in T75 culture flasks until they reached 90 — 100%
confluency, the culture medium was removed, and cells were washed with PBS.
Incubation with 2ml dissociation agent (TryPLE Select or trypsin depending on
the cell type) at 37°C for 5 min was used to lift the cells. Once in suspension,
6ml culture medium was added and cells were centrifuged at 300xg for 5 min to
pellet cells. The supernatant was discarded, and cells were resuspended in 1ml
Staining Buffer (R&D Systems, Minneapolis, US). 80ul 4x trypan blue staining
solution was added to 20ul cell suspension and live cells that had not been
stained blue were counted, from this the number of cells per ml of solution was
counted.

For each antibody staining condition in flow cytometry, 300,000 cells in 80ul
total volume were transferred to a fresh Eppendorf and 20ul FcR blocking
reagent (Miltenyi Biotech., Bergisch, Germany) was added before a 10 min
incubation at 4°C. For cells stained using the Human MSC Verification Multi-
Color Flow Cytometry Kit (R&D Systems, Minneapolis, US), 10ul of each
antibody required for the staining condition was added (table 2.6). The full stain
for characterisation included all of the positive marker antibodies as well as the
negative marker cocktail, each of which could be detected on a separate
channel. Each sample was also stained with CD31-FITC using the same
protocol in a separate tube, this antibody was diluted at 1:50 (2ul in a total
volume of 100pl) in cell suspension (table 2.6). Cells were then incubated for 30
min at 4°C in the dark. Cells were pelleted by centrifuging at 300xg for 5 min
and the supernatant was discarded. Cells were then washed in 2ml Staining
Buffer and centrifuged for a further 5 min at 300xg to pellet cells. After
discarding the supernatant, cells were resuspended in 200yl fresh staining
buffer ready for detection by flow cytometry on the Cytoflex S (Beckman,
California, US).

Before quantification of surface marker staining for each sample, a
compensation matrix was generated on the CytExpert software using PMSCs
stained individually with each of the antibodies used. This mathematical process
enables the correction of spectral overlap when multiple fluorophore emissions
are recorded for each individual cell*®®. Therefore, ensuring that the output of
each channel represents only the fluorescence emerging from the designated
fluorophore for each channel. Without this correction, artefacts can be
generated through the spill over of fluorescence from non-designated channels.
This compensation matrix was applied to all subsequent experiments368. CD31-
FITC antibody was used as a single stain since it utilises the same channel as
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CFS, therefore a compensation matrix need not be applied as no other channel
is being quantified.

For each sample, a minimum of 10,000 events for three replicates were
recorded in three experiments conducted on different days, to ensure that
observed results were representative of the sample. Events were gated to
exclude cell debris by plotting the forward scatter area (FSC-A) against the side
scatter area (SSC-A) measured (fig. 2.1A)%¢°. FSC is a measure of the light
which has passed around the outside of the cells and can therefore serve as an
indicator of cell size®”°. Whereas SSC from the laser-measured comes from the
light which has refracted during its path through each cell due to the density of
intracellular contents, this is used to measure cell granularity®”°. Events as a
result of cellular debris, made up of dead and fragmented cells, are detected as
a population with low FSC and SSC, this was gated out. From the subsequent
population generated, doublets were also excluded plotting FSC-A against
FSC-height (FSC-H) and gating out the population with increased FSC-A at the
same FSC-H, a property characteristic of cell doublets (fig. 2.1B)36°.

First, unstained cells were run to enable the gating events that were negative
for the surface markers being characterised on plots of FSC-A against
fluorescence intensity for each fluorophore’s channel (fig. 2.1C). These gates
were then used to measure the percentage of single cells which were positive
for each of the markers being run in the fully stained samples (fig. 2.1D).
Isotype controls for each of the marker-specific antibodies were used to confirm
antibody binding specificity. Details regarding the laser and optical emission
filter used for each fluorophore can be seen in table 2.7.
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characterisation.Details of each of the antibodies used for surface marker
characterisation, including their catalogue number. All antibodies except for
CD31-FITC and its isotype control (Militenyi Biotech, Bergisch Gladbach,
Germany) were from the R&D Systems Human Mesenchymal Stem Cell
Verification Multi-Color Flow Cytometry Kit (FMC020). The manufacture does
not disclose the concentrations of these antibodies, but adequate staining was
achieved by following the recommended protocol.

Group Antibody Catalogue No.
Positive Markers CD90-APC Mouse 1gGza; Clone Thy-1A1 967542
CD73-CFS Mouse 1gGzs; Clone 606112 967544
CD105-PerCP Mouse 1gG+1; Clone 166707 967546
Negative Markers Negative Marker Cocktail: 967548
» CD45-PE Mouse IgG1; Clone 2D1
» CD34-PE Mouse IgG1; Clone QBENnd10
* CD11b-PE Mouse IgG2s; Clone 238446
» CD79A-PE Mouse IgG+; Clone 706931
* HLA-DR-PE Mouse IgG+; Clone L203
CD31-FITC Human Recombinant IgG+ REA730

(Militenyi Biotech)

Positive Marker
Isotype Controls

Mouse 1gG2a-APC Isotype Control; Clone 20102

967543

Mouse 1gG2s-CFS Isotype Control; Clone 133303 967545
Mouse 1gG+-PerCP Isotype Control; Clone 11711 967547
Negative Marker Negative Isotype Cocktail: 967549

Isotype Controls

* Mouse 1gG+-PE Isotype Control; Clone 11711
* Mouse 1gG2s-PE Isotype Control; Clone 133303

Table 2.7 Flow cytometer setup for each fluorophore. Details of the
wavelength of laser and emission filter setup for the Cytoflex S for each of the
fluorophores detected in this investigation.

Laser 488 nm 561nm | 640 nm

Emission filters

525/40 | 690/50 | 660/20 | 585/42

Fluorophore

CFS/FITC | PerCp APC PE
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2.4 Transfection of primary PMSCs with miRNA

mimics/inhibitors

PMSCs were transfected at 50 — 70% confluency with 50 or 100nM miRNA
mimic or inhibitor. Mimics and inhibitors were made up in Opti-MEM Reduced
Serum Medium (Gibco, Massachusetts, US) to a total volume of 1ml per well of
a 6 well plate of PMSCs being transfected, or 0.5ml per coverslip in a 24 well
plate (details of mimics/inhibitors seen in table 2.8). For RNA extraction, one
well was transfected per transfection condition. Whereas for protein extraction,
2 wells were transfected per condition. For immunocytochemistry, 6 coverslips
were transfected per condition. As well as the conditions transfecting cells with
mimics and inhibitors for miRNAs of interest, negative control mimics and
inhibitors were also used to transfect cells to ensure that the downstream
effects of miRNA inhibition or overexpression were due to specific alteration of
the target miRNA, as opposed to off-target effects of the construct (details of
controls seen in table 2.8). Next, 1% Lipofectamine-2000 (Thermo Fisher
Scientific, Massachusetts, US) in Opti-MEM of equal volumes were added to
the mimic/inhibitor reaction mixture, for example, 1ml 1% Lipofectamine was
added to 1ml diluted mimic/inhibitor. Two further controls were also prepared,
the mock transfection that did not contain any mimics or inhibitors, and the
untransfected control that had neither Lipofectamine nor mimic/inhibitor added.
Transfection reaction mixes were then left for 20 minutes at room temperature.

During the incubation, the PMSC medium was aspirated from cultured cells and
discarded. Cells were then washed with room temperature sterile PBS, which
was then discarded. 1ml of minimal growth medium (MGM), consisting of PMSC
culture medium minus the Antibiotic-Antimycotic agent and with 0.4% FBS, was
added per well of a 6 well plate, or 0.5ml per coverslip. After the incubation,
transfection reaction mixes were then applied to cells, 1ml per well of a 6-well
plate, and 0.5ml per coverslip. Cells were then incubated for 6 hours at
37°C/5% CO, after which the culture medium was removed and discarded
before returning cells to the standard PMSC growth medium.
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Table 2.8 Details of miRNA mimics and inhibitors transfected into PMSCs
to overexpress and inhibit target miRNAs respectively. The ID for each
construct has been listed in the table. All constructs were manufactured by
Qiagen (Manchester, UK).

Target miRCURY LNA miRNA Mimic ID miRCURY LNA miRNA Inhibitor ID
hsa-miR-1-3p YMO00472818-ADA Y104100840-DDA
hsa-miR-133a-3p YMO00470572-ADA YI04101161-DDA

Negative Control YMO00479902-AGB Y100199006-DDB
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2.5 Extracellular vesicle isolation and concentration

2.5.1 Isolating EVs from blood plasma

EVs were eluted from blood plasma using qEV Original 70nm size exclusion
columns (iZON Science, Christchurch, New Zealand) into sterile-filtered PBS
buffer (Sigma-Aldrich, Missouri, USA). Columns were flushed with 15ml of PBS
before loading with 200pl of blood plasma. 500ul fractions were collected from
the column according to the manufacturer's instructions. Fractions 1-6 which are
void of EVs, were discarded; fractions 7-15 were collected and analysed for
their EV content and purity in optimisation steps. Following optimisation,
fractions 8-10 were collected and pooled into a 1.5ml sample of EVs. Isolated
EVs were stored at -20°C.

2.5.2 Depletion of VLDLs via dual-mode chromatography

To decrease the contamination of plasma EV isolations with very low-density
lipoproteins (VLDLs), which unlike high- and low-density lipoproteins (HDLs and
LDLs, respectively), overlap in size with EVs, so can contaminate EVs isolated
using standard QEV columns. Dissimilar from negatively charged EVs, VLDLs
are positively charged. Dual mode chromatography (DMC) SEC columns utilise
this charge difference to deplete VLDLs from the isolation®7".

DMC SEC columns were made in-house. An excess of sepharose CL-4B was
first poured into a 50ml falcon tube and the resin was left to settle for one hour,
before discarding the supernatant. A PBS wash of equal volume to the
supernatant discarded was then added and the resin and the solution were
mixed thoroughly using a swerving motion and left to settle for another hour
before discarding the supernatant. This wash was repeated two subsequent
times. Next, a disposable 10 ml syringe with the plunger removed, was
suspended upright on a level stand to form the outer container of the resin
column. Fractogel was first added to form the bottom layer; fractogel was added
until 2ml of resin was visible at the bottom of the column. Washed sepharose
resin was then added to the column, dropwise at first to avoid disturbing the
fractogel layer. Sepharose was added until a total of 10ml of resin could be
seen above the fractogel layer. Finally, a nylon 11um filter was added to the top
of the resin and was washed with10 ml PBS, ensuring that the column never
runs dry. The syringe was then plugged and stored upright at 4°C overnight to
ensure stacking of the resin for use the following day.

SEC of maternal plasma to isolate EVs using the same method as the one used
for QEV columns (As described in 2.5.1).
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2.5.3 Plasma EV concentration

During the process of isolating EVs from plasma by size exclusion
chromatography, EVs are diluted approximately up to 7.5 times when EVs from
200yl of starting solution are eluted into 1.5ml PBS. Therefore, to obtain a
concentration of EVs that is adequate for downstream characterisation, it is
necessary to concentrate them. Amicon Ultra-0.5ml and Amicon Ultra-4ml 100k
centrifugal filter devices (Millipore, Watford, UK) were used to concentrate EVs
pooled from fractions 8 - 10 following size exclusion chromatography isolation.
Filters were pre-rinsed with sterile filtered PBS and centrifuged. EV isolates
were then added to the filters and concentrated via a second centrifugation
step. Concentrated EVs were then retrieved from the centrifugal device and
stored at -20°C. See table 2.9 for details on centrifugation and concentrated EV
recovery.
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Table 2.9 Protocol for using Amicon Ultra centrifugal filters to concentrate
EVs. Centrifugal filters were used to concentrate samples for downstream
applications such as Western blotting and RNA extraction.

Step

Pre-rinse centrifugation

Amicon Ultra-0.5ml
300ul PBS
14,000xg for 2 min

Amicon Ultra-4ml
2.5ml PBS
4,000xg for 5 min

Concentration centrifugation

300ul pooled EVs
(fractions 8 — 10)

14,000xg for 2 min

1000ul pooled EVs
(fractions 8 — 10)

4,000xg for 2 min

EV recovery

Invert the centrifugal device in
a fresh tube and centrifuge at
1,000xg for 2 min.

Approx. 20ul recovered
(15x concentration).

Withdraw from the centrifugal
device using a pipette.

Approx. 75ul recovered
(13x concentration).




105
2.6 Extracellular vesicle characterisation

2.6.1 Nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA) was undertaken on pooled plasma EVs
prior to concentration, using the NanoSight NS300 (Malvern Panalytical Ltd,
Malvern, UK), to quantify the concentration (particles/ml) and diameter (nm) of
particles under Brownian motion (the random movement of nanoparticles in
solution). The software can detect single particles and calculate size distribution
using the Stokes-Einstein equation (Equation 2.1). Samples were diluted in a
total of 1ml PBS so that 10 — 100 particles were detected per frame, this meant
diluting samples 1:50 — 1:500 depending on their initial concentration. Three
60s videos were taken at 25°C and analysed for each sample, with the camera
level set to 10 (fig. 2.2). This provided a good contrast for the identification of
particles with minimal background noise.
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Equation 2.1 Stokes-Einstein equation.
Used by NTA software to calculate EV
size distribution.

Example NTA Trace
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Size (nm)

Fig. 2.2 Example of a nanoparticle tracking analysis trace. Nanoparticle
tracking analysis (NTA) is used to determine the concentration (particles/ml)
and size (diameter; nm) of EVs under Brownian motion.
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2.6.2 Analysis of EVs by electron microscopy

2.6.2.1 Negative staining of plasma EVs

5ul of pooled plasma EVs eluted in fractions 8 — 10 were added to a carbon-
coated grid (Astbury Centre, University of Leeds, UK) and allowed to adhere to
the surface for 60 sec. Excess solution was removed using filter paper and 5yl
ultrapure water was added and immediately removed, before applying 1%
uranyl acetate (Astbury Centre, University of Leeds, UK), removing it
immediately and adding a further Sl 1% uranyl acetate for 10 sec and
removing it. The grids were not left to dry out in between the wash/stain steps.
Grids were viewed once dry and stored at room temperature.

2.6.2.2 Transmission electron microscopy

Grids were visualised using a JEM-1400 transmission electron microscope
(TEM; JEOL, Massachusetts, USA). EVs were photographed at x10K, x20K and
x40K magnification with the HT set to 80kV.

2.6.3 Protein analysis of EVs

2.6.3.1 Protein extraction from plasma EVs

EVs were lysed in RIPA buffer, 10X RIPA solution (MilliporeSigma,
Massachusetts, US) containing Protease Inhibitor Cocktail (1 tablet/10ml;
Roche, Switzerland) made up to 1X solution in addition to EV isolate. EV RIPA
solution was left on ice for 20 minutes, and the lysate was stored at -20°C.

2.6.3.2 Protein Assay

Protein concentration was determined for each EV sample via the Quick Start
Bradford Dye Reagent (Bio-Rad Laboratories, California, USA) colourimetric
assay. 100ul dye reagent was added to 10ul EV lysate (diluted 1:3 in PBS) and
incubated at room temperature for 15 min. Absorbance was read on a
spectrophotometer at 595nm wavelength (A). Each sample was prepared in
triplicate and the mean absorbance was plotted against the standard curve,
calculated from the absorbance of known concentrations of BSA (fig. 2.3) The
R? value indicates the degree to which the measurements of standards with a
known protein concentration, fit the standard curve, demonstrating the
relationship between protein concentration and absorbance. To ensure the
accuracy of the assay in measuring protein concentration, assays with standard
curves that had R?<0.90 were repeated.
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Protein Assay Standard Curve

0.9 y=0.6748x+0.1921
’ R? = 0.9446

0.8
0.7

0.6

-
-
05 - .
. =
-
-
-

-
-
-
-
-
-
L -
- -
-

-
-
-
-
-
-
-
-

0.3 .

-

Absorbance at 595nm (AU)

-
-
-
-
-
-
-
-

0.2

0.1

0 0.1 0.2 0.3 0.4 0.5
Protein Concentration (ug/ul)

Fig. 2.3 Exemplar standard curve generated for calculating protein
concentration based on absorbance from known concentrations of bovine
serum albumin. Quick Start Bradford Dye Reagent colourimetric assay was
used to calculate the absorbance measured in absorbance units (AU) at 595nm
wavelength (A) of known concentrations of bovine serum albumin (BSA) diluted
in ultrapure water (0.000ug/ul, 0.125ug/ul, 0.250ug/ul, 0.500ug/pl and
1.000pg/ul; n=3 per dilution).
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2.6.3.3 Silver staining

1x Laemmli buffer (details in appendix 1) with 10% 2-mercaptoethanol was
added to 3ug of EV protein lysate and incubated at 95°C for 10 min. EV protein
was then loaded into a 12% polyacrylamide gel alongside 5ul PageRuler Plus
Pre-Stained Protein Ladder (Thermo Fisher Scientific, Massachusetts, USA)
and electrophoresed at 100V for 90 minutes in a running buffer (details in
appendix 1). The gel was washed in ultrapure water for 10 min and fixed in 30%
ethanol:10% acetic acid solution for 30 min. After fixing, the gel was washed
again in 10% ethanol and then ultrapure water, each for 10 min. Sensitizer,
Staining and Developer solutions were then used from the Pierce Silver Stain
Kit (Thermo Fisher Scientific, Massachusetts, USA) to condition and stain the
gel. After the gel had been incubated in Developer solution for approximately 4
min, 5% acetic acid was added to stop the overdevelopment of the stain and the
gel was photographed using the G: Box imager (Syngene, Bangalore, India).

2.6.3.4 Western blotting for extracellular vesicle-enriched markers

Laemmli buffer, either with or without 10% 2-mercaptoethanol added for
reducing or non-reducing conditions respectively (table 2.10), was added to 30-
50ug of EV protein lysate and incubated at 95°C for 10 min. Protein was then
electrophoresed within a polyacrylamide gel, as described in 2.6.3.3. Protein
bands from the gel were transferred onto polyvinylidene fluoride (PVDF) or
nitrocellulose membrane (Thermo Fisher Scientific, Massachusetts, USA) at
100V for 35 minutes in a transfer buffer (details in appendix 1). Subsequent
blots were incubated in either 5% Skim Milk Powder (Sigma-Aldrich, Missouri,
US) or 3% BSA in Tween Tris-buffered saline (TBST; details in appendix 1) for
1 hour to prevent unspecific antibody binding. Blots were incubated overnight at
4°C with primary antibodies in 5% milk or 3% BSA in TBST, and then with
secondary antibodies for 1 hour at room temperature in 5% milk or 3% BSA in
TBST (as detailed in table 2.10). SuperSignal West Femto Maximum Sensitivity
Substrate (Thermo Fisher Scientific, Massachusetts, USA) was added to the
blots to detect the secondary antibody, blots were photographed using the G:
Box imager (Syngene, Bangalore, India).
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Table 2.10 Western blotting conditions for EV-enriched protein antibodies.
Western blot analysis was conducted on EV isolations using the following
antibodies under the specified conditions and concentrations.

Antibody Manufacturer Concentration Blocking Membrane Conditions
Anti- HRP
tan i rgouse Dako 0.800 | 5% Milk/ | PVDF/ Reducing/
gge : ug/m 3% BSA Nitrocellulose | Non-Reducin
(goat polyclonal) (P0447) ’ :
Anti- it HRP
tan i rjbblt Dako 0.800 | 5% Milk/ | PVDF/ Reducing/
gge -800 pg/m 3% BSA Nitrocellulose | Non-Reducin
(goat polyclonal) (P0448) ’ )
. Santa Cruz
ApoA-l (mouse 2.000 pg/ml 5% Milk Nitrocellulose | Reducing
monoclonal) (sc-376818)
) . Bethyl
gzllgzzl: a(llr)abblt Laboratories 0.100 pg/ml 3% BSA PVDF Reducing
(A303-695A-M)
: Abcam 0.384 ug/ml
CD63 (rabbit 5% Milk | PVDF Non-Reducing
monoclonal) (ab134045)
: Abcam 0.554 ug/ml
HSP70 (rabbit 5% Milk PVDF Reducing
monoclonal) (ab181606)
101 Abcam
T5G101 (mouse 3.100 pg/ml 3% BSA Nitrocellulose | Reducing

polyclonal)

(ab83)
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2.6.4 Nano particle flow cytometry

2.6.4.1 EV immunostaining

Before staining, EVs were pooled from fractions 8 — 10 and concentrated using
the protocol described in 2.5.3. Fluorescently conjugated antibodies were added
to 16 yl EV elutions (to the final concentrations listed in table 2.11), giving a
total volume of 20ul, and incubated at room temperature in the dark for one
hour, mixing with a vortex every 15 min. Dual staining was undertaken of
tissue-specific markers alongside EV-enriched markers to determine co-
localisation. After the one-hour incubation, the excess antibodies were diluted
out 1:200 in a total volume of 100ul ready for loading on to the NanoFCM Flow
NanoAnalyser (NanoFCM, Tokyo, Japan). Up until the point in which stained
EVs were loaded into the instrument, EVs were stored on ice. Details regarding
the laser and optical emission filter used for each fluorophore can be seen in
table 2.12.

2.6.4.2 EV membrane staining

Before staining, plasma EVs pooled from fractions 8 — 10 were concentrated (as
outlined in 2.5.3). 2ul of 1:100 CellMask Green dye (Thermo Fisher Scientific,
Massachusetts, USA) was added to 18ul of EV elution, giving a final
concentration of 1:1000, and incubated at room temperature in the dark for 15
min. Next suspended EVs were made up to 500ul and loaded into a 30kDa Viva
Spin 500 column and centrifuged at 10,000xg for 2 min. This effectively washes
away the excess unbound dye, since EVs are too big to pass through the
30kDa filter of this column, whilst unbound dye can pass through the filter and is
discarded with the flowthrough. The ~20ul EV suspension that remains in the
column was again made up to a volume of 500ul and the centrifugation and
collection steps were repeated two more times. After the final passage through
the centrifugal filter, the remaining 20pl of EV suspension was diluted 1:200 in a
final volume of 100yl ready to be loaded into the NanoFCM. Before loading,
stained EVs were stored on ice.

2.6.4.3 Lysis of lipid bilayers

Concentrated EV isolates (prepared as described in 2.5.3), pooled from
fractions 8 — 10 were used for lysis. 2ul 1% Triton-X-100 (Sigma-Aldrich,
Missouri, USA) in sterile PBS was added to 18ul EV isolates, giving a final
concentration of 0.1%, and incubated on ice for one hour. Lysed EV
preparations were diluted 1:100 in a total volume of 100ul and stored on ice
before loading into the NanoFCM.
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2.6.4.4 Running stained EVs on the NanoFCM

Prior to taking measurements of EV size, concentration, and staining, the
NanoFCM was calibrated. First, 250nm Quality Control (QC) Nanospheres
Series, diluted 1:100, were run, these nanobeads fluoresce into each of the
channels detected by the NanoFCM, so they were used to focus the laser. To
exclude any nanoparticles that were not QC nanospheres, the population was
gated by plotting SSC against FITC signal intensity (fig. 2.4A). The known
concentration of these nanospheres is used by the instrument to calibrate
measurements of EV concentration. Secondly, 68 — 155nm Silica Nanospheres
Cocktail, diluted 1:100, were run on the NanoFCM. These nanospheres of
known diameter (68 £ 2 nm, 91 £ 3 nm, 113 £ 3 nm, and 155 £ 3 nm) are used
to generate a standard curve from which EV size is determined (fig. 2.4C).
These four distinct populations can be seen in fig. 2.4B compared to the single
population of 250nm QC nanospheres. After calibration, a blank measurement
was taken of the EV elution buffer (sterile PBS), this measurement was
subtracted from the final particle concentration for each sample. Next, each
stained EV sample was run on the NanoFCM. All samples including the
calibration nanobeads, the blank and the stained plasma EV samples were run
at 2kPa for 2 min. When running the plasma EVs at this pressure for this
amount of time 4,000 — 15,000 events were recorded. As recommended by the
manufacturers, positive events were gated as anything that exceeds the
threshold set for background fluorescence, this generated a percentage of
events which were positive for each marker (fig. 2.4D and E).
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Table 2.11 Antibodies used for NanoFCM characterisation of plasma EVs.
Details of antibody conjugations, manufacturer and their working concentrations
or dilutions. Concentrations of Miltenyi Biotech antibodies are not provided,
instead, they recommend a 1:50 dilution for standard flow cytometry. For
NanoFCM antibodies are required at a higher concentration to provide enough
signal for detection so the best results were found using antibodies at a 1:10
dilution.

Antibody Manufacturer Concentration/Dilution
CD9-FITC Miltenyi Biotec 1:10
(human recombinant monoclonal) (REA1071)

CD41/CD61-APC Miltenyi Biotec 1:10
(human recombinant monoclonal) (REAGO7)

CD63-APC Miltenyi Biotec 1:10
(human recombinant monoclonal) (REA1055)

CD63-FITC Miltenyi Biotec 1:10
(human recombinant monoclonal) (REA1055)

CD81-APC Miltenyi Biotec 1:10
(human recombinant monoclonal) (REA513)

Isotype Control-APC Miltenyi Biotec 1:10
(human recombinant monoclonal) (REA293)

PLAP-APC Miltenyi Biotec 1:10
(human recombinant monoclonal) (REA1089)

SGCA-AlexaFluor 488 Santa Cruz 20.0pg/ml
(mouse monoclonal) (sc-390647)

Table 2.12 NanoFCM setup for each fluorophore. Details of the wavelength
of laser and emission filter setup on the NanoFCM for each of the fluorophores
detected in this investigation.

Laser 488 nm 638nm

Emission filters 525/40 670/30

Fluorophore FITC/CellMask Green/AlexaFluor 488 APC
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Fig. 2.4 Nanoparticle flow cytometry setup. (A) Gating of 250nm quality control (QC) nanospheres based on their SSC-A and FITC
signal intensity, this signal was used by software to calibrate EV concentration measurement. (B) SSC of QC (above) and sizing
nanospheres (below). Sizing nanospheres were used by the software to calibrate event size estimates. Lines denote the range within
which the instrument can most reliably measure particle size using the sizing nanospheres selected. (C) Example of the conversion of
plasma EV SSC to size. (D) Unstained samples produce only background fluorescence that does not exceed the set threshold. (E)
Positively stained EVs produce a signal detectable above the background fluorescence which can be gated to calculate percentage of
expression.
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2.7 Analysis of mMiRNA, mRNA and IncRNA expression

2.7.1 RNA extraction and purification

2.7.1.1 Cells

Cell culture plates were placed on ice and conditioned media was collected
from wells. Two washes of sterile filtered PBS were applied to each well. The
PBS was removed, and cells were scraped into Lysis/Binding Buffer from the
miRVana miRNA lIsolation Kit, and miRNA Homogenate Additive was added,
1:10 of the volume of lysis/binding buffer (Thermo Fisher Scientific,
Massachusetts, USA). The solution was vortexed and incubated on ice for 10
min and acid-phenol: chloroform (Thermo Fisher Scientific, Massachusetts,
USA) was added equal to the volume of lysis/binding buffer. The solution was
vortexed for 60 sec and centrifuged at 10,000xg for 5 min. The aqueous upper
phase was collected and 1.25 volumes of absolute ethanol were added before it
was passed through a miRVana spin column and washed with the wash
solutions provided, centrifuging at 10,000xg for 15 sec each time (Thermo
Fisher Scientific, Massachusetts, USA). The RNA was eluted in 100yl ultrapure
water heated to 95°C on a final centrifuge at max speed for 30 sec. RNA was
stored at -80°C.

2.7.1.2 Tissue

For each sample, 300yl lysis/binding buffer was added to 0.25¢g frozen placental
tissue and was homogenised on ice to prevent thawing. The same miRVana
miRNA Isolation Kit and protocol were used for tissue as for cells from this step
onwards (2.7.1.1). RNA was stored at -80°C.

2.7.1.3 Extracellular vesicles

RNA was extracted from a total of 1ml of plasma EVs that had been pooled
from fractions 8 — 10 and concentrated to a volume around 45 - 110ul. QlAzol
Lysis Reagent from the miRNeasy Serum/Plasma Kit (Qiagen, Manchester, UK)
was first added to EVs (5:1 ratio of lysis reagent to EVs) and incubated at room
temperature for 5 min. Chloroform of equal volume to the starting EV samples
was added and the solution was shaken vigorously for 15 sec and incubated at
room temperature for 3 min. The solution was centrifuged at 12,000 xg at 4°C
for 15 min, before collecting the upper aqueous phase, adding 1.5 volumes of
absolute ethanol and passing it through an RNeasy MinElute Spin Column
(Qiagen, Manchester, UK); 8,000xg for 15 sec. The column was washed with
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the buffers provided in the miRNeasy Kit and RNA was eluted into 14l
ultrapure water and stored at -80°C.

2.7.1.4 RNA purification

All samples were treated using the RNA Clean and Concentrator-5 Kit (Zymo
Research, California, USA) to further purify RNA by removing any
contaminating DNA or phenol from the extraction process. 5ul DNasel and 5pl
DNA Digestion Buffer were added to 40ul RNA and incubated at room
temperature for 15 min. 100ul RNA Binding Buffer and 150ul were then added
and the solution passed through a Zymo-Spin IC column, 10,000xg for 30 sec,
and then washed with the buffers provided. RNA was eluted from the column in
up to 15ul ultrapure water.

2.7.2 RNA quantification

2.7.2.1 Cells and tissue RNA

2ul RNA was loaded onto the NanoDrop ND-1000 Spectrophotometer (LabTech
International, Heathfield, UK) and measurement by the instrument indicated the
concentration (ng/ul), as well as the absorbance between 260nm and 280nm,
as well as 260nm and 230nm?72. The concentration of nucleic acids is
measured in comparison to a blank measurement taken of nucleic acid-free
water. Absorbance ratio readings are used to assess the purity of RNA
isolations. 260/280 ratio readings for pure RNA are expected to be
approximately 2.0%73374, A ratio of 1.8 would indicate the presence of
contaminating DNA, or lower than that would suggest contamination of the
isolation with protein or phenol. Whilst a 260/230 ratio of 1.8 — 2.2 is
characteristic of pure nucleic acids, ratios below this are indicative of
contamination with EDTA, carbohydrates or phenol from the isolation process,
which have an absorbance closer to 230nm372. An example of an absorbance
trace from a sufficiently pure RNA isolation can be seen in fig. 2.5.
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Fig. 2.5 Example nanodrop trace for RNA sample. The concentration and
purity of all RNA samples in this study were measured using a NanoDrop ND-
1000 Spectrophotometer, generating plots similar to this one. The 10mm
absorbance was plotted against the absorbance to generate a curve from which
the concentration of RNA (ng/ul), and 260/280nm and 260/230nm absorbance
ratios could be calculated.




118

2.7.2.2 Extracellular vesicle RNA

Extracellular vesicles contain trace amounts of total RNA that are too small to
detect using a standard nanodrop. Therefore, an exogenous control transcript,
UniSp6 spike-in was added for normalisation of RNA content in downstream
analysis such as RT-qPCR.

2.7.3 Mature miRNA transcript RT-qPCR

2.7.3.1 Cells and tissue

100ng total RNA was reverse transcribed using the miScript Il Kit (Qiagen,
Manchester, UK) in a total volume of 20.5ul. Negative controls were also
generated containing reaction mixes excluding either the RNA template (no
template control; NTC) or the reverse transcriptase enzyme (minus RT control; -
RT) to control for DNA/RNA contamination in the reaction mix and DNA
contamination in the sample respectively. cDNA generated, including the
controls, was diluted 1:10 with ultrapure water. gPCR was then performed on
2yl of diluted cDNA from each sample and the controls using the miScript SYBR
Green PCR Kit (Qiagen, Manchester, UK) and miScript Primer Assays in a total
volume of 25pl for 45 cycles on the LightCycler 96 (Roche, Basel, Switzerland).
An amplification plot was generated from which Ct values were calculated (fig.
2.6). Each sample was run in duplicate and replicates were each required to be
within one Ct value of each other. A dissociation curve was used to assess the
specificity of primer binding (fig. 2.6). Each primer binding site can be
distinguished as a peak in the dissociation curve, which is plotted by measuring
the fluorescence of the reaction at incrementally increasing temperatures until
the double-stranded DNA denatures and becomes single-stranded. This leads
the fluorescent dye to dissociate and the fluorescence drops, this change in
fluorescence is represented as -df/dt. Single peaks (such as the one in fig. 2.6)
indicate specific binding at a single site, whereas multiple peaks suggest
unspecific binding that should be excluded from the analysis. The relative fold
gene expression was calculated from the raw Ct values from the gPCR
reactions using the 222t normalising the values against the abundance of
housekeeping gene U6 which is constitutively expressed between samples. To
ensure the equal expression of U6 between groups, Cts were converted using
the 2-°'X100 equation and a statistical analysis of variance was conducted.
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Fig. 2.6 Example of mature miRNA transcript RT-qPCR output. (A)
Amplification plot from an RT-gPCR reaction monitoring the amplification of a
specific miRNA from a sample of total RNA to determine its relative abundance.
(B) The dissociation curve generated after the 45 cycles of 3-step qPCR was
used to determine the specificity of primer binding.
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2.7.3.2 Extracellular vesicles

The concentration of RNA attained from plasma EVs was below the detection
threshold of the nanodrop. Instead, the volume of starting RNA isolated from
1ml of undiluted EVs was used for the reverse transcription reaction. 2ul and
4ul of starting RNA were initially tested and it was found that miRNAs were
detected at an earlier Ct value for 2ul. Consequently, 2ul RNA in a total volume
of 10ul, for each sample was reversed transcribed using the miRCURY LNA RT
Kit (Qiagen, Manchester, UK), as well as the NTC and -RT controls (mentioned
in 2.7.3.1.). The cDNA generated, including the controls, was diluted 1:2 in
ultrapure water — at dilutions higher than this, miRNAs were undetectable in
samples of EV cDNA. gPCR was then performed on 3l diluted cDNA and the
controls using the miRCURY LNA SYBR Green PCR Kit (Qiagen, Manchester,
UK) and miRCURY LNA miRNA Primer Assays in a total volume of 10pl for 45
cycles on the Lightcycler 96. The miRCURY LNA RT and SYBR Green PCR
kits were selected over the miScript kits due to their superior ability to detect
low-copy number miRNA transcripts, as recommended by the manufacturer.

This generated a set of amplification and dissociation curves which were
analysed using the methods previously discussed (2.7.3.1; fig. 2.6). However,
instead of using U6 as an endogenous housekeeping sequence for
normalisation, Ct values were normalised against the exogenous spike in
UniSp6 which was added before reverse transcription because U6 is not
abundant in extracellular vesicles.

2.7.3.3 Primers

See table 2.13 for a list of the primer sequences used for mature miRNA
transcript RT-gPCR in cells, tissue and extracellular vesicles. All primers were
pre-designed and manufactured by Qiagen (Manchester, UK).
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Table 2.13 Mature miRNA transcript RT-gPCR primers. List of primers used
for mature miRNA transcript RT-qPCR and their target sequence. All primers
were manufactured by Qiagen (Manchester, UK).

miRNA Target Primer Assay Line (ID) Target Sequence
miScript Primer Assay
(MS00008358)
hsa-miR-1-3p 5'UGGAAUGUAAAGAAGUAUGUAU
miRCURY LNA miRNA PCR Assay
(YP00204344)

miScript Primer Assay (MS00031423)

hsa-miR-133a-3p 5'UUUGGUCCCCUUCAACCAGCUG

miRCURY LNA miRNA PCR Assay
(YP00204788)

miScript Primer Assay

(MS00031430)
hsa-miR-133b 5'UUUGGUCCCCUUCAACCAGCUA
miRCURY LNA miRNA PCR Assay

(YP00206058)

miScript Primer Assay

(MS00003528)
hsa-miR-145-5p 5'GUCCAGUUUUCCCAGGAAUCCCU
miRCURY LNA miRNA PCR Assay

(YP00204483)

miRCURY LNA miRNA PCR Assay
hsa-miR-206 5'UGGAAUGUAAGGAAGUGUGUGG
(YP00206073)

miScript Primer Assay

(ms00004375)
hsa-miR-499-5p 5'UUAAGACUUGCAGUGAUGUUU
miRCURY LNA miRNA PCR Assay

YP00205935

miRCURY LNA miRNA PCR Assay
SNORD68 Not provided by the manufacturer
(YP00203911)

miScript Primer Assay
(ms00033740)

RNA N i h f;
U6 sn mIRCURY LNA miRNA PCR Assay ot provided by the manufacturer

(YP00203907)

miRCURY LNA miRNA PCR Assay

(YP00203954) 5'CUAGUCCGAUCUAAGUCUUCGA

UniSp6
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2.7.4 Primary miRNA transcript RT-qPCR

2.7.4.1 Cells and tissue

200ng RNA was reverse transcribed using the Applied Systems High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Massachusetts,
USA), in a total volume of 10pl. NTC and -RT controls (as mentioned in 2.7.3.1.)
were also reverse transcribed. gPCR was then performed on 2ul undiluted
cDNA using the Tagman Fast Advanced Master Mix (Thermo Fisher Scientific,
Massachusetts, USA) and a specific TagMan pri-miRNA assay (listed in table
2.14) in a total volume of 20pl for 40 cycles on the Lightcycler 96. This
generated an amplification curve such as the example in fig. 2.7, because
TagMan primers do not dissociate from their target after binding, dissociation
curves cannot be used for this assay. The relative gene expression was
calculated from the raw Ct values from the gPCR reactions using the 224t
method, which was normalised against the abundance of housekeeping gene
U6 in each sample.

2.7.4.2 Primers

See Table 2.14 Primary miRNA transcript RT-gPCR primers.table 2.14 for a list
of the primer sequences used for primary miRNA transcript RT-qPCR in cells,
tissue and EVs. All primers were pre-designed and manufactured by Thermo
Fisher Scientific (Massachusetts, USA).
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Fig. 2.7 Example of a primary miRNA transcript RT-qPCR amplification
plot. Amplification plot from an RT-qPCR reaction monitoring the amplification
of a specific miRNA primary transcript from a sample of total RNA to determine
its relative abundance.

Table 2.14 Primary miRNA transcript RT-qPCR primers. List of primers
used for mature miRNA transcript RT-qPCR and their target sequence. All
primers were manufactured by Thermo Fisher Scientific (Massachusetts, USA).
Target sequences were not available from the manufacturer.

miRNA Target Primer Assay Line (ID)

TagMan Pri-miRNA Assay
hsa-miR-1-1
(Hs03303345_pri)

TagMan Pri-miRNA Assay
hsa-miR-133a
(Hs03303117_pri)

RNU6B TagMan microRNA Control Assay
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2.7.5 mRNA and IncRNA RT-qPCR

2.7.5.1 Cells and tissue

200ng starting RNA was reverse transcribed with the Applied Systems High-
Capacity cDNA Reverse Transcription Kit (as described in 2.7.4.1), including
the NTC and -RT control. gPCR was used to amplify 4ul of cDNA diluted 1:10
for 45 cycles using the gqRT-PCR Brilliant Il SYBR Master Mix kit (Agilent,
California, US) and 10uM oligo primers (IDT, lowa, US) in a total volume of
21ul. Results were acquired as an amplification curve and raw Ct values which
were used to calculate the relative fold gene expression via the 2-24Ct method,
this time normalising against the housekeeping gene 18S. 18S was shown to be
consistently expressed between the groups compared by converting raw CT
values using the 2-°tX100 equation.
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Fig. 2.8 Example of mRNA transcript RT-qPCR output. (A) Amplification plot
from an RT-qPCR reaction monitoring the amplification of a specific mMRNA
transcript from a sample of total RNA to determine its relative abundance. (B)
The dissociation curve generated after the 45 cycles of 2-step gPCR was used
to determine the specificity of primer binding.
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2.7.5.2 Primers

Primers were designed by inputting the RefSeq accession numbers available on
UniProt for each variant of a target transcript into the Primer Designing Tool
provided by NCBI and performing a Primer-BLAST. Primer sequences were
selected based on the oligo design tips specified in guidance from
ThermoFisher Scientific. Most importantly primers selected always had at least
4 base mismatches with the sequences of off-target transcripts to ensure
binding specificity. Forward and reverse primers were selected that were 18 —
22 nucleotides in length, had a melting temperature of 65 — 75°C and 5°C from
each other, had a GC content of 40 — 60% and ended in a G or a C to promote
binding, and where possible had no runs of 4 nucleotides of one base or
dinucleotide repeats. To avoid secondary structures, primers with a balanced
distribution of GC-rich and AT-rich domains were selected, and primers with low
self-complementarity were preferred to prevent the formation of primer dimers.
The sequences of the primers used can be seen in table 2.15.
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Table 2.15 mRNA and IncRNA RT-qPCR primer sequences. Custom
oligonucleotides for each target were ordered from IDT (lowa, US) with the
following sequences for use as forward and reverse primers for RT-qPCR

reactions.
) _ a2 Py Annealing
Target Forward (5’ - 3’) Reverse (5’ - 3’) Tempertaure (°C)
18S GCTGGAATTACCGCGGCT CGGCTACCACATCCAAGGA 57
KLF4 ACACACGGGATGATGCTCAC | CGCGTAATCACAAGTGTGGG | 65
MALAT1 SAGGTGGGAGGTAACAGCA AAACACCAGCTGCAGGCTAT 65
MYH11 EETACGGAGAGCTGGAAAA TTGCCGAATCGTGAGGAGTT 65
NTSE (CD73) CTAGCGCAACCACAAACCAT | CTGGGTCCTCTCTGAGTCTC 65
AC G
SP1 CCACCATGAGCGACCAAGAT | AAGGCACCACCACCATTACC | 65
THY1 (CD90) ATCAGGAGTTCCAGTGCTGC | TGGCTTCCCTCTTCACGAAC 65
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2.7.6 qPCR arrays

2.7.6.1 Setting up and processing qPCR array

200ng RNA extracted from cells was reverse transcribed into cDNA using the
Applied Systems High-Capacity cDNA Reverse Transcription Kit, in a total
volume of 20ul, as well at NTC and -RT controls.

The GeneQuery Human Smooth Muscle Cell Biology qPCR array plate (GK097;
ScienCell Research Laboratories, California, US) was used for the
quantification of transcripts associated with VSMC function. Before use, each
plate was centrifuged at 1,500xg for 1 min. The 20ul of cDNA for each sample
was made up to 1100ul in the provided 2x gqPCR master mix and RNase-free
water, before a 20yl aliquot of the diluted cDNA gPCR mix was added to each
well containing a lyophilised primer. As well as the genes of interest, the levels
of 5 housekeeping genes were also measured. The -RT control and NTC too
were included, as well as a genomic DNA contaminated control and a positive
PCR control. Three-step gPCR amplification was then applied for 40 cycles
using the program recommended in the product datasheet.
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Table 2.16 List of mRNA primers included in the human smooth muscle
cell biology RT-qPCR array. Genes have been listed in alphabetical order by
their gene symbol, alongside their translated protein name. Housekeeping
genes have been denoted by the + symbol and included at the end of the list.

Gene Symbol Protein Name

AAAS Aladin

ACTA2 Actin, aortic smooth muscle

ADD1 Alpha-adducin

ADORA2A Adenosine receptor A2a

ADORA2B Adenosine receptor A2b

ADRA1A Alpha-1A adrenergic receptor
ADRA1B Alpha-1B adrenergic receptor
ADRA1D Alpha-1D adrenergic receptor

ADRB2 Beta-2 adrenergic receptor

AEBP1 Adipocyte enhancer-binding protein 1
AGT Alanine--glyoxylate aminotransferase
AGTR1 Type-1 angiotensin Il receptor
ALOX5 Polyunsaturated fatty acid 5-lipoxygenase
ANO1 Anoctamin-1

AQP1 Aquaporin-1

AVPR1A Vasopressin V1a receptor

AVPR1B Vasopressin V1b receptor

CALCRL Calcitonin gene-related peptide type 1 receptor
CALD1 Caldesmon

CCL11 Eotaxin

CDH5 Cadherin-5

CNN2 Calponin-2

COL1A1 Collagen alpha-1(1) chain

COL1A2 Collagen alpha-2(1) chain

COL3A1 Collagen alpha-1(l1l) chain

COoL4A1 Collagen alpha-1(1V) chain

CSPG4 Chondroitin sulfate proteoglycan 4
CYP4A11 Cytochrome P450 4A11

CYP4A22 Cytochrome P450 4A22

DES Desmin

EDNRA Endothelin-1 receptor

ELK1 ETS domain-containing protein Elk-1
ELN Elastin
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FGA Fibrinogen alpha chain

FGB Fibrinogen beta chain

FGG Fibrinogen gamma chain

GATA6 Transcription factor GATA-6

GMPPA Mannose-1-phosphate guanyltransferase alpha

GNA11 Guanine nucleotide-binding protein subunit alpha-11

GNA12 Guanine nucleotide-binding protein subunit alpha-12

GNA13 Guanine nucleotide-binding protein subunit alpha-13

GNB3 Guanine nucleotide-binding protein G(1)/G(S)/G(T) subunit beta-
3

GUCY1A3 Guanylate cyclase soluble subunit alpha-1

HEXIM1 Protein HEXIM1

HEY2 Hairy/enhancer-of-split related with YRPW motif protein 2

HLA-DQA1 HLA class Il histocompatibility antigen, DQ alpha 1 chain

HLA-DQB1 HLA class Il histocompatibility antigen, DQ beta 1 chain

HNMT Histamine N-methyltransferase

HRH2 Histamine H2 receptor

IL13 Interleukin-13

KDR Vascular endothelial growth factor receptor 2

LAMAS Laminin subunit alpha-5

MEF2B Myocyte-specific enhancer factor 2B

MGP Matrix Gla protein

MKL1 MKL1 protein

MKL2 Myocardin-related transcription factor B

MLNR Motilin receptor

MYH11 Myosin-11 (Myosin heavy chain, smooth muscle isoform)

MYL6 Myosin light polypeptide 6

MYL6B Myosin light chain 6B

MYL9 Myosin regulatory light polypeptide 9

MYLK Myosin light chain kinase, smooth muscle

MYLK2 Myosin light chain kinase 2, skeletal/cardiac muscle

MYLK3 Myosin light chain kinase 3

MYOCD Myocardin

NKX3-1 Homeobox protein Nkx-3.1

NOS1 Nitric oxide synthase, brain

NOS3 Nitric oxide synthase, endothelial

NOTCH1 Neurogenic locus notch homolog protein 1

NOTCH3 Neurogenic locus notch homolog protein 3
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NOX4 NADPH oxidase 4

NPR1 Atrial natriuretic peptide receptor 1

NPR2 Atrial natriuretic peptide receptor 2

OGN Mimecan

PLN Cardiac phospholamban

PTGIR Prostacyclin receptor

PTGIS Prostacyclin synthase

RBP1 RalA-binding protein 1

RBPJ RBPJ-interacting and tubulin-associated protein 1
RHOA Transforming protein RhoA

SCGB3A2 Apolipoprotein A-I

SMAD3 Mothers against decapentaplegic homolog 3
SMTN Smoothelin

SPP1 Sphingosine-1-phosphate phosphatase 1

SRF Serum response factor

TAGLN Transgelin

TGFB1 Transforming growth factor beta-1 proprotein
VCL Vinculin

ACTB * Actin, cytoplasmic 1

GAPDH * Glyceraldehyde-3-phosphate dehydrogenase
LDHA t L-lactate dehydrogenase A chain

NONO * Non-POU domain-containing octamer-binding protein
PPIH t Peptidyl-prolyl cis-trans isomerase H
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2.7.6.2 Data analysis

Results were acquired as an amplification curve and raw Ct values which were
inputted into a spreadsheet for gPCR array analysis by AnyGenes that was
customised for this array, which calculates the relative fold gene expression via
the 2-22Ct method, normalising against the geometric mean of the four
housekeeping genes selected, GAPDH, LDHA, NONO and PPIH, which were
consistently expressed between groups. Fold-change was then calculated
between treated and untreated samples and student T-tests were applied to
assess significance. Significantly altered genes were classified when >2-fold
change and p<0.05). Functional enrichment analysis was then performed on the
significantly altered genes by inputting them into the online STRING protein-
protein interaction tool to generate a network, and query biological pathway
databases to determine the potential cellular processes that may be altered
following miRNA inhibition.
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2.8 Statistical analysis

Data were analysed using GraphPad Prism 8. For continuous datasets,
Shapiro-Wilk testing was first undertaken to test for normality. For normally
distributed datasets, parametric tests were used to analyse variance; T-tests
were used for comparison of two groups, whilst one-way ANOVAs and Tukey’s
multiple comparisons tests were used to assess variance in three or more
groups. Nonparametric methods were used for data that were not normally
distributed; in analyses comparing two groups Mann-Whitney testing was used,
while for analysis of three or more groups Kruskal-Wallis tests and Dunn’s
multiple comparisons tests were applied. Variance in categorical data was
analysed via Chi-Squared testing. Differences were considered significant when
p<0.05. *’s have been used to denote a degree of significance (table 2.17).

Table 2.17 Key for significance symbols relative to p-values.

Symbol Description

NS p>0.05

* p<0.05
*x p<0.01
ok p<0.001
HoHEE p<0.0001
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Chapter 3
Characterisation of Extracellular Vesicles and their miRNA

Cargo in Maternal Plasma
3.1 Introduction

3.1.1 Guidelines for EV characterisation

As outlined in Chapter 1, existing studies have demonstrated that there are
alterations in the EV miRNA profile in maternal serum from GDM and GDM LGA
pregnancies3%305_ However, plasma has been identified as a more
representative biofluid for studying circulating EVs. Therefore, this study sought
to isolate and fully characterise EVs from maternal plasma from pregnancies
complicated by GDM and LGA, according to the optimal standards set out by
the International Society for Extracellular Vesicles (ISEV). ISEV pioneered the
initiative to set out clear guidelines for the standardisation of the protocols and
reporting of EV research in a routinely updated publication — the Minimal
Information for Studies of Extracellular Vesicles (MISEV) guidelines?’%37%. The
most up-to-date guidelines published in 2018 served as a framework from which
the characterisation of plasma EVs was conducted in this study, from the
nomenclature used to the quantification of EVs, selection of EV-enriched
markers and single EV characterisation?’2. Each will be discussed alongside the
relevant results throughout this chapter.

3.1.2 Skeletal muscle-specific ‘myomiRs’

Once characterisation confirms the presence of EVs within eluates and their
relative purity from co-isolating contaminants, miRNA cargo will be
characterised. The aforementioned microarray conducted by a previous
member of my research group identified 21 miRNAs that were altered in serum
EVs from GDM LGA pregnancies compared to GDM AGA (table 1.5)3%. Each of
these miRNAs was found to have roles in aspects of vascular developmental
regulation, that have the potential to also contribute toward placental vascular
dysfunction (table 1.5)3%. To narrow down the pool of 21 candidate miRNAs for
further research in this investigation, existing literature was used to assign
potential tissue-specific or enriched origins to each of the different miRNAs.
There are multiple ongoing projects within the research group | am a part of that
are investigating the impacts that other tissue-specific or enriched miRNAs are
having on the development of LGA babies in GDM pregnancies. For example,
Quilang et al. (2021) are investigating the effects of pancreatic-specific miRNA
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miR-375, as well as miR-200c which is pancreatic and adipose enriched, on
placental proteome376-378 The liver-specific miRNA, miR-122 was also identified
as being altered in GDM LGA serum EVs, with future plans to investigate how
liver function may be affected in GDM and how these miRNAs may be
influencing fetal overgrowth379:380,

For this study, a group of four miRNAs was selected from the total of 21 altered
miRNAs based on their classification as ‘myomiRs’, termed according to their
localisation and function within skeletal muscle. These miRNAs have been
detected in low levels in other tissues within the body, however, they are
deemed skeletal muscle-specific according to the >20-fold higher abundance
observed in skeletal muscle®'. The myomiRs miR-1-3p, miR-133a-3p, miR-
133b and miR-499a-5p, which were all increased in GDM LGA compared to
GDM AGA serum EVs, all function within skeletal muscle3%. Each of these
miRNAs has confirmed roles in regulating myoblast differentiation into
myotubes, as well as other essential processes in skeletal muscle function
including: regeneration (miR-1-3p, miR-133a-3p and miR-133b), angiogenesis
(miR-1-3p), myoblast fusion into myotubes (mir-133a-3p and miR-133b), muscle
fibre shift (mir-133a-3p, miR-499a-5p), metabolism (mir-133a-3p), and muscle
growth (miR-499a-5p)381:382_ Although it is not classed as a myomiR, miR-145-
5p, which was decreased in GDM LGA compared to GDM AGA serum EVs,
was also identified as a regulator of myogenesis within skeletal muscle383.384,
Previous research has shown that miR-145-5p acts as a negative regulator of
myoblast proliferation and differentiation through its targeting of IGFR1 to inhibit
PI3K/AKT signalling383.384,

It was notable that almost a quarter of the serum EV miRNAs found to be
significantly altered in GDM LGA compared to GDM AGA pregnancies have
specific functions and localisation within skeletal muscle, as an organ with vital
roles in glucose homeostasis. Skeletal muscle is the primary tissue where ~75%
insulin-stimulated glucose disposal occurs through glycogen synthesiseS.
Hence, it is also the main site for peripheral insulin resistance®®. This leads to
impairment of systemwide glucose uptake and results in the pathogenesis of
T2DM?38, Research by Freidman et al. (1999) demonstrated that glucose
uptake by rectus abdominis skeletal muscle strips in pregnancy is 32% lower
compared to nonpregnant females3®”. This impairment was further exacerbated
in patients diagnosed with GDM, results showed a 54% reduction in glucose
uptake compared to uncomplicated pregnancies®®. It is thought that this insulin
resistance is caused by increased inflammation that impacts the insulin receptor
and substrate signalling cascade that usually drives glucose uptake by skeletal
muscle38,
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Notably, each of the miRNAs selected for this investigation has confirmed roles
in the regulation of insulin sensitivity. For example, decreased levels of miR-1 in
soleus muscles are associated with decreased glucose uptake and the
development of insulin resistance in mice fed a high-fat diet for 8 weeks3°.
Following this observation, intramuscular injections of miR-1 have also been
found to improve insulin sensitivity in high-fat diet-fed mice3®°. In contrast to
findings in muscle, de Gonzalo-Calvo et al. (2017) reported increased levels of
circulating miR-1 as well as miR-133a in the high-fat diet-fed mice and T2DM
patients, further implicating them in the development of insulin resistance3'.
Elevated levels of miR-1 and miR-133 have since been observed in whole blood
from pre-diabetic patients and proposed as biomarkers for the early stages of
T2DM3%2, Furthermore, miR-133a and miR-133b have been shown to regulate
the expression of GLUT4, the main glucose transporter in skeletal and cardiac
muscle, as well as white and brown adipose tissue3%. Similarly, miR-145 has
also been implicated in metabolic disorders. Results from He et al. (2020)
indicated that patients with T2DM had decreased levels of miR-145 in
peripheral blood mononuclear cells, and in vivo experiments found that
overexpression improved glucose metabolism in T2DM model (db/db) mice3%.
In the same mouse model of diabetes, miR-499a-5p levels were found to be
reduced in the liver, whilst upregulation promoted insulin signalling and lead to
higher glycogen synthesis®®. Further research into the levels of these miRNAs
in maternal plasma EVs in GDM and altered fetal growth pregnancies will help
to elucidate the potential relationship between glucose homeostasis and fetal
overgrowth in GDM.

3.1.3 Origins of circulating EVs

Once it has been determined which, if any, of the known vascular regulatory
miRNAs are altered in maternal plasma EVs from pregnancies complicated by
GDM and fetal overgrowth. This study aims to identify any potential causes by
determining which organ(s) these EVs are originating from. Ubiquitous
biogenesis of EVs by all cell types and their subsequent shedding into the
body’s circulation generates a highly heterogeneous population of EVs within
plasma3®. RNA and proteomic profiling of EV cargo within plasma have been
able to demonstrate this, through mapping of tissue-specific proteins and RNA
sequences present within plasma EVs onto known databases to infer the origins
of EVs present within the mixture3®6-3%7, Such characterisation has identified
subpopulations of EVs within circulation that originate from tissues such as the
brain, lungs, liver, heart, skeletal muscle, adipose and nerves®%. Data also
shows that EVs within the plasma are also derived from circulating
haemopoietic cells such as: platelets, B cells, neutrophils, red blood cells,
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neutrophils, monocytes and platelets. In fact, the majority of EVs within plasma
were identified as being from haematopoietic cells in Li et al.’s (2020) study
using digital EV quantification on EV-origin3%’. It was reported that only 0.2% of
EVs were derived from tissues and 99.8% originated from haematopoietic cells
according to their long RNA profiles compared to sequencing data from the
relevant cell types, with over half (51%) being generated by platelets3%”. Whilst
for tissue-specific EVs, the majority came from adipose tissue (82%), followed
by the muscle (6%)3%.

Despite the results of in silico analysis suggesting that muscle-derived EVs
make up 0.012% of total blood plasma EVs, findings from Guescini et al.’s
(2015) prior study suggest that skeletal muscle makes a substantially larger EV
contribution to this estimate. In this experiment, plasma EVs were initially
isolated from blood plasma via density gradient ultracentrifugation, before
enrichment for skeletal muscle was achieved using immuno-capture3®. EVs
expressing the skeletal muscle enriched membrane protein alpha sarcoglycan
(SGCA) were purified using exosome dynabeads, flow cytometric analysis and
miR-16 quantification of the SGCA+ EVs compared to the total plasma EVs
indicated that 2 — 5 % of EVs were retained following SGCA capture3%8:3%°
These SGCA+ EVs were found to also be positive for EV-enriched markers
TSG101 and CD81, as well as containing higher levels of myomiR miR-206
than total plasma EVs3%8. Lastly, miR-1, miR-133a, miR-133b and miR-499
were also detected in SGCA+ EVs3%. These findings suggest that it is possible
to detect a subpopulation of skeletal muscle-derived EVs within total plasma
EVs.

Research by Nair et al. (2018) also identified the involvement of EVs in
crosstalk between the placenta and skeletal muscle in GDM pregnancies. It was
theorised that placental EVs carry miRNAs that regulate insulin sensitivity in
skeletal muscle?®. A comparison of the miRNA profile of EVs isolated from
chorionic villous explants from GDM and normoglycaemic pregnancies
indicated 9 significantly upregulated and 14 significantly downregulated
miRNAs?8°, Subsequent culture of chorionic villous EVs from GDM pregnancies
decreased insulin-stimulated migration and glucose uptake in primary skeletal
muscle cells, whilst EVs from normoglycaemic pregnancies had the opposite
effects?®®. Although miR-1-3p, miR-133a-3p, miR-133b, miR-145-5p and miR-
499a-5p were not specifically identified as being altered in this study, the
presence of EVs with dysregulated levels of these miRNAs could contribute to
this observation.

Alternatively, dysregulation of the selected miRNAs has the potential to also be
linked to platelet activation and function, which may be especially relevant when
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investigating these miRNAs in blood plasma since platelet EVs make up the
most abundant subtype®®74%°, Research by Diehl et al. (2012) found that miR-
133 was abundant in microvesicles secreted by platelets*?'. Whilst miR-145 has
been implicated in venous thrombus formation, targeting tissue factor (TF)
suppressing thrombus formation*?2. Release of extracellular vesicles has been
found to occur following activation of platelets with a range of agonists*°3.
Elevated mean platelet volume (MPV), a common measure used to assess
platelet activation, has been recorded in numerous studies of GDM compared to
uncomplicated pregnancies, suggesting that there could be a link between GDM
and increased release of platelet EVs*944%5_ |n previous studies, the platelet-
specific surface marker CD41 has been used to specifically isolate platelet
EVs?408,

To investigate which tissues of the body the EVs containing dysregulated levels
of vascular regulatory miRNAs may be coming from, the proportion of plasma
EVs expressing tissue-specific markers will be measured. These tissue-specific
markers include, SGCA to quantify skeletal muscle EVs, PLAP for placental
EVs and CD41 for platelet EVs282:398:406
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3.2 Hypothesis

| hypothesise that levels of vascular-specific miRNAs are altered in maternal

plasma before the development of LGA, in pregnancies complicated by GDM.

3.3 Aims

1)

2)

3)

4)

Isolate and characterise EVs from maternal plasma from uncomplicated
pregnancies and pregnancies complicated by GDM that go on to deliver
AGA or LGA offspring.

Determine if altered morphology, size, or concentration of maternal
plasma EVs in pregnancy is associated with GDM and/or LGA offspring.
Establish if levels of the vascular regulatory miRNAs, miR-1-3p, miR-133a-
3p, miR-133b, miR-145-5p and miR-499-5p in maternal plasma EVs are
associated with GDM and/or LGA.

Investigate which tissue plasma EVs containing dysregulated levels of
known vascular regulatory miRNAs are coming from using surface marker
staining.
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3.4 Results

3.4.1 Optimisation of EV isolation from QEV columns

QEV columns utilise the principles of size exclusion chromatography to
separate EVs from non-EV proteins via passage through a porous stationary
phase that slows down particles <70nm in diameter. Due to the nature of size
exclusion chromatography, it is expected that EVs are eluted in early fractions,
whilst contaminating proteins take longer to move through the column, so
appear in later fractions.

To confirm the successful isolation of EVs from maternal blood plasma taken
from an uncomplicated pregnancy (24 weeks of gestation; n=1), initial probing
for EV-enriched cytosolic protein HSP70 and cellular contaminant protein
marker Calnexin (CNX) was applied. Results indicated successful isolation of
EVs from maternal plasma using the QEV column without contamination by
cellular proteins (fig. 3.1).
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Fig. 3.1 Western blot confirmation of successful EV isolation from
maternal plasma with QEV column. A QEV column was used to isolate EVs
from maternal plasma taken from an uncomplicated pregnancy (24 weeks
gestation; n=1). Fractions 10 and 11 from the isolation were probed using
Western blot analysis for EV-enriched cytosolic protein HSP70 and protein
marker for cellular contamination Calnexin. BeWo cells were used as a positive
control.
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After establishing that QEV column SEC isolates contained EV enriched
markers, it was important to identify which fractions contained the most plasma
EVs and minimal contamination with co-isolating cellular proteins and
apolipoproteins Analysis of individual fractions isolated from maternal plasma of
healthy patients (n=3; 24 — 32 weeks gestation) was undertaken using NTA,
silver staining and Western blot analysis of EV-enriched proteins and specific
protein markers for plasma EV isolate contaminants, in line with the MISEV
guidelines?’2.

NTA analysis revealed that fractions 7-12 had particle concentrations in the
range of 2.56x10° — 2.56x10'%particles/ml. In later fractions this increased up to
9.98x10'° particles/ml, however, the increase was not statistically significant
(Fig. 3.2A; p>0.05). The mean (155.9+/-5.5nm) and modal (118.4+/-5.2nm)
diameter of eluted particles was consistent across the fractions (Fig. 3.2B;
p>0.05).

Both protein assay (fig. 3.2A) and polyacrylamide gel silver stain (fig. 3.2C).
revealed that protein content gradually increases in successive eluted EV
fractions. This suggests a higher concentration of non-EV proteins is eluted in
the later fractions compared to the early fractions since low protein content is
expected in EV isolates of higher purity. To confirm this, western blot analysis
using specific antibodies for EV-enriched proteins (CD63, HSP70 and TSG101)
and plasma protein contaminants (ApoA-l) and intracellular compartments
(Calnexin) in fractions 7 to 14 and BeWo cell lysates was conducted (fig. 3.2D)
as specified by the MISEV guidelines?’2.

Although HSP70 was not detected, successful detection of TSG101 and CD63
in fractions 12 — 14 indicated the presence of cytosolic and transmembrane EV
proteins-and hence EVs- in these fractions. However, TSG101 gave two bands
that were not at the anticipated molecular weight reported on the antibody
datasheet (43kDa), being measured above this at ~60kDa and below at
~30kDa. These may be a result of non-specific antibody binding or post-
translational modifications of the protein such as ubiquitination of TSG101
which would give a higher molecular weight, and truncation of the protein may
cause lower molecular weight bands?*%”4%_ The absence of TSG101 and CD63
in early fractions was surprising but is likely to be a consequence of dilution due
to the SEC process rendering the markers below the threshold of detection.
The increased intensity of TSG101 and CD63 bands with successive fractions
supports the NTA data suggesting higher levels of EVs in these fractions. The
ER marker protein Calnexin was detected in BeWo cell lysates but not isolated
fractions, demonstrating that fractions were not contaminated with intracellular
proteins. The presence of ApoA-l in fractions 11 — 14 indicates that these later



142

fractions are contaminated with apolipoproteins which have likely co-isolated
alongside EVs during SEC. Such contamination of these fractions makes them
insufficiently pure for use in downstream investigations regardless of their high
particle concentration and the presence of EV-enriched marker proteins.

Taken together, the protein, NTA data in individual fractions, and the western
blotting data in both pooled and individual fractions suggest that EVs are
present in the earlier fractions, therefore, subsequent analyses were conducted
on pooled and concentrated fractions 8 — 10.
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Fig. 3.2 Analysis of individual EV
fractions eluted from blood plasma
using QEV columns. EVs were isolated
from plasma samples taken from healthy
pregnant women. (A—B) The EVs eluted in
fractions 7 — 15 were individually
characterised using NTA, measuring their
concentration (A; number or particles per
ml) and size (B; mean and modal
diameter in nm). There was no significant
difference in these parameters between
fractions. (NS; n=3). Protein content of
each fraction was also assayed (A) and
characterised by Polyacrylamide gel silver
staining (C) of all proteins in fractions 7 —
15. (D) Specific Western blot analysis
(n=3) was used to probe fractions 7 — 14
for EV-enriched proteins (CD63, 30 —
65kDa; HSP70, 70kDa; TSG101, 43kDa)
and plasma protein contaminants (ApoA-I,
28kDa) and intracellular compartments
(Calnexin, 90kDa) to help confirm the
presence of EVs and the absence of
contaminants.
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3.4.2 Characterisation of pooled EV fractions

To further characterise EVs following EV elution from maternal blood plasma
using QEV columns, pooled fractions 8 — 10 from patients diagnosed with GDM
that had AGA or LGA outcomes were visualised by negative stain transmission
electron microscopy (TEM). These micrographs were compared with identically
prepared EV elutions from uncomplicated, non-GDM pregnancies (n=3/group
Sterile filtered PBS buffer was also visualised as a negative control.

In each sample, EVs could be identified on account of their distinct cup-shaped
morphology (fig. 3.3A), which has been well described in previous
research*%%419_ This morphology is not how EVs appear in their physiological
setting, but occurs as a result of the dehydration that takes place during staining
409,410 As well as cup-shaped EVs, each sample also contained numerous
circular structures, however, these can also be seen in the PBS control (fig.
3.3B), suggesting that they are artefacts of the staining process.

Results showed that in each of the groups, EVs a ranging in size from 20 —
196nm in non-GDM isolations, and 34 — 232nm in GDM isolations. There were
no clear differences between single EV morphology between the groups (fig.
3.4).
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Fig. 3.3 TEM micrographs of EV cup-shaped morphology and artefacts of
staining. Pooled fractions of maternal plasma EVs were negatively stained
using 1% uranyl acetate and visualised via TEM. (A) An example of a typical
micrograph taken of a plasma EV sample at x10K Magnification (n=3). (B)
Sterile-filtered PBS was also visualised as a negative control for comparison
(n=1). Typical examples of EV cup-shaped morphology of various sizes are
highlighted in yellow. Arrows point to examples of circular artefacts of the
staining process.
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Fig. 3.4 TEM micrographs of single EV morphology in GDM AGA and LGA pregnancies compared to
uncomplicated pregnancies. Pooled fractions of maternal plasma EVs were negatively stained using 1% uranyl
acetate and visualised by TEM (n=3/group). Micrographs were taken at x10K, x20K and x40K magnification from =3
separate windows per grid for each sample.
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To further confirm the presence of plasma EVs in fractions 8 — 10, pools of
plasma EVs isolated from uncomplicated pregnancies at 24 — 32 weeks
gestation (n=3) were probed for EV enriched markers by Western blot (fig.
3.5A). This time, pooled plasma EV isolations were concentrated with the aim of
increasing the protein concentration available for immunostaining. Results show
that plasma EV isolations contain levels of the EV enriched markers CD63 and
HSP70, thus meeting the MISEV guidelines for characterisation of EV enriched
membrane-bound and cytosolic markers respectively (fig. 3.5B). Furthermore,
probing for the markers of apolipoprotein and cellular protein contamination,
ApoA-I and Calnexin confirmed the purity of the isolations, again as specified by
the MISEV guidelines (fig. 3.5B). Due to the bands at the incorrect molecular
weight when previously probing for TSG101 (fig. 3.1D), as well as the
successful detection of the cytosolic marker HSP70, the presence of TSG101
was not measured in this instance.
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Fig. 3.5 Western blot characterisation of EV-enriched proteins and markers of contamination in concentrated pooled plasma
EVs. (A) Western blot analysis was used to detect the presence of CD63 (30 - 65kDa), HSP70 (70kDa), ApoA-I (28kDa) and Calnexin
(90kDa) in concentrated pooled samples of plasma EVs from uncomplicated pregnancies at 24 — 32 weeks gestation (n=3). (B) Table
describes the localisation of the marker proteins that were probed for as well as what the market indicates. BeWo cells were used for

CD63, HSP70 and Calnexin positive control. Plasma was used as a positive control for ApoA-I.
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3.4.3 EV size and concentration is unchanged in pregnancies

complicated by GDM compared to non-GDM

Once maternal plasma EVs had been fully characterised in line with the MISEV
guidelines, it was important to determine whether there are any key differences
between circulating EVs in GDM pregnancies compared to those from
uncomplicated pregnancies. Previous research has claimed that plasma EV
concentration is increased throughout gestation in pregnancies complicated by
GDM compared to uncomplicated pregnancies?®’. To evaluate whether this was
also true within the cohort used for this study, EV concentration between GDM
(n=20) and uncomplicated, non-GDM pregnancies (n=15), was compared. NTA
was conducted on the pooled EV fractions isolated from maternal plasma at 24
— 32 weeks gestation.

In non-GDM pregnancies 3.75x10'°+7.194x10%articles/ml were detected in
maternal plasma. This was comparable to levels in maternal plasma from GDM
pregnancies, which contained 3.61x10'°£6.790x10°%particles/ml (NS; fig. 3.6A).
Similarly, there was no significant difference in EV diameter between the
groups. Plasma EVs from GDM pregnancies on average had a modal and
mean diameter of 89.5+2.88nm and 126.1+3.97nm respectively, compared to
EVs from non-GDM pregnancies which had a modal and mean diameter of
89.5+£3.04nm and 124.3+£5.68nm respectively (NS; fig. 3.6B). This falls in line
with the expected size range for exosome and microvesicle subtypes of EV
within the MISEV guidlelines?’2.

3.4.4 EV size and concentration are not associated with birthweight

centiles in pregnancies complicated by GDM

Next, maternal plasma EV size and concentration were assessed in relation to
birthweight in both non-GDM and GDM pregnancies. NTA of pooled plasma
EVs, taken at 24 — 32 weeks gestation, indicated that there was no significant
difference between the concentration of EVs from GDM AGA
(3.98x10"°+9.233x10%articles/ml; n=13) and GDM LGA pregnancies (9.92x10"°
+9.394x10%articles/ml; NS; n=7; fig. 3.7A). Results also showed that there was
no significant difference between the diameter of EVs in GDM AGA
(mode=89.7+4.05nm; mean=127.5t£5.27nm; n=13) and GDM LGA pregnancies
(mode=89.1+£3.75nm; mean=123.4+6.15nm; n=7; NS; fig. 3.7B).
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Fig. 3.6 NTA of maternal plasma EVs in GDM pregnancies compared to
uncomplicated pregnancies. EVs were isolated from maternal plasma taken
from GDM (n=20) and uncomplicated, non-GDM pregnancies (n=15) at 24 — 32
weeks gestation. Fractions 8 — 10 were pooled for each patient and NTA was
used to measure EV concentration as well as mean and modal diameter. (A)
There particle concentration was consistent between GDM and non-GDM
pregnancies (NS; Mann-Whitney test). (B) There was also no difference
between particle diameter between the GDM and non-GDM groups (NS; T-test).
The line depicts the median for each group.



151

Concentration
1.5%10"11
E .
o
) 1x1011 -
t .
2
5 . .
B .
e 5x1010 =1
(]
g o0
(o] — e °
(&) .
° —
[N ] °
' '
0 L T
B GDM AGA GDM LGA
Mean Diameter Modal Diameter
180 140
° [ ]
160
120
—_ H —
E 140 . g
= X . = *
2 s £ 100 °
E o] — : £ :
g™ g R
—_——
° L ] 80 [ ] o® L ]
100~ o° .
° L4 °
80 I I 60 I I
GDM AGA GDM LGA GDM AGA GDM LGA

Fig. 3.7 NTA of maternal plasma EVs in GDM AGA compared to GDM LGA
pregnancies. EVs were isolated from maternal plasma taken from GDM
pregnancies that had LGA or AGA offspring (GDM AGA n=13; GDM LGA n=7)
at 24 — 32 weeks gestation. Fractions 8 — 10 were pooled for each patient and
EV concentration and diameter were measured by NTA. (A) There was no
difference in particle concentration between GDM AGA and GDM LGA
pregnancies (NS; Mann-Whitney test). (B) Similarly, there was also no
difference between the mean or modal diameter of particles measured via NTA
in GDM AGA versus GDM LGA pregnancies (NS; T-test). The median for each
group is depicted as a line.
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3.4.5 Vascular miRNA content of EVs is altered in GDM pregnancies

The previous microarray undertaken by Sarah Cartland (table 1.5) identified
five miRNAs that are known to be involved in vascular development that were
significantly altered in maternal serum EVs in pregnancies complicated by GDM
that had LGA offspring, compared to those that had AGA offspring (+2-fold
change/p<0.05)3%. To determine if these miRNAs were also altered in plasma
EVs, which is considered a superior biological fluid from which to isolate
circulating EVs, RT-qPCR was performed in pooled plasma EV samples (24 —
32 weeks gestation)3?4325, The levels of mature miR-1-3p, miR-133a-3p, miR-
133b, miR-145-5p and miR-499-5p were selected for quantification on account
of their aforementioned roles in vascular development.

During the process of optimising plasma EV miRNA RT-gPCR, endogenous
housekeeping transcripts, including RNU6, miR-206 and SNORDG68 were tested
for their potential as controls for normalisation. However, none of them were
consistently present across all samples for use as such a control (table 3.1).
This is a common issue encountered by EV researchers that have been
addressed in the literature, as there are few examples of transcripts that are
ubiquitously present across plasma EV samples*''. Therefore, levels of UniSp6
spike-in transcript that was added to each sample as an exogenous control for
normalisation.

Transcript  Average Ct Value

RNU6 37.56

miR-206 46.48

SNORD68 49.65

UniSp6 15.03

Table 3.1 Test for housekeeping or exogenous control transcripts for
plasma EV RT-qPCR normalisation. The relative abundance of housekeeping
transcripts RNUG, miR-206, and SNORDG8 were quantified in maternal plasma
EVs at 24 — 32 weeks gestation (n=22) to assess suitability for use in
abundance normalisation. Mean Ct values were calculated that demonstrate the
inverse relative abundance of these transcripts plus the exogenous control
UniSp6. Only the UniSp6 transcript was detectable in all of the samples. Where
undetected, samples were assigned the maximum Ct value of 50 for that
particular transcript.
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The levels of the five known vascular miRNAs, miR-1-3p, miR-133a-3p, miR-
133b, miR-145-5p and miR-499a-5p, were measured via gPCR and normalised
against the mean level UNiSp6 for each sample, which was consistently
abundant between groups (NS; fig. 3.8A). Levels of miR-499a-5p were
undetectable in the majority of samples in both groups, as indicated by the
median being in line with the samples with the lowest abundance that had been
assigned as Ct of 45 (fig. 3.8F; protocol for the analysis described in chapter 2).
All of the other known vascular regulatory miRNAs excluding miR-499a-5p were
present in the majority of plasma EV samples. For the four miRNAs that were
consistently present in plasma EVs (miR-1-3p, miR-133a-3p, miR-133b, miR-
145-5p and miR-499a-5p) the abundance of each was compared between
patients with GDM (n=20) and uncomplicated pregnancies (n=17). Results
indicated that all four were decreased in GDM pregnancies compared to
uncomplicated pregnancies (p<0.05; fig. 3.8B — E).
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Fig. 3.8 RT-qPCR of mature vascular
miRNAs in plasma EVs taken from
GDM and uncomplicated
pregnancies. The levels of know
vascular regulatory miRNAs miR-1-3p,
miR-133a-3p, miR-133b, miR-145-5p
and miR-499a-5p, were measured in
total RNA extracted from plasma EV
isolations from GDM (n=20) and
uncomplicated pregnancies (n=17).
Values were normalised against the
exogenous control UniSp6, and the
variance was analysed. miR-499a-5p
was not present in most of the samples
analysed, and there was no difference
in the levels of abundance between the
groups (NS; Mann Whitney Test). The
remaining four miRNAs, miR-1-3p,
miR-133a-3p, miR-133b and miR-145-
5p, were all decreased in GDM
compared to uncomplicated
pregnancies (p<0.05; Mann-Whitney
Test). UniSp6 abundance was
consistent between groups (NS; Mann-
Whitney). Medians for each group were
plotted as lines on graphs.
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3.4.6 Vascular miRNA content of EVs is not altered in GDM
pregnancies with LGA offspring

The subsequent analysis aimed to determine if a differential abundance of the
known vascular regulatory miRNAs, and maternal plasma EVs was associated
with LGA outcomes in GDM pregnancies (GDM AGA n=13; GDM LGA n=7).
RT-gPCR results show that UniSp6 was suitable for normalisation against since
levels were unchanged between groups (NS; fig. 3.9A). As mentioned
previously, miR-499a-5p was often not detectable in plasma EV samples. It was
detected in only two GDM AGA samples and no GDM LGA samples, although
the difference was not identified as being significant (NS; fig. 3.9F). The
remaining miRNAs were detectable in most samples, however, no significant
differences in their abundances were identified between the two groups (NS; fig.
3.9B — E). Despite this, there appears to be a trend for miR-133b to be
increased in GDM LGA maternal plasma EVs compared to those taken from
GDM AGA pregnancies. (NS; fig. 3.9D).
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Fig. 3.9 RT-qPCR of vascular
miRNAs in plasma EVs taken from
pregnancies complicated by GDM
that had AGA or LGA offspring. The
levels of known vascular regulatory
MiRNAs miR-1-3p, miR-133a-3p, miR-
133b, miR-145-5p and miR-499a-5p,
were quantified in total RNA extracted
from plasma EV isolations from
pregnancies complicated by GDM that
had LGA (n=7) or AGA babies (n=13).
Abundances were normalised against
the level of UniSp6 exogenous control
in each sample, and the variance was
analysed. miR-499a-5p was not
present in most of the samples
analysed, and there was no difference
in the levels of abundance between the
groups (NS; Mann Whitney Test). The
remaining four miRNAs, miR-1-3p,
miR-133a-3p, miR-133b and miR-145-
5p, were all present in the majority of
samples but there was no difference in
the levels between pregnancies that
had LGA or AGA babies (NS; all Mann-
Whitney Test). Levels of Unisp6 were
consistent between groups (NS; Mann-
Whitney). Lines denote the median for
each group.



157

3.4.7 The utilisation of surface marker staining to determine the

tissue origin of plasma EVs

EVs in maternal circulation are a heterogeneous population of EVs released
from all maternal tissues and the placenta. Methodology to determine the
tissue of origin of EVs is in its infancy, however, previous research by Bokun et
al. (unpublished) demonstrates the capability of nanoparticle flow cytometry to
detect CD63-PE immunostaining of fibroblast EVs isolated via SEC from a
conditioned medium (fig. 3.10). This technology has also been employed by
Dong et al. (2021) in the comparison of different EV separation techniques from
biological fluids including plasma, staining the EVs for EV-enriched markers
CD9, CD63 and CD814'2. As well as in the study by Karimi et al. (2022) similarly
comparing the proportions of CD9, CD63 and CD81 EV sub-populations in
serum and plasma*'3. Although dual staining for tissue-specific markers
alongside EV-enriched markers in this manner has not yet been reported; this
study attempted to use this technology to determine the origin of EVs in
maternal plasma. To do this, dual staining of EV-enriched markers, CDG63,
CD9 or CD81, was performed, alongside tissue-specific markers for skeletal
muscle (SGCA), platelets (CD41/CD61 complex) or placenta (PLAP) in EVs
isolated from maternal plasma at 24 — 32 weeks gestation3%:414415_\With the aim
of measuring the proportion of maternal plasma EVs originating from skeletal
muscle, platelets and the placenta respectively.

For optimisation of the staining and detection protocol, maternal plasma EVs
isolated from GDM and uncomplicated pregnancies via SEC were pooled and
concentrated (n=21; of them, n=15 were GDM and n=6 non-GDM). This
ensured that the staining technique being tested would work across all the
samples under investigation, whilst conserving the limited volume of EVs
isolated from each patient sample. First, to establish which of the EV-enriched
markers was most abundant in the plasma EV isolations, dual staining for
CD63-APC and CD9-FITC (fig. 3.11A), as well as CD63-FITC and CD81-APC
was undertaken (fig. 3.11B). Despite attempts at antibody dilutions ranging from
1:100 to 1:20 and 1:10 in plasma EV suspension, only trace levels of all three
markers were detected for each dilution. Such low levels of staining are difficult
to distinguish from background fluorescence and are unsuitable for analysis of
EV subpopulations. This was not consistent with previous results from the
Western blot where CD63 was detectable in concentrated plasma EVs (fig. 3.5).
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Fig. 3.10 Example of detection of CD63-PE staining in fibroblast EVs.
Previous research by Bokun et al. (unpublished) utilised nanoparticle flow
cytometry on the NanoFCM to detect a CD63 positive subpopulation of
fibroblast EVs isolated from conditioned medium. Gating of these positive
events is indicated on the plot using the blue box
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Fig. 3.11 Dual staining for EV-enriched markers in plasma EVs isolated via
standard SEC. Using the same staining protocol as Bokun et al. (unpublished),
concentrated plasma EVs pooled from n=21 donors, isolated via SEC with gEV
columns were stained for EV-enriched markers (results representative of n=3
experiments). (A) CD9-FITC and CD63-APC dual staining. (B) CD81-APC and
CD63-APC dual staining. NanoFCM was used to record staining data. Gating is
shown as a blue box alongside the percentage of positive events and the
number of positive events out of the total events recorded.
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It was anticipated that CD63, CD9 and CD81 would generate a higher
percentage of staining in plasma EV compared to the tissue-specific markers,
since the EV-enriched markers are present across EV subtypes originating from
various organs. However, to investigate whether this was the case or whether
the tissue-specific markers were detectable in higher concentrations in the
plasma EV isolations, dual staining for each of the tissue-specific markers was
also undertaken in the concentrated pool of maternal plasma EVs (n=21; of
them n=15 were GDM and n=6 non-GDM). Dual staining for SGCA-AF488,
CD41/CD61-APC complex and PLAP-APC (fig. 3.12A, B and C respectively)
and CD63-APC or -FITC did not generate a visible positive population that
could be distinguished from the background fluorescence. Results are
representative of staining with the antibody at 1:100, 1:20 and 1:10 dilution in
plasma EV suspension.
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Fig. 3.12 Dual staining of EV-enriched and tissue-specific markers in
plasma EVs isolated by standard SEC. Concentrated plasma EVs pooled
from n=21 donors, isolated via SEC with qEV columns were stained for EV-
enriched marker CD63 and tissue-specific markers SGCA, CD41/CD61
complex and PLAP (results representative of n=2 experiments). (A) CD63-APC
and SGCA-AlexaFluor-688 dual staining. (B) CD63-FITC and CD41/CD61
complex-APC dual staining. (C) CD63-FITC and PLAP-APC dual staining.
NanoFCM was used to record staining data. Gating is shown as a blue box
alongside the percentage of positive events and the number of positive events
out of the total events recorded.
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A potential explanation for the lack of staining for EV-enriched and tissue-
specific surface markers may be that the SEC isolated plasma EV eluates being
analysed are contaminated with other particles that are detected as unstained
events during nanoparticle flow cytometry. This could effectively dilute out any
positive staining events with an excess of events caused by contaminating
particles. The most common contaminants of plasma EV preparations are
proteins and protein aggregates, which are present in high concentrations within
blood plasma, approximately 60 — 80mg/mlI?724%°_Qver half of this protein within
blood plasma is made up of albumins, whilst 40% are globulins and 10 — 20%
are immunoglobulins*®. Other proteins present within plasma at lower
concentrations include coagulation factors, iron-binding/transferring proteins
and hormones*®. Protein aggregates can form from any combination of these
proteins, and display similar biophysical properties to EVs such as size, charge
and buoyant density*0%416-418 This enables them to co-isolate with EVs and
causes possible contamination that impedes downstream
characterisation400.416-418,

EVs can be distinguished from protein aggregate contamination on account of
their membrane-delimited structure. The presence of membrane-bound
particles within the pooled concentrated maternal plasma EV isolations (n=21;
of them n=15 were GDM and n=6 non-GDM) was confirmed through the
utilisation of the lipophilic fluorescent dye, CellMask Green. Findings from the
percentage of particles that were positively stained with CellMask Green
indicate that over half of the events detected within pooled concentrated plasma
EV samples were membrane-bound (fig. 3.13). This is consistent with the
previous characterisation of the plasma EV isolations confirming their
morphology, particle concentration and size, as well as the presence of EV-
enriched markers via Western blot.
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Fig. 3.13 Determination of the proportion of events due to membrane-
bound particles. CellMask Green membrane-specific dye was used to stain
membrane-bound particles within concentrated, SEC isolated, pooled, plasma
EVs (n=21; of them n=15 were GDM and n=6 non-GDM). Detection of the
fluorescent membrane dye on the NanoFCM was able to determine the
proportion of particles within the solution which were membrane-bound The
blue box demonstrates the gating used to identify positive events as well as the
percentage of positively stained events and the number of positive events out of
the total number recorded.
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The other possible contaminant of SEC isolated plasma EV samples is
lipoproteins*®. Lipoproteins are categorised based on their density, which is
determined by their protein and lipid content*?°. The absence of high-density
lipoproteins (HDLs) from the plasma EV isolations was previously confirmed
through the absence of the marker ApoA-I in Western blots (fig. 3.1 and fig.
3.5)?72419 HDLs and low-density lipoproteins (LDLs) have a lower diameter than
EVs (5 — 35nm) and are therefore usually separated during SEC*?°. On the
other hand, very low-density lipoproteins (VLDLs) overlap in diameter with EVs
(30 — 80nm), and therefore frequently co-isolate with EVs in SEC*2°. However,
the VLDLs and EVs differ in their surface charge. VLDLs are positive in charge
whilst EVs are negatively charged, therefore VLDLs can be depleted from SEC
EV eluates based on this charge difference. The integrated dual-mode
chromatography (DMC) approach to EV isolation, developed by Deun et al.
(2020), incorporates cation exchange into standard SEC, which removes
positively charged VLDLs from negatively charged EVs in isolations
generated®”'. Comparative analysis of plasma EVs isolated via SEC and DMC
using CD63 and lipophilic dye labelling and fluorescent microscopy indicated an
increase in the CD63-positive lipid population from ~4% to ~85%°37".

Therefore, to confirm that the absence of positive staining for EV enriched or
tissue-specific markers was not due to the dilution of positive events by the
presence of contaminating VLDLs, immunostaining was applied to DMC
isolated concentrated maternal plasma EVs and measured on the NanoFCM
(n=1; non-GDM; 24 — 32 weeks gestation) before detection via nanoparticle flow
cytometry. Results showed that dual staining for CD63 as well as SGCA,
CD41/CD61 complex or PLAP still yielded less than 1% staining for each of the
markers (fig. 3.14A, B and C). Moreover, concentrated plasma EV isolations via
DMC also showed no noticeable increase in CD9 and CD81 compared to those
isolated via the standard SEC protocol (fig. 3.15). These findings suggest that
the low levels of staining for EV-enriched and tissue-specific markers are not
due to dilution of positive EV events with an excess of contaminating VLDLS
since the removal of them did not affect the level of staining. Consequently,
there must be some other factor that is interfering with the staining of plasma
EVs or the detection of the fluorescent labelling of protein markers. Especially
since the presence of CD63 has already been confirmed within isolated plasma
EVs via Western blotting.
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Fig. 3.14 Dual staining of EV-enriched and tissue-specific markers in
plasma EVs isolated by DMC. Concentrated plasma EVs isolated via DMC
(n=1) were stained for EV-enriched marker CD63 and tissue-specific markers
SGCA, CD41/CD61 complex and PLAP (results representative of n=2
experiments). NanoFCM was used to detect staining. (A) CD63-APC and
SGCA-AlexaFluor-688 dual staining. (B) CD63-FITC and CD41/CD61 complex-
APC dual staining. (C) PLAP-APC staining. Gating is illustrated as a blue box
alongside the percentage of positive events and the number of positive events
out of the total events collected.
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Fig. 3.15 Dual staining of EV-enriched markers CD9 and CD81 in plasma
EVs isolated by DMC. Concentrated plasma EVs isolated via DMC (n=1) were
dual stained for EV-enriched with CD9-FITC and CD81-APC, and staining was
measured on the NanoFCM. Gating of positive staining has been demonstrated
as a blue box alongside the proportion of positive events being displayed as a
percentage and the number of positive events out of the total events collected.
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3.5 Discussion

3.5.1 Analysis of EV characteristics in healthy and GDM pregnancies

Despite the problems encountered when attempting to use the NanoFCM to
characterise surface marker expression of plasma EVs, the other techniques
employed were able to confirm EV identity and relative purity of EV isolations,
through Western blots for EV-enriched markers and co-isolating contaminants.
Characteristic EV morphology was demonstrated via TEM and size and
concentration consistent with that of EVs were shown by NTA. Thus meeting
the MISEV guidelines established by ISEV?72. NTA was also able to compare
characteristics such as EV size and concentration between maternal plasma
EVs isolated from GDM and uncomplicated pregnancies, as well as GDM LGA
and GDM AGA pregnancies.

The NTA data demonstrates that there is no difference between EV
concentration in pregnancies complicated by GDM compared to uncomplicated
pregnancies. This contradicts previous results published by Salomon et al.
(2016) that reported increased maternal plasma EV concentration in GDM (n=7)
versus uncomplicated pregnancies (n=13) when isolated by ultracentrifugation
and quantified via CD63 ELISA?%. They measured EV concentration in early
(11 — 14 weeks), mid (22 — 28 weeks) and late gestation (28 — 32 weeks)
according to this retrospective study?°. Discrepancies in the observations made
by Salomon et al. (2016) and that of this study may be due to differences in
isolation and quantification methods. Unlike NTA, CD63 ELISAs do not directly
quantify individual EVs, instead, it infers concentration from the abundance of
EV-enriched proteins. Although this eliminates non-EV particles such as protein
aggregates and lipoproteins that may be counted via NTA, it is now understood
that EVs exist as highly heterogeneous subpopulations within circulation*2'422,
Therefore, EV-enriched markers like CD63 are not consistently present at the
same levels in different EV subpopulations, which differ in their cell type of
origin and/or their biogenesis pathway*2'422, Quantification of EVs in this way
still meets MISEV guidelines, however, MISEV does highlight that quantification
of specific markers should not be used to infer total EVs?72.

In the recent study by Karimi et al. (2022), subpopulations of EVs singularly, or
co-expressing the EV-enriched tetraspanins CD9, CD63 and CD81 were
analysed*'3. It was found that CD9+ EVs made up the largest sub-population of
plasma EVs isolated via density gradient ultracentrifugation followed by SEC,
these often co-expressed CD63 or CD814'3, However, CD63 and CD81 were
rarely colocalised in plasma EVs, this clearly demonstrates the presence of
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CD63" EV subpopulations within plasma EVs*'3. Therefore, the results in
Salomon et al.’s (2016) study instead suggest that there is an increase in the
CD63* subpopulation of plasma EVs in maternal EVs. A change that does not
appear to be reflected in total EV quantification here, which is more likely to
represent the total levels of maternal plasma EVs, including those that are
CD9*CD81%2%,

Otherwise, total EV concentration quantification in maternal plasma during
gestation, and its associations with GDM and birthweight, had not been
attempted before this study. Although, associations with glycaemic control and
birth complications have been detected between levels of platelet- and
endothelial-derived EVs in pregnancies complicated by T1DM*23, In
Abolbaghaei et al.’s (2021) study, results showed that platelet EV concentration
in maternal plasma was inversely correlated with time above glucose range,
whilst levels of endothelial EVs were positively correlated with the mean
amplitude of glycaemic excursion — a measure of glycaemic variability*23.
Furthermore, higher levels of endothelial EVs in the first trimester of gestation
were associated with increased risk of neonatal intensive care unit admission,
respiratory distress and adverse fetal outcomes such as pregnancy loss, birth
injury, neonatal hypoglycaemia and respiratory distress*?%. However, the full
characterisation of EVs in line with the MISEV guidelines was not published in
this study*23. EV isolation from platelet-free plasma via ultracentrifugation was
described, as well as labelling for platelet and endothelial enriched proteins
CD41 and CD144 respectively, characterisation of single EVs by TEM or EV-
enriched marker proteins was not reported*?. Nonetheless, taken together with
the findings from this project as well as Salomon et al.’s (2016), it appears that
although total maternal EV concentration is not altered in GDM or the
associated fetal overgrowth, specific sub-populations of EV may be altered that
influence fetal outcomes?96:413:423 Therefore, more research into the EV
subpopulations presents within maternal plasma during healthy and
complicated pregnancies is required.

Even less research has focussed on the relationship between plasma EV
diameter in relation to disease status. This is likely due to the limited
conclusions that can be drawn from EV subtype size since the EVs that arise
from the three different biogenesis pathways largely overlap in diameter?’2.
Instead, the MISEV guidelines state that unambiguous determination of EV
origin is required to identify specific subtypes, either through live imaging that
could track EV release or by establishing specific and reliable markers of
subcellular origin?2.
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Here, measurement of maternal plasma EV diameter in GDM and
uncomplicated pregnancies determined that there was no association between
EV size and GDM, nor was there an association between EV size and LGA
outcomes in GDM pregnancies. Across all groups, the modal diameter was
~90nm whilst the mean was ~120nm, this difference between the two averages
is likely due to the presence of small sub-populations of large >200nm
extracellular vesicles within the heterogenous mixture that causes
overestimation of the particle to mean particle size via NTA. For this reason,
modal EV diameter is the preferred metric for evaluating the size of the most
dominant EV sub-population within any biological fluid*'2. As such, the majority
of maternal plasma EVs isolated from GDM and healthy patients meet the
<100nm definition of small EVs (SEVs) set by the MISEV guidelines?’2. This is
consistent with the diameters of EVs usually measured in blood plasma, for
example, the maternal plasma EVs from GDM and uncomplicated pregnancies
throughout gestation in Salomon et al.’s (2016) analysis using NTA?%. As well
as studies which used nanoFCM to size particles in non-pregnant individuals*2,
This classification is considered to be smaller than the 100 — 1000nm
microvesicles that Abolbaghaei et al.’s (2021) aimed to study, although total EV
quantification was not performed*?3.

Despite knowledge of the different EV subtypes and their associations with
specific ranges in diameter, few studies have explored how EV size correlates
with cargo, release, and uptake. Asymmetric flow field fractionation has been
used to identify differently sized subtypes of EVs and helped to distinguish
between their properties*?*. EVs isolated from cancer cell lines and tumour
tissue were separated into three sub-populations, 90 — 120nm ‘large exosome
vesicles’, 60 — 80nm ‘small exosome vesicles’ and ~35nm non-membranous
particle ‘exomeres’#?4, Although biogenesis pathways for the EVs in this study
were not determined with enough certainty to meet the MISEV guidelines’
definition of the exosome, findings did show that EV size distribution may help
to categorise EVs into subpopulations with shared characteristics?724%4.

Results showed that the differently sized subpopulations contained a distinct
proteome, with the large category of EVs being enriched for proteins that are
associated with microvesicle budding, whilst the 60 — 80 nm sub-population
were enriched for proteins involved in exosome formation within the MVB and
release*?*. These findings align with the different biogenesis pathways of
smaller exosomes and larger microvesicles, as well as suggest that different
biogenesis pathways affect the cargo of EVs*?4. Furthermore, Zhang et al.
(2018) were able to show that DNA composition and a specific length of DNA
reads were greater in larger EVs compared to small EVs*?*. Whilst RNA was
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enriched in EVs but not exomeres*?*. Labelling of the different sized subtypes
and in vivo measurement of uptake in individual mouse organs also indicated
some differences in the levels of uptake, for example, results suggested
selective uptake of larger EVs by the lymph nodes*?*. These experiments often
had low numbers of replicates and results may not be representative of non-
tumorigenic cells, which produce greater volumes of EVs with distinct
biophysical properties and biological functions linked to tumour progression?.
Nevertheless, these results do suggest that EV size may be associated with EV
cargo, uptake and biogenesis. Future research into the characteristics of EV
size subtypes within human plasma would help to elucidate the properties of the
dominant ~90nm sub-population of EVs within maternal plasma and their
biogenesis pathway.

3.5.2 EV vascular miRNA profile in maternal plasma is distinct from

maternal serum

Although the concentration and size of maternal plasma EVs were not found to
be altered in GDM, the functional roles that EVs play in processes such as
vascular development often rely on cargos such as miRNAs that EVs transport
between cells*?%4%7 Therefore, even when total EV concentration may not be
altered, associations can be found between altered EV miRNA profile and
disease status. Results from this study showed that miR-1-3p, miR-133a-3p,
miR-133b and miR-145-5p were present in plasma EVs from most patients, and
all were significantly decreased in maternal plasma EVs from GDM pregnancies
compared to uncomplicated pregnancies. This indicates that although the total
concentration of EVs is not altered in GDM, there are differences in the cargo
the EVs are carrying within the circulation. On the other hand, miR-499a-5p was
absent in most plasma EV samples, 10 out of 17 healthy patients and 18 out of
20 GDM patients. This appears consistent with observations that miR-499 is
more abundant in serum than plasma in non-pregnant patients, although levels
were detectable in total plasma RNA unlike plasma EVs*%.

Despite the similarities that were initially theorised between EV miRNA levels in
serum and plasma, as two sources of circulating miRNAs. Findings from this
study indicated that miRNA profiles between maternal serum and plasma can
be drastically different. When comparing levels of the selected miRNAs in GDM
and uncomplicated pregnancies, it was found that miR-133b and miR-145-5p
were increased in serum EVs from patients with GDM compared to
uncomplicated pregnancies, whilst the opposite was found to be true in plasma
EVs. Moreover, in the comparative analysis of maternal serum or plasma EVs
isolated from GDM pregnancies that had AGA or LGA outcomes, findings in
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serum EVs showed that miR-1-3p, miR-133a-3p, miR-133b and miR-499a-5p
were increased in GDM LGA, and miR-145-5p was decreased. Whereas, in
plasma EVs, differences in the levels miR-1-3p, miR-133a-3p, miR-133b, miR-
145-5p and miR-499a-5p between these groups did not reach significance.

The observed disparity between plasma and serum miRNA profiles has been
noted in a number of comparative studies, whereby investigations aimed to
determine which biological fluid was superior for downstream analysis of miRNA
content*?8-432_ For example, differences in the total number of miRNAs as well
as the abundance of common miRNAs between serum and plasma were
recorded in sEVs isolated via ExoQuick (System Biosciences, California, US)
precipitation*?®, They found that plasma sEVs contained a wider range of
miRNAs than serum, however, they also demonstrated higher levels of protein-
associated miRNAs and miRNAs from non-vesicle origins, therefore, it was
concluded that serum is superior for translational biomarker studies*°.
However, isolation of EVs through polyethylene glycol precipitation, as used in
ExoQuick, is renowned for generating isolations with compromised purity,
including an increased concentration of soluble plasma proteins, so these
results do not apply to investigations which use SEC for EV isolation*2%:433,
However, these findings suggest that the differences in miRNA profile between
plasma EVs and the previous serum EV microarray may have been influenced
by the differences in EV isolation methods used?®. Since serum EV miRNAs
were extracted using the ExoRNeasy (Qiagen, Manchester, UK) precipitation
kit, whilst plasma EVs were isolated through SEC before RNA extraction.

Another explanation for these differences could be that the serum and plasma
EV analyses were not performed on the same cohort, but dissimilarity in miRNA
profile between unprocessed plasma and serum has also been well established
in paired patient samples*?8430.431 |ncluding comparisons of miR-1, miR-133a
and miR-499 levels which were significantly altered in myocardial infarction
patients in serum and plasma, whilst also showing significant differences
between abundance in the two biological fluids*?. In these studies, it was
theorised that such differences between miRNA profiles in plasma and serum
may be due to the coagulation process in serum extraction which leads to lysis
of red blood cells (haemolysis) and associated RNA release*?®431, Although,
research by Kirschner et al. (2013) demonstrated that altered levels of miRNAs
as a result of haemolysis are also detectable in plasma#*3. It was found that up
to 88 miRNAs were upregulated at least twofold in haemolysed compared to
non-haemolysed plasma according to TagMan Array Microfluidic Card miRNA
profiling*3*. Among the miRNAs susceptible to upregulation by haemolysis was
miR-133a, so this has the potential to be affecting the discrepancy seen in
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plasma and serum EV samples if there is a difference in the degree of
haemolysis**4. It is unclear whether the other miRNAs were unaffected by
haemolysis or whether they were not present in the microarray used. However,
there is research to suggest that miR-499 is preferentially associated with
erythrocytes, so this could influence its observed absence in plasma EVs
compared to serum EV levels if haemolysis was more prevalent in the serum
samples studied3°%43!. Nonetheless, the degree of haemolysis in serum and
plasma samples can be assessed via spectrophotometry, this technique should
be utilised to exclude haemolysed samples from downstream processing in
future research#34435,

Opposingly, not all studies comparing plasma and serum miRNA profiles have
shown a significant difference between them. Dufourd et al. (2019), compared
miRNA quality and enrichment in paired plasma and serum samples isolated
from rats and humans*32, Findings from this study suggest that the miRNA
profile from matched serum and plasma samples are not significantly different in
humans, despite significant differences being identified in rats via RNA-seq and
RT-gPCR**2. In this investigation, some of the deviations between vascular
miRNA abundance in serum and plasma EVs may be due to the different
platforms used for miRNA quantification (microarray versus single assays)
which has also been shown to influence miRNA profiling studies*3'4% as well
as the aforementioned variation in EV isolation technique. Thus, in future
research to determine if there is a difference between the levels of these
potential GDM LGA biomarkers in maternal serum and plasma, it is imperative
that EV isolation, RNA extraction and RT-gPCR platforms are consistent. For an
accurate comparison, paired samples from the same patients should also be
used in plasma and serum.

3.5.3 Potential factors interfering with EV nanoparticle flow

cytometry

Due to the technical issues that were encountered in the labelling of surface
markers on maternal plasma EVs, it was not possible to determine whether the
proportion of EVs coming from tissues known to produce the dysregulated
miRNAs of interest was altered in GDM. The cause of the consistent lack of
staining, even for EV-enriched markers within the isolations was unclear. Since
membrane-bound particles made up 55% of the total particle count according to
the membrane dye experiment, subsequent depletion of contaminating
apolipoproteins did not improve the levels of detectable stains.

One potential explanation for the absence of positively stained events via
NanoFCM analysis could be that the background fluorescence generated by the
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unbound antibody was so high that positive events could not be distinguished
from this noise**’. This did not appear to be a problem in experiments by Bokun
et al. (unpublished) and Karimi et al. (2022), who both observed positive
staining for EV enriched markers using a protocol which diluted out excess
unbound antibody*'3. However, other researchers have reported using
ultracentrifugation or centrifugal filters to separate unbound antibodies from EV
isolations*'2437, Although even with an extra ultracentrifugation step, staining of
plasma EVs appears to be much lower when compared to EVs isolated from
other biological fluids. Approximately ~30% of particles were found to express
CD9, CD63 or CD81 in cell-conditioned medium EVs, and urine EVs were found
to express similar levels of CD9, despite lower levels of the other two markers.
Whilst in the same study, each of these three markers was only expressed in
~4% of particles*'2. Comparisons were also drawn between the effect that
different EV isolation techniques have on EV subpopulations detected via
NanoFCM, results indicated that EVs isolated via ultracentrifugation yielded the
highest levels of staining, followed by SEC, Exodisc and lastly precipitation.
However, low levels of staining were consistent regardless of the isolation
method*'2. Discussion with the manufacturers also indicated that numerous
research groups have encountered issues when attempting to measure staining
in plasma EVs on the NanoFCM, which appears to be more suited for use in
projects that focus on conditioned medium EVs.

It was not possible to further problem solve the NanoFCM staining protocol in
this project due to time constraints that limited access to the instrument, which
was accessed via a visiting studentship under the supervision of Dr Beth Holder
at Imperial College London. Although future research could explore whether the
removal of unbound antibodies using centrifugal filters improves the staining of
maternal plasma EVs. Otherwise, it may mean that the EV-enriched tetraspanin
markers recommended in the MISEV guidelines for EV characterisation are less
abundant in plasma EVs compared to other biological fluids, and more research
is needed into more suitable EV-enriched markers?’2.

3.5.4 Potential causes of EV miRNA dysregulation in GDM

According to the available literature, there are several potential factors which
may be acting upstream of the observed dysregulation of maternal EV miRNAs
in GDM pregnancies. For instance, previous research has shown that miR-1
and miR-133a are downregulated in skeletal muscle biopsies exposed to
hyperinsulinemia, this indicates that insulin levels may be influencing the
decreased levels of miR-1-3p and miR-133a-3p observed here in GDM plasma
EVs*3. In a comparison of insulin secretion between GDM and normoglycaemic
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pregnancies at 24 — 28 weeks gestation, it was found that GDM patients
consistently had higher levels according to an insulin release assay conducted
at the same time as an OGTT*3%. Whilst, insulin-deficient diabetic mice injected
with streptozotocin had increased levels of miR-1 and miR-133a, which were
reversed following insulin supplementation44°. This is supportive of a
mechanism whereby increased circulating levels of insulin in GDM pregnancies,
potentially as a result of elevated insulin resistance, leads to decreased levels
of miR-1-3p and miR-133a-3p in muscle and the EVs it releases. Future studies
could investigate this by measuring miR-1-3p and miR-133a-3p in skeletal
muscle biopsies or primary cells and conditioned medium EVs in response to a
range of insulin concentrations.

Decreased levels of miR-1 and/or miR-133a have also been associated with
cardiac health, as associations have been identified between their
downregulation in cardiac and hypertrophy, as well as cardiac myopathy in
diabetic patients*40-442, As well as being highly abundant in skeletal muscle,
these miRNAs are also known to be preferentially expressed in cardiac muscle,
where they regulate cardiomyocyte proliferation and apoptosis, plus
cardiomyogenic specification in the fetal heart*43-445. Therefore, another source
for EVs that contain dysregulated amounts of these miRNAs may be cardiac
muscle, since it along with skeletal muscle has been shown to be dysfunctional
in pregnancies complicated by GDM. For example, in the third trimester, GDM
patients were found to have altered maternal diastolic and systolic left
ventricular function compared to healthy pregnancies**¢. Furthermore, high
maternal resting heart rate during the first trimester has been linked to a greater
risk for the development of GDM, suggesting that this dysfunction is present
throughout gestation#4’. Signalling via miR-1 and miR-133a may be involved in
such cardiac dysregulation on account of their roles in cardiac conductance,
automaticity and formation of cardiac action potential**®. Recent research by
Hegyesi et al. (2022) has also shown that secretion of EVs by cardiomyocytes
is increased following cardiac injury due to systematic inflammatory response
syndrome, indicating that cardiomyocyte dysfunction can lead to altered EV
biogenesis*4°.

Conversely, uptake of maternal circulating EVs from diabetic mice by the fetal
heart has been found to increase the risk for developing congenital heart
defects, with microarray data identifying miR-1 and miR-133a among the
miRNAs significantly upregulated in this model for diabetes and theorised to be
associated with this relationship*®°. However, diabetes was again induced in
mice via streptozotocin injection, which causes upregulation of miR-1 and miR-
133a as opposed to the downregulation observed in this study*®°. As such,
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more research will be required to determine whether the decreased levels of
these miRNAs in maternal plasma EVs are associated with the incidence of
congenital heart defects*®?. Nonetheless, these findings do suggest that
maternal EVs can cross the placenta and enter the fetal heart in mice
models*°. It has also been shown that concomitant knockdown of miR-1 and
miR-133a gene clusters in mice were embryonically lethal due to impaired blood
circulation, this emboldens the essential roles that these miRNAs play in fetal
heart development and suggests that their joint downregulation may also be
contributing to the development congenital heart defects*43.

Similarly, miR-145 has also been shown to be associated with cardiomyocyte
inflammatory response and oxidative stress*>'. This was demonstrated via the
treatment of cardiomyocytes with high glucose conditions (33mM L-glucose),
which resulted in a downregulation of miR-145 and an upregulation of
inflammatory factors such as IL-6, TNF-a and MCP, as well as lactate
dehydrogenase and reactive oxygen species*®'. Results were compared
against a low glucose control (5.5mM), however as mentioned previously, these
results are limited by the fact that these are not physiologically relevant glucose
concentrations*®'. On the other hand, these results do show that miR-145 can
be downregulated under elevated glucose concentrations, an observation which
has also been seen in the THP1 monocyte cell line3%44%1. Attenuation of miR-
145 in mice was shown to increase liver inflammation, whilst overexpression in
diabetic mice was found to improve glucose metabolism3%. Which was linked
to decreased miR-145 in PBMCs from T2DM patients, similar to the results in
maternal plasma EVs in GDM in this study3®*. Results showed that higher levels
of circulating glucose decrease miR-145 expression and trigger chronic
inflammation in organs such as the liver®®*. These findings suggest that
hyperglycaemia during GDM is downregulating miR-145 expression in maternal
tissues, and this may be linked with inflammation associated with the disorder.
Upregulation of miR-145 has been proposed as a potential treatment for T2DM
to improve glucose intolerance and reduce aortic plaque formation3%. As well
as being proposed as therapeutics, research is also now turning towards the
use of such miRNAs as biomarkers in diagnostic procedures for earlier
detection of their associated diseases.

3.5.5 EV-miRNAs as biomarkers for prediction of GDM and altered
fetal growth
In recent years there has been speculation about the use of circulating maternal

EV miRNAs as biomarkers for earlier detection of GDM, with the aim of
increased monitoring of maternal glycaemia earlier in pregnancy and
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introducing treatment earlier where required to prevent adverse outcomes
during gestation and postpartum*%24%3_ This study was not powered for
investigating this research question due to the gestational age of plasma
samples (24 — 32 weeks) being around the same time or after OGTTs have
been conducted for GDM diagnosis*®3. However, they could serve as potential
candidates for investigation in plasma EVs isolated earlier in pregnancy, for
example in the first trimester.

Recent research by Thamotharan et al. (2022) demonstrated that the miRNA
profile of maternal plasma EVs in the first trimester of pregnancies complicated
by GDM is distinct from that of uncomplicated pregnancies*®2. Interestingly,
results from RNA-seq analysis also suggested, from comparisons made in each
trimester of gestation and at delivery, that the most differentially abundant
plasma EV-associated miRNAs were identifiable in the first trimester (269
miRNAs), and that this pool decreased throughout pregnancy*°2. With
consecutively fewer uniquely abundant miRNAs in the second and third
trimester, and the lowest measured at delivery (130, 112 and 10 miRNAs
respectively)*®?. This is a promising discovery demonstrating the potential pool
of biomarkers which may aid earlier diagnosis of GDM through quantification of
a panel of miRNAs known to be altered in early GDM. Although, miR-1-3p, miR-
133a-3p, miR-133b and miR145-5p were not identified within this pool of
differentially abundant miRNAs, which may suggest that their dysregulation
occurs later within GDM pregnancies and they are not suitable as
biomarkers*®?. However, it should be noted that this study used small sample
sizes whose miRNA profile may not be reflective of the wider population (GDM
n=14; non-GDM n=7)%%2,

Broadly, EV miRNA biomarker panels are often limited by the discordant results
regarding candidate biomarker miRNA quantification between different
groups*®4. Inconsistent methods of miRNA quantification and a lack of a
consensus on reliable reference miRNAs for normalisation likely contribute to
this, as well as different sample types (e.g. plasma versus serum), cohort sizes
and gestational ages between studies***. Moreover, the current body of
evidence for the benefits of earlier treatment of GDM is largely contested
without definitive proof from large-scale randomised control trials, although a
number of them are ongoing. Published studies range in results, from early
detection of GDM via OGTT leading to improved outcomes via the treatment of
patients with early fasting hyperglycaemia, to such treatment regimen not
affecting maternal or neonatal outcomes*°®4%, This is discussed at length in the
literature review by Minschart et al. (2021)*%’. Overall, there are some promising
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results in both biomarker panel development for early detection of GDM and in
the benefits of early treatment regimens that warrant further research.

In conclusion, the miRNAs found to be dysregulated in this study will need to be
remeasured at an earlier timepoint in gestation and confirmed to be altered
before they can serve as candidate biomarkers for early detection of GDM.
Nonetheless, the findings generated open up avenues for future research into
the downstream effects on gene expression that these altered miRNAs will have
on tissues essential for regulating fetal growth such as the placenta, as well as
fetal tissues themselves'86:210.293 Thjs could help to elucidate mechanisms for
the development of common complications of GDM pregnancies like fetal
overgrowth. Evidence suggests that the gestation of plasma EVs selected for
investigation here falls well within the period in which fetal overgrowth occurs*®.
Ultrasound measurements of fetal growth characteristics, for example, crown-
rump length, head circumference and femur length track throughout pregnancy
with fetal growth outcomes*%8. The strongest associations were identified in the
third trimester, potentially downstream of the signalling of dysregulated miRNAs
identified in this study*°8.
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3.6 Summary

SEC was successfully optimised for EV isolation from maternal plasma
taken at 24 — 32 weeks gestation. Fractions 8 — 10 were identified as
having the highest purity of EVs so were pooled for characterisation to
meet the MISEV guidelines and downstream analysis.

There was no significant difference between the concentration and size of
plasma EVs between pregnancies complicated by GDM and non-GDM
pregnancies. Nor was there a difference in EV concentration or size
between GDM pregnancies that delivered LGA babies compared to AGA
babies.

Four of the five vascular regulatory miRNAs, previously shown to be
altered in serum EVs in GDM LGA via microarray, were dysregulated in
maternal plasma EVs from GDM versus uncomplicated pregnancies. miR-
1-3p, mMiR-133a-3p, miR-133b and miR-145-5p were significantly
decreased in GDM, however, there was no difference between levels in
GDM LGA compared to GDM AGA pregnancies. These changes did not
fall in line with those observed in serum EVs, indicating that EV miRNA
cargo differs between the two biological fluids.

The altered vascular regulatory miRNAs decreased in maternal plasma
EVs in GDM compared to uncomplicated pregnancies.
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Chapter 4
Investigating the Potential for miRNAs to Influence

Placental Vascularisation
4.1 Introduction

4.1.1 Potential roles of selected miRNAs in placental vascular

development

The myomiRs, miR-1-3p, miR-133a-3p, miR-133b and miR499a-5p, and the
smooth muscle-specific mMiRNA miR-145-5p, that were measured in maternal
plasma EVs in the previous chapter have not been subject to research with
regards to their roles in the placenta until now. Although, they have been
demonstrated to be influential in the vascular development of other systems.
Among the miRNAs that were found to be significantly reduced in plasma EVs
from GDM compared to uncomplicated pregnancies was miR-1-3p, which in
numerous studies has been implicated in the regulation of vascular smooth
muscle development and function, despite being regarded as a skeletal muscle-
specific myomiR3%. Xie et al. (2011) first established that miR-1 is required for
the differentiation of embryonic stem cells into smooth muscle (SM)35'. A
significant upregulation of miR-1 was observed following induction of SM
differentiation with 10 mM trans-retinoid acid (RA), in conjunction with an
increase in SM-specific markers MYH11 and ACTA23%". This transition was
found to be suppressible through transfection of cells with miR-1 specific
inhibitors through its targeted downregulation of Kruppel-like factor 4 (KLF4)35".

In differentiated VSMCs, research has shown that myocardin (MYCD)
dependent expression of miR-1 may be involved in regulating the transition
between the proliferative and contractile phenotypic switch in these cells3%2:3%3,
MYCD is a known mediator of VSMC differentiation, which induces the
expression of contractile SM markers such as transgelin (TAGLN), alpha-
smooth muscle actin (ACTA2), smooth muscle myosin heavy chain (MYH11),
and calponin (CNN1)352:3%3_|n cardiomyocytes, MYCD was found to be a
cofactor required for the induction of miR-1 transcription by serum response
factor (SRF), but MYCD overexpression was also found to increase miR-1 in
human aortic VSMCs3543%, Both myocardin and miR-1 were significantly
increased in the spindle-shaped contractile phenotype of human aortic VSMCs,
in combination with higher levels of contractile marker SM22, compared to cells
in the epithelioid synthetic state*°°. In vitro overexpression of miR-1 was also
shown to inhibit proliferation in these cells, likely through the targeted
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suppression of insulin-like growth factor | (IGF1)*%9460_ These findings suggest
that miR-1 is contributing to the differentiation of VSMCs from undifferentiated
progenitors, into the more mature contractile phenotype.

Similarly, miR-133a has also been shown to influence the process of phenotypic
switching in VSMCs. Torella et al. (2011) used adenoviral vectors encoding
constructs for inhibiting and overexpressing miR-133 in vitro in adult rat aortic
vascular smooth muscle, as well as in vivo in rats following balloon injury of the
right carotid artery3'°. In both experimental models, it was found that miR-133
inhibits the proliferation and migration of VSMCs, preventing them from entering
the synthetic state that is usually assumed following vascular injury3°.

Unlike miR-1 and miR-133, which are considered to be cardiac and skeletal
muscle-specific ‘myomiRs’, miR-145 is a vascular smooth muscle-specific
miRNA. As such, its roles in contractile VSM phenotypic determination are well
established. Located on the miR-143/miR-145 cluster that resides within genes
encoding contractile proteins specific to SM, miR-145 is highly enriched in
VSMCs within the vascular wall3'33'4_ Transcription factors SRF (with cofactor
MYCD), and NKX2-5, which are often associated with VSM genes, initiate its
expression'8313_ The positive regulation of contractile SM phenotype by miR-
145 is achieved through its targeted repression of KLF4 and KLF5, which
promote VSMC dedifferentiation into the proliferative phenotype3'4. Moreover,
wound healing and invasion assays conducted on human aortic VSMCs
following transfection with miRNA mimics or inhibitors have demonstrated the
ability of miR-145 to suppress cellular migration, another key feature of the
synthetic phenotype?®'5316, |n these studies, SMAD4 was identified as another
target of miR-145, which through its targeted inhibition, miR-145 can
dysregulate the transforming growth factor- B (TGFB1) signalling cascade which
controls cell proliferation and migration3'®. Similar to miR-1, miR-145
overexpression induces the expression of contractile VSM markers ACTAZ2,
CNN1, MYH11 and TAGLN, whilst inhibition causes the reverse'8%.314,

Research by Shyu et al. (2015) into the effects of hyperglycaemia on miR-145
expression highlights the potential involvement that the diabetic milieu in GDM
may be having with the dysregulation of miR-145-5p in maternal plasma EVs
observed in this study. It was found that high glucose stimulates increased
levels of angiotensin Il (AGT) in coronary artery vascular smooth muscle, which
in turn suppresses miR-145%". This suggests that decreased levels of plasma
EV miR-145 could be due to reduced production of the miRNA by VSM in
response to maternal hyperglycaemia during GDM. However, the conclusions of
this study are limited by the fact that the glucose concentrations that they used
in their hyperglycaemic condition, 25mM, were not accurate when compared to
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the physiological levels of hyperglycaemia observed in diabetic patients, 7 —
9mM*8,

Considering the reliance that must be placed on the densely vascularised
structure of the placenta for it to optimally conduct its functions. It is plausible
that dysregulation of miRNAs that regulate VSM differentiation and contractile
gene expression in GDM may be influencing placental vascular development.
Especially since previous research by Holder et al. (2015) has indicated that
maternally derived macrophage EVs are actively internalised by BeWo cells and
placental explants via clathrin-dependent endocytosis, where their cargo can
elicit functional changes in recipient tissue?®!. This suggests that other
maternally derived EVs that are in contact with the placenta, for example in
serum or plasma, may also be taken up whereby the placenta, where they could
influence vascular development.

This hypothesis, if correct, could provide a potential mechanism that may be
able to explain some of the placental lesions which are common in GDM
pregnancies. For instance, decreased levels of miRNAs which promote the
differentiation of stem cell progenitors into mature contractile VSM may be
linked to the increased incidence of villous immaturity witnessed in placentas
from diabetic pregnancies'?5462. Furthermore, the phenotypic states of VSMCs
have been shown to opposingly regulate angiogenic potential in endothelial
cells (ECs). VSMCs induced down the synthetic phenotype via platelet-derived
growth factor-BB (PDGF-BB) were anti-angiogenic, through upregulation of anti-
angiogenic factors, downregulation or pro-angiogenic factors, and suppression
of EC proliferation and migration*63. Oppositely, following redifferentiation
through culture in Cyclopentenyl cytosine (CPEC), contractile VSMCs were pro-
angiogenic, decreasing levels of anti-angiogenic factors, increasing pro-
angiogenic factors, and promoting EC proliferation and migration63,
Accordingly, dysregulation of VSM phenotypic switching through miRNAs may
be contributing to the development of hyper- and hypo-vascularisation of
chorionic villi observed in the diabetic placenta via its impact on angiogenesis, a
process which has already been found to be altered in HUVECs taken from
GDM versus uncomplicated pregnancies’*3.
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4.2 Hypothesis

Known vascular miRNAs miR-1-3p, miR-133a-3p, miR-133b, miR-145-5p and
miR-499a-5p are altered in the placenta in pregnancies complicated by GDM

and altered fetal growth.

4.3 Aims

1)

2)

3)

4)

5)

Determine if the known vascular regulatory miRNAs, miR-1-3p, miR-
133a-3p, miR-133b, miR-145-5p and miR-499a-5p, are present in the
placenta and compare their abundance in pregnancies complicated by
GDM with uncomplicated pregnancies, as well as between GDM
pregnancies that had AGA or LGA outcomes.

Investigate whether dysregulated vascular regulatory miRNA(s) are
being produced by the placenta.

Assess whether dysregulation of vascular regulatory miRNA(s) may be
influencing placental vascular development by determining their cellular
localisation within the placenta.

Investigate whether there is an association between dysregulation of
vascular regulatory miRNA(s) and placental vascular immaturity
Measure the levels of downstream targets of the dysregulated vascular
regulatory miRNAs which have functions in regulating vascular
development.
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4.4 Results

4.4.1 Vascular regulatory miRNAs are present in term placental

tissue

The previous chapter demonstrated that the myomiRs miR-1-3p, miR-133a-3p,
miR-133b, as well as the smooth muscle-specific mMiRNA miR-145-5p are
decreased in maternal plasma EVs from pregnancies diagnosed with GDM
compared to uncomplicated pregnancies. A similarly dysregulated miRNA
profile has been identified in serum EVs, whereby the abundance of these same
miRNAs was altered, as well as the fellow myomiR miR-499a-5p305,
Dysregulation of circulating EV miRNAs could be indicative of altered placental
development or function. For example, it has previously been shown that serum
miRNAs that are dysregulated in pregnancies complicated by FGR have
downstream functions associated with placental dysfunction. This may be a
result of the trafficking of EVs out of the placenta containing altered levels of
these miRNAs following dysfunction, or this may be a causal relationship in
which the uptake of circulating EVs containing this miRNA profile contributes to
the development of placental dysfunction?832°1, Considering the high
abundance of these myomiRs as well as the presence of miR-145-5p in skeletal
and cardiac muscle, dysregulation within circulating EVs may be a result of the
altered function in these tissues and may be linked with placental function
following uptake by the placenta?56:381.384,

To discern whether these changes in the levels of vascular regulatory miRNAs
in circulating EVs are influencing placental development and/or in GDM, it is
important to first verify their presence within the placenta and to investigate
whether levels are altered in response to GDM or GDM and LGA. RT-gPCR
was used to measure the abundance of myomiRs, miR-1-3p, miR-133a-3p,
miR-133b, and miR-499a-5p, as well as the other known vascular regulatory
miRNA miR-145-5p in GDM and uncomplicated placental tissue (fig. 4.1A — E).
All five miRNAs were present in the placenta, but there was no difference
(P>0.05 fig. 4.1) between the levels of each miRNA in GDM (n=27) and non-
GDM placentas (n=24).
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Fig. 4.1 MyomiRs are present in human term placenta. Abundance of four myomiRs, miR-1-3p (A), miR-133a-3p (B), miR-133b (C) and
miR-499-5p (D) and another known vascular regulatory miRNA, miR-145-5p (E) were measured in total RNA extracted from term placentas
using RT-gPCR. Placentas were collected from pregnancies complicated by GDM (n=27) and uncomplicated, non-GDM pregnancies (n=24).
Results were all normalised against housekeeping snRNA U6 (F), which had consistent levels in both groups (NS; T test). Levels of all five
miRNAs were unaltered between GDM and non-GDM pregnancies (all NS; unpaired T tests were used on normally distributed datasets, and
Mann-Whitney testing was used on non-normally distributed datasets). Lines indicate median abundance for each group.
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4.4.2 miR-1-3p and miR-133a-3p are reduced in placental tissue in

GDM pregnancies that have LGA offspring

Whilst there was no change in the levels of the vascular regulatory miRNAs in
GDM compared to uncomplicated placental tissue, these miRNAs assessed
have previously been reported to be altered maternal serum EVs before the
development of LGA in GDM pregnancies®®®. Consequently, levels of each
miRNA were also compared between placentas from pregnancies complicated
by GDM that had AGA babies (n=12), with those that had LGA babies (n=15;
fig. 4.2A — E). Findings showed that whilst there was a trend toward a reduction
in miR-133b, miR-145-5p and miR-499a-5p in GDM LGA placentas, this did not
reach significance (P>0.05; fig. 4.2C - E). On the other hand, the levels of miR-
1-3p and miR-133a-3p in GDM pregnancies that delivered LGA neonates were
found to be significantly reduced compared to their AGA counterparts (both
p<0.05; fig. 4.2 A and B). The observed reduction was exclusively seen
between LGA, and AGA pregnancies diagnosed with GDM, not in non-GDM
pregnancies when divided into the two categories (appendix 2).
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Fig. 4.2 miR-1-3p and miR-133a-3p are reduced in placental tissue in GDM pregnancies that have LGA offspring. Levels of
four myomiRs, miR-1-3p (A), miR-133a-3p (B), miR-133b (C), and miR-499a-5p (D), as well as the other known vascular regulatory
miRNA miR-145-5p (E), were quantified in term placenta using RT-qPCR. Levels were compared in placentas collected from
pregnancies complicated by GDM that had AGA offspring (n=15), against those that had LGA offspring (n=12). Constitutively
expressed snRNA U6 (F) was used to normalise the results as levels were consistent in each of the groups (NS; Mann-Whitney).
miR-1-3p and miR-133a-3p were both reduced in GDM LGA versus GDM AGA pregnancies (p<0.05; Mann Whitney tests). There was
no change in the levels of miR-133b, miR-145-5p or miR-499a-5p between the groups (all NS; unpaired T tests were used on
normally distributed datasets, and Mann-Whitney testing was used on non-normally distributed datasets). Lines indicate median
abundance for each group. Significant p values have been annotated.



187

4.4.3 Primary transcripts for miR-1 and miR-133a are present in

placental tissue

According to the existing literature, miR-1-3p and miR-133a-3p are muscle-
specific miRNAs produced in high levels within skeletal and cardiac
muscle381.389.444.459 Thys their presence in placental tissue may suggest that
these mature miRNA transcripts are travelling in from the circulation following
biogenesis in muscle?®'. To help determine the origins of miR-1-3p and miR-
133a-3p, it was first important to find out whether they are being transcribed
within the placenta through detection of their unprocessed primary transcripts
before their transport into the cytosol from the nucleus (fig. 1.3). The relative
abundance of pri-miR-1 and pri-miR-133a transcripts was first measured in term
placenta and compared between pregnancies complicated by GDM (n=24)
compared to uncomplicated controls (n=27). Results showed that pri-miR-1 and
pri-miR-133a are present in term placentas and similar to the mature transcript,
levels of the pri-miRNAs were unchanged between GDM and uncomplicated
pregnancies (NS; fig. 4.3A). These findings show for the first time that miR-1-3p
and miR-133a-3p are being transcribed in placental tissue and processed into
mature transcripts. Existing studies of associations between primary and mature
transcripts in disease pathogenesis also report the ratio of mature to primary
transcripts in matched samples. This accounts for relative changes in
proportions of mature transcripts relative to primary transcripts in individual
patient samples*®4. Findings showed that there was no difference between the
ratios of mature to primary transcripts in GDM (n=26) compared to
uncomplicated pregnancies (n=24; both NS; fig. 4.3B). This is consistent with
the levels of the mature miRNAs in term placenta which were similar in GDM
compared to uncomplicated pregnancies (fig. 4.1).
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Fig. 4.3 Primary miR-1 and miR-133a transcripts are present in human term placenta. The relative abundance of miR-1 and
miR-133a primary transcripts in term placenta were quantified via RT-qPCR. Levels of primary transcripts in each sample were
normalised against the abundance of U6 which consistently expressed between groups (NS; unpaired T). (A) There was no difference
between the levels of miR-1 or miR-133a primary transcripts between GDM and non-GDM pregnancies (both NS; Mann-Whitney). (B)
There was also no difference between the ratio of mature to primary transcripts for each miRNA between GDM and non-GDM
pregnancies (both NS; Mann-Whitney). Lines indicate median for each group.
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4.4.4 The trend for the ratio of mature miR-1-3p and miR-133a-3p to
their primary transcripts to be reduced in GDM LGA placentas

To determine whether the reduction in the abundance of mature miR-1-3p and
miR-133a-3p transcripts in GDM LGA (n=15) compared to GDM AGA (n=12)
pregnancies may be due to altered levels of biogenesis of these transcripts, the
abundance of their primary transcripts was measured and compared between
the two groups. Values were normalised against levels of U6, which was
consistently abundant between the groups (fig. 4.4A). The data collected
indicated that there was no significant difference between the levels of either
primary transcript between the two groups (fig. 4.4A). The similar abundances
of pri-miR-1 and pri-miR-133a in GDMA AGA and GDM LGA placentas
suggests that the rate of transcription for both miR-1-3p and miR-133a-3p are
unaltered in pregnancies affected by fetal overgrowth. However, when the ratio
of mature to primary transcripts was calculated there was a trend for the ratios
of the mature to primary miR-1-3p and miR-133a-3p transcripts to be decreased
in GDM LGA compared to GDM AGA pregnancies (fig. 4.4B). Although this
trend did not reach significance (both NS).
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Fig. 4.4 There is a trend toward decreased ratio of mature to primary transcripts of miR-1-3p and miR-133a-3p in GDM LGA
pregnancies. The relative abundance of miR-1 and miR-133a primary transcripts in term placenta were quantified via RT-qPCR.
Levels of primary transcripts in each sample were normalised against the abundance of U6 which consistently expressed between
groups (NS; unpaired T). (A) There was no difference between the levels of miR-1 or miR-133a primary transcripts between GDM
AGA and GDM LGA pregnancies (both NS; Mann-Whitney). (B) There was a trend for the ratio of mature to primary transcript to be

decreased in GDM pregnancies that had LGA offspring compared to those that had AGA offspring, however this did not reach
significance (both NS; Mann-Whitney). Lines indicate median for each group.
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4.4.5 MALAT1 IncRNA regulator of miR-1 and miR-133a is
significantly reduced in GDM but is not associated with
birthweight

To further investigate the potential link between the possibly decreased ratio of
mature to primary transcripts of both miR-1-3p and miR-133a-3p, possible
mechanisms for mature transcript depletion were explored. One potential
explanation for this observation is the altered processing of mature transcripts,
downstream of their initial transcription within the placenta, leads to their
decreased ratio compared to GDM pregnancies with AGA outcomes.

Among the known posttranscriptional regulators of miRNAs are long non-coding
RNA (IncRNA), which have previously been shown to act as ‘sponges’ that
sequester and promote their degradation*6®. Moreover, microarray analysis of
IncRNA profile in placentas from GDM pregnancies by Lu et al. (2018)
demonstrated that the abundance of numerous IncRNAs is altered in GDM
pregnancies that have macrosomic infants*6. Although it was not included in
the aforementioned analysis, Metastasis Associated Lung Adenocarcinoma
Transcript 1 (MALAT1) is a IncRNA that is known to specifically bind and
sequester both miR-1 and miR-133a%67468_ Otherwise known as a miRNA
sponge, MALAT1 decreases the levels of mature miR-1 and miR-133a
transcripts, as well as reducing their ability to themselves regulate gene
expression*67:468 RT-qPCR was used to establish whether MALAT1 may be
responsible for this inconsistency between levels of miR-1 and miR-133a
primary and mature transcripts in placentas from GDM pregnancies with LGA
offspring.

Relative abundance of MALAT1 was measured in the term placenta and
compared between uncomplicated pregnancies and pregnancies diagnosed
with GDM. Levels of MALAT1 were normalised against the levels of 18S, which
were consistently expressed between the groups (NS; fig. 4.5A and B). Findings
suggest that there may be a trend for MALAT1 to be decreased in GDM
compared to uncomplicated pregnancies that were approaching significance
(NS; p=0.0555; fig. 4.5A). However, there was no difference between the
abundance of MALAT1 in GDM pregnancies that had AGA compared to those
that had LGA offspring (NS; fig. 4.5B).
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Fig. 4.5 IncRNA MALAT1 is present in the term placenta, it is reduced in
GDM but is not associated with LGA outcomes. The relative abundance of
MALAT1 was measured via RT-gPCR in total placental RNA from term
placentas taken from non-GDM and GDM pregnancies that had AGA or LGA
babies. Comparison between GDM and non-GDM pregnancies (A; n=26/group)
indicated that although seemed to be a trend for MALAT1 to be decreased in
GDM placentas, this marginally missed reaching significance (NS; unpaired T).
(B) the levels of MALAT1 were not altered between GDM pregnancies that had
AGA (n=15) or LGA outcomes (n=11; NS; unpaired T). All data were normalised
against 18S which was consistently expressed between non-GDM and GDM
groups as well as between GDM AGA and GDM LGA pregnancies (both NS,
unpaired T). Significant p values and those approaching significance have been
annotated.
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4.4.6 miR-1 and miR-133a are most abundant in vascular progenitor

and vascular smooth muscle cells

Whilst mechanisms for reduction of miR-1-3p and miR-133a-3p in the placenta
in GDM pregnancies with LGA outcomes remain to be established, the altered
levels of these miRNAs may exert a functional impact on the placenta that
contribute to the development of LGA. Since these miRNAs have known
functions in vascular development in other systems, and placenta vascular
lesions and LGA are both associated with GDM24:170,319,460

The changes measured in total placental RNA indicate abundance across the
organ as a whole. Yet, to determine whether miR-1-3p and miR-133a-3p are
directly influencing placental vascular development, it is important to investigate
their expression in individual vascular cell types. The predominant vascular cell
types within the placenta are endothelial cells (ECs) and vascular smooth
muscle cells (VSMCs) from which blood vessels are composed, as well as the
vascular progenitor cells that these cell types are differentiated from, placental
mesenchymal stromal cells (PMSCs)%. Quantification of miR-1-3p and miR-
133a-3p in PMSCs (n=12), HUVECs (n=3) and saphenous vein VSMCs (n=3)
indicated that both transcripts were present in PMSCs, and in VSMCs.
miR133a-3p was not detected in HUVECs and miR-1-3p was only expressed in
low levels in these cells (both p<0.05 comparing levels in PMSCs and HUVECS;
fig. 4.6A and B).
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Fig. 4.6 miR-1 and miR-133a are most abundant in PMSCs and VSMCs. Levels of miR-1-3p (A) and miR-133a-3p (B) transcripts were
measured via RT-qgPCR in primary vascular progenitor cells of the placenta (PMSCs; P2 — P6; n=12), primary VSMCs from the
saphenous vein (P4 — P6; n=6), and primary HUVECs (P3 — P4; n=3). Data were normalised against levels of U6 (C; NS; one-way
ANOVA and multiple comparisons). The levels of each transcript, miR-1-3p and miR-133a-3p, were not different between the cell types
(both NS; Kruskal-Wallis and multiple comparisons). However, there was a trend that both miR-1-3p and miR-133a-3p were more
abundant in PMSCs than HUVECs which was approaching significant. Lines indicate median abundance for each group. The p values
have been annotated that were approaching significance.
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4.4.7 Decreased levels of miR-1 and miR-133a are associated with

immature placental vasculature

Numerous studies characterising placental morphology in diabetic compared to
uncomplicated pregnancies have described a higher incidence of placental
vascular abnormalities in diabetic pregnancies. Including observations that
chorionic villi within the vascular networks of the placenta appear immature
compared with those from healthy pregnancies'2%131.142,170.462,469-474  AJthough
many of these studies did not take into account the subsequent birthweight of
neonates resulting from affected pregnancies, it is anticipated that such
placental lesions and vasculature immaturity affect the ability of the placenta to
adequately modulate fetal growth*7%476_ Mounting evidence from this study
supports the potential role of miR-1-3p and miR-133a-3p in placenta vascular
development, including an association between decreased levels of these
miRNAs with the development of LGA in GDM pregnancies. Existing literature
also implicates miR-1 and miR-133a in the induction of VSMC differentiation
and development of a mature contractile phenotype. Consequently, RT-gPCR
was used to measure the levels of miR-1-3p (fig. 4.7A) and miR-133a-3p (fig.
4.7B) transcripts in first trimester placenta (n=5) to discern whether the
abundance of these miRNAs was indeed lower in placentas with decreased
villous maturity. Abundance was compared against term placenta from GDM
pregnancies that had AGA (n=15), as well as those that were LGA (n=12).
RNUG6 was again used as the housekeeping RNA for normalisation as it was
consistent between the groups (NS; fig. 4.7C).

As in the previous analysis, miR-1-3p and miR-133a-3p were decreased in term
placentas from GDM pregnancies that had LGA outcomes, compared to those
that had AGA ones (p<0.05; fig. 4.7A ad B). Notably, there was also a
significant decrease in the levels of both transcripts in 15t trimester placentas
versus the term placentas from GDM pregnancies that had AGA babies
(p<0.05; fig. 4.7A and B). Whilst there was no difference between the levels of
both transcripts in 15t trimester placenta when compared to the levels in
placentas from GDM pregnancies that had LGA babies (NS; fig. 4.7A and B).
These findings demonstrate that levels of miR-1-3p and miR-133a-3p in
placentas from pregnancies complicated by GDM with LGA outcomes are
similar to that of the immature 15t trimester placenta. In contrast, pregnancies
diagnosed with GDM that still have AGA offspring, have an increased
abundance of the two miRNAs by comparison.
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Fig. 4.7 Levels of miR-1 and miR-133a in GDM LGA pregnancies are comparable to those in first trimester placenta. The
abundance of miR-1-3p (A) and miR-133a-3p (B) transcripts were quantified in 1t trimester placentas (n=5), term placentas from
GDM pregnancies that had AGA offspring (n=15), and GDM pregnancies that had LGA offspring (n=12) via RT-qPCR. Values were
normalised against U6 (C), which was consistently expressed between the groups (NS; Kruskal-Wallis and multiple comparisons).
Levels of both miR-1-3p and miR-133a-3p were significantly higher in term GDM AGA placentas compared to 15 trimester and term
GDM LGA placentas (Ordinary one-way ANOVA and multiple comparisons; p<0.05). Lines indicate median abundance for each
group. Significant p values have been annotated.
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4.4.8 Vascular smooth muscle regulatory targets of miR-1 and miR-
133a altered in GDM but not LGA

To investigate the relationship between miR-1-3p and miR-133a-3p
dysregulation and altered placental vascularisation in GDM pregnancies with
LGA outcomes, the focus was shifted to downstream targets of these miRNAs
that influence vascular development of VSMCs. The selected candidates had
previously been identified as validated targets of miR-1 and/or miR-133 via
luciferase reporter assays, as well as having published roles in VSMC
differentiation, proliferation, and function. The selected targets were IGF1 and
KLF4 for miR-1 and SP1 for miR-133a, although IGF1 is also a predicted target
of miR-133a3"9:351460_ The |levels of each mRNA transcript were measured via
RT-gPCR in total term placental RNA and compared between patients which
had uncomplicated pregnancies (n=26) and those that were diagnosed with
GDM (n=26). Results showed that IGF1, was significantly decreased in GDM
pregnancies (p<0.05; fig. 4.8A). Whereas levels of KLF4 and SP1 were not
altered between the two groups (both NS; p>0.05; fig. 4.8B and C). However,
there was a trend that SP1 was also decreased in GDM compared to
uncomplicated pregnancies, which was approaching significance. Levels of
18S, which was used for normalisation, were unchanged between the two
groups (NS; fig. 4.8D).
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Fig. 4.8 Levels of VSMC regulatory targets of miR-1 and miR-133a are
altered in the GDM placenta. The relative abundance of validated miR-1 and
predicted miR-133a target IGF1 (A) was measured, alongside validated miR-1
target KLF4 (B), and validated miR-133a target SP1 (C) in placental tissue from
GDM (n=26) and non-GDM pregnancies (n=26). Housekeeping ribosomal RNA
18S (D), which was unchanged between the groups, was used for the
normalisation of the data (NS; unpaired T). IGF1 was decreased in GDM
compared to non-GDM placentas (unpaired T test; p<0.05). KLF4 and SP1
showed no significant difference between the groups (both NS; Mann-Whitney
and unpaired T testing respectively), but there was a trend that SP1 was
reduced in GDM pregnancies that were approaching significance. Lines indicate
median abundance for each group. Significant p values and those approaching
significance have been annotated.
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On the other hand, a comparison of the levels of the downstream targets of
miR-1 and miR-133a in placentas from GDM pregnancies that had LGA
outcomes (n=11) versus those that had AGA outcomes (n=15) yielded no
significant difference. All three transcripts, IGF1, KLF4 and SP1 were
consistently abundant in placentas from either group despite the classification of
the resulting neonate (NS; fig. 4.9). Again, 18S was consistently expressed
between groups and was therefore used for normalisation of the results (NS; fig.
4.9D). These findings suggest that the altered placental levels of IGF1 and the
trend for SP1 to be decreased in GDM as opposed to non-GDM pregnancies is
not a result of the repression of these targets by miR-1-3p or miR-133a-3p.
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Fig. 4.9 Levels of VSMC regulatory targets of miR-1 and miR-133a were
unaltered in term placenta from GDM pregnancies with LGA versus AGA
offspring. The levels of validated miR-1 and predicted miR-133a target IGF1
(A), validated miR-1 target KLF4 (B) and validated miR-133a target SP1 (C)
were quantified in placental tissue from GDM (n=26) and non-GDM pregnancies
(n=26) by RT-qPCR. Housekeeping ribosomal RNA 18S (D) was unchanged
between the groups and was used for normalisation of the data (NS; unpaired
T). None of the three transcripts measured was altered in GDM pregnancies
with LGA compared to AGA offspring (all NS; unpaired T-tests were used on
normally distributed datasets, and Mann-Whitney testing was used on non-
normally distributed datasets). Lines indicate median abundance for each
group. Significant p values have been annotated.
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To confirm the theory that miR-1-3p and miR-133a-3p are not directly
influencing the expression of IGF1 and SP1 in the GDM placenta, causing them
to be decreased, a correlational analysis of their expression was undertaken.
The abundance of the miRNAs and their target transcripts were quantified via
RT-gPCR in term placentas from GDM (n=26) and non-GDM (n=26)
pregnancies. No relationships were found between miR-1-3p or miR-133a-3p
with IGF1 (fig. 4.10A and B; NS), or between miR-133a-3p and SP1 (fig.
4.10C).
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Fig. 4.10 No relationship was identified between levels of miR-1-3p or miR-
133a-3p and the expression of VSMC regulatory targets measured. An
abundance of miRNAs and their target MRNAs were measured via RT-qPCR, in
term placentas from GDM (n=26) and non-GDM pregnancies (n=26) and
correlated against each other. No relationships were identified between (A)
miR-1-3p and its validated target IGF1 expression, (B) miR-133a-3p and its
predicted target IGF1, or (C) miR-133a-3p and its validated target SP1 (NS;
Spearman’s rank correlation). r and p values have been annotated.
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4.5 Discussion

4.5.1 Sources of myomiRs in terms of placenta

The observed presence of myomiRs, miR-1-3p and miR-133a-3p, in term
placental tissue, supports the initial hypothesis of this chapter, which speculates
about their potential roles in placental vascular development according to their
dysregulation in maternal circulating EVs from pregnancies complicated by
GDM and fetal overgrowth3®. Conversely, it was not anticipated that the
primary transcripts for these miRNAs would be detectable within the placenta,
implicating the organ as a source of their biogenesis.

In light of the available literature, it was suspected that these myomiRs would
originate from skeletal and/or cardiac muscle, where they would be released
into circulation within EVs and taken up by the placenta38'444. Yet there is no
available evidence to suggest that pri-miRNAs can be transported between cells
within extracellular vesicles that could otherwise explain the presence of these
muscle-specific primary transcripts within the placenta. Since primary miRNA
transcripts are generally considered to be highly unstable and restricted to
localisation within the nucleus before processing into stable mature miRNAs
that are transported into the cytosol and are capable of being packaged into
EVs for intercellular signalling*’”. This proposed mechanism for mature miR-1-
3p and miR-133a-3p trafficking to the placenta may still hold some truth,
however, the discovery of their primary transcripts within the placenta illustrates
that the placenta itself also contributes to the abundance of these myomiRs
through mediating their biogenesis. This adds a further level of complexity to the
question of where dysregulated levels of miR-1-3p and miR-133a-3p within
circulating plasma and serum EVs in GDM and GDM LGA pregnancies
respectively since placenta-derived EVs may also be contributing to this
observed alteration in EV miRNA profile3%,

4.5.2 Dysregulated processing and degradation of mature
transcripts may influence placental levels of myomiRs in GDM

LGA pregnancies

Concerning the observations that pri-miR-1 and pri-miR-133a transcripts are
present in term placenta, whilst their abundances are not reduced in GDM LGA
pregnancies alongside the mature transcript, the ratio of their mature to primary
transcripts appears to be reduced. It seems that dysregulation of these
transcripts within the placenta of pregnancies complicated by GDM and LGA
may be occurring post-transcriptionally.
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Measurement of the INcRNA MALAT1, a recognised miRNA sponge that
sequesters miR-1 and miR-133a, indicated that levels were not altered between
GDM AGA and GDM LGA pregnancies*67468_ Showing that this IncRNA was not
responsible for the decreased levels of mature miR-1-3p and miR-133a-3p
transcripts in pregnancies with GDM and LGA offspring. However, there was a
trend for MALAT1 to be decreased in GDM compared to uncomplicated
pregnancies that did not reach significance.

RNA-seq analysis of placental transcriptome profile in pregnancy complications
including GDM and altered fetal growth disorders, identified MALAT1 among the
highest expressed transcripts within the placenta*’®. Results also showed that
MALAT1 was consistently abundant in placentas from uncomplicated
pregnancies and those with LGA outcomes, in line with findings in this study of
GDM placentas*’®. However, no difference was identified between the levels of
IncRNA between GDM and uncomplicated pregnancies*’8. On the other hand,
the observed trend for levels of MALAT1 to be decreased in placentas from
GDM pregnancies contradicts existing literature which has found that MALAT1
is increased in placenta and serum in GDM*7%-481_ Evidence from siRNA-
mediated inhibition of MALAT1 in the placental trophoblastic-derived cell line
HTR8 suggests that it affects trophoblast proliferation, migration and
invasion*’®. In contrast, the trend revealed in the placental expression of
MALAT1 in this investigation appears to be more similar to measurements of
MALAT1 in PBMCs, serum and serum EVs in pregnancies complicated by
T2DM#82483 Such investigations found decreased levels of the IncRNA in GDM

compared to uncomplicated pregnancies*82483,

An alternative explanation for the disparity observed between primary and
mature transcripts may be that the molecular pathway through which primary
transcripts reach maturity may be altered in GDM LGA pregnancies. Processing
of pri-miRNAs into mature functional transcripts is a highly dynamic process,
wherein, long pri-miRs are rapidly cleaved into shorter pre-miRNAs by Drosha
within the microprocessor complex*84. Consequently, conventional expression
analysis of pri-miRNAs via RT-qPCR and RNA seq are limited in their ability to
provide quantities of immature miRNA transcripts which are constantly in a state
of transition due to the dynamic nature of miRNA biogenesis*®. Instead, pri-
miRNAs and pre-miRNAs can be measured through chromatin
immunoprecipitation sequencing (ChlP-seq) due to their association with
chromatin during this stage of miRNA biogenesis*®. A method for calculating
the processing efficiency, otherwise known as the MicroProcessor Index (MPI),
of pri-miRNAs, has also been discovered by Conrad et al. (2014), utilising a
signature left by the microprocessor complex on the pri-miRNA
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transcriptome*®. Subsequent research by Conrad et al. (2020), explored the
MPI of pri-miRNAs in hepatocellular carcinoma patients and identified 24
primary miRNAs with significantly altered processing efficiency*®’. Therefore,
suggesting that differential processing of pri-miRNAs has the potential to
influence disease aetiology.

There are a number of factors that are suspected to influence pri-miRNA
processing, for example, nucleotide sequence and the presence of single
nucleotide polymorphisms (SNPs) in pri-miRNA transcripts which may affect the
binding of the microprocessor complex*®. It was found that a G-U
polymorphism within the miR-125a transcript blocked the processing of the pri-
miRNA to pre-miRNA*88, The mechanistic/mammalian targeting of the
rapamycin (mTOR) pathway has also been shown to influence miRNA
biogenesis via its interaction with the microprocessor complex, promoting its
activity by upregulating glycogen synthase kinase-3 beta (GSK3B)*894%0
GSK3B activates enhanced binding of Drosha to its cofactors and pri-miRNAs
through targeted phosphorylation*®°. Upstream of this pathway is Tuber
Sclerosis Complex 2 (TSC2), which has also been implicated in the modulation
of miRNA processing through its inhibition of mMTOR complex 1 (MTORC1)489.
Quantification of such regulatory proteins and those involved in mTOR
signalling, in placentas from pregnancies with GDM that were LGA compared to
GDM AGA, and uncomplicated pregnancies may shed some light on whether
miRNA processing is altered in these proteins leading to reduced mature miR-1-
3p and miR-133a-3p targets.

Current research has found that the mTOR pathway plays a vital role in the
development of the cardiovascular system, and consequentially its
dysregulation is associated with the development of cardiovascular diseases
including ischemia-reperfusion injury, heart disease and diabetes*®'.
Expressional analysis of components of the mTOR signalling network within the
term placenta from GDM and uncomplicated pregnancies discovered the
increased activity of both mTORC1 and mTORC2 in GDM?%2, Such activation of
the mTOR signalling pathway would upregulate as opposed to inhibit miRNA
processing, although the GDM samples were not stratified according to
birthweight in this study nor were birthweight centiles stated?°?. However, a
recent study by Hung et al. (2021) which investigated mTOR signalling in
placentas from GDM LGA, FGR and uncomplicated pregnancies found
increased activation of mTOR signalling in GDM LGA placentas*®?. As indicated
by higher levels of phosphorylated mTOR, despite finding no difference in the
levels of mTOR generally*®2. Increased phosphorylation of mMTOR was also
detected in primary cytotrophoblasts exposed to hyperglycaemic conditions,
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25mM D-glucose, suggesting that glycaemic control in GDM LGA pregnancies
may be influencing this pathway*°2. This is consistent with previous links made
between hyperglycaemia and glucose intolerance with increased mTOR activity
in pre-existing diabetes*9'493_ Alternatively, miR-133a itself has been proposed
as a regulator of mTOR signalling in heart failure, whereby attenuation of miR-
133a leads to suppression of mTOR signalling*®*. Further research will be
required to delineate the potential relationship between dysregulated miRNAs in
GDM and fetal overgrowth with mTOR signalling.

The findings of numerous studies of miRNA stability illustrate that once
processed into their mature form, miRNAs can remain stable within cells for
relatively long periods compared to other RNA species such as mRNAs*®°, For
example, Gantier et al.’s (2011) investigation of miRNA persistence following
Dicer1 ablation in mouse embryonic fibroblasts found that the average miRNA
half-life, as measured by RT-gPCR, was 5 days*®. Results from this experiment
also indicated that the half-lives of individual mature miRNA transcripts varied,
ranging from 28 to 211 hours between the 7 miRNA measured*®6. Accordingly,
another explanation for the decreased placental levels of mature miR-1-3p and
miR-133a-3p in GDM LGA, without altered rates of transcription, maybe that
degradation of these miRNAs is increased in these pregnancies.

The pathways for miRNA degradation are a relatively new area of research, and
still much about the regulation of miRNA stability and degradation is yet to be
elucidated. At present, it is understood that miRNA degradation is mediated by
exoribonucleases such as XRN1 and XRN2, which elicit 5 — 3' miRNA
degradation, whilst Rrp41, PNP, ERI1 and DIS3L2 facilitate degradation in the
3’ — 5’ direction, in the model system C. elegans or human cell lines*65497:4%,
The protein DCS-1 in C. elegans, which co-immunoprecipitated with XRN1
suggesting that together they form a complex, has also been implicated in this
process although detailed mechanisms of the pathways in which they are
involved are unknown*9%:5%°_ Dysregulation of these endoribonucleases and their
accessory protein complexes which enable them to specifically target and
destabilise mature miRNAs could be affecting the levels of miRNAs in the
placentas of pregnancies complicated by GDM and LGA.

In addition to the impact that targeted degradation by exoribonucleases has on
miRNA transcript longevity, research has also shown that miRNA stability is
influenced by a number of other factors, which either promote or inhibit the
aforementioned pathways*®®. For instance, epigenetic modifications such as 3'-
methylation have been found to protect miRNAs from degradation. Non-
template nucleotide additions to miRNAs, including 3’-adenylation and 3’-
uridylation have also been shown to affect miRNA half-life, increasing stability
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and marking for degradation, respectively*%¢-501, External to the nucleotide
sequence of miRNAs, binding proteins too can stabilise transcripts and protect
them from degradation. For example, GW182 protects miR-146a and miR-155
from breakdown by Rrp41 in HEK293 cells, through its association with
Argonaute within the RISC complex®°2, Similarly, results from Ago2 knockdown
and overexpression experiments in mouse embryonic fibroblasts indicated its
functionality in stabilising mature miR-21, miR-16, miR-20a, miR-92 and let-7a
transcripts®°3. The factors regulating the degradation and stability of mature mir-
1-3p and miR-133a-3p have not yet been subjected to this type of research,
however, similar pathways may be able to reveal why these miRNAs are
dysregulated in placentas from pregnancies diagnosed with GDM and LGA
offspring. To investigate the rate of miRNA decay, the pulse-chase approach
developed by Marzi et al. (2016) could be applied to specifically label and
monitor the half-life of miR-1-3p and miR-133a-3p in placental explants from
GDM AGA and GDM LGA pregnancies cultured ex vivo over the course of 48
hours*’”.

4.5.3 Altered EV release/uptake may be influencing placental levels
of miR-1-3p and miR-133a-3p in GDM LGA pregnancies

Based on the available findings, one explanation for the contradiction in the
association between levels of miR-1-3p and miR-133a-3p in serum EVs and
placentas from GDM pregnancies with LGA babies may be in the regulation of
EV uptake by the placenta. As mentioned previously, maternal EVs have been
shown to be taken up by the placenta by in vitro models via clathrin-dependent
endocytosis?®'. However, there are a number of different routes for EV
internalisation, including other forms of active endocytosis, such as
phagocytosis, macropinocytosis, lipid raft- and caveolin-dependent endocytosis,
as well as direct fusion with the plasma membrane5%4-5%_ |t may be that a
combination of these mechanisms is used by the placenta for EV uptake
depending on EV size and surface marker composition®%45%_Each of the
pathways of active endocytic internalisation of EVs relies heavily on the
remodelling of the cytoskeleton of the recipient cell’s plasma membrane to
encapsulate the incoming EV594.5%5, For example, actin filament polymerisation
is essential during clathrin-mediated endocytosis for clathrin coat formation and
plasma membrane reshaping®’. It is possible that miR-1-3p and miR-133a-3p
may help regulate this process, since among their joint validated targets is
Coronin 1C (CORO1C), an actin-binding protein that modulates actin filament
remodelling and cell morphology in breast carcinoma cells3%8.5%°_ This provides a
potential mechanism whereby increased levels of miR-1-3p and miR-133a-3p
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are taken up from circulation by the placenta where they dysregulate actin
filament dynamics, decreasing further uptake of the miRNAs and leading to their
eventual depletion.

Alternatively, cytoskeleton remodelling and actin filament dynamics are also
essential for extracellular vesicle biogenesis, for example in the transport of the
multivesicular body to the plasma membrane for the release of exosomes®'°. As
well as in the budding of the plasma membrane in the formation of
microvesicles®'?. Ergo, another possible mechanism may be that increased
levels of miR-1-3p and miR-133a-3p brought into the placenta from circulating
EVs alter the cytoskeletal function and increase the rate of EV biogenesis. In
turn, leading to decreased levels of miR-1-3p and miR-133a-3p in the placenta
following their export within EVs released by the organ. To investigate the
plausibility of these hypotheses, future work could determine the effects of
diabetic milieu as well as miR-1-3p and miR-133a-3p inhibition and
overexpression on EV uptake and biogenesis. For example, monitoring EV
uptake through fluorescent labelling of the lipid bilayer with CellMask dye and
imaging, via confocal microscopy or measuring biogenesis by comparing EV
concentration NTA in treated and untreated samples?®'-5'1,

4.5.4 Placental localisation of miR-1-3p and miR-133a-3p supports a

role in vascular smooth muscle differentiation

Findings were concurrent with findings from existing research that the miRNAs
are involved in VSMC differentiation and function as both miR-1-3p and miR-
133a-3p were most abundant in PMSCs and VSMCs. With low levels of the
miR-1-3p present in HUVECs, whilst miR-133a-3p was undetectable in this cell
type. From these results, it can be concluded that miR-1-3p and miR-133a-3p
likely function within vascular progenitor cells and VSMCs, without directly
influencing gene expression in ECs. Though, there may be indirect effects
downstream of the changes induced in neighbouring vascular progenitor cells
and VSMCs.

A limitation of this experiment was that VSMCs and ECs were not derived from
placental tissue, so there may be differences in the miRNA profile of these
model cells compared to placentally derived ECs and VSMCs. Single-cell
MRNA sequencing of ECs isolated from 20 organs show that, in mice, EC gene
expression clusters first by organ and then by germ layer®'?. Suggesting that
there may be some difference between HUVECS and placental ECs, although
neither tissue type was included in this study®'2. Yet, DNA microarray
comparing 18 different human EC types, including HUVECSs, reported clustering
of blood vessel categories, such as artery and vein®'3. Whilst microvasculature
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ECs clustered by organ®'3. These findings imply that HUVECs may be more
representative of placental vein ECs than placental microvasculature ECs in
terms of gene expression. However, miRNA profiling of human ECs from 7
different sources found that miRNA levels were largely consistent between cell
types with only 3 of the 59 miRNA detected being found to be significantly
different cell types®'4. With no distinct patterns in clustering of miRNA profile,
supporting the use of HUVECs to model placental EC miR-1-3p and miR-133a-
3p expression®'4. Unfortunately, there are no equivalent studies comparing
gene expression or miRNA profiles between VSMCs from different sources that
could be used to make a judgement of the suitability of saphenous vein VSMCs
to model placental VSMCs.

Another possible criticism of the experimental design may be that the cultured
cells may have a different miRNA profile from their in vivo counterparts within
the placenta. Results from miRNA sequencing of tissue-derived and cultured
HUVECs indicated that the miRNA profile was significantly altered between the
conditions, as well as an overall decrease in miRNA expression in cultured
cells®'®. Although, in agreement with the low levels of miR-1-3p and absence of
miR-133a-3p in this study, the transcripts were undetectable in both tissue-
derived or cultured HUVECs®'®. The long-term culture has also been shown to
significantly alter the miRNA profile in MSCs via RNA-seq, however, miR-1-3p
and miR-133a-3p were not identified as being differentially abundant®’®.
Nevertheless, to minimise the impact of long-term culture on miRNA profile for
this experiment, primary cells at an early passage following isolation were used.

The potential limitations discussed could each be addressed in future research
through localisation of miR-1-3p and miR-133a-3p in fixed sections of chorionic
villous tissue from term placentas via in situ hybridisation with transcript-specific
probes®'”. This technique could also be used to expand upon these findings and
compare the localisation of miR-1-3p and miR-133a-3p between GDM
pregnancies with AGA and LGA offspring. But for the aims of this project, these
findings were sufficient in confirming the enrichment of miR-1-3p and miR-133a-
3p in vascular progenitor cells and VSMCs, as well as building upon the
available evidence that they have the potential to influence placental vascular
development. Lastly, fluorescent primers for in situ hybridisations of miRNA
transcripts are currently very costly, so in this case, the budget for this
investigation limited the ability for this technique to be undertaken.
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4.5.5 IGF1 and SP1 may play a role in regulating placental vascular

abnormality in pregnancies affected by GDM and LGA

Investigation of the downstream effects of miR-1-3p and miR-133a-3p
dysregulation in term placentas from pregnancies diagnosed with GDM that had
LGA offspring indicated that none of the selected targets, which have known
roles in VSM differentiation, proliferation and function, were altered in GDM
LGA versus AGA pregnancies3'3%1460 However, on comparison of the levels of
these transcripts between GDM and uncomplicated pregnancies, findings
showed that IGF1 was significantly decreased in GDM placentas. Whilst there
was also a trend for SP1 to be decreased in the GDM placenta. The absence of
a significant difference between the abundance of these mRNAs in GDM LGA
and AGA placentas suggested that the dysregulation of these transcripts is
unlikely to be due to altered levels of miR-1-3p and miR-133a-3p. This was
confirmed by subsequent correlational analysis which found that there was no
relationship between the abundance of miR-1-3p or miR-133a-p and the
abundance of their targets IGF1 and SP1. However, it is important to recognise
that the levels of these transcripts were being measured in total placental RNA,
inclusion of all placental tissues in this quantification may dilute dynamic
changes in transcript levels seen in specific cell types of the placenta. For
example, within the mesenchymal stromal cells and vascular smooth muscle
cells where miR-1-3p and miR-133a-3p are enriched. This limitation can be
overcome through the measurement of mMRNA targets in these specific cell
types following in vitro inhibition and overexpression of miR-1-3p and miR-133a-
3p.

Despite results suggesting that IGF1 does not seem to be acting downstream of
the aberrant miR-1-3p and miR-133a-3p signalling occurring in GDM, its
dysregulation in GDM still has the potential to influence the maldevelopment of
the placenta in affected pregnancies. The importance of IGF1 signalling has
been well established in vascular development in other systems. For instance, it
has been implicated in the stimulation angiogenesis in adipose microvascular
fragments and dental pulp®'85'9. Modelling this process in vitro using a murine
thymic endothelioma cell line, demonstrated that IGF1 contributes to
angiogenesis®?. This occurs through the promotion of cell adhesion via
increased fibronectin production which in turn mediates interactions that
encourage cellular migration and subsequent tube formation®2°. IGF1 has also
been shown to prevent endothelial dysfunction by increasing insulin sensitivity,
reducing apoptosis and producing an anti-inflammatory response®?'. Research
within the field of regenerative medicine has also demonstrated that IGF1
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supplementation enhances de novo vasculogenesis both in vivo and in vitro, in
addition to improving network density, durability and the stability of newly
synthesised vessels®?2°23, Lastly, as aforementioned, IGF1 is a recognised
mediator of vascular smooth muscle proliferation, which also has roles in
regulating VSMC contractility*6%-524_ It has been long established that IGF1
triggers vasodilation of blood vessels through elevated nitric oxide production,
this may be linked to the reduced vascular resistance observed in pregnancies
complicated by GDM®2°. Within the placenta, IGF1 expression is localised within
mesenchymal cells and endothelial cells, which contribute substantially to
vascular development®?6. In vivo experiments have demonstrated that
increasing IGF1 levels improves vascularisation of the murine placenta via
eNOS-dependent angiogenesis, potentially implicating it in placental
dysfunction and the regulation of fetal growth>27.

In addition to its roles in vascular development, IGF1 has also been of interest
to researchers within the field of GDM on account of its participation in
signalling pathways which maintain glucose homeostasis®28:52°. This is enabled
by the structural homology that IGF1 shares with insulin, and leads to IGF1
effectively reducing glucose levels and improving insulin sensitivity328.
Consequentially, numerous studies have similarly measured the abundance of
IGF1 in pregnancies complicated by GDM compared to uncomplicated
pregnancies. However, it appears that the findings of these studies often
contradict those from this investigation. The findings of multiple studies suggest
that IGF1 expression is increased in pregnancies complicated by GDM, the
levels having been measured in circulating serum and plasma during gestation,
as well as in the placenta at term52°-%31, The meta-analysis by Wang et al.
(2019) of 12 studies investigating serum and plasma levels of IGF1 supports
these observations, concluding that IGF1 was upregulated in GDM pregnancies
during mid to late gestation®3?. Although, in the recent study by Geca and
Kwasniewska (2020), no difference was found in peripheral blood serum levels
of IGF1 between patients with GDM and healthy controls, nor was there a
difference in umbilical cord blood serum levels®28, Despite this, a positive
correlation was identified between IGF1 levels in umbilical cord serum and
neonate length, suggesting that it may have roles in regulating fetal growth52,
This finding has also been corroborated in term placental tissue from GDM
pregnancies, whereby a positive correlation was found between IGF1
abundance and the birthweight of neonates, suggesting that increased IGF1 is
linked to a fetal overgrowth in GDM333,
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Generally, results from the previous research discussed do not fall in line with
the findings of this study. This may be due to relatively small sample numbers in
this investigation and the published literature, as well as demographical
differences between the cohort such as ethnicity and glycaemic control, which
have both been shown to affect fetal growth in GDM pregnancies534-536,
Additionally, differences in the observed placental levels of IGF1 may be
affected by the dissection of placental tissue, since the localisation of IGF1
expression differs between tissues of the placenta®?®. Therefore, differences
between placental sampling may account for some of the variations between
studies.

SP1 on the other hand has not yet been extensively researched concerning its
roles in the pathogenesis of GDM and regulation of fetal growth. Nonetheless,
investigations into the roles of this ubiquitously expressed transcription factor
have explored its roles in vascular development and the development of
pathologies in pre-existing diabetes53”. SP1 was initially selected as a target of
interest in this study due to its involvement in VSM phenotypic switching,
through the promotion of proliferation and migration®'°. Dysregulation of which
could lead to vascular pathology within the placentas from GDM pregnancies.
SP1 is also recognised as a potent regulator of angiogenesis, through its direct
promotion of VEGF transcription as well as its secretion from ECs following
activation of the SMAD2 pathway by fellow SP1 target TGF-B1%38.53°_In vivo
experiments in mice utilising Sp1 decoy oligonucleotides that blocked target
binding confirmed these findings, since inhibiting the action of Sp1 decreased
tumour vascularisation4°. Insulin is a known regulator upstream of SP1, which
induces its expression®37%4!. As a proangiogenic transcription factor which is
upregulated by insulin, SP1 is also being investigated as a potential mediator of
diabetic retinopathy®4?. However, the relationship between glucose homeostasis
and SP1 appears to be complex because glucagon, a hormone which usually
antagonises insulin signalling, also stimulates the expression of SP1%43,
Seemingly a key difference is that insulin stimulation leads to accumulation of
SP1 within the nucleus, whilst glucagon localises it to the nucleus as well as the
cytoplasm of cells. However, the implications that this has on downstream
signalling by SP1 are unclear.

Overall, the available evidence supports the assertion that decreased levels of
SP1 in the GDM placenta may be influencing placental vascular development,
potentially through dysregulation of angiogenesis or vascular smooth muscle
differentiation. Although, the trend for SP1 to be decreased in the placenta in
GDM versus uncomplicated pregnancies was not anticipated, since the fetal
hyperinsulinemia commonly described in GDM would predict increased levels of
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placental SP14°. Primarily, increasing the size of the cohort in which SP1 is
being measured would be essential for determining whether this trend is
significant, and will inform the future investigation of its potential role in
placental vascularisation.

4.5.6 Associations between miR-1-3p/miR-133a-3p dysregulation and
villous immaturity and altered placental perfusion in GDM LGA

pregnancies

Findings showed that the abundance of miR-1-3p and miR-133a-3p was
significantly reduced in immature first trimester placental tissue compared to
term placentas from GDM pregnancies that had AGA outcomes. Whereas there
were no differences between the levels of the miRNAs in the first trimester
placenta in relation to GDM pregnancies with LGA outcomes. This suggests
that there may be an association between low levels of miR-1-3p and miR-
133a-3p and placental villous immaturity in GDM pregnancies that have LGA
babies, distinguishing them from those that have AGA babies.

The morphology of the placenta at 8 — 12 weeks gestation, when the first
trimester placental RNA was extracted, is vastly different compared to the
placenta at term. This period of placentation directly follows the initial
development of fetal-placental circulation and induction of vasculogenesis within
secondary villi to form tertiary villi at 5 — 6 weeks post-conception®-7. During 8
— 12 weeks of gestation, the density of capillaries and volume of the stroma are
growing, as mesenchymal villi transition into immature intermediate villi®6-8797
Histological examination of placentas from pregnancies complicated by
pregestational and GDM at term have shown that they frequently have an
increased presence of immature intermediate villi, alike the first trimester
placenta'?®142.170 Fyrthermore, in placentas from pregnancies with
pregestational and GDM, there was often a decreased presence of terminal villi,
which in healthy pregnancies develop from mature intermediate villi in the third
trimester'25131.142.170_ These studies often reported that although common, such
placental vascular abnormalities were not present in all the diabetic placentas
examined. Additionally, the aforementioned studies did not stratify their samples
based on birthweight or centile!?5131.142170 Thys, there may be a link between
placental vascular lesions and altered fetal growth in diabetic pregnancies that
has remained unreported in existing research.

A comparable connection was made in research by Lu et al. (2017), whereby,
malperfusion of the placenta in IUFGR was found to be associated with
aberrant vascular remodelling of stem villous arteries®*“. Results showed that
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there was reduced expression of contractile VSM markers (myosin heavy chain,
alpha-smooth muscle actin and desmin) and elevated levels of dedifferentiation
markers (cellular retinol-binding protein 1 and metalloproteinase 2) in stem
villous arteries isolated from FGR placentas®**. These findings were replicated
ex vivo by exposing stem villous explants to oxidative stress and ameliorated
through stimulation of the hydrogen sulphide signalling pathway, which is known
to prevent aberrant vascular remodelling®#4°4°, This provided a mechanism
linking the development of FGR with the oxidative stress known to be implicated
with the condition, via the increased placental vascular resistance caused by
VSMC dedifferentiation and subsequent vascular remodelling®*4. As well as
identifying hydrogen sulphide signalling as a potential therapeutic target for
treating the condition. Considering the known functions that miR-1 and miR-
133a play in promoting the differentiation of VSMCs into a mature contractile
phenotype3®°. As well as the reduced placental levels observed in GDM LGA
pregnancies and first trimester placentas alike, implying their role in placental
villous immaturity. A potential mechanism for the development of LGA babies in
GDM could be that placental perfusion is altered in response to placental villous
immaturity, following aberrant vascular remodelling due to VSMC
dedifferentiation, analogous to that in FGR.

Although the expression of VSMC and dedifferentiation markers within the
vasculature of GDM LGA placentas has yet to be characterised as it was in Lu
et al’s (2017) study, placental vascular resistance has been investigated.
These studies each concluded that umbilical artery pulsatility index (UAPI), a
measure of placental vascular resistance, is decreased in pregnancies
complicated by GDM with either LGA or macrosomic outcomes, converse to the
increased resistance seen in FGR>4¢:547, Moreover, linear regression analysis
discovered negative correlations between UAPI and birthweight, as well as
UAPI and birthweight centile®#®. Similarly, UAPI was also found to be decreased
in pregnancies complicated by T1DM that had macrosomic babies, with
negative correlations associated with UAPI and birthweight and between UAPI
and birthweight centile®4.

This alteration in placental flow resistance is not observed in GDM pregnancies
with AGA outcomes when they are compared to uncomplicated
pregnancies®4°5%0_ But, low UAPI has previously been suggested to promote
fetal growth in otherwise normal pregnancies, due to reduced placental vascular
resistance and consequentially higher placental perfusion®’. This hypothesis
was supported in recent research by Zhou et al. (2020), which utilised three-
dimensional Doppler ultrasonography to measure placental blood perfusion and
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revealed that increased blood flow in the third trimester of pregnancy was
predictive of macrosomia in non-diabetic patients®%2.

Studies focussing on the roles that increased placental vascular resistance
plays in FGR have established the essential relationship between blood flow,
regulation of placental villous structure and vascular impedance. Whereby
factors such as fluid shear stress and hypoxia, which are increased during
impaired placental perfusion, influence patterns in angiogenesis and restrict
vasodilation, perpetuating the vascular resistance5%5%. In contrast, little
attention has been paid directly to the effects that markedly reduced placental
vascular resistance has on the regulation of vascularisation, despite its links
with the development of LGA and macrosomic neonates''®:117. Historically, it
was proposed that as opposed to the predominance of non-branching
angiogenesis that leads to the impeded blood flow of the placenta in FGR, the
low vascular impedance would cause higher levels of branching
angiogenesis®®. This was supported by in vitro evidence from Tun et al. (2019),
whose findings showed that HUVECs subjected to the elevated fluid shear
stress computationally predicted in FGR placentas demonstrated slow but
persistent migration, characteristic of non-branching vessel elongation®.
Whereas, HUVECs cultured at lower shear stress comparable to normal
pregnancy were faster and less persistent in their migration, qualities typical of
branching angiogenesis®®®. Upregulation of branching angiogenesis following
increased perfusion may explain the tendency for villi from GDM placentas to be
hypervascularised, with redundant capillary connections 25132143146
Furthermore, increased rates of branching angiogenesis may contribute to
observations of villous immaturity at term, and perpetuate the decreased
vascular impedance in the third trimester''®"7_ Since during the late
second/early third trimester of pregnancy there is a switch from the
transformation of precursor mesenchymal villi into immature intermediate villi
via branching angiogenesis, to the generation of mature intermediate villi
through non-branching angiogenesis for elongated capillaries®-°%’. It may be
that this switch is being dysregulated in GDM pregnancies that have LGA
offspring as a result of increased placental blood perfusion following altered
regulation of flow by VSM in stem villous arteries.

Altogether, these results suggest that abnormally low placental blood resistance
contributes to a fetal overgrowth in GDM as well as uncomplicated pregnancies.
Notwithstanding, miR-1-3p and miR-133a-3p are only decreased in GDM LGA
compared to GDM AGA pregnancies, levels were unchanged between
pregnancies that had LGA or AGA babies in otherwise healthy patients.
Therefore, dysregulation of these miRNAs could explain the increased risk of
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aberrant fetal overgrowth in GDM, above the background rates in
uncomplicated pregnancies®°.
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4.6 Summary

Of the 5 vascular regulatory miRNAs investigated, miR-1-3p, miR-133a-
3p, miR-133b, miR-145-4p and miR-499a-5p, all were present in term
placenta. However, they were all consistently expressed in GDM and non-
GDM pregnancies.

When comparing placentas from GDM pregnancies that had LGA or AGA
offspring, miR-1-3p and miR-133a-3p were found to be decreased in GDM
LGA.

The presence of primary transcripts for miR-1 and miR-133a confirmed
that transcription of these miRNAs does occur in the placenta. However,
findings indicated that dysregulation of miR-1-3p and miR-133a-3p in
GDM pregnancies with LGA offspring are not due to altered rates of
transcription, or post-transcriptional sequestration by MALAT1. Reduced
abundance of placental miR-1-3p and miR-133a-3p in GDM LGA
pregnancies does not affect the levels of downstream targets IGF1, KLF4
and SP1, which have known functions in VSM phenotypic switching.
However, IGF1 was significantly reduced in GDM compared to non-GDM
placentas, and there was a trend for SP1 to be decreased.

Mature miR-1-3p and miR-133a-3p transcripts are most abundant in
vascular progenitor mesenchymal stromal cells and VSMCs, where
previous studies have found that miR-1-3p and miR-133a-3p promote a
differentiated, contractile VSM phenotype. In conjunction with the
comparably low levels of these miRNAs in the immature first trimester and
GDM LGA placentas, this suggests that decreased miR-1-3p and miR-
133a-3p may be linked to placental villous immaturity. Providing a possible
mechanism for altered fetal growth.
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Chapter 5
An in vitro model for studying the differentiation of placental

vascular progenitor cells

5.1 Introduction

5.1.1 Models of placental development and function

According to the findings of the previous results chapter, miR-1-3p and miR-
133a-3p may play a role in placental vascular development, as well as their
dysregulation is linked to LGA in GDM pregnancies. Specifically, existing
literature suggests that these myomiRs may be involved in the differentiation of
VSMCs from mesenchymal stromal progenitors and their contractile phenotype.
Before the investigation of this process, it was first important to consider the
available systems for modelling placental function and select one which best
suits the research question at hand.

Mice are the most popular in vivo model for placentation that has been used in
pregnancy research for many years®8. Their hemochorial placentas share a
closer resemblance to human placentas compared to other placental mammals
since the trophoblast tissue is in direct contact with maternal blood supply®°8-°%.
Whereas, in other potential model systems such as dogs and pigs, which have
endotheliochorial and epitheliochorial placentas respectively, maternal
circulation is separated by endothelium and/or epithelium®8°%°_ Additionally, as
are strengths in all fields of research, mice are a relatively low-cost model to
use, on account of their small size, a large litter of offspring and short
gestations®58.559, However, even though mouse placentas share some
morphological similarities with human placentas, substantial differences have
been recognised between them. Researchers are beginning to increasingly
appreciate primate- and human-specific- characteristics of the human placenta.
For example, with regards to structure, the murine placentas do not have the
same structure of intervillous space as humans®>5%. Instead, they have a
placental labyrinth, and a choriovitelline placenta formed from an inverted yolk
sac which forms later in embryonic development than primate placentas®8560.561,
Furthermore, trophoblast invasion is more extensive in humans, extending to
the inner myometrium, compared to being restricted to the decidua in
mice>%8:%62, Endocrinological differences also exist between mice and humans
such as the production of chorionic gonadotropin during human gestation, which
maintains the corpus luteum in early pregnancy as well as regulation of
trophoblast invasion of the myometrium and uterine angiogenesis as pregnancy



218

progresses'415%8.563 | astly, on a molecular level, differences have also been
identified such as the miRNA cluster on chromosome 19 which is primate
specific, and human specific miRNAs like miR-941 expressed in human
trophoblasts558.564,

In light of these observations, considerable advances are being made in the
field of in vitro models for studying placental development and function. These
models benefit from the ability to utilise human cell lines and/or primary human
cells which can more closely replicate the molecular signalling and cellular
arrangement occurring within human pregnancies®. Among the most common
in vitro models available are trophoblast cell lines that have either been derived
from choriocarcinomas or more recent research has been able to generate
proliferating or immortalised trophoblast cell lines isolated from first trimester
human placentas®5-570, At the most basic level, these cells can be cultured as
2D monolayers to model villous or EVTs®°. Ex vivo 1mm? — 1cm? placental
explants are also a widely utilised model used in placental research, which
benefits from their heterogenous composure of trophoblasts and vascular tissue
that maintain their arrangement concerning each other as in vivo®°-572,
However, cells within explant tissue often degenerate faster than cells isolated
and grown in culture®7°. This can be important when considering the research
question under consideration since the mesenchymal core of villi have just a 48-
hour lifespan in cultured explants where their blood supply has been cut off.
Whilst, EVTs can be produced from explants for up to 5 days®7°. Explants can
also be limited in studying some aspects of placental development due to the
absence of haemodynamic flow and the sheer stress it generates within the
chorionic villi of the placenta®°570572_ Although a recent study by Kupper et al.
(2021) developed a prototype explant bioreactor which incorporated the flow of
medium through secured placental explants and demonstrated reduced villous
morphological disintegration compared to static cultures®®°. However, this model
was only tested up to 48 hours following explant isolation, therefore further
research will be required to determine whether the villous structure remains
intact enough for culturing in experiments beyond this point>’2.

As an alternative to explants, artificial 3D culture devices have been developed
which have enabled the investigation of intercellular signalling pathways
between different cell types of the placenta over longer periods of time. These
transwell devices can culture different cell types separated by a semipermeable
membrane barrier, and have enabled models to better emulate the complex
cellular environment of the placenta through culturing of more than just
trophoblasts®®°. For example, Kreuder et al. (2020) utilised a modified transwell
system to cleverly model placental villi by growing BeWo trophoblast cells and
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primary human placental ECs on either side of a methacrylate gelatin
membrane containing fibroblasts to model the placental stroma®’3. The
properties of this placental barrier model were then assessed and it was found
that it demonstrated similar elasticity and permeability of placental tissue, and
could serve as a valuable model for testing the translocation of substances
across the placenta®”3. Furthermore, microfluidic devices have also been
developed, which more accurately model the haemodynamic flow cells of the
placenta are exposed to and the subsequent shear stress they must
withstand®%°. Such devices feature the familiar format of trophoblast and EC
cocultures separated by a semi-permeable membrane, that are exposed to a
controlled flow of growth medium®%°, These models have been ably shown to
demonstrate physiologically relevant localisation of placenta transporter
proteins, as well as the increased formation of microvillous-like projections on
the surface of trophoblast cells compared to those in static culture conditions®™4.

Unlike trophoblast differentiation within placental villous development, which
has been modelled in both 2D monolayer cultures and 3D organoids derived
from cytotrophoblasts, the development of the mesenchymal stroma has not yet
been well characterised®’?. The available evidence does suggest that placental
mesenchymal stromal cells (PMSCs) may play a role in the regulation of
trophoblast proliferation and villous formation through paracrine signalling®7°.
Whilst few studies have investigated their roles in blood vessel formation and
development during vasculogenesis and angiogenesis, despite MSCs being
known to demonstrate vascular progenitor cell properties®’®. In Baal et al.’s
(2009) study in vitro spheroid cocultures of cytotrophoblasts, villous stromal
cells and endothelial precursor cells were generated which expressed
chemokine markers for embryonic vasculogenesis following exposure to
hypoxic conditions®”6. However, markers for EC and VSMC differentiation were
not measured following induction of vasculogenesis, so it is unclear whether this
model is suitable for studying this process®’®. On the other hand, the roles that
PMSC paracrine signalling has in the regulation of angiogenesis were
investigated by Umapathy et al. (2020), who showed that exposure to PMSC-
conditioned media from FGR pregnancies inhibited tube formation in ECs®’’.
Similarly, macrophages exposed to PMSC conditioned medium from FGR
pregnancies showed decreased propensity to induce EC tube formation
compared to those exposed to PMSC conditioned media from uncomplicated
pregnancies®’’. Subsequent research was able to identify changes in PMSC
transcriptome in FGR, specifical upregulation of ADAMSTS1 and FBLNZ2 which
regulate angiogenesis and vascular elasticity respectively®’8. These results
demonstrate the key roles that PMSCs play in the regulation of placental
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vascular development as perivascular cells, and how this being altered in
abnormal pregnancies may contribute to fetal pathology®’”-5"8. These concepts
may also be applicable in GDM and LGA pregnancies, where the placenta
similarly displays vascular lesions.

Concerning the aims of this project, in identifying the potential roles of miRNAs
in placental vascular development, and the suspected roles of miR-1-3p and
miR-133a-3p in VSMC differentiation, it is important to first study these cells in
isolation of the complex multicellular environment of the placenta. Initially, it is
essential to determine the effects the miRNAs being studied specifically have
on PMSCs as their suspected target. It is hoped that this will provide a potential
link between the miRNA dysregulation observed in GDM LGA pregnancies, with
altered placental vascular morphology. Subsequent research can then utilise
more physiologically representative models to uncover where dysregulation of
these miRNAs may be originating from and what the knock-on effects are on
the surrounding villous morphology.

5.1.2 Guidelines for mesenchymal stromal cell characterisation

In order to develop an in vitro model for PMSC differentiation into vascular cell
types, primary cells must first be isolated from placental tissue and
characterised to demonstrate their purity and differential potential. The minimal
criteria for the definition of multipotent mesenchymal stromal cells were initially
published in a position statement from the International Society of Cellular
Therapy (ISCT)%°. This publication clearly states three guidelines for the
identification of MSCs, which they recommend being applied regardless of the
tissue that isolated primary human MSCs originate from, in laboratory research
and pre-clinical studies within the field of cellular therapy®’®. It is important to
recognise that this does not directly relate to the research question in this study,
however, these guidelines serve as an adequate framework for the
characterisation of isolated primary PMSCs to an optimal standard.

The ISCT criteria specify that MSCs must adhere to standard plastic cell culture
ware®”®. Secondly, cells must demonstrate a phenotype which is 295% positive
for the three specified MSC markers as well as being <2% positive for markers
of other contaminating cell types (table 5.1)°"°. Such phenotypic analysis should
be conducted on isolated cells via flow cytometry®’®. Lastly, trilineage in vitro
differentiation of MSCs should be demonstrated into adipocytes, chondrocytes
and osteocytes®’®. In light of these guidelines being established, it is common
for research papers to follow these recommendations and publish results
indicating that primary MSCs meet the criteria for MSC definition378-580, Once it
has been established that the PMSCs of the in vitro model being developed
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adequately meet these guidelines, their potential for differentiation into vascular
cell lineages, ECs and VSMCs, can then be investigated to determine their
suitability as a model for placental vasculogenesis and angiogenesis.

Table 5.1 Positive and negative markers for MSCs according to the ISCT
guidelines. The markers for characterisation of primary isolated MSCs from all
tissues set by the ISCT alongside their required abundances and the cell types
the markers are associated with according to the guidelines®’®.

Required
Antigen Associated Cell Type
Expression
CD73 MSC
295% positive CD90 MSC
CD105 MSC
CD14 or CD11b Monocytes and macrophages
CD19 or CD79%a B cells
<2%positive CD34 Primitive haematopoietic progenitors and ECs
CD45 Pan leukocytes
HLA-DR Stimulated MSCs
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5.2 Hypothesis

MSCs isolated from the term placenta, are suitable in vitro models for
studying the impact of miR-1 and miR-133a on the regulation of placental
vascularisation.

5.3 Aims

6) To isolate primary MSCs from term human placenta.

7) To confirm the multipotent properties of primary human placental MSCs
(PMSCs).

8) Develop an in vitro system for assessing placental vascular development
using primary PMSCs.
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5.4.1 Optimisation of primary placental mesenchymal stem cell

isolation and subculture

Multiple protocols for isolating MSCs from term placental tissue, utilising a
variety of methods to liberate MSCs from the extracellular matrix and
heterogenous cell population that make up the placenta, to generate cultures
enriched with this multipotent cells®’®. In light of the COVID-19 pandemic and
limitations in obtaining training in new techniques, an isolation protocol was
opted for that in addition to having a detailed characterisation of surface marker
expression and differential potential of isolated cells, was accompanied by a
video displaying and explaining each step of the procedure from collection to
culture of MSCs as a framework for developing a procedure for PMSC
isolation®8".

Initially using this protocol isolated cells still appeared sparse with only a single
dense colony of cells visible per flask that was not rapidly replicating after 14
days of culture (fig. 5.1A) ', To increase the yield of cells isolated and
increase the rate of replication, an optimised version of the isolation protocol
was adapted to give a visibly higher yield of cells after 15 days at passage 0
from the same volume of starting material (~30g; fig. 5.1B). This was achieved
by supplementing the MSC growth medium with non-essential amino acids and
replacing the PBS wash step after 72 hours, with hemidepletion of the
conditioned medium and replacement with fresh growth medium for two
consecutive days before complete replacement of the media on day 5.
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Fig. 5.1 Primary PMSC isolation optimisation comparison. PMSCs were
isolated from term placental tissue and micrographs were taken 14 days
following isolation at PO. (A) PMSCs were isolated using the same protocol
described in Pelekanos et al. 2016 before optimisation®8'. (B) PMSCs were
isolated using the optimised protocol that was adapted from this protocol to
improve cell yield. Micrographs representative of isolations from three individual
placentas, scale bars indicate 200um.
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Using the optimised protocol, high yields of fast replicating primary cells were
isolated from term placental tissue that displayed the expected fibroblastoid
spindle-shaped morphology of MSCs (fig. 5.2)%8'-583_ Throughout the
subculturing process, these cells retained their spindle shape and clustered
together. Cells demonstrated a high propensity for plastic adherence, as is
specified in the ISCT guidelines®”®. Also present in culture, but to a lesser
extent, were non-spindle-shaped cells which appeared brightly under the light
microscope and appeared to be more rounded in shape. These can be seen in
PMSC cultures from other research groups as well as MSCs derived from
adipose and bone marrow tissue®84-58_|t has been theorised that these cells
may represent a different phenotype of MSC which has decreased expression
of MSC surface marker CD73%7. Conversely, there may be a contaminating
non-MSC cell type, for example, Hofbauer cells in placental isolations, present
within the culture alongside MSCs5%8. These rounded cells became less
frequent in cultures that were at P2 and onwards, with an approximate mean of
17 spherical cells per field of view at P1, whilst this decreases to 3 per field of
view at P3 (n=6).
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A PO Day 7 B PO Day 14 C P1 D P2 Onwards

Fig. 5.2 Morphology of primary PMSCs. Primary PMSCs were isolated from term placental tissue at (A) PO day 7, (B) PO day 14, (C)
P1 and (D) P2 onwards. Micrographs show isolations from three individual placentas at time points throughout the subculture (n=6).
Scale bar indicative of 200um.
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Furthermore, a comparison of the primary PMSCs (fig. 5.3A). with bone
marrow-derived, MSCs (BMSCs; fig. 5.3B), indicated that they shared similar
fibroblastoid, spindle-shaped morphologies, despite the different origins of the
isolated cells®8°5%_ At lower magnification, cells appear spindle-shaped, whilst
under higher magnification, the branches at each cell periphery can be clearly
observed. Similarities in the morphology and clustering of the isolated placental
cells with the BMSCs support their MSC identity. Similarities in the morphology
of MSCs isolated from different tissues have also been reported in the
literatured°°.
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Fig. 5.3 Comparison of the cellular morphology of primary placental MSCs
with bone marrow derived MSCs. Primary PMSCs were isolated from the
placentas of healthy patients and cultured up to P6 (n=6). Primary BMSCs were
cultured up to P6 (n=3). Micrographs were taken of both cell types at P3.
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5.4.2 Characterisation of surface marker proteins in primary

placental MSCs

To determine the MSC identity of the primary term placental cells isolated,
immunostaining for specific MSC markers was conducted on live cells at P3
(n=3) and the percentage of cells positive for these markers was measured
through flow cytometry. Markers were selected based on the specifications set
by the ISCT, which also recommends flow cytometry as the superior technique
for the characterisation of single cells within the total population®”®. PMSCs
demonstrated high levels of MSC markers CD73 and CD90, similar to BMSCs.
As well as similar levels of the MSC marker CD105 (NS; fig. 5.4A). VSMCs had
similar levels of CD90 and CD105 to the PMSCs (NS; fig. 5.4A), although there
was a trend for the levels of CD73 to be decreased compared to PMSCs and
BMSCs, consistent with their non-MSC identity (NS; fig. 5.4A). There was a
trend for HUVECs to also have low levels of CD73 (NS; fig. 5.4A). On the other
hand, CD90 expression was significantly reduced compared to all other cell
types, whilst CD105 was significantly elevated (both n<0.05; fig. 5.4A).

In tandem with the positive marker characterisation, negative markers were also
characterised using a negative marker cocktail quantifying levels of CD45,
CD34, CD11b, CD79A and HLA-DR (fig. 5.4B). Positive staining for the
negative markers within the negative marker cocktail was similarly low in
PMSCs and VSMCs, but not absent (NS; fig. 5.4B). Whilst over half of BMSCs
were positive for these negative markers of MSC identity, which was
significantly higher than that in PMSCs and VSMCs (p<0.05; fig. 5.4B). The
levels of negative marker expression in HUVECs were significantly higher than
in each of the other cell types (p<0.05; fig. 5.4B). Lastly, CD31 was exclusively
present in HUVECs, with negligible expression in PMSCs and BMSCs (fig.
5.4B). Accordingly, levels of CD31 expression in HUVECs were found to be
significantly higher than PMSCs and BMSCs (p<0.05; fig. 5.4B). Results
summarised in fig. 5.4C.

To confirm flow cytometry data characterising the primary PMSCs isolated,
immunocytochemistry (ICC) was performed. PMSC isolations (n=3) were
stained for the positive MSC markers CD90 and CD44 (fig. 5.5A). Findings
indicated that PMSCs strongly expressed both CD90 and CD44, consistent with
MSC identity. In contrast, ICC staining for negative MSC markers, CD14 and
CD19, showed no positive staining in MSCs (fig. 5.5B).
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Fig. 5.4 Primary PMSC surface marker protein characterisation. Primary
PMSCs were isolated from term placental tissue from uncomplicated
pregnancies (n=3), at P3 flow cytometry was used to determine the purity of
each isolation by measuring the proportion of cells with surface marker proteins
indicative of (A) MSC identity or (B) contaminating cell types. Percentage of
positive cells was calculated and compared against BMSCs (n=3), HUVECs
(n=3 - 5) and VSMCs (n=3). Significant differences between the expression of
CD90, CD105, CD31 and markers within the negative marker cocktail, were
found between the different cell types (p<0.05; Kruskal-Wallis or ANOVA
depending on data distribution). There was a trend for CD73 to be decreased in
HUVECs and VSMCs that did not reach significance (NS). (C) Summary of the
proportion of each cell type that is positive for each marker. The negative
marker cocktail probed for CD45, CD34, CD11b, CD79A and HLA-DR. Lines
indicate the median value.
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Fig. 5.5 Immunocytochemistry to characterise positive markers for MSC identity in PMSC isolations. Primary PMSCs were
isolated at term from placental tissue from healthy pregnancies (n=3). ICC was used to stain cells at P3 — P5 for the presence of (A)
positive markers for MSC identity, CD90 and CD44. (B) As well as negative markers CD14 and CD19. Images were acquired using a
fluorescent microscope, IgG negative controls were included as a negative control. Scale bars represent 50um.
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5.4.3 Confirmation of the differential potential of primary placental
MSCs

Further to stipulating that plastic adherence and surface marker characterisation
are essential for MSC definition, the ISCT guidelines also state that the
multipotent differential potentiatial of MSCs must also be demonstratable in
isolations of sufficient purity®”®. This requires that cells can undergo trilineage
differentiation into adipocytes, chondrocytes, and osteocytes. Processes that
are well characterised in MSCs®°. As such, the ability of primary PMSCs to
differentiate down these three lineages was assessed.

Following exposure of cells to adipogenic induction media, PMSCs (n=3)
underwent morphological changes as early as day 7, showing the formation of
small white circular appendages consistent with the appearance of lipid
droplets, or darker aggregations of numerous lipid droplets (fig. 5.6). The lipid
component of these droplets was stained a yellow/orange colour with oil red O
(fig. 5.6). Such morphological changes were not observed in cells exposed to
control media (fig. 5.6). This is a well-documented transformation in cellular
morphology in MSCs, PMSCs demonstrated similar yellow/orange staining of
small lipid droplets as seen in other studies of placentally derived MSCs59".592,
These findings suggest that PMSCs are successfully differentiating into
adipocytes following exposure to an induction medium.
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Fig. 5.6 Adipogenic differentiation of primary PMSCs. Primary P3 PMSCs
isolated from healthy pregnancies (n=3) were induced to differentiate down the
adipogenic lineage through culturing in growth media supplemented with
hydrocortisone, isobutylmethylxanthine, and indomethacin for 21 days. At 7-day
timepoints, micrographs were taken of live unstained cells to identify any
changes in morphology that had taken place, and cells were fixed with 4% PFA
and stained with Oil Red O staining solution to confirm the presence of lipid
droplets via positive staining. Lipid droplets can be seen as white spherical
structures in unstained micrographs, and stained yellow/orange with oil red O
(annotated with arrows). Undifferentiated P3 PMSCs were grown in a standard
MSC growth medium and stained as a control for comparison. Scale bars are
annotated with the measurement they represent in each micrograph.
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To determine the ability of primary PMSCs to differentiate down the osteogenic
lineage, PMSCs from uncomplicated pregnancies (n=3) were exposed to an
osteogenic induction medium and morphological changes were recorded. After
7 days of culture cells exposed to osteogenic induction, the medium had altered
morphology compared to undifferentiated cells (fig. 5.7A). Differentiated cells
appeared tightly clustered at confluency, where it was difficult to determine
individual cell boundaries, this organisation of cells appears vastly different to
PMSCs grown in standard growth medium (fig. 5.7A and fig. 5.2). Calcium
deposits, a key characteristic of cultured osteocytes, were stained in
differentiated cells using alizarin red>%3. Staining of calcium deposits was
apparent in micrographs (fig. 5.7A) as well as macro photography of wells
visible to the naked eye (fig. 5.7B). Undifferentiated cells did not positively stain
for any calcium deposition.
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Fig. 5.7 Osteogenic differentiation of primary PMSCs. Primary P3 PMSCs
isolated from healthy term placental tissue (n=3) were induced to differentiate
down the osteogenic lineage through culturing in growth media supplemented
with dexamethasone, ascorbate-phosphate, and B-glycerolphosphate. After 7
days, micrographs were taken of live unstained cells to identify any changes in
morphology that had taken place, and cells were fixed with formalin and stained
with Alizarin Red staining solution to confirm the presence of calcium deposits
via positive red staining. Undifferentiated P3 PMSCs were also cultured in a
standard growth medium and stained as a control for comparison. (A)
micrographs showing cellular morphology of undifferentiated PMSC and
PMSCs day 7 post-induction, as well as fixed cells following Alizarin Red
staining. (B) macrophotographs of fixed coverslips containing undifferentiated
and differentiated PMSCs following Alizarin Red staining. Scale bars annotated
with their relative distance on each micrograph.
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Lastly, to complete the trilineage differentiation typical for multipotent MSCs,
primary PMSCs from uncomplicated pregnancies (n=3) were induced to
differentiate into chondrocytes through exposure to a chondrogenic induction
medium. To determine whether cells had successfully undergone chondrogenic
differentiation, ICC was utilised to stain sectioned pellets of the extracellular
matrix protein aggrecan (ACAN), a commonly used marker for chondrocyte
differentiation %%45%, Staining of PMSC pellets with ACAN, 21 days post-
induction with chondrogenic medium, demonstrated that cells were positive for
this marker of chondrogenic differentiation (fig. 5.8A). However, similar staining
was also observed in micrographs taken of MSCs grown in pellets in the
absence of chondrogenic induction media (fig. 5.8B). Whilst undifferentiated P3
PMSCs grew as a monolayer and showed low levels of staining with anti-ACAN
compared to PMSCs grown in pellets imaged at the same exposure (fig. 5.8C).
Notably, less fluorescence was detected in the negative control pellet of PMSCs
on day 21, stained only with secondary antibody (fig. 5.8D). This confirms that
positive staining for ACAN was not a result of the non-specific binding of the
secondary antibody. Overall, these findings allude to an increase in the
expression of the chondrocytic marker ACAN in PMSCs grown as pellets versus
the baseline levels of ACAN in undifferentiated PMSCs grown in a monolayer.
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Fig. 5.8 Chondrogenic differentiation of primary PMSCs. Primary PMSCs
isolated from placental tissue of uncomplicated pregnancies (n=3) were induced
to differentiate down the chondrogenic lineage through culturing in growth
media supplemented with dexamethasone, ascorbate-phosphate, proline,
pyruvate, and recombinant TGF-33. Cells were grown in pellets, which after 21
days of culture were frozen in OCT, cryo-sectioned, and fixed in 4% PFA.
Immunocytochemistry was used to stain sectioned pellets for chondrocyte
marker protein ACAN. PMSCs were also cultured in pellets or as monolayers in
standard PMSC growth medium as undifferentiated controls. (A; top row)
differentiated P3 PMSCs grown in a pellet and with a chondrogenic induction
medium for 21 days, stained with anti-ACAN. (A; middle row) undifferentiated
P3 PMSCs grew in a pellet with standard PMSC culture medium, stained with
anti-hACAN. (A; bottom row) differentiated P3 PMSCs grown in a pellet with
chondrogenic induction media, just stained with the secondary antibody as a
control for comparison. (B; top row) undifferentiated P3 PMSCs grown in
monolayer stained with anti-ACAN. (B; bottom row) undifferentiated P3 PMSCs
grown in monolayer stained with just the secondary antibody.
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5.4.4 Isolated placental MSCs can be induced to express VSMC-

specific proteins

Following the successful characterisation of the primary PMSCs and
demonstration of their multipotency to confirm their adequate purity, it was
essential to measure their ability to differentiate into VSM to confirm their
suitability in modelling this process in future in vitro studies. Furthermore,
experiments aimed to identify at what timepoint key markers for VSM identity
are upregulated following induction, to determine when miRNAs should be
overexpressed or inhibited in the in vitro model.

Previous studies have demonstrated that MSCs derived from the placenta,
umbilical cord and bone marrow can undergo myogenic differentiation into
smooth muscle cells that express elevated levels of VSM markers such as
ACTA2, MYH11 and CNN1 compared to undifferentiated MSCs%%-5%  The
components for the induction media of each study varied slightly, however,
each showed successful differentiation with 5Sng/ml TGF-1. Mesure et al.
(2017) also found that supplementation with 300uM ascorbic acid is sufficient
for VSM differentiation, even in the absence of TGF-B1in Wharton’s jelly
umbilical cord-derived MSCs5%%°. Each of the prior studies used a different
concentration of FBS in culture, ranging from 1 — 10%3%%-%%_ Therefore it seems
that FBS concentration is relatively unimportant for this process, as confirmed
in an experiment by Gong et al. (2009), which compared the VSM differential
potential of BMSCs grown in 2% or 10% FBS, finding that there was no
difference between the conditions®®°. As the median of the range used in other
studies and the same percentage that was used in Chen et al.’s (2016) study
which also utilised MSCs isolated from the placenta, 5% FBS was selected as
the concentration to be used in this investigation®®’.

It was shown by Chen et al. (2016) that collagen or laminin extracellular support
matrices enhanced the upregulation of VSMC markers ACTA2 and CNN1, but
not MYH11, the favoured marker for mature contractile VSMCs®'. To test
whether a collagen extracellular matrix supplement enhanced or suppressed
differentiation into mature contractile VSMCs, PMSCs were differentiated with
VSM induction medium with and without collagen support.

As with the other differentiation experiments, primary PMSCs isolated from
uncomplicated pregnancies (n=3) were cultured to P3, when they were plated
out for differentiation in uncoated plates, or collagen-coated plates.
Differentiation was induced through the application of a VSMC differentiation
medium containing 5% FBS, 5ng/ml TGF-1 and 300uM ascorbic acid.
Undifferentiated PMSCs were also cultured as a control for comparison, in
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standard PMSC culture medium (SCM) on uncoated plates. At each time point
(day 3, day 7 and day 14 post-induction) RNA was extracted from cells and RT-
gPCR was utilised to measure the levels of VSM marker MYH11 (fig. 5.9).
Relative expression of MYH11 was calculated in each of the conditions at each
time point, then the fold-change of the two differentiation conditions was
compared to the levels of MYH11 in the undifferentiated cells from each patient
at that time point. Results show that levels of MYH11 in cells exposed to
supplemented VSM induction medium remained relatively constant until day 14
in both the collagen-coated and the uncoated conditions (NS; fig. 5.9). On day
14, MYH11 levels underwent an >3.5-fold increase in differentiated conditions,
however, this trend did not reach statistical significance (NS; fig. 5.9). Overall,
this trend for MYH11 expression to be increased following 14 days of exposure
to VSMC induction conditions suggests that PMSCs are upregulating genes
associated with VSMC identity and function.
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Fig. 5.9 MYH11 levels in primary PMSCs exposed to conditions for
inducing vascular smooth muscle differentiation over time. Primary
PMSCs were isolated from placental tissue taken from healthy patients at term
(n=3). At P3 cells were plated out for differentiation into VSMCs. Cells in the
differentiation conditions were cultured in a VSM induction medium containing
5% FBS, 5ng/ml recombinant TGF-1 and 300uM ascorbic acid. Cells were
either grown on untreated plastic plates or a collagen matrix. Undifferentiated
PMSCs grown in standard culture medium (SCM) on untreated culture ware
were used as a benchmark for comparison. RT-gPCR was utilised to measure
the relative levels of the MYH11 transcript at each time point following induction,
normalised against 18S. Results have been presented for the two differentiated
conditions as a fold-change relative to baseline levels of undifferentiated
PMSCs from matched patients at the same time point. Medians plotted with
bars to show 95% CI. The variance between MYH11 between the conditions at
each time point did not reach statistical significance, however, there was a trend
on day 14 that MYH11 was increased in differentiated cells compared to cells
grown in SCM (Kruskal-Wallis and multiple comparisons; on day 3 and day 7
fold-change for both differentiation conditions were NS p>0.05; at day 14 fold-
change for each was approaching significance, TGF-B1 + collagen NS
p=0.0676, TGF-B1 NS p>0.0974).
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To further characterise the expression of VSM markers in differentiated PMSCs
isolated from healthy pregnancies (n=3), ICC was used to probe cells 14 days
following induction with a differentiation medium on a collagen matrix, for three
recognised VSM markers: ACTA2, CALD1 and MYH11 (fig. 5.10A, B and C
respectively).

a-smooth muscle actin (ACTAZ2) is a popular VSMC marker used in other MSC
differentiation studies to quantify VSMC differentiation®®'. However, in this
experiment, staining of ACTAZ2 was present at similar levels in PMSCs that had
been differentiated into VSM and in undifferentiated PMSCs grown in SCM for
14 days (fig. 5.10A). Clear staining of the cytoskeleton can be observed in
positively stained cells, consistent with the known localisation and function of
ACTAZ in cytoskeletal contraction®°'. Similar staining of this cytoskeletal protein
can also be seen in the saphenous vein VSMC positive control (fig. 5.10A).

The cytoskeleton-associated protein h-caldesmon (heavy chain isoform;
CALD1), which is also often used as a VSMC marker, was also localised in the
differentiated PMSCs. Results indicate that levels of CALD1 are upregulated in
PMSCs that have been induced to differentiate for 14 days via the protocol
outlined, compared to the levels in undifferentiated PMSCs (fig. 5.10A and B
respectively). As with the two previous VSM markers, CALD1 was detected in
the saphenous vein VSMCs included as a positive control and was absent from
the secondary antibody only negative control (fig. 5.10C and D respectively).

MYH11 was localised in clusters of PMSCs that had undergone the 14-day
differentiation protocol, but not in undifferentiated PMSCs cultured in SCM (fig.
5.10C). Similar staining was also observed in the saphenous vein VSMC
positive control; however, staining was uniform between all cells. Staining in
differentiated PMSCs is specific to the cytoskeleton, where this protein performs
its essential role in smooth muscle contraction®°26%3, These results are
concurrent with the increased levels of MYH11 mRNA transcripts measured via
RT-qPCR.
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Fig. 5.10 VSMC marker expression in primary PMSCs cultured in VSM induction conditions. Primary PMSCs from healthy
pregnancies (n=3) at P3 were induced to undergo myogenic differentiation into VSM on a collagen matrix with a VSM differentiation
medium. (A) After 14 days of culture following induction (P5), samples were fixed with methanol. ICC was used to stain for (A) ACTA2,
(B) CALD1 and (C) MYH11 in undifferentiated PMSCs, differentiated PMSCs, and saphenous vein VSMCs. Isotype IgG controls were
used to confirm specific target binding. Scale bars indicate 50um.
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5.5 Discussion

5.5.1 Characterisation confirmed primary placenta mesenchymal

stromal cells were successfully isolated from term placenta

Findings from flow cytometric characterisation of surface marker expression
indicated that primary PMSCs isolated from term placenta of uncomplicated
pregnancies expressed MSC markers CD90, CD73 and CD105 at similar levels
to BMSCs. Ubiquitous expression of CD90 and CD44 was also subsequently
confirmed in PMSCs through ICC. Each of these surface marker antigens is a
recognised marker of MSC identity®®.

CD90 is a membrane-bound glycoprotein that was highly expressed in both
PMSCs and BMSCs%7%:6%4_ The roles that this protein plays in MSC function has
not yet been fully characterised, however, in vitro experiments testing the
differential potential of the dental pulp, adipose tissue and amniotic fluid have
shown that decreased CD90 expression enhances differentiation into
osteocytes and adipocytes®®*. These findings suggest that CD90 may help
regulate MSC differentiation through the prevention of lineage commitment®%4.
This increased differential potential has also been observed in BMSCs lacking
CD90 expression, which similarly demonstrated enhanced adipogenic and
osteogenic differentiation®%. Findings from the trilineage differentiation of the
CD90* primary PMSCs isolated for this investigation indicate that expression of
CD90 did not prevent differentiation of these cells into adipocytes, osteocytes,
or chondrocytes. Furthermore, the trend for MYH11 expression to be increased
following culture in VSMC induction conditions suggests that they are also
capable of differentiation into VSMC identity despite high levels of CD90
expression.

In contrast, the expression of the MSC marker CD73, which was also expressed
by almost all PMSCs and BMSCs, promotes the differential potential of
MSCs®%. In an investigation of their function in bone fracture repair, it was
found that CD73* positive BMSCs demonstrated enhanced osteogenic
differentiation in vitro, as well as showing enhanced migration to the fracture
site and regeneration of bone and cartilage in vivo compared to CD73 negative
MSCs®%. This is consistent with previous research which indicated that CD73
mediates MSC migration in BMSCs, in conjunction with CD29 following
mechanical stimulation®”. Research into the regenerative potential of CD73*
adipose-derived MSCs in the recovery of cardiac function following myocardial
infarction (MI) in rats has shown that MSCs expressing CD73 also demonstrate
increased promotion of angiogenesis compared to CD73- MSCs®%. CD73* MSC
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transplantation following MI resulted in earlier neovascularisation, gene
expression analysis confirmed that this was likely due to upregulation of the
VEGF signalling pathway®®. These results may help to explain why the CD90*
PMSCs in this study retained their ability to differentiate into different cell
lineages. Furthermore, the abundance of CD73 expression in PMSCs and its
upregulation of VEGF signalling may help to confer their potential as vascular
progenitors to promote vasculogenesis and angiogenesis in the placenta®°.

Despite showing similar expression to the BMSC positive control, CD105
expression was below the expected 95% set out in the ISCT guidelines®’®.
Although, existing research comparing the levels of MSC markers between
MSCs isolated from different human tissues has shown that the levels of CD105
can be variable between sources of MSCs, including bone marrow, adipose
tissue, skin and Warton’s jelly5%°6%° However, PMSCs also isolated from term
placental tissue via enzymatic digestion have been shown to achieve higher
levels of CD105 expression, approximately 80%°'°. One explanation for this
difference could be a difference in the growth medium used since a comparison
of different commercially available growth media for amniotic fluid MSCs by
Wang et al. (2020) indicated that they can have a significant effect on altering
CD105 expression®'. Similarly, culturing cells in the serum-free MSC growth
medium was found to decrease CD105 expression compared to the serum-
containing medium (the concentration was not specified) in research by Mark et
al. (2013)812, Although 10% FBS in low glucose DMEM was used both in this
study and in Yu et al.’s (2021) experiments, the other differences in the medium
were the supplementation with non-essential amino acids in this study and the
addition of 5 ng/mL bovine basic fibroblast growth factor by Yu®'°. It is unclear
whether this is causing the low expression of CD105 in the isolated placental
cells. Existing research in the umbilical cord, adipose tissue, and bone marrow-
derived MSCs has demonstrated that CD105- MSCs are still capable of
chondrogenic, adipogenic and osteogenic differentiation®'2-614, Murine adipose
tissue-derived MSCs that were CD105 have even been shown to demonstrate
increased differential potential down adipocyte and osteocyte lineages
compared to CD105* subpopulations®?5.

As well as expressing markers of MSC identity, results also suggested that the
primary PMSCs were capable of differentiation into osteocytes and adipocytes,
and may be able to differentiate into chondrocytes, as has been shown in
previous studies of PMSCs%81.616.617 PMSCs demonstrated osteogenic
differentiation through alizarin red staining of calcium deposits and adipogenic
differentiation through oil red O staining in response to exposure to induction
media. Whilst chondrogenic differentiation, seemingly detected through an
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increase in ACAN, appeared to be induced through growing cells as a pellet as
opposed to in a monolayer. Previous research has shown that ACAN is not
exclusively expressed in chondrocytes, for example, Mwale et al. (2006) found
that it was also expressed in undifferentiated BMSCs88. It has also previously
been shown that PMSCs isolated from first trimester and term tissue are
capable of chondrogenic differentiation®16.617.619 " Although to confirm that the
primary PMSCs used in this study are capable of chondrogenic differentiation
and whether growth in a pellet alone was sufficient for this process, future
analysis of samples could use ICC to measure the levels of an alternative
chondrocyte markers collagen type Il and collagen type X or use Alcian Blue
staining for glycoaminoglycans®95.619-622,

Overall, results from this investigation illustrate that the primary cells isolated
from term placental tissue were positive for the MSC markers CD90, CD73 and
CD44, as well as being capable of osteogenic and adipogenic differentiation,
despite there being a substantial subpopulation of CD105- MSCs within the total
cell population, as is consistent with numerous studies that ascertain that
CD105 expression does not promote differential potential in MSCs®12-615,

Flow cytometric characterisation of the negative MSC surface antigens
recommended by the ISCT guidelines determined that the primary placental
cells isolated via enzymatic digestion consisted of a heterogenous population of
different cell types. Findings illustrate that ~18% of the cells isolated expressed
negative MSC markers. The ISCT state that the recommended negative
markers (CD45, CD34, CD11b, CD79A and HLA-DR in this study) identify pan-
leukocytes, hematopoietic stem cells, endothelial cells, macrophages and B
cells, and that pure MSC isolations may only express these in low levels
(£2%)°7°. However, the guidelines set by the ISCT are stringent due to their
relation to applications of MSCs in clinical trials for cellular therapies, which
must be highly regulated to ensure patient safety and enable standardised
protocols to be developed so that clinical results are reproducible between
groups®23. For this investigation, the aims were to develop MSCs as an in vitro
model for placental vascular differentiation. As such, the purity of cells isolated
is not as vital for downstream investigations as it is for cellular therapy. Instead,
for this purpose, it was important to determine the mixture of cell types that had
been isolated to discern how these may influence vascular differentiation and
function and identify the limitations of the in vitro model developed. However,
the negative marker cocktail utilised from the human MSC verification kit limited
the potential to identify and measure the proportion of cells expressing negative
markers due to the mixture of antibodies all being conjugated to the same
fluorophore. Without the capability to specifically stain antigens on cells to
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distinguish each of the negative markers, unfortunately it can only be
speculated what the cell types that were co-isolated with MSCs may be.

According to what is already known about the diverse cell types present within
the placenta, Hofbauer cells are a likely candidate for positive expression of
CD11b and HLA-DR with cellular isolations and are a prominent cell type within
the placenta®?4%25. These placenta-specific macrophages are often round or
ovoid in morphology, dissimilar from the spindle-shaped PMSCs isolated>®8.
These may have been identified in light microscopy images taken of cultures
which displayed bright spherical cells that did not demonstrate the characteristic
MSC morphology. Spindle-shaped placental macrophages have also been
reported, which would be more difficult to visually distinguish in cultures of
spindle-shaped PMSCs5%8. Regarding their role in placental vascular
development, Hofbauer cells are known regulators of angiogenesis that produce
VEGF®2¢, More generally, macrophages have also been implicated in VSMC
function and inflammation in other systems®?7:28, As such, co-isolated Hofbauer
cells may be providing beneficial signalling to PMSCs in culture, enhancing
vascular differential potential. This would make the in vitro model more accurate
to physiological conditions. However, it is important to recognise that since
cultures may not contain a pure PMSC population, any Hofbauer cells present
within cultures will also contribute to any potential changes in gene expression
identified in this study. Additional flow cytometric analysis of isolated PMSC
populations will be essential in verifying whether Hofbauer cells are present
within primary PMSC cultures using antibodies capable of measuring the levels
of negative MSC markers individually, as opposed to the negative marker
control cocktail.

ICC staining for Hofbauer cell marker CD14 was also undertaken, although it
was not detected in the primary placental cells isolated%8624 However,
according to studies comparing the application of these two techniques in
immunophenotyping, flow cytometry is more sensitive in its detection of
antigens such as CD19%2%630 Thus, levels of the contaminating cell markers
may be below the threshold for detection by ICC. Although, this cannot be
affirmed by current data, without the inclusion of samples with positive staining,
or a positive control that would indicate that the protocol used was successful.
For example, future experiments could include staining of fixed placental
macrophages or whole blood samples with anti-CD14 and anti-CD19 to
demonstrate how positive staining for the markers appears. Alternatively, the
population of Hofbauer cells may be CD14- whilst still being HLA-DR* and/or
CD11b", this could also be confirmed through further flow cytometric analysis
with a new panel of antibodies.
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Another potential cell type that may have co-isolated in PMSC cultures and be
expressing MSC negative markers may be haematopoietic stem cells (HSCs)
for which CD34 is often used as a positive marker®3'. Although they are
considered to be suspension cells, co-culturing cells with BMSCs indicated that
as well as existing within the supernatant, HSCs can also adhere to the surface
of MSCs or migrate beneath the monolayer where they form a population of
immature cells similar to the HSC niche in vivo®32. However, CD34 is not
exclusively expressed in HSCs, for example, it is also often used as an EC
marker, however, the lack of CD31 expression in isolated cells and the absence
of an ECM in culture conditions strongly suggests that they are not present in
the isolations®3. Alternatively, it has also been shown that freshly isolated cells
such as ECs express CD34 in culture, but that levels decrease over time®3.
This was also demonstrated by adipose tissue-derived MSCs that are capable
of differentiation into smooth muscle, adipocytes and neuron-like cells, these
cells were CD34* until P3%33. Thus supporting the theory that CD34 expression
is lost from MSCs during long-term culture, without altering the differential
potential of these cells. Unfortunately, in this study, levels of negative MSC
markers were only measured at P3 and P4, so results do not indicate whether
levels decreased in subsequent passages.

Interestingly, research by Campagnolo et al. (2010) showed that CD34*CD31"
cells isolated from microvasculature simultaneously expressed markers for
MSC and pericyte identity, as well as expressing CD34834, CD34* staining has
also been observed in two concentric rings of cells that make up the intima and
adventitia (inner and outer surface) of arteries®®5. The intima ring marking the
CD34*CD31* endothelium, and the adventitia is made up of CD34*CD31" cells
suspected to be vascular progenitor cells®3*. This phenomenon has also
described the review by Lin et al. (2013) who proposed ‘vascular stem cells’ as
a more accurate term to describe MSCs due to their location within blood vessel
walls and potential to differentiate into vascular cells (VSMCs and ECs) as well
as bone, cartilage and adipose tissue commonly shown in MSC research.53¢
Moreover, it has been found that MSCs grown in 3D organoid structures, that
more closely replicate physiological conditions, express CD34%3. This further
suggests that the placental cells isolated may be MSCs or pericytes capable of
mesenchymal and vascular lineage differentiation, that originated from the
perivascular tissue and retained their CD34 expression ex vivo. Successful
differentiation of isolated PMSCs into vascular cell types would support this
assertion.
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5.5.2 Primary PMSCs as a model for placental vascular development

To establish the suitability of isolated primary PMSCs as an in vitro model of
placental vascular development it was essential to determine that the cells were
capable of differentiation into vascular cell types, namely VSMCs and ECs
which together make up placental blood vessels. Initially, a protocol for VSMC
differentiation was established requiring cells to be cultured in a medium
supplemented with 5% FBS, 5ng/ml TGF-31 and 300uM ascorbic acid on a
collagen ECM. Findings indicated that culturing the primary PMSCs in these
conditions lead to a trend for MYH11 to be upregulated 14 days following the
induction of VSMC differentiation. Subsequent ICC using the optimised
differentiation protocol confirmed upregulation of MYH11 as well as showing
upregulation of CALD1 at day 14. Although levels of ACTA2 appeared
consistent between differentiated and undifferentiated cells. MYH11, ACTA2
and CALD1 are each recognised as markers of VSM that are upregulated in
contractile VSMCs compared to the synthetic phenotype®'. Therefore, findings
suggest that the differentiation protocol induced the differentiation of primary
PMSCs into contractile VSMCs. However, the consistent expression of ACTA2
throughout differentiated and undifferentiated cell culture is at odds with the
findings of previous studies, whereby ACTAZ2 increased following the induction
of smooth muscle differentiation in the umbilical cord and bone marrow MSCs,
as well as in contractile versus synthetic VSMCs 5%-599, Research by Liu et al.
(2013) speculates that the expression of smooth muscle contractile proteins
plays a functional role in MSCs due to the consistent presence of markers such
as h1-calponin and desmin in undifferentiated rat bone marrow MSCs838. Liu et
al. (2013) also reported that ACTA2 was present in undifferentiated MSCs,
however, unlike in PMSCs, its levels were found to increase following VSM
differentiation induction®38.

Alternatively, ACTAZ2 is also known to be abundantly expressed in pericytes,
including those within the mesenchymal core of placental villi, as well as MSC
antigens including CD90 and CD73%3%-642_ |t could be that the observed
differentiation pathway in these experiments is from pericytes into VSMCs, as
opposed to MSCs as the progenitor cells. The plausibility of this theory is
supported in recent research by Volz et al. (2022), who used clonal analysis
and cell lineage tracing to determine that pericytes within the heart act as
progenitors for the differentiation of coronary artery SMCs®43. These findings
support in vitro results from CD31- umbilical cord pericytes positive for the
pericyte marker neural/glial antigen 2 (NG2), showing that these cells are
capable of VSMC differentiation, demonstrated by upregulation of VSMC
markers and contractile function®3°. Furthermore, bone marrow-derived
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pericytes have been shown to be capable of trilineage differentiation similar to
MSCs, although this appears to be tissue-specific as adipose tissue pericytes
displayed poor chondrogenic potential®4%644. According to the available
literature, it does not appear that this experiment has been attempted in
placenta-derived pericytes yet. Nonetheless, this is a controversial topic within
the field of MSC research where it has previously been proposed that within the
in vivo environment MSCs are pericytes on account of their perivascular
localisation and the expression of MSC marker antigens including CD73, CD90
and CD105 by pericytes®3%640_ Equally, this hypothesis has come under criticism
due to the lack of well-defined criteria for the identification of pericytes, as well
as the absence of reliable markers for the distinction between MSCs and
pericytes®0. Crucially, research by Guimaraes-Camboa et al. (2017),
highlighted distinctions in the differential potential of murine pericytes in vitro
using standard protocols as undertaken in this project, versus transplanted
pericytes in vivo that could be specifically induced to fluoresce to enable cell
tracing®>. Findings from this investigation indicated that although pericytes
were capable of trilineage differentiation in vitro, transplanted pericytes
maintained their identity during ageing and following pathological conditions®45.
Researchers and the ISCT are now also beginning to appreciate the differences
between in vitro and in vivo culturing of MSCs and pericytes, specifically in
terms of their antigen expression and differential potential®8°646_|n an update
from the ISCT on the definition of MSCs, it was stated that MSCs must be
capable of trilineage differentiation in vitro in addition to demonstrating their
functionality in vivo®®. For example, through their ability to promote muscle
regeneration following transplantation to an injured muscle, or via their potential
to contribute to bone and cartilage formation following intra-femoral
transplantation®20.

Interestingly, the presence of VSMC and pericyte marker ACTA2 in MSCs has
been linked to the differential potential of this cell type, it appears that ACTA2*
adipose tissue, umbilical cord and bone marrow MSCs demonstrate suppressed
adipogenic, osteogenic and chondrogenic differentiation compared to their
ACTA2-negative counterparts®4’. Although, ACTA2* MSCs were still capable of
osteogenic and adipogenic differentiation, as was observed in PMSCs here®’.
Shafiee et al. (2018) study of placental cells termed meso-endothelial cells, that
were capable of differentiating into MSCs and ECs, yielded similar results548.
Showing that CD31 negative placental MSCs had increased levels of ACTA2
expression and decreased potential for EC differentiation®4®. These results
could suggest that the phenotypic identities of MSCs and pericytes are distinct,
potentially separated by their differential potential.
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Research by Byford et al. (unpublished), is currently utilising the MSCs isolated
in this study to investigate the role that sheer stress has on EC differentiation
and angiogenesis in the placenta at glucose concentrations that model GDM.
During this investigation it has been demonstrated that culturing PMSCs in EC
differentiation medium, EGM-2 supplemented with additional VEGFA,
upregulates tube formation when cells are seeded onto a Matrigel extracellular
matrix (ECM). This increase was quantified by measuring the number of tubes,
tube branching, a number of junctions and total tube area, whereby PMSCs
exposed to EC differentiation medium demonstrated significantly higher levels
of each of these metrics compared to undifferentiated PMSCs. These findings
suggest that the PMSCs isolated for this study are capable of adopting an EC-
like phenotype following culture in an induction medium, despite their
expression of ACTAZ2. Taken together with the observed upregulation of VSMC
markers MYH11 and CALD1 in this chapter, these findings support the ability of
these primary placental cells to model placental vascular development. If the
negative marker cocktail positivity is due to CD34 expression, within the
population this may help to confer EC differential potential as an established
marker for EC progenitor cells as well as HSCs®%4°. On the other hand, in the
previously mentioned research by Shafiee et al. (2018) on placenta-derived
cells, CD34*CD31'°" cells were identified to be bipotent meso-endothelial
progenitors, capable of differentiation into mesenchymal and ECs®48. Whilst,
CD34*CD31" cells, like the ones isolated for this investigation, gave rise to pure
MSC colonies®4®. Future characterisation of individual surface antigens on the
PMSCs isolated in this investigation will help to determine where these cells fit
into already documented cell types and their differential capabilities.
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Fig. 5.11 Byford et al. (unpublished) tube formation assays on PMSCs
exposed to EC differentiation medium. Tube formation assay of pMSCs
treated with either control (pMSC) medium or differentiation medium (EGM-2 +
VEGF-A) for 21 days (n=4). Cells were seeded onto a matrigel extracellular
matrix (ECM), 10,000 cells per well of a 96-well plate, and incubated for 2 hours
at 37°C. Suramin, which inhibits tube formation, and no ECM were used as
negative controls. (A) PMSCs were micrographed using the Incucyte. (B)
PMSCs grown in EC differentiation medium showed significantly increased tube
formation on all metrics, these included: number of tubes, total branching,
number of junctions and total tube area (p<0.05).
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Overall, from the findings from the characterisation and differentiation of the
primary placental cells isolated, it can be concluded that the cultures may be
enriched for PMSCs. As demonstrated by their propensity to adhere to plastic
culture ware, their near ubiquitous expression of MSC markers CD90, CD73
and CD44, as well as their functional capability for adipogenic and osteogenic
differentiation®7°. However, it is important to address that these properties are
not exclusive to MSCs, and in vivo transplantation and functional analysis would
be required to confirm their identity®®°. Nevertheless, evidence supports the
ability of the expected PMSCs to enrich cells to differentiate into VSMCs and
ECs, positioning them as a plausible model for studying placental
vasculogenesis and angiogenesis. Future characterisation of the cellular
antigen expression will be essential for determining the identity of the
heterogenous cellular population isolated. Research in a pre-print by Boss et al.
(2021) has established what is currently the most extensive panel of markers for
the characterisation of PMSCs using 23-colour flow cytometry, intending to use
it to determine the identities of cells within the heterogenous population of
mesenchymal subsets within first trimester placental villi*¢. Through such
analysis, four subtypes were distinguished, mesenchymal cells (CD73*CD90"),
perivascular cells (CD1467CD2717), stromal cells (podoplanin*CD36™), and
myofibroblasts (CD26*CD90*)84¢. The utilisation of these phenotypic markers,
alongside the negative MSC markers, in the future characterisation of the term
PMSCs isolated here would enable extensive characterisation of cells present.
Such an understanding of the cells presents within the model would help to
determine the levels of perivascular cells present within the population that may
be influenced during vascular cell differentiation, as well as the potential
interaction with non-MSC cells such as Hofbauer cells as previously discussed.

5.5.3 Strengths and limitations of primary PMSCs as a model for

placental vascular development

As with any in vitro model for a biological process, the model developed here for
placental vascular development has strengths and limitations in the accuracy of
its representation of physiological conditions in vivo, as well as in its practicality
as a reproducible experimental tool. In terms of isolation protocol, placentas are
a convenient source of MSCs for use in experiments as a natural byproduct of
pregnancies which is usually discarded®®'. Compared to other sources of MSCs
such as bone marrow, which is considered to be the best characterised gold
standard source of MSCs, but must be acquired through an invasive medical
procedure and only yields a small number of cells compared to placenta58".6%0,
Furthermore, placentas often provide an excess of material from which MSCs
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can be isolated, for instance, here the 30g of tissue utilised for MSC isolation
represented only a fraction of the tissue received from each patient. Meaning
the protocol could be scaled up to increase the yield of cells generated if
desired. Although, in this investigation, 30g of tissue was adequate in providing
enough cells for characterisation and downstream experimental applications
with generous excess for cryopreservation. The protocol for dissection which
enabled overnight refrigeration of tissue before enzymatic digestion also
enabled the processing of tissue during periods of time when out-of-hours
access to the laboratories was prohibited due to COVID-19 health and safety
regulations. Lastly, enzymatic digestion provides a less labour-intensive
strategy of MSC isolation compared to the alternative explant outgrowth
strategy adopted by a number of other research groups®®’.

The explant outgrowth strategy for isolation of MSCs can be applied to placental
tissue, as well as the other popular sources such as bone marrow, adipose
tissue and umbilical cord, without the use of proteolytic enzymes to liberate the
cells from the ECM and generate a single cell suspension®s’. Several
comparative studies of these two key methods have been undertaken in a
range of tissues, as discussed extensively in the review article by Hendijani et
al. (2017)85, In explant outgrowth protocols excised tissue is dissected into
small pieces and cultured in low glucose DMEM with 10%FBS and 1%
antibiotic/antimycotic within a suitable vessel until cells have migrated out of the
explanted tissue and adhered onto the plastic flask or dish®526%3, Tissue
explants are then removed and a cell dissociation agent such as trypsin or
Tryple Select is used to harvest cells for subsequent culture and passages as
usual®®26%3, Hendijani et al.’s (2017) review concludes that explant outgrowth is
the superior technique, considering comparative studies of the two different
MSC isolation techniques in a multitude of different tissues, for example, bone
marrow, adipose, umbilical cord, dental pulp, hair follicle, and cornea®®".
Whereby, the available evidence within the literature suggests that the two
methods for isolation generate MSCs containing similar levels of MSC marker
antigen expression, however, MSCs isolated via the explant outgrowth method,
from the umbilical cord among other tissues, demonstrated increased viability,
yield and proliferative potential compared to those acquired through enzymatic
digestion®1654655 However, results from Abumaree et al.’s (2013) study of
PMSCs may suggest otherwise®%2. The research compared a standard explant
outgrowth method with a strategy which combines both enzymatic digestion and
explant outgrowth, through brief treatment of explants with trypsin before
culturing®®?. Results showed increased migration of cells from explants treated
with trypsin compared to untreated explants, without compromising MSC
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marker expression. This suggests that enzymatic digestion can improve the
yield of PMSCs8%2, Findings from this publication also indicate the differential
potential of PMSCs is maintained when treated with trypsin before explant
outgrowth®%2,

Hendijani et al.’s (2017) review raises that the treatment of cells with proteolytic
enzymes negatively impacts cell membrane integrity and viability of cells
isolated®®'. This was discussed referencing a study by Sutradhar et al. (2017),
that showed that treatment of equine chondrocytes with trypsin-EDTA (0.25%
trypsin with 0.02% EDTA) for 20 — 60 min lead to significant decreases in cell
membrane integrity and overall viability®%®. However, results from a similar
experiment conducted in synovial MSCs indicated that there was no significant
decrease in viability following treatment with trypsin for up to 60 min, or
collagenase for up to 120 min, as was conducted in this study®%’. Although,
findings did suggest that there was a decrease in the proportion of cells positive
for MSC marker CD44 in populations exposed to trypsin for 30 mins compared
to those treated with Tryple®®’. Furthermore, results from Taghizadeh et al.’s
(2018) comparison of MSC yield from umbilical cord tissue using either
collagenase digestion or mechanical separation showed a 2.7-fold reduction in
native MSC recovery and as well as MSC positive marker antigens, including
CD90, CD105, CD73 and CD448%%8, Although, as formerly mentioned, after
optimisation of the isolation protocol, the yield of PMSCs generated through
enzymatic digestion was adequate for the intended downstream applications of
this study. Alternatively, another disadvantage of the enzymatic digestion
method is that, in the generation of a single cell suspension the arrangement of
cells in the ECM is lost, therefore it cannot be used to determine the stromal
niche in which PMSCs resided prior to isolation®. This means that the cells
isolated may not be from the perivascular niche specifically, this could
potentially affect their potential for differentiating into vascular cell types. As
aforementioned, flow cytometric characterisation of markers for mesenchymal
niche populations identified by Boss et al. (2021) would aid the identification of
the proportions of term PMSCs isolated here that belonged to each
population®46.

A possible limitation of these PMSCs as a model of placental vascular
development could be their tissue of origin within the placenta. The initial aim of
including tissue from the decidual side of the placenta as well as the chorionic
villi and the chorionic plate was to isolate cells that were representative of the
placenta as an entire organ. However, the inclusion of each of these tissues
within the isolation processes, especially the maternal decidual tissue, means
that the starting population of PMSCs contains a mixture of fetal and maternal
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MSCs. According to research by Pelekanos et al. (2016), the publication from
which this isolation protocol was developed, term PMSC cultures begin as a
mixture of fetal and maternal cells which eventually become taken over with
maternal PMSCs®'. This can occurs even when only the chorionic villous tissue
is digested, although cultures start with only low levels of maternal cell
contamination at PO, they had taken over the culture at P2%8'. One form of
characterisation which was not undertaken in this project due to time restraints
was karyotyping of PMSCs isolated from male pregnancies, to determine the
percentage of maternal (XX) and fetal (XY) cells within the population at each
passage®®'. This type of analysis of PMSCs isolated would enable the
determination of the origin of the PMSCs, whether they originate from the
maternal (decidua) or fetal (chorionic villi and chorionic plate). Since the
protocol was adapted from that of Pelekanos et al. (2016) and included decidual
tissue, it is likely that this will also be the case for the isolation prepared in this
study®®'. Due to the therapeutic applications of MSCs including PMSCs in
regenerative medicine, numerous studies have compared the phenotypic
antigen expression and functionality of maternal and fetal PMSCs to determine
the favourable type for cellular therapy. These studies have found that both
types of PMSC express MSC markers such as CD73, CD90 and CD105 to
similarly high levels, as well as both being capable of trilineage differentiation®83.
However, differences were found in the expression of growth factors and
cytokines between the two types®®3. For example, maternal PMSCs were found
to express increased levels of VEGF and decreased levels of TGF-31
compared to fetal PMSCs, it was hypothesised that this may affect their
angiogenic potential®®3. This hypothesis was supported in research by Zhu et al.
(2014), who found that HUVECs cultured in vitro in fetal PMSC conditioned
medium demonstrated increased tube formation compared to those grown in
maternal PMSC conditioned medium®%°. On the other hand, a comparison of
fold expansion of maternal and fetal derived PMSCs in vitro has indicated that
maternal derived PMSCs show higher proliferative potential compared to fetal
ones, this may explain their tendency to take over mixed cultures of maternal
and fetal PMSCs®60661 Additionally, their increased ability to adhere to plastic
compared to fetal PMSCs may lead to an acceleration in their ability to become
established and begin proliferating during in vitro culture®?.

Since the placental abnormalities which are associated with GDM pregnancies
usually occur within the chorionic villi of the organ, the ideal in vitro model for
investigating this process would indeed utilise fetal- as opposed to maternal-
derived PMSCs. With regards to future research into this area, Boss et al.
(2020) have developed a protocol for isolation of PMSCs from chorionic villous
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explants and cultured in an EGM-2 medium, which enriches for fetal-derived
MSCs that could be utilised within this model®®3. Furthermore, this group has
developed a transcriptomic analysis technique for identifying maternal cell
contamination in PMSCs from female pregnancies via their clustering with male
maternally contaminated samples, another technique which could be applied in
future studies®”®. Alternatively, HLA-A and HLA-B typing has also been used to
distinguish between maternal and fetal derived PMSCs and can be applied to
both male and female pregnancies®®°.

In conclusion, future characterisation of the expression of surface antigens of
the primary PMSCs isolated in this study will be essential in fully understanding
the intricacies of potential intercellular signalling which may be occurring during
vascular cell differentiation, as well as fully understanding their physiological
accuracy in modelling the process. As well as determining their origin, whether
it is fetal, maternal or mixed. However, their ability to adopt VSMC- and EC-like
phenotypes following exposure to induction conditions clearly illustrates their
potential in modelling placental vasculogenesis and angiogenesis to investigate
potential regulators of these processes, such as miRNAs. Optimisation of
techniques in EC and VSMC differentiation, artificial manipulation of miRNAs
levels, and quantification of differentiation in these PMSC populations could
also contribute to future research in the case that PMSCs are maternally
derived and may not exactly model PMSCs in the placental villi.
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5.6 Conclusions

e Primary PMSCs were successfully isolated from term placental tissue of
uncomplicated pregnancies, as shown by their adherence to plastic and
almost ubiquitous expression of MSC markers CD90, CD73 and CD44.
They were also able to demonstrate multipotent differentiation into
adipocytes and osteocytes.

e However, cellular populations isolated maintained some heterogeneity,
indicated by the perpetuation of markers for contamination in flow
cytometric analysis. These cells may be Hoffbauer cells, HSCs or CD34+
MSCs.

e Primary PMSCs demonstrated upregulation of VSM marker MYH11
following the induction of VSM differentiation with TGF-B1 and ascorbic
acid-supplemented media, with or without collagen support.

e CALD1 was also upregulated in PMSCs following the induction of VSM
differentiation on collagen support, whereas ACTA2 was equally present
in differentiated and undifferentiated PMSCs.

e The adoption of a VSMC-like phenotype in this study as well as an EC-like
phenotype in research by Byford et al. (unpublished) following exposure
to induction conditions demonstrates the suitability of primary PMSCs as
a model for placental vascular development.
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Chapter 6
Investigating the Roles of miR-1-3p and miR-133a-3p in

Placental Vascular Smooth Muscle Differentiation
6.1 Introduction

6.1.1 Potential role of miR-1-3p and miR-133a-3p in placental

vascularisation and the development of LGA babies in GDM

Mounting evidence from the previous chapters of this thesis and the existing
literature, support a role for miR-1-3p and miR-133a-3p in placental vascular
dysfunction in pregnancies complicated by GDM that go on to deliver LGA
infants. Here, findings indicate that the levels of these two myomiRs are
dysregulated in both maternal serum EVs and in the placentas of GDM
pregnancies that are diagnosed with LGA, compared to those that have AGA
outcomes®%®. Furthermore, whilst GDM AGA pregnancies demonstrate a
significant increase in levels of miR-1-3p and miR-133a-3p at term, compared to
that of the first trimester placenta, levels of miR-1-3p and miR-133a-3p do not
increase in the term placenta of pregnancies affected by GDM and fetal
overgrowth, and instead levels in GDM LGA placenta at term are comparable to
that of the first trimester placenta. Thus, these findings support a potential role
for miR-1-3p and miR-133a-3p in the vascular development required for
placental villous maturation. Both miR-1-3p and miR-133a-3p have published
roles in the regulation of VSMC differentiation and contractility in other systems,
so it is logical to suspect that they may also have a role in regulating this
process in placenta'79319.355.460  Considering this and the known associations
between villous immaturity and GDM, and the association between LGA
outcomes in GDM pregnancies with altered fetoplacental blood flow, it is
possible that these myomiRs contribute to LGA by influencing placental
vascularisation'?#142546 The postulated mechanism is that dysregulation of
miR-1-3p and miR-133a-3p cause villous vasculature abnormalities that affects
placental vascular resistance in particular, due to the important functions that
VSMCs play in the regulation of blood pressure and flow via their contractility.

6.1.2 miRNA functional studies

To investigate the accuracy of this hypothesis, functional studies exploring the
downstream effects of artificial manipulation of these miRNAs in a suitable
model of placental vascularisation are essential. The establishment of the
differential potential of the primary term PMSCs in chapter 5 confirmed their
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suitability as an in vitro model for the study of placental VSMC differentiation. To
study the downstream effects of miR-1-3p and miR-133a-3p dysregulation on
differentiation of PMSCs towards a VSMC fate, levels of these myomiRs can be
specifically manipulated using miRNA inhibitors or mimics. Among the most
widely used miRNA inhibitors are antimiRs, which are modified antisense
oligonucleotides that sequester miRNAs with a complementary sequence,
preventing them from binding to target mRNA transcripts®*. This results in a
downregulation of the target miRNA binding and subsequent signalling®4.
Conversely, miRNA mimics are manufactured double-stranded RNA
oligonucleotides that imitate miRNA duplexes, and therefore specifically
upregulate signalling of the desired miRNAs®%%. Such artificial manipulation of
miRNA levels within in vitro placental models has been used to identify the
functional roles in the placenta in existing research. For example, the roles that
miR-376¢ and miR-378-5p play in mediating trophoblast survival, migration and
invasion were identified through the transfection of the HTR8/SVneo trophoblast
cell line with specific mimics and antimiRs'82:6%6_ Within this research group,
such techniques for artificial manipulation of miRNA levels have been applied to
first trimester placental explants, as well as in vivo, targeting them directly to the
placentas of pregnant C57BL/6J mice using the placenta homing

peptide CCGKRK?®'-6% However, it appears that there are no reports to date
on the use of this methodology to determine the roles of miRNAs in human
placental MSC or VSMC differentiation.
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6.2 Hypothesis

The myomiRs that are dysregulated in GDM LGA placentas, miR-1-3p and miR-
133a-3p, are involved in placental vascularisation through the regulation of
VSMC differentiation.

6.3 Aims

1. Measure the levels of miR-1-3p and miR-133a-3p in PMSCs during the
process of VSM differentiation and compare them with undifferentiated
cultures.

2. Develop an in vitro model to modulate miR-1-3p and miR-133a-3p levels
in primary human PMSCs and assess the impact on VSM differentiation.
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6.4 Results

6.4.1 Levels of miR-1-3p and miR-133a-3p increase during VSMC

differentiation

In the previous chapter, induction of VSMC differentiation in PMSCs and regular
monitoring (day 3, day 7 and day 14) of the levels of the contractile VSMC
marker MYH11 showed that upregulation of MYH11 occurred between 7- and
14-days post-induction. To help confirm whether miR-1-3p and miR-133a-3p
may be involved in the regulation of this process, the levels of the two myomiRs
were measured throughout the process of VSMC differentiation (day 3, day 7
and day 14) in term PMSCs from uncomplicated pregnancies (n=3). Findings
indicate that, like MYH11, levels of miR-1-3p and miR-133a-3p increase
between 7- and 14-days post induction of VSM differentiation via exposure to
TGF-B1 and ascorbic acid, compared to undifferentiated PMSCs (fig. 1.11).
Interestingly, the expression increase of miR-1-3p was higher when cells were
grown on a collagen matrix compared to those grown on uncoated plates (fig.
1.11A), whilst levels of miR-133a-3p remained relatively consistent between the
collagen and collagen-free conditions (fig. 1.11B). Although an increase in fold
change of both miRNAs is visible in the data, this change does not reach
statistical significance, potentially due to the small sample size and variability in
the fold change between patients (NS; fig. 1.11).

Nonetheless, the tendency towards an increase in these myomiRs in parallel to
increased levels of MYH11 supports a potential role for miR-1-3p and miR-
133a-3p in placental VSMC differentiation31%3%", This is consistent with reports
that these miRNAs promote a VSMC contractile phenotyping, in other systems
by modulating MYH11 expression3'9:351,
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Fig. 6.1 Levels of miR-1-3p and miR-133a-3p increase during
differentiation of PMSCs into VSMCs. Primary PMSCs from uncomplicated
pregnancies at term (n=3) were induced to differentiate into VSMCs through
culturing in medium supplemented with TGF-B1 and ascorbic acid, with and
without a collagen support matrix. The abundance of (A) miR-1-3p and (B) miR-
133a-3p mature transcripts was measured (normalised against U6 expression)
and the fold-change in expression for each differentiation condition calculated to
the baseline of undifferentiated PMSCs grown in the standard culture medium
(SCM). (A) There was a trend towards an increase in levels of miR-1-3p and
miR-133a-3p at day 14 in the differentiated conditions, however, statistical
significance was not reached (p>0.05; Kruskal-Wallis or ANOVA performed on
data from each timepoint depending on whether results were normally
distributed). Medians plotted with bars to show 95% CI.
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6.4.2 Transfection efficiency of PMSCs with miRNA mimics and
inhibitor

To allow levels of miR-1-3p and miR-133a-3p to be manipulated in PMSCs, it
was primarily important to establish a reliable protocol for transfection of
PMSCs with the oligonucleotide mimics and inhibitors. Optimisation of the
process is essential for confirming that there is a high level of transfection
efficiency, whereby almost all cells internalise the construct®”?. Comparison of
these measures in primary PMSCs from uncomplicated pregnancies (n=3)
transfected with a fluorescently labelled negative control oligonucleotide
construct using either Dharmafect or Lipofectamine-2000 indicated that both
transfection reagents were successful in transfecting the majority of cells
(>85%; fig. 6.2A and B). Overall, despite the relative success of both reagents,
Lipofectamine-2000 showed significantly higher levels of transfection efficiency
compared to Dharmafect, (fig. 6.2B), so all subsequent experiments were
performed using Lipofectamine-2000.
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Fig. 6.2 Lipofectamine-2000 demonstrated superior transfection efficiency for PMSCs. Either Dharmafect or Lipofectamine-2000
was used to transfect primary PMSCs with a fluorescently labelled negative control non-targeting miRNA and the transfection efficiency
was determined. (A) Fluorescent microscopy was utilised to visualise the uptake of the mimic by cells which were made identifiable
through DAPI staining of the nuclei, (i) a close-up of a transfected cell. Both transfection reagents demonstrated successful transfection
of cells compared to the control which was cultured following the standard protocol, and the mock transfection to which the transfection
reagent was applied without the addition of the negative control miRNA. Scale bars show the distance of 200um. (B) Quantification of the
percentage of cells successfully transfected (% cells containing negative control miRNA/ total number of cells) indicated that
lipofectamine-2000 outperformed Dharmafect on both parameters (n=3). The bar chart displays the mean with error bars indicating the
standard deviation for each reagent.
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6.4.3 Manipulation of miR-1-3p levels in PMSCs

Following optimisation of the transfection procedure, undifferentiated PMSCs
from uncomplicated pregnancies were transfected with miR-1-3p specific
inhibitors or mimics and levels of miR-1-3p were measured after 24 hours. This
set out to demonstrate the increased or decreased abundance of miR-1-3p
following transfection with mimics or inhibitors, respectively. Findings show that
levels of mature miR-1-3p are increased in PMSCs transfected with the miR-1-
3p mimic compared to the non-targeting negative control, thus confirming the
specific increase in miR-1-3p as a result of the mimic (p<0.05; n=3; fig. 6.3A).
Due to the increased degree of significance following transfection with 100nM of
mimic, this concentration was selected for subsequent functional studies.

On the other hand, there was no change in levels of miR-1-3p in PMSCs 24
hours post-transfection with miR-1-3p inhibitor (NS; n=3; fig. 6.3B). However,
this finding is consistent with the mechanism in which antimiRs act. Since they
sequester their target miRNA through complementary binding and prevent
subsequent binding of the miRNA to its target mMRNAs, rather than promote the
degradation of the target miRNA®%4 Therefore, further experiments were still
performed with miRNA inhibitors with the assumption that the functional activity
of the miR-1-3p was inhibited. The higher concentration of inhibitor (100nM)
was selected for subsequent experiments with the aim of delivering greater
miR-1-3p inhibition, although this could not be confirmed through measurement
of its abundance.

Comparison of the levels of miR-1-3p in the no oligonucleotide ‘mock’ condition
and the non-transfected ‘control’, with the negative control mimic and inhibitor
conditions confirmed that miR-1-3p levels were not altered in the negative
controls (NS; n=3; fig. 6.3C).
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Fig. 6.3 Mimics increased miR-1-3p levels in PMSCs, but inhibitors did not
alter miR-1-3p levels. PMSCs from uncomplicated pregnancies (n=3) were
transfected with (A) miR-1-3p mimics, (B) miR-1-3p inhibitors, or (C) non-
targeting negative control oligonucleotides. Results from RT-gPCR showed that
(A) levels miR-1-3p increased after treatment with miR-1-3p mimics compared
to the negative control mimic (p<0.05; ANOVA). (B) Levels were not significantly
altered following transfection with miR-1-3p inhibitors (p>0.05; ANOVA). (C)
Levels of miR-1-3p were not altered in negative control conditions compared to
the oligonucleotide free ‘mock’ and the non-transfected ‘control’ (NS; ANOVA).
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6.4.4 Investigating the impact of miR-1-3p manipulation on the ability
of PMSCs to differentiate into VSMCs

To investigate the impact of decreased miR-1-3p mature transcript levels on
placental cell vascularisation, PMSCs were transfected with miR-1-3p inhibitor
and the impact on the crucial phase of PMSC to VSMC differentiation (day-7
and day-14 post-induction) was assessed. PMSCs cultured under VSMC
differentiation conditions were transfected with miR-1-3p inhibitor on day 7 post-
induction (n=6), and the impact of miR-1-3p inhibition was assessed at 14 days
post-induction. To determine whether overexpression of miR-1-3p in PMSCS
undergoing PMSC to VSMC differentiation has opposing effects, on day 7 cells
were also transfected with miR-1-3p mimics (n=6). However, due to time
limitations attributed to the COVID-19 pandemic, all subsequent experiments
were performed only on PMSCs that had been transfected with miR-1-3p
inhibitor, which models the reduction of miR-1-3p that was observed in term
GDM LGA placentas compared to GDM AGA pregnancies.
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6.4.4.1 Cell morphology

Light micrographs demonstrated a difference in cell culture morphology,
whereby cells that had been transfected with the miR-1-3p inhibitor fig. 6.4A)
appeared less dense compared to the cells transfected with the non-targeting
negative control inhibitor (fig. 6.4B). At the opposing end of the spectrum, the
cells which had been treated with miR-1-3p mimics appeared to demonstrate
increased elongation (fig. 6.4C) compared to the cells transfected with the non-
targeting negative control mimic (fig. 6.4D).

A miR-1-3p Inhibitor

Fig. 6.4 Manipulation of miR-1-3p during VSMC differentiation of PMSCs
affects culture morphology. Term placental PMSCs from uncomplicated
pregnancies (n=6), cultured in conditions for VSMC differentiation, were
transfected at day 7 with (A) miR-1-3p inhibitors, (B) negative control inhibitors,
(C) miR-3p mimics or (D) negative control mimics. Light micrographs are
representative of the morphology displayed by cells cultured in each condition.
Scale bars are representative of 200um.
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6.4.4.2 PMSC markers

Next, gPCR was performed to assess whether these morphological differences
are reflected in alterations in the PMSC/VSMC transcriptome. Previous flow
cytometric characterisation of PMSCs and saphenous vein VSMCS showed that
there was a trend for CD73 expression to be lower in VSMCs than PMSCs,
whilst the MSC marker CD90 was consistently expressed in both (fig. 5.4).
Therefore, a decrease in the expression CD73 would be anticipated during the
process of differentiation of PMSCs into VSMCs.

Analysis of mMRNA levels of PMSC markers CD73 and CD90 (fig. 6.5A and B)
showed that mock (no oligonucleotide) and non-targeting negative control
mimics and inhibitors had no effect on CD90 or CD73 mRNA expression
compared to control, non-transfected cells (NS ;n=6; fig. 6.5A and B).
Furthermore, there was no difference in the levels of CD90 following
transfection of miR-1-3p inhibitor (NS; n=6; fig. 6.5A). However, there was a
noticeable increase in CD73 following treatment with a miR-1-3p antimiR
compared to the negative control in four out of the six PMSC cultures tested,
which may be suggestive of increased levels of undifferentiated PMSCs in
these cultures, although this did not reach significance (NS; n=6; fig. 6.5A).
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Fig. 6.5 PMSC markers are not significantly altered following miR-1-3p inhibition during VSMC differentiation. Term PMSCs from
uncomplicated pregnancies (n=6), grown in conditions that promote VSMC differentiation for 14 days and transfected with miR-1-3p
inhibitors at day 7. There was no significant difference between the levels of (A) CD73 and (B) CD90 between PMSCs treated with miR-
1-3p inhibitors and the non-targeting negative control inhibitors (paired T-test; p>0.05). Although there was a trend for CD73 to be
increased in cells transfected with miR-1-3p inhibitors compared to those transfected with the negative control inhibitor. (C) The
housekeeping gene 18S, which was consistently expressed between the groups (Kruskal-Wallis; p>0.05), was used for the normalisation
of results. The levels of all of the transcripts were consistent between the oligonucleotide-free mock treatment, the transfection-free

control and the negative control mimics and inhibitors (Kruskal-Wallis; p>0.05). Points of a single colour relate to individual patients’
PMSCs. Lines indicate the median.
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6.4.4.3 VSMC markers

gPCR arrays were then performed to assess whether miR-1-3p inhibition
impacted mRNA expression of genes associated with human smooth muscle
cell phenotype and function (fig. 6.6).

The results show that of the 88 transcripts quantified, six genes were
significantly altered following miR-1-3p inhibition compared to non-targeting
miR-inhibitor (p<0.05 and >2-fold change; n=3 fig. 6.6). Of these, five transcripts
were significantly reduced: MYH11, CALD1, MKL1 protein (MKL1), prostacyclin
receptor (PTGIR) and myosin light chain 6b (MYL6B; NS and >2-fold change;
fig. 6.6). MYH11 and CALD1 were previously found to be upregulated in
PMSCs induced to differentiate into VSMCs (fig. 5.10). Thereby suggesting that
VSMC differentiation is being suppressed in miR-1-3p inhibited PMSCs.
Mimecan (OGN) was the only protein that was found to be significantly
increased in cells transfected with miR-1-3p inhibitor (NS and >2-fold change;
fig. 6.6). A further 23 of the transcripts measured demonstrated >2-fold
decrease, and 11 showed a >2-fold increase but did not reach significance (NS
and >2-fold change; fig. 6.6). A full table of the transcripts profiled alongside
their p-values and fold-changes can be found in appendix 3.

Functional enrichment analysis of the differentially expressed genes was then
conducted using STRING to query known and predicted interactions between
the encoded proteins, using text mining of scientific literature, databases of
interaction and biological pathway experiments, and computational predictions
based on protein co-expression and conserved genomic contextt”".672. Results
from the STRING analysis highlighted known and/or predicted interactions
between the encoded proteins of four out of the six total differentially expressed,
(CALD1, MKL1, MYH11 and MYLG6B; fig. 6.7A) with a protein-protein interaction
(PPI) enrichment p-value of 3.75e-06. This low p-value demonstrates that the
enrichment of interactions between this network of proteins is significant,
suggesting that the proteins are likely to be biologically connected within this
network®71:672_ | ocal network cluster analysis by STRING identified significant
associations between this protein network and the ‘myosin ii complex in smooth
muscle contraction’, as well as ‘Rho GTPases activate Rocks, and EF-hand
domain’, of which Rho and their target Rho-kinases (Rock) have been
implicated in the regulation of arterial blood pressure through the mediation of
vasodilation®”3. As well as being shown to be involved in the process of VSMC
differentiation®”4. STRING analysis was also able to highlight the associations
between the genes altered following miR-1-3p inhibition with ‘smooth muscle
contraction’ and ‘vascular smooth muscle contraction’ according to Reactome
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and KEGG pathway analyses respectively (p<0.05; fig. 6.7B). As well as
associations of the encoded proteins with the ‘muscle myosin complex’ and
‘contractile fibers’ through accessing the Gene Ontology and
COMPARTMENTS databases (p<0.05; fig. 6.7B).
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Fig. 6.6 Transcripts associated with SMC function are reduced following
miR-1-3p inhibition during PMSC VSMC differentiation. Term PMSCs from
uncomplicated pregnancies (n=3), grown in conditions that promote VSMC
differentiation for 14 days and transfected with miR-1-3p inhibitors at day 7,
demonstrated decreased levels of five out of the 88 transcripts associated with
SMC function according to qPCR array measurement (T-test p<0.05 and fold
change>2). With one gene being significantly increased (T-test p<0.05 and fold
change>2). Each point represents a single transcript, the gene names for
transcripts that were significantly altered have been labelled. The blue
horizontal line represents the borderline for significance, whilst the red and
green lines denote the boundaries for two-fold increase and decrease of
abundance respectively.
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Gene Ontology Muscle myosin complex 0.0181
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(protein interactions)
Reactome Pathways
- ) Smooth muscle contraction 0.00037
(protein interactions)
COMPARTMENTS
Muscle myosin complex 0.0246
(subcellular localisation)
Local network cluster RHO GTPases Activate ROCKs, and EF-hand domain 0.0046
(STRING) Myosin ii complex, and smooth muscle contraction 0.00047

Fig. 6.7 STRING functional enrichment analysis of differentially expressed
genes following miR-1-3p inhibition during PMSC VSMC differentiation.
The list of differentially expressed genes (CALD1, MKL1, MYH11, MYL6B, OGN
and PTGIR) were input into STRING version 11.5 for functional enrichment
analysis. (A) The output of STRING’s search of protein-protein association
indicates that four of six total genes found to be altered following miR-1-3p
inhibition (CALD1, MKL1, MYH11 and MYLG6B) are part of a network of known
or predicted interactions between their translated proteins. A description of each
of the interactions displayed in the network is described by the corresponding
key provided by the STRING analysis output. (C) Functional associations of the
proteins in the network with biological pathways and cellular location are also
detected by STRING analysis and have been displayed in a table. The p-value
associated with each pathway was calculated by STRING based on the false
discovery rate, it denotes how significant the enrichment for the pathway is
within the network and has been corrected for multiple testing within each
category using the Benjamini-Hochberg procedure.
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6.4.5 Manipulation of miR-133a-3p levels in PMSCs

Using the same protocol as was undertaken with miR-1-3p, PMSCs from
uncomplicated pregnancies were transfected with miR-133a-3p specific
inhibitors or mimics before measuring the levels of miR-133a-3p transcript 24
hours post-transfection. With the aim of showing that the mimics and inhibitors
being used are functionally active in the PMSCs. Results revealed that the
levels of mature miR-133a-3p are increased in PMSCs transfected with the
miR-133a-3p mimic compared to the non-targeting negative control mimic. This
confirmed the specific increase in miR-133a-3p as a result of the mimic
treatment (p<0.05; n=3; fig. 6.8A). According to the increased significance of
miR-1-3p overexpression following transfection with 100nM of mimic, this
concentration was selected for future experiments.

However, there was no change in levels of miR-133a-3p in PMSCs 24 hours
post-transfection with the inhibitor (NS; n=3; fig. 6.8B). Yet, as previously
discussed, this does not necessarily mean that the antimiR is not working, since
they do not always lead to the degradation of mature transcripts®. It does
mean that future experiments will be required to confirm the downregulation of
miR-133a-3p. Nonetheless, further experiments were still performed with
miRNA inhibitors with the assumption that the functional activity of the miR-
133a-3p was inhibited. The higher 100nM concentration of inhibitor was
selected for further functional experiments with the aim of delivering maximal
miR-133a-3p inhibition, although this could not be confirmed through
measurement of the abundance of the transcript.

The levels of miR-133a-3p were consistent between the no oligonucleotide
‘mock’, the non-transfected ‘control’ and the non-targeting negative control
mimic and inhibitor conditions (NS; n=3; fig. 6.8C). This confirms that the
process of lipofection and transfection with a non-targeting oligonucleotide is
not altering the abundance of miR-133a-3p.
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Fig. 6.8 Mimics increased miR-133a-3p levels in PMSCs, but inhibitors did
not alter miR-133a-3p levels. PMSCs from uncomplicated pregnancies (n=3)
were transfected with (A) miR-133a-3p mimics, (B) miR-133a-3p inhibitors, or
(C) non-targeting negative control oligonucleotides. Results show that (A) levels
miR-133a-3p increased after treatment with miR-133a-3p mimics compared to
the negative control mimic (p<0.05; ANOVA). (B) Levels were not significantly
altered following transfection with miR-133a-3p inhibitors (p>0.05; ANOVA). (C)
Levels of miR-133a-3p were not altered in negative control conditions compared
to the oligonucleotide free ‘mock’ and the non-transfected ‘control’ (p>0.05;
ANOVA). U6 was used for normalisation and lines represent the median.
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6.4.6 Investigating the impact of miR-133a-3p manipulation on VSM
differentiation of PMSCs

Next, the influence that miR-133a-3p suppression has on VSMC differentiation
of PMSCs was investigated. As before, PMSCs from uncomplicated
pregnancies (n=6) were induced to differentiate into VSMCs, but at day 7 cells
were transfected with miR-133a-3p antimiRs to investigate the impact this has
on MSC to VSMC differentiation on day-14. Conversely, to test whether
upregulation of miR-133a-3p in PMSCS undergoing PMSC to VSMC
differentiation has the opposite effect, on day-7 cells were also transfected with
miR-1-3p mimics (n=6). Unfortunately, as a result of time limitations attributed to
the COVID-19 pandemic, all gPCR experiments were performed only on
PMSCs that had been transfected with miR-133a-3p inhibitor, as a model of the
decreased levels of miR-133a-3p that were recorded in term GDM LGA
placentas compared to GDM AGA pregnancies.
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6.4.6.1 Cell morphology

Light micrography of cultures showed differences in cell culture morphology,
whereby cells that had been transfected with the miR-133a-3p inhibitor (fig.
6.9A) appeared less elongated versus the cells transfected with the non-
targeting negative control (fig. 6.9B). Whilst cells that had been transfected with
the miR-133a-3p mimics appeared to be elongated and less confluent (fig.
6.9C) compared to the cells transfected with the non-targeting negative control
mimic, which appear to have a cobblestone-like appearance in the densest
areas (fig. 6.9D). These morphological changes in cells that have been
transfected with miR-133a-3p inhibitors and mimics seem to be reciprocal.

AmlR-133a-3p Inh|b|tor _ B _-ve Control Inhibitor

Fig. 6.9 Manipulation of miR-133a-3p during VSMC differentiation of
PMSCs affects culture morphology. Term placental PMSCs from
uncomplicated pregnancies (n=6), cultured in conditions for VSMC
differentiation, were transfected at day 7 with (A) mir-133a-3p inhibitors, (B)
negative control inhibitors, (C) miR-133a-3p mimics or (D) negative control
mimics. Light micrographs are representative of the morphology displayed by
cells cultured in each condition. Scale bars are representative of 200um.
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6.4.6.2 PMSC markers

To determine whether the morphological differences are reflected in alterations
in the transcriptomes of cells transfected with miR-1-3p inhibitors, RT-qPCR for
PMSC markers was conducted. Results showed that mock (no oligonucleotide)
and non-targeting negative control inhibitors had no effect on CD90 or CD73
MRNA expression compared to non-transfected control cells (NS; n=6; fig.
6.10A and B). Moreover, levels of CD90 were consistent between the cells
transfected with the miR-133a-3p inhibitor and those transfected with the non-
targeting negative control inhibitor (NS; n=6; fig. 6.10A and B). This was similar
to the result seen following miR-1-3p inhibition, however, inhibition of miR-133a-
3p did not lead to a trend for CD73 to be increased compared to the negative
control inhibitor (NS; n=6; fig. 6.10A and B). Such findings would suggest that
miR-133a-3p is not altering the ability of PMSCs to differentiate into VSMCs,
although this is not consistent with the changes in cellular morphology observed
following miR-133a-3p manipulation.
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Fig. 6.10 PMSC markers are not significantly altered following miR-133a-3p inhibition during VSMC differentiation. Term PMSCs
from uncomplicated pregnancies (n=6), grown in conditions that promote VSMC differentiation for 14 days and transfected with miR-
133a-3p inhibitors at day 7. There was no significant difference between the levels of (A) CD73 and (B) CD90 between PMSCs treated
with miR-133a-3p inhibitors and non-targeting negative control inhibitors (paired T-test; p>0.05). (C) The housekeeping gene 18S, which
was consistently expressed between the groups (Kruskal-Wallis; p>0.05), was used for the normalisation of results. The levels of all of
the transcripts were consistent between the oligonucleotide-free mock treatment, the transfection-free control and the negative control
mimics and inhibitors (Kruskal-Wallis; p>0.05). Points of a single colour relate to individual patients’ PMSCs. Lines indicate the median.
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6.4.6.3 VSMC markers

Profiling of mRNA transcripts that are associated with human smooth muscle
contraction and disease was conducted to investigate whether miR-133a-3p
inhibition on day 7 may instead be affecting VSMC markers, and to predict any
functional changes in the cells after 14 days of VSMC differentiation (n=3; fig.
6.11). Findings indicate that nine of the 88 transcripts measured were
significantly decreased in cells transfected with miR-133a-3p antimiR compared
to those transfected with the non-targeting negative control inhibitors (p<0.05
and >2-fold change; 1.9). Among the significantly downregulated transcripts,
similar to the cells treated with miR-1-3p inhibitors, was the widely recognised
marker for VSMC identity and contractility MYH11%75. The other transcripts
found to be significantly decreased were aladin (AAAS), alpha-adducin (ADD1),
polyunsaturated fatty acid 5-lipoxygenase (ALOX5), guanine nucleotide-binding
protein subunit alpha-11 and -13 (GNA11 and GNA13), myocyte-specific
enhancer factor 2B (MEF2B), myosin regulatory light polypeptide 9 (MYL9), and
neurogenic locus notch homolog protein 1 (NOTCH1; p<0.05 and >2-fold
change; fig. 6.11.)

The mRNAs of two genes were significantly upregulated, interleukin-13 (IL13)
and nitric oxide synthase 1 (NOS1; p<0.05 and >2-fold change; fig. 6.11.) 23 of
the other transcripts measured demonstrated a >2-fold decrease, and 17
showed a >2-fold increase but did not reach significance (NS and >2-fold
change; fig. 6.11). A complete table of the transcripts profiled alongside their p-
values and fold-changes can be found in appendix 3.

Next, STRING was used to conduct functional enrichment analysis on the
differentially expressed genes that were identified through miR-133a-3p
inhibition during PMSC to VSMC differentiation. Findings from the analysis
revealed that eight of the eleven proteins encoded by the altered genes form a
network of known and/or predicted interactions (ALOX5, GNA11, GNA13, IL13,
MEF2B, MYH11, MYL9, and NOTCH1; fig. 6.12A). This proposed network has
a significant PPl enrichment p-value of 0.00231, thus supporting the likelihood
that these proteins share a connection in their biological functions. The STRING
analysis identified associations between the proteins encoded by the
differentially expressed genes and ‘vascular smooth muscle contraction’ as well
as the ‘cGMP-PKG signalling pathway’ which is known to regulate VSMC
contraction, according to the KEGG pathways database (p<0.05; fig. 6.12B)%76.
An association was also found with the ‘apelin signalling pathway’ within the
KEGG pathways database, which has previously been found to suppress
VSMC apoptosis (p<0.05; fig. 6.12B)%"7. From the Reactome database, it was
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identified that proteins encoded by the altered genes were associated with ‘IL-
18 signalling’, which is an inflammatory pathway upregulated by VSMCs during
vascular calcification and atherosclerosis (p<0.05; fig. 6.12B)678679, | astly,
STRING analysis discovered associations with the ‘muscle myosin complex’, in
the COMPARTMENTS database indicating a potential subcellular localisation of
the proteins within the network constructed (p<0.05; fig. 6.12B).
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Fig. 6.11 VSMC markers are reduced following miR-133a-3p inhibition
during PMSC VSMC differentiation. Term PMSCs from uncomplicated
pregnancies (n=3), cultured in VSMC differentiation conditions for 14 days and
transfected with miR-133a-3p inhibitors at day 7, demonstrated decreased
levels of nine out of the 88 transcripts associated with SMC function according
to RT-qPCR array measurement (T-test p<0.05 and fold change>2). Whilst two
genes were significantly upregulated (T-test p<0.05 and fold change>2). Each
point represents a single transcript, the gene names for transcripts that were
significantly altered have been labelled. The blue horizontal line represents the
borderline for significance, whilst the red and green lines denote the boundaries
for two-fold increase and decrease of abundance respectively.
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Fig. 6.12 STRING functional enrichment analysis of differentially
expressed genes following miR-133a-3p inhibition during PMSC VSMC
differentiation. The list of differentially expressed genes (AAAS, ADD1,
ALOX5, GNA11, GNA13, IL13, MEF2B, MYH11, MYL9, NOS, and NOTCH1)
was input into STRING version 11.5 for functional enrichment analysis. (A) The
output of protein-protein associations shows that eight of the eleven total
differentially expressed genes following miR-133a-3p inhibition (ALOXS5,
GNA11, GNA13, IL13, MEF2B, MYH11, MYL9, and NOTCH1) are part of a
network of known or predicted interactions between their translated proteins. A
description of each of the interactions displayed in the network is described by
the corresponding key. (C) Functional associations of the proteins in the
network with biological pathways and cellular location are also detected by
STRING analysis and have been displayed in a table. The p-value associated
with each pathway was calculated by STRING based on the false discovery
rate, it denotes how significant the enrichment for the pathway is within the
network and has been corrected for multiple testing within each category using
the Benjamini-Hochberg procedure.
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6.5 Discussion

Here findings have shown that there was a trend for miR-1-3p and miR-133a-3p
to be upregulated during the process of PMSC differentiation into VSMCs, and
that inhibition of the miRNAs’ function during this period influences their
morphology and transcriptome. Specific quantification of mMRNAs that are
related to VSMC identity and function via RT-gPCR array found that in both
miR-1-3p and miR-133a-3p inhibited cells, numerous genes were significantly
altered.

6.5.1 Influence of miR-1-3p on VSMC differentiation in PMSCs

Results from the STRING functional enrichment analysis of the proteins that the
differentially expressed genes encode showed that the networks of proteins
potentially affected are largely involved in the modulation of smooth muscle
contraction. This was alluded to in the biological pathways that were associated
with differentially expressed genes, for example, vascular smooth muscle
contraction and smooth muscle contraction according to KEGG and Reactome
pathway analysis. As well as Rho-GTPase activation of Rocks, which are
known to regulate blood pressure as well as play a role in the development
hypertension®3. This was further supported by the associations of the altered
genes with contractile elements within VSMC, for example, the muscle myosin
complex and contractile fibres892,

Since contraction is the main function of SMCs, especially within the
vasculature network where they enable vasoconstriction and vasodilation to
maintain blood pressure, contractile markers of VSMCs are often used to
characterise VSMC differentiation®%68_ Therefore, dysregulation of pathways
associated with contractile proteins in response to decreased levels of miR-1-3p
is consistent with the theory that this miRNA contributes to the regulation of
PMSC to VSMC differentiation. In fact, the widely recognised VSMC markers
MYH11 and CALD1 were found to be significantly decreased following miR-1-
3p inhibition according to results from the microarray, which further supports
this hypothesis®®'. These findings mirror the aforementioned observation made
by Xie et al. (2011) in chapter 4 that miR-1-3p is capable of suppressing VSMC
differentiation in embryonic stem cells3®'. However, this is the first time that this
activity of miR-1-3p has been demonstrated in MSCs or in the placenta.

As well as conferring VSMC identity, MYH11 is also regarded as a reliable
marker for the maturation of VSMCs into the contractile phenotype, which
contains a high proportion of contractile filaments that enable their
contraction®'. As opposed to synthetic or proliferative VSMCs, which are
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specialised for high protein synthesis, rapid proliferation and increased
migration®'. CALD1 too can be an indicator of such a contractile phenotype
when translated into its heavy isoform (h-CALD1), which modulates actin and
myosin interactions that are vital for SM contraction®°'.681-683_|ts light isoform (I-
CALD1) too has been linked with phenotypic modulation of SMCs, however, it
has been found to be linked to the non-contractile, migratory functions of
synthetic SMCs and non-muscle cells®01681-684 Ag such, quantification of
translated h-CALD1 protein in cells transfected with the miR-1-3p inhibitor or
mimic, for example via Western blotting or ICC, will be required to ultimately
determine whether it is the h-CALD1 isoform that is being altered®8368, What is
known is that I-CALD1 is expressed in nearly all types of vertebrate cells, whilst
h-CALD1 is rapidly degraded following dedifferentiation of contractile
SMCs®81682 Therefore, a decrease in CALD1 mRNA transcripts in miR-1-3p
inhibited PMSCs despite induction of VSMC differentiation may convey a
suppression of the upregulation of CALD1 required to supply transcripts for the
production of h-CALD1 in addition to the existing I-CALD168",

This is not an implausible assumption when the remaining profile of VSMC-
associated transcripts that were found to be significantly altered are considered.
Findings demonstrate that following treatment of PMSCs with miR-1-3p
antimiRs, numerous transcripts for proteins associated with VSMC
differentiation into a contractile phenotype were significantly decreased.
Including the structural cytoskeletal protein MYLG6B, which enables the
contraction of VSMCs through its interactions with myosin as a regulatory light
chain of myosin®92885_ Similarly, levels of MKL1 transcripts were reduced, which
is a myocardin family co-activator that is important for the promotion of VSMC
differentiation through the upregulation of contractile proteins, such as caveolin
(e.g. CAV1) family proteins, as well as the regulation of VSMC motility in mouse
aortic smooth muscle®8687 The caveolins downstream of MKL1, although not
measured on the array, have relevant downstream functions in the regulation of
vascular tone, for example, Cav-1 (of the caveolin family) knockout mice
displayed an inability to maintain the constant vascular tone of the aortic ring
compared to the wildtype mice®®”. Whilst also upregulating differentiation into
the contractile VSMC phenotype through inhibition of the proliferation
associated with the synthetic phenotype®8.687. Future research could measure
the levels of CAV1 in miR-1-3p inhibited VSMCs to investigate whether levels
are decreased in response to the reduction in MKLA1.

Furthermore, the transcript encoding the prostacyclin receptor PTGIR was also
found to be significantly reduced in response to miR-1-3p inhibition. This
receptor has been previously recognised to induce human VSMC differentiation
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via the protein kinase A pathway, promoting the phenotypic switch to contractile
VSM via the upregulation of contractile markers®8. Prostacyclin binding was
demonstrated to upregulate MYH11 expression, along with hCALD1, calponin
and ACTA2%88_ This could provide an upstream mechanism for the decreased
transcription of MYH11 and CALD1 following miR-1-3p signalling suppression
resulting in reduced PTGIR and its associated signalling to induce VSMC
differentiation®®. Research by Li et al. (2021) supports this potential
relationship, whereby PTGIR deficient VSMCs were found to undergo a
phenotypic switch, assuming synthetic properties following activation of
thromboxane-prostanoid (TP) receptors along with downregulation of MYH11 as
seen hereb®,

The significantly altered transcripts that have been mentioned so far all appear
to fit in with the assertion that miR-1-3p inhibition leads to the downregulation of
contractile protein transcripts that are associated with the induction of VSMC
differentiation. On the other hand, of the six altered transcripts, one transcript
known as OGN does not fit this pattern. OGN is a bone-associated glycoprotein
that is usually upregulated in differentiated VSMCs and downregulated in cells
that have undergone proliferation in vitro8%°6°, This contradicts the pattern
forming with the remaining five transcripts. However, research has also shown
that OGN is involved in the process of vascular remodelling, being upregulated
in the adventitia and neointima following balloon injury®®'. One explanation for
the observed upregulation of OGN in response to miR-1-3p inhibition may be
that this induces a state of vascular remodelling following dysregulated VSMC
differentiation after initial induction®’. Thus overall, profiling of VSMC-
associated proteins supports a role for miR-1-3p in the induction of contractile
VSMC differentiation within PMSCs. Likewise, the trend for the MSC marker
CD73 to be increased following transfection with miR-1-3p inhibitor suggests
decreased levels of VSMC differentiation due to miR-1-3p signalling
suppression since lower levels of CD73 were found in PMSCs compared to
VSMC despite consistent levels of CD90 between the two cell types (fig. 5.4).

The elongated appearance of PMSCs that had been treated with miR-1-3p
mimic also supports this hypothesis, since previous research has shown that
the shape and subcellular organisation of VSMCs regulate contractility®92:693,
Specifically, it was found in research by Ye et al. (2014) that narrow, elongated
VSMCs are capable of a greater range of contractile force relative to their basal
tone, compared to shorter cells with a greater width®%2. Whilst the subcellular
nuclear shape and actin filament alignment correlated with contractile potential,
findings indicated that more aligned subcellular actin fibres were associated
with higher force generation increases during VSMC contraction®?. Additionally,
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elevated nuclear eccentricity described as a deviation from circularity, positively
correlated with VSMC contractility®®2. VSMC shape has also been found to
mediate proliferation, with elongated VSMCs demonstrating a reduced
proliferation rate®®3. Although, this is not consistent with the appearance of
cultures in this study following treatment with a miR-1-3p mimic, where cell
density appears similar to the negative control. Nor does it fit with the miR-1-3p
inhibitor condition where the negative control cultures appear denser, however,
this may be because differentiation of cells transfected with the miR-1-3p
antimiR has largely been suppressed according to the decreased levels of
MYH11.

It is important to distinguish between the undifferentiated MSCs, which act as
vascular progenitor cells, and synthetic VSMCs that have specialised down the
VSM lineage, performing important roles in vascular repair and ECM
production®7%692_ Despite their shared morphological characteristics, such as
their spindle shape®8'692, Further research is necessary to better characterise
the differences between MSCs and synthetic VSMCs, as current research has
focussed on the comparison of MSCs with contractile VSMCs or the process of
dedifferentiation from contractile to synthetic VSMCs%%6%2, Regarding the
findings from this study, standardised quantification of VSMC morphological
characteristics such as length to width ratio, cytoskeleton alignment and nuclei
eccentricity will be required to draw reliable conclusions about the relationship
between miR-1-3p and cellular morphology. This can be undertaken through
staining of the filamentous actin cytoskeleton via ICC and nuclei with DAPI and
visualisation via fluorescent microscopy, analysis of images can then be
automated via software such as CellProfiler892:694,

6.5.2 Influence of miR-133a-3p on VSMC differentiation in PMSCs

Similarly, KEGG pathway analysis conducted on the differentially expressed
genes following miR-133a-3p inhibition during PMSC to VSMC differentiation
indicated a strong association for pathways involved in vascular smooth muscle
contraction, as well as the cGMP-PKG signalling pathway which regulates this
process®’®. This would be consistent with the proposed role of miR-133a-3p in
regulating VSMC differentiation within the placenta into contractile cells that can
regulate blood flow, as well as the association found via the COMPARTMENTS
database with the muscle myosin complex. Interestingly, an association was
also found with the apelin signalling pathway, which suppresses apoptosis in
VSMCs according to the associations with the KEGG pathways database. The
expected influence of miR-133a-3p on VSMC contractility and apoptosis is
consistent with previous research that demonstrated that miR-133 prevented
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VSMC dedifferentiation and promoted proliferation in vivo within the carotid
artery of male rats®'°. An association was also found between encoded proteins
of the altered genes and IL-18 signalling according to the Reactome database.
Notably, IL-18 signalling has previously been found to promote vascular
calcification, a vascular pathology which is also frequently observed in
placentas from GDM pregnancies®78679.695 This suggests that miR-133a-3p
dysregulation could be involved in the development of calcified placental lesions
in GDM pregnancies®%.

In line with the predictions made by the functional enrichment analysis, results
from the RT-gPCR array suggest that miR-133a-3p promoted the differentiation
of PMSCs into a contractile VSMC phenotype. Like miR-1-3p, inhibition of miR-
133a-3p was found to downregulate the expression of the MYH11 according to
the results of the array of VSMC-associated transcripts. Thereby suggesting a
similar function for miR-133a-3p as miR-1-3p in the regulation of VSMC
differentiation, this is consistent with prior research finding that miR-133 inhibits
VSMCs from dedifferentiating into the synthetic phenotype following vascular
injury, through suppression of proliferation and migration3°.

Despite the downregulation of MYH11 that was common between miR-1-3p and
miR-133a-3p inhibitory experimental conditions, there was no other overlap in
the transcripts significantly altered. Nonetheless, there was a shared pattern in
the functions of altered transcripts as regulators of VSMC contractility. For
instance, MYL9 was downregulated in response to miR-133a-3p inhibition, this
MRNA encodes a protein which is associated with phenotypic switching of
VSMCs into the contractile phenotype®e. Additionally, the guanine nucleotide-
binding proteins (G protein) GNA11 and GNA13 mRNAs were also
downregulated. Once translated, these proteins play an essential role in the
regulation of VSMC contraction by mediating the passage of Ca?* across the
membrane to form an action potential®®®. A decrease in the abundance of these
exchange proteins may be due to a suppression of the differentiation of PMSCs
into mature VSMCs, and/or confer a decreased ability of VSMCs to contract and
maintain arterial pressure. Moreover, NOTCH1 transcripts were found to be
downregulated following miR-133a-3p inhibition, the protein of which is known
to be an important mediator of phenotypic switching of VSMCs during vascular
remodelling in response to vascular injury®®7-%_ In research by Karakaya et al.
(2022), findings indicated that loss of Notch signalling corresponded with a loss
of contractile characteristics by VSMCs subjected to mechanical stress, whilst
activation of Notch signalling rescued contractility of VSMCs89°. Whilst Notch1
null mouse embryos demonstrated lethal vascular defects, including collapsed
aortas as well as cardinal vein, decreased sprouting angiogenesis, increased
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vascular remodelling, and abnormal yolk sac vasculature structure’®. Thus
illustrating the crucial roles this protein plays in the regulation of vascular
development and maintenance of vascular structure during early
development®. Accordingly, it appears logical that dysregulation of this
transcript during gestation may contribute to aberrant fetal growth disorders
such as fetal overgrowth in GDM pregnancies. In addition to its clear roles in
vascular development in other system, it has also previously been shown that
NOTCH1 signalling stimulates the proliferation and survival of EVT precursors
in early pregnancy, with differentiation into mature EVTs being caused by
changes in NOTCH receptor expression’'7%2, Thus, a reduction in NOTCH1
expression in GDM LGA placentas may affect the processes of decidualisation
and spiral artery remodelling during placentation, especially in early
pregnancy’®"792_Ultimately, this could alter uteroplacental circulation and affect
nutrient availability to the growing fetus.

Morphological observations of PMSCs treated with miR-133a-3p inhibitors or
mimics following the induction of VSMC differentiation reinforce the evidence
from the transcriptome that reduction of VSMC differentiation into contractile
cells following miR-133a-3p inhibition, since cells transfected with the antimiR
appeared less elongated than those exposed to the negative control.
Furthermore, PMSCs induced to differentiate into VSMCs that had been treated
with a miR-133a-3p mimic demonstrated signs of enhanced VSMC
differentiation via apparent greater elongation of cells compared to those
treated with the non-targeting control. Such evidence of a reciprocal relationship
between increased and decreased miR-133a-3p on cellular phenotype alludes
to its potential function in promoting VSMC differentiation within placental
tissue. Furthermore, unlike miR-1-3p, overexpression of miR-133a-3p with the
mimic appeared to decrease the proliferation of treated cells, leading to an
apparent decrease in cell density. This supports previous research reporting
that miR-133a-3p attenuates VSMC proliferation, as well as being consistent
with morphological studies that linked VSMC elongation with reduced
proliferation rate3196926%3 However, as before, standardised quantification of the
length of transfected cells via fluorescent staining of a cytoskeletal protein such
as filamentous actin will be required to fully establish the relationship between
miR-133a-3p and cellular elongation as part of VSMC differentiation.

In addition to the cellular transcriptome of miR-133a-3p inhibited PMSCs
demonstrating a decrease in markers for contractile VSMCs, results from the
RT-gPCR array also found that several genes associated with VSMC pathology
too were dysregulated. For example, the nuclear pore protein AAAS, which has
previously been found to be altered in triple A syndrome, has been found to be
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associated with achalasia’. A condition whereby the smooth muscle of the
oesophagus is hypercontractile, preventing the passage of food into the
stomach’%3. Subsequently, it appears to play an important role in the regulation
of VSMC contraction, which when dysregulated can lead to pathology, this may
be contributing to the altered UAPI recorded in GDM pregnancies that have
LGA offspring. Likewise, ADD1 was decreased following miR-133a-3p
inhibition, which has been identified as a regulator of Ca?* signalling during
vasoconstriction due to it being mutated in a rat model for hypertension, as well
as a human polymorphism being associated with hypertension”%4795, Lastly, the
enzyme ALOXS5, which too was decreased in the miR-133a-3p inhibited cells, is
associated with asthma patients’ responsiveness to certain treatments to
alleviate hypercontractility of the smooth muscular walls of the bronchi,
implicating the protein in the regulation of VSMC contraction’®. Furthermore,
like NOTCH1, ALOX5 has also previously been associated with the regulation
of the decidualisation of the uterine wall during gestation, as a result of
signalling by EVT secreted factors’®’. This may indicate potential for altered
ALOX5 signalling to affect placental development and uteroplacental blood flow
in pregnancies where there is reduced placental levels of miR-133a-3p”%”.

Conversely, the nitric oxide synthase NOS1 transcript was found to be
upregulated in response to miR-133a-3p inhibition, post-translation this protein
is considered to be an important regulator of VSMC contraction. Although it is
broadly known that increases in intracellular Ca?* concentration induce VSM
contraction, for example, those generated by serotonin, NOS1 is believed to
function in opposition to this to provide autocrine feedback that subsequently
inhibits VSM contraction’®. This Ca?* dependent negative feedback loop seems
to be essential for the healthy maintenance of vascular tone’”®. Consequently,
the upregulation of such a protein would be expected associated with
decreased contractility of VSMCs, as was observed when NOS1 was
overexpressed in vivo within the myocardial tissue of transgenic mice’. It was
found that 2 weeks post-induction of the conditional NOS1 overexpression,
mice demonstrated decreased myocardial contractility compared to the
wildtype, successfully illustrating the role that NOS1 plays in moderating muscle
contraction”.

On the contrary, two transcripts that were found to be altered following miR-
133a-3p inhibition via the RT-qPCR array did not obviously fit into the proposed
relationship outlined above between miR-133a-3p and VSMC differentiation
according to the available research. The first, MEF2B, is translated into a
transcription factor that is known to be involved in the regulation of VSMC
phenotypic switching”'?. However, unlike the transcripts that have already been
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discussed, MEF2B promotes the dedifferentiation of contractile VSMCs into the
synthetic phenotype following mechanical stress induction of vascular
remodelling”'°. Therefore, downregulation of MEF2B, as it was observed in this
experiment, would be expected to be associated with the maintenance of the
contractile phenotype in VSMCs”'°. However, it is important to note that here
miR-133a-3p signalling was suppressed on day 7, prior to the time point (day
14) in which PMSCs differentiate into contractile VSMCs post-induction. As
such, the downregulation of MEF2B may not be mediating VSMC
dedifferentiation here, because the available evidence suggests that VSMC
differentiation of the PMSCs here has been suppressed to an extent.
Unfortunately, the roles of MEF2B in MSCs are less well established, but, as a
protein that is abundant in VSM, with essential roles in their function, the
decrease following miR-133a-3p may be related to a decreased proportion of
cells being able to differentiate into VSMCs.

The second transcript altered that does not directly link to the relationship
between miR-133a-3p inhibition and VSMC differential suppression was IL13.
The cytokine IL13 was upregulated following miR-133a-3p inhibition, and
functions in inhibiting proliferation and enhancing contractility of VSMCs,
through downstream signalling of the IL-13Ra2 receptor and enhancement of
Ca? signalling respectively”'"7'2 It is as yet unclear as to where this alteration in
expression fits into the mechanism of miR-133a-3p signalling by PMSCs during
VSMC differentiation. However, MSCs have previously been shown to express
IL13, so the first step in the determination of this relationship may be to
compare the levels of IL13 transcript between undifferentiated PMSCs and cells
that have successfully undergone VSMC differentiation”"3.

6.5.3 The potential relationship between decreased contractile VSM

and fetal overgrowth in GDM pregnancies

Considering all of the findings gained from this functional study of the roles that
the myomiRs, miR-1-3p and miR-133a-3p, have in VSMC differentiation within
primary placental cells. It appears that both myomiRs contribute to the
promotion of the differentiation of PMSCs into VSMCs, particularly the mature
contractile phenotype, as opposed to synthetic VSMCs, which are less reliant
on the abundant expression of contractile proteins to undertake their function®°°.
As a model for placental vasculature development in GDM LGA pregnancies,
where these myomiRs are downregulated, findings suggest that there may be
increased levels of undifferentiated PMSC progenitor cells, as well as impaired
contractility of blood vessels within the placenta. Potentially influencing the
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ability of placental blood vessels to maintain vascular tone®%2. Although
investigated in isolation during this experiment, decreased signalling of both
miRNAs together may enhance this effect in GDM LGA pregnancies, especially
since inhibition of miR-133a-3p was found to downregulate MEF2B, which has
previously been shown to upregulate the expression of miR-1-3p and miR-
133a-3p as part of a positive feedback loop” 4.

As discussed in section 4.5.6, pregnancies complicated by GDM and fetal
overgrowth that materialises as LGA, are known to be associated with
decreased UAPI or low placental vascular resistance®#®. It is thought that this is
due to increased placental perfusion and subsequent higher availability of
nutrients for the growing fetus to utilise compared to pregnancies that have
AGA babies®". With respect to the observed decrease in numerous VSMC
contractile markers in this investigation, following inhibition of miR-1-3p or miR-
133a-3p, the evidence suggests that increased perfusion of the placenta in
GDM LGA pregnancies may be due to decreased contractile potential of the
VSM lining placental blood vessels. Ultimately leading to vasodilation as a result
of the decreased levels of miR-1-3p and miR-133a-3p that are present within
GDM diagnosed patients that go on to develop LGA babies®®. This interaction
could be further investigated by measuring the levels of VSMC markers such as
MYH11 and CALD1 in placental tissue from GDM LGA pregnancies, compared
to those in GDM AGA pregnancies.

Furthermore, this may provide a link between the placental villous immaturity
commonly observed in GDM pregnancies at term, which may be associated
with aberrant fetal growth (as was postulated in 4.5.6), and the reduced levels
of placental miR-1-3p and miR-133a-3p seen in GDM LGA
pregnancies'?5131.142170_Since levels of the myomiRs are more similar to that in
the first trimester placenta than in GDM pregnancies that have AGA offspring
according to findings from this project. Prior to the third trimester, it is known
that transitioning of mesenchymal villi to immature intermediate villi is reliant on
branching angiogenesis®®8797_ This is followed by a switch to non-branching
elongation of capillaries and the formation of mature intermediate villi in healthy
pregnancies®.87.97,

The available evidence suggests that regulation of this switch may be
influenced by the signalling of VSMCs. Since research by Yan et al. (2020)
demonstrated that in response to cyclic stretch injury to VSMCs, which is known
to induce dedifferentiation during the process of vascular repair, they release
higher levels of connective tissue growth factor (CTGF)®%715_ In vivo
experiments showed that endothelial progenitor cells are attracted to such injury
sites where VSMC dedifferentiation is occurring, and the release of CTGF by
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synthetic VSMCs leads to EC differentiation and increased angiogenesis’'®.
Although this process was modelled in rat carotid arteries in vivo and primary
cells isolated from rat thoracic aortas in vitro, a similar interaction between
ECs/EC progenitors and VSMCs may be occurring in placentas during GDM
that contributes to the development of LGA”'S. Whereby, decreased miR-1-3p
and miR-133a-3p suppress the ability of PMSCs to differentiate into VSMCs
and/or promote dedifferentiation of contractile VSMCs into the synthetic
phenotype. This may recruit EC progenitors and induce differentiation of ECs
and lead to excessive branching angiogenesis into the third trimester leading to
an abnormal vascular structure that affects nutrient supply to the fetus, altering
fetal growth trajectory. Increased IL13 signalling following decreased levels of
miR-133a-3p, as shown in the results of the RT-gPCR array, could also be
factoring into this potential process. According to the published literature, IL13
contributes to the polarisation of M2 hofbauer cells, which are responsible for
promoting placental angiogenesis®2%76.717 Ergo, upregulation of IL13 in GDM
LGA placentas may contribute to the hypervascularisation of placental villi
observed in diabetic pregnancies that may be influencing altered fetal growth.

It has also been established that ECs play an important role in the regulation of
VSMC phenotypic switching according to coculture experiments, through
activation of the AKT signalling pathway to promote redifferentiation into the
contractile phenotype by VSMCs®757'8_ As such it may be that ECs too are
involved upstream of miR-1-3p and miR-133a-3p dysregulation which is
contributing to a decrease in VSMC markers. Future research into placental
VSMC and EC interactions could help to resolve the complexities of this
relationship, as well as determine the underlying causes that lead to miR-1-3p
and miR-133a-3p dysregulation in the first place. For example, the effects that
the diabetic milieu has on VSMC and EC secretions, as well as interactions
between the cell types could provide a useful model for the development of
placental vascular dysfunction in GDM that likely leads to LGA outcomes.

Following on directly from this project, validation of the observed differentially
expressed genes should be conducted via individual gPCR assays in the miR-
1-3p and miR-133a-3p inhibited cells during MSC to VSMC differentiation. This
validation should be undertaken in the complete set of samples (n=6), as
currently, the small number of RT-gPCR array replicates (n=3), due to their high
cost, may limit the replicability of the findings. The samples treated with mimics
should also be included as part of this validation to investigate whether
reciprocal changes are observed following overexpression of the miRNAs. The
utilisation of either Western blotting or ICC to quantify the levels of the proteins
encoded by the differentially abundant mRNAs identified here would also
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demonstrate that changes in gene expression are influencing the levels of
functional proteins that are conferring a difference in VSMC differentiation or
contractility. It will also be important to confirm the inhibitory action of the
miRNA inhibitors via a luciferase reporter assay because the levels of the
mature transcripts were not shown to be depleted®®4. However, results from the
RT-gPCR array that corresponds to existing research in other systems of the
roles of miR-1-3p and miR-133a-3p in VSMC differentiation suggest that the
activity of miRNAs was successfully downregulated in this study3'9:459.675,
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6.6 Summary

Functional studies of miR-1-3p inhibition and overexpression in PMSCs
that had been induced to differentiate down the VSMC lineage found that
inhibition downregulated mRNA transcripts associated with VSMC
differentiation and contractility. Whilst overexpression of miR-1-3p
appeared to enhance cell culture characteristics of contractile VSMC
identity.

Similarly, inhibition and overexpression of miR-133a-3p in PMSCs induced
them to differentiate down the VSMC lineage found that inhibition mostly
led to a downregulation of transcripts associated with differentiation of
VSMCs into the contractile phenotype. As well as an apparent suppression
of cell culture morphological characteristics that have been linked to
contractile VSMCs. At the same time, treatment of cells with the miR-133a-
3p mimic resulted in an enhancement of morphological qualities in cultured
cells that are associated with contractile VSMCs.

Overall, the findings of these functional studies are consistent with a role
for miR-1-3p and miR-133a-3p in VSMC differentiation into the contractile
phenotype, as has been reported in the literature within other systems.
There are also compelling links between the functions of the two miRNAs
and observations that have been made regarding decreased resistance to
placental blood flow in GDM LGA pregnancies, as well as increased
occurrence of villous immaturity recorded in term placentas.
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Chapter 7

General Discussion

Despite being among the commonest complications of pregnancy worldwide,
causing numerous risks at birth and being linked to DOHAD in offspring, a lot of
the pathophysiology surrounding GDM and its associated complications remain
unclear' 45, Previous work from our group has demonstrated that several
miRNAs are altered in maternal serum in pregnancies complicated by GDM,
before the onset of LGA3. This study aimed to investigate the potential roles
that some of these EV-derived miRNAs play in the development of LGA by
investigating their role in placental dysfunction. Findings from this investigation
successfully identified a pair of myomiRs, miR-1-3p and miR-133a-3p, with
known vascular regulatory functions that are dysregulated in the placentas of
GDM pregnancies that have LGA outcomes at term3'9-3%1 Results from
functional assays conducted in a novel in vitro model for placental vascular
development suggest a potential role for these miRNAs in regulating fetal
overgrowth in diabetic pregnancies, through their modulation of placental
vascular development. Additionally, findings generated from the measurement
of these miRNAs circulating in the maternal bloodstream within EVs, and
experiments investigating the biogenesis and transit of these transcripts have
begun to explore the mechanism by which these myomiRs become
dysregulated in the placenta. Such research is essential as it may aid in the
development of strategies for earlier diagnosis, prevention and/or treatments for
the aberrant fetal growth associated with GDM*7-%%.13%_ This final section will
outline the applications of the conclusions drawn from this study, as well as
explore their limitations to help inform future research in the field.

7.1 Clinical relevance of the findings from this project.

As discussed in chapter 3, the miRNAs found to be altered in maternal plasma
EVs in GDM pregnancies may hold potential as future biomarkers for the
diagnosis of GDM. However, at present findings are limited by the timeframe in
which the plasma samples were taken, since 24 — 32 weeks fall within the
current range of OGTT diagnosis. Future research will need to determine
whether dysregulation of these miRNAs extends to earlier stages of pregnancy
to determine whether they could be used as a diagnostic test earlier that could
be implemented prior to OGTT at 24 — 28 weeks gestation.

In addition to potential biomarkers, there are numerous other potential clinical
applications of the findings acquired from this investigation within the field.
Namely in gaining a better understanding of the mechanism by which LGA
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develops in GDM so that strategies for treatment and/or prevention can be
developed.

7.1.1 Treatment of fetal overgrowth in GDM pregnancies

There has been limited elaboration on the proposed mechanism for the
development of LGA in GDM pregnancies since the initial hypothesis proposed
by Pedersen*?. This theory focuses on the heightened utilisation of circulating
glucose by the developing fetus, as a result of hyperglycaemia directly
transferred from maternal to fetal bloodstreams, and subsequent
hyperinsulinemia®3. Although the evidence does support the existence of a
relationship between impaired glucose control and the development of
macrosomic or LGA infants, there are notable instances where patients with
adequately controlled blood glucose levels still gave birth to LGA
infants!3.14.25.44.45,124,492 Proplems with current methods for measuring glucose
may account for some of this, as research by Law et al. (2019), using CGM, has
shown that despite average glucose levels being in the normal range, subtle
increases in overnight glucose levels were associated with LGA*’". However,
this does not directly explain the changes in UAPI that are associated with LGA
outcomes in GDM which are also likely to disrupt the regular nutrient flow to the
fetus*”546. Thereby suggesting that elevated glucose may not be the sole cause
behind fetal overgrowth, and that other factors may also contribute to the
development of the disorder. Alternatively, dysregulated miR-1-3p and miR-
133a-3p signalling may be acting upstream of maternal hyperglycaemia; it has
previously been established that both miRNAs are involved in the regulation of
insulin sensitivity and the development of insulin resistance in pre-diabetic
patients as well as high-fat diet mice that are frequently used to model T2DM.
This suggests that dysregulation of miR-1-3p and miR-133a-3p may in fact be
contributing to the hyperglycaemia observed in GDM pregnancies, potentially
providing a link between elevated overnight glucose, altered placental blood
flow, and fetal overgrowth*”:391.392_ This is further supported by the observation
that miR-133a, together with miR-133b, regulated the expression of GLUT4, an
important glucose transporter in skeletal and cardiac muscle as well as the
placenta3%3719,

7.1.2 miRNA-based therapeutics as treatments

The results from the in vitro functional studies for this investigation identified
that reduced placental levels of miR-1-3p and miR-133a-3p in pregnancies
diagnosed with GDM and LGA appear to have downstream effects on VSMC
differentiation and contractility. One potential therapeutic approach for treating
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this is through the administration of miRNA mimics to recover levels of the
myomiRs to the higher levels observed in GDM pregnancies that gave birth to
offspring that were AGA”?°. Following the FDA approval of the first small-
interfering (siRNA) therapeutic in 2018, miRNA-based therapeutics have been
attracting increasing interest in recent years due to their potent regulation of
numerous mechanisms for disease pathology. This has led to the emergence of
numerous miRNA candidate drugs that are undergoing phase | and Il clinical
trials, however, at present none have reached the stage of FDA approval’?!722,
Nonetheless, it is hoped that the application of mMiRNA mimics/antimiRs which
are currently in preclinical and clinical trials will eventually be used to treat a
range of diseases including: solid tumours, B cell ymphoma, myeloma,
leukaemia, HCV infection, atherosclerosis, myocardial infarction, cardiac
fibrosis and kidney fibrosis”"722. A number of them are being proposed as
therapies for the treatment of diabetes and its associated complications, for
example, miR-103 and miR-107 antimiRs undergoing clinical trials for the
treatment of non-alcoholic fatty liver disease in association with T2DM721.722,

Despite the obvious potential of miRNA-based therapeutics in treating diseases
that are currently difficult to target with existing drugs, there are still many
hurdles preventing these treatments from reaching their full potential. The first is
the delivery of miRNA mimics/antimiRs at an adequate dosage to the tissues
where they are required to treat the disease they are targeting’?'722. In early
studies, it was found that injection of naked miRNA mimics resulted in poor
efficacy of drug delivery following degradation of the construct within the
bloodstream and limited uptake to their target sites’?2. This has since been
improved upon through the utilisation of delivery vectors that have previously
been optimised for siRNA delivery. For example, using viral vectors, chemical
modifications or biomolecule conjugations improves the stability and uptake of
miRNAs”21.722,

Secondly, a seemingly more difficult-to-address drawback of miRNA-based
therapies is the high probability of off-target effects of the drugs, which could
present life-threatening risks to patients’?3. Most notably, this was encountered
during the clinical trial of MRX34, a miR-34a mimic being proposed as a
treatment for solid tumours, which had to be terminated due to severe immune-
related side effects that resulted in four of the patients dying’?".723724_ This was
found to be due to the off-target uptake of the miRNA mimic into patients’ bone
marrow and spleen where it detrimentally influenced cellular signalling essential
for immune cell generation and longevity’?'. A number of miRNA-based therapy
trials have also had to be suspended for similar reasoning of off-target
effects”2. This is unsurprising considering the hundreds or even thousands of
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target genes many miRNAs are known or predicted to target and regulate. As
was confirmed in the study by Zhang et al. (2021), which succinctly displayed
the key differences in the number of downstream targets and percentage
complementarity with the target between miRNA and siRNA therapeutics,
showing both to be significantly increased in miRNAs’23. Consequently, prior
assessment of the targeting of miRNA therapies in vivo is essential to anticipate
off-target effects before administration to patients. Furthermore, the
development of strategies for more precise targeting of miRNA-based
therapeutics to the exact tissue where they are needed as well as protection
whilst they are circulating in the bloodstream, is essential to prevent these
detrimental off-target effects’2"723. Engineered EV carriers of miRNAs that
express peptides targeting them to the desired tissue have been proposed as a
resolution to this’?>726, Such a strategy could utilise the CGKRK placental
homing peptide previously used by Beards et al. (2017) to achieve targeted
delivery of miRNA mimics directly to the placenta, whilst protecting them from
altering gene expression in the bloodstream prior to uptake®%727_ A similar
strategy has already been applied to specifically deliver IGF2 in vivo to the
mouse placenta when packaged within liposomes displaying the CGKRK as
well as the iIRGD placenta homing peptides’?®. This strategy for delivery of IGF2
was found to significantly increase placental weight and provides proof of
principle for the development of placenta-targeted therapeutics’?8. Placenta-
specific delivery of liposomes using homing peptides has also been applied to
the delivery of pro-epidermal growth factor (EGF) to mice placentas as well as
human placental explants to increase amino acid transporter activity”2°.

7.1.3 Drug modulation of VSMC differentiation

An alternative approach to negate the potential dangers of miRNA-based
therapeutics is to apply the findings from this investigation to repurpose already
FDA-approved drugs that may be effective in treating the dysregulated process
identified. In this instance, the findings demonstrated that decreased levels of
miR-1-3p and miR-133a-3p, as is observed in placentas from GDM LGA
pregnancies, dysregulated the process of VSMC differentiation. As such, FDA-
approved drugs that are known to participate in signalling pathways that induce
VSMC differentiation may make favourable candidates for future testing to see if
they can ameliorate the decreased VSMC differentiation that appears to be
contributing to the development of LGA in GDM pregnancies. This strategy for
drug candidate selection was recently utilised in research by Kinnear et al.
(2020) that aimed to identify potential drugs for treating patients with elastin
insufficiency as a result of Elastin (ELN) deletion or mutation3°. The pathology
associated with ELN deletion, known as stenosis or arterial narrowing, is
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associated with increased proliferation of functionally immature VSMCs”%0.
Therefore, the specific goal of this study was to identify therapies that could
rescue VSMC differentiation’3°. Initially, they focussed on testing the efficacy of
rapamycin, which has previously been shown to promote VSMC differentiation
and suppress hyperproliferation through inhibition of mTOR signalling, before
also testing everolimus and verapamil that similarly suppress mTOR
signalling”%-731, All of these were found to restore VSMC differentiation of iPSCs
from ELN insufficient patients, making them ideal candidates for future research
into treating dysregulated VSMC differentiation in GDM LGA placentas”30.731,
The potential efficacy of such therapeutics is further supported by the
aforementioned (4.5.2) upregulation of placental mTOR signalling in GDM LGA
pregnancies that may be downstream of miR-1-3p and miR-133a-3p
dysregulation*924%4_ An in vitro experiment for screening the capabilities of these
mTOR inhibitors in rescuing VSMC differentiation could utilise the model
developed in this study, by applying the therapeutics to the miR-1-3p and/or
miR-133a-3p inhibited PMSCs induced to differentiate down the VSMC lineage.
On the other hand, large-scale clinical studies into the safety of using these
drugs during pregnancy have not been conducted’3?-735. Results from small-
scale studies suggest that rapamycin therapy during pregnancy may lead to an
increased chance of FGR, although this may not be the case when prescribed
in pregnancies that are at a high risk of developing to be LGA”3°. Small-scale
studies also suggest that everolimus and verapamil do not have teratogenic
effects on the growing fetus, however, larger-scale clinical studies would be vital
to confirm their safety for widespread use’3%-734,

7.1.4 Lifestyle modulation of miRNAs

It is important to recognise that conducting clinical trials for novel and
repurposed therapeutics in pregnant patients is highly challenging compared to
non-pregnant individuals due to the potential risks that a drug may have on the
health of the maternal parent or the growing fetus during gestation”36.737,
Furthermore, modulating fetal growth to an extent to prevent fetal overgrowth
and the subsequent development of LGA outcomes presents an elevated risk of
detrimental downstream effects on fetal growth for example growth being
restricted to the point where a baby develops to be SGA. It should also be noted
that, as outlined in the introductory section (1.1.5.2), an insult to the in-utero
environment during pregnancy can have largely undetectable effects on the
cardiovascular and metabolic systems of the offspring later in life®8. Although, it
is also recognised that the development of therapeutic agents for pregnancy
complications is of vital importance for improving the outcomes of complicated
pregnancies’®. As such special consideration should be made for the
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vulnerabilities of pregnant/lactating patients and their offspring to ensure that
they can be safely included in clinical trials relevant to the treatment of
pregnancy complications, particularly those which can be life threatening”3.

Yet, in light of these challenges, it is also worth considering the applications of
this research in a non-drug-related context, for instance in informing the
guidance given to GDM patients on how they can adjust their lifestyle to reduce
the risk of fetal overgrowth. It has been widely reported that the abundance of
miR-1-3p and miR-133a-3p within circulating plasma increases in response to
certain types of exercise for example downhill but not uphill running in rats, as
well as endurance running in horses and male humans”3®-741, Cardiac muscle
secretion of these miRNAs may also be contributing to this effect as miR-1 and
miR-133 were both shown to be upregulated in the left cardiac ventricle
following endurance training in rats**2. Such a mechanism could also provide a
potential link between GDM, dysregulated miR-1-3p/miR-133a-3p, and the
development of LGA since GDM is associated with functional changes within
maternal skeletal and cardiac muscle?8%.742,

Observations made by Yin et al. (2019) suggest that the release of EVs from
skeletal muscle EVs contributes to this effect since both miRNAs were
downregulated following downhill running in rat quadriceps, whilst their levels
were increased in plasma EVs’®°. The change in miR-1-3p abundance was not
observed in EV-free plasma, suggesting that the altered levels of miR-1-3p in
circulation are specific to plasma EVs’?°. Research by Fernandez-Sanjurjo et al.
(2020) even proposed miR-1-3p as a suitable biomarker for exercise that
appears to be dose-dependent’#°. Although here no significant changes in miR-
1-3p and miR-133a-3p levels were observed in the plasma EVs from GDM LGA
and GDM AGA pregnancies compared, suggesting that it alone was not the
cause of altered levels of the myomiRs in GDM LGA pregnancies. It may still be
possible that regular exercise of an optimal type, duration and intensity could
increase the secretion of miR-1-3p and miR-133a-3p containing EVs, which
could be taken up by the placenta and utilised to restore levels of the miRNAs
to regular levels and prevent placental vasculature dysfunction”3.

Presently, existing research into the impact that exercise has on the
development of LGA or macrosomic infants appears to support the assertion
that physical activity can be a protective factor preventing fetal overgrowth,
potentially through the activity of miR-1-3p and miR-133a-3p secreted from
skeletal and cardiac muscle. The benefits of maternal exercise during
pregnancy are best documented in uncomplicated pregnancies whereby the
meta-analysis by Pastorino et al. (2019) concluded that exercise during late
pregnancy was associated with a decreased risk of neonates developing to be
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LGA or macrosomic’*3. Whereas there are fewer studies on the relationship
between regular exercise and birthweight in diabetic pregnancies. It has been
reported that in patients that were at an increased risk of developing GDM, a
treatment plan including five counselling sessions on exercise, as well as diet
and weight gain, decreased the incidence of LGA, although there was no
separation between the guidance to determine what effect each category of
advice had on the prevention of fetal overgrowth’44,

Generally, it is already recommended that pregnant patients accumulate 150
minutes of exercise each week’#4. Yet, future research could focus on informing
more specific recommendations of types of exercise which give an optimal
release of miR-1-3p and miR-133a-3p. Since it was observed through studying
rats that the type of skeletal muscle contraction can significantly influence levels
of this myomiRs post-workout, as was demonstrated in the difference between
levels following downhill and uphill running”°.

7.1.5 The utilisation of PMSCs in regenerative medicine

Placenta-derived MSCs are becoming increasingly popular for use within the
field of cellular therapy to treat a range of disorders, such as cancer, ulcers,
neurological disease, ulcers, liver and heart disease, as well as osteoarthritis”®.
These therapeutic applications often rely upon the paracrine factors that
PMSCs secrete that help to regulate numerous processes, for example,
immunomodulation’#6. As well as their ability to home towards injured tissues by
following chemokine signals’#’. Several advantages of PMSCs over other
sources of MSCs have also been identified, including ease of extraction from a
waste product, higher proliferative rate and higher clinical safety due to them
being younger than adult tissue-derived MSCs that are more likely to have been
exposed to harmful agents’#874%. Moreover, the trilineage differential potential
displayed by PMSCs, as was demonstrated in this study, has also distinguished
them as potential cell-based therapies which rely on this differential potential to
repopulate diseased tissues with functional cells. For example, BMSCs and
adipocyte MSCs are currently being explored as a potential treatment of
osteoporosis through their ability to differentiate into osteoblasts to promote
bone strength”®. However, PMSCs could provide an alternative cell source for
such therapies which is easier to obtain’874%. Whilst the ability of PMSCs to
differentiate into adipocytes may also be applicable to future therapeutic
strategies for treating obesity that are less invasive than bariatric surgery”".
Lastly, the chondrogenic potential of PMSCs has already been investigated by
James et al. (2021) according to their potential applications in cartilage
engineering for cartilage repair following injury®'°.
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There has also been a shift in interest in using MSC-based therapies to treat
vascular-related diseases and injuries since molecular therapies that have been
trialled for vascular regeneration have been ineffective’®?. It is hoped that
MSCs, like the PMSCs used for this investigation, can be applied in vascular
regenerative therapy due to their potential to differentiate into vascular lineages
(VSMCs and ECs), as well as their ability to promote angiogenesis, and
arteriogenesis in damaged tissues via secreted trophic factors, enabling the
affected organ to recover’?-7%4, Such therapies aim to treat myocardial
infarctions through regeneration of cardiac tissue, by promoting
neovascularisation and angiogenesis to enhance vascularity’>2. Some research
groups also believe that transplanted MSCs could provide a source of
cardiomyocytes through differentiation”®>. Additionally, MSC-based therapies
also have the potential to restore vascular function and treat diseases of
peripheral arteries, such as atherosclerosis and limb ischaemia, or be used as
vascular grafts to replace injured or occluded blood vessels”2.

Originally, the majority of animal and clinical trials of MSC-based therapies for
vascular regeneration utilised BMSCs as the best characterised and most
popular source of MSCs’%3. However, more recently there has been a surge in
popularity of using placenta and umbilical cord-derived MSCs for such
therapies, with numerous clinical trials currently underway’%3. Many successful
applications of these types of therapy have already been published in clinical
trials treatment of heart failure and erectile dysfunction”%.7%7 Here, it was found
that primary PMSCs isolated from term placental tissue were capable of
differentiating into lineages that demonstrated VSMC qualities. In conjunction
with research by Byford et al. (unpublished), from our group, that showed that
these PMSCs could also be induced to display EC-like qualities indicative of
angiogenic tube formation, this is supportive of the application of these cells in
vascular regeneration cellular therapies



304

7.2 Potential direct impacts of dysregulated myomiRs on fetal

development

Although the research conducted for this investigation has focussed on the
impacts that altered levels of miR-1-3p and miR-133a-3p within circulating EVs
and placenta have on placental vascular development and subsequent fetal
growth regulation. It should also be acknowledged that dysregulated levels of
these myomiRs may also be crossing into the fetal circulation where they may
be directly influencing fetal development. For example, miR-1-3p and miR-
133a-3p are both well-known regulators of fetal cardiac development, that co-
operatively promote the specification of murine embryonic cardiomyocytes’>8.
With double knockout mutant mice displaying an immature heart phenotype and
embryonic lethality”®. Whereas individual miRNA knockout mutants developed
normal hearts that were less tolerant of pressure overload”®®. Despite their
shared role in heart specification in early gestation, there appears to be a
divergence in their expression and functions following heart development in
early gestation*43. Monitoring of the levels of both miRNAs in human fetal hearts
at 13 — 41 weeks gestation revealed that miR-1 promotes proliferation of cells
within the fetal heart and decreased throughout gestation#43. Whilst miR-133a
demonstrates an anti-proliferative and anti-apoptotic role within cells of the fetal
heart and increases in expression over the course of gestation*43.

It is as yet unclear whether miR-1-3p and miR-133a-3p transcripts cross the
placenta into the fetal circulation, and whether they contribute to fetal heart
development and function without further research. However, in the scenario
where both of these postulations are true, dysregulation of these miRNAs within
the placenta or maternal circulating EVs may be able to contribute to the
increased risk of heart defects in pregnancies complicated by GDM as well as
DOHAD. Although, in order to determine whether altered levels of these
miRNAs in maternal circulating EVs or the placenta may be contributing to
embryonic heart formation in the first trimester of pregnancy, it would first need
to be established that dysregulation of these miRNAs in GDM or GDM LGA
pregnancies respectively extends to this early stage of gestation. Once this was
established, levels of mature miR-1-3p and miR-133a-3p transcripts could be
measured in cord blood from GDM LGA pregnancies compared to GDM AGA
pregnancies, to establish whether the dysregulation of these miRNAs is being
transferred to the fetal circulation.
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7.3 Limitations of the current study and future work

In addition to evaluating how the findings from this study have the potential to
influence the field, it is also vital to acknowledge the limitations of the results
acquired from this study to understand what future work is required. Firstly,
despite the numerous attempts to problem solve using new methodology and
techniques, this investigation was not able to determine the origins of circulating
maternal EVs containing altered levels of myomiRs. Therefore, although the
published literature suggests that these miRNAs are being loaded into EVs and
secreted into circulation from skeletal or cardiac muscle, this has not been
confirmed experimentally yet’3®-741. Nor have the results from this study
demonstrated measurable uptake of maternal plasma EVs by the placenta. The
uptake of maternal EVs from the culture medium by placental explants has
previously been shown?%'. However, future research should endeavour to track
the uptake of EVs from the maternal circulation into the placenta to determine
the effects that the numerous EV miRNAs that have been identified to be
dysregulated in GDM and GDM LGA pregnancies through microarrays, may
have on placental function and development. Preliminary data from our
research groups suggests that uptake of plasma EVs by placental explants
does occur. Subsequent research could study this process in vivo via the
collection of HSKMC EVs from a conditioned medium, labelling them and
injecting them into pregnant mice measuring the level of trafficking in different
organs including the placenta after a specified period. Numerous strategies of
live imaging of EVs have been developed in recent years, for example through
MRI to detect ultra-small superparamagnetic iron oxide labelled EVs, as well as
using more accessible techniques such as fluorescent microscopy in fixed
tissues’59.760,

A further limitation of the conclusions drawn from this investigation regarding
the levels of certain EV miRNAs in GDM and GDM pregnancies complicated by
LGA is that due to the samples available to the investigation, a relatively broad
timeframe of pregnancy (24 — 32 weeks) had to be tested. This enabled findings
to cover and be applicable over a large period across mid to late gestation,
however, results are not able to pinpoint when the dysregulation of miRNAs
occurs in GDM pregnancies or identify when it is most severe during pregnancy.
Experiments following on from this should aim to monitor the levels of miRNAs
in matched plasma samples taken in the first, second and third trimester of
pregnancy, especially when trying to identify biomarkers for pregnancy
complications to help determine what timeframe patients should be tested for
the biomarker390.305,
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Following on from this, using matched samples for measurement of the selected
miRNAs in maternal plasma EVs and placentas from the same pregnancies
would enable the investigation of the relationship between circulating levels of
miR-1-3p and miR-133a-3p. This would better aid the determination of whether
dysregulation of circulating levels of these miRNAs within EVs is affecting
placental levels, leading to their reduced levels in GDM LGA pregnancies.

With respect to the in vitro model generated for studying factors affecting
placental vascular development, the findings generated on the functional roles
of miR-1-3p and miR-133a-3p are representative of placental vascular
development and function in late gestation since the primary cells were isolated
from term tissue. However, findings may not be representative of their roles in
early placental vascular processes such as vasculogenesis in early gestation.
To confirm whether miR-1-3p and miR-133a-3p influence the differentiation of
PMSCs into vascular cell types in vasculogenesis, future research could
conduct similar functional studies on PMSCs isolated from first trimester
placental tissue. This was not feasible during this project as no ethical approval
is in place for early pregnancy placental samples.

Lastly, a potential limitation of the findings gained from the differentiation and
functional studies of primary PMSCs was the limited cohort sizes used. This
was restricted by numerous factors, including the impact of the COVID-19
pandemic on our ability to access the hospital to consent patients for placental
donation so that PMSCs were only isolated from n=6 patients.
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7.4 Final conclusions

The results from this investigation indicate that decreased placental levels of
miR-1-3p and miR-133a-3p in GDM pregnancies that have LGA offspring are
altering the capability of vascular progenitor cells within the placenta, PMSCs,
to differentiate into contractile VSMCs. These findings provide a possible link
between the increased levels of vascular lesions that have frequently been
observed in placentas from diabetic pregnancies, and the elevated risk of fetal
overgrowth that is also associated with maternal diabetes, including GDM (fig.
7.1). Furthermore, decreased potential for PMSCs to differentiate into
contractile VSMCs may be associated with the decreased placental vascular
resistance that too has been recorded in GDM pregnancies that gave birth to
LGA or macrosomic neonates (fig. 7.1). Furthermore, findings from this study
also demonstrate dysregulation of EV-bound myomiRs in maternal plasma in
mid-to-late gestation of pregnancies diagnosed with GDM, although this was not
found to be associated with LGA outcomes. Yet, altered EV uptake or release
by the placenta in GDM pregnancies that go on to have LGA babies may
provide a link between these observations. Overall, this project has identified a
novel mechanism that may contribute to the higher risk of fetal overgrowth in
GDM pregnancies, and which serves as a potential target for the development
of therapeutic interventions that could prevent or treat the disorder. Lastly, the in
vitro model used for the functional study of the roles of miRNAs in placental
vascular development is widely applicable to future research into factors
affecting VSMC and EC differentiation which may be altered in pregnancy
complications such as GDM.
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Fig. 7.1 Proposed mechanism for the involvement of miR-1-3p and miR-
133a-3p in the development of LGA in GDM pregnancies. Decreased levels
of miR-1-3p and miR-133a-3p in the placenta, inhibits the ability of PMSCs
within the chorionic villi to differentiate into contractile VSMCs. (2) Reduced
amounts of mature contractile VSMCs in the placental vascular network leads to
reduced vascular tone and increased villous immaturity as a result of increased
branching angiogenesis and decreased capillary elongation. Altogether, this
results in the hypervascularised villi commonly observed in GDM pregnancies.
(2) The decreased vascular tone and high number of redundant connections
within the placental vascular network ultimately leads to reduced placental
vascular resistance, increasing the flow of nutrients to the growing fetus. The
elevated rate of bloodflow results in fetal overgrowth through utilisation of the
excess nutrition; the fetus grows to be LGA. Created using Biorender.
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Appendix

Appendix 1 Table of solutions used in the investigation and their
constituents.

Solution Constituents

4% SDS, 20% glycerol, 0.004% bromphenol blue and 0.125M
Tris-Cl pH 6.8 in distilled water

Laemmli buffer

Western blot running | 0.25M Trizma base, 1.92M glycine and 0.03M SDS in distilled

buffer water

Western blot transfer | 0.25M Trizma base, 1.92M glycine and 0.03M SDS in distilled

buffer water

TBST (tris-buffered 3M NacCl, 396mM Trizma base and 0.03% tween-20 in distilled

saline and tween) water

100U/ml collagenase type |, 2.4U/ml dispase and 40mg/ml DNase |
Digestion solution
in low glucose DMEM
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Appendix 2 Placental levels of vascular regulatory miRNAs are not altered between non-GDM AGA and non-GDM LGA
pregnancies.Levels of four myomiRs, miR-1-3p (A), miR-133a-3p (B), miR-133b (C), and miR-499a-5p (D), as well as the other known
vascular regulatory miRNA miR-145-5p (E), were quantified in term placenta using RT-gPCR. Levels were compared in placentas
collected from non-GDM pregnancies that had AGA offspring (n=13), against those that had LGA offspring (n=10). Constitutively
expressed snRNA U6 (F) was used to normalise the results as levels were consistent in each of the groups (NS; Mann-Whitney). There
was no change in the levels of any of the miRNAs between the groups (all NS; unpaired T tests were used on normally distributed
datasets, and Mann-Whitney testing was used on non-normally distributed datasets). Lines indicate median abundance for each group.
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Appendix 3 Table showing changes in VSMC associated gene expression
following inhibition of miR-1-3p or miR-133a-3p during differentiation of
PMSCs into VSMCs. Results from the RT-gPCR array demonstrate significant
differences in the expression of numerous genes following miR-1-3p or miR-
133a-3p inhibition in cells undergoing PMSC to VSMC differentiation (n=3;
p<0.05; >2-fold change; T test). Genes with a >2-fold increase in expression
have been highlighted in green, whilst those with a >2-fold decrease in
expression have been highlighted in red. Significant p-values have been
highlighted in bold to identify significantly altered gene expression.

miR-1-3p miR-133a-3p

|Fold-change|p value

AAAS 1.29 0.149
ACTA2 1.10 0.669
ADD1 -1.26 0.877
ADORA2A 1.46 0.482
ADORA2B 1.14 0.612
ADRA1A 9.70 0.296
ADRA1B -1.80 0.726
ADRB2 2.01 0.837

Fold-change|p value

AEBP1 0.106

AGT 5.66 0.714
AGTR1 1.43 0.201
ALOX5 -1.54 0.732

ANO1 1.35 0.628

CALCRL

CCL11 3.18
CDH5 -1.39 | 0.712
| cnnz SSIGENNN 0.580
COL1A1 -1.19 | 0.821

COL3A1 1.03 0.946
COL4A1 1.01

CYP4A11
CYP4A22
DES
ELN

GUCY1A3
HEXIM1
HEY2
HLA-DQA1
HLA-DQB1
HRH2
IL13
KDR




NOTCH1
NOTCH3

| 0.370 |
[ 0.376 |

299 0025] 658 |
| 0.872 |

[o0.040 ] -1.13 |

PTGIS -1.15 0.940

RBP1 -1.65 0.973

RBPJ -1.31 0.839
SCGB3A2 -1.11 0.954 2.21 0.261
SMAD3 -1.40 0.704 -1.16 0.504
SMTN -1.50 0.321 -1.24 0.648
SPP1 -1.32 0.475 4.02 0.363
SRF -1.39 0.270 1.09 0.621
TAGLN -1.33 0.684 1.42 0.421
TGFB1 1.72 0.325 -16.66 0.075




