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Abstract

Background: Gestational diabetes (GDM) affects around 13% of pregnancies and is
associated with an increased risk of infants being born large-for-gestational-age (LGA).
LGA can lead to birth complications and infants are predisposed to developing future
cardiometabolic disease. The prevalence of LGA remains high even when glycaemia is
well controlled and continuous glucose monitoring (CGM) has demonstrated that
women with GDM who deliver LGA infants have temporal periods of mild
hyperglycaemia. It is unclear how this causes LGA, but LGA has been linked to altered

placental development and function.

Aim: To determine whether temporal periods of mild hyperglycaemia associated with

LGA in GDM impact on placental development and function.

Methods: Placental explants from uncomplicated pregnancies were cultured in glucose
fluctuations mimicking in vivo levels in GDM. Further RNA sequencing, bioinformatics,
immunohistochemistry and ELISAs were performed to predict the functional
consequence. Two models were employed to assess the impact of glucose fluctuations
on placental vascular development; endothelial-lineage differentiation of placental
mesenchymal stromal cells (pMSCs) isolated from term placentae, and a perfusable
‘on-a-chip’ model of placental microvessels. Differentiation potential and microvessel

function were assessed by RT-gPCR, and functional assays.

Results: Mild hyperglycaemia altered the placental transcriptome and differentially
expressed genes (DEGs) were predicted to be associated with vascular development
and an anti-inflammatory response. ELISAs and RT-gPCR confirmed downregulation
of pro-inflammatory mediators and showed trends towards increased levels of
vascular-regulatory M2-polarised placental macrophages (Hofbauer Cells; HBCs).
Culture of pMSCs in mild hyperglycaemia had minimal impact on their endothelial-
lineage differentiation, however vessel development and permeability were altered by

glucose fluctuations in the microvessel model.

Conclusion: Fluctuations in maternal glucose in GDM can alter the placental
transcriptome and may contribute to placental vascular dysfunction, directly and/or via
HBCs. This may impact the ability of the placenta to transfer nutrients and gases to the

fetus, resulting in LGA.
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Chapter 1 — General Introduction

1.1 Diabetes mellitus in pregnancy

Diabetes mellitus (DM) is a metabolic disorder that results from impaired insulin
secretion, insulin resistance or a combination of both. Type 1 Diabetes (T1DM) is
typically caused by autoimmune damage to the insulin-producing -cells of the
pancreas, whereas Type 2 Diabetes (T2DM) can occur due to insulin resistance and
subsequent varying degrees of B-cell failure?. The inability of insulin to control blood
glucose levels can lead to hyperglycaemia, which can subsequently cause p-cell
dysfunction, impairing insulin secretion, resulting in a cycle of hyperglycaemia3. In
2017, the International Diabetes Federation (IDF) estimated that 451 million adults live
with diabetes worldwide, which is expected to increase to 693 million by 2045, making
it one of the largest public health concerns®. Secondary complications of diabetes
include retinopathy, neuropathy, nephropathy and cardiovascular complications, which
arise following progressive tissue and vascular damage?. A particular concern is the
increased rates of diabetes in the younger population, including women of reproductive

age®.

Diabetes in pregnancy can arise due to pre-gestational diabetes (T1DM or T2DM), or
gestational diabetes (GDM). GDM, is diabetes that first manifests during pregnancy
and usually resolves post-partum®. In normal pregnancies, as gestation advances,
insulin resistance increases, due to changes in placental hormones, such as oestrogen
and progesterone’. Additionally, the B-cells undergo hyperplasia and hypertrophy to
meet the metabolic demands of pregnancy?®. In women with GDM, maternal glucose
regulation is compromised, which occurs as a result of B-cell dysfunction®. Here, B-cells
fail to compensate for the demands of pregnancy, which when combined with insulin
resistance, results in hyperglycaemia®. Additionally, increased maternal adipose
deposition, reduced exercise, and increased caloric intake contribute to relative
glucose intolerance in GDM?®. In 2019, it was reported that the overall rate of
hyperglycaemia in pregnancy was 15.8%, with GDM and pre-gestational diabetes
accounting for 12.8% and 2.6%, respectively!®. Rates of pre-gestational diabetes in
pregnancy and GDM are rising worldwide, due to the increased levels of obesity and
T2DM associated with unhealthy lifestyles®!. For example the proportion of diabetic
pregnant women that have T2DM has increased to 50% in 2016, compared to 27% in
2002-2003*2.

1.1.1 Diagnosis and treatment
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GDM is currently diagnosed by an oral glucose tolerance test (OGTT) conducted
between 24-28 weeks’ gestation, where 75g of glucose is ingested and blood glucose
measured after 2 hours®®. A patient is diagnosed with GDM if they have a fasting
plasma glucose level of 5.6 mM or above, or a 2-hour plasma glucose level of 7.8 mM
or above!4. There are also several risk factors for developing GDM, including an
ethnicity with high diabetes prevalence, family history of diabetes, previous GDM, body
mass index (BMI) above 30 kg/m? and a previous baby weighing over 4.5 kg'4. GDM is
initially managed by lifestyle modifications, such as diet and exercise. If patients still fail
to achieve glycaemic control, then pharmacological interventions are used, such as
insulin or metformin, which when used in combination, or individually, can normalise

blood glucose levels®.

1.1.2 Adverse maternal and fetal outcomes

Prenatal exposure to maternal diabetes has been associated with an increased risk of
complications for both the mother and the fetus. Complications that occur and are
widely studied in pregnancies complicated by diabetes include spontaneous
abortions/miscarriage, still birth, and pathological fetal growth!>8; as well as maternal
complications, such as preeclampsia and hypoglycaemia®. Appropriate glycaemic
control is paramount in reducing the risk of these adverse obstetric and neonatal
outcomes?!?. Pre-gestational diabetes in pregnancy, and GDM (to a lesser extent) can
also result in the development of congenital abnormalities, including congenital heart
disease?®. Organogenesis occurs between 5-8 weeks gestation?!; therefore, the
increased risk of congenital abnormalities could be linked to the onset of diabetes in
pregnancy, given that poor glycaemic control could be present at conception and early
pregnancy in women with pre-gestational diabetes. Although GDM is detected later in
pregnancy, undetected poor glycaemic control could be present earlier, when the
teratogenic affect could occur, resulting in a slightly higher risk of congenital anomalies,
than the normal population??. Adverse outcomes in diabetic pregnancies can also lead
to increased risk of cardiometabolic diseases later in life, in the mother and offspring?.
Particularly, GDM has major long-term implications for maternal cardiovascular health,
including a greater risk of heart failure, stroke, and ischemic heart disease?. In a
recent study, MRI imaging during pregnancy revealed that women with GDM had
impaired myocardial contractility and higher left ventricular mass, compared to women
with healthy pregnancies. This was also associated with reduced myocardial
energetics, demonstrating that the potential for GDM to impact maternal cardiovascular

health likely occurs during pregnancy?*.
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1.1.3 Pathological fetal growth

Complications of fetal growth occur in GDM, with large-for-gestational age (LGA)
infants being the most common, while fetal growth restriction (FGR) and small-for-
gestational age (SGA) are also observed, but to a lesser extent?®. LGA and SGA are
defined as infants that weigh above the 90" percentile, or below the 10" percentile for
their gestational age, respectively?. Some studies refer to fetal overgrowth as
‘macrosomia’, which usually refers to birthweight above 4000 g, and is irrespective of
gestational age?’. LGA can cause complications in delivery, including prolonged labour,
vaginal tearing and shoulder dystocia; therefore, LGA infants are often delivered early
by a caesarean section, which has its own associated risks??8, Both SGA and LGA
newborns are predisposed to developing T2DM, cardiovascular disease and obesity
later in life®272°, These cardiometabolic complications increase the risk of offspring
themselves developing GDM in pregnancy?, resulting in a self-perpetuating cycle

of cardiometabolic disease. This also demonstrates that the in utero exposure to
maternal diabetes leads to fetal programming, resulting in long-term health
complications. This is a concept known as the ‘Developmental Origins of Health and
Disease’ or DOHaD?°. This has been linked to epigenetic changes, which have long-
lasting effects on gene expression and increase the risk of developing non-
communicable diseases, such as cardiometabolic diseases. Epigenetic DNA imprinting
activity is the most active pre-conception to early infancy and thus is thought to

contribute to developmental programming®..

The hyperglycaemia and adverse pregnancy outcome (HAPQO) study was paramount in
demonstrating the association between maternal hyperglycaemia and the development
of LGA. This study showed that rates of LGA increased with increasing maternal
glucose levels, even in women that were not clinically diagnosed with GDM32, Although
mechanisms for LGA are unclear, in 1954, Pedersen proposed that when maternal
glycaemic control is compromised, as in GDM, blood glucose can cross the placenta
and initiate insulin production in the fetus32. This usually occurs in the second trimester
when the fetal pancreas has developed. Hyperinsulinemia and hyperglycaemia lead to
an increase in fetal adiposity, increasing fat and protein stores and consequently
resulting in further growth of the fetus®:. However, more recent theories have expanded
on this, which suggest that in addition to glucose, maternal amino acids and lipids, lead
to an increase in nutrient supply to the fetus, elevating fetal insulin and growth34. In line
with this, the prevalence of LGA remains high, even when pregnancies are considered
well-controlled clinically, using standard methods of monitoring (self-monitoring of
blood glucose [SMBG] and glycosylated haemoglobin [HbA1c]). Therefore, it is thought
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that either factors other than glucose are involved and/or that these methods fail to

detect the glucose variations that may result in LGA®3',

1.1.4 Methods of monitoring blood glucose during pregnancy

Glucose monitoring, used to assess glycaemic control, is the foundation of self-
management in diabetes. The currently used methods of glucose monitoring during

pregnancy include HbAlc, SMBG and continuous glucose monitoring (CGM).

HbA1c takes an overview of glycaemia from the preceding 60-90 days®®. The
Diabetes Control and Complications Trial (DCCT) in 1993 reported that the normal
reference range of HbA1lc in non-diabetic individuals is 4-6% (20-42 mmol/mol)**4* and
that glycaemic control as close to this range as possible, can slow the progression of
diabetic complications, such as retinopathy, nephropathy and neuropathy®*4!. HbAlc is
mainly used pre-conception to ensure adequate blood glucose control prior to
pregnancy in women with pre-existing diabetes. In pregnancy, HbAlc levels are lower
due to haemaodilution and increased red blood cell turnover?! and therefore is not the
most useful method and it is seen as a secondary measurement for glycaemic
monitoring. Moreover, HbAlc does not provide information about short term changes in
glycaemia, for example post-prandially?*. In guidelines from various societies, including
the National Institute for Clinical Excellence (NICE), American College of Obstetrics
and Gynaecology (ACOG) and the American Diabetes Association (ADA), HbAlc is
recommended to be below 6-6.5% pre-pregnancy, if possible, without causing
hypoglycaemia. However, NICE and ACOG do not recommend that HbAlc should be

used during pregnancy##1:42-48,

SMBG is recommended for women with diabetes in pregnancy to monitor their blood
glucose throughout gestation. Measurements include fasting, pre-prandial (prior to
meals) and 1-2 hours post-prandial (after meals). This is important so that insulin and
other pharmacological treatments can then be adapted to control fluctuations in blood
glucose throughout the day®**“°. Many studies have shown that SMBG can improve
glycaemic control and pregnancy outcomes, as well as economic parameters (number
of hospital stays and patient expenses)®®=>2. The NICE guidelines state that fasting
glucose should be below 5.3 mM, and 1- and 2-hour post-prandial glucose should be
below 7.8 and 6.4 mM, respectively'*53, with similar guidelines from other

societies#21:42-48

HbAlc and SMBG provide only a snapshot of the glucose profile, at limited times
during the day®>-3’. CGM, on the other hand, monitors interstitial glucose continuously

and can provide more detailed glucose profiles and glycaemic excursions across the
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24-hour day***>°, CGM devices generate an extensive amount of data, and many
summary metrics can be calculated from this, including, mean glucose over time, time
in range (TIR), time above range (TAR) and time below range (TBR), and measures of

glycaemic variability (such as standard deviation and coefficient of variation)>*%.

Recent studies have shown that CGM use significantly improves pregnancy outcomes,
including the large, multicentre CGM randomised controlled trial (RCT) in pregnant
women with T1DM on intensive insulin therapy, known as CONCEPTT?®®. The findings
from this study showed that CGM use in pregnancy was associated with lower rates of
LGA infants, with women in the CGM group spending more TIR (3.5-7.8 mmol/L) and
lower TAR. This was achieved without increasing the rate of hypoglycaemia,
gestational weight gain or insulin dose. In GDM pregnancies, CGM use has been
shown to improve gestational weight gain, and influenced pharmacotherapy treatment

in pregnancy to correct for hyper- or hypo-glycaemia®"-°.

The TIR target for CGM is 3.5-7.8 mmol/L for both pre-gestational diabetes in
pregnancy and GDM. The upper limit of 7.8 mmol/L is in line with most SMBG post-
prandial targets. The lower limit is based on the most recent studies in TIDM
pregnancies, including CONCEPTT®¢€°, While it is primarily used in TIDM

pregnancies, CGM guidelines are currently in the process of being updated to
accommodate this new evidence and enable more widespread uptake of this method of

monitoring>*°.

1.1.5 Maternal glucose fluctuations associated with LGA

Given that CGM can provide detailed glucose profiles and glycaemic excursions across
the 24-hour day®*®®, functional data analysis (FDA) can be applied to assess
differences in temporal glucose profiles in relation to clinical outcomes. This has been
utilised by several studies to give additional information about glucose levels in
pregnancy using CGM3¢6162 For example, previous studies utilising CGM in pre-
gestational diabetic pregnancies®” ¢ were re-analysed by Law et al. (2015)% using
FDA. While mean HbAlc was similar between women who delivered LGA and non-
LGA infants, LGA was associated with a lower mean glucose in the first trimester (7 vs
7.1 mM; p<0.01) and higher mean glucose in the second and third trimesters (7 vs 6.7
mM; p<0.001 and 6.5 vs 6.4 mM; p<0.01, respectively). FDA showed that in the first
trimester glucose values were significantly lower midmorning (09:00-11:00) and early
evening (19:00-21:30).

In a recent study, Law et al. (2019) performed FDA on 153 women with GDM and
performed masked-CGM for 7 days between 30-32 weeks’ gestation. Mean glucose
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over time was significantly higher in mothers that had LGA infants (6.2 mM), in
comparison to their counterparts that had appropriately grown (AGA) infants (5.8 mM;
p=0.025). Using functional data analysis, they observed that women with LGA infants
had a higher nocturnal glucose (6.0+1.0 mM) for 6-hours overnight (00:30-06:30),
compared to mothers of AGA infants (5.5+0.8 mM; p=0.005) (Figure 1.1)%2. While these
levels are only subtle increases (mild hyperglycaemia) and are not above the CGM
target range (3.5-7.8 mM)®®, this accounts for 25% of the 24-hour day where the fetus

is exposed to higher maternal glucose and this associated risk of LGA.
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Figure 1.1 — Continuous Glucose Monitoring (CGM) profile of GDM mothers with
LGA and AGA infants over a 24-hour period. Difference in mean temporal glucose
levels between GDM mothers with LGA infants (dark wavy line) and GDM with AGA
infants (horizontal dotted line). The grey area represents 95% confidence intervals,

*p<0.05 (n=153, sensors worn for ~6 hours, 30-32 weeks’ gestation)®2,
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1.2 The placenta

Many of the complications that occur in GDM are thought to be linked to abnormal
development of the placenta®. The placenta is a temporary organ that supports the
development of the fetus during preghancy by exchanging nutrients, including glucose,
waste and gases between the mother and fetus®®. The placenta is also an endocrine
organ, which secretes hormones and growth factors responsible for sustaining
pregnancy, such as human chorionic gonadotrophin (hCG) and progesterone®. To
carry out its role, the placenta is highly vascularised and is comprised of two separate
circulatory systems, the fetoplacental and uteroplacental circulation. The fetoplacental
circulation includes the umbilical cord, which connects the placenta to the fetus and
contains two umbilical arteries and one umbilical vein®’. These umbilical vessels
branch into the chorionic villi, which contain the fetal vessels and provide a large
surface area to allow for efficient exchange of nutrients and gases®*®’. The
uteroplacental circulation is the flow of maternal blood from the uterine arteries into the

intervillous space (IVS), which are spaces between the chorionic villi®® (Figure 1.2).

1.2.1 Normal placental development

In early embryogenesis the blastocyst comprises of the embryoblast (inner cell mass)
and the trophectoderm. The zona pellucida, which surrounds the blastocyst
degenerates around 6-days post-conception, allowing the blastocyst to implant into the
uterine wall®®. The placenta comprises of two cell lineages, the trophoblast lineage,
derived from the trophectoderm and the endothelial cell lineage, derived from the extra-
embryonic mesoderm of the inner cell mass. The extra-embryonic mesoderm forms the
allantois, a sac-like structure; blood vessels differentiate from the allantois mesodermal

wall, giving rise to the umbilical cord™.

The trophoblast cell lineage can differentiate into two cell types, the syncytiotrophoblast
and the cytotrophoblast. Cytotrophoblasts are the resident stem cells of the placenta,
which proliferate and cover the mesenchyme and fetal vessels that form the chorionic
villi. Fusion of cytotrophoblast then generates and continuously replenishes the
syncytiotrophoblast, a continuous outer single multinucleated epithelial cell layer’® ™,
The syncytium is the outermost layer of the chorionic villi, in contact with the maternal
blood. It also contains microvilli, which increase the surface area and allow more time
for absorption of nutrients’? (Figure 1.2 Inset). Cytotrophoblasts also give rise to
extravillous trophoblasts (EVTSs), which anchor the placenta to the maternal decidua
and transform the maternal spiral arteries into low-resistance vessels to increase blood

flow to the growing fetus™.
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Figure 1.2 - Schematic representing the structure of the placenta. The key parts of
the placenta are labelled. The inset depicts a cross section of the chorionic villi,

showing the key cell types within the placenta. Image created with Biorender.com.
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1.2.2 Establishment of the uteroplacental circulation

When the blastocyst is implanted in the endometrium, its nutrient supply is provided by
the endometrial glands, and blood flow to the placenta is restricted, which creates a
hypoxic environment” 4, During this time, EVTs become invasive and transform the
spiral arteries. Spaces then form in the syncytium, which amalgamate to create the
IVS™. In an early ex vivo study of hysterectomy specimens, Jaffe et al. (1997)
observed a continuous trophoblastic shell at the uterine-intervillous boundary”. These
‘trophoblast plugs’ occlude uterine spiral arteries in early pregnancy, preventing blood
flow into the IVS. In these early studies it was thought that these plugs become loose at
12-13 weeks’ gestation, and enable blood flow’®’’. However, in more recent
histological analyses, channels were observed in trophoblast plugs from 7 weeks’
gestation, and the lumen of these channels increased with gestation. Maternal red
blood cells were also visible in the IVS at this time point, suggesting the uteroplacental
circulation is established earlier than previously described’®. Further studies have
proposed that the increased flow through spiral arteries can lead to enhanced cell
recruitment, which causes the channels to form and loss of trophoblast plug integrity, or
the plug remains as a cohesive mass that is pushed away as blood flow increases

throughout gestation’.

1.2.3 Establishment of the fetoplacental circulation

The chorionic villi begin to develop 13-days post-conception when trophoblasts form
extensions into the intervillous space. These projections are known as primary villi,
comprised of only trophoblast cell lineages. Approximately 21-days post-conception,
the primary villi are occupied by allantoic mesenchyme converting them into secondary
villi. These villi become tertiary villi, including stem and terminal villi, following the
development of fetal blood vessels. Stem villi connect to the chorionic plate and contain
large vessels and microvessels. These are linked to terminal villi by intermediate
structures. Terminal villi have many capillaries, which are separated from the
syncytiotrophoblast by a thin basement membrane, with minimal maternal-fetal
diffusion distance, and are therefore functional unit of the placenta®®. This relies on the
de novo formation of blood vessels, through vasculogenesis, and the branching of

existing vessels, by angiogenesis’.
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1.2.3.1 Vasculogenesis and angiogenesis

During vasculogenesis, placental mesenchymal stromal cells (pMSCs) differentiate into
haemangiogenic stem cells, which give rise to angioblast cells and haemangioblast
cells, which are endothelial cell (EC) and haematopoietic cell progenitors,
respectively®’. Angioblast cells then form cell cords and eventually intercellular clefts,
which creates the blood vessel lumen. These first capillaries eventually form the

primitive capillary network®?.

In the third trimester, a switch to angiogenesis occurs, which is either ‘branching’ or
‘non-branching’, the sprouting or elongation of existing vessels, respectively®®8l. Once
the primitive capillary network has formed, branching angiogenesis takes place. During
this process, vasodilation occurs, which increases vascular permeability. Proteases are
activated and break down the basement membrane, allowing EC proliferation and
migration. A stable vessel is the formed as the EC assemble, creating a lumen, and
perivascular cells are recruited, such as pericytes and vascular smooth muscle cells
(VSMCs)®81, VSMCs are thought to compose a separate layer within the vascular wall,
separated from the vascular basement membrane by MSCs, whereas pericytes are
embedded into the endothelial basement membrane®2. Pericytes contribute to vessel
maturation and the expression of pericyte markers (a smooth muscle actin [aSMA] and
platelet derived growth factor receptor B [PDGFRp]) gradually increase and extend
from the chorionic plate to peripheral villous branches®. VSMCs are important for
determining vascular structure and are essential for regulating blood flow through the
maternal and fetal villous networks®*. Further into the third trimester, non-branching
angiogenesis occurs through extension of existing capillaries, known as elongation,
which may be proliferative or intercalative, through EC proliferation or incorporation of

circulating endothelial or progenitor cells, respectively®.

The processes of vasculogenesis and angiogenesis need to be tightly regulated during
pregnancy, which involves several growth factors, such as vascular endothelial growth
factor (VEGF), placental growth factor (PIGF) and fibroblast growth factor (FGF)%%82,
FGF is responsible for the recruitment of angioblast cells early in pregnancy®!. VEGF
appears to be critical for all stages of placental vasculogenesis as inactivation of
VEGF, or disruption of genes encoding VEGF receptors causes abnormal blood vessel
development and embryonic lethality®®>®’. PIGF acts synergistically with VEGF to
develop the placental vascular network®. VEGF also plays a multitude of roles in
angiogenesis, including activating proteases and collagenases that breakdown the
extracellular matrix (ECM) to allow for EC migration and proliferation®=%9, It also

stimulates endothelial nitric oxide (NO) production, a vasodilator and placental
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angiogenic factor®®, as well as recruitment of pericytes to new vessels®?. Other
important signalling molecules include angiopoietin. ECs and pericytes are thought to
communicate via angiopoietin/Tie-2 during placental vascular development®.
Activation of Tie-2 receptors is also thought to inhibit EC apoptosis, stabilising the

vessels## (Figure 1.3).

1.2.3.2 Paracrine signalling by other placental cells

Paracrine signalling by other cell types in the placenta, including fibroblasts, placental
macrophages (Hofbauer Cells; HBCs) and trophoblast can contribute to placental
vascular development. Trophoblast cells and HBCs are found within close proximity to
developing blood vessels and have the ability to release angiogenic factors®%4. For
example, trophoblast cells are known to release VEGF®, FGF-2%, PIGF®/, KISS1
metastasis inhibitor (KISS1)%, Matrix Metalloproteinase 9 (MMP9)% and pigment
epithelium derived factor (PEDF)!%. HBCs and fibroblasts reside in the villous
stroma'®*1%2_ |n other organs, fibroblasts are known to regulate blood vessel formation
through expression of growth factors and morphogens, such as FGF and transforming
growth factor B (TGFB), as well as ECM molecules!®t. HBCs, isolated from first
trimester and term placentae, secrete VEGF-A and FGF-2103194_|n line with this, HBC
levels have been correlated with the number of vasculogenic structures®, and VEGF is
strongly expressed in HBCs during the very early stages of pregnancy, when
vasculogenesis is predominantly occuring'®. HBCs are also known to release
inflammatory mediators, such as, interleukin (IL)-8 and chemokine ligands (CCL)-2, -3
and -41% which are also reported to have angiogenic functions®-12_ In in vitro studies,
conditioned medium from HBCs increases the tubular formation in primary

fetoplacental ECs®,
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Figure 1.3 - Schematic demonstrating placental vascular development. During the
first trimester of pregnancy the de novo formation of blood vessels occurs via
vasculogenesis. Later in pregnancy, a switch to angiogenesis occurs to expand the

placental vascular network. Image created with Biorender.com.
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1.2.4 Placental blood flow and shear stress

The uteroplacental blood flow is predicted to be between 600-750 mL/min at term58113,
The remodelling of the uterine spiral arteries reduces the smooth muscle and elastic
lamina of the vessel wall, which causes a 5-10 fold dilation at the vessel mouth and
reduces the speed of blood flow into the IVS to 10 cm/s, in comparison to upstream
values of 2-3 m/s. Based on the radius of these vessels, the dilated end is predicted to
provide 0.37 mL/s (22.2 mL/min), and therefore it is estimated that 30-60 spiral arteries
are required to provide a total uterine blood flow of 750 mL/min!'3. The laminar blood
flow that enters the placenta from the uterine spiral artery disperses radially between
the chorionic villi and becomes turbulent!*4. There is little impedance to blood flow as
the IVS is a large space, unlike the systemic circulation where blood passes from
arteries via capillary beds to veins!'3. Calculating specific flow rates within the IVS is
difficult, as the maternal blood flow is thought to be reduced as it passes the villi and
increase as it returns to the uterine veins. Therefore, the flow in the IVS is not uniform,
and is dependent on the position of the villi, in relation to the spiral arteries and uterine

veins!?d,

The force of flowing blood on the endothelial surface of a blood vessel is known as the
shear stress!®, The shear stress of the maternal blood flow through remodelled spiral
arteries is thought to be 1-10 dyn/cm? (0.1-1 Pa), which is reduced to 0.001-0.1
dyn/cm? as it enters the wide cavity of the IVS. The maternal blood will also exert a
shear stress on the syncytium, as it is in direct contact. However, similar to the flow
rate, the level of shear stress will vary depending on the position of the villi, as well as
whether the villi are free-floating or anchoring*4. Dynamic MRI has shown that
velocities in the IVS are 1 mm/s in the third trimester of pregnancy. These findings
were then applied to a computational model, which predicted a wall shear stress of 0.5
to 2.3 dyn/cm? (0.05 to 0.2 Pa), suggesting that the average wall shear stress on the

surface of the villi is relatively low!*’.

The most common method of measuring fetoplacental blood flow is the umbilical vein
volume blood flow (Qu). Umbilical artery flow is not often used as there are
inaccuracies with the diameter measurements of small pulsating blood vessels, and
flow can be different between the two umbilical arteries. Several different studies have
measured Quv in normal fetuses using Doppler ultrasonography, ranging between 1-
539 mL/min (reviewed by !8). Fetoplacental blood flow increases in the first half of
pregnancy, then decreases around 24-25 weeks gestation until term, this is likely
because initially the placenta grows faster than the fetus, then in the third trimester the

fetus grows faster than the placenta!®. There are limited studies assessing the flow
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rate and levels of shear stress in fetoplacental capillaries. Tun et al. (2019) developed
an anatomically based computational model of the placental vasculature, including both
macro-level vessels and their interaction with a capillary structure. This model
demonstrated that in the fetoplacental capillaries in normal pregnancies, the flow rate

was predicted to be 0.13 pL/min with a shear stress of 0.05 Pa (0.5 dynes/cm?)!*°,

Placental blood flow and shear stress are also thought to contribute to placental
vascular development'?®121 |n early pregnancy, the trophoblast plugs, which prevent
blood flow into the IVS, are thought to result in shear stress conditions below 2
dyne/cm?, upstream of their location, which promotes trophoblast-induced spiral artery
remodelling?. Additionally, the force generated by blood flow in the fetoplacental
capillaries applies shear stress to local endothelial cells, this causes mechanical
stimulation important for differentiation as well as endothelial NO-mediated

vasodilation2°.

1.2.5 Placental vascularisation in pregnancies complicated by

maternal diabetes

The diabetic milieu, in pre-gestational diabetic pregnancies and GDM has been found
to alter the vasculature of the placenta, which has been assessed using primarily
histological methods. Placental lesions have been reported to be increased in
placentae from pregnancies complicated by maternal diabetes, compared to
uncomplicated pregnancies, which indicates chorionic villous immaturity22.
Bhattacharjee et al. (2017) demonstrated that overt diabetic, gestational diabetic and
mild hyperglycaemic placentae had villous immaturity (decreased formation of terminal
villi and increased presence of immature intermediate villi)!23. Other altered vascular
morphologies reported, include reduced!?*!2°  and irregular/blunted microvilli in GDM*%
and thickening of the vasculo-syncytial membrane'?*. Both the vasculo-syncytial
membrane, which is thinner region of the placental villous membrane!?¢, and the
microvilli, which project from the syncytiotrophoblast into the IVS, increasing the
surface area'?’1% are important for efficient exchange of nutrients and waste products
between the mother and fetus. This suggests that these alterations in diabetic

placentae may impair maternal-fetal exchange.

The level of placental vascularisation has also been investigated. These studies have
reported increased angiosis, also known as hypervascularisation of the chorionic villi, in
GDM?22125.129 'gand T1DM?%, In contrast, other studies have reported
hypovascularisation of terminal villi in diabetes®*°, or a combination of both hyper- and

hypo-vascularised villi in TLDM**! and GDM**2, These contrasting findings have been
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linked to glycaemic control. Calderon et al. (2007) reported hypervascularisation in mild
hyperglycaemic placentae and hypovascularisation in GDM and overt diabetic
placentae!®2. Moreover, Higgins et al. (2011) reported increased capillary volume with
poor glycaemic control in TADM and T2DM pregnancies®®3. Increased growth and
branching of capillaries has also been observed®**% in addition to increased length,
diameter and surface area of capillaries**%%’, in pregnancies complicated by maternal
diabetes. However, other studies have reported no differences in the length3 or

decreased area of blood vessels'?°.

Given that placental vascularisation may impact nutrient transfer across the placenta,
and thus could influence fetal growth, these conflicting studies (demonstrating hyper-
and hypo-vascularisation of the chorionic villi) may also explain why some infants are
born LGA and some SGA. However, these studies do not take birthweight into
consideration, and comparisons between AGA, LGA and SGA placentae have not
been conducted. The above studies also use a varied range of techniques to fix and
visualise placentas. If a placenta is not fixed soon after it is delivered, blood vessels
begin to collapse®®®, which will interfere with placental morphology. Where some
studies have utilised perfusion fixing'®, to preserve the structure of placental
vessels'®® many use standard formalin fixation and paraffin embedding. Nonperfused
villi are also known to have alterations of syncytial microvilli, which is preserved with
perfusion®®®, and therefore may limit the findings on microvilli alterations in diabetic
placentae discussed above. There are also maternal and fetal variables that are often
not considered when assessing placental vasculature in diabetes, for example
maternal BMI, fetal sex, diabetic treatment (e.g. metformin, insulin, diet) and mode of
delivery. For example, male fetuses are known to develop larger placentas then
females!®°, and fetal sex has been linked to placental structure and postnatal
outcomes!*t. Moreover, placental weight has been reported to be lower for infants born

via caesarean section**.

In addition to histological abnormalities, the balance between pro- and anti-angiogenic
factors, which are involved in regulating vascular development of the placenta, are also
thought to be altered in GDM. An increase in the pro-angiogenic factor, PIGF has been
observed in the circulation of women with GDM#%-%¢ in TIDM**” and non-insulin-
dependent DM, with increased protein levels also reported in GDM, and overt
diabetic placentae**. However, other studies did observe a decrease in GDM
plasma'*® and unchanged levels in insulin-dependent DM**3, Whereas, VEGF was
reported to be unchanged in maternal plasma, as well as its placental mMRNA and

protein decreased?4+1491%0 or ynchanged'?® . An increase in the anti-angiogenic factor
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soluble fms-like Tyrosine Kinase 1 (sFltl1), the soluble form of the VEGF receptor 1,

has also been observed in maternal serum*#4%5! and plasma!*.

1.2.6 Altered placental blood flow in pregnancies complicated by

maternal diabetes

Uterine blood flow to the placenta is linked to fetal growth as a function of placental
perfusion, and nutrient supply to the fetus!®2. Placental infarcts and decidual
vasculopathy, reported in T2DM and GDM, lead to malperfusion of the placenta®®154,
Many studies have assessed uterine artery velocimetry, as a measure of uteroplacental
blood flow. Pietryga et al. (2005) reported abnormal dopplers in pre-gestational
diabetes. Findings were also linked to birthweight, with a lower pulsatility index (PI) in
macrosomic fetuses compared to normal weight infants, and a higher Pl in SGA
fetuses. There was also a correlation between HbA1lc levels and umbilical and uterine
artery PI, suggesting glycaemic control may influence blood flow®>. Whereas other
studies have shown no change, unless associated with pre-eclampsia®®%’,
Fetoplacental flow is impaired and vascular resistance increased in both T1DM and
GDM pregnancies, in human and animal studies'*®-162, For example, Wong et al.
(2019) assessed the placental vascular index (VI), which reports the tissue vascular
density, flow index (FI), which measures the blood flow intensity, and vascular flow
index (VFI), which considers both vascularisation and blood flow (VI x F1)1¢3, These
researchers found that VI and VFI were lower in patients with GDM in the first and
second trimesters'®8. This is also in line with the time in placental vascular development
when vasculogenesis is predominantly occurring®8. Similar findings were observed in
pre-gestational diabetes, but lower VI and VFI were observed between 35 and 40

weeks gestation?!®®.

Alterations in uteroplacental blood flow would also alter the shear stress exerted on the
placental villi, and particularly the trophoblast barrier!!"164-167_ Given that the
trophoblast is known to produce vasculogenic growth factors, shear stress may alter
the production of these factors and hence placental vascular development!20:168:169
Moreover, altered fetoplacental blood flow, would alter the shear stress applied to local

ECs, which may alter endothelial function in diabetes, including vascular differentiation

as well as endothelial NO-mediated vasodilation’2,

In FGR, uteroplacental resistance is high, with a high PI, which is indicative of
abnormal trophoblast invasion and enhanced apoptosis’®'t. Computational models of
placental vasculature have also predicted elevated shear stress in placental

microvasculature from FGR pregnancies. EC migration under these elevated shear
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stress levels is reduced, which suggests that angiogenic branching may be impaired*”2.
In the third trimester of pregnancy, higher umbilical and uterine artery vascular
resistance have been associated with lower birthweight, fetal length, and weight. The
higher umbilical artery resistance has also been linked to increased BMI, fat mass,

systolic blood pressure and lower left ventricular mass in childhood*"3.

In pregnancies complicated by LGA, umbilical vein blood flow at 11-14 weeks of
pregnancy was found to be increased compared to AGA infants, which was mainly due
to time-averaged maximum velocity values. In logistic regression, umbilical vein blood
flow was associated with LGA4. This may be linked to hyperglycaemia, as Michelsen
et al. (2018) demonstrated that fetal glucose consumption, calculated using umbilical
blood flow and glucose measurements, was correlated with birthweight’®.
Furthermore, the umbilical vein blood flow is known to be responsible for the
distribution of umbilical glucose to the fetal liver and fetal systemic circulation’.
Similarly, Adanas Aydin et al. (2021) showed that acute hyperglycaemia (induced by a
50g OGTT) increased the umbilical artery PI*"7, which is a measure of impedance and
resistance to flow in the placental vasculature!’®. Thus, increased umbilical artery PI
indicates reduced placental function, and is observed in FGR®18_ |n contrast, Haugen
et al. (2016) found that umbilical artery Pl was decreased following a 75g OGTT. This
decreased Pl was correlated with abdominal circumference!®!. Although contrasting
studies, these findings suggest that hyperglycaemia may lead to altered umbilical

artery PI, which may be linked to altered fetal growth.

1.2.7 Endothelial dysfunction in pregnancies complicated by

maternal diabetes

Endothelial dysfunction includes the altered capacity of the endothelium to uptake and
metabolise the cationic amino acid L-arginine, an important substrate for NO synthesis
by NO synthase (NOS). GDM has been associated with altered transport of L-arginine
and NO synthesis. This has been linked to reduced adenosine transporters (human
equilibrative nucleoside transporters [nENTSs]), which increase extracellular nucleosides
and activation of adenosine receptors on the endothelium?®®2. This further increases NO
production, endothelial NOS (eNOS) expression, and L-arginine transport by increasing
human cationic amino acid transporter 1 (hnCAT-1)%. For example, circulating
adenosine is increased in GDM umbilical cord blood, compared to normal pregnancies
and eNOS expression and activity and expression of SLC7AL, which encodes for
hCAT-1, are increased in GDM human umbilical vein ECs (HUVECSs)'%2. Moreover,

isolated arteries and veins from GDM placentae have increased NO synthesis!®,
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Other forms of endothelial dysfunction have been reported as Zhou et al. (2016)
observed reduced proliferation, migration and tube formation of HUVECs isolated from
GDM pregnancies compared to those from healthy pregnancies®®. Endothelial
activation is characterised by increased levels of cell adhesion molecules, such as
intercellular adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-
1) and E-Selectin®. In GDM, higher levels of soluble ICAM-1 (sICAM-1) have been
reported, which has also been linked to development of T2DM*8¢, HUVECs isolated
from GDM pregnancies also have increased levels of ICAM-1 at the gene and protein
level, demonstrating EC activation and dysfunction, in addition to reduced proliferation
and increased VEGF gene expression and secretion. The transcriptome of GDM
HUVECs were also altered, compared to non-diabetic HUVECs, and altered genes

were associated with cell adhesion and the immune response?®’.

1.2.8 Nutrient transport across the placenta and fetal growth

Oxygen transport across the placenta is limited by placental blood flow, whereas
nutrient transport is also dependent on the presence of specific transport proteins, such
as glucose, amino acid, and fatty acid transporters, which are critical to the
development of the fetus'®18°, Maternal-fetal exchange occurs across two cell layers,
the fetal endothelium and the syncytiotrophoblast, which separate the fetal and
maternal circulation. The syncytiotrophoblast is comprised of two polarised
membranes, the maternal facing microvillous membrane (MVM) and the fetal facing
basal membrane (BM), which contain different transporter proteins for maternal-fetal
exchange!®®. The key nutrient transporter systems in the placenta are outlined in Figure
1.4. Given that fetal growth is dependent on the availability of nutrients in the fetal
circulation, changes in the expression and activity of these transporters is associated

with restricted and excessive fetal growth, including in diabetes®.

1.2.8.1 Glucose transport

Glucose can diffuse across the placenta, or be transported by glucose transporters,
down its concentration gradient (facilitated diffusion)'?. The placenta has been shown
to express several isoforms, GLUT- 1, 3, 4, 8, 9, 10. GLUTL1 is the primary transporter,
which is expressed in the syncytiotrophoblast, cytotrophoblast, ECs and the stroma.
GLUT1 is known to be more highly expressed on the MVM in comparison to the BM%,
GLUTS3 is also thought to be expressed on the MVM, as well as the fetal endothelium,
although the endothelial GLUT3 is not thought to be responsible for transplacental
transport. Its expression levels are higher in first trimester, and then decline throughout

pregnancy!®4. Based on this distribution of glucose transporters in the placenta, the
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basal membrane is thought to be the rate-limiting step in trans-syncytial transport!®2,
GLUT4 is an insulin-regulated transporter. Its expression is primarily detected in the
cytoplasm of syncytial cells in the first trimester, which can rapidly be recruited to the
cell surface. In the third trimester, GLUT4 expression is lower!®®, This is in line with
insulin receptor expression in the placenta, as the insulin receptor is found on the MVM
in the first trimester but is downregulated and localised to the fetal endothelium at

term2.

In pregnancies complicated by maternal diabetes, GLUT4 and GLUT9 have been
found to be increased in insulin-treated women with GDM and pre-gestational diabetes.
GLUT1 was also found to be increased in women with pre-gestational diabetes!®.
Similarly, GLUT1 at the BM was 2-fold higher in women with GDM or pre-gestational
diabetes in pregnancy, compared to healthy pregnancies, suggesting increased uptake
of glucose into the fetal circulation. Gaither et al. (1999) found that glucose transport
activity was increased by 40% at the basal membrane in pre-gestational and
gestational diabetic placentae. HbAlc measures showed that glycaemia was well
controlled and concluded that GLUTL1 expression is altered despite evidence for
maternal hyperglycaemia. However, 8 of 25 diabetic fetuses were macrosomic and
HbA1c would have been unable to detect any variations in maternal glucose, and
potential periods of hyperglycaemia'®’. In contrast to fetal overgrowth, FGR has been
associated with hypoglycaemia, and is not thought to be due to reduced glucose
uptake or expression of GLUT1%3, However, GLUT3 protein expression is increased in
the cytotrophoblast of intrauterine growth restriction (IUGR) placentae, which is thought

to contribute to increased consumption of glucose by the placenta itself'°.

1.2.8.2 Amino acid transport

Amino acids are required for protein accretion, metabolic processes, and biosynthetic
pathways in the fetus'®. Amino acid transport across the placenta is carrier-mediated,
by members of the SLC superfamily, expressed on the MVM, BM or other placental cell
types (reviewed by Cleal et al. 1), which enable transport of the full range of amino
acids to the fetus. The most studied in the placenta are the System A and System L
amino acid transport systems. System A is sodium-dependent for small neutral amino
acid transport (SNAT), such as alanine, serine, and glycine. System A transporters are
found on the BM and MVM, but more highly expressed on the MVM. System L is a
sodium-independent exchanger for large neutral amino acid transport (LAT), such as
leucine®!. Accumulative transporters, such as, SLC1 and SLC7 mediate uptake of

amino acids across the MVM into the syncytiotrophoblast. This creates an amino acid
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gradient, to stimulate further uptake of other extracellular amino acids, by amino acid
exchange transporters. These exchange transporters swap amino acids in the
syncytiotrophoblast for specific amino acids in the maternal blood. Whereas other
transporters on the BM of the syncytiotrophoblast (e.g. SLC16A10 [TAT1] and SLC43
[LAT3/4]) mediate the transport of amino acids from the syncytium to the fetal
circulation down their concentration gradient'®2%, Other transporters (SLC1 and
SLC38 [SNAT1/2/4] families) present on the BM can uptake fetal amino acids into the
placental®®. For example, glutamate can be taken up into the placenta and metabolised
to glutamine. Glutamine can then influence the placental transport of other amino

acids, as well as nitrogen flux and cellular regulation®®,

In diabetic pregnancies, reduced system A activity was reported in the MVM of
placentae from women with T1DM that delivered macrosomic infants?°2, However, in
other studies, increased system A activity was observed in TLDM and GDM,
independent of LGA?%3, suggesting its alteration is associated with the diabetic milieu,
and not fetal overgrowth. In GDM, system A activity was reported to be higher in the
MVM, with and without LGA infants, compared to healthy controls and system L activity
was higher in the MVM of GDM pregnancies with LGA infants, compared to controls2%.
The activity of the system A transporter was also found to be lower in placentae from
SGA pregnancies (not diabetic)?**. Other studies have shown that TAT1 (T amino acid
transporter [TAT]) and LAT3 mRNA expression in the placentae was positively
correlated with measures of fetal growth. For example, SLC16A10 (TAT1) mRNA is
increased with increasing birthweight and neonatal lean mass and SLC43A1

(LAT3) mRNA was increased with increasing neonatal head circumference?®.

1.2.8.3 Fatty acid transport

The transport of fatty acids in the placenta requires the generation of non-esterified
fatty acids (NEFASs) by lipases from maternal triglycerides, such as lipoprotein lipase
(LPL) and endothelial lipase (EL), which are found on the MVM. NEFAs then cross the
placenta by diffusion or facilitated diffusion by fatty acid carriers, such as CD36 (FAT)
and fatty acid transport proteins (FATPs). Once in the cytoplasm the fatty acids bind to
fatty acid binding proteins (FABPs)?%. FABPs are responsible for cytosolic trafficking to

sides for esterification, B-oxidation, and subsequent transfer to the fetus!®L.

Fatty acid transport proteins are also thought to be altered in diabetes, which could
lead to altered lipid deposition and metabolism in diabetes and pathological fetal
growth. Protein expression of FABP1 was higher in GDM and insulin-dependent DM
isolated MVMs, by 112% and 64%, respectively, compared to appropriate-for-
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gestational age (AGA) infants from healthy pregnancies. MVM LPL activity was also
reduced by 47% in pre-term IUGR?°®, Increased expression of EL has also been

reported in TIDM pregnancies, particularly in those with poor metabolic control?®’,

Overall, these studies suggest that altered placental nutrient transport could contribute

to pathological fetal growth in diabetic pregnancies.
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Figure 1.4 — Schematic outlining some of the key nutrient transporter systems in
the placenta. Amino acids are transported by System A and System L transporters.
Glucose is transported by glucose transporters (GLUTS) and fatty acids are transported
by FATs and FATPs. Abbreviations: SNAT- Small Neutral Amino Acid Transporter;
LAT- Large Neutral Amino Acid Transporter; EAA- Essential Amino Acid; NEAA- Non-
Essential Amino Acid; LPL- Lipoprotein Lipase; EL- Endothelial Lipase; TG-
Triglyceride; FA- Fatty Acid; FAT- Fatty Acid Transporter; FATP- Fatty Acid Transport
Protein; FABP- Fatty Acid Binding Protein; MVM- Microvillous Membrane; BM- Basal

Membrane. Image created with Biorender.com.
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1.2.9 The placental immune system and fetal growth

In addition to regulated vascular development of the placenta, a successful pregnancy
also involves interactions between the trophoblast and maternal decidual immune cells,
which allow the fetus to develop in the uterus, with the mother's immune system
intact?®®. When the EVT invade into the uterus during the first trimester of pregnancy,
the decidua is populated by innate lymphocytes, decidual natural killer cells (dNK),
which make up 70% of leukocytes. Other cell populations include decidual
macrophages (~20%), dendritic cells and T-cells (~10-15%). The levels of these
immune cells varies throughout pregnancy, with an increase in T-cells at term?2°%:210,
dNK cells secrete cytokines, chemokines and angiogenic factors?®. In early pregnancy,
there is an active Type 1 helper T cell (Th1) inflammatory response, which is important
for embryo implantation?!?, Following this there is primarily an anti-inflammatory Type 2
helper T cell (Th2) response to tolerate the semi-allogeneic embryo, until a Thl shift
during labour?:®, Cytokines are proteins that act as immune mediators and
regulators?!#, and are expressed at the maternal-fetal interface?!>21°, In pregnancy,
cytokines can mediate uterine receptivity, implantation, embryogenesis, fetal
development, and the onset of labour. Modulatory cytokines, such as IL-3, IL-4, IL-5,
and IL-10 minimise the Th1l responses in pregnancy. During labour, when there is a
switch to the Th1l response, co-ordinated production of cytokines and prostaglandins
occurs. Cytokines such as IL-6, IL-13 and IL-8 promote uterine smooth muscle
contraction. Cytokines are also responsible for producing matrix metalloproteinases
(MMPs) and therefore remodelling the ECM, which leads to rupture and dissociation of
the fetal membranes?!’. Chemokines are a superfamily of small chemotactic cytokines,
and along with their receptors are known to contribute to trophoblast invasion,

decidualisation, immune cell recruitment in the placenta?!821°,

Maternally-derived macrophages reside in the decidua, and placental macrophages
(HBCs), are derived from the fetus and reside in the villous core??°. HBCs can be
detected at around day 10 of pregnancy and are present throughout gestation, with
levels higher in the first trimester (~50%) and lower levels in the third trimester
(~20%)2%°. Macrophages are known to be either M1 or M2 polarised. M1 macrophages
are pro-inflammatory and are activated by interferon-y (IFNy) and lipopolysaccharide
(LPS). Whereas, M2 macrophages are activated by interleukins, and promote cell
proliferation, angiogenesis, and ECM construction®®, Hofbauer cells are thought to be
primarily anti-inflammatory (M2 polarised) and express high levels of CD163, CD209
and CD206, as well as an increased secretion of IL-10 and TGF-B103221-224 HBCs are

therefore thought to elicit a regulatory function in the placenta based on this anti-
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inflammatory phenotype??*. Moreover, HBCs are thought to contribute to placental
vascular development (Section 1.2.3.2). M2 macrophages can also be classified into
further subtypes. Activation by IL-4 and IL-13 results in M2a macrophages, which have
tissue repair and immunoregulatory properties. M2a HBCs are known to express
CD209 and secrete IL1RN103:225226 |mmune complex activation results in M2b
macrophages, which are responsible for humoral immunity and allergic reaction
responses. M2b HBCs express CD86 and secrete TNF-a and IL-6, and therefore
interestingly exhibit similar properties to M1 macrophages3225-227 |L-10 however
results in M2c macrophages, which induce anti-inflammatory reactions103225226_ M2¢
HBCs are known to express CD14%28, Other markers include major histocompatibility
complex class Il DR (HLA-DR), which is found in M2a/M2b HBCs, and CD206 which is
found in M2a/M2¢c HBCs103:228229 HBCs may also play a role in infection during
pregnancy, as ZIKV?3-%1 and HIV-12% viral particles have been detected in HBCs.
HBCs isolated from first trimester placentae are also able to replicate ZIKV?%, however,
this these in vitro cell cultures do not model the villous stromal environment occurring in

vivo210,

The contribution of the immune and inflammatory system in the pathogenesis of
diabetes, including GDM, has been increasingly studied®+2%", Maternal
hyperglycaemia has been attributed to systemic inflammation and immune dysfunction
in GDM, potentially through aberrant adaptation of the maternal immune system in
pregnancy?%®. Although varied findings, circulating cytokine and chemokine levels have
been found to be altered in women with GDM?216:239.248.249.240-247 The production of
inflammatory mediators by the placenta is thought to be responsible for elevated levels
in the circulation in GDM, as in vitro studies using a perfusion model have observed
that Tumour Necrosis Factor a (TNF-a) produced by the placenta is released primarily
to the maternal side®®. Several conflicting studies have also investigated HBC
polarisation in pregnancies complicated by maternal diabetes, reporting either an
increase in M1/pro-inflammatory markers?*2%2, or that HBCs maintain their anti-

inflammatory M2 profile?242%3,

Maternal BMI, which is associated with GDM, has been linked to activation of placental
inflammatory pathways, such as p38 Mitogen-activated protein kinase (MAPK) and
Signal transducer and activator of transcription 3 (STAT3), which are activated by
inflammatory receptors, without changes in fetal cytokine levels (although women with
GDM were not included in this study). Placental p38 MAPK phosphorylation was also
correlated with birthweight?>*. This signalling pathway activates several transcription

factors, which regulate pro-inflammatory gene expression. Moreover, this pathway has
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been associated with glucose and amino acid transport regulation in other systems?5*-
257 Cytokines have also been linked to nutrient transport. In primary trophoblasts, IL-6
has been shown to upregulate STAT3 system A amino acid transport, by increasing
SNAT22%8, Whereas IL-1B downregulates system A but activates system L?°. In other
systems and diseases, IL-1 has been associated with increasing SLC2A1 (GLUT1)
MRNA expression, GLUT3 and GLUT4 translocation, hexokinase 2 expression
(involved in glucose metabolism and glycolysis) and glucose uptake (Reviewed by 269).
Moreover, IL-6 treatment in neuronal cells increased the translocation of GLUT4 to the
membrane, via AMPK phosphorylation and subsequently increased cellular glucose
uptake?¢t, Overall, there appears to be an association between placental inflammation

and nutrient transport, which could ultimately be linked to pathological fetal growth.

1.2.10 The impact of hyperglycaemia on placental function

Glycaemic control can be variable between individuals with maternal diabetes, and
several studies have associated this with altered placental vascularisation. For
example, Calderon et al. (2007) observed placental hypervascularisation in mild
hyperglycaemic cases and hypovascularisation in GDM and overt diabetic cases®2.
Similarly, Higgins et al. (2011) reported increased capillary volume with poor glycaemic

control in TADM and T2DM pregnancies®,

In in vitro studies, high glucose has been attributed to endothelial dysfunction. HUVECs
treated with 25 mM glucose, had increased protein levels of VEGF and several
components of the L-arginine/NO signalling pathway, involved in vasodilation, including
phosphorylated Ser1177-eNOS and hCAT-1 at the protein and mRNA level?®?, ICAM-1
expression is increased in ECs in response to high glucose, with an additional increase
in soluble ICAM-1 (sICAM-1), suggesting dysfunctional endothelial activation. Glucose
can also influence the release of angiogenic factors from trophoblast cells®®. Glucose
was found to downregulate pro-angiogenic factors, VEGF and PIGF and upregulate
anti-angiogenic factors, sFlt1 and soluble endoglin (SEng) in trophoblast cell lines?63-26%,
In addition to inflammatory cytokines and chemokines?®®. Several studies have shown
that glucose modulates vascular genes in other cells, such as increased expression of
VEGF, VCAM-1 in bovine aortic and human microvascular ECs?% and VEGF in human
and porcine VSMCs?7:268 suggesting glucose may also regulate placental vascular
genes. Hulme et al. (2018) observed over 5,000 differentially expressed genes
between human trophoblast cells (BeWo) exposed to either high concentrations or

normal concentrations of glucose?®.
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A limitation, however, of many in vitro studies is that they model hyperglycaemia at
supraphysiological levels (~25 mM). As previously discussed, diabetes in pregnancy is
well treated, however adverse outcomes, including LGA, still occur®?. Given that Law et
al. (2019) reported that GDM LGA mothers have an average glucose of 6.2 mM, using

CGM®2, the impact of physiological concentrations needs to be further investigated.

In in vivo rodent models, streptozotocin (STZ) has been used to model
hyperglycaemia. STZ destroys the insulin-producing B-cells of the pancreatic islets,
therefore more accurately models TIDM?”, In mice, STZ-induced hyperglycaemia
alters the placental transcriptome. Differentially expressed genes were found to be
associated with chemotaxis, ossification, negative regulation of cell development, and
positive regulation of vascular development?t. STZ also increased the glycogen
content of the spongiotrophoblast, and increased apoptosis and proliferation in the
junctional zone?™. Impaired spiral artery remodelling has also been reported in STZ
mice, which can result in preeclampsia, of which diabetes is a major risk factor. This
study showed reduced apoptosis surrounding the spiral arteries and increased
expression of VSMCs, labelled with a-SMA?"2, The interhemal membrane (IHM) was
also thicker in STZ-treated mice, consistent with the thickening of the basement
membrane in human GDM placentae?’2’4, In rats, STZ increased umbilical artery
pulsatility index, and increased placental area, width and thickness was observed.
Thrombosis in the peripheral sinus veins was also more common with
hyperglycaemia?’®. Placental gene expression was also altered, including increased
expression of GLUT3 (SlIc2a3), and decreased expression of placental growth-related
genes, epidermal growth factor receptor (Egfr), platelet derived growth factor receptor
(Pdgfrb) and insulin like growth factor binding protein 6 (Igfbp6) and inflammatory
genes, prostaglandin-endoperoxide synthase 2 (Ptgs2) and hydroxyprostaglandin
dehydrogenase (Pgdh). Protein levels of IL-2 and IL-4 were also reduced and IL-13

increased?’>.

In contrast, maternal hypoglycaemia can occur in pregnancies complicated by maternal
diabetes, particularly in the first trimester in women with insulin treated T1IDM?76:277,
This can result in pregnancy complications, such as placental insufficiency and
pathological fetal growth?’”-278, Circulating factors, such as VCAM-1, ICAM-1, E-
selectin, P-selectin, IL-6 and VEGF, are elevated during acute hypoglycaemia (2 hours)
of those with TLDM, when compared to normoglycaemic healthy subjects?’®. In non-
diabetic males, pro-inflammatory cytokines, including IL-8 and TNF-a are elevated in

insulin-induced hypoglycaemia?°, These elevated circulating factors may contribute to
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endothelial and vascular dysfunction?®!, although the impact of hypoglycaemia in

pregnancy on placental function needs to be directly studied.

1.2.11 Other contributing factors to placental dysfunction in

pregnhancies complicated by maternal diabetes

In addition to glucose, the diabetic milieu is comprised of altered insulin, adipokines,
lipids and oxidative stress, which may contribute to placental dysfunction. Oxidative
stress has also been reported in diabetic pregnancies, as well as a reduction in
antioxidant activity, which usually protects against oxidative stress. Poor glycaemic
control has been linked to ischemic changes in peripheral villi, which can lead to
hypoxia, and increase angiogenesis and chorangiosis of the chorionic villi82, Hypoxia
can also regulate the transcription, translation and stability of angiogenic factors, such
as VEGF%¢,

Insulin receptors are primarily expressed on the MVM in early pregnancy, and on the
fetal endothelium, in contact with the fetal circulation at term. Thus, fetal
hyperinsulinemia in pregnancies complicated by maternal diabetes could influence
insulin signalling in the placenta?®*. Moreover, many components of the insulin/insulin-
like growth factor (IGF) system are dysregulated in diabetic pregnancies, such as IGF-
I, IGF-II, and IGF-binding proteins (IGFBPs)?>-287, This has also been linked to
placental vascular dysfunction, as IGF-I has been correlated with IVS, villous
trophoblast volume, and capillary volume in placentae from T1DM pregnancies?®. IGF-
1 and IGFBP3 have also been associated with fetal growth, with increased levels in the
maternal and cord serum in GDM LGA pregnancies?®®. Maternal obesity, a common
risk factor for development of diabetes in pregnancy, and LGA outcomes, results in the
overexpression of adipokines, such as leptin and adiponectin?®2°!, Adipokines are
produced by the placenta and adipose tissue?%?, and can regulate many functions of
placental cells, including proliferation, invasion, apoptosis and endothelial function 2%~
2% Studies have also shown that physiological levels of insulin can upregulate system
A nutrient transporters and activity in primary trophoblast cells. Full length adiponectin
abolished the insulin-induced increase in system A activity and SNAT2 expression,
suggesting a crosstalk between insulin and adiponectin can influence nutrient transport

in the placenta?®®.

The placenta also produces short regulatory RNA molecules, termed microRNAs
(miRNAs), which regulate mMRNA degradation and protein translation, and are therefore
important for many biological processes including placental development?®’. Altered

MiRNA expression in both the circulation and placenta have been reported in pre-
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gestational diabetes and GDM?%¢-3% including several miRNAs with known roles in
placental vascular development (e.g. miR-16, miR-125 and miR-517)301-3% miRNAs
can also be secreted from cells into lipid bilayer-bound particles known as extracellular
vesicles (EVs)372%° where they can travel to other tissues and regulate gene
expression®, In GDM, higher concentrations of circulating EVs have been reported,
compared to normal pregnancies®!!, as well as altered miRNA cargo®?. Several altered
circulating miRNAs include those with roles in vascular development, such as miR-122

and miR-342313314,

Overall, there are a myriad of factors that may contribute to placental dysfunction, and
specifically altered placental vascular development. This may also explain why many
studies report conflicting findings in placental vascularisation. Individuals may have
varying levels of these associated factors, which could lead to a different clinical
phenotype. Nonetheless, it is important to understand the impact of physiological levels

of hyperglycaemia associated with GDM and altered fetal growth on the placenta.

1.2.12 Current models for investigating placental function

To study the placenta and its altered function in complications of pregnancy, such as
maternal diabetes, several models have been developed, including models of the
trophoblast barrier (including those to assess maternal-fetal exchange), placental

vascular development, as well as ex vivo placental explants and in vivo animal models.

1.2.12.1 In vivo animal models

Mice are widely used as an in vivo model for placentation, as they have a haemochorial
placenta with the trophoblast in direct contact with the maternal blood, similar to
humans3!®, However, the structure of the placenta is completed halfway through
gestation and trophoblast invasion occurs late in gestation, all of which occurs much
earlier in pregnancy in humans. The endocrine function also differs, to maintain
pregnancy in mice, the corpus luteum is responsible for progesterone production
throughout gestation, and in humans from 8 weeks of gestation placental progesterone
is produced by the syncytiotrophoblast®!®. Many studies have also used sheep to
investigate the fetal-maternal vasculature, as catheters can be placed and maintained
in both the maternal and fetal vasculature for repeated sampling. This has provided
insight into placental oxygen and nutrient transfer and utilisation in pregnant sheep3®.
However, there are differences in the rate of angiogenesis, physiological structure, and
glucose transfer. They also have a long gestation period (~65 days), and require

greater resources, both of which can be a financial constraint**’. Non-human primate
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pregnancy closely relates to humans in terms of the length of gestation, process of
placentation and uterine contractions. The rhesus placenta also has a villous structure
and pattern of circulation in the IVS similar to that in humans3!8, Placental in vivo
models have been widely used to study pregnancy pathologies, such as FGR®!® and

diabetes®?,

1.2.12.2 Ex vivo placental villous explants

Placental villous explants can be generated from human placental tissue to study
placental transfer, metabolism, syncytialisation and endocrine function. This is a widely
used technique, likely due to the easy accessibility of human placentae (given that
most are discarded after birth). Explants can also be generated from first trimester and
term placental tissue, as well as from complicated pregnancies (e.g. FGR, diabetes
and pre-eclampsia)®!’. They also contain of multiple cell types, including the
trophoblast, stromal cells and endothelium®2t. However, explants have some
limitations. During culture the sycytium sheds, and regenerates after ~4 days3%2.
Explants can only be cultured for up to 10 days®?? as long-term culture of placental
explants results in the collapsing of vessels, as they are no longer perfused as in
vivol?®, which is a major limitation for assessing placental vasculature. Explants also
have reduced steroidogenic enzyme activities, and are therefore not appropriate for

studying sex steroids®?,

1.2.12.3 Trophoblast cells

Trophoblast cells are widely used, which have been derived from choriocarcinoma,
such as BeWo cells®*?4, or immortalised cell line trophoblasts, such as HTR/SvNeo3®%.
BeWo cells have hormonal secretion abilities and have many characteristics of third
trimester trophoblasts. The ability of cultured trophoblast cells to syncytialise is
important for investigating the placental barrier. BeWo cells are not able to
spontaneously differentiate into syncytiotrophoblasts, but can be stimulated to do so
with forskolin treatment®2®, however this can cause cellular aggregates to form, and
disrupt monolayers®?’. Undifferentiated BeWo cells have close cell apposition in
monolayers and exhibit microvilli projections on the apical surface®?® and are therefore
widely used to assess transplacental transport of nutrients and compounds, such as
glucose, folic acid, and fatty acids®?’. Other trophoblast cells derived from
choriocarcinoma include JEG-3 cells, which were derived from serial cloning of BeWo
cells, which also release placental hormones®?°, and JAR cells which were also derived

from a trophoblastic tumour33°,
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The HTR/SvNeo cell line was generated from EVTs derived from first trimester
placentae, which were transfected with a plasmid containing the simian virus 40 large T
antigen (SV40). Transfected cells are known to release hCG3*?°. However, some
studies have shown that this cell line contains populations of stromal/mesenchymal
cells in addition to trophoblast. Clusters of HTR/SvNeo cells were found to express
Vimentin, a mesenchymal marker. Whereas BeWo, JAR and JEG-3 cells expressed
the trophoblast markers cytokeratin 7 and E-cadherin, without any Vimentin
expression®3. This mixed population cells are therefore a limitation when using

HTR/SvNeo to investigate trophoblast.

Primary cytotrophoblasts can also be isolated from the placenta®*2. However, these can
be difficult to culture as they do not proliferate, and can be contaminated with other
highly proliferative cells, such as fibroblasts3®. This often limits the lifespan of these
cultures to 7-10 days®*“. Although, a recent study by Nursalim et al. (2021) cultured
primary trophoblasts for 30 days by using medium containing lower FBS and adhering
cells to Matrigel, which have previously been shown to reduce fibroblast growth33,
Term primary cytotrophoblasts are known to spontaneously differentiate into
syncytiotrophoblast multi-nucleated cells in vitro®32. However, all cytotrophoblasts do

not appear to syncytialise, and some fail to do so even after the addition of forskolin33?-

334

Monolayers of various trophoblast cell types have been used to investigate the
placental barrier. For example, investigating the transplacental transfer of glucose,

hormone secretion®®® or the susceptibility to infection with parasites3.

1.2.12.3.1 Trophoblast organoids

Placental organoids, or trophoblast organoids have been used to model maternal-fetal
interactions in early pregnancy and placentation. These are generated from first
trimester placentae, which are enzymatically digested to enrich for clusters of cells,
which express a marker of proliferative trophoblast (Epithelial cell adhesion molecule;
EPCAM). These cell clusters are then seeded onto Matrigel drops and grown in
trophoblast organoid medium, which contains growth factors such as epidermal growth
factor (EGF), FGF2, hepatocyte growth factor (HGF) and prostaglandin E2
(PGE2)337:338,

Trophoblast organoids are also able to secrete pregnancy hormones and proteins,
including hCG, KISS1 and Chorionic Somatomammotropin Hormone 1 (CSH1). The
structure of trophoblast organoids differs from the in vivo situation, with the

syncytiotrophoblast detected inside the organoids, with their multi-nucleated structure,
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microvilli, and expression of CD46 and CD71. Whereas the outer layer is the villous
cytotrophoblast expressing EPCAM and E-cadherin, with the basement membrane
being in contact with the Matrigel*3"338, Trophoblast organoids can also be
differentiated into EVTs using EVT differentiation medium for 7-10 days, as described
previously®*°. EVTs migrate from the organoids and digest Matrigel, similar to the
migratory and invasive properties of EVTs in vivo®*"38, Trophoblast organoids have

been derived from individual patients®*”-33® and also from pooled patient samples3*.

Models using single monolayers of trophoblast, or trophoblast organoids lack the
complexity of the several cell types associated with the maternal-fetal interface in vivo,
such as immune cells and blood vessels. Moreover, the ‘inside-out’ structure of
trophoblast organoids limits their use for assessing the syncytium as an outer barrier
for transplacental transport of molecules, nutrients, and drugs. Therefore, other
researchers have implemented other cell types into these in vitro models, using

transwells or ‘on-a-chip’ methods3*L.

1.2.12.4 Placental transwell models

Nishiguchi et al. (2019) developed a 3D first trimester placental model using a collagen
(type IV) and laminin ECM scaffold on transwell inserts and seeded primary
cytotrophoblasts or BeWo cells. Primary cytotrophoblasts spontaneously syncytialised
overtime and released hCG. They then incorporated capillary networks below the
transwell, which were comprised of human dermal fibroblasts and HUVECSs, which
formed capillary-like structures with lumens. This model was used to investigate cell
damage to embryonic cortical neurons across the placental barrier. Conditioned
medium from vascularised primary cytotrophoblast barriers which were subjected to
hypoxia reoxygenation caused a reduction in dendrite length of cortical neurons,
whereas conditioned medium from non-vascularised barriers caused minimal
reductions in dendrite length. These vessels were not perfusable but demonstrate an
interaction between the trophoblast and vascular network*?. Another transwell model
was developed by Kreuder et al. (2020). In this model, a methacrylated gelatin
membrane (GelMA) was bio-printed to mimic the ECM, and human villous
mesenchymal fibroblasts were integrated into this membrane. BeWo cells were seeded
onto the apical side of the membrane, and human placental villous ECs (HPVECSs) onto
the basolateral side. Permeability assays were performed to measure the barrier
properties. Paracellular permeation of low molecular weight lucifer yellow was
decreased in both single cultures and co-culture models, and transepithelial electrical

resistance (TEER) values were increased with co-culture, suggesting a reduced
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permeability (leakiness of the barrier) when the stromal compartment is incorporated34®
(Figure 1.5).

1.2.12.5 Placenta-on-a-chip models

In recent years, microfluidic devices have been utilised for the culture of cells,
particularly to mimic the in vivo microenvironment of cells. These devices utilise small
volumes of fluids (107 to 107" L) in channels with tens of micrometre dimensions*.
The use of microfluidics extends into the development of ‘Organ-on-chip’ devices,
which can allow the co-culture of multiple cell types, to reproduce tissue and organ
functions, in vitro3#®. These models also allow for exposure to fluid flow, to mimic the
shear stress in the placenta, as static culture conditions fail to represent the dynamic

flow milieu in the placenta!?’.

Therefore, several groups have developed ‘Placenta-on-a-chip’ models, with
trophoblast and endothelial cell compartments, which have provided platforms to model
the structure and function of the placenta in vitro!?”:346. These models primarily use
trophoblast cell lines (BeWos, HTR8/SvNeo and JEG-3) with HUVECs. However, some
have used primary HPVECs isolated from term placentae!?’*’, Most of these models
utilise a two-channel device, usually made from PDMS separated by a porous
membrane. In these models, the endothelial cell type is usually seeded into the bottom
channel and then the device is inverted to allow these cells to adhere to the lower side
of the membrane. Following this, the trophoblast cell type is seeded into the top
channel onto the top surface of the membrane to adhere (Figure 1.5). The formation of
the placental barrier is widely assessed in these studies, primarily though permeability
assays (FITC-Dextran and TEER measurements) and formation of intercellular
junctions. Some studies also investigated microvilli formation on the apical surface of
the trophoblast by staining for F-actin. The flow rates used in these placenta-on-a-chip
models vary between 0.01-2.5 uL/min. Shear stress is rarely reported in the studies,
but where detailed is lower than the shear stress in fetoplacental capillaries, likely due
to the size and shape of the microfluidic devices. As there are several studies that have
developed ‘Placenta-on-a-chip’ models, with various characteristics, these have been
outlined in Table 1.1.
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Figure 1.5 - Schematic representing different placental models depicting the
trophoblast barrier and endothelium. For the transwell models, the top panel shows
that developed by developed by Kreuder et al. (2020)**3, which contains a bioprinted
layer of fibroblasts, between the trophoblast and endothelium. The lower panel
represents the transwell model developed by Nishiguchi et al. (2019)**?, which includes
a layer of trophoblast and vasculature in a 3D matrix. Many placenta-on-a-chip models
incorporate trophoblasts and endothelial cells on either side of a permeable membrane
in a PDMS device. Placental microvasculature models, such as those developed by
Haase et al. (2019)348, incorporate endothelial cells and stromal cells (e.g. pericytes
and fibroblasts) into a gel matrix to generate perfusable microvessels. Image created

with Biorender.com.
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1.2.12.6 Placental microvasculature models

Placental microvasculature models have also been developed which model placental
blood vessels. These have been developed from general models of microvasculature,
which include ECs and supporting perivascular cells (e.g. fibroblasts and pericytes)34.
Like several placenta-on-a-chip models, these utilise a PDMS device, with a central
channel and two side channels. The central channel is filled with HUVECs and
fibroblasts, mixed with hydrogel precursors (fibrinogen and thrombin). The fibrin then
polymerises and suspends the cells in a 3D matrix. The side channels are then filled
with medium (e.g. endothelial growth medium), which causes the ECs to make
connections, branch, and anastomose, mimicking vasculogenesis and forming
connected lumens after 5-7 days. The lumens can be perfused from the side channel
and allow the investigation of different molecules®*° (Figure 1.5). Haase et al. (2019)
further expanded on this model. Similar to co-cultures with fibroblasts. HUVEC co-
cultures with human placental pericytes (HPPs) also generated connected vascular
structures, and HPPs were found within the EC basement membrane. However, the
total vascular area for HUVEC-pericyte co-cultures was significantly lower than
HUVEC-fibroblast co-cultures. While HPPs did proliferate throughout culture, could be
recruited by HUVECs and were found to wrap around the HUVECs, the HPP-HUVEC

co-cultures were found to have many disconnected vessels.

Therefore, a perfusable triculture mode was generated with HUVECS, fibroblasts (from
lung fibroblasts, as placental fibroblasts were not available at the time of study) and
HPPs. In these triculture models, pericytes and fibroblasts proliferated at a similar level,
much more than HUVECSs, which is similar to increased proliferation of stromal cells
observed in pre-eclamptic placentae®°. The presence of HPPs also resulted in reduced
vessel lumen diameters compared to HUVEC-fibroblast co-cultures, further confirming
the role of pericytes in restricting the diameter of the microvessels. This triculture model
was able to generate generates perfusable vessels, and could recapitulate
vasculopathies, such as those seen in pre-eclampsia®. In further work, these
researchers have generated a triculture model using human placental fibroblasts
(HPFs) as opposed to lung fibroblasts, where the seeding density is 10:1 (ECs: stromal

cells), which models normal placental vasculature3#,
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Table 1.1 - Methods of previously published placenta-on-a-chip studies. The device specifications, including the type of device,

material, pore size, coating and cell types used are outlined. The type of flow, the rate and shear stress levels (if reported) are also

shown. The methods used by each study to determine placental barrier formation, including cell junctions, permeability and microvilli are

also outlined.

Reference

Type of device

Material

Pore Size

Cell Types

Coating

Flow Rate and Shear Stress

Formation of placental barrier

Blundell (2016)'

PDMS device with two
channels (Height 135 pm;
Width: 1 mm; Length: 1.5 cm)
separated by membrane.

Poly-
carbonate

1um

BeWos and
HPVECs (from
term placentae)

Fibronectin
(0.1 mg/mL)

Laminar flow all
compartments

Flow rate: 100 pL/hr
(1.67 pL/min)

Forskolin treatment for syncytialisation
Cell junctions: E-cadherin and VE-
cadherin showed intercellular
junctions formed.

Permeability: FITC-dextran assay and
glucose transfer experiment showed
semi-permeable membrane. FITC-
dextran permeability was reduced as
syncytialisation occurred.

Endocrine function: Only forskolin
treated trophoblast released hCG.
Microvilli: F-actin staining showed
microvilli formation observed on the
apical surface.

Blundell (2018)%*"

PDMS device with two
channels (Height 135 uym;
Width: 1 mm; Length: 1.5 cm)
separated by membrane.

Poly-
carbonate

1um

BeWos and
HPVECs (from
term placentae)

Fibronectin
(0.1 mg/mL)

Laminar flow all
compartments

Flow rate: 100 pL/hr
(1.67 pL/min)

Forskolin treatment for syncytialisation
Cell junctions: E-cadherin (BeWo) and
VE-cadherin (HPVECs) showed
intercellular junctions formed.
Permeability: TEER measurements
increased rapidly over time and FITC-
inulin assay which showed negligible
transport of FITC-inulin across the
barrier.

Microvilli: F-actin staining showed
microvilli formation observed on the
apical surface.
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Lee (2015)3¢ PDMS device with two Vitrified N/A JEG-3 and Fibronectin in Laminar flow all Cell junctions: GFP (HUVECSs) and
channels (Height: 200 um; collagen HUVECs HUVEC compartments CellTracker Red (JEG-3) showed
Width: 500 pm) channel (40 Flow rate: 30 pL/hr (0.5 monolayers formed.
Hg/mL) and uL/min) Permeability: Glucose transfer
gelatin (1.5%) experiment showed a semi-permeable
in JEG-3 membrane.
channel
Lermant (2023)** | Mimetas OrganoPlate 3-lane ECM scaffold N/A ChiPS4 (human | 0.2 mg/mL Mimetas OrganoFlow Cell junctions: E-Cadherin
40 (Height: 220 pm; Side (HEPES, iPSC cell line) Geltrex in interval rocker platform Endocrine function: b-hCG release,
Channels Width: 300 pm; NaHCO; and differentiated DMEM set at a 7-degree with high levels in a region with loss of
Middle Channel Width: pm) rat collagen I) into trophoblast inclination and 8 minute E-cadherin, suggesting fusion and
cycle time formation of syncytium
Peremeability: Leak-tight barrier
formed by dday 4 (FITC- and TRITC-
Dextran assays)
Mandt (2018)%2 PEGdma X shaped device, Gelatin N/A BeWos and Fibronectin Flow rate: 50-70 uL/hr Cell junctions: Calcien-AM shows cell
split into two channels, hydrogel HUVECs (50 pL/mL) (0.83-1.167 uL/min) layers formed.
separated by membrane. (GelMOD) Permeability: FITC-dextran assay,
showed a semi-permeable membrane.
Riboflavin transfer experiment showed
it is permeable to small molecules
(350 Da).
Mosavati PDMS device with two Poly- 400 nm BeWos and Type | Peristaltic pump Cell junctions: Calcien-AM (HUVECS)
(2020)%° channels (Height: 200 pym; carbonate HUVECs collagen Flow rates of 10-150 and CellTracker Orange (BeWo)
Width: 1 mm) separated by pL/hr (0.16-2.5 uL/min) showed intercellular junctions formed.
membrane. [Optimal: 50 uL/hr] Permeability: Co-culture of cells in
device reduced glucose transfer
compared to single cell type or no
cells.
Pemathilaka PDMS device with two Polyester track | 400 nm BeWos and Entactin— Laminar flow all Cell junctions: E-cadherin (BeWo) and
(2019)%%* channels (Height: 100 pm; etched (PETE) HUVECs collagen IV— compartments VE-cadherin (HUVECSs) showed
Width: 400 um) separated by laminin (E-C— Flow rate: 50 pL/hr (0.83 intercellular junctions formed.
membrane. L, 10 pg/mL) pL/min) Permeability: FITC-dextran assay,

showed a semi-permeable membrane.
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Pu (2021)%° PDMS circular device with Pillars 3um HTR8/SvNeo Tested gelatin Laminar flow all Permeability: FITC-dextran assay,
central compartment between and HUVECs (0.2% wiv), compartments endothelial cells prevented diffusion
connected to two inlet and pillars Matrigel (1 Tested flow rates of 0.01, for 48 hours. Flow-dependent
two outlet ports. Two outer mg/mL) or 0.05 and 0.1 yL/min changed in permeability.
channels (Width: 200 pm) fibronectin Shear stress: 0.0046,
with an inlet and outlet port. (200 pg/mL) 0.0228, and 0.0457 N
Barrier between (Width: 50 m-2
um) composed of pillars.

Yin (2019)%¢ PDMS device with two Matrigel Matrix | N/A BeWos and Chitosan (2%) Laminar flow all Cell junctions: E-cadherin (BeWo) and
channels in parallel (Length: Channel HUVECs in BeWo compartments VE-cadherin (HUVECs) showed
2 mm; Width, 350 pm; Height, compartment Flow rate: 20 pL/hr (0.33 intercellular junctions formed.

200 ym) and one middle WL/min) Permeability: FITC-dextran assay,

matrix channel (Length: Shear stress: 0.03 showed a semi-permeable membrane.

2 mm; Width: 300 pm; Height: dyn/cm2 (0.003 Pa) Microvilli: F-actin staining showed

50 pm). microvilli formation observed on the
apical surface

Zhu (2018)%*7 PDMS device with two N/A 400 nm BeWos and Type | Laminar flow all Cell junctions: Occludin (BeWo) and
channels (Height: 400 pm; HUVECS (Plus Collagen (0.1 compartments VE-cadherin (HUVECs) showed
Width: addition of mg/mL) Flow rate: 10 pL/hr intercellular junctions formed.

1.5 mm; Length: 1.5 cm) suspended (0.167 pL/min) to 40 Microvilli: F-actin staining showed
THP-1 cells) pL/hr when THP-1 cells microvilli formation observed on the

added

apical surface.
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1.3 Summary

In summary, previous studies have reported that placental vascular dysfunction occurs
in pregnancies complicated by GDM, of which maternal hyperglycaemia has been
attributed to. As the placenta is responsible for efficient exchange of nutrients and
gases between the maternal and fetal circulations, alterations in its structure and
function can contribute to pathological fetal growth, including LGA. However, the
mechanisms for the development of LGA are unclear and the prevalence of LGA
remains high, even when pregnancies are considered well-controlled clinically, using
standard methods of monitoring. Recent CGM studies have reported that subtle
fluctuations in maternal glucose, with temporal periods of mild hyperglycaemia, are
associated with LGA. Taken together with previous in vitro and ex vivo studies that
utilise supraphysiological glucose concentrations to investigate the impact of maternal
hyperglycaemia on the placenta, this warrants study into the impact of physiological

maternal glucose fluctuations on the placenta in the development of LGA in GDM.

1.4 Hypothesis

Temporal periods of mild hyperglycaemia in GDM can influence placental development

and function, resulting in complications of fetal growth, including LGA.

1.5 Aims

1. To develop an ex vivo human placental explant model to mimic in vivo
physiological maternal glucose fluctuations.

2. To determine the impact of physiological maternal glucose fluctuations on the
placental transcriptome and determine how this compares to the placental
transcriptome in GDM and/or LGA.

3. To investigate the impact of physiological maternal glucose fluctuations on

placental vascular development using in vitro cell models.
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Chapter 2 - Materials and Methods
2.1 Placental Tissue

2.1.1 Patient recruitment and placenta collection

Ethical approval was acquired from the Northwest Greater Manchester Central
Research Ethics Committee (08/H1010/55) and London Riverside Research Ethics
Committee (18/LO/0067) for collecting term placentae at St. Mary’s Hospital in
Manchester and at the Leeds Teaching Hospital NHS Trusts, respectively. Written
informed consent was given by all mothers prior to delivery and collection of the
placenta. Maternal demographic information was collected at booking and pregnancy
outcomes were recorded at birth. Placentae were collected within 30 minutes following
delivery. The birthweight centile (BWC) was calculated using the Gestation Related
Optimal Weight (GROW) calculator®®®, which considered maternal BMI, parity,
birthweight, ethnicity, fetal sex, and gestational age. These BWCs were used to
characterise the pregnancy as LGA (> 90" percentile), AGA (< 90" percentile or > 10™
percentile) or SGA (< 10™ percentile).

Placental samples were collected from uncomplicated pregnancies, for placental
explants, and control term placental tissue. Placental samples were also collected from
pregnancies complicated by GDM (See Section 4.4.4). For these samples, patients
were routinely tested for GDM at 24-28 weeks gestation via OGTT, as according to the
NICE guidelines. Those diagnosed with GDM were treated to achieve euglycaemia (<

5.3 mM and < 7.8 mM glucose at fasting and post-prandial, respectively)*.

The maternal demographic and pregnancy outcome information for placentae used for
placental villous explant studies (n=14) are outlined in Table 2.1 and control term
placental tissue (n=4; used for immunohistochemistry) are outlined in Table 2.2. For
RNA sequencing (Section 2.6.5) only placental explants from male infants were used

(n=5), due to sample availability at the time, and to control for fetal sex differences.
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Table 2.1 — Demographics for placental samples used for explant studies. Data
are presented as the mean+SEM. BMI measurements reported are from booking
appointments, or later in gestation if booking information was not available.
Abbreviations: BMI — body mass index; BWC — birthweight centile; EL LSCS - Elective
Lower Segment Caesarean Section; EM LSCS - Emergency Lower Segment

Caesarean Section; NVD — Normal Vaginal Delivery.

n=14 ‘
Maternal age (years) 33.07+2.05
BMI at booking (kg/m?) 25.58+0.79
Gestational age (days) 273.5+0.97
Parity 1.79+0.38
Ethnicity (%) White British: 10 (71%)

Pakistani: 1 (7.1%)
Asian: 1 (7.1%)

Mixed White/Black
Caribbean: 1 (7.1%)

Unknown: 1 (7.1%)

Birthweight () 3318.14+81.32
Placental weight (g) 472.97+19.52
Fetal sex (%) Male: 12 (86%)

Female: 2 (14%)

Mode of delivery (%) NVD: 0
EMLSCS: 0

EL LSCS: 14 (100%)

Smoked in pregnancy (%) Smoked: 2 (14%)
Non-Smoker: 11 (79%)

Unknown: 3 (7%)

BWC 40.19+5.84
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Table 2.2 — Demographics for placental samples used for control term placental
tissue for immunohistochemistry. Data are presented as the meantSEM. BMI
measurements reported are from booking appointments, or later in gestation if booking
information was not available. Abbreviations: BMI — body mass index; BWC —
birthweight centile; EL LSCS - Elective Lower Segment Caesarean Section; EM LSCS

- Emergency Lower Segment Caesarean Section; NVD — Normal Vaginal Delivery.

Maternal age (years) 32+4.14

BMI at booking (kg/m?) 24.25+1.63

Gestational age (days) 272.25+1.11

Parity 2.5+0.29

Ethnicity (%) White British: 4 (100%)
Birthweight (9) 3377.5£132.99
Placental weight (g) 442.5+28.93

Fetal sex (%) Male: 3 (75%)

Female: 1 (25%)

Mode of delivery (%) NVD: 0
EMLSCS: 0

EL LSCS: 4 (100%)

Smoked in pregnancy (%) Smoked: 1 (25%)

Non-Smoker: 3 (75%)

BWC 43.5+£5.79
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2.1.2 Placental tissue processing

Following delivery, the fetal membranes and umbilical cord were removed, and the
placental weight recorded. The placenta was then transferred to a sterile dissection
tray and tissue samples were collected from the centre, middle and edge at 5 cm? full
thickness, to represent the entire organ. The samples were then washed with sterile
phosphate buffered saline (PBS; D8537, Sigma-Aldrich, UK) until the majority of
maternal blood was removed. The basal and chorionic plates were then removed using
dissection scissors. For histology, a full thickness tissue section from the centre, middle
and edge were stored in 10% neutral buffered formalin (NBF; HT501128, Sigma-
Aldrich, UK) at 4°C. After 48 hours NBF was removed and replaced with 70% ethanol
and stored at 4°C until tissue was processed. For RNA and protein, tissue pieces from
the centre, middle and edge were further dissected and small pieces from each area
were pooled into collection tubes. RNA samples were placed in RNALater (R0901-
500ML; Merck, UK) for 48 hours, before being snap frozen in liquid nitrogen and stored
in the -80°C. Protein samples were snap frozen in liquid nitrogen and stored in the -
80°C (Figure 2.1).

2.1.3 Placental villous explants

For placental villous explant culture, 2 mm? sections from the centre, middle and edge
of the placental tissue were placed in each Netwell™ (3477, Costar, UK) in each well of
a 12-well plate, containing 2 mL medium (Figure 2.1). Dulbecco's Modified Eagle
Medium (DMEM) with Ham’s F12 (DMEM-F12) culture medium without glucose
(LO091-500, Biowest, France) was used and was supplemented with 10% fetal bovine
serum (FBS; 10270-106, Gibco, UK), 1% penicillin, streptomycin and glutamine (PSG;
10378-016, Gibco) and 9.6 puL/mL sterile filtered D-glucose (555 mM, G8644, Sigma-
Aldrich, UK) to generate a glucose concentration of 5.5 mM. Explants were then
supplemented with additional amounts of glucose for glucose treatment experiments

(See Section 2.4.1 on glucose treatments).



membranes

Remove fetal membranes
and umbilical cord

" [Formalin

" [Formalin

74

Weigh placenta

RNA: Store in RNALater for
24-28 hours at 4°C then snap
| freeze with liguid nitrogen and
?‘ store at -80°C

Histology: Store in formalin for
24-28 hours at 4°C then 70%
EtOH at 4°C until processing

l I;Formalin

smil Protein: Snap freeze with liquid

| nitrogen and store at -80°C

"

Load into Netwells in 12-
well plate

Edge .

— Middle.

Centre .

Cut 5¢cm?® full thickness
sections from the centre,
middle and edge

Placenta Processing

i
*

Edge  Middle Centre

Dissect into 2mm?® explants

O

Wash with PBS to

remove maternal blood

Removal of Chorionic
and Basal Plates

Explant Preparation

F 3



75

Figure 2.1 - Placental tissue collection, processing and placental villous explant
preparation. Full thickness sections were collected from the centre, middle and edge
of the placenta and were washed with sterile PBS. The chorionic and basal plates were
removed, and samples were collected for RNA, histology and protein. For explant
culture, 2 mm? sections from the centre, middle and edge sections of placental tissue
were collected and placed in sterile PBS. Three explants, one centre, middle and edge
piece, were placed in each Netwell in 12-well plates. Explants were cultured in DMEM-
F12 medium, supplemented with 1% penicillin, streptomycin, and glutamine (PSG) and

10% fetal bovine serum (FBS). Figure created with Biorender.com.
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2.2 Placental explant viability assays

2.2.1 Lactate dehydrogenase (LDH) colourimetric assay

To assess placental explant viability and necrosis''®, a lactate dehydrogenase (LDH)
assay was performed on placental explant culture medium using a cytotoxicity
detection kit (11644793001, Roche, Switzerland), according to manufacturer’s
instructions. For the standards, LDH from rabbit muscle (10127876001, Roche,
Switzerland) was diluted DMEM-F12 containing no glucose or FBS to a concentration
of 1 U/mL. Standards of LDH were made by 1:2 serial dilutions of the 1 U/mL stock to
the following concentrations: 0.5, 0.25, 0.125, 0.0625, 0.03125, 0.015625 and
0.0078125 U/mL. Following the protocol, 50 pyL of 1M HCI (35328, Honeywell, Fluka,
UK) was added to each well to stop the enzymatic reaction. The absorbance was
measured at 492 nm and 690 nm on a plate reader (Powerwave HT, Biotek, USA) with
Gen5 Microplate Reader software. Final absorbance values were calculated as the
absorbance at 492-690 nm. Concentrations of samples were determined from a linear

standard curve (Figure 2.2A).

2.2.2hCG ELISA

To assess tissue viability, hCG levels (a- and B-hCG) in the placental explant culture
medium were determined using a hCG enzyme-linked immunosorbent assay (ELISA,;
ElA-1469, DRG Diagnostics, Germany), as per the manufacturer’s instructions and
using a linear standard curve with concentrations of 5, 25, 50, 75, 100, 200, 350, 500,
750 and 1000 mlU/mL. The absorbance was measured at 450 nm on a plate reader
(Powerwave HT, BioTek, USA) with Gen5 Microplate Reader software. Concentrations

of samples were determined from a linear standard curve (Figure 2.2B).

To assess levels of hCG in placental villous explants that were cultured for 4 days to
allow for syncytial regeneration and 96 hours of glucose treatments, we used a more
sensitive B-hCG ELISA (EIA-1911, DRG Diagnostics, Germany) on medium that was
concentrated. To concentrate medium, Amicon Ultra-0.5 centrifugal filters were used
(UFC500396, Millipore, USA). To remove glycine from the filters, 500 pL of PBS was
added to the filter and centrifuged at 4,000 RCF for 10 minutes. All remaining PBS was
then removed from the filters and 500 pL of medium sample added. The sample was
then centrifuged at 14,000 RCF for 15 minutes. The filter, containing the concentrated
medium, was then inverted into a new tube, and centrifuged at 1000 RCF for 2
minutes. The B-hCG ELISA was then performed according to manufacturer's

instructions, and using a standard curve with concentrations of 5, 25, 50,100 and 200
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mIU/mL. Where necessary, conditioned medium samples were diluted 1:10 with the
sample diluent provided in the kit. The absorbance was measured at 450 nm on a plate
reader (51119300, ThermoFisher) using Skanlt RE 4.1 software. Final concentrations
of B-hCG were determined from a Four Parameter Logistic (4PL) curve of the

standards (Figure 2.3).

A 4PL is a regression model which follows a sigmodal curve, as the standard
concentrations are only linear across a specific range of concentrations and can

plateau. The 4PL model follows the below equation (Equation 2.1).

a—d

=d+ ———
1+@)P

Equation 2.1 — Four Parameter Logistic (4PL) regression model equation. Here, a
is the minimum value that can be obtained, d is the maximum value, c is the point of
inflection (the point where the curvature of the response line changes) and b is the

Hill's slope of the curve (the steepness of the curve at point c).
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Figure 2.2 - Example of an LDH and hCG assay standard curve. An LDH and hCG
assay was performed to calculate the levels of LDH and hCG in placental explant
conditioned medium. A) The absorbance was measured at 590 nm and subtracted
from the absorbance at 492 nm from known concentrations of LDH (U/mL). The
equation for this curve is y=6.32x+0.12, with an R? of 0.99. B) The absorbance was
measured at 495 nm from known concentrations of hCG (mlU/mL). The equation for
this curve is y=0.00396x+0.031, with an R? of 0.99.
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Figure 2.3 - Example of a 3-hCG 4PL standard curve. A B-hCG assay was
performed to calculate the levels of B-hCG in placental explant conditioned medium.
The absorbance was measured at 450 nm from known concentrations of -hCG
(mIU/mL). The standard curve was plotted as a 4-parameter logistic regression (4PL)

curve. The R? of this curve was 0.99.
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2.3 Cell culture

2.3.1 Primary human placental mesenchymal stromal cells (pMSCs)

2.3.1.1 Placental Tissue Collection and Dissection

Placentae from uncomplicated (n=7) pregnancies and GDM pregnancies (n=4) were
collected within 30 minutes following elective C-section delivery at the Leeds Teaching
Hospital NHS trust (Section 2.1.1). For GDM samples, placentae were collected from
patients that had been diagnosed with GDM, during routine tests at 24 — 28 weeks’
gestation via OGTT, according to the NICE guidelines®. The maternal demographic
and pregnancy outcome information for placentae used for pMSC isolations are
outlined in Table 2.3.

The protocol for pMSC isolation was adapted by Margeurite Kennedy, a previous PhD
student in our research group®®®, from the Pelekanos et al. (2016) method**°. Following
delivery, the fetal membranes and umbilical cord were removed, and the placental
weight recorded. The placenta was then transferred to a sterile dissection tray.
Sections of ~0.5 cm in depth were collected from the maternal decidua, chorionic plate
and chorionic villi and placed in separate petri dishes containing 1x Hanks Balanced
Salt Solution (HBSS; 14185052, Gibco, UK) to be washed, before being transferred
into 50 mL falcons. To access the chorionic plate and chorionic villi, the amniotic
membrane was then removed from the fetal side of the placenta using two forceps.
Approximately 10g of tissue was collected for each placental region. Tissue was then
washed by adding 30 mL HBSS to each falcon tube and inverting several times, this

washing procedure was repeated three times.

2.3.1.2 Placental Tissue Digestion

Tissue was then transferred into fresh petri dishes, one for each region (decidua,
chorionic plate and chorionic villous) and minced into 1-5 mm? sections using scissors
and forceps. Digestion solution was prepared containing 3 mL 100U/ml collagenase
(17100-17) in HBSS, 3 mL 2.4U/ml dispase (17105-041) in PBS, 75 uL 40mg/ml
DNase | in NaCl (D5025-150KU) and 24 mL serum free low glucose DMEM (11885-
092, Gibco, UK). Minced tissue was transferred into fresh 50 mL falcon tubes and 10
mL of digestion solution was added to each tube and incubated at 37°C on a shaker for
90 minutes. The digestion was then deactivated by adding 30 mL of low glucose
DMEM with 10% FBS (10270-106, Gibco, UK).



Table 2.3 - Demographics for GDM and non-GDM placentae used for pMSC

isolations. pMSCs were isolated from non-GDM (n=7) or GDM (n=4) placentae. BMI

measurements reported are from booking appointments, or later in gestation if booking

information was not available. Continuous variables are summarised by the

mean+SEM and statistical analysis was performed using either a T-Test or Mann-

Whitney U Test, for normally distributed or non-normally distributed variables,

respectively. Categorical variables are reported as a number (%) and statistical

analysis was performed using a Chi-Squared test. Abbreviations: BMI — body mass

index; BWC — birthweight centile; EL LSCS - Elective Lower Segment Caesarean

Section; EM LSCS - Emergency Lower Segment Caesarean Section; NVD — Normal

Vaginal Delivery.

Non-GDM (n=7)

GDM (n=4)

Significance

Maternal age (years) 35.86+1.96 33+£3.24 p=0.4829 NS (T-Test)

BMI at booking (kg/m?) | 23.83+1.49 31.98+5.45 p=0.1636 NS (Mann-
Whitney)

Gestational age (days) 274.14+1.07 272+1.35 p=0.2575 NS (T-Test)

Parity 1.57+0.37 1.50+0.65 p=0.9272 NS (T-Test)

Ethnicity (%)

White British: 7 (100%)

White British: 2 (50%)
Asian: 1 (25%)

Other: 1 (25%)

p=0.1178 NS (Chi-
Squared)

Birthweight (g)

3232+167.64

3401.25+190.28

p=0.5251 NS (T-Test)

Placental weight (g)

421.71+£52.10

485+28.31

p=0.317 NS (T-Test)

Fetal sex (%)

Male: 4 (57.10%)

Female: 3 (42.86%)

Male: 1 (25%)

Female: 3 (75%)

p=0.6888 NS (Chi-
Squared)

Mode of delivery (%)

NVD: 0
EMLSCS: 0

EL LSCS: 7 (100%)

NVD: 0
EMLSCS: 0

EL LSCS: 4 (100%)

p=0.3657 NS (Chi-
Squared)

BWC 33+£10.18 57.58+£19.30 p=0.4121 NS (Mann-
Whitney)
Smoked in preghancy Smoked: 1 (14.3%) Smoked: 0 p=0.4974 NS (Chi-

(%)

Non-Smoker: 5 (71.4%)

Unknown: 1 (14.3%)

Non-Smoker: 4
(100%)

Squared
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2.3.1.3 Isolation of Placental Cells and Removal of Debris

Digested tissue was then centrifuged for 5 seconds at 340 RCF to bring unwanted
tissue debris to the bottom of the tube. The supernatant, containing the mononuclear
cells, was transferred to a new 50 mL falcon tube. An additional 30 mL of low glucose
DMEM was added to the tissue debris, with vigorous shaking for 15 seconds to liberate
any remaining cells, followed by a second centrifugation step. The collected

supernatant was centrifuged at 340 RCF for 5 minutes to pellet the mononuclear cells.

The supernatant was then discarded, and each pellet (decidua, chorionic plate and
chorionic villous) was resuspended in 15 mL of low glucose DMEM supplemented with
10% FBS (10270-106, Gibco, UK), 1% Antibiotic and Antimitotic (15240-062, Gibco,
UK) and 1% Non-Essential Amino Acids (NEAA; 11140035, Gibco, UK), which will be
referred to as pMSC culture medium. This medium contained 5.5 mM glucose. The cell
suspensions from each of the placental regions were passed through a 100 ym cell
strainer (352340, Fisher Scientific, UK) into a fresh falcon, which was then divided into
three T75 flasks and incubated at 37°C in 5% CO,/20% O, (Figure 2.4; Figure 2.5).
Half of the media was replaced at 72 hours, and then after a further 24 hours. All the
media was replaced after a further 24 hours. At approximately 2 weeks, dense MSC-
like colonies had formed. These cells were then sub-cultivated (Section 2.3.1.4) once

they had reached ~80% confluency to prevent contact inhibition.
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Figure 2.4 - Isolation of placental mesenchymal stromal cells (pMSCs) from
human term placentae. Around 10g of placental tissue was collected from the
chorionic plate, chorionic villous and decidua. Tissue was washed to remove maternal
blood using HBSS, and then minced. An enzymatic digestion was performed at 37°C
for 1-1.5 hours using collagenase, dispase and DNase |. Centrifugation steps were
then performed to remove debris and pellet the cells. Cells were passed through a 100

um cell strainer before seeding into T75s. Figure created with Biorender.com.
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Figure 2.5 - Images showing several steps of the placental mesenchymal stromal
cell (pMSC) isolation protocol from human term placentae. A) Mincing of placental
tissue. B) Minced placental tissue. C) Tissue following enzymatic digestion D) Pelleting
of tissue debris. E) Pelleting of mononuclear cells. F) Passing cells through cell

strainer.
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2.3.1.4 Primary pMSC cell culture

The primary pMSCs were cultured in pMSC medium, as described above. They were
cultured in a humidified incubator at 37°C in 5% CO,/20% O for the duration of the
culture. Cells were seeded into flasks at a density of 1,000-5,000 cells/cm?. For the
sub-cultivation procedure, cells were first washed with sterile PBS and detached from
the flasks with 1-2 mLs of TrypLE express (12563-029, Gibco, UK) and incubated at
37°C for 5 minutes. TrypLE was inactivated with 3x pMSC medium. Cells were counted
with a haemocytometer and seeded into flasks at the appropriate density described
above. To exclude dead cells from cell counts, the cell suspension was mixed 1:2 with
trypan blue (TB154, Sigma-Aldrich) before counting, and cells labelled with trypan blue

were excluded from counts.

2.3.1.5 Cryopreservation of pMSCs

From passage two (P2), pMSCs were routinely frozen down at ~2x10° cells/mL. Cell
suspensions were centrifuged at 350 RCF for 5 minutes, and the pellet was
resuspended in dimethylsulfoxide (DMSO) Cell Freezing Medium (12648010, Sigma-
Aldrich, USA). Cells were placed in a Cell Freezing Container (Corning, USA) cooled
by 1°C per min to -80°C over 24 hours. Cells were then transferred to a liquid nitrogen

storage vessel and stored in the vapour phase.

2.3.2 Commercial human umbilical vein endothelial cells (HUVECS)

HUVECSs from pooled donors (C-12203, Promocell, Germany) were used as positive
controls for pMSC endothelial lineage differentiation experiments. HUVECs were
cultured in Endothelial Growth Medium 2 (EGM-2; C-22011, Promocell) supplemented

with a supplement mix (Appendix 1). The culture medium contained 5.6 mM glucose.

HUVECs were cultured in a humidified incubator at 37°C in 5% C0O,/20% O, for the
duration of the culture. Cells were seeded into flasks at a density of 5,000-10,000
cells/cm?. For the sub-cultivation procedure, cells were first washed with sterile PBS
and detached from the flasks by addition of 3-5 mLs of Accutase (C-4130, Promocell)
prior to incubation at 37°C for 5-15 minutes. Cells were then transferred to 15 mL
Falcon tubes and centrifuged for 3 minutes at 220 RCF. The supernatant was
removed, and cells were resuspended in 5 mLs of EGM-2 media before being counted
with a haemocytometer and seeded into flasks at the appropriate density described
above. To exclude dead cells from cell counts, the cell suspension was mixed 1:2 with
trypan blue (TB154, Sigma-Aldrich) before counting, and cells labelled with trypan blue

were excluded from counts.
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2.3.3 Placental microvascular cells

For the triculture placental microvascular model, HUVECSs, placental pericytes (HPPS)
and placental fibroblasts (HPFs) were used. HUVECs were transduced to stably
express cytoplasmic red fluorescent protein (RFP) (17-10409 LentiBrite RFP Control
Lentiviral Biosensor, Millipore Sigma Aldrich) and cultured in VascuLife® VEGF
Endothelial Medium containing supplements (LL-0003, LifeLine Cell Technologies,
USA; Appendix 2).

HPPs (cAP-0029, Angioproteomie) were cultured in pericyte growth medium (PB-MH-

031-4000, PELOBIotech, medium composition not available from manufacturers).

HPFs (CRL-7526, ATCC) were cultured in FibroLife S2 Fibroblast Medium containing
supplements (LL-0011, LifeLine Cell Technologies, USA; Appendix 3).

2.3.4 Cell culture in microfluidic devices

2.3.4.1 Culture of HUVECs and pMSCs in PDMS fabricated devices

Microfluidic devices were fabricated and provided by Dr Virginia Pensabene and Elena
Mancinelli (School of Electronic and Electrical Engineering, University of Leeds).
Microfluidic devices were fabricated by soft lithography in polydimethylsiloxane
(PDMS). The specification of the devices used are outlined in Figure 2.6 and Figure
2.7%1,

pMSCs (n=3) or HUVECs (n=3) were cultured in microfluidic devices. Firstly, each
microfluidic device was sterilised by UV light exposure for 30 minutes and loaded with
sterile water, to prevent the device from drying out. This was then incubated at 37°C for
1 hour. Excess water was then removed from the reservoirs. Medium (EGM-2 or pMSC
medium, for HUVECs and pMSCs, respectively) was pre-warmed to 37°C and ~500 pL
loaded into a 1 mL syringe and gentle pressure was applied on the inlet port to fill the
chamber with medium. Excess medium was then removed from the reservoirs and 3%
Matrigel (356230, Corning, USA) in medium (EGM-2/pMSC) was loaded into the device
using a 1 mL Luer slip syringe (15489199, BD, USA). Following removal of excess
Matrigel solution, 15 pL of fresh medium was added at each port and devices were
incubated at 37°C for 2-3 hours. Following this, the devices were washed 3x with PBS

and once with medium.
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The sub-cultivation procedure (Section 2.3.2 for HUVECs and Section 2.3.1.4 for
pMSCs) up to and including the cell counting step was performed on confluent cells
(~90%). Once the cell count was determined, 1 million or 500,000 cells were
resuspended in 1 mL of medium for HUVECs and pMSCs, respectively. Following this,
100 pL of the cell suspension was loaded into a 1 mL syringe and gentle pressure was
applied on the inlet port within the reservoir to fill the chamber with cells. The device
was then observed under the microscope to ensure cells were entering the device.
Once the cells had travelled through the channels, any excess cell suspension was
removed from the reservoirs and 15 pL of fresh medium was added at each port (to
prevent the ports from drying out). Cells were left to attach at 37°C for 2 hours. After

this time, ~500 pL medium was added to the inlet port.

For flow culture, a 6-Channel Syringe Pump (AL-1600, World Precision Instruments,
UK) was used. Cells were allowed to adhere to the microfluidic devices for 72 hours
under static conditions before exposure to flow. To eliminate bubbles, 10 mL Luer lock
syringes (15544835, BD, USA) with 24G sterile blunt needles (SAIl Infusion
Technologies, USA) were loaded with medium the day prior to flow culture and warmed
to 37°C overnight. On the day of flow culture, the syringe pump was placed inside the
tissue culture hood. Bubbles were then expelled from the syringes, which were then
loaded into the syringe pump. Tygon tubing with an internal diameter of 0.020” and
outer diameter of 0.060” (Cole Parmer, USA) was attached to the blunt needles and
medium manually pushed through the syringes until a droplet had formed at the end of
the tubing. The inlet and outlet reservoirs were then removed from the devices and the
tubing was inserted into the inlet using forceps. Tubing was also attached to the outlet
into a bijou to collect spent medium (Figure 2.8). The syringe pump was incubated at
37°C in 20% 0O./5% CO.. Unidirectional flow was initiated for 72 hours at a flow rate of
1 pL/min. One device per experiment was left under static conditions for comparison

(1-2 devices per flow/static condition).
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Figure 2.6 - Specifications of the PDMS microfluidic device designs. A)
Rhomboidal device with one channel. Height: 150 um, Area 48.85 mm?, Volume of
7.33 pL. B) Rhomboidal device with 16 channels. Height: 100 pm, Channel width: 400
um, Channel length: 20 mm, Single channel area 2 mm?, Total area: 48 mm?, Single
channel volume: 0.2 L, Total volume: 4.8 uL, Inlet and outlet diameter: 2 mm, Inlet

and outlet channel width: 400 um (Adapted from Mancini, 2020).

- ——————
— Reservoirs

PDMS layer

Glass shde

Figure 2.7 - Example image of a PDMS microfluidic device with reservoirs. The

PDMS device is plasma bonded to a glass slide and inlet and outlet medium reservoirs

are added?®6.
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Syringe Pump

Leur Lock Syringes
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Outlet Tubing

Bijous for collecting
medium

Figure 2.8 — PDMS Device Experimental set up. Devices were connected to the
syringe pump using blunt needles and inlet Tygon tubing. Outlet tubing and bijou tubes

were also used to collect spent media for assays.
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2.3.4.2 Culture of pMSCs in Ibidi Microfluidic Devices

Use of commercial devices were also optimised for flow culture of pMSCs (n=2). The p-
Slide VI 0.4 (IbiTreat; IB-80606, Ibidi, Thistle Scientific, UK) was used which contains 6
individual channels. The specification of the devices used are outlined in Figure 2.9.

The device was incubated 37°C for 1 hour. The sub-cultivation procedure (Section
2.3.1.4) up to and including the cell counting step was performed on confluent cells
(~90%). To determine appropriate cell concentrations, once the cell count was
determined, 500,000 or 250,000 cells were resuspended in 1 mL of medium and 30 pL
of cell suspension at 250,000 cells/mL was loaded into the top three channels and 30
pL of cell suspension at 500,000 cells/mL was loaded into the lower three channels.

Cells were left to attach before the addition of fresh medium.

For flow culture, a 6-Channel Syringe Pump (World Precision Instruments, UK) was
used. Cells were allowed to adhere to the microfluidic devices for 24 hours under static
conditions before exposure to flow. To eliminate bubbles, 10 mL Luer lock syringes
(305959, BD, USA) with 24G sterile blunt needles (B24-50, SAI Infusion Technologies,
USA) were loaded with medium the day prior to flow culture and warmed to 37°C
overnight. On the day of flow culture, the syringe pump was placed inside the tissue
culture hood. Bubbles were then expelled from the syringes, which were then loaded
into the syringe pump. Needles were removed and female Luer connectors (1B-10825,
Ibidi) were attached to the syringes. Silicon tubing 0.8 mm (IB-10841, Ibidi) was then
attached to the female Luer connectors, with elbow connectors (IB-10802, Ibidi)
attached to the opposite end. Medium was manually pushed through the syringes until
a droplet had formed at the end of the elbow connectors. The elbow connectors were
then placed into the inlet reservoirs. Tubing was also attached to the outlets using
elbow connectors and placed into a bijou to collect spent medium (Figure 2.10). The
syringe pump was incubated at 37°C in 5% CO.. Unidirectional flow was initiated for 72
hours at a flow rate of 1 pL/min. One channel per cell seeding density was left under

static conditions for comparison.
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Figure 2.9 - Specifications of the Ibidi p-Slide VI 0.4 (IbiTreat) devices. Channel
Height: 0.4 mm, Channel Area: 0.6 cm?, Channel Volume: 30 UL, Reservoir volume: 60

ML.

Syringe Pump
Leur Lock Syringes

Female Leur
Connectors

Elbow Connectors
Inlet Tubing
- Device with cells

Outlet Tubing

Bijous for collecting
medium

Figure 2.10 - Ibidi Device Experimental set up. Devices were connected to the
syringe pump using female Luer connectors, inlet silicon tubing and elbow connectors.
Elbow connectors were placed in the outlet and connected to silicone tubing in bijou

tubes to collect spent media for assays.
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2.3.4.3 Triculture model of placental microvasculature

This work was conducted in collaboration with Dr Kristina Haase’s laboratory (EMBL,
Barcelona), based on their triculture model of placental microvasculature, incorporating
HUVECs, HPPs and HPFs, described in Cherubini et al. (2023)%%2. Microfluidic devices
were provided by Dr Kristina Haase and Dr Marta Cherubini. Devices were fabricated
from PDMS using a 0.5 mm cast Clarex (polymethylmethacrylate) mould and were
plasma bonded onto glass slides as described in Cherubini and Haase (2023)33. The
specification of the device is outlined in Figure 2.11; Figure 2.12A). Each microfluidic

device was sterilised by UV light exposure for 30 minutes.

Cells were washed with PBS and detached from the flask using 3-5 mL of TrypLE
express (12563-029, Gibco, UK) and incubated at 37°C for 3-5 minutes. Cells were
resuspended in their appropriate medium (15-50 mL) and then counted. Resuspended
cells were centrifuged for 5 minutes at 1200 RPM. For seeding into devices, a ratio of
10:1 ECs to stromal cells (pericytes and fibroblasts) were needed. Therefore, cell
pellets were resuspended in VascuLife medium (LL-0003, LifeLine Cell Technologies,
USA) containing thrombin (4 U/mL; T4648-1KU, Sigma-Aldrich, UK) at a concentration
of 24 x 10° cells/mL for HUVECSs and 2.4 x 10° cells/mL for HPPs and for HPFs and
placed on ice immediately. For each device 20 pL of cell mixture, containing 10 pL of
HUVECs (~240,000 cells), 5 pL of HPPs (~12,000 cells) and 5 pL HPFs (~12,000 cells)
was required and therefore a master mix was prepared. Before seeding into the device,
the 20 uL of cell mixture was mixed with 20 uL of fibrinogen (6 mg/mL; F8630-5G,
Sigma-Aldrich, UK). This was done immediately prior to seeding to prevent the
thrombin and fibrinogen from polymerising too early. The mixture containing cells and
fibrinogen (40 pL) was then loaded into the central channel. Devices were incubated at
37°C for 15-20 minutes to allow the thrombin and fibrinogen to polymerise (final
concentration 2 U/mL and 3 mg/mL, respectively). Following this, 75 uL of VasculLife
(LL-0003, LifeLine Cell Technologies, USA), containing the appropriate glucose
concentration was added to each side channel (See Section 2.4.3 on glucose

treatments).

After 48 hours, reservoirs were added to initiate gravitational fluid flow. Firstly, the
medium was collected from the side channels and refreshed with 40 uL of medium of
the appropriate glucose concentration. The ports of the central channel were then
plugged with PDMS tips to prevent any medium leaking from these ports when the
reservoir was added (Figure 2.12B). The reservoirs were then added by pushing them
into the ports of the side channels (Figure 2.12C). Any bubbles were then removed

from the side channels by washing with medium. To initiate flow, 840 yL of medium
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with the appropriate glucose concentration was added to one side of the reservoir (inlet
reservoir), which generates a pressure of 7 mmH-O (AP). Two independent

experiments were performed (n=2), with 6-9 devices per condition.

2.3.4.4 Shear stress calculations in microfluidic devices

The level of shear stress within microfluidic devices was calculated using the following

formula (Equation 2.2)364365,

6
Shear Stress = LQ
hZw

Equation 2.2 — Shear Stress Formula.

This is derived by solving the Navier-Stokes equation, assuming an incompressible
liquid, no gravity, dominance of viscous force, laminar flow in a rectangular channel of
with height<width<<length.

To calculate the shear stress (in Pa), using equation 2.2, Q is the flow rate (in pm3/min,
where uL/min=0.017*10° um?3/s), n is the dynamic viscosity (assuming the culture
medium viscosity equals to the viscosity of the water; in Pa*s, where

dyne*s/c’=Pose=0.1 Pa*s), h is the channel height (in pm) and w the channel width (in
um).

For the two PDMS fabricated devices (channel and rhomboidal), the parameters used,
and the respective shear stress values are as outlined in Table 2.4. The calculations
were made assuming not including the hydraulic resistance and the dimensions (length
=10 cm, ID=0.20") of the connecting tubes and considering negligible the contribution
of the short inlet channels in the two configurations. The parameters and respective

shear stress values for the Ibidi p-Slide VI 0.4 devices are also outlined in Table 2.4.

As the PDMS devices used for the placental microvasculature triculture model did not
use a a rectangular channel, and generated a microvessel network as opposed to a
monolayer of cells, the above equation could not be used. Therefore, this has been
investigated by the collaborators in Cherubini et al. (2023)%%2, using computational fluid
dynamics software. A laminar flow physics module for flow through porous media was
utilised, with microvessel networks treated as open pores filled with cell culture medium
(density = 998.2 kg/m3, viscosity = 9.4*10* Pa*s). The extravascular gel matrix (EVM)
was treated as a porous domain with fibrin gel (density = 985 kg/m?3, viscosity = 1*10

2 Pa*s) having a porosity of 0.3 and hydraulic permeability k=1e** m?. A simulated
pressure gradient of 70 Pa (7 mmH;0) was applied across the gel region, to model the

pressure generated by flow through the microvessels (Section 2.3.4.3). From these
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simulations, the shear stress for flow-conditioned vessels and in the EVM were
predicted to be 0.32 Pa (3.2 dyne/cm?) and 0.001 Pa (0.01 dyne/cm?), respectively.
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Figure 2.11 - Specifications of the PDMS device used for the placental
microvasculature triculture model. The device contained two side channels for
medium, each with two ports and a inner channel where the cells are seeded, with two
ports. The height of the device was 0.5 mm. Central channel width: 3 mm; height

(excluding ports: 10 mm)363,

Inlet
Reservoir

Outlet

Figure 2.12 - PDMS device used for the placental microvasculature triculture
model and the addition of reservoirs. A) Devices prior to the addition of reservoirs.
B) PDMS plugs added to the central channel ports to prevent leaking. C) Addition of

reservoirs containing an inlet and outlet to the side channel ports.
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Table 2.4 - Shear stress calculations for microfluidic devices used. The dynamic

viscosity of water was used as an assumption. The Shear stress was calculated using

a derivative of the Navier-Stokes equation.

Device Dynamic Chamber Chamber Chamber Shear Shear
viscosity (n, | height width (um) | length stress stress
dyne.s/cm?) | (um) (um) (GE)) (dyne/cm?)

Rhomboidal 1(10° (Water) 150 4750 13740 5.6*102 0.56

pm3/
60s) 0.01 (0.001
Pa*s)

Parallel 0.0625 0.01 100 400 20000 9.4*102 | 0.94

channels

Ibidi channel | 1 0.01 400 3800 17000 9.9*10 | 0.099

(u-Slide VI

0.4)
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2.3.5 Differentiation of pMSCs into endothelial cells

2.3.5.1 Static Differentiation

pMSCs (passage 3, n=7 and n=4 from uncomplicated and GDM placentae,
respectively) were seeded into flasks at a density of 1,000 cells/cm? in pMSC medium.
After 24 hours medium was refreshed to either pMSC medium (controls) or EGM-2 with
an additional 50 ng/mL recombinant Human VEGF-165 (VEGF-A; 583704, BioLegend)
(Differentiation Medium; Table 2.5). Medium was refreshed thereafter every 3-4 days.
Cells were passaged at day 7, 14 and 21 and used for flow cytometry, or seeded onto
coverslips and 6-well plates at a density of 4,000 cells/cm? and cultured for a further 4
days. Cells were either fixed with 4% paraformaldehyde (PFA) (See Section 2.3.7.2) or
processed for RNA extraction (See Section 2.6.1.2) after 11, 18 and 25 days culture in
differentiation or control medium. For functional assays, at 21 days cells were also
seeded onto an extracellular matrix for the tube formation assay (Section 2.3.8.1) or

coated onto beads for the bead assay (Section 2.3.8.2).

2.3.5.2 Differentiation under low flow/shear stress

pMSCs (n=5) were seeded into Ibidi pu-Slide VI 0.4 devices at a concentration of
250,000 cells/mL (IbiTreat; IB-80606, Ibidi, Thistle Scientific, UK) in normal pMSC
medium. The cells were left to attach for 24 hours, and the medium was then refreshed
to either pMSC medium (controls) or differentiation medium (Table 2.5, EGM-2 with 50
ng/mL VEGF-A). The device was then connected to a 6-channel syringe pump (as
described in Section 2.3.4.2). Three syringes contained control medium, and three
syringes contained EGM-2 (Figure 2.13). The flow was initiated at a rate of 1 pL/min for
72 hours. As flow is known to initiate differentiation alone®®, cells were also seeded
into a second device and cultured under static conditions for the total time of the

experiment.

2.3.6 Cell morphology imaging

Morphological images of cells cultured in plates, flasks and microfluidic devices were
taken with phase contrast either using the Olympus fluorescence microscope, using the
Cell F software (Olympus, Japan) or the Incucyte ZOOM (software v.2016; Essen

Bioscience, USA).

2.3.7 Fixing and characterisation of cells by immuno- and cyto-

chemical staining
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2.3.7.1 Seeding cells onto coverslips

Round 13 mm diameter, size 1, coverslips (631-1578, VWR) were dipped in methanol
and dried in the tissue culture hood before placing in 24-well plates. Once cells were
passaged, they were seeded onto the coverslips in a total 1 mL of medium. pMSCs
and HUVECs were seeded at a density of 4,000 cells/cm? and 6,000 cells/cm?,
respectively. To promote adhesion of HUVECSs to the coverslips, the coverslips were
coated with 10 pg/mL fibronectin (F0895-2MG, Merck) for 45 minutes at room
temperature. The coverslips were then washed with PBS three times before seeding

the cells.

2.3.7.2 Fixing cells with paraformaldehyde

A solution of 4% PFA was made up in sterile PBS by dissolving the powder on a
heated stirrer at 50°C. Cells grown on coverslips were washed with 1 mL sterile PBS.
PBS was then removed and 1 mL of 4% PFA was added to each coverslip. This was
placed on ice for 20 minutes. PFA was then removed, and coverslips were washed with
1 mL PBS three times. Coverslips were stored in 2 mL PBS at 4°C until

immunocytochemistry was performed.

2.3.7.3 Immunocytochemistry

Coverslips were placed onto microscope slides (cells facing upwards) and circled with
a PAP pen (H-4000, 2B Scientific, UK). For intracellular markers, coverslips were
incubated with PBS containing 0.1% Triton-X100 (X100-500ML, Sigma-Aldrich, USA)
for 30 minutes. Coverslips were then washed 3 times with PBS and blocked with 5%
bovine serum albumin (BSA; Sigma-Aldrich, USA) for 1 hour. Primary antibodies (Table
2.6) were then diluted in 5% BSA and applied to the coverslips overnight at 4°C or for 1
hour at room temperature. IgG controls, at the same concentration as the primary
antibody were used as controls. Some coverslips were incubated with PBS, to
determine if any positive staining has occurred from non-specific binding of the
secondary antibody. The primary antibodies were washed off 3 times with PBS.
Appropriate secondary antibodies (Table 2.7) were diluted in 5% BSA and applied to
the coverslips for 1 hour at room temperature. The secondary antibodies were washed
off 3 times with PBS and coverslips were mounted onto fresh microscope slides using
Fluoromount-G with 4',6-diamidino-2-phenylindole (DAPI) (0100-20, Southern Biotech,
USA). Coverslips were sealed with clear nail varnish. Slides were stored in the dark at
4°C.
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Table 2.5 - Final concentrations of supplements in differentiation medium.
Endothelial differentiation medium 2 (EGM-2) with 50 ng/mL additional VEGF-A.

Media Supplement Final Supplement Concentration
Fetal Calf Serum (FCS) 0.02 mL/mL

Ascorbic Acid 1 pg/mL

Hydrocortisone 0.2 pg/mL

Long R3 Insulin-like Growth Factor 1 (IGF-1) 20 ng/mL

Heparin 22.5 pg/mL

Epidermal Growth Factor (EGF; recombinant human) 5 ng/mL

Basic Fibroblast Growth Factor (FGF; recombinant human) | 10 ng/mL

VEGF-A (recombinant human) 50.5 ng/mL

Differentation Medium
- (EGM-2 + VEGF-A) pMSC medium

[

Syringe Pump \ F

Leur Lock Syringes

Ei:iitt?g I' Elbow Connectors
Inlet Tubing
Device with cells
Outlet Tubing

Bijous for collecting
medium

Figure 2.13 - Ibidi device experimental set up for pMSC differentiation
experiments. Devices were connected to the syringe pump using female Luer
connectors, inlet silicon tubing and elbow connectors. Three syringes were filled with
differentiation medium (EGM-2 + VEGF-A) or control pMSC medium. Elbow connectors
were placed in the outlet and connected to silicone tubing in bijou tubes to collect spent

media for assays.
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Table 2.6 — Primary antibodies used for immunocytochemistry and/or immunohistochemistry. The primary antibodies used

throughout the study are shown, including their host species, dilution’s, final concentrations, manufacturers and product codes.

Protein Host Species Concséﬁ(t:rlfation Dilution | Final Concentration Manufacturer = Product Code
CCR7 M1 Marker Rabbit 300 pg/mL 1:100 3 pg/mL Protein Tech 25898-1-AP
CD105 MSC/Endothelial Rabbit 550 pg/mL 1:100 5.5 pg/mL Protein Tech 10862-1-AP
CD14 Macrophage Marker Mouse 1000 pg/mL 1:500 2 pg/mL Merk Part of SCR067
CD163 M2 Marker Rabbit 771 pg/mL 1:200 3.855 pg/mL Abcam ab182422
CD19 Lymphocytes Mouse 1000 pg/mL 1:500 2 pg/mL Merk Part of SCR067
CD206 M2 Marker Mouse 1000 pg/mL 1:10,000 0.1 pg/mL Protein Tech 60143-1-1g
CD31 Endothelial Cells Mouse 201 pg/mL 1:100 2.01 pg/mL Dako M0823
CD34 Endothelial/Hematopoietic Rabbit 550 pug/mL 1:250 2.2 pg/mL Protein Tech 14486-1-AP
CDh44 MSC Mouse 1000 pg/mL 1:500 2 pg/mL Merk Part of SCR067
CD73 MSC Mouse 1000 pg/mL 1:250 4 pg/mL Protein Tech 67789-1-1g
Cytokeratin 7 Syncytiotrophoblast Mouse 96 pg/mL 1:500 0.192 pg/mL Dako M7018
(Phallo%'ior‘lclggaglsProbe) Fillamentous Actin N/A N/A N/A 2 drops / mL ThermoFisher A12379
FLT1 VEGFR Endothelial Rabbit 1000 pg/mL 1:500 2 pg/mL Bio Techne NB100-527
IL1B Interleukin/Chemokine Rabbit 700 pg/mL 1:250 2.8 pg/mL Protein Tech 16806-1-AP
IL6 Interleukin/Chemokine Rabbit 500 pg/mL 1:500 1 pg/mL Protein Tech 21865-1-AP
KDR VEGFR Endothelial Mouse 500 pg/mL 1:25 20 pg/mL Bio Techne MAB3571
Ki67 Proliferation Mouse 46 pg/mL 1:100 0.46 pg/mL Dako M7240
M30 Apoptosis Mouse 6.6 pg/mL 1:100 0.066 pg/mL Roche 12140322001
VWF Endothelial Mouse 140 pg/mL 1:200 0.7 pg/mL Agilient M061601-2
Mouse IgG IgG Mouse 2000 pg/mL Various Various Vector Labs 1-2000-1
Rabbit IgG 1gG Rabbit 5000 pg/mL Various Various Vector Labs I-1000-5
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Table 2.7 - Secondary antibodies used for immunocytochemistry and/or immunohistochemistry. The secondary antibodies used

throughout the study are shown, including their host species, dilution’s, final concentrations, manufacturers and product codes.

Protein Host Species Stock Concentration Dilution Final Concentration Manufacturer Product Code
Anti-Mouse Biotin Goat 1000 pg/mL 1:200 5 pg/mL AAT BioQuest 16729
Anti-Rabbit Biotin Swine 500 pg/mL 1:200 2.5 pg/mL Dako E0353

Anti-Mouse 488 Goat 2000 pg/mL 1:2000 1 pg/mL Invitrogen A11001
Anti-Rabbit 488 Goat 2000 pg/mL 1:2000 1 pg/mL Invitrogen A11008
Anti-Mouse 568 Goat 2000 pg/mL 1:1500 1.3 pg/mL Invitrogen A11031
Anti-Rabbit 568 Goat 2000 pg/mL 1:1500 1.3 pg/mL Invitrogen A11011
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2.3.7.4 Microscopy

Coverslips were imaged using the Axio Scope.Al Fluorescent Microscope, and the
following fluorophores were used: DAPI (Excitation: 353 nm, Emission: 465 nm), Alexa
488 (Excitation: 493 nm, Emission: 517 nm) and Alexa 568 (Excitation: 577, Emission:
603 nm). For imaging of whole coverslips, the Axioscan Z1 Slide Scanner (Zeiss,
Germany) was used in the Bioimaging Core Facility (Faculty of Biological Sciences,
University of Leeds). For the slide scanner the following fluorophores were used: DAPI
(Excitation: 353 nm, Emission: 465 nm), Alexa 488 (Excitation: 488 nm, Emission: 509
nm) and Alexa 568 (Excitation: 545, Emission: 572 nm). Zen Blue software was used

with both microscopes (Zeiss, Germany).

2.3.7.5 Image analysis using Qupath

Immunocytochemistry images were analysed using QuPath (v0.3.2). In coverslips, four
regions of interest (ROI) were selected from each coverslip. In Ibidi devices, five
images were taken, with an image at the top, bottom, middle, inlet, and outlet of the
device. A pixel classifier threshold was set to detect the cells in the ROI. The
fluorescence intensity was then determined using the intensity features tool. The
intensity was calculated per pixel, to account for differing numbers and sizes of cells in

each ROl/image.

2.3.7.6 Flow Cytometry

pMSCs undergoing endothelial lineage differentiation were characterised by flow
cytometry (n=3). pMSCs were cultured in T75 flasks in either control or differentiation
medium. Once cells had reached 90-100% confluency they were passaged and
centrifuged at 350 RCF for 5 minutes to pellet the cells. The pellet was resuspended in
1 mL staining buffer (R&D systems, USA). Cells were then counted by taking a 1:5
dilution of cells in trypan blue and cells labelled with trypan blue were excluded from
counts. A 1.5 mL Eppendorf was prepared for each combination of antibodies (Table
2.8) containing 200,000 cells in 80 pL of staining buffer. Following this, 20 puL of Fc
receptor (FcR) blocking reagent (Miltenyi Biotech, Germany) was added to each tube
and incubated for 10 minutes at 4°C. The primary antibodies were then added to the
tubes. FLT1-PE (FAB321P, R&D Biosystems, USA) and KDR-APC (FAB357A-025,
R&D Biosystems) were used at a 1:10 dilution (10 pL in 100 uL of cell suspension) and
incubated for 30 minutes at 4°C. CD31-FITC (130-110-806, Miltenyi Biotech, Germany)
was at a 1:50 dilution (2 pL in 100 pL of cell suspension), and was added after 20

minutes, and incubated at 4°C for the final 10 minutes. Appropriate IgG controls for
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each antibody were also used. Cells were then centrifuged at 350 RCF and the pellet
was resuspended in 1 mL of staining buffer, to wash the cells. Cells were centrifuged
for a further 5 minutes at 350 RCF and the pellet was resuspended in 200 pL of
staining buffer. Flow cytometry was performed using the Cytoflex S Flow Cytometer
(Beckman, USA). HUVECs (n=3) were used as a positive control. The following
fluorophores were used: FITC (Laser: 488 nm, Emission Filter: 525/30), APC (Laser:
561 nm, Emission Filter: 660/20) and PE (Laser: 640 nm, Emission Filter: 585/42).

To characterise GDM pMSCs (n=4) using MSC markers, the above protocol was
performed using antibodies from the Human MSC Verification Multi-Colour Flow
Cytometry Kit (FMC020, R&D systems, USA). Appropriate IgG controls for each
antibody were also included. A 1:10 dilution of each antibody was used (10 pL in 100
uL of cell suspension) and incubated at 4°C for 30 minutes. Additionally, CD31-FITC
(130-110-806, Miltenyi Biotech, Germany) was used (as above) as an additional
negative marker. The Eppendorf tubes prepared for each combination of antibodies is
outlined in Table 2.9. The following fluorophores were used: CFS/FITC (Laser: 488 nm,
Emission Filter: 525/30), PerCP (Laser: 488 nm, Emission Filter: 690/50), APC (Laser:
561 nm, Emission Filter: 660/20) and PE (Laser: 640 nm, Emission Filter: 585/42).

Prior to quantification, the antibodies were also added separately to individual tubes of
cells to generate a compensation matrix on the CytExpert Software (Beckman, USA).
This process corrects spectral overlap when multiple fluorophore emissions are
recorded for each cell*®’. This compensation matrix was applied to all further
experiments. The cellular debris was gated by plotting the forward scatter area (FSC-A)
and the side scatter area (SSC-A) (Figure 2.14A). The FSC indicates the relative size
of the cell, and the SSC indicates the complexity or granularity of the cell*®®. Dead and
fragmented cells, which have a low FSC and SSC were excluded (Figure 2.14A). From
this population generated, the single cells were gated by plotting the FSC-height (FSC-
H) and FSC-A and gating the cells with a similar FSC-H and -A. This is because cell
doublets have increased FSC-A at the same FSC-H*®* (Figure 2.14B). The unstained
cells (no staining control) were first gated by plotting the FSC-A against fluorescent
intensity for each fluorophore (Figure 2.14C). These gates were then applied to the
stained samples to determine the percentage of cells positive for each marker (Figure
2.14D).
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Table 2.8 - Antibodies used for flow cytometry characterisation of pMSCs treated

in control and differentiation medium. Details of each antibody and their catalogue

numbers are shown.

Antibodies
1 No staining control | None
2 Endothelial o CD31-FITC Recombinant Human IgG: Clone REA730 | 130-110-806
Markers
o KDR-APC Monoclonal Mouse IgG: Clone # 89106 FAB357A-025
o FLT1-PE Monoclonal Mouse IgG: Clone # 49560 FAB321P
3 IgG controls o REA Control Antibody (S), Human IgG3, FITC, 130-113-437
REAfinity ™
o Mouse IgG1 APC-conjugated Antibody ICO02A
o Mouse IgG1 PE-conjugated Antibody IC002P

Table 2.9 - Antibodies used for flow cytometry characterisation of GDM pMSCs.

Details of each antibody and their catalog numbers are shown. Details of each

antibody and their catalogue numbers are shown.

1 No staining control None
2 Positive and negative Positive markers: FMC020
k
markers o CD90-APC Mouse IgG2x; Clone Thy-1A1
o CD73-CFS Mouse 1gG2s; Clone 606112
o CD105-PerCP Mouse IgGs; Clone 166707
Negative marker cocktail containing:
o CD45-PE Mouse IgGy; Clone 2D1
o CD34-PE Mouse IgGs; Clone QBENd10
o CD11b-PE Mouse 1gG2s; Clone 238446
o CD79A-PE Mouse 1gGs; Clone 706931
o HLA-DR-PE Mouse IgGs; Clone L203
3 IgG controls for positive |o  Mouse 1gG2a-APC Isotype Control; Clone 20102 | FMCO020
markers o Mouse IgG2s-CFS Isotype Control; Clone 133303
o Mouse IgGi-PerCP Isotype Control; Clone 11711
4 IgG controls for negative | Negative isotype cocktail containing: FMCO020
markers o Mouse IgGi1-PE Isotype Control; Clone 11711
o Mouse IgG2s-PE Isotype Control; Clone 133303
5 CD31-FITC o CD31-FITC Human Recombinant IgG1; Clone 130-110-806
REA730
6 IgG control for CD31 o Human Recombinant IgG1-FITC, REAfinity™; 130-113-437
Clone REA293
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Figure 2.14 - Gating strategy for flow cytometry. Example of the gating strategy for

detection of endothelial cell markers in pMSCs and HUVECSs. The positive control of

HUVECs was used here to demonstrate positive staining. A) Cell debris is removed
based on the intensity of the forward scatter (FSC) and side scatter (SSC) of light. B)

Identification of single cells based on a FSC area at a similar height (FSC-A and -H). C)

Unstained cell control to gate for positively stained cells for each fluorescence channel

used. D) Example of gating a stained sample detected in each fluorescence channel.
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2.3.8 Functional cell assays

2.3.8.1 Endothelial tube formation assay

Endothelial tube formation was assessed in pMSCs undergoing endothelial lineage
differentiation using an angiogenesis assay kit (ab204726, Abcam, UK). The ECM was
thawed on ice at 4°C overnight, to prevent it from solidifying. Pipette tips, and a 96-well
plate was also pre-chilled. Once thawed, 50 uL of ECM was added to each well of the
96-well plate on ice, with care not to cause bubbles. The plate was then placed at 37°C
to allow the ECM to form a gel. Cells were loaded onto the ECM at a concentration of
10,000 cells per well, in 50 pyL of medium. Each condition was performed in duplicate
(except for cells cultured in devices, as the small number of cells only allowed one
replicate). As a negative control, 50 uM of suramin was also used, as this is anti-
angiogenic, and wells without ECM, and therefore no endothelial tubes should be
formed. To ensure that tubes were not forming solely due to the presence of VEGF-A
in the endothelial differentiation medium during the assay, the same concentration of
VEGF-A (50.5 ng/mL) was added to extra wells containing cells grown in the control
medium. The plate was then placed at 37°C for 2 hours. Phase contrast images were
then taken using the Incucyte ZOOM (software v.2016; Essen Bioscience, USA) in 4
regions of each well, at 10x magnification. This assay was also performed on HUVECs
(n=3), as a positive control for static differentiation experiments. While the use of the
angiogenesis analyser plugin on ImageJ was attempted to determine the number of
endothelial tubes, branch points and branching length, false positives meant that
manual counting was performed. An endothelial tube was only counted if all the
boundaries were observed in the image. An example of manually counted tubes can be
seen in Figure 2.15. The average number of endothelial tubes for each condition was

taken.

2.3.8.2 Endothelial sprouting bead assay

Angiogenic sprouting was assessed in pMSCs undergoing endothelial lineage
differentiation using the fibrin bead assay (h=3). This assay involves the coating of
endothelial cells to Cytodex microcarriers, and embedding into a fibrin gel containing
necessary growth factors that lead to endothelial sprouting®/°371, Firstly, 21 uL of
Cytodex-3 Beads (C3275, Sigma-Aldrich, UK) and 50 L of sterile PBS were placed in
a 1.5 mL Eppendorf. The beads were left to settle for 5 minutes, and the PBS removed.
Beads were then resuspended in the appropriate medium (control medium or
differentiation medium) and allowed to settle again for 5 minutes. A cell suspension of
500,000 cells/mL was added to the beads and then transferred to a FACs tube
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(352058, Corning, USA). A further 500 pL of medium was used to wash remaining
beads from the Eppendorf and added to the FACs tube. FACs tubes containing the
cell/bead mixture was then placed at 37°C for 4 hours, with agitation (manual flicking of
tubes) every 30 minutes, to prevent the beads from clumping together. The cell/bead
mixture was then transferred into a T25 and made up to a total of 5 mLs with medium
and incubated at 37°C overnight. The following day, a 2 mg/mL solution of fibrinogen
(F-8630, Sigma-Aldrich, UK) was prepared. To prevent the fibrinogen clotting, this was
prepared by pouring 7 mL of warm sterile PBS onto 14 mg of fibrinogen and incubating
at 37°C for 30 minutes. Following this, the fibrinogen was filter sterilised using a 20 mL
syringe (300629, BD, USA) and a 200 um filter (SLGP033R, Sigma-Aldrich, UK). The
flasks were observed to ensure that cells were attached to the beads and were gently
tapped to dislodge the beads from the flask. The cell/bead mixture was then transferred
to a falcon tube, and an extra 4 mL of medium was added to the flask to wash any
remaining cells/beads from the flask. The falcon tube of cells/beads was left for 15
minutes to allow the coated beads to pellet. During this time, a fibrinogen master mix

was prepared (Table 2.10)

The medium was then removed from the settled cells/beads and were washed 3x for 5
minutes with fresh medium. After the final wash, the cells/beads were resuspended in
the fibrinogen master mix. In a 24-well plate 12.5 pL of thrombin (T-3399, Sigma-
Aldrich, UK) was reverse pipetted into the centre of each well. Following this, 500 pL of
the cells/beads was mixed into the thrombin by pipetting up and down in circular
motions. This forms a clot with the thrombin and fibrinogen; therefore, this was done
within 5 seconds before the clot hardens. Care was taken not to introduce bubbles or
scratches. For each condition, 4 wells were used. The plate was left undisturbed for 5
minutes, before being transferred to 37°C for 15 minutes to allow the clot to harden.
Before leaving overnight at 37°C, 1 mL of medium was added dropwise to the clot, to
prevent dislodging. After 24 hours, phase contrast images were then taken using the
Incucyte ZOOM (software v.2016; Essen Bioscience, USA) of the whole well at 4x and
10x magnification. This assay was also performed on HUVECs (n=3), as a positive

control.
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Figure 2.15 - Example of endothelial tubes counted using ImageJ in pMSCs and
HUVECSs. The positive control of HUVECs was used here to demonstrate the formation

of endothelial tubes.

Table 2.10 - Components in the fibrinogen master mix for the endothelial

sprouting bead assay.

Master Mix Component Stock Concentration | Volume Final Concentration

Fibrinogen N/A 2.5mL 2 mg/mL F-8630
Aprotinin 4 U/mL 93.75 pL 0.15U/mL A-1153
VEGF 5 pg/mL 2.5puL 5 ng/mL C-64423
FGF 5 pg/mL 2.5puL 5 ng/mL 450-33
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2.4 Glucose treatments in placental models

2.4.1 Glucose treatments in placental explants

2.4.1.1 Acute glucose fluctuations for 48 hours

DMEM-F12 was supplemented with 9 pL/mL, 9.6 pL/mL or 12.6 pL/mL sterile filtered
D-glucose (555 mM, G8644, Sigma-Aldrich, UK) to generate concentrations of 5-, 5.5-
and 7-mM glucose, respectively. Following overnight culture in 5.5 mM glucose,
medium was replenished with the different glucose treatments. Glucose treatments
were either fluctuating 5 and 5.5 mM glucose every 18 and 6 hours, respectively
(replenished to 5.5 mM at 0 and 24 hours and 5 mM at 18 and 42 hours) or constant 5,
5.5 or 7 mM glucose, replenished at 0, 18, 24 and 42 hours. Explants were cultured for

a total of 48 hours in glucose treatments (Figure 2.16A).

2.4.1.2 Longer-term glucose fluctuations for 96 hours following syncytial

degeneration and regeneration

DMEM-F12 was prepared supplemented with glucose (Section 2.4.1.1). Explants were
cultured in 5.5 mM glucose for 4 days, with daily medium refreshments to allow for the
syncytium to degenerate and regenerate. Following this, medium was replenished with
the different glucose treatments. Glucose treatments were either constant 7 mM
glucose, replenished at 0, 18, 24, 42, 48, 66, 72 and 90 hours, or fluctuating 5 and 5.5
mM glucose every 18 and 6 hours, respectively (replenished to 5.5 mM at 0, 24, 48 and
72 hours and 5 mM at 18, 42, 66 and 90 hours) (Figure 2.16A).

2.4.1.3 Collection of medium and samples

Conditioned medium was collected during each medium refreshment and stored at -
80°C. Following treatments, explants for protein and RNA were snhap frozen in liquid
nitrogen and stored in the -80°C. Where possible, samples for RNA were stored in
RNALater for approximately 24 hours at 4°C before being snap frozen in liquid nitrogen
and stored in the -80°C. Explants for histology were stored in 10% NBF at 4°C. After
around 24 hours formalin was removed and replaced with 70% ethanol and stored at

4°C until tissue was processed.

2.4.2 Glucose treatments in the static pMSC differentiation model

EGM-2 (5.6 mM glucose) was supplemented with 2.52 uL/mL or 6.13 pL/mL sterile
filtered D-glucose (555 mM, G8644, Sigma-Aldrich, UK) to generate concentrations of
7 and 9 mM glucose, respectively. For the hyperosmolar control, a 500 mM solution of
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D-mannitol (M4125, Sigma-Aldrich, UK) was prepared in ultrapure water (91.1 mg/mL)
and sterile filtered, and the EGM-2 was supplemented with 6.8 pL/mL of the 500 mM D-

mannitol to generate a 3.4 mM mannitol control.

PMSCs (passage 3, n=6) were seeded into flasks at a density of 1,000 cells/cm? in
pMSC medium. After 24 hours medium was refreshed to either control medium (5.5
mM glucose) or differentiation medium with 5.6, 7, 9 mM glucose or 5.6 mM glucose
with 3.4 mM D-mannitol (hyperosmolar control). After 7 days in culture, cells were
passaged and were seeded into 6-well plates at a density of 4,000 cells/cm? and
cultured in different glucose conditions for a further 4 days. Medium was refreshed
daily throughout entire culture to maintain glucose levels. Conditioned medium was
collected during each medium refreshment and stored at -80°C. RNA was extracted
after 11 days in differentiation or control medium. For functional assays, at 7 days cells
were also seeded onto an ECM for the tube formation assay (Section 2.3.8.1).
Conditioned medium was collected during each medium refreshment and stored at -
80°C.
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A) Acute Treatments (48 hours)

Start Glucose
Treatments Collect explants
Overnight culture in
normoglycaemic conditions
(5.5 mM glucose) prior to
glucose treatments

Day |0 1 2 3

v

Time (Hours) in Glucose Treatment | 18 24 42 48

B) Long-term Treatments (4 days + 96 hours)

Start Glucose

_ _ ~Treatments Collect explants
Daily medium changes in |

normoglycaemic conditions (5.5 mM
glucose) to allow for syncytial
degeneration and regeneration

Day |0 1 2 3 4 5 6 7 8

>
>

Time (Hours) in Glucose Treatment | 18 24 42 48 66 72 90 96

Figure 2.16 - Acute and longer-term glucose treatments in placental explants. A) For acute treatments, explants were cultured
overnight in 5.5 mM glucose and medium was replenished with either fluctuating 5 and 5.5 mM glucose every 18 and 6 hours,
respectively (replenished to 5.5 mM at 0 and 24 hours and 5 mM at 18 and 42 hours) or constant 5, 5.5 or 7 mM glucose, replenished at
0, 18, 24 and 42 hours. After 48 hours of glucose treatments explants were collected. B) For longer-term treatments, explants were
cultured in 5.5 mM glucose for 4 days, with daily medium refreshments to allow for the syncytium to degenerate and regenerate. Following
this, medium was replenished with either constant 7 mM glucose, replenished at 0, 18, 24, 42, 48, 66, 72 and 90 hours, or fluctuating 5
and 5.5 mM glucose every 18 and 6 hours, respectively (replenished to 5.5 mM at 0, 24, 48 and 72 hours and 5 mM at 18, 42, 66 and 90

hours). After 96 hours of glucose treatments, explants were collected.
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2.4.3 Glucose treatments in the placental microvasculature
triculture model

Firstly, 500 mM solutions of D-glucose (G8270, Sigma-Aldrich, UK) and D-mannitol
(M4125, Sigma-Aldrich, UK) were prepared in ultrapure water (90.1 and 91.1 mg/mL)
and sterile filtered. VasculLife (5.6 mM glucose) was supplemented with 2.8 uL/mL, 6.8
puL/mL or 38.8 uL/mL 500 mM D-glucose to generate concentrations of 7, 9 and 25 mM
glucose, respectively. For the hyperosmolar control, VascuLife was supplemented with
38.8 uL/mL 500 mM D-mannitol to generate a 19.4 mM mannitol control.

Following cell seeding in the triculture device, 75 pL of VascuLife, containing either 5.6,
7,9, 25 mM D-glucose or 5.6 mM glucose + 19.4 mM D-mannitol was added to each
side channel. The following day medium was collected from the side channels and
refreshed. On the following day, reservoirs were added to initiate flow and 840 pL of
medium with the appropriate glucose/mannitol concentration was added to the inlet
reservoir. Medium was refreshed daily by removing medium from the outlet reservoir
and adding 840 pL of medium with the appropriate glucose/mannitol concentration to

the inlet reservoir.

2.4.3.1.1 Medium collection, imaging, and measurements

Medium was collected on days 1-7, with glucose and osmolality measurements
performed on days 1, 4 and 7. Z-stack images of the RFP (HUVEC) channel were
acquired daily on days 2-7 using a Leica confocal microscope (DMi8, Leica, Germany)
with LAS X Navigator Software (Leica). Images were taken from three regions of the
central channel, which consisted of a 5 um step size and ~20-25 slices (beyond which
intensity diminishes). For microvessel morphology quantification, acquired confocal
images were analysed using ImageJ. Morphological parameters included area (%),
diameter of vessels (um) and branch length (um). A maximum projection of each Z-
stack image (RFP HUVEC channel) was generated and a macro, which generates a
binarized image and creates a ‘skeleton’ of the vessels to determine vessel branch
parameters, was used, as provided by and described in Cherubini and Haase

(2023)3%3, this analysis was conducted by Dr Marta Cherubini in the collaborating lab.

On the seventh day devices were used to assess permeability or to extract cells for
RNA isolation. For all of these, the reservoir was removed from each device and
medium was then removed from the side channels. Washes were performed with PBS
by adding 150 pL into the inlet side channel and waiting for it to move across the inner

compartment (containing the vessels) and into the outlet side channel.
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2.4.3.1.2 FITC-Dextran permeability assay

All PBS was removed from the side channels and 40 pL of FITC-Dextran 70 kDa (100
png/mL, 46945-100MG-F, Merck) in Vasculife (LL-0003, LifeLine Cell Technologies,
USA) was added to the inlet side channel, and after 5-10 seconds, once the FITC-
Dextran has moved across the inner compartment (containing the vessels), another 40
pL of FITC-Dextran was added to the outlet side channel. Z-stack images were taken
as described above (Section 2.4.3.1.1) at 0, 3 and 6 minutes following perfusion with
FITC-Dextran. A maximum projection of each Z-stack image (FITC-Dextran channel) at
the first time point (time t = 0 minutes) was used to generate a binary outline of the
vessel perimeter (Pv) and extravascular tissue area (Ar) in ImageJ. Assuming that the
intensity (1) is linearly related to the fluorophore concentration, flux across the imaging
boundary is negligible, and transendothelial flux is constant, the permeability (P in
cm/s) of the microvessels to solutes can be approximated, using the equation

previously described3#8372 (Equation 2.3).

A
P = (?T (IfT - IOT))/t X (]01; - IOT)

Equation 2.3 — Equation used to calculate permeability of microvessels using a
FITC-dextran permeability assay. Aris the extravascular tissue area, Pyis the
perimeter of the vessels, liris the intensity at the final time point in the extravascular
space, loris the intensity at the first time point (O minutes) in the extravascular space, t
is the time interval and lov is the intensity at the first time point (O minutes) inside the

vessels.

2.4.4 Assessment of glucose and osmolality in conditioned

medium

2.4.4.1 Assessing the accuracy of the GlucCell glucose monitoring

system

To confirm the accuracy of the GlucCell® Glucose Monitoring System, a serial dilution
of D-Glucose (G8644, Sigma-Aldrich, UK) was performed in DMEM-F12 medium
(LO091-500, Biowest, France). This generated concentrations of 20, 10, 5 and 2.5 mM,
which were measured using the monitor, in triplicate. Observed glucose concentrations
were similar to the expected concentrations. As the manufacturer’s instructions suggest

measuring samples at 37°C, glucose standards were tested at both room temperature
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and 37°C. Both yielded similar results, with 37°C being the most in line with expected

values (Figure 2.17).

2.4.4.2 Glucose concentrations in conditioned medium

To assess glucose concentrations in the conditioned medium of cells and placental
explants, the GlucCell® Glucose Monitoring System (CLS-1322-02, GPE Scientific,
UK) was used. Medium samples were warmed to 37°C and 3 uL were loaded onto a
GlucCell® test strip (CLS-1324-01, GPE Scientific) in triplicate.

2.4.4.3 Osmolality in conditioned medium

To assess osmolality in the conditioned medium of cells and placental explants, a
Single-Sample Micro Osmometer (Model 3320, Advanced Instruments, USA) was
used. Samples were warmed to room temperature and 20 puL was loaded into the

osmometer. Osmolality was recorded in mOsm/kg.
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Figure 2.17 - Accuracy of the GlucCell Glucose Monitoring System. Known
concentrations of D-glucose (2.5-20 mM) were added to DMEM-F12 medium and
assayed using the GlucCell glucose monitoring system. Data is presented as the
meantSEM (n=3).
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2.5 Histology

2.5.1 Tissue processing, embedding and sectioning

Following tissue fixation in NBF, term placental tissue and placental explants were
placed in histological cassettes (EBG-0304-12A, CellPath, ProMarc and 720-1627,
VWR, USA for term tissue and explants, respectively) and then into a beaker
containing 70% ethanol. Cassettes were then placed into the tissue processor
(TP1020, Leica) and dehydrated and embedded on a specific program. For term
placental tissue the program ran for 19 hours and 12 minutes and for explants the
program ran for 14 hours and 27 minutes (Appendix 4). Cassettes were then placed
into hot paraffin wax and explants were removed from one cassette at a time and
placed in hot paraffin wax in a mould (HIS0225 and HIS0221, SLS, USA for term tissue
and explants, respectively). The cassette lid was then placed on top. The wax was then
set on a 4°C plate. Once set, the formalin fixed paraffin embedded tissue (FFPE) was

taken out of each mould and excess wax was removed.

FFPE tissue was then sectioned into 5 um slices using a microtome (RM2125RTF,
Leica, Germany). Ribbons of tissue sections were cut and placed into a beaker of cold
water. Bubbles were removed using a paint brush and tissue sections were transferred
onto Poly-L-Lysine coated slides (631-0107, VWR, USA) in a water bath at 37°C.

Slides were left to dry at room temperature overnight.

2.5.2 Haematoxylin and Eosin in FFPE tissue

For haematoxylin and eosin (H&E) staining, slides were first placed in an oven at 55°C
for 15-20 minutes to remove wax. Slides were then rehydrated by placing them in three
HistoClear solutions (HS-200, National Diagnostics, USA), each for 5 minutes, followed
by two 100% ethanol solutions, two 95% ethanol solutions and a 70% ethanol solution
for 1 minute each. Slides were then placed in filtered haematoxylin (HHS16, Sigma-
Aldrich) for 1 minute and transferred to cold tap water. To remove cytoplasmic staining,
slides were placed in Acid Alcohol (0.25% HCI in Ethanol) for a few seconds and then
transferred again to cold tap water. Staining of nuclei was confirmed using a light
microscope and then haematoxylin was ‘blued’ using hot tap water for 2 minutes,
before being transferred to cold tap water. Slides were then placed in eosin
(HT110116, Sigma-Aldrich, UK) for 1 minute and transferred to cold tap water. Slides
were then dehydrated by placing them in 70% ethanol, two 95% ethanol solutions and
then two 100% ethanol solutions for 3 minutes each. Slides were then placed in two

HistoClear solutions, each for 10 minutes (or overnight if needed). Slides were
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mounted using Dibutylphthalate Polystyrene Xylene (DPX; LAMB/DPX, ThermoFisher,
UK).

2.5.3 Immunohistochemistry in FFPE tissue

To remove wax, slides were placed in an oven at 55°C for 15-20 minutes. Slides were
then rehydrated by placing them in three HistoClear solutions, each for 10 minutes,
followed by two 100% ethanol solutions and a 70% ethanol solution for 3 minutes each.
Slides were then placed in cold tap water for at least 3-5 minutes. Heat-activated
antigen retrieval was then performed by placing the slides in a microwavable container
with ~500 mL 1X sodium citrate buffer (0.1 M, pH 6.0; Table 2.11). The tissue was
boiled in the microwave for 5 minutes twice, with a short break in between. Slides were
then cooled for 20 minutes. Slides were then dried with a tissue and placed in a
humidity chamber. A PAP pen (H-4000, 2B Scientific, UK) was used to draw around
each section of tissue on the slide. Endogenous peroxidase was quenched by
incubating tissue with 3% hydrogen peroxide in dH,O (31642, Sigma-Aldrich, UK) for
10 minutes, followed by two washes with 1X Tris Buffered Saline (TBS; Table 2.11).
Tissue sections were then blocked with 5% BSA in TBS (BSAV-RO, Sigma-Aldrich,
UK) for 30 minutes to 1 hour. Primary antibodies (Table 2.6) were diluted to appropriate
concentrations in 1X TBS. Mouse/Rabbit IgGs were used as controls, at the same
concentration as the primary antibody (Table 2.6). Blocking buffer was removed from
tissue. Primary antibodies were applied and stored at 4°C overnight. Tissue sections
were then washed with 1X TBS three times. The appropriate biotinylated secondary
antibody (Table 2.7) was then diluted and applied for 30 minutes to 1 hour. Tissue
sections were then washed again with 1X TBS three times. An avidin peroxidase
solution was then prepared by diluting avidin peroxidase (A3151, Merck, UK) to a
concentration of 100 ug/mL in 1X high salt TBS (Table 2.11). Tissue sections were
then washed again with 1X TBS three times. 3,3"-Diaminobenzidine (DAB; ImmPACT
DAB EqV, SK41-3, Vector Laboratories, USA) was then prepared according to
manufacturer’s instructions. DAB was applied to the tissue and visualised under a light
microscope to determine appropriate timings for incubation. Tissue sections were then
washed with dH>0 for 5 minutes. Slides were then counterstained in filtered
haematoxylin (HHS16, Sigma-Aldrich, UK) for a few seconds and transferred to cold
tap water. To remove cytoplasmic staining, slides were placed in Acid Alcohol (0.25%
HCIl in Ethanol) for a few seconds and then transferred again to cold tap water. Staining
of nuclei was confirmed using a light microscope and then haematoxylin was ‘blued’
using hot tap water for 2 minutes, before being transferred to cold tap water. Slides
were then dehydrated by placing them in 70% ethanol, 95% ethanol and then 100%
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ethanol for 3 minutes each. Finally, slides were placed in two HistoClear solutions,
each for 10 minutes (or overnight if needed) and mounted using DPX (LAMB/DPX,
ThermoFisher, UK).

All buffers used for immunohistochemistry are outlined in Table 2.11.

2.5.4 Immunofluorescence in FFPE tissue

Sudan Black B was dissolved in 70% Ethanol overnight in the dark to make a
concentration of 0.1% w/v. The solution was then filtered using Whatman 595%2 filter

paper.

Dewaxing, rehydration, and heat-activated antigen retrieval were performed as outlined
above (Section 2.5.3). Slides were then dried with a tissue and placed in a humidity
chamber. A PAP pen (H-4000, 2B Scientific) was used to draw around each section of
tissue on the slide. Tissue sections were then blocked with 5% BSA (in TBS) for 1
hour. Primary antibodies (Table 2.6) were applied and stored at 4°C overnight.
Mouse/Rabbit IgGs were used as controls, at the same concentration as the primary
antibody (Table 2.6). Tissue sections were then washed with 1X TBS three times. The
appropriate fluorescent-conjugated secondary antibody (Table 2.7) was then diluted
and applied for 1 hour. To reduce autofluorescence, slides were then incubated in
Sudan Black B for 30 minutes in the dark, as described in Holder et al. (2012)32. Slides
were then placed in 70% ethanol for 1 minute, and then washed with 1X TBS. Slides
were mounted using Fluoromount-G™ with DAPI (0100-20, Southern Biotech, USA).

2.5.5 Microscopy

H&E and immunohistochemistry in FFPE tissue were imaged using the Axioscan Z1
Slide Scanner (Zeiss, Germany) in the Bioimaging Core Facility (Faculty of Biological
Sciences, University of Leeds). Immunofluorescence in FFPE tissue was imaged using
the Zeiss Axio Scope.Al and the following fluorophores were used: DAPI (Excitation:
353 nm, Emission: 465 nm), Alexa 488 (Excitation: 493 nm, Emission: 517 nm) and
Alexa 568 (Excitation: 577, Emission: 603 nm). Zen Blue software was used with both

microscopes (Zeiss, Germany).

2.5.6 Image analysis using QuPath

Images from placental explants were analysed using QuPath (v0.3.2). A pixel classifier
threshold was set to detect the tissue in the images. Tissue was initially drawn around
manually to remove any artefacts or unfocused regions. The tissue detection pixel

classifier was then used to annotate the tissue, excluding any membranous tissue
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(Figure 2.18A). This detected tissue was used to calculate total villous area (um?). For
CD31 DAB area analysis, a previously published script was used®’. The area of CD31
(um?) was normalised to total villous area (um?) (Figure 2.18B). For other markers, the
positive cell detection tool was used to identify the number of DAB positive cells. A
threshold was set to determine ‘positive’ cells and were adjusted depending on the
antigen. The number of positive cells were then normalised to total villous area (um?) or

reported as a percentage of total (haematoxylin labelled) cells (Figure 2.18C).



A) Pixel Classification - Tissue Detection B) CD31 Area Detection
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Figure 2.18 - Methods for quantification of immunohistochemistry of placental
explants using QuPath (v0.3.2). A) Pixel classification used to detect placental tissue.
B) CD31 area was determined using a previously published script®’4. The area of CD31
(um?) was normalised to total villous area (um?). C) Positive cell detection was used for
other markers. The number of positive cells (red outline) were normalised to total
villous area (um?) or reported as a percentage of total cells (red and blue outline).
Scale bars = 20 pm.

Table 2.11 - Buffers used for immunohistochemistry. Abbreviations: TBS — Tris

buffered saline, NaCl — Sodium chloride.

Buffer Constituents
10X TBS High Salt 0.05 M Trizma base, 3 M NaCl, pH 7.6 in dH20
10X TBS 0.2 M Trizma base, 1.5 M NaCl, pH 7.4 in dH20

10X Citrate Buffer 0.1 M Sodium Citrate Tribasic Dihydrate, pH 6.0 in dH-O
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2.6 Analysis of mMRNA expression

2.6.1 RNA extraction

2.6.1.1 Placental explant tissue

To extract RNA from placental explants (~15-30 mg), 500 pL of lysis/binding buffer was
added to nuclease-free Eppendorf’s containing the explants and a 5 mm metal ball
(69989, Qiagen, Germany). The tissue was homogenised using the Tissue Lyser Il
(Qiagen) for 2 minutes, at a frequency of 27/s. Following this, the mirVana™ miRNA
isolation kit (AM1561, Invitrogen, UK) was used to isolate total RNA, including small
RNAs, according to manufacturer’s instructions. All centrifugation steps were
performed at 10,000 RCF, except for elution which was performed at maximum speed.
For the phase separation, 500 pL of Acid-Phenol:Chlorophorm (AM9720, Invitrogen,
UK) was added to the tubes, which were vortexed and centrifuged and the aqueous
upper phase collected. The remainder of the mirVana protocol was followed, including
several wash steps to remove impurities prior to elution with 100 pL of pre-heated
elution solution (95°C). The RNA eluate was stored at -80°C.

2.6.1.2 Cells cultured in plates

Cells were first washed with sterile PBS. Total RNA, including small RNAs was
extracted using the miRNeasy Advanced Mini kit for tissues and cells (217604, Qiagen,
UK), according to manufacturer’s instructions. Cells were scraped into 260 pL of RLT
lysis buffer using sterile cell scrapers (83.3950, Sarstedt, Germany) and the remainder
of the miRNeasy protocol followed. All centrifugation steps were performed at 12,000
RCF, except for those where maximum speed was required. This kit also included
genomic DNA (gDNA) eliminator spin columns, to remove contaminating gDNA. RNA

was eluted in 40 pL of nuclease-free water and stored at -80°C.

2.6.1.3 Cells cultured in Ibidi microfluidic devices

Medium was removed from the outlet and inlet reservoirs and 120 pL of sterile PBS
was added to the inlet to wash the cells. Excess PBS was removed from the reservoirs
and 120 pL of TrypLE express (12563-029, Gibco, UK) was added to the inlet
reservoir. The device was then incubated at 37°C for 5 minutes. Detached cells in
TrypLE were collected into a nuclease-free Eppendorf. Appropriate culture medium
was added into the inlet reservoir and removed from the outlet reservoir to collect
remaining cells. Cells were centrifuged at 350 RCF for 5 minutes and the supernatant

was removed from the pellet. Total RNA, including small RNAs were extracted using
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the miRNeasy micro kit for tissues and cells (217684, Qiagen, UK), according to
manufacturer’s instructions. All centrifugation steps were performed at 10-12,000 RCF,
except for those where maximum speed was required. A DNase step was included to
remove any contaminating gDNA. RNA was eluted in 14 pL of nuclease free water and
stored at -80°C.

2.6.1.4 Cells cultured in the triculture microvasculature model devices

To extract the cells from the triculture devices, the gels were resected and digested in a
solution of PBS containing Accutase (SCR005, Millipore, UK) and 50 FU/ml
Nattokinase (TFSBE-20 Japan Bioscience Ltd, Japan) for 15-20 min at 37°C. All PBS
was removed from the side channels and the PDMS plugs were removed from the
inner compartment. A scalpel was then used to cut away the central channel from the
glass slide. The end of a p200 pipette tip was used to peel the gel containing the cells
away from the PDMS and then to place it in a well of a 24-well plate containing 500 pL
of the gel digestion solution. Samples were pooled from 3 devices for each condition.
The plate was then placed at 37°C for 15-20 minutes. The solution was then mixed well
by pipetting to digest the gel, and cells were checked under the microscope. The
solution was then transferred to a 15 mL tube, and a further 9 mLs of gel digestion
solution was then added to the tube. This was then centrifuged at 1200 RPM for 5
minutes to pellet the cells. The supernatant was then removed, and the pellet was
resuspended in 650 pL of RLT plus lysis buffer (a part of 74134, Qiagen, UK) and
stored at -80°C until the following day. RNA was isolated using the RNeasy Plus Mini
Kit (74134, Qiagen, UK) according to manufacturer’s instructions. All centrifugation
steps were performed at maximum speed. This kit also included gDNA eliminator spin
columns, to remove contaminating gDNA. RNA was eluted in 25 pL nuclease-free

water and stored at -80°C.

2.6.2 RNA quantification

The concentration of RNA (ng/uL) was recorded using the Nanodrop-1000 or -2000
(ThermoFisher Scientific, UK) by loading 1.5 pL of the RNA sample. The nanodrop also
recorded the 260:280 and 260:230 ratios assess for common contaminants, such as
gDNA and phenol, respectively®’®. An example nanodrop trace can be seen in Figure
2.19.
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Figure 2.19 - Example nanodrop traces for RNA samples. The concentration and
purity of RNA samples were measured using the NanoDrop-1000 or -2000
Spectrophotometer. The nanodrop traces in this example were generated using the
NanoDrop-2000. The 10 mm absorbance is plotted against the absorbance wavelength
(nm) to allow the RNA concentration (ng/uL), 260:280 and 260:230 absorbance ratios

to be calculated.
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2.6.3 RT-gPCR

For reverse transcription the Affinity Script kit (200436, Agilent, USA) was used,
according to the manufacturer’s instructions. Samples were prepared by adding 100 ng
RNA to nuclease-free water in a total volume of 12.5 pL. No template (NTC) and no
reverse transcriptase controls (NRT) were also prepared, with nuclease-free water to
replace the RNA or the reverse transcriptase enzyme, respectively. Complementary
DNA (cDNA) synthesis was performed using a thermal cycler (Applied Biosystems
Venti 96 Well, ThermoFisher) and samples were heated to 25°C for 10 minutes, 42°C
for 60 minutes and 70°C for 15 minutes, with a final indefinite hold at 4°C. Samples

were then stored in the -20°C.

For the gPCR, the Brilliant Il Ultra-Fast SYBER Green Master Mix kit was used
(600882, Agilent), according to manufacturer’s instructions. cDNA samples were
diluted 1:10 with nuclease-free water. The passive reference dye, 5-carboxy-X-
rhodamine (ROX) was also diluted 1:500 with nuclease-free water. PCR primers were
used at a final concentration of 0.36 pM. Following the loading of the master mix and
cDNA samples into a 96-well PCR plate, gPCR was performed using the LightCycler
96 Instrument (Roche). The plate was preincubated at 95°C for 3 minutes, followed by
40 cycles of 2 step amplification: 95°C for 20 seconds, followed by an annealing step
for 20 seconds. The temperature of the annealing step varied depending on the primer
melting temperature (Tm). This was followed by a final cycle of 95°C for 1 minute, 55°C
for 30 seconds and 95°C for 1 second to perform melt curve analysis and determine
specificity of the primers. The data was then analysed using the LightCycler 96 1.1
software (Roche; Figure 2.20). Results were acquired as an amplification curve and
raw cycle threshold (Ct) values which were used to calculate the relative gene
expression via the 26C9%100 method, normalising against the appropriate
housekeeping genes (see results). Appropriate housekeeping genes for each
experiment were determined using RefFinder (Figure 2.21). This is a web-based tool
which incorporates the currently available major computational programs (geNorm,
Normfinder, BestKeeper, and the comparative Delta-Ct method) to compare and rank

the tested candidate reference genes (https://blooge.cn/RefFinder/).
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Figure 2.20 - Example of an mRNA RT-qPCR output. A) Amplification plot from an
RT-gPCR reaction monitoring the amplification of an mRNA transcript from an RNA
sample, to determine its relative abundance. B) The melt curve generated after the 40

cycles of 2-step qPCR to determine the specificity of primer binding.
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Figure 2.21 - Example of RefFinder results used to determine the most stable
housekeeping genes. Ct values for selected housekeeping genes for each sample
were inputted into RefFinder. This is a web-based tool which incorporates the currently
available major computational programs (geNorm, Normfinder, BestKeeper, and the
comparative Delta-Ct method) to compare and rank the tested candidate reference

genes (https://blooge.cn/RefFinder/).
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2.6.3.1 Primers

Primers were either identified from previous studies or designed using the Primer
Designing tool on NCBI (Primer-BLAST)3'®. If a gene had multiple transcripts, the
FASTA sequences for each transcript were inputted into the EMBL-EBI Multiple
Sequence Alignment tool*”” to identify which regions of the sequences overlapped.
Primers were then designed within this region. Primers were selected with a GC
content between 40-60%, a product size between 90-300, at least 4 base mismatches
from off-target transcripts and spanning an exon-exon junction, where possible. The
sequences of primers and their annealing temperatures are outlined in Table 2.12
(Housekeeping genes) and Table 2.13 (Target genes). Custom oligonucleotides were
ordered from IDT (USA).
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Table 2.12 - RT-gPCR primers for housekeeping genes. Custom oligonucleotides were ordered for each housekeeping (IDT,
USA). The forward and reverse primer sequences are shown, with their appropriate annealing temperatures, product lengths and
references.

Annealing
Temperature

Sequence (5'->3")

Product Length Reference

18S (rRNA) Forward primer GCTGGAATTACCGCGGCT - 187 Designed
(XR_007086113.1) Reverse primer CGGCTACCACATCCAAGGA
ACTB Forward primer CATGTACGTTGCTATCCAGGC )
(NM_001101.5) Reverse primer CTCCTTAATGTCACGCACGAT >0 250 Designed
B2M Forward primer TGACTTTGTCACAGCCCAAGATA
(NM_004048.4) Reverse primer CGGCATCTTCAAACCTCCA > & e
GAPDH Forward primer CTGGGCTACACTGAGCACC _
(NM_002046.7) Reverse primer AAGTGGTCGTTGAGGGCAATG %0 101 Designed
GUSB Forward primer GTCTGCGGCATTTTGTCGG
(NM_000181.4) Reverse primer CACACGATGGCATAGGAATGG > 127 ¥
HPRT1 Forward primer TGACACTGGCAAAACAATGCA
(NM_000194.3) Reverse primer GGTCCTTTTCACCAGCAAGCT % 94 o
RPL13A Forward primer GCCATCGTGGCTAAACAGGTA
(NM_012423.4) Reverse primer GTTGGTGTTCATCCGCTTGC > 135 e
RPLPO Forward primer AGCCCAGAACACTGGTCTC - o7 .
(NM_001002.4) Reverse primer ACTCAGGATTTCAATGGTGCC
YWHAZ Forward primer ACTTTTGGTACATTGTGGCTTCAA _
55 94 Designed

(NM_003406.4)

Reverse primer

CCGCCAGGACAAACCAGTAT
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Table 2.13 - RT-gPCR primers for target genes. Custom oligonucleotides were ordered for each target gene (IDT, USA). The

forward and reverse primer sequences are shown, with their appropriate annealing temperatures, product lengths and references.

Annealing Temperature (°C) Product Length ‘ Reference

Sequence (5'->3")

Gene Primer

CD44 Forward primer CAGAGGAGTAGGAGAGAGGAAACA Designed
_ 60 219
(NM_000610.4) Reverse primer ACCAGAGGAAGGGTGTGCTC
CXCL2 Forward primer TGGGCAGAAAGCTTGTCTCAA o0 %0 Designed
(NM_002089.4) Reverse primer TCTGGTCAGTTGGATTTGCCATTTT
EGE Forward primer ACTGCACGTGCCCTGTAGGA Designed
- 60 193
(NM_001963.6) Reverse primer TCGGGTGAGGAACAACCGCT
FABP4 Forward primer GAATGCGTCATGAAAGGCG o0 . e
(NM_001442.3) Reverse primer CAATGCGAACTTCAGTCCAGG
FLT1 (VEGFR1) Forward primer CCCAGTTTCTGCCATTCCAG o %0 %0
(NM_002019.4) Reverse primer CGCGATTTTCCTTTCCAGCT
IL1B Forward primer CACCAATGCCCAACTGCCTGC Designed
- 60 219
(NM_000576.3) Reverse primer TGCTCATCAGAATGTGGGAGCGA
IL6 Forward primer GGTACATCCTCGACGGCATCT o0 61 e
(NM_000600.5) Reverse primer GTGCCTCTTTGCTGCTTTCAC
JCAD Forward primer AGACCCTGGATTGGAACCTC 0
_ 60 117
(NM_020848.4) Reverse primer TGACCGCCACACACATTTAT
KDR (VEGFR?2) Forward primer CTCACAGTCCTAGAGCGTGT o0 o5 %0
(NM_002253.4) Reverse primer AGACTTCGATGCTTTCCCCA
Forward primer TCCAGCAGCAGAACACAGTACCA Designed
NAMPT 60 11
(NM_005746.3) Reverse primer TCGCTGACCACAGATACAGGCAC
NTSE (CD73) Forward primer CTAGCGCAACCACAAACCATAC o 2 Designed
(NM_002526.4) Reverse primer CTGGGTCCTCTCTGAGTCTCG
383
PDGFD Forward primer TTGTACCGAAGAGATGAGACCA 60 133
(NM_025208.5) Reverse primer GCTGTATCCGTGTATTCTCCTGA
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Primer Sequence (5'->3") Annealing Temperature (°C) Product Length Reference
PECAML1 (CD31) Forward primer GCTGAGTCTCACAAAGATCTAGGA 57 91 .
(NM_000442.5) Reverse primer ATCTGCTTTCCACGGCATCA
PIEZO1 Forward primer CAGGCCTATGAGGAGCTGTC o0 170 e
(NM_001142864.4) Reverse primer TTGTAGAGCTCCCGCTTCAT
Forward primer TACGTGGATCGGGGCGGAAA Designed
PINK1 60 204
(NM_032409.3) Reverse primer TCGGGCAGATGGTCTCTTGCT
Forward primer CAAATTGCTGGCAGGGTTGCTGG Designed
PTGS2 60 236
(NM_000963.4) Reverse primer AGGGCAGGATACAGCTCCACAG
Forward primer GGCCATGATTAGCAGGCCTTA Designed
RAMP2 60 292
(NM_005854.3) Reverse primer TGTTGAGAAGCTCGTGGCCC
SLC2A1 (GLUT1) Forward primer AACCACTGCAACGGCTTAGA 57 199 Designed
(NM_006516.4) Reverse primer TCACGGCTGGCACAAAACTA
SLC2A3 (GLUT3) Forward primer TGCAACTTCATGTCAACTTCTGG . " Designed
(NM_006931.3) Reverse primer TCAGTGAGAAATGGGACCCTG
SLC2A4 (GLUT4) Forward primer AGAGCCAGCTCTCTCTACCC . 165 Designed
(NM_001042.3) Reverse primer TCACACGAGGGGAATGAGG
SLC2A8 (GLUTS) Forward primer CTAGTGGCCCCGGTCTACAT . 60 Designed
(NM_014580.5) Reverse primer CCGACGACGACCATTAGCTG
SLC2A9 (GLUT9) Forward primer CAATAGACCCAGACACTCTGACT . 00 Designed
(NM_020041.3) Reverse primer TCTTCACAATTAACGTCCCCAC
SLC2A10 (GLUT10) Forward primer CTTGCTGTATCTACGTGTCAGAG 57 124 Designed
(NM_030777.4) Reverse primer CCAGCCAGTGCATAGTTGAGG
SLC2A12 (GLUT12) Forward primer CTTGCCTCACTCACCGGAG . 138 Designed
(NM_145176.3) Reverse primer GCGTCCCACTATAAGAACCGTG
THY1 (CD90) Forward primer AGGGCCATCAGCTCTCTTCTGCT 50 o10 Designed
(NM_006288.5) Reverse primer TCCTGGTGCAGAGCCACACTT
VWE Forward primer CCCATTTGCTGAGCCTTGT . " e
(NM_000552.5) Reverse primer GGATGACCACCGCCTTTG
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2.6.4 qPCR sign arrays

To further identify endothelial and mesenchymal genes in endothelial lineage
differentiated pMSCs (n=4), an Endothelial-to-Mesenchymal transition (EndMT) gPCR
SignArray (EndMT1H1, AnyGenes, France) was performed. Samples were prepared
by adding 400 ng RNA to nuclease-free water in a total volume of 10 pL. RNA was
converted to cDNA using the Applied Systems High-Capacity cDNA Reverse
Transcription Kit (4368814, ThermoFisher Scientific, UK). This kit was recommended
by the manufacturers of the gPCR array. Each gPCR sign array plate was first
centrifuged at 1000 RCF for 60 seconds at room temperature, to bring contents to the
bottom of each well. cDNA was diluted 1:6 in nuclease-free water. A master mix was
then prepared for each sample containing 575 uL SYBR green (600882, Agilent, USA),
460 pL nuclease-free water and 115 pL diluted cDNA. A master mix was also prepared
for the QC wells of the plate containing 90 uL SYBR green and 90 pL nuclease-free
water. The master mix for each sample was then vortexed and centrifuged briefly
before loading 10 uL into each well, according to the plate layout. The plate was
centrifuged at 1000 RCF for 60 seconds at room temperature before loading into the

Light Cycler 384 Instrument (Roche, Switzerland).

The plate was preincubated at 95°C for 10 minutes, followed by 40 cycles of 2 step
amplification: 95°C for 10 seconds, followed by an annealing step at 60°C for 30
seconds. This was followed by a final cycle of 95°C for 10 seconds, 65°C for 30
seconds and 95°C for 1 second to perform melt curve analysis and determine
specificity of the primers. The plate contained 83 genes of interest and 8 housekeeping
genes (Table 2.14). Positive controls and negative controls were also included in the
plate. The cycle Ct values were inputted into an analysis spreadsheet provided by
AnyGenes and carried out according to manufacturer’s instructions. The analysis used
in the spreadsheet is based on the delta-delta Ct (AACt) method, which compares the
experimental condition to the control condition, and included a student’s T-Test to
determine statistical significance (p<0.05 considered statistically significant). A positive
or negative gene expression variation was used to determine whether a gene was up-
or down-regulated, respectively based on a fold change in pMSCs cultured in

differentiation medium compared to control medium.
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Table 2.14 - List of primers included in the endothelial to mesenchymal transition

(EndMT) gPCR sign array. Genes shaded in grey are the housekeeping genes, at the

RefSeq ID Symbol

end of the list.

NM_014795.3 ZEB2
NM_001128128.2 ZEB1
NM_003068.4 SNAI2
NM_005985.3 SNAI1
NM_000602.4 SERPINE1
NM_006162.3 NFATC1
NM_003392.4 WNTS5A
NM_000638.3 VTN
NM_003380.3 VIM
NM_001001522.1 TAGLN
NM_001792.3 CDH2
NM_001299.4 CNN1
NM_000088.3 COL1A1
NM_212482.1 FN1
NM_004612.2 TGFBR1
NM_001024847.2 TGFBR2
NM_000660.4 TGFB1
NM_001135599.2 TGFB2
NM_003239.2 TGFB3
NM_005359.5 SMAD4
NM_005902.3 SMAD3
NM_005901.4 SMAD2
NM_016269.4 LEF1
NM_001200.2 BMP2
NM_024408.3 NOTCH2
NM_000474.3 TWIST1
NM_003200.3 TCF3
NM_001243226.1 TCF4
NM_005163.2 AKT1
NM_002746.2 MAPK3
NM_004530.4 MMP2
NM_002422.3 MMP3
NM_002448.3 MSX1
NM_000603.4 NOS3
NM_181523.2 PIK3R1
NM_006254.3 PRKCD
NM_000552.3 VWF
NM_000450.2 SELE
NM_001025109.1 CD34
NM_001795.3 CDH5
NM_001130861.1 CLDN5
NM_000132.3 F8
NM_001099786.1 ICAM2
NM_002210.3 ITGAV
NM_000212.2 ITGB3
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NM_017617.3 NOTCH1
NM_006218.2 PIK3CA
NM_002093.3 GSK3B
NM_000601.4 HGF
NM_001530.3 HIF1A
NM_002449.4 MSX2
NM_000214.2 JAG1
NM_002226.4 JAG2
NM_002253.2 KDR
NM_000435.2 NOTCH3
NM_004626.2 WNT11
NM_001904.3 CTNNB1
NM_173849.2 GSsC
NM_001315.2 MAPK14
NM_002019.4 FLT1
NM_138957.2 MAPK1
NM_000576.2 IL1B
NM_001025366.2 VEGFA
NM_001719.2 BMP7
NM_001014796.1 DDR2
NM_002006.4 FGF2
NM_002205.2 ITGAS
NM_133376.2 ITGB1
NM_004557.3 NOTCH4
NM_000442.4 PECAM1
NM_000594.2 TNF
NM_005424.2 TIE1
NM_002052.3 GATA4
NM_005157.4 ABL1
NM_001141945.1 ACTA2
NM_001105.4 ACVR1
NM_001202.3 BMP4
NM_001901.2 CTGF
NM_001955.4 EDN1
NM_001127598.1 IGF2
NM_001429.3 EP300
NM_003998.3 NFKB1
NM_004994.2 MMP9
NM_001146312.1 MYOCD
NM_021130 PPIA
NM_001101 ACTB
NM_001172085 TBP
NM_004048 B2M
NM_053275 RPLPO
NM_000194 HPRT1
NM_001128148 TFRC
NM_000181.3 GUSB
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2.6.5 RNA sequencing

2.6.5.1 Preparation of samples

Following glucose treatments (Section 2.4.1), placental explant RNA samples (n=5)
were prepared into 20 pL aliquots in nuclease-free Eppendorf's and sent to Novogene
(Cambridge, UK).

2.6.5.2 mRNA sequencing

RNA sample purity was determined using agarose gel electrophoresis and the Agilent
2100. All samples passed the required criteria. For mRNA-sequencing, the library prep
was conducted using the Novogene next generation sequencing (NGS) RNA Library
Prep Set (PT042). mRNA was enriched with oligo(dT) beads and fragmented by adding
fragmentation buffer. The cDNA synthesis was the performed with an mRNA template,
random hexamers primer, and an llumina custom second-strand synthesis buffer. The
second-strand synthesis was instigated by the addition of ANTPs, DNA polymerase |
and RNase H. Ligation and sequence adapter ligation was then performed. The cDNA
library was then finalised by determining the library concentration (using the Qubit 2.0),
the insert size (using the Agilent 2100), followed by gPCR to quantify the precise library
concentration. The cDNA library was then loaded into llumina sequencers for mMRNA-
sequencing (lllumina Novaseq 6000, S4 flow cell, PE150 sequencing; Figure 2.22).
Raw reads of FASTQ format were processed through fastp to remove reads containing
adapter sequences, poly-N and low quality reads. Error scores, such as Q20 and Q30,
which represent an error rate of 1 in 100 and 1 in 1000 base pairs, respectively, were
also calculated®’. These were used as a cut off so that all downstream analyses were
based on clean data with high quality. Reads were then mapped to a reference
genome (Homo Sapiens, GRCh38/hg38) and aligned using STAR3®. FeatureCounts

was used to count the read numbers mapped to each gene3®.
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Figure 2.22 - mRNA-sequencing cDNA library preparation workflow. mRNA is
fragmented and reverse transcribed to produce cDNA. Second-strand synthesis is
initiated with the addition of dNTPs (dTTP, dATP, dGTP, dCTP). Adapter ligation is
then performed and subsequent PCR to determine the precise library concentration

(Novogene, UK).
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2.6.5.3 Differential gene expression analysis

Differential gene expression analysis was performed by Dr Dapeng Wang
(LeedsOMICs). Only genes that had at least 10 read counts in total across all samples
examined were retained. DESeg2 was used to perform the differential expression
analysis on raw read counts®®, Due to variation between individual patient samples,
the patient variable was added to the design formula to enable matched sample
analysis®%39, Significantly differentially expressed genes (DEGs) were determined
based on the cut-offs p<0.05 and Log. Fold Change (Log:FC) >0.5 or < -0.5.

2.6.6 Functional enrichment analysis

Functional predictions of DEGs were performed using WebGestalt for Over
Representation Analysis (ORA), Ingenuity Pathway analysis (IPA; Qiagen) and the

ClusterOne algorithm on Cytoscape.

2.6.6.1 Overrepresentation Analysis

Ensembl IDs for DEGs (p<0.05 and Log2FC >0.5 or < -0.5) were inputted into
WebGestalt (http://www.webgestalt.org/) and ORA was performed®®2. This produced a

list of enriched gene ontology (GO) annotations (biological processes, cellular
components, and molecular functions)3®32% and Kyoto Encyclopaedia of Genes and
Genomes (KEGG)**5397 Panther3®® and Reactome3® pathways. For GO annotations,
redundant terms were excluded. For identified pathways and GO terms, a false
discovery rate (FDR) value of <0.05 was used as threshold. Enrichment ratios (ER)
were also reported which is the number of observed genes divided by the number of

expected genes in each GO/pathway category.

2.6.6.2 Ingenuity Pathway Analysis

ORA is routinely used to predict functional consequences but is unable to predict the
direction of change, whilst IPA takes into consideration the direction of Log>FC of the
genes, and therefore can predict whether a function or pathway appears to be
activated and deactivated based on a Z-score*®. The Ensembl IDs for DEGs (p<0.05
and Log2FC >0.5 or < -0.5), and the associated Log:FC’s were inputted into IPA
(QIAGEN Inc., https://digitalinsights.giagen.com/IPA)*°! for core analysis. This included

canonical pathway analysis, disease and function, regulator effects, upstream
regulators, causal networks, and molecular networks. For identified canonical pathways

and diseases and functions p<0.01 (-log (p value) > 2) was used as threshold.

2.6.6.3 Cluster analysis using CytoScape and ClusterOne


http://www.webgestalt.org/
https://digitalinsights.qiagen.com/IPA
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The Ensembl IDs for DEGs (p<0.05 and Log2FC >0.5 or < -0.5) were inputted into
STRING (v11.3, https://string-db.org/), an online database that integrates and scores

all publicly available sources of protein—protein interaction“®?. This generated a protein-
protein interaction network of the proteins associated with the DEGs. This network was
loaded into Cytoscape (v3.8.2), a software for integrated models of biomolecular
interaction networks*®®, ClusterOne (v1.0) was used which detects densely connected
regions (clusters) in large protein-protein interaction networks*%#4%_ ClusterOne
identified significant clusters (p<0.05), which contained ‘nodes’, which are the proteins,
and ‘edges’ that show interactions between different proteins. The minimum node
number for ClusterOne was set to 3. To determine their biological significance, these

clusters were then inputted into Reactome (https://reactome.org/), the online pathway

analysis tool, which provides molecular details on biological processes in humans3%°,

2.6.6.4 Computational methods to predict localisation of altered
inflammatory mediators within the placenta
Inflammatory mediators (cytokines and chemokines) were identified within the DEG list,

based on those found within the associated immune/inflammatory pathways. The

maternal-fetal interface atlas (https://maternal-fetal-interface.cellgeni.sanger.ac.uk/)

was used, which is an online tool, developed from single-cell RNA sequencing data of
the placenta and decidua®®®. To determine which cell types within the placenta
express/produce these inflammatory mediators, the tool was subset to placental cell
types (excluding decidual cell types), and each inflammatory mediator gene was
inputted individually. Results were displayed as a Uniform Manifold Approximation and
Projection (UMAP) plot of single cell RNA sequencing data, with a colour scale to show

the level of expression in various placental cell types.

2.6.6.5 Comparison of DEGs to Hofbauer cell proteomics data

To further confirm whether differentially expressed inflammatory mediators are
produced by HBCs, the DEGs altered by 7 mM glucose in placental explants were
compared to HBC proteomics data by Pantazi et al. (2022)*%7, using Venny

(https://bioinfogp.cnb.csic.es/tools/venny/). In this study, placentae were collected from

uncomplicated pregnancies and HBCs were isolated using a previously published
protocol*®. Tandem Mass Tagging (TMT) proteomics was then conducted on isolated
HBCs (n=6), as described in Pantazi et al. (2022)°7.

2.6.6.6 Comparison of DEGs to M1/M2 macrophage polarisation

transcriptomic data


https://string-db.org/
https://reactome.org/
https://maternal-fetal-interface.cellgeni.sanger.ac.uk/
https://bioinfogp.cnb.csic.es/tools/venny/
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To determine whether differentially expressed genes were associated with M1 or M2
polarised HBCs, the DEGs altered by 7 mM glucose in placental explants were

compared to genes differentially expressed in M1/M2 macrophages using Venny

(https://bioinfogp.cnb.csic.es/tools/venny/). The M1/M2 transcriptomic data was taken
from a previous RNA sequencing study that investigated the gene expression profiles
of monocyte-to-macrophage transition and polarisation to either M1 or M2
macrophages, using monocytes from human blood*®. Additionally, these genes were
also compared with the HBC proteomics data, to determine which of these M1/M2

markers are associated with HBCs.

2.6.7 Analysis of publicly available transcriptomic data on GDM
and/or LGA

The gene expression omnibus (GEO) and ArrayExpress were searched (2020)419411 to
identify publicly available transcriptomic datasets of human placentae, which included
samples from women with GDM and/or contained information on birthweight or BWCs
to determine whether samples were LGA or AGA. For GEO datasets, GEO2R was
used to identify DEGs between the groups in the identified studies. This is an
interactive web tool that allows users to compare two or more groups of samples in a
GEO Series*?, GenomeStudio (v1.0)*2 was used to assess DEGs in ArrayExpress
datasets, which was conducted by Dr Dapeng Wang (LeedsOMICs). DEGs in each
study were defined as those with p<0.05 and a Log2FC of <-0.5 or >0.5, to apply the
same cut offs as those used for the transcriptome analysis of glucose fluctuations in
placental explants. The DEG lists (p<0.05 and Log.FC of <-0.5 and >0.5) were then
inputted into WebGestalt for ORA to identify significant overrepresented GO terms and
KEGG, Reactome and Panther pathways (Section 2.6.6.1). The DEG lists were then
compared to DEGs altered by 7 mM glucose in placental explants using Venny

(https://bioinfogp.cnb.csic.es/tools/venny/).

2.7 Analysis of proteins

2.7.1 Protein extraction from placental villous explant tissue

To extract protein from placental explant tissue (~15-30 mg), radioimmunoprecipitation
assay (RIPA) buffer was prepared with appropriate inhibitors. A 10x RIPA buffer (20-
188, Merck, UK) was diluted to 1x with nuclease free water and phosphatase inhibitors
(1% phosphatase inhibitor cocktail 2, P5726, Scientific Laboratory Supplies, UK; 1%
phosphatase inhibitor cocktail 3, P0044, Sigma-Aldrich, UK) and a protease inhibitor
(1%, protease inhibitor cocktail tablet, 04693124001, Roche, Switzerland) were added.


https://bioinfogp.cnb.csic.es/tools/venny/
https://bioinfogp.cnb.csic.es/tools/venny/
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Following this, 500 pL of 1x RIPA buffer containing the inhibitors was added to
nuclease free tubes containing the explants and a 5 mm Qiagen metal ball. The tissue
was then homogenised using the Tissue Lyser Il (Qiagen, UK) at a frequency of 27/s at
30 second intervals until the tissue appeared fully lysed. The samples were then kept
on ice for 30 minutes with occasional vortexing. Finally, the samples were centrifuged
at 18,928 RCF, to remove cellular debris, for 10 minutes at 4°C and the supernatant

containing protein transferred and aliquoted into fresh tubes.

2.7.2 Protein assay

To quantify the concentration of protein isolated from placental explants, the BioRad
protein assay was performed. An initial protein standard was made with BSA at a
concentration of 1 mg/mL in distilled water. Serial dilutions were then performed at 1:2
to make the following concentrations: 0.5, 0.25, 0.125, 0.0625, 0.03125, 0.015625 and
0.0078125 mg/mL. Protein samples were also diluted 1:10. In a 96-well plate, 10 uL of
standard or samples were loaded into the wells in duplicate, followed by 100 uL of the
1x Quick Start Bradford Dye Reagent (5000205, Bio-Rad, USA). The plate was
incubated at room temperature for 15 minutes, protected from light. The absorbance
was then measured at 595 nm on a plate reader (BioTek Powerwave HT, Agilent, USA)
with Gen5 Microplate Reader and Imager software. Protein concentrations in the

samples were determined using the linear standard curve (Figure 2.23).

2.7.3 Interleukin protein ELISAs

To assess levels of IL-1B and IL-6 in placental villous explant protein, human uncoated
IL-1B (88-7261-22, ThermoFisher Scientific) and IL-6 ELISAs (88-7066-22,
ThermoFisher Scientific) were used according to manufacturer’s instructions. Explant
protein was diluted (1:10-1:100) in 1x ELISA diluent. For IL1-B ELISAs, a standard
curve with concentrations of 1.17, 2.34, 4.69, 9.38, 18.75, 37.5, 75, 150 pg/mL was
used. For IL-6 ELISAS, a standard curve with concentrations of 1.56, 3.13, 6.25, 12.5,
25, 50, 100, 200 pg/mL was used. The absorbance was measured at 450 nm and 570
nm on a plate reader (Powerwave HT, Biotek) with Gen5 Microplate Reader software.
Final absorbance values were calculated as the absorbance at 450-570 nm.
Concentrations in explant samples were determined from a 4PL curve of the standards
(Figure 2.24, See Section 2.2.2). Concentrations were normalised to total explant
protein (mg). A 1x RIPA buffer, used in the protein extractions, was spiked into and IL1-

B and IL-6 standard to ensure the RIPA buffer was not interfering with ELISA results.
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Figure 2.23 - Example of a protein assay standard curve. The Bio-Rad colourimetric
protein assay was performed to calculate the concentration of protein in placental
explants. The absorbance was measured at 595 nm of known concentrations of bovine
serum albumin (BSA). The equation for this curve was y=1.11x+0.196, with an R? of
0.98.
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Figure 2.24 - Example of an interleukin ELISA 4PL standard curve. ELISAs for IL1-
B (A) and IL-6 (B) in placental explant protein were performed. The absorbance at 570
nm was subtracted from the absorbance at 450 nm from known concentrations of IL1-
and IL-6 (pg/mL). The standard curve was plotted as a 4 parameter logistic regression
(4PL) curve. The R? for both curves are 0.99.
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2.7.4 Western blots

To assess levels of HBC markers in placental explant protein, a Western blot was
performed. Firstly, placental explant protein was concentrated using Amicon Ultra-0.5
centrifugal filters (UFC500396, Millipore, USA). To remove glycine from the filters, 500
uL of PBS was added to the filter and centrifuged at 4,000 RCF for 10 minutes. All
remaining PBS was then removed from the filters and up to 500 pL of the protein
sample was added. The sample was then centrifuged at 14,000 RCF for 15 minutes.
The filter, containing the concentrated protein, was then inverted into a new tube, and
centrifuged at 1000 RCF for 2 minutes. For each gel, 30 pg of concentrated protein
was made up in a total of 13 pL of dH20. A 9:1 master mix of NUPAGE lithium dodecyl
sulfate (LDS) 4x sample buffer (NPO0O7, ThermoFisher, USA) and 10x reducing agent
(NP0O009, ThermoFisher, USA) was prepared and 5 uL added to each sample. The
samples were then heated at 70°C for 10 minutes. Pre-cast Mini-PROTEAN 4-15%
polyacrylamide gels (4561086, Bio-Rad, USA) were loaded into the cassette, which
was filled with 1x running buffer (Table 2.16). Samples were briefly centrifuged for 20
seconds. In the first well, 5 uL of PageRuler Plus Pre-Stained Protein Ladder (26619,
ThermoFisher, USA) was loaded, and subsequent wells were loaded with 15 pL of
sample. The samples were then electrophoresed at 50V for 5 minutes followed by
100V for ~90 minutes. A polyvinylidene fluoride (PVDF) membrane (88585,
ThermoFisher, USA) was first activated in methanol for 2 minutes, followed by washes
in dH20. Protein bands from the gel were transferred to the PVDF membrane in a
transfer tank and cassette. The transfer tank was filled with 1x transfer buffer (Table
2.16) and an ice block and ran at 100V for 1 hour. Blots were then blocked in 3% BSA
in TBS with 0.3% Tween-20 (TBST) for 1 hour (Table 2.16), to prevent non-specific
binding of the antibody. Blots were then incubated overnight at 4°C with primary
antibodies (Table 2.15) in 3% BSA in TBST, and then washed 8 times with TBST. Blots
were then incubated with the appropriate secondary antibody for 1 hour at room
temperature in 3% BSA in TBST (Table 2.15; Table 2.6), and then washed 8 times with
TBST. The SuperSignal West Femto Maximum Sensitivity Substrate (34094,
ThermoFisher, USA) was added to detect the secondary antibody. Finally, blots were
photographed using the G:Box imager (Syngene, India). Following detection of target
proteins, the blots were stripped using a Glycine strip buffer (Table 2.16) for 30 minutes
and then washed with TBST before applying the primary antibody for the loading
control (B-actin, Table 2.15) in 3% BSA in TBST overnight at 4°C. The blot was
washed, secondary antibody applied and visualised as above. Densitometry

measurements were taken of the target protein bands using ImageJ. A background
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reading was taken for each band and subtracted. Measurements were normalised to
densitometry measurements of -actin protein bands. The buffers used for Western

blots are outlined in Table 2.16.

2.8 Statistical analysis

All data analysis, statistical analysis and data visualisation were performed using R
(v4.04) and R studio (v1.3.959). R packages used for data visualisation included,
ggplot2, Enhanced Volcano*'4, ggbreak*'® and ggsignif. Normality of data was
assessed using quantile-quantile (QQ) plots (Figure 2.25) and Shapiro-Wilk tests. For
Shapiro-Wilk tests p>0.05 was considered normally distributed.

Data that was not normally distributed was presented as the median, and statistical
analysis was performed using a Mann Whitney U test or a Kruskal-Wallis with Dunn’s
post-hoc test for two, or more than two groups, respectively. Data that was normally
distributed was presented as the mean, and statistical analysis was performed using a
T-Test, one-way analysis of variance (ANOVA) or two-way ANOVA (with Tukey’s post-
hoc test) for two, more than two groups (1 independent variable) or more than two
groups (2 independent variables). For fold change data, statistical analysis was
performed using a Wilcoxon Signed-Rank test. For categorical variables, statistical

analysis was performed using a Chi-Squared test.
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Table 2.15 - Antibodies used for Western blots. The primary and secondary antibodies used for Western blots, including their host

species, dilution’s, final concentrations, manufacturers, and product codes. Abbreviations: HRP — Horseradish Peroxidase.

Stock

Protein Host Species Concentration Dilution | Final Concentration Manufacturer Product Code
CD163 Hofbauer Cell Marker Rabbit 771 pg/mL 1:1000 0.771 pg/mL Abcam ah182422
CD206 Hofbauer Cell Marker Mouse 1000 pg/mL 1:2000 0.5 pg/mL Protein Tech 60143-1-Ig
B-Actin Loading Control Rabbit 11 pg/mL 1:1000 0.011 pg/mL Cell Signalling Tech 4967S
Anti-Rabbit HRP Secondary Goat pg/mL 1:1250 pg/mL Dako P0448
Anti-Mouse HRP Secondary Goat pg/mL 1:1250 pg/mL Dako P0447

Table 2.16 - Buffers used for Western blots. Abbreviations: TBS — Tris buffered saline, TBST — Tris buffered saline with Tween-20,

NaCl — Sodium chloride.
Buffer Constituents

10X TBS 0.2 M Trizma base, 1.5 M NaCl, pH 7.4 in dH20
10X Running Buffer 0.25 M Trizma base, 1.92 M Glycine and 0.03 M SDS in dH20
10X Transfer Buffer 0.25 M Trizma base and 1.92 M Glycine in dH20

1X Transfer Buffer

0 . .
with Methanol 20% Methanol in 1X Transfer Buffer in dH20

TBST 0.03% Tween-20 in 1X TBS in dH20

Glycine Strip Buffer 0.1 M Glycine, pH 2.5 in dH20
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Figure 2.25 - Example Q-Q Plots for assessing normality of data. A) Example of a
Q-Q plot that shows data points are along the normal distribution. B) Example of a Q-Q

plot that shows data points are not along normal distribution.
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Chapter 3 - The impact of physiological maternal glucose

fluctuations on the human placenta

3.1 Introduction

Despite treatment of GDM to normalise maternal glucose levels to those within the
normoglycaemic range, infants can still be born LGA, however the mechanism behind
this is unclear. Recent work from our group and others have used CGM to show that
this may be explained by subtle fluctuations in glucose levels over the 24-hour day that
are undetectable by other measures®¢:°6¢0-62_|n the study by Law et al. (2019)
glycaemic profiles were assessed in women with GDM who wore masked-CGM for 7
days between 30-32 weeks’ gestation, and pregnancy outcomes were reported. While
mean maternal glucose levels did not differ between women with GDM that delivered
LGA or AGA infants, and were considered ‘normoglycemic’, women that went on to
deliver LGA infants had temporal periods of mild hyperglycaemia. For example, women
with GDM that delivered LGA infants had a higher nocturnal glucose (6.0 = 1.0 mM) for
6-hours overnight (00:30-06:30), compared to mothers of AGA infants (5.5 = 0.8 mM,;
p=0.005)%2, It is unclear how this small change in glucose impacts on fetal weight,
however many in vivo and in vitro studies have shown that maternal hyperglycaemia
alters placental development and function®3:262-265:416-420 " contributing to LGA and poor
pregnancy outcomes in GDM. However, many current ex vivo and in vitro studies are
limited as they utilise supraphysiological concentrations of glucose (> 25 mM)?262:282:420
The impact of subtle fluctuations in glucose, within a normoglycaemic range over time
(as observed by CGM), have not been investigated. Although not at physiological
levels, several studies have demonstrated that fluctuating glucose levels (cycling
between ~5 mM and ~20-50 mM) can influence cellular function and gene expression

in other tissues*21-423,

Therefore, an ex vivo placental explant model was employed to mimic in vivo maternal
glucose fluctuations in women with GDM who had LGA and AGA infants and determine

the effect on the placental transcriptome and function.

3.2 Hypothesis

Temporal periods of mild hyperglycaemia in GDM alters placental development and

function, which could lead to LGA.

3.3 Aims
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1. To develop an ex vivo human placental explant model to mimic physiological in
vivo maternal glucose fluctuations in women with GDM LGA and GDM AGA
pregnancies.

2. To assess the impact of physiological glucose fluctuations on the placental

transcriptome.

3.4 Results

3.4.1 In vivo glucose fluctuations associated with LGA in GDM
pregnancies can be modelled in ex vivo placental villous
explants

An ex vivo placental villous explant model was utilised to mimic in vivo maternal
glucose fluctuations evident in CGM profiles of women with GDM. For acute treatments
(48 hours), explants were cultured in normoglycaemic conditions (5.5 mM) for the first
day of culture. Explants were then exposed to fluctuating 5- and 5.5-mM glucose (5/5.5
mM) or constant 5, 5.5 or 7 mM glucose. For the 5/5.5 mM fluctuating condition,
medium was replenished to 5 mM glucose at 18 and 42 hours, and 5.5 mM glucose at
24 hours. For the constant conditions, medium was replenished to 5, 5.5 or 7 mM
glucose at 18, 24 and 42 hours.

To determine if the concentration of glucose in the medium and the frequency of
medium changes were suitable for modelling physiological glucose levels in placental
explants glucose was measured at each time point (n=5-9). Input concentrations of 7
mM glucose decreased to within normoglycemic levels of 5.36+0.36 mM at 18 hours
and 5.77£0.40 mM at 42 hours and mild hyperglycaemic levels of 6.74+0.16 mM at 24
hours and 6.9+0.16 mM at 48 hours (Figure 3.1). clnput concentrations of constant 5.5
mM glucose and fluctuating 5/5.5 mM glucose were at normoglycaemic levels. For the
5.5 mM condition, glucose levels were 3.96+0.10, 5.40+0.17, 4.10+0.22 and 5.39+0.16
mM at 18, 24, 42 and 48 hours, respectively (Figure 3.1). For the 5/5.5 mM condition,
glucose levels remained more stable throughout culture, with levels of 4.38+0.27,
4.97+0.12, 4.62+0.25 and 4.99+0.10 mM at 18, 24, 42 and 48 hours, respectively
(Figure 3.1). This glucose profile (5/5.5 mM) best represented women with GDM that
have appropriate control of glycaemia (normoglycaemia), likely to go onto develop AGA
infants®. Input concentrations of 5 mM glucose decreased to near hypoglycaemic
levels of 3.31+0.07 mM at 18 hours and 3.51+0.10 mM at 42 hours and
normoglycaemic levels of 4.71+£0.11 mM at 24 hours and 4.85+0.08 mM at 48 hours

(Figure 3.1). This glucose profile (5 mM) best represented women with periods of
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hypoglycaemia, with glucose below the recommended time in range for CGM (3.5-7.8
mM)®®. Occurrences of maternal hypoglycaemia in pregnancy have been reported,
particularly during the first trimester of pregnancy, in pregnant women with TLDM
treated with insulin therapy?’®?’”. Due to the current focus on GDM, this was therefore

not within the scope of this study.

The 5/5.5 mM (normoglycaemia) and 7 mM (mild hyperglycaemia) conditions were
therefore selected for further study as they best represented in vivo conditions in GDM
AGA and GDM LGA pregnancies, respectively. Furthermore, the suitability of these
concentrations for longer-term exposure was also assessed. For longer-term
treatments (4 days + 96 hours) explants were cultured in normoglycaemic conditions
(5.5 mM) glucose for 4 days to allow for the syncytium to degenerate and regenerate
and then exposed to either fluctuating 5/5.5 mM glucose or constant 7 mM glucose for
96 hours. Similar glucose profiles were observed in longer-term treatments, with input
concentrations of 5/5.5 mM glucose remaining stable and within normoglycaemic
levels. Input concentrations of 7 mM glucose remained mildly hyperglycaemic at all
time points, with levels between 6.49+0.14 — 6.93+0.22 mM at 18, 42, 66 and 90 hours
and levels between 7.23+0.05 — 7.63+0.11 mM at 24, 48, 72 and 96 hours (n=4, Figure
3.2).
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Figure 3.1 — Acute glucose treatments in placental explants for 48 hours. Glucose
concentrations (mM) were assessed in culture medium of placental explants exposed
to either constant 5, 5.5 or 7 mM glucose or fluctuating 5/5.5 mM glucose. Data is
presented as the meantSEM (n=5-9).
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Figure 3.2 — Longer-term glucose treatments in placental explants for 96 hours.
Glucose concentrations (mM) were assessed in culture medium of placental explants

exposed to either constant 7 mM glucose or fluctuating 5/5.5 mM glucose. Data is
presented as the meantSEM (n=4).



148

The osmolality of conditioned medium was also assessed at each time point using an
Osmometer. The osmolality of explant medium containing 5.5 mM glucose and 7 mM
glucose was 293.60+4.70 and 294.20+5.08 mOsm/kg, respectively. In acute
treatments, this increased in the first 18 hours of culture (307.11+7.41 and 317.00+5.35
mOsm/kg for 5/5.5 mM and 7 mM, respectively) and then returned to levels between
296 and 301 mOsm/kg at further timepoints (Figure 3.3A). A similar pattern was
observed in longer-term treatments (Figure 3.3B). Osmolality was not altered by 7 mM

glucose in acute treatments (p>0.05, n=9) or longer-term treatments (p>0.05, n=4).

3.4.2 Impact of glucose fluctuations on hCG secretion in explants

To assess syncytial regeneration and the ability of placental explants to secrete
placental hormones, hCG levels were assessed in conditioned medium of acute
glucose treatments using a hCG ELISA (a- and - isoforms) (Figure 3.4A, n=9). Where
explant weights were available, hCG secretion levels were normalised to explant
weight (mg, n=4; Figure 3.4B). At 18 hours, hCG levels were 0.52+0.32 and 0.52+0.35
mIU/mL/mg in 5/5.5 mM and 7 mM, respectively. At further time points hCG levels were
below the detection level for the ELISA (Figure 3.4B), however, this is expected as the
syncytium degenerates after the first few days of culture, resulting in a decrease in

hCG secretion®?2, hCG levels were not altered by 7 mM glucose (p>0.05, n=4).

In longer-term treatments, hCG secretion was assessed in conditioned medium using a
hCG ELISA. However, after two days of explant culture, hCG levels were below the
detection level for the ELISA for the remaining 8 days (data not shown). Therefore,
conditioned medium was concentrated using Amicon Ultra-0.5 centrifugal filters to
ensure the hCG was not being diluted by the 2 mLs of culture medium used in each
well. A more sensitive, B-hCG ELISA was then performed, which detects levels within a
smaller range (0-200 mlU/mL). Figure 3.5 shows that the hCG secretion was initially
high at the beginning of culture (day 1 [D1]) prior to glucose treatments. However, hCG
levels after the second day of culture were between 0.43+0.33 and 1.33+0.77
miU/mL/mg for 5/5.5 mM and 2.19+1.58 and 0.7820.69 mlU/mL/mg for 7 mM,
respectively. This suggests that hCG secretion was minimal in these samples during
glucose treatments between day 5 (D5) and day 8 (D8), despite trying a more sensitive
ELISA.
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Figure 3.3 — Osmolality of culture medium during acute and longer-term glucose treatments in placental explants. Osmolality
(mOsm/kg) was assessed in culture medium of placental explants cultured in fluctuating 5/5.5 or constant 7 mM glucose for 48 hours
(acute treatments; A) and 4 days + 96 hours (longer-term treatments; B) at each time point using an Osmometer. Data is presented as the

mean+SEM (n=9 for acute treatments; n=4 for longer-term treatments) and statistical analysis was performed using a Two-Way ANOVA

on log transformed data.
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Figure 3.4 - hCG secretion from placental explants following acute glucose treatments. An a- and B-hCG ELISA was performed on
conditioned medium from placental explants cultured in either fluctuating 5/5.5 mM or constant 7 mM glucose for 48 hours to assess hCG
release (mlU/mL). A) Data is presented as the meantSEM (n=9). B) Data is normalised to explant tissue weight (mg) and is presented as

the mean+SEM (n=4). Statistical analysis was performed using a Two-Way ANOVA on log transformed data.
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Figure 3.5 - hCG secretion from placental explants following longer-term glucose
treatments for 96 hours. A more sensitive f-hCG ELISA was performed on
conditioned medium from placental explants cultured in either fluctuating 5/5.5 mM
glucose or constant 7 mM glucose for 96 hours that was concentrated prior to
performing the assay to assess hCG release (mlU/mL). Data is normalised to explant
tissue weight (mg) and is presented as the meantSEM (n=4). Explants were cultured in
normoglycaemic conditions (5.5 mM glucose) for the first 4 days of culture (D0-D4)
before starting glucose fluctuations, to allow for syncytial degeneration and
regeneration. The dotted line represents the point at which the explants were exposed
to glucose treatments at day 4 (D4), and therefore the x axis labels denote the day of
culture (D), and the cumulative time the explants have been exposed to the glucose

treatment in hours (Hrs).
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3.4.3 Impact of glucose fluctuations on placental morphology

As there were issues with the detection range of the hCG ELISA in longer-term
cultures, despite trying alternative methods, explant morphology was examined using
H&E staining and immunohistochemistry for cytokeratin-7. Cytokeratin-7 is an epithelial
cell marker which is used in placental tissue to detect trophoblast!'®. These histological

methods can be applied to determine if the syncytium is regenerating during culture.

In acute glucose treatments for 48 hours, the syncytiotrophoblast layer had started to
lift away from the villi, which has previously been reported in the first 48 hours!®322
(Figure 3.6A-D). Fetal blood vessels remained intact, with the fetal endothelium present
(Figure 3.6A-B). Consistent with previous studies®??, in longer-term experiments where
explants were cultured for a total of 8 days, syncytial regeneration was starting to
occur, as multinucleated trophoblast could be observed below layers of detached
syncytium (Figure 3.6E-H). Fetal blood vessels and their fetal endothelium were more
difficult to distinguish at this timepoint, suggesting that the structural integrity of vessels
may have been lost over time in culture (Figure 3.6E-F). This was further confirmed by
immunohistochemical staining for the endothelial marker CD31. In acute glucose
treatments for 48 hours, CD31 labelled the endothelium surrounding open blood vessel
lumens (Figure 3.7A-B). To quantify retention of existing placental vessels following
acute glucose treatments, the total area of CD31 staining (um?) was detected in the
tissue using a previously published script®”4 and was normalised to the total villous area
(um?). The CD31 area was not altered by 7 mM glucose (median fold change of 0.91
[0.71-1.13]; p=0.589, n=4; Figure 3.7G), suggesting glucose fluctuations do not impact
the number of existing vascular structures. However, in longer-term glucose treatments
for 96 hours, while CD31 positive staning was observed, it was more difficult to
distinguish open blood vessel lumens (Figure 3.7C-D). This is likely because collapsing
of fetal vessels can occur during prolonged explant culture, as the vessels are no
longer perfused as in vivo'*®. This is in line with findings from previous studies!**, and

demonstrates that explants are not an ideal model for assessing placental vasculature.
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Figure 3.6 - Placental explant morphology and syncytial integrity following acute
glucose treatments for 48 hours and longer-term glucose treatments for 96
hours. Haematoxylin and Eosin staining was used to assess morphology of placental
explants cultured in either fluctuating 5/5.5 mM glucose or constant 7 mM glucose for
48 hours (A-B) or cultured for 4 days in 5.5 mM glucose to allow for syncytial
degeneration and regeneration before starting glucose treatments (E-F).
Immunohistochemical staining for the trophoblast marker, Cytokeratin-7 was used to
assess the presence of the syncytium in placental explants cultured in either fluctuating
5/5.5 mM glucose or constant 7 mM glucose for 48 hours (C-D) or cultured for 4 days
in 5.5 mM glucose to allow for syncytial degeneration and regeneration before starting
glucose treatments (G-H). Black arrows show the detached syncytium. Scale Bars: 20
um. Insets: Higher magnification images of explants with longer-term treatments. Red
arrows show multinucleated trophoblast below layers of detached syncytium,
suggesting syncytial regeneration was starting to occur. Scale Bars: 10 um.
Abbreviations: BV- Blood Vessel; FE — Fetal Endothelium; IVS- Intervillous Space;
STB- Syncytiotrophoblast.
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Figure 3.7 - Placental blood vessel integrity following acute glucose treatments
for 48 hours and longer-term glucose treatments for 96 hours.
Immunohistochemical staining for the endothelial marker, CD31 was used to assess
the presence of the fetal endothelium in placental explants cultured in either fluctuating
5/5.5 mM glucose or constant 7 mM glucose for 48 hours (A-B) or cultured for 4 days in
5.5 mM glucose to allow for syncytial degeneration and regeneration before starting
glucose treatments (C-D). Arrowheads show the open blood vessel lumens surrounded
by CD31 stained fetal endothelium. Controls are also shown, including the non-immune
mouse IgG (C) and secondary antibody only control (D). Scale Bars: 20 um. G)
Quantification of the total CD31 area (vascular area; pm?) normalised to total villous
area (um?). Data is presented as the median fold change (compared to 5/5.5 mM) and
statistical analysis was performed using a Wilcoxon-Signed Rank Test (as data was not

normally distributed). Individual points represent individual patient placentae. n=4.
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3.4.4 Impact of glucose fluctuations on LDH secretion in explants

As a further assessment of explant viability, levels of LDH release (tissue necrosis)
were measured in conditioned medium of acute glucose treatments throughout the
culture period (Figure 3.8). There are minimal amounts of LDH in explant medium
containing 5.5 mM glucose and 7 mM glucose (0.11+0.037 and 0.10+0.035,
respectively; Figure 3.8A), which is likely due to the presence of LDH in FBS used in
the medium*?4. Where explant weights (mg) were available, LDH levels were
normalised to this (mg, n=4; Figure 3.8B). At 18 hours there was a small increase in
LDH, levels were 0.019+0.0021 and 0.016+0.0022 U/mL/mg in 5/5.5 mM and 7 mM
treatments, respectively. LDH levels plateaued after this timepoint, and at 48 hours
LDH levels were 0.017£0.0024 and 0.014+0.0025 U/mL/mg (5/5.5 mM and 7 mM,
respectively; Figure 3.8B). This pattern of release is in line with previous studies®??. As
there was no further increase in LDH across the culture period, this suggests that the
tissue was viable and minimal levels of cell death were occurring. In longer-term
glucose treatments for 96 hours a similar pattern was observed (Figure 3.9). Overall,
lower levels of LDH were observed with 7 mM glucose, compared to 5/5.5 mM glucose

in acute and longer-term treatments, however this was not significant (p>0.05, n=4).
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Figure 3.8 - LDH release from placental explants following acute glucose treatments for 48 hours. An LDH assay was performed
conditioned medium from placental explants cultured in either fluctuating 5/5.5 mM or constant 7 mM glucose for 48 hours to assess LDH

release (U/mL). A) Data is presented as the mean+SEM (n=9). B) Data is normalised to explant tissue weight (mg) and is presented as

the meantSEM (n=4). Statistical analysis was performed using a Two-Way ANOVA.
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Figure 3.9 - LDH release from placental explants following longer-term glucose
treatments for 96 hours. An LDH assay was performed conditioned medium from
placental explants cultured in either fluctuating 5/5.5 mM glucose or constant 7 mM
glucose for 96 hours assess LDH release (U/mL). Data is normalised to explant tissue
weight (mg) and is presented as the meantSEM (n=4). Explants were cultured in
normoglycaemic conditions (5.5 mM glucose) for the first 4 days of culture (D0-D4)
before starting glucose fluctuations, to allow for syncytial degeneration and
regeneration. The dotted line represents the point at which the explants were exposed
to glucose treatments at day 4 (D4), and therefore the x axis labels denote the day of
culture (D), and the cumulative time the explants have been exposed to the glucose
treatment in hours (Hrs). Statistical analysis was performed using a Two-Way ANOVA

on log transformed data.
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For further experiments the impact of glucose treatments for 48 hours on placental
function were investigated. This was to assess the acute impact of maternal glucose
fluctuations in GDM on the placenta. Moreover, glucose profiles of acute treatments
showed that input concentrations of 7 mM glucose best represented women with GDM
that have suboptimal control of glycaemia, with temporal periods of mild
hyperglycaemia, likely to go on to develop LGA infants (Section 3.4.1). Whereas,
glucose profiles of longer-term treatments, showed that input concentrations of 7 mM
glucose were mildly hyperglycaemic throughout culture, and less representative of

physiological glucose fluctuations in GDM LGA (Section 3.4.1).

3.4.5 Impact of glucose fluctuations on placental cell turnover

Placental cell turnover is a key marker of placental development and function and has
been linked to altered fetal growth*?>27, To assess placental cell proliferation in
explants treated with glucose, immunohistochemistry was performed for Ki67, which
labels cells that are in the proliferative cycle*?® (Figure 3.10). The number of Ki67
positive cells were calculated as a percentage of total cells. There was a trend towards
a decrease in Ki67 positive cells in 7 mM glucose (1.16 [0.34-5.41] %) compared to
5/5.5 mM glucose (2.91 [0.89-12.9] %), however this was not significant (p=0.886,
n=4).

To assess placental cell apoptosis in explants treated with glucose fluctuations for 48
hours, immunohistochemistry was performed for M30 (cytokeratin 18), as caspases
cleave cytokeratin 18 in the early apoptotic stages*?° (Figure 3.11). The number of M30
positive cells were calculated as a percentage of total cells. The number of M30
positive cells was not altered by 7 mM glucose (4.81 [0.50-8.80] % and 4.30 [3.02-8.85]
% in 7 mM and 5/5.5 mM glucose, respectively; p=1, n=3).
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Figure 3.10 - Proliferation (Ki67 expression) in placental explants following acute glucose treatments for 48 hours, measured by
immunohistochemistry. A-D) Representative images of Ki67 staining in placental explants are shown in samples treated with fluctuating
5/5.5 mM glucose (A), constant 7 mM glucose (B) and for controls: non-immune IgG (C) and secondary antibody only (D). Scale bars = 20
pm. Arrow heads depict examples of positively stained cells. E) The total number of Ki67 positive cells were calculated as a percentage of

total cells. Data is presented as the median and statistical analysis was performed using a Mann-Whitney U test (as data was not normally
distributed). Individual points represent individual patient placentae. n=4.
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Figure 3.11 — Apoptosis (M30 expression) in placental explants following glucose treatments for 48 hours, measured by

immunohistochemistry. A-D) Representative images of M30 staining in placental explants are shown in samples treated with fluctuating
5/5.5 mM glucose (A), constant 7 mM glucose (B) and for controls: non-immune IgG (C) and secondary antibody only (D). Scale bars = 20
pm. Arrow heads depict examples of positively stained cells. E) The total number of M30 positive cells were calculated as a percentage of

total cells. Data is presented as the median and statistical analysis was performed using a Mann-Whitney U test (as data was not normally
distributed). Individual points represent individual patient placentae. n=3.
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3.4.6 Impact of glucose fluctuations on the placental transcriptome

As glucose fluctuations did not impact placental cell turnover or hCG secretion, the
potential functional impact of glucose fluctuations was predicted by performing RNA
sequencing on placental explants treated with acute glucose fluctuations for 48 hours
(n=5), followed by functional enrichment analysis. A principal component analysis
(PCA) plot was generated to show clusters of samples based on their similarity. Points
that are clustered near each other are biologically similar**°. The PCA plot of placental
explant RNA samples shows that clustering was based on each patient, not by glucose
treatment (Figure 3.12). This demonstrates the inherent variability between placental
samples from different patients. Therefore, all analyses to assess differential gene
expression between 5/5.5 mM and 7 mM glucose, were designed to incorporate the

patient variable into the design formula and to enable matched sample analysis3%°-3%1,

A total of 34,386 transcripts were detected in placental explants. Treatment with 7 mM
glucose altered 584 transcripts (p<0.05 and a Log,FC of <-0.5 and >0.5); of these, 128
were upregulated and 456 were downregulated (Figure 3.13). Additionally, 30 of the
altered transcripts were long non-coding RNAs (IncRNAs; 7 upregulated and 23
downregulated). All differentially expressed genes and IncRNAs, their associated

Log.FC and p values can be seen in Appendix 5 and Appendix 6, respectively.
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Figure 3.12 - PCA plot of sequenced placental explants following acute glucose treatments for 48 hours. Colour indicates

treatment with either fluctuating 5/5.5 mM glucose (red) or constant 7 mM glucose (green). Different shapes represent individual patient

placentae (n=5).
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Figure 3.13 — Volcano plot representing differentially expressed genes altered by 7 mM glucose in placental explants following
acute glucose treatments for 48 hours. Genes significantly upregulated or downregulated in placental explants cultured for fluctuating
5/5.5 mM glucose or constant 7 mM glucose for 48 hours. Horizontal dashed line represents p=0.05, the vertical dashed lines represent a
Log2FC of £ 0.5 equivalent to a fold change of 1.4 and -0.71. NS = grey, significant p value = blue, significant Log2FC = orange,
significant p value and Log2FC = pink. The top 10 upregulated and downregulated annotated genes are labelled. Volcano plot generated

using EnhancedVolcano in R.
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3.4.6.1 Predicted functional impact of genes altered by glucose

fluctuations on placental function

To determine the functional impact of gene expression changes elicited by 7 mM
glucose treatments, functional enrichment analyses were performed. Both over
representation analysis (ORA) and ingenuity pathway analysis (IPA) were utilised to
predict functional roles of altered genes, since ORA can predict functional
consequences but is unable to predict the direction of change, whilst IPA takes into
consideration the direction of Log,FC of the genes, and therefore can predict whether a
function or pathway appears to be activated and deactivated based on a Z-score*®.
Cytoscape and ClusterOne were also used to predict interactions between the protein

counterparts of DEGs and identify highly connected regions44405,

3.4.6.1.1 Predicted functions

ORA revealed GO terms associated with DEGSs, including response to chemokine
(FDR: 7.70E-04, Enrichment Ratio [ER]: 3.84), interleukin-1 production (FDR: 0.006,
ER: 5.07), response to interleukin-1 (FDR: 0.0051, ER: 4.01), regulation of vascular
development (FDR: 0.0011, ER: 3.21) and angiogenesis (FDR: 0.0090, ER: 2.37). A
summary of the overrepresented GO terms can be seen in Figure 3.14. Similarly, IPA
predicted roles for DEGs including, the inflammatory response (p=3.8E-13-7.79E-06),
endocrine system disorders (p=3.92E-12-5.08E-06), cardiovascular system
development and function (p=1.28E-11-7.39E-06) and cardiovascular disease
(p=1.57E-11-7.73E-06) (Figure 3.14).

Further analysis using IPA revealed that DEGs were predicted to reduce the
inflammatory response (p=1.38E-12, Z-score=-3.530) and activation of macrophages
(p=1.94E-07, Z-score=-2.017), and inhibit the development of vasculature (p=1.28E-11,
Z-score=-3.386), angiogenesis (p=1.44E-10, Z-score=-3.386), vasculogenesis
(p=5.88E-10, Z-Score=-3.465), endothelial cell development (p=5.40E-08, Z-score=-
3.044) and proliferation of endothelial cells (p=1.62E-07, Z-score=-2.790). A summary

of IPA predicted functions can be seen in Figure 3.15.
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Figure 3.15 - Diseases and functions associated with 7 mM glucose in placental
explants determined by ingenuity pathway analysis (IPA). DEGs (p<0.05, Log2FC -
0.5< or >0.5) that were altered in placental explants treated constant 7 mM glucose
compared to fluctuating 5/5.5 mM glucose were inputted into ingenuity pathway
analysis (IPA). Paossible functions of mild hyperglycaemia in immune cell trafficking

(A), inflammatory response (B) and cardiovascular system development (C). The left y-
axis represents the number of genes counted for each of the represented functions,
indicated by the bars. The colour of the bars represents a positive, negative, or
unknown z-score (key). The right y-axis represents the -log(p value), indicated by the

black line plot. Up to 40 functions are included in the plots.
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3.4.6.1.2 Predicted pathways

To assess the key signalling pathways that may be responsible for any functional
effects of the DEGs ORA and IPA were utilised. Pathways which were overrepresented
(Figure 3.16) included IL-10 signalling (FDR: 2.10E-07, ER: 12.65), IL-17 signalling
pathway (FDR: 5.06E-07, ER: 7.99), chemokine receptors bind chemokines (FDR:
0.009, ER: 2.45), IL-4 and IL-13 signalling (FDR: 9.20E-04, ER: 5.50) and regulation of
IGF transport and uptake by IGFBPs (FDR: 0.009, ER: 4.36) (Figure 3.16). Similar
canonical pathways were identified by IPA including signalling by interleukins, such as,
IL-17 (p=2.45E-04; Z-Score=-3.317), IL-6 (p=1.15E-03; Z-Score=-2.121), IL-8
(p=2.40E-03; Z-Score=-2.121), which had negative Z-scores, and therefore are
predicted to be deactivated by 7 mM glucose. In addition to, signalling by IL-10
(p=1.10E-03) and IL-23 (p=6.46E-03). Other identified pathways included
atherosclerosis signalling (p=8.91E-06) and inhibition of MMPs (p=3.55E-03) (Figure
3.17).

3.4.6.1.3 Identification of significant protein-protein interaction clusters

A network of protein-protein interactions was generated of DEGs using STRING
(v11.5). ClusterOne (v1.0) in Cytoscape (v3.8.2) was then used to identify highly
connected regions that were central to the network. This method identified 7 significant
clusters (p<0.05). The biological functions of these clusters were assessed using
Reactome (Figure 3.18; Table 3.1). Cluster 1 had the greatest number of
interconnecting DEGs (39) and was found to be associated with interleukin signalling.
Central to this cluster were many cytokines and chemokines, including IL1B and IL6
(Figure 3.18; Table 3.1).
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Interleukin—10 signaling 1

IL-17 signaling pathway

TNF signaling pathway -

Rheumatoid arthritis A

Interleukin—4 and Interleukin—13 signaling A
Legionellosis 1

Pertussis 1
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Chemokine receptors bind chemokines -

Chagas disease (American trypanosomiasis)
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Signaling by Interleukins -
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Figure 3.16 - KEGG, reactome and panther pathways associated with 7 mM
glucose in placental explants determined by over representation analysis (ORA).
DEGs (p<0.05, Log2FC -0.5< or >0.5) that were altered in placental explants treated with
constant 7 mM glucose compared to fluctuating 5/5.5 mM glucose were inputted into
WebGestalt for pathway analysis. The top y-axis represents the FDR value indicated by
the black line plot, and the lower y-axis represents the enrichment ratio (number of
observed genes divided by the number of expected genes in each pathway) for each of
the represented pathways, indicated by the bars. Pathways are ordered by most

significant FDR value.
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Figure 3.17 - Canonical pathways associated with 7 mM glucose in placental

explants determined by ingenuity pathway analysis (IPA). DEGs (p<0.05, Log2FC -

0.5< or >0.5) that were altered in placental explants treated with constant 7 mM glucose

compared to fluctuating 5/5.5 mM glucose were inputted into ingenuity pathway analysis

(IPA). Canonical pathways shown are those with a —log(p value) >2). The top y-axis

represents the -log(p value), indicated by the black line plot, and the lower y-axis

represents the number of genes counted for each of the represented canonical

pathways, indicated by the bars. colour of the bars represents a positive, negative, or

unknown z-score (key). Pathways are ordered by most significant p-value.
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Cluster 2: Cluster 3: Regulation of
(p=4.00E-03) BACH1 activity
(p=2.4E-02)
Cluster 1:
Interleukin Signalling
(p=1.61E-09)
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Figure 3.18 - Significant clusters identified from the network of protein-protein interactions for DEGs associated with 7 mM

glucose in placental explants. Significant clusters identified using the ClusterOne algorithm on Cytoscape. A protein-protein interaction
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network was generated using STRING from DEGs associated with 7 mM glucose. Within this network, the significant clusters are outlined
(Yellow = associated with multiple clusters within the network, Red square = associated with only one cluster within the network, Red
circle = no interactions with other genes/proteins, Grey = not associated with a cluster). The p-value is based on the connectivity of the

cluster. Reactome was used to determine the biological functions associated with each cluster, the top biological function is labelled.

Table 3.1 - Significant clusters identified using the ClusterOne algorithm from the network of protein-protein interactions for
DEGs associated with 7 mM glucose in placental explants and their accompanying biological functions. The number of nodes
refers to the number of proteins within the cluster. The p-value is based on the connectivity of the cluster. Reactome was used to

determine the functional significance of each cluster. The top 5 biological functions for each cluster are shown.

Cluster Nodes Density Quality “ P-Value ‘ Biological Functions

1 39 0.452 0.625 1.61E-09 Interleukin-10 signaling, Signaling by Interleukins, Interleukin-4 and Interleukin-13
signaling, Cytokine Signaling in Immune system, Immune System

2 5 0.5 1 4.00E-03 None Identified

3 4 0.5 0.75 2.40E-02 Regulation of BACH1 activity, KEAP1-NFE2L2 pathway, Defective ABCC8 can

cause hypo- and hyper-glycemias, ATP sensitive Potassium channels, Regulation
of HMOX1 expression and activity

4 6 0.533 0.571 2.09E-02 TRP channels, Stimuli-sensing channels, MECP2 regulates neuronal receptors
and channels, lon channel transport, Cargo trafficking to the periciliary membrane

5 3 0.667 1 3.00E-02 Neutrophil degranulation, Glycosphingolipid metabolism, Sphingolipid metabolism,
Innate Immune System, Immune System

6 3 0.667 1 3.00E-02 Kinesins, COPI-dependent Golgi-to-ER retrograde traffic, Golgi-to-ER retrograde
transport, Factors involved in megakaryocyte development and platelet
production, Intra-Golgi and retrograde Golgi-to-ER traffic

7 4 0.667 0.667 4.80E-02 Transport of Mature mRNA derived from an Intron-Containing Transcript,
Transport of Mature Transcript to Cytoplasm, Postmitotic nuclear pore complex
(NPC) reformation, Processing of Capped Intron-Containing Pre-mRNA, Defective
TPR may confer susceptibility towards thyroid papillary carcinoma (TPC)
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3.4.6.2 RT-gPCR validation of DEGs

The findings from the functional enrichment analysis and further literature searches
revealed key DEGs associated with the inflammatory/immune response in diabetes
(e.g. IL1B, IL6, CXCL8 and PTGS2)*1-449 placental fatty acid transport and lipid
metabolism (e.g. FABP3, FABP4, SLC27A6, CD36 and NPC1L1)2%5441-443 and
vascularisation (e.g. PECAM1, JCAD, EGF and RAMP2)*4452 To confirm altered
expression of DEGs in acute glucose treatments, RT-gPCR was performed for a panel
of DEGs. These DEGs were selected based on their role in the placenta or diabetes or

regulation by glucose in other systems, which is outlined in Table 3.2.

Firstly, RT-qgPCR was performed to identify stable housekeeping genes between the
conditions for normalisation purposes. Expression levels of 18S (18s ribosomal RNA),
ACTB (B-actin) and YWHAZ (14-3-3 protein zeta/delta) were assessed in explants
exposed to acute glucose treatments (Figure 3.19). Each housekeeping gene was
stable across conditions, (p>0.05, n=10). A geometric mean of these three

housekeeping genes was used for normalisation of target genes.

There were trends showing decreases in nicotinamide phosphoribosyltransferase
(NAMPT; median fold change of 0.89 [0.71-0.97]; p=0.126, n=10) and platelet derived
growth factor D (PDGFD; median fold change of 0.74 [0.010-1.52]; p=0.221, n=10)
expression with 7 mM glucose, and an increase in platelet endothelial cell adhesion
molecule (PECAMZ1; median fold change of 1.2 [0.66-2.56]; p=0.123, n=10), however

there were no significant differences (Figure 3.20).

3.4.6.3 Impact of glucose fluctuations on glucose transporter expression

Functional enrichment analysis and literature searching revealed that several DEGs
were associated with glucose homeostasis and metabolism (e.g. ECSCR, GHRL, IL6
and HK2)#34453-457 ' As glucose uptake and transport across the placenta is mediated by
glucose transporters (GLUTs) and GLUT (SLC2A) -1, -3, -4, -8, -9, -10 and —12 have
previously been shown to be expressed in the placenta'®?, the impact of acute glucose
treatments on these were assessed using RT-qgPCR. All GLUT isoforms assessed
were detected in placental explants (Figure 3.21). The expression of SLC2A4 (GLUT4)
was significantly downregulated by 7 mM glucose (median fold change of 0.60 [0.017-
1.21]; p<0.05, n=10). Expression of SLC2A8 (GLUT8) was also significantly
downregulated by 7 mM glucose (median fold change of 0.83 [0.021-0.98]; p<0.01,
n=10) (Figure 3.21). Although these genes were not significantly altered in the RNA
sequencing data, they were both detected, with negative Log2FC values (SLC2A4: -
0.32; SLC2A8: -0.26), suggesting downregulation.
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Figure 3.19 - Expression of housekeeping genes placental villous explants following acute glucose treatments. RNA was
extracted from placental explants treated with glucose for 48 hours, and RT-gPCRs for housekeeping genes were performed. Data is
presented as the median (as the data was not normally distributed) and statistical analysis was performed using a Mann-Whitney U test.

Individual points represent individual patient placentae. n=10.
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Table 3.2 - Differentially expressed genes altered by mild hyperglycaemia in placental villous explants following glucose
treatments for 48 hours and their roles in the placenta, diabetes, or regulation by glucose in other systems. The associated

Log2FC and p values are shown. Blue = Downregulated by mild hyperglycaemia; orange = upregulated by mild hyperglycaemia.

Role in the placenta Role in diabetes/regulation by glucose in other
systems

Gene Log,FC P Value Description

EGF -3.57205 0.024 Epidermal growth factor (EGF) Important for fetal growth and development. Produced in the pancreas, and circulating
binds to its receptor (EGFR) to EGFR signalling has been reported to be levels are known to be reduced in diabetic
increase cell proliferation*°8, reduced in placentae from fetal growth restricted mice?*60-462,

Regulator of angiogenesis*. (FGR) pregnancies*®. Increases insulin secretion from pancreatic
Embryos lacking EGFR have impaired placental islets, and increases plasma insulin and
development and are growth restricted*®®, lowers blood glucose in normal and diabetic

mice*63,

FABP4 1.70414 0.0014 Fatty acid binding protein 4 Increased in the placentae of women with GDM, Glucose treatment (25 mM) stimulated the
(FABP4) plays an important compared to controls*6s. expression of FABP4 in HTR8/SVneo cells,
role in regulation of glucose FABP4 knockout in HUVECSs was associated thought to be associated the increase in fatty
and lipid homeostasis as well with an increased susceptibility to apoptosis, acid uptake under high glucose conditions*®.
as inflammation through reduced migration and reduced tube Umbilical cord serum FABP4 levels were
actions in adipocytes and formation?64, found to be higher in offspring of women with
macrophages*®*. FABP4 expression increased in maternal serum GDM, which was directly associated with

and placenta of pre-eclamptic pregnancies, maternal serum FABP4, and leptin, and
thought to contribute to the pathogenesis of PE. negatively correlated with birthweight*©°.
The maternal serum FABP4 levels significantly FABP4 has been shown to be significantly
positively correlated with placental FABP446, increased in the serum of women with GDM
FABP4 siRNA reduced the proliferation of compared to controls*69-472,

trophoblastic cells (Swan-71 and Jar), as well as

migration and invasion®®”

JCAD 1.15042 0.0071 Junction cadherin 5 Expression reduced in placentae from Associated with obesity and increased
associated (JCAD) is a pregnancies complicated by Placenta accreta expression in high fat diet fed mice
junctional and coronary artery spectrum (PAS)*74, (containing high glucose)®®2.
disease risk protein which
promotes endothelial
dysfunction*4e.

Regulates angiogenesis in

vitro and in vivo*7473,




NAMPT -0.98446 0.0028 Visfatin is an adipokine, which In a study with 78 pregnant women (26 lean, 24 Reported to exhibit insulin mimetic properties

(Visfatin) is found in fat tissue. It has overweight, and 28 obese) NAMPT was in mice. Enhanced levels in the circulation
intrinsic enzymatic activity as significantly and linearly increased in the have been reported in metabolic diseases,
a nicotinamide syncytiotrophoblast with increasing maternal such as obesity and T2DM, as well as
phosphoribosyltransferase BMI. No differences in those with/without GDM. correlating with markers of systemic
(Nampt), which catalyses the Suggested that visfatin/Nampt in the inflammation, cardiovascular diseases,
rate-limiting step in the syncytiotrophoblast is acting as the rate-limiting atherosclerosis, endothelial dysfunction, and
salvage pathway leading to component in the NAD biosynthesis pathway, is vascular damage*™.

NAD+ synthesis in cellular a potential biological mechanism by which the Altered circulating levels in serum of women
redox reactions*. placenta is protected against the cellular stress with GDM 476-480,
Longevity protein, which of obesity*’.
extends the lifespan of human Decreased in pre-term HELLP placentas
cells by activating sirtuin 1 compared to term HELLP placentas (small
(SIRTL)*7®, sample size, NS 0.07 5 vs 3).
Increased in the placentae of women with GDM,
compared to controls*6s,

PDGFD -2.52819 0.036 Platelet derived growth factor Levels of PDGFD are increased in HELLP PDGFD has been implicated in diabetic
D (PDGFD) is a member of placentae and serum of women with HELLP wound healing. PDGFD can recruit
the PDGF family that binds the syndrome. Knockdown of PDGFD in rats with macrophages and decrease vascular
PDGFRp*8, HELLP syndrome reduces inflammation and permeability in the angiogenic response of

levels of plasma cytokines*2, wound healing*®,

PECAM1 1.02209 0.036 Platelet endothelial cell Used as a marker of placental vasculature®s. Increased CD31 expression in the placenta

(CD31) adhesion molecule (PECAM1) CD31 immunohistochemical staining has shown has been observed in GDM and was
is a junctional protein**®. reduction in microvessels of pre-eclamptic associated with pre-gestational BMI and
Important in mediating placentae*®, gestational weight gain“®.
endothelial integrity, vascular Increased CD31 positive area and number of
permeability, regulation of CD31 positive cells in the labyrinth zone of rat
bioavailability of nitric oxide placentae from high fat diet fed mice*®.

(NO), and angiogenesis**.

PINK1 1.24814 0.038 PTEN induced putative kinase Protein levels reduced in BeWo cells In T2DM skeletal muscle, all transcripts from
1 (PINK1) initiates the (trophoblast) following exposure to hypoxia®®’. the PINK1 locus were reduced and gene
ubiquitin-mediated mitophagy expression levels were correlated with
pathway (mitochondrial diabetes status*e.
degradation)*¥”,

RAMP2 2.01969 0.0048 RAMP?2 is a single-pass In the mouse placenta, RAMP2 is expressed in In HEK-293 cells, RAMP?2 alters the

transmembrane protein that
heterodimerizes with GPCRs
(family B), its association with
the calcitonin receptor-like
receptor (CLR) has been well
documented, this forms a

the fetal labyrinth layer, and knockout mice have
a thinner labyrinth layer with significantly fewer
trophoblast cells due to a reduction in
trophoblast proliferation.

signalling of all ligands of the glucagon
receptor (GCGR). Insulin release is
stimulated by activation of the glucagon-like-
peptide (GLP-1), in this study ligands of the
GLP-1 were shown to act at the GCGR but
they were blocked by RAMP2, suggesting a
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receptor complex for the
endocrine peptide
adrenomedullin (ADM)*8°,
Also known to interact with the
glucagon receptor (GCGR).
Glucagon is released from
pancreatic alpha cells and
acts as a counterregulatory
hormone to insulin, causing
release of glucose release
from the liver into the blood.
Increased blood glucose in
T2DM is associated with an
imbalance of insulin and
glucagon levels*®°,

In RAMP2 knockout mice, spiral artery
remodelling is also impaired, and this was not
due to changes in uterine NK cells*®®,
Expressed in bovine placenta throughout
gestation. mMRNA expression was observed in
the trophoblast cells, fetal membrane, luminal
epithelium, stroma under the epithelium,
endothelial lineage of blood vessels and
glandular epithelium?*?,

In the rat, thought to play a role in the
differentiation of trophoblast stem cells to
trophoblast giant cells, as an ADM inhibitor
which blocks the receptors consisting of
CALCRL and RAMP2 inhibited stem cell
differentiation®2.

RAMP2 and other components of the
adrenomedullin system have increased
expression later in pregnancy in pregnant rats*®,
Expression reduced in the umbilical artery and
uterus of patients with pregnancy-induced
hypertension, however it was increased in the
fetal membranes of patients with pregnancy-
induced hypertension. A significant negative
correlation was also observed between RAMP2
mRNA levels in the umbilical artery and uterine
muscle and blood pressure®®,

role for RAMP2 in the signalling of this
receptor*®,

Levels of RAMP2 (and other components of
the ADM system) were increased in the
aortic media of fructose-induced insulin-
resistant rats*s.

mRNA expression in the kidney of RAMP2
and AM are increased in STZ-induced
diabetic rats*®®,
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Figure 3.20 - Expression of selected DEGs in placental explants following acute
glucose treatments, measured by RT-qPCR. Selected DEGs were measured in
placental explants cultured in either fluctuating 5/5.5 mM glucose or constant 7 mM
glucose for 48 hours by RT-qPCR. The expression of each target gene was normalised
to a geometric mean of 18S, ACTB and YWHAZ housekeeping gene expression. Data
is presented as the median fold change compared to 5/5.5 mM glucose (as the data
was not normally distributed) and statistical analysis was performed using a Wilcoxon

Signed-Rank Test. Individual points represent individual patient placentae. n=10.
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Figure 3.21 - Expression of glucose transporters (GLUTS) in placental explants
following acute glucose treatments for 48 hours, measured by RT-qPCR. GLUTs
were measured in placental explant RNA cultured in either fluctuating 5/5.5 mM
glucose or constant 7 mM glucose for 48 hours by RT-gPCR. The expression of each
target gene was normalised to a geometric mean of 18S, ACTB and YWHAZ
housekeeping gene expression. Data is presented as the median fold change
compared to 5/5.5 mM glucose (as the data was not normally distributed) and statistical
analysis was performed using a Wilcoxon Signed-Rank Test. Individual points
represent individual patient placentae. n=10. * p<0.05, ** p<0.01.
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3.5 Discussion

The aim of this chapter was to investigate the impact of physiological levels of maternal
glucose associated with GDM LGA and GDM AGA pregnancies on the placenta. To
achieve this, an ex vivo placental explant model was developed which allowed
placental tissue to be cultured in, and exposed to, glucose concentrations that mimic
levels observed in vivo in maternal circulation. Culture of tissue in 5/5.5 or 7 mM
conditions did not affect tissue viability or rates of trophoblast proliferation/apoptosis. In
the explant model, mild hyperglycaemia (7 mM glucose) altered the placental
transcriptome and functional enrichment analysis predicted that altered genes were
associated with immune/inflammatory and vascular development pathways and

functions.

3.5.1 An ex vivo model to study the impact of maternal
hyperglycaemia on the placenta

A placental villous explant model was employed to mimic physiological in vivo maternal
glucose fluctuations in GDM LGA (7 mM) and GDM AGA (5/5.5 mM) pregnancies.
Glucose concentrations utilised in this model were selected based CGM profiles of
women with GDM LGA and GDM AGA pregnancies identified by Law et al. (2019)%2.

Studies in other tissues have shown that fluctuating glucose levels (cycling between ~5
mM and ~20-50 mM) can influence cellular function*?1=%2, In placental cells, Risso et al.
(2001) revealed that apoptosis was increased in HUVECs exposed to daily fluctuations
in glucose (5-20 mM), compared to constant 20 mM glucose, accompanied by an
increase in expression of the pro-apoptotic protein, Bax*?2. This suggests that
glycaemic variability is more damaging to ECs than a constantly high glucose
concentration. Moreover, in vitro studies of the placenta have shown that high levels of
glucose impact the function of HUVECS, trophoblast cells, and placental tissue.
Specifically, Caywer et al. (2016) investigated a range of glucose concentrations on
cultured cytotrophoblast cells (Sw. 71), including 150 mg/dL (~8.3 mM), which
increased secretion of anti-angiogenic factors, sFLT1 and sEng, and reduced secretion
of pro-angiogenic factors, PIGF and VEGF, in addition to increased apoptotic markers,
compared to 100 mg/dL (~5.6 mM)?*. Similarly, Han et al. (2015) observed an
increase in sSFLT1 and sEng secretion in Sw.71 cells with 10 mM glucose, compared to
5 mM glucose*’. Overall, these studies suggest that a subtle increase in glucose can

impact placental function.



185

However, a limitation of many previous studies is that they utilise supraphysiological
concentrations of glucose (>25 mM)?62282420 Despite treatment of GDM to achieve
normoglycaemia, infants can still be born LGA®2. Thus, taken with the findings and
methodologies of the previous studies this highlights the importance of developing a

placental model of physiological maternal glucose fluctuations.

As expected, glucose was rapidly consumed by placental explants in the present study
and medium was replenished every 6-18 hours. Further assessment of glucose
concentrations in the conditioned medium revealed that the model was able to
recapitulate fluctuations in maternal glucose, observed in CGM profiles of women with
GDM LGA and GDM AGA pregnancies®?, using 7 mM and 5/5.5 mM glucose,
respectively. The previous studies discussed do not assess the levels of glucose in the
culture medium?62:264.282.420.497 gn(d therefore it is unclear what concentrations the cells

or tissue are exposed to during culture.

In addition to glucose, osmolality measurements of conditioned medium were also
conducted. In vitro and ex vivo culture in excessive glucose can increase the osmolality
of the culture medium. Hyperosmolarity has been studied in cultured cells and has
been shown to alter cell proliferation and growth, as well as nutrient transport*®®. Thus,
increased osmolality could contribute to observed functional changes. Hyperosmolar
controls can be used in the culture medium, including D-mannitol, a sugar alcohol, or L-
glucose, the enantiomer of D-glucose. These compounds will increase the osmolality of
the medium, similarly to glucose, however, are devoid of metabolic activities*°°%, In
the present study, osmolality was not significantly altered by subtle fluctuations in
glucose, and thus is not the cause of functional changes in placental explants. Similarly
to glucose measurements, previous studies also do not assess osmolality, and while

some utilise hyperosmolar controls?644%’ many do not?62:262420,

Overall, the model developed in the present study is superior to previous studies, in
that it recapitulates physiological fluctuations in glucose levels and assesses the

profiles of glucose and osmolality overtime in culture.

3.5.1.1 Viability of placental explants treated with glucose fluctuations

The viability of placental explants was assessed using H&E, immunohistological

staining and measurements of hCG and LDH secretion.

The placental syncytium is also known to degenerate during placental explant
cultures®225°1 byt is then replenished by the underlying cytotrophoblast, by proliferation

and fusion®®2, Secretion of hCG from placental explants is indicative of a viable
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syncytiotrophoblast. Patterns of hCG release from explants with acute glucose
treatments were in line with profiles described by Siman et al. (2001)%?2. Lower levels of
hCG were measured in explants with longer-term glucose treatments, between days 2
and 8, despite trying a more sensitive ELISA. Thus, the presence of the syncytium was
assessed using H&E staining and immunohistochemistry for cytokeratin-7, which labels
all trophoblast, including the syncytiotrophoblast and villous cytotrophoblast!!®. As
expected, the syncytiotrophoblast layer had started to lift away from the villi in explants
with acute glucose treatments, however, many syncytial layers remained intact. This is
also reflected by the decline of hCG release between 42-48 hours in these explants. In
longer-term glucose treatments, remnants of shedded syncytium were observed. Some
underlying regions of trophoblast appeared to be multinucleated , suggesting these
underlying cytotrophoblast cells were fusing to regenerate the syncytial layer. These

findings are all in line with previous studies!!>322,

To further confirm viability, an LDH assay was used as a measure of necrosis.
Between days 2 and 7 of explant culture, LDH levels are known to decline, suggesting
less tissue necrosis during this time, and then rise again around 11 days of culture, due
to loss of tissue integrity in prolonged cultures®®3°%4, The pattern of LDH release from
placental explants was in line with this, as levels increased in the first day of culture,
and then plateaued, suggesting minimal cell death was occurring in the explants. There
was a trend towards a decrease in LDH with 7 mM glucose, which is interesting given
that LDH is known to regulate glucose metabolism, as it converts pyruvate into lactate
during glycolysis®®®. Diabetes has been associated with elevated serum LDH>%, and
overexpression of LDH in insulin-producing cells reduces glucose oxidation and
increases lactate production®%. This suggests that mild hyperglycaemia may reduce
LDH, altering glucose metabolism in the placenta (See Section 3.5.2 on glucose

metabolism).

Overall, the presence of a regenerating syncytium and the minimal levels of cell death
in placental explants exposed to glucose treatments suggests that the model was

viable.

A limitation of the model is that placental explants are not ideal for assessing placental
vasculature over longer periods of culture. H&E and immunohistochemical staining for
CD31 to label the fetal endothelium revealed that fetal blood vessels were intact, with
open blood vessel lumens surrounded by an endothelial layer, in acute glucose
treatments. In longer-term treated explants, fetal blood vessels were more difficult to
distinguish and the endothelium was less visible. This is likely due to the collapsing of

vessels throughout culture, as they are no longer perfused as in vivo, and thus is a
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limitation of longer-term placental explant cultures!*®. Utilising a placental-perfusion
model is known to best preserve the structural integrity of placental vasculature,
although it is incredibly difficult and reduces viability=7s%, In recent studies, exposure of
placental explants to shear stress has been employed to mimic the dynamic flow
environment in vivo in the placenta. Explants exposed to flow conditions had a better
structural integrity, with more preserved villi observed in H&E staining and less
damaged and disrupted vessels compared to static explants!'®. Other models include
the culture of placental vascular cells, such as HUVECs®®®, however these exhibit a
mature EC phenotype and do not model the early development of placental blood
vessels, which involves the differentiation of pMSCs. Overall, greater in vitro and ex

vivo models are needed to study the development of placental vasculature.

3.5.1.2 Placental cell turnover in placental explants treated with glucose

fluctuations

Aberrant trophoblast cell turnover, including proliferation and apoptosis, can influence
the size and integrity of the placental barrier, which may impact nutrient and oxygen
transfer to the developing fetus, thus impacting fetal growth*?”. To assess placental cell
turnover, Ki67 and M30 staining was performed to measure proliferation and apoptosis,
respectively. Treatment with 7 mM glucose did not significantly alter levels of

proliferation or apoptosis.

Complications of pregnancy have been linked to altered trophoblast turnover, such as
FGR (decreased proliferation*?® and increased apoptosis*?®), preeclampsia (increased
proliferation and apoptosis*?®51%), GDM (decreased apoptosis®'?) and maternal obesity
(decreased proliferation and apoptosis)*?’. In the latter study, obese pregnant women
that delivered LGA infants had the lowest apoptotic indices, suggesting that lower rates
of apoptosis in LGA placentas may be linked to an increase in placental and fetal
growth. Additionally, placentas of GDM pregnancies are usually larger than controls,
which is a predictor of birthweight®!2. Thus, increased placental cell turnover, or
decreased apoptosis would be expected in GDM and/or LGA. In contrast, there was a
trend towards a decrease in proliferation in explants treated with 7 mM glucose.
Interestingly, Zhang et al. (2021) found that Ki67 expression was downregulated in
GDM placentae, and the number of TUNEL positive (apoptotic) cells were increased.
This study also employed a GDM mouse model, which involved mating LepR% mice,
which lack the functional full-length Ob-Rb leptin receptor and are characteristic of
T2DM, to generate mice which have impaired glucose tolerance at gestational day

16.5. In GDM mice, Ki67 protein levels were also reduced®!®. Moreover, some studies
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have shown that high glucose can impact trophoblast proliferation, however the levels
utilised (>25 mM) are not physiological’'*. In the study by Zhang et al. (2021) protein
expression of Ki67 was reduced with high glucose (30 mM) in HTR8/SVneo trophoblast
cells in Western blots®®3, although 7 mM glucose was used as the control condition,

which is the experimental condition in the present study.

However, in addition to increased trophoblast turnover, increased placental size in
GDM and LGA may also be linked to increased ECs, fibroblasts, HBCs and increased
vascularisation®'®. While Ki67 and M30 staining was primarily localised to the
trophoblast, identification of positive cells was assessed across the placental villi. To
specifically assess trophoblast cell turnover, dual staining with E-cadherin, a

trophoblast cell-cell adhesion molecule, should be performed>?6.

Overall, subtle fluctuations in glucose did not significantly impact cell turnover in

placental explants, however, this further confirms the viability of the ex vivo model.

3.5.2 Glucose transport and metabolism in placental explants

treated with glucose fluctuations

As glucose transport across the placenta is essential for meeting the demands of the
fetus, and is dependent on GLUTSs for facilitated diffusion, the expression of GLUT
isoforms known to be expressed in the placenta were assessed in explants by RT-
gPCR!®2, mRNA expression of GLUT4 and GLUT8 (SCL2A4 and SLC2AS,
respectively) were significantly downregulated by 7 mM glucose.

GLUT4 primarily transports glucose but can also transport glucosamine and DHA9257
and is regulated by insulin'%. It is one of the most studied transporters as it contributes
to the rate-limiting step in insulin-stimulated glucose uptake of skeletal, cardiac muscle
and brown and white adipose tissue. Thus, impaired translocation or a reduction in this
transporter is linked to insulin resistance in diabetes®!#519, In the placenta, James-Allan
et al. (2021) found that GLUT4, expressed in the BM of the syncytiotrophoblast and
GLUT1, in the MVM, were reduced in obese women that delivered macrosomic infants,
compared to obese women that delivered AGA infants and compared to controls®?°,
Similarly, Colomiere et al. (2009) also reported a decrease in placental GLUT4 mRNA
in women with insulin controlled GDM (obese and non-obese) compared to controls,
which was compensated by an increase in GLUT1%%, These studies suggest that
placental GLUT4 expression is reduced in GDM and in LGA (macrosomia), which is
likely localised to the BM, impairing glucose transport from the placenta to the fetus.
Given that 7 mM glucose in placental explants also reduced the mRNA expression of
this transporter, this may be attributed to mild hyperglycaemia in GDM/LGA. In
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contrast, Stanirowski et al. (2017) observed increased protein expression of GLUT4
and GLUT9 in women with GDM and pre-gestational diabetes treated with insulin.
Macrosomia was also more common in the women with insulin-dependent diabetes,
suggesting this may be linked to increased glucose transfer to the fetus, although this

is an assumptiont®,

GLUTS8 has a high affinity for glucose and can also transport fructose and
galactose®?°’, GLUTS has been reported to be expressed in the syncytiotrophoblast
and cytotrophoblast in term placentae, as well as in EVTs and the HTR8/SVneo cell
line, and ECs. Its expression is primarily observed in the cytosol, and thus it is thought
to be involved in glucose delivery to intracellular organelles!®2. However, in mice
blastocysts, GLUT8 has been found to be responsible for insulin-stimulated glucose
uptake®?2. Moreover, GLUT4 and GLUT8 were translocated to the cell surface in atrial
myocytes following insulin stimulation®?. However, in atrial myocytes from diabetic
rodents, cell surface GLUT4 and GLUT8 were reduced, which could be rescued with
insulin treatment®?3, In the study by Stanirowski et al. (2021), GLUTS8 protein
expression, assessed by immunohistochemistry, was not altered in macrosomic
fetuses (GDM excluded) but was found to be decreased in placentae of SGA fetuses,
suggesting a link to fetal growth®?*. Moreover, in an ovine placental insufficiency model
of IUGR, GLUTS placental expression was reduced®?. Similarly, in a GLUT8 knockout
mouse model (slc2a8-null mice), decidualisation is impaired, which leads to altered
placentation and reduced fetal growth®?®. In contrast, another study observed an
increased expression of GLUTS8 in the maternal compartment of the placenta in
pregnancies complicated by FGR®?’. Taken together, these findings demonstrate an
association between GLUT8 expression and pathological fetal growth.

Some studies have also assessed the effects of glucose on the expression of glucose
transporters in trophoblast cell lines. In one study, GLUT1 mRNA was found to be
increased and GLUT3 reduced with 25 mM glucose in JAR choriocarcinoma cells, but
this was not observed with JEG-3 cells®?®. JEG-3 cells have previously been shown to
exhibit a lower transport of glucose, than JAR cells (and other trophoblast cell lines),
and the mechanism for transport in this cell line may differ to that in vivo®®. In contrast,
other studies have shown suppression of GLUT1 expression in primary term
trophoblasts®?°. In the study by Zhang et al. (2021), when HTR8/SVneo cells were
exposed to high glucose (30 mM), the plasma membrane expression of GLUT3 was

significantly reduced, as was glucose uptake.

Overall, it appears that GLUT expression may be linked to complications of fetal

growth, and high glucose may play a role in regulating this. The reduced gene
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expression of GLUT4 and GLUTS8 with 7 mM glucose in placental explants may be a
compensatory mechanism following exposure to mild hyperglycaemia, to protect the
fetus from excessive glucose, which is in line with studies that have shown a decrease
in GLUT4 in LGA infants®2%521_|n contrast, GLUT1 was unaltered by 7 mM glucose,
which is ubiquitously expressed in the placenta, with high expression on the
syncytiotrophoblast, primarily responsible for glucose transport into the placenta®2522,
This suggests that in mild hyperglycaemia in GDM, glucose is still transported across

the placenta and subsequently to the fetus, via GLUT1.

Several genes associated with glucose metabolism and homeostasis were
downregulated by 7 mM glucose, including ghrelin-obestatin prepropeptide (GHRL)
and hexokinase 2 (HK2). GHRL deletion in obese mice reduces hyperglycaemia and
improves insulin sensitivity by enhancing glucose-stimulated insulin secretion®®°,
Hexokinase 2 catalyses the phosphorylation of glucose, the first and rate-limiting step
of glycolysis, HK2 is the isoform predominantly found in insulin-sensitive tissues*.
Moreover, HK2 protein expression has been reported to be increased, along with
GLUT1 expression in the placentae of women with GDM®3, The downregulation of
these genes by 7 mM glucose may indicate reduced placental glucose metabolism.
Given that placental glucose consumption is thought to regulate glucose transfer to the
fetus?’®, a reduction in placental glucose metabolism may increase the transfer of
glucose to the fetus and accelerate fetal growth. Additionally, Endothelial Cell Surface
Expressed Chemotaxis and Apoptosis Regulator (ECSCR) was upregulated by 7 mM
glucose, which is known to be expressed highly in the placenta, particularly in the
trophoblast**2, ECSCR is known to regulate glucose homeostasis and energy
metabolism via EC function, as deletion of ECSCR enhances the insulin mediated
Akt/eNOS activation in ECs and subsequent insulin delivery into the skeletal muscle.
Whereas, targeted activation of ECSCR in ECs impairs glucose tolerance in mice, and
pre-disposes them to diet-induced obesity*®3. As exposure to mild hyperglycaemia (7
mM glucose) appears to alter glucose transporters, and genes associated with glucose
metabolism, it would be interesting to assess glucose uptake across the placental
explants. For example, utilising an assay that incorporates 2-deoxyglucose (2DG),
which can be transported into cells and metabolised to 2-deoxyglucose-6-phosphate
(2DG6P) that can be detected in the cells®32.

3.5.3 Altered vascular regulatory genes in placental explants

treated with glucose fluctuations
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Functional enrichment analysis revealed that 7 mM glucose altered genes associated
with vascular development, including angiogenesis, vasculogenesis, and EC functions.
DEGs included EC junctional molecules (PECAM1 and JCAD)*444¢ which were
upregulated by 7 mM glucose. Platelet endothelial cell adhesion molecule (PECAM1),
also known as CD31 is expressed on all cells in the vascular compartment, including
ECs and is known to play roles in angiogenesis, platelet function and mechanosensing
of ECs in response to shear stress***. CD31 is often used as a marker of vasculature in
the placenta?*®. Moreover, junctional cadherin 5 associated (JCAD) is a coronary artery
disease risk protein which promotes endothelial dysfunction**®. Knockdown of JCAD in
HUVECs leads to decreased proliferation and migration, increased apoptosis, and
reduced tube formation*’. It is also known to regulate angiogenesis in vivo*’3,
Similarly, nuclear receptor subfamily 4 group A member 1 (NR4A1), which was
downregulated by 7 mM glucose is a key regulator of VEGF-induced vascular leakage,
which destabilises endothelial junctions by increasing NO synthase expression and
downregulation of EC junction proteins®3534, In line with this, endothelial barrier
function is thought to be impaired in GDM placentae®®5%, in addition to altered
placental vascularisation!?2125130 Taken together, alterations in these vascular genes
suggests that mild hyperglycaemia in GDM may alter levels of vascular markers, and

endothelial junction proteins, which may regulate vascular permeability.

Other vascular regulatory DEGs are associated with embryonic and placental vascular
development, including Receptor Activity Modifying Protein 2 (RAMP2) and epidermal
growth factor (EGF), which were upregulated and downregulated by 7 mM glucose,
respectively. For example, RAMP2 knockout mice die in utero due to blood vessel
abnormalities**® and specific knockout of RAMP2 in the vascular endothelium of mice
leads to death in the perinatal period due to endothelial abnormalities and vascular
leakage*°. Additionally, EGF is known to be a key regulator of placental and fetal
growth. EGF binds to the EGF receptor (EGFR) and leads to increased cell
proliferation. Embryos lacking EGFR have impaired placental development and are
growth restricted**® and EGFR signalling has been reported to be reduced in placentae
from FGR pregnancies*®. EGF is also known to play roles in angiogenesis and
proliferation of ECs*®!, suggesting its crucial role in embryonic development may be
associated with development of placental vasculature. While studies have not
assessed levels of EGF in diabetic placentae, circulating levels of EGF are known to be
reduced in diabetic miceo462, Moreover, glucose injections in mice increased EGF in
plasmases, suggesting that glucose can regulate EGF levels. Overall, altered levels of

these genes in response to mild hyperglycaemia in GDM, as observed in the present



192

ex vivo model, may contribute to impaired placental vascular development. In turn, this
will impair blood flow to the fetus, and the exchange of nutrients and gases, resulting in
altered fetal growth. The impact of maternal glucose fluctuations on placental vascular

development will be investigated further in Chapter 7.

3.5.4 Altered placental lipid transport and metabolism genes in
placental explants treated with glucose fluctuations

Genes encoding several fatty acid transport proteins were altered by 7 mM glucose.
NEFAs cross the placenta by diffusion or facilitated diffusion by fatty acid carriers, such
as CD36 (FAT) and FATPs and bind to FABPs in the cytoplasm?®, CD36, FABP4 and
SLC27A6 (FATP6) were upregulated and FABP3 was downregulated by 7 mM
glucose. In previous studies, FABP4 and FABP5 were increased in placentas from
obese women with diabetes, compared to those without diabetes. Additionally, FABP4
has been shown to be significantly increased in the serum of women with GDM
compared to controls*®®-42_ Other studies have found that umbilical cord serum FABP4
levels were higher in offspring of women with GDM, which was directly associated with
maternal serum FABP4, and leptin, and negatively correlated with birthweight*®°. In line
with this, Ciborowski et al. (2014) also reported that FABP levels in healthy pregnant
women are correlated with lipids and birthweight®¥’. In the placenta, several factors
were found to be increased in women with GDM compared to controls, including
visfatin (NAMPT), NF-xB, EL, FABP1, FABP3, FABP4, FATP4, FATP5 and lipoprotein
lipase, in ELISAs of protein“®®. The levels of CD36 in diabetic placentas has not been
widely studied, however its expression was found to be augmented in
syncytiotrophoblast isolated from GDM placentas*®, and in placentas from obese®®
and overweight women®*°, LPL and EL have also been reported to be increased in
placentas from women insulin-dependent diabetes, and from obese women with
GDM®*2% E| mRNA expression (LIPG) is also increased in TLDM pregnancies,

particularly in those with poor metabolic control?®’.

Supraphysiological concentrations of glucose promote placental triglyceride
accumulation in placental explants, however no differences in expression or
localisation of LPL, EL, FATP2, FATP4 or FAT (CD36) were observed in
immunohistochemistry*?°, Similarly, CD36 gene expression was not altered by
supraphysiological glucose in GDM and non-GDM syncytio- and cyto-trophoblasts*!8,
This is contrary to our findings using physiological glucose concentrations, where 7 mM
glucose increased CD36 expression, demonstrating differences between

supraphysiological and physiological glucose. Visiedo et al. utilised a more
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physiological level of glucose (11 mM) in placental explants and showed that it reduced
mitochondrial fatty acid oxidation, increased esterification, which lead to an
accumulation of placental triglycerides®®. This study further suggests a role for

maternal hyperglycaemia in placental triglyceride accumulation.

These findings suggest that lipid transport proteins are altered in diabetic pregnancies,
by supraphysiological levels of glucose and in the present study, by physiological
increases in glucose. Alterations in these transport proteins can dysregulate levels of
circulating lipids in pregnancy, which can lead to maternal dyslipidaemia, altered fetal
growth (including LGA) and increased risk of offspring metabolic disease later in life®*.
Thus, the findings suggest a role for mild hyperglycaemia in GDM in regulating
placental lipid transport and fetal growth. It would therefore be interesting to investigate
lipid metabolism in the placental explants further, by assessing triglyceride

accumulation, protein levels of the transporters or metabolomics?6942°,

3.5.5 Altered immune and inflammatory genes in placental explants

treated with glucose fluctuations

Functional enrichment analysis also predicted that glucose altered genes associated
with the inflammatory/immune response, interleukin signalling, and reduced
recruitment/activation of macrophages. Key DEGs within these pathways included
several cytokines and chemokines (CXCL- 1, 2, 3, 5, 8; CCL- 2, 3, 19, 20 and IL- 1B, 6,
23A, 24), which were downregulated by 7 mM glucose. Cytokines and chemokines are
proteins that act as immune mediators and regulators?'#, and are expressed at the
maternal-fetal interface?'>2%¢, The immune imbalance between pro-inflammatory and
anti-inflammatory mediators are thought to contribute to insulin resistance, glucose
intolerance, and increase the risk of adverse pregnancy outcomes?3¢-246, Circulating
cytokine and chemokine levels have been found to be altered in women with GDM,

however these findings are varied across studies?16.239:248.249,240-247

Predicted functional pathways included, signalling by IL- 4, 13, 10 and 17. IL-17 is pro-
inflammatory, and known to promote the production of pro-inflammatory cytokines and
chemokines, including CXCL1, CXCL2, CXCL5, CXCL8, CCL2, CCL20, IL6, IL1B and
prostaglandin-endoperoxide synthase 2 (PTGS2)%#, all of which were downregulated
by 7 mM glucose. In contrast, IL-10 and IL-4/13 are anti-inflammatory and are known to
inhibit production of several pro-inflammatory mediators which were found to be
downregulated by 7 mM glucose, including IL1B, IL6, CCL2, CCL3, CCL19, CXCLS,
CXCL1, CXCL2, PTGS2%354%, Further Cytoscape analysis revealed a cluster of genes

associated with interleukin signalling, with IL genes, IL1B and IL6, being central
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mediators. Additionally, extracellular NAMPT, which was downregulated by 7 mM
glucose, has been linked with an activation of the inflammatory response, mainly in
macrophages®*®. NAMPT treatment can upregulate inflammatory mediators, such as
IL-1B and IL-6, in addition to MMPs®>#, which were also downregulated by 7 mM
glucose. Taken together, these findings suggest an anti-inflammatory response to 7

mM glucose in placental explants.

These findings suggest that mild hyperglycaemia in pregnancies complicated by GDM
and LGA may result in altered activation of immune and inflammatory pathways. The
contribution of the immune and inflammatory system in the pathogenesis of diabetes
mellitus, including GDM, has been increasingly studied?**2%’. Maternal hyperglycaemia
has been attributed to systemic inflammation and immune dysfunction in GDM,
potentially through aberrant adaptation of the maternal immune system in
pregnancy?%®. Interestingly, many of the altered inflammatory mediators are also known
to contribute to placental development and vascularisation. Placental cytokines and
chemokines are thought to contribute to trophoblast invasion, differentiation and
apoptosis and placental proliferation, villous formation and angiogenesis?18:236:546-549,
Moreover, inflammatory mediators, such as IL-6 and TNF-a have been shown to
stimulate, and IL-1 to inhibit, system A activity (a placental amino acid nutrient
transporter®®°) in the trophoblast®?. IL-1B has also been associated with increasing
expression HK2 expression?®°. This suggests that inflammatory mediators altered by
mild hyperglycaemia in GDM may influence placental nutrient transport, glucose
metabolism and thus fetal growth. The impact of mild hyperglycaemia on the

immune/inflammatory response in the placenta will be investigated further in Chapter 5.

3.6 Summary

e Maternal glucose fluctuations evident in vivo in CGM analyses of women with
GDM that deliver LGA and AGA offspring could be modelled using an ex vivo
placental explant model.

e Culture of tissue in 5/5.5 or 7 mM conditions did not affect tissue viability or
rates of trophoblast proliferation/apoptosis.

e Gene expression of glucose transporters, GLUT4 and GLUTS8, were
significantly downregulated by 7 mM glucose.

o Treatment with 7 mM glucose (mild hyperglycaemia) altered the placental
transcriptome, including genes associated with placental vascular development,
glucose homeostasis and metabolism, fatty acid transport and metabolism and

inflammation and the immune response.
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Functional enrichment analyses, through multiple methods, revealed that
altered genes are known to play roles in vascular development and the
immune/inflammatory response, and key DEGs within these pathways are
inflammatory mediators, including cytokines and chemokines.

Findings from this chapter revealed that subtle and physiological fluctuations in
maternal glucose can impact the placental transcriptome, which may lead to

functional consequences in the placenta.
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Chapter 4 - The human placental transcriptome in

pregnancies complicated by GDM and/or LGA

4.1 Introduction

In Chapter 3, physiological maternal glucose fluctuations associated with GDM LGA
pregnancies, were found to alter the placental transcriptome. This impact on gene
expression may be linked to changes in the placenta in pregnancies complicated by
GDM that deliver LGA infants. Therefore, it is important to determine if the placental
explant model induced transcriptomic changes similar to placentas from GDM and/or
LGA pregnancies. Previous studies have shown through bulk RNA sequencing and
single-cell RNA sequencing that GDM alters the placental transcriptome®®2-5%4, Others
have investigated a selected number of genes and reported some alterations in
expression in either GDM-LGA compared to uncomplicated pregnancies®®, or non-
GDM LGA compared to non-GDM AGA/SGA pregnancies®®. However, to date, there
are no known publications describing the placental transcriptome in pregnancies
complicated by both GDM and LGA. The aim of this chapter was to identify publicly
available data sets that could be analysed to determine if there are transcriptomic
changes in the human placenta in GDM and/or LGA and to use these to assess
whether these are linked to the placental transcriptome changes observed in placental
explants treated with glucose fluctuations. Thus, establishing whether any changes in

GDM and/or LGA placentae are likely attributed to glucose fluctuations.

4.2 Hypothesis

Alterations in the placental transcriptome in pregnancies complicated by GDM and/or

LGA will be attributed to physiological maternal glucose fluctuations.

4.3 Aims

1. To identify publicly available placental transcriptomic datasets and determine
differentially expressed genes associated with GDM and/or LGA.
2. To compare alterations in the transcriptome induced by physiological maternal

glucose fluctuations in placental explants and in GDM and/or LGA pregnancies.

4.4 Results

4.4.1 Identification of publicly available data on the GDM and/or

LGA transcriptome
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GEO*? and ArrayExpress*'! were searched (2020) to identify publicly available
transcriptomic datasets of human placentae, which included samples from women with
GDM and/or contained information on birthweight or BWCs to determine whether

samples were LGA or AGA. All identified studies are outlined in Table 4.1.

Two suitable studies were identified that contained placental transcriptomic data from
GDM compared to non-GDM pregnancies. One study, from Binder et al. (Accession
No. GSE70493)%%3, contained placental samples from 41 GDM cases and 41 matched
controls matched for maternal age, BMI, gestational age, gravidity/parity, ethnicity,
birthweight, fetal sex, and smoking. A limitation of this dataset is that information on the
BWC were not reported, so although the samples could be classified as GDM or non-
GDM, it was not possible to separate based on birthweight category and it is unclear if
and how many of the samples were LGA, AGA or SGA. Furthermore, since
demographic information for individual samples was not available for this study, | was
unable to conduct my own statistical analyses on the demographics and it was
therefore assumed that the reported data were correct. These demographics are

outlined in Table 4.2 as reported in the published paper>®,

The second study was by Cox et al. (Accession No. GSE128381)°7, which contained
placental samples from lean, overweight, and obese mothers, which included 6 GDM
cases, all of which were AGA. The BWCs, and classifications (AGA or LGA) were
calculated using the world health organisation (WHO) growth charts®®, based on the
available demographic information. Here, 6 ‘Normal’ matched controls were selected
for the GDM cases, based on maternal BMI, fetal sex, parity, and ethnicity, where
possible. Samples with gestational hypertension were excluded. Demographic
information was provided for each sample, and averages for each group were
calculated in the present study and analysed for any differences between the groups
(Table 4.3). Similarly, to the previous study, there were no significant differences in
maternal age, BMI, gestational age, parity, ethnicity, birthweight, fetal sex, or smoking.
All 6 GDM samples in this data set were AGA, therefore the matched non-GDM

controls were also AGA.

For analysis of the placental transcriptome in GDM LGA compared to GDM AGA
pregnancies, one suitable study was identified (E-MTAB-6418)%°, from the Effect of
Metformin on Maternal and Fetal Qutcomes in Pregnant Obese Women (EMPOWaR)
trial which had a primary outcome of determining whether exposure to metformin could
affect the offspring BWC in obese pregnancies®*®. GDM women were not excluded
from the study and the data set included 6 GDM LGA samples and 23 GDM AGA
samples. This study also included samples from 12 non-GDM LGA and 51 non-GDM
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AGA pregnancies, which were also compared. Some demographic information was
provided for each sample that allowed BWCs and classifications (AGA or LGA) to be
calculated using the WHO growth charts®®8, It was then possible to categorise the
samples into four groups: non-GDM AGA, non-GDM LGA, GDM AGA and GDM LGA
(Table 4.4). All categories were matched for maternal age, gestational age, fetal sex,
metformin treatment, or smoking, however there was a significant difference in mode of
delivery (p<0.05), which is likely associated with earlier delivery in women with
GDMI/LGA by caesarean section, to reduce the risk of complications, such as shoulder
dystocia, with vaginal delivery?”-22550_ BMI was not provided, but as part of the study
inclusion criteria, all samples were from obese pregnancies. Birthweight and BWCs
were significantly higher in groups with LGA infants, as expected based on the
grouping of samples by AGA and LGA (p<0.0001).

For further analysis of the placental transcriptome in non-GDM LGA compared to non-
GDM AGA pregnancies (non-GDM) two suitable published datasets were identified.
This included again the study by Cox et al. (2019)%7 (GSE128381), which included 15
placental samples from LGA pregnancies (non-GDM). Here, 15 matched AGA
placental samples from non-GDM pregnancies were selected based on maternal BMI,
parity, and ethnicity, where possible. Samples with gestational hypertension were
excluded. Demographic information was provided for each sample, and statistical
analysis was performed to determine how well matched the groups were (Table 4.5).
Samples were all matched for maternal age, BMI, gestational age, parity, ethnicity, fetal
sex, and smoking status. The absolute birthweight was higher in the LGA group,
although this was not significant (p=0.06). However, when BWC were calculated using
WHO criteria, as expected, there was a significant difference in the BWC (p<0.0001) in
the LGA group. The second dataset was by Turan and Sapienza (Unpublished;
GSE32868). This contained 12 placental samples from LGA pregnancies (non-GDM)
and 36 placental samples from AGA pregnancies (non-GDM). The 12 LGA samples
could not be matched to 12 AGA samples as limited demographic information was
provided. Therefore, all 12 LGA samples were compared to all 36 AGA samples. The
demographic information that was provided included gestational age, birthweight and
BWCs. The averages for each group were calculated in the present study and
analysed for any differences between the groups (Table 4.6). As expected, there was a
significant increase in birthweight (p<0.0001) and BWC (p<0.0001) in the LGA group.

No significant differences were observed in gestational age.
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dataset IDs for GEO (GSE) and Array Express (E-MTAB-), the number of GDM samples (if applicable) and demographic information for

the calculation of birthweight centiles (BWC) are shown. The final column details whether the dataset was included in the analysis and

reasons for inclusion/exclusion.

Dataset

Array Type

Tissue

GDM

Samples

Birthweight

Gestational

Age

Other info

Included or excluded from
analysis

SGA)

GSE128381 Agilent-039494 SurePrint G3 Term 6 with 183 v v (Weeks) v Included — GDM samples
Human GE v2 8x60K Placenta GDM and some demographic
Microarray 039381 information to calculate
BWC provided.
GSE70493 Affymetrix Human Term 41 with 82 X X X Included — GDM samples.
transcriptome array v2.0 Placenta GDM
E-MTAB-4541 RNA Sequencing Term GDM 10 X X No but class Excluded — No GDM and
Placenta excluded (lean/overweight/ demographic information to
calculate BWC not
obese) provided.
E-MTAB-6418 lllumina HumanHT-12 v4.0 Term All GDM 108 v (adjusted v (Days) All obese BMI Metformin Included — GDM samples
expression beadchip Placenta for greater or equal to | and Non- and some demographic
gestational 30 Metformin information to calculate
age) Samples BWC provided.
GSE36828 lllumina HumanHT-12 v3.0 Term GDM 48 v (and BWC) | v (Weeks) X Included — No GDM but
expression beadchip Placenta excluded (Placenta) BWC provided.
(+Cord
blood)
GSE27272 lllumina HumanRef-8 v3.0 Term GDM 54 NG v (Weeks) N Smokers Excluded — Demographic
expression beadchip Placenta excluded (Placenta) and non- information to calculate
(+Maternal smokers BWC not provided.
and Cord
Blood)
GSE100415 Affymetrix Human Gene 1.0 Term GDM 20 x (All v (Weeks) v Excluded — All samples
ST Array Placenta excluded samples SGA
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Table 4.2 - Demographic information for GDM and Non-GDM samples from the
GSE70493 study. Demographic information for individual samples was not available
for this study, and therefore the patient demographics are as reported in the published
paper. Continuous variables are summarised by the mean+SD and categorical
variables are reported as a number (%). The statistical methods used were not

reported in this study.

GDM (n=41)

Non-GDM (n=41)

Significance

Maternal age 33.17+4.65 33.49+4.85 p=0.7635 NS
(years)
BMI at booking 26.65+5.73 26.41+5.42 p=0.7635 NS
(kg/m?)
Gestational age 39.08+0.93 39.21+1.05 p=0.5576 NS
(weeks)
Gravidity 1: 8 (19.51%) 1: 4 (9.76%)

2: 11 (26.83%) 2: 16 (39.02%)

3: 13 (31.71%) 3: 10 (24.39%)

>4: 8 (19.51%) >4: 11 (26.83%)
Ethnicity Non-Hispanic White: 23 Non-Hispanic White: 23 p=0.9437 NS

(56.098%) (56.098%)

Hispanic or Latino: 5 (12.195%) Hispanic or Latino: 4 (9.756%)

Asian/Pacific Islander: 7 Asian/Pacific Islander: 6

(17.073%) (14.634%)

Black/African American: 6 Black/African American: 8

(14.634%) (19.512%)
Birthweight (g) 3540454 3921+50 p=0.7590 NS
Male infant (%) 20 (48.78%) 21 (51.22%) p=1 NS
Smoked in 3 (7.32%) 3 (7.32%) p=1 NS
Pregnancy (%)
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Table 4.3 - Demographics for GDM and non-GDM samples in the GSE128381
study. Continuous variables are summarised by the mean+SEM and statistical
analysis was performed using either an unpaired T-Test or a Mann-Whitney U test, for

normally distributed or non-normally distributed variables, respectively. Categorical

variables are reported as a number (%) and statistical analysis was performed using a
Chi-Squared test.

GDM (n=6) Non-GDM (n=6) Significance
Maternal age (years) 30.17+1.40 27.16+1.45 p=0.1672 (T-Test)
BMI at booking (kg/m?) 26.58+2.32 20.08+2.22 p=0.8795 (T-Test)
Gestational age (weeks) 38.83+0.79 39.33+0.49 p=0.6063 (T-Test)
Parity 2+0.26 1.83+0.31 p=0.718 (Mann-Whitney)
European (%) 4 (66%) 4 (66%) p=1 (Chi-Squared)
Birthweight (g) 3279.17+229.89 | 3400.83+116.80 | p=0.6506 (T-Test)
Male infant (%) 3 (50%) 3 (50%) p=1 (Chi-Squared)
AGA (%) 100% 100% p=1 (Chi-Squared)
BWC 45.67+11.61 43.67+11.11 p=0.9043 (T-Test)
Smoked in Preghancy (%) 0 (0%) 0 (0%) p=1 (Chi-Squared)
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Table 4.4 - Demographics for Non-GDM AGA, Non-GDM LGA, GDM AGA and GDM LGA samples in the E-MTAB-6418 study.

Continuous variables are summarised by the mean+SEM and statistical analysis was performed using either a One-way ANOVA with

Tukey'’s post-hoc test or a Kruskal-Wallis with Dunn’s post-hoc test, for normally distributed or non-normally distributed variables,

respectively. Categorical variables are reported as a number (%) and statistical analysis was performed using a Chi-Squared test.
Abbreviations: BWC — birthweight centile.

Non-GDM AGA (n=51)

Non-GDM LGA (n=12)

GDM AGA (n=23)

GDM LGA (n=6)

Significance

Maternal age (years) 29.5+0.75 30.42+1.40 29.17+1.13 34.17+2.10 NS
(One-Way ANOVA)
Gestational age (days) 279.78+1.31 281.25+2.83 274.74+1.32 279.50+5.44 NS

(One-Way ANOVA)

Birthweight (Adjusted
for gestational age) (g)

3459.76+48.84

4203.33+53.29

3402.522+68.12

4533.67+153.21

Non-GDM AGA vs GDM
LGA p<0.00000001****

Non-GDM LGA vs GDM
AGA p<0.00000001****

Non-GDM AGA vs Non-
GDM LGA
p<0.00000001****

GDM AGA vs GDM LGA
p<0.00000001****

(One-Way ANOVA)

Metformin (%)

Metformin: 27 (53%)
No Metformin: 24 (47%)

Metformin: 8 (67%)
No Metformin: 4 (33%)

Metformin: 11 (48%)
No Metformin: 12 (52%)

Metformin: 1 (17%)
No Metformin: 5 (83%)

p=0.24 NS (Chi-Squared)

Fetal Sex (%)

Male: 26 (51%)
Female: 25 (49%)

Male: 5 (42%)
Female: 7 (58%)

Male: 16 (70%)
Female: 7 (30%)

Male: 5 (83%)
Female: 1 (17%)

p=0.17 NS
(Chi-Squared)

Mode of delivery (%)

Labour: 44 (86%)
No Labour: 7 (14%)

Labour: 7 (58%)
No Labour: 5 (42%)

Labour: 19 (83%)
No Labour: 4 (17%)

Labour: 3 (50%)
No Labour: 3 (50%)

P=0.045 * (Chi-Squared)
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Smoked in pregnancy
(%)

Smoked: 8 (16%)
Non-Smoker: 43 (84%)

Smoked: 0
Non-Smoker: 12 (100%)

Smoked: 1 (4%)
Non-Smoker: 22 (96%)

Smoked: 0
Non-Smoker: 6 (100%)

p=0.19 NS (Chi-Squared)

BWC

48.98+3.55

93.83+0.84

45.65+5.12

96.43+1.28

Non-GDM AGA vs GDM
LGA p=0.000027 ****

Non-GDM LGA vs GDM
AGA p=0.000001 ****

Non-GDM AGA vs Non-
GDM LGA p=0.00000041

*kkk

GDM AGA vs GDM LGA
p=0.000026 ****

(Kruskal-Wallis)
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Table 4.5 - Demographics for non-GDM LGA and non-GDM AGA samples in the

GSE128381 study. Continuous variables are summarised by the mean+SEM and

statistical analysis was performed using either an unpaired T-Test or a Mann-Whitney

U test, for normally distributed or non-normally distributed variables, respectively.

Categorical variables are reported as a number (%) and statistical analysis was

performed using a Fisher's Exact test.

LGA (n=15)

AGA (n=15)

Significance

Maternal age (years)

30.5+1.18

32.71+£1.40

p=0.3167 NS (T-Test)

BMI at booking (kg/m?) 26.61+1.88 26.32+1.66 p=0.8845 NS (Mann-
Whitney)

Gestational age (weeks) 38.5+0.85 38.9+0.52 p=0.398 NS (Mann-
Whitney)

Parity 1.5+0.17 1.64+0.19 p=0.6557 NS (Mann-
Whitney)

European (%) 14 (93%) 15 (100%) p=1 NS (Chi-Squared)

Birthweight (9)

3719.64+201.84

3277.5+93.71

p=0.06 NS (T-Test)

Male infant (%) 6 (40%) 6 (40%) p=1 NS (Chi-Squared)

BWC 92.57+0.61 51.5+6.49 p=0.00000325 **** (Mann-
Whitney)

Smoked in Pregnancy (%) 0 (0%) 1 (6.7%) p=1 (Chi-Squared)

Table 4.6 - Demographics for non-GDM LGA and non-GDM AGA samples in the

GSE36828 study. Continuous variables are summarised by the mean+SEM and

statistical analysis was performed using either an unpaired T-Test or a Mann-Whitney

U test, for normally distributed or non-normally distributed variables, respectively.

LGA (n=12)

AGA (n=36)

Significance

Gestational age (weeks)

39.35+0.31

39.61+0.19

p=0.4688 NS (T-Test)

Birthweight (g)

4279.83+74.32

3543.44+50.31

p=0.000000285 **** (Mann-
Whitney)

BWC

95.17+0.85

56.25+3.87

p=0.000000039 **** (T-Test)
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4.4.2 The placental transcriptome in pregnancies complicated by
GDM

GEOZ2R was used to identify DEGs (p<0.05 and Log,FC of <-0.5 and >0.5) between
GDM and matched non-GDM placental samples in the Cox et al. (2019)>/
(GSE128381) and Binder et al. (2015)°%® (GSE70493) studies.

In the analysis of the GSE128381 data 14,040 transcripts were detected and 575 were
differentially expressed, with 104 upregulated and 471 downregulated in GDM
placentae (Figure 4.1). ORA did not identify any significant pathways associated with
DEGs; however, two significant GO terms were identified which were related to
peptidase regulator activity in apoptotic processes (FDR: 0.030). DEGs within these
GO terms included several immune and inflammatory-related genes, such as, NLR
family pyrin domain containing 1 (NLRP1)%!, Tumour necrosis factor-a—induced protein
8 (TNFAIP8)°%? and apoptosis-related genes Caspase 3 (CASP3)°%® and X-linked
inhibitor of apoptosis protein (XIAP)%4,

In the analysis of the GSE70493 data 70,523 transcripts were detected and 40 were
differentially expressed, with 36 upregulated and 4 downregulated in GDM placentae
(Figure 4.2A). The top upregulated genes in GDM included IGF binding protein 1
(IGFBP1), which has previously been linked to fetal growth and placental
development>®-°%7_in addition to inflammatory genes interleukin-1 receptor-like 1
(ILRL1)%®8, CXCL9 and CXCL10°%°, There were also several differentially expressed

transcripts that were unannotated, including pseudogenes or unnamed IncCRNAs.

DEGs were associated with pathways related to autoimmune diseases (T1DM, thyroid
disease) and immune responses (allograft rejection) (FDR: 1.18E-06- 1.07E-05)
(Figure 4.2B). However, the DEGs associated with all these pathways were primarily
altered human leukocyte antigen (HLA) genes: HLA-DRB5, HLA-DRB1, HLA-DQA1
and HLA-DRA. These DEGs were also enriched in GO terms associated with MHC
major histocompatibility complex (MHC) protein complexes and antigen presentation
(FDR: 4.63E-07-1.48E-03) (Figure 4.2C). In addition to HLA genes, other key genes in
these GO terms were CXCL9 and CXCL10.
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Figure 4.1 - Alterations in the placental transcriptome in GDM in the GSE128381
study. Volcano plot representing differentially expressed genes (DEGS) in GDM
compared to non-GDM placentae identified in transcriptomic data from the Cox et al.
(GSE128381) study®®’. Horizontal dashed line represents p=0.05, the vertical dashed
lines represent a Log2FC of £ 0.5 equivalent to a fold change of 1.4 and -0.71. NS =
grey, significant p value = blue, significant Log.FC = orange, significant p value and
LogzFC = pink. The top 10 upregulated and downregulated annotated genes are

labelled. Volcano plot generated using EnhancedVolcano in R.
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Figure 4.2 — Alterations in the placental transcriptome in GDM in the GSE70493
study. A) Volcano plot representing differentially expressed genes (DEGSs) in GDM
compared to non-GDM placentae identified in transcriptomic data from the Binder et al.
(GSE70493) study. Horizontal dashed line represents p=0.05, the vertical dashed lines
represent a Log2FC of + 0.5 equivalent to a fold change of 1.4 and -0.71. NS = grey,
significant p value = blue, significant Log.FC = orange, significant p value and Log.FC
= pink. The top 10 upregulated and downregulated annotated genes are labelled.
Volcano plot generated using EnhancedVolcano in R. B) DEGs (p<0.05, Log2FC -0.5<
or >0.5) that were altered in GDM compared to non-GDM placentae from the
GSE70493 study were inputted into WebGestalt for GO and pathway analysis. The top
y-axis represents the -log(p value) indicated by the black line plot, and the lower y-axis
represents the enrichment ratio (humber of observed genes divided by the number of
expected genes in each GO term/pathway) for each of the represented GO
terms/pathways, indicated by the bars. Pathways are ordered by most significant p

value.
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4.4.2.1 A comparison of genes altered by glucose fluctuations and genes
associated with GDM

The annotated DEGs altered in GDM placentae from both studies were then compared
to the DEGs altered by 7 mM glucose in placental explants. When comparing to the
GSE128381 DEGs, 7 genes overlapped (Figure 4.3). Interestingly, CXCL2, L-Selectin
(SELL), TIPARP, Serrate RNA effector molecule homolog (SRRT), Topoisomerase 1
(TOP1) and Hyaluronan and Proteoglycan Link Protein 2 (HAPLN2) were
downregulated in GDM placentae and by 7 mM glucose in explants. The one
overlapping gene that was upregulated in GDM placentae was the Fc gamma receptor
IIb (FCGR2B) gene, which was also upregulated by 7 mM glucose. The overlapping
genes, their functions, and associated p values/Log.FC’s are summarised in Table 4.7.

No DEGs altered by 7 mM glucose overlapped with the GSE70493 DEGs. Additionally,
GO terms and pathways identified through ORA did not overlap with those associated
with glucose fluctuations in placental explants. However, DEGs altered in GDM
placentae included chemokines CXCL2, CXCL9 and CXCL10 and other inflammatory-
related genes, FCGR2B, SELL, NLRP1 and TNFAIP8%5¢2 in line with the immune
and inflammatory genes associated with glucose fluctuations in explants. Interestingly,
there were no overlapping genes between the two studies on the GDM placentae, likely

due to differences between these cohorts.
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Figure 4.3 - Genes altered by 7 mM glucose in placental explants that are also
altered in GDM placentae. GEO2R was used to identify DEGs in the Binder et al.
(GSE70493) and the Cox et al. (GSE128381) studies comparing the transcriptome of
GDM compared to non-GDM placentae. Venn diagrams were used to identify genes
which were altered in GDM placentae and by 7 mM glucose in placental explants.
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Table 4.7 - Genes altered by 7 mM glucose in placental explants that are also altered in GDM placentae. The genes altered by 7
mM glucose in placental explants that were also altered by GDM in the Cox et al. (GSE128381) study are shown, with their known

functions and associated p values/Log2FC values.

Function Genes altered by 7 mM glucose in placental explants Genes altered by GDM (GSE128381)

Logz2FC P Value Log2FC P Value

CXCL2 e  Chemokine (C-X-C motif) ligand 2 (CXCL2) is | -0.6289 0.02069 -1.6298 0.0176
a chemokine, which recruits leukocytes in
areas of inflammation570,

SELL e L-Selectin (SELL) is a cell adhesion molecule | -2.7768 0.0231 -0.7888 0.00958
found leukocytes and facilitates cell adhesion
between leukocytes and endothelial cells,
important for recruiting monocytes in trans-
endothelial migration®71,

TIPARP | ¢ TCDD-inducible poly [ADP-ribose] -1.6492 0.02124 -0.686 0.00254
polymerase (TIPARP) which catalyses mono-
ADP-ribosylation®72.

SRRT e Serrate RNA effector molecule -0.5306 0.04396 -0.6853 0.00816
homolog (SRRT), also known as also known
as arsenite-resistance protein 2 (ARS2)
contributes to miRNA biogenesis and cellular
proliferation®73.

TOP1 e DNA topoisomerase 1 (TOP1) is an enzyme -0.6043 0.04518 -0.67 0.00128
that removes torsional stress in DNA which is
generated during DNA unwinding®74.
HAPLN2 | e« Hyaluronan and proteoglycan link protein 2 -1.3495 0.02367 -0.5429 0.02074
(HAPLNZ2) is important for the formation of the
extracellular matrix, by the binding of
chondroitin sulphate proteoglycans to
hyaluronan7s.

FCGR2B | « Fc gamma receptor Ilb (FCGR2B) is a 1.6276 0.00994 0.58446 0.0404
member of the immune receptor IgG Fc
gamma family. It is expressed in a variety of
immune cells and are involved in the
clearance of immune complexes by binding to
the Fc region of IgGs for the effective control
of inflammation and infection>76,
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4.4.3 The placental transcriptome in pregnancies complicated by
LGA

To assess whether the placental transcriptome is altered in GDM LGA pregnhancies
compared to GDM AGA pregnancies, GenomeStudio (v1.0) was used to assess DEGs
in the E-MTAB-6418 study. This study also included non-GDM LGA and non-GDM
AGA samples, which were also compared. This method was different to that used in
the other analyses based on the format of the available data. No significant DEGs were
identified in GDM LGA compared to GDM AGA pregnancies, or non-GDM LGA

compared to non-GDM AGA pregnancies.

To further assess whether the placental transcriptome is altered in LGA pregnancies
(non-GDM), GEO2R was used to identify placental DEGs (p<0.05 and Log.FC of <-0.5
and >0.5) between non-GDM LGA and non-GDM AGA in the Cox et al. (2019)%’
(GSE128381) and Turan and Sapienza (Unpublished; GSE36828) studies.

In the analysis of the GSE128381 data, 14,040 transcripts were detected, and 48 were
differentially expressed, with 23 upregulated and 25 downregulated (Figure 4.4). DEGs
included the inflammatory gene, interleukin 36 receptor antagonist (IL36RN)>"’, FABP4
and genes associated with gas transport, including erythroid-specific 5-aminolevulinate
synthase (ALAS2) and haemoglobin subunit alpha 2 (HBA2)%78,

In the analysis of the GSE36828 data, 48,803 transcripts were detected, and 7 were
differentially expressed, with 3 upregulated and 5 downregulated (Figure 4.5). DEGs
included the adipokine, leptin (LEP)®’®, which has previously been linked to fetal
growth®, A top upregulated gene in LGA identified in both studies was carbamoyl
phosphate synthetase 1 (CPS1), which is a mitochondrial enzyme involved in urea
production®®’. ORA did not identify any significant pathways or GO terms associated
with DEGs in either study.
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Figure 4.4 — Alterations in the placental transcriptome in non-GDM LGA
pregnancies in the GSE128381 study. Volcano plot representing differentially
expressed genes in non-GDM LGA compared to non-GDM LGA placentae identified in
transcriptomic data from the Cox et al. (GSE128381) study®®’. Horizontal dashed line
represents p=0.05, the vertical dashed lines represent a Log2FC of + 0.5 equivalent to
a fold change of 1.4 and -0.71. NS = grey, significant p value = blue, significant Log,FC
= orange, significant p value and Log>FC = pink. The top 10 upregulated and
downregulated annotated genes are labelled. Volcano plot generated using

EnhancedVolcano in R.
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Figure 4.5 — Alterations in the placental transcriptome in non-GDM LGA
pregnancies in the GSE36828 study. Volcano plot representing differentially
expressed genes in non-GDM LGA compared to non-GDM LGA placentae identified in
transcriptomic data from the Turan and Sapienza (Unpublished; GSE36828).
Horizontal dashed line represents p=0.05, the vertical dashed lines represent a
Log2FC of =+ 0.5 equivalent to a fold change of 1.4 and -0.71. NS = grey, significant p
value = blue, significant Log.FC = orange, significant p value and Log2FC = pink. The
top 10 upregulated and downregulated annotated genes are labelled. Volcano plot

generated using EnhancedVolcano in R.
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4.4.3.1 A comparison of genes altered by glucose fluctuations and genes

associated with LGA

The annotated DEGs between non-GDM LGA and non-GDM AGA in the Cox et al.
(2019)*%7 (GSE128381) and Turan and Sapienza (Unpublished; GSE36828) studies
were then compared to the DEGs altered by 7 mM glucose in placental explants. When
comparing to the GSE128381 data, three genes that were altered by 7 mM glucose
were also altered in LGA placentae (Figure 4.6). Of these, two genes, PDGFD and
ALAS2, were downregulated 7 mM glucose and downregulated in LGA placentae.
However, FABP4 was upregulated by 7 mM glucose and downregulated in LGA
placentae (Table 4.8). No genes altered by 7 mM glucose overlapped with the
GSE36828 DEGs. One gene, CPS1 was upregulated in LGA in both previously

published data sets.
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GSE128381 DEGs
Non-GDM LGA vs Non-GDM AGA

PDGFD
FABP4
ALAS2

CPs1

Non-GDM LGA vs Non-GDM AGA
GSE36828

Figure 4.6 - Genes altered by 7 mM glucose in placental explants that are also
altered in non-GDM LGA compared to non-GDM AGA placentae. GEO2R was used
to identify DEGs in the Cox et al. (GSE128381) and Turan and Sapienza (Unpublished;
GSE36828) studies comparing the transcriptome of non-GDM LGA compared to non-
GDM AGA placentae. Venn diagrams were used to identify genes which were altered

in LGA placentae and by 7 mM glucose in placental explants.
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Table 4.8 - Genes altered by 7 mM glucose in placental explants that are also altered in non-GDM LGA compared to non-GDM
AGA placentae. The genes altered by 7 mM glucose in placental explants that were also altered by LGA in the Cox et al. (GSE128381)

study are shown, with their known functions and associated p values/Log:FC values.

Gene ID Function Genes altered by 7 mM glucose in placental explants | Genes altered by LGA (GSE128381)

LogzFC P Value Log2FC P Value

PDGFD | e Platelet derived growth factor D (PDGFD) is | -2.52819 0.035585 -0.61684 0.049828
a member of the PDGF family that binds
the PDGFRpB48! and promotes cell growth
and angiogenesis®82,

ALAS2 | e  Erythroid-specific 5-aminolevulinate -2.85152 0.016554 -0.79686 0.04290
synthase (ALAS2) is the rate-limiting
enzyme for haem biosynthesis in erythroid
cells583

FABP4 | e  Fatty acid binding protein 4 (FABP4) is an 1.704141 0.001375 -0.72401 0.002871
intracellular lipid chaperone, which
regulates lipid trafficking and responses in
cells®84. In the placenta It binds fatty acids
following their transport across the
placental barrier?%s,
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4.4.4 DEG expression in a further cohort of GDM/non-GDM and
LGA/AGA placental RNA samples

To further assess whether any genes altered by 7 mM glucose in placental explants
were also altered by GDM and/or LGA, a panel of DEGs were assessed in a separate

cohort of samples of human term placental RNA using RT-gPCR.

Firstly, the samples were divided into GDM (n=26) and non-GDM (n=24). The
demographic information for each group is outlined in Table 4.9. The samples were
then further divided into non-GDM AGA (n=13), non-GDM LGA (n=11), GDM AGA
(n=15) and GDM LGA (n=11). The demographic information for each group is outlined
in Table 4.10.

Maternal age was higher in GDM LGA (33.36+1.36) and AGA groups (33.60+1.15)
than non-GDM AGA (26.92+1.69; p<0.05), but not compared to non-GDM LGA
(30+1.32). This likely because there is an increased risk of developing GDM and/or
LGA infants with increasing maternal age®®>°8. Gestational age was also significantly
lower in the GDM AGA (269.93+1.87) group compared to non-GDM AGA
(276.62+1.91; p<0.01), and there was also a significant difference in mode of delivery
(p<0.01). As previously discussed, both findings are likely associated with earlier
delivery in women with GDM by caesarean section, to reduce the risk of
complications?’2856°_ Birthweight and placental weight were significantly higher in
groups with LGA infants (p<0.05), as expected based on the grouping of samples by
AGA and LGA. BWCs were also significantly higher in LGA groups (p<0.0001). In line
with this, when samples were divided into GDM and non-GDM, maternal age was
significantly higher in the GDM group (p<0.001) and gestational age was significantly
lower (p<0.05).
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Table 4.9 - Demographics for GDM and non-GDM RNA placental samples used in

the present study. Patients were grouped into either GDM (n=26) or non-GDM (n=24).

Continuous variables are summarised by the mean+SEM and statistical analysis was

performed using either a T-Test or Mann-Whitney U Test, for normally distributed or

non-normally distributed variables, respectively. Categorical variables are reported as a

number (%) and statistical analysis was performed using a Chi-Squared test.
Abbreviations: BMI — body mass index; BWC — birthweight centile; EL LSCS - Elective

Lower Segment Caesarean Section; EM LSCS - Emergency Lower Segment

Caesarean Section; NVD — Normal Vaginal Delivery.

GDM (n=26)

Non-GDM (n=24)

Significance

Maternal age (years) | 33.50+0.86 28.33+0.89 p=0.00068 *** (T-Test)

BMI at booking 31.03+1.24 30.14+2.10 p=0.689 NS (T-Test)

(kg/m?)

Gestational age 270.43+£1.28 275.63+1.46 p=0.0146 * (Mann

(days) Whitney)

Parity 2.12+0.38 1.08+0.18 p=0.02716 * (Mann
Whitney)

Ethnicity (%) Arab: 3 (12%) Arab: 0 p=0.1352 NS (Chi-

Asian: 9 (35%)
Black: 3 (12%)
White: 11 (42%)

Asian: 5 (21%)
Black: 2 (8%)
White: 17 (71%)

Squared)

Birthweight (g)

3640.15+119.09

3776.46+86.27

p=0.3688 NS (T-Test)

Placental weight (g)

637.99+44.52

617.74+25.27

p=0.7046 NS (T-Test)

Fetal sex (%)

Male: 12 (46%)
Female: 12 (46%)
Unknown: 2 (8%)

Male: 11 (46%)
Female: 13 (54%)

p=0.3667 NS (Chi-
Squared)

Birthweight Class
(%)

AGA: 15 (58%)
LGA: 11 (42%)

AGA: 13 (54%)
LGA: 11 (46%)

p=1 NS (Chi-Squared)

BWC 70.69+5.82 69.08+5.09 p=0.7411 NS (Mann
Whitney)
Smoked in Smoked: 0 Smoked: 4 (17%) p=0.09923 NS (Chi-

Pregnancy (%)

Non-Smoker: 26 (100%)

Non-Smoker: 20 (83%)

Squared)

Mode of delivery (%)

NVD: 9 (35%)

EM LSCS: 5 (19%)
EL LSCS: 10 (38%)
Unknown: 2 (8%)

NVD: 9 (38%)
EMLSCS: 0

EL LSCS: 14 (58%)
Unknown: 1 (4%)

p=0.1151 NS (Chi-
Squared)
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Table 4.10 — Demographics for non-GDM/GDM and AGA/LGA samples RNA used in the present study. Patients were grouped into
four categories based on their GDM diagnosis and BWC: Non-GDM AGA (n=13), Non-GDM LGA (n=11), GDM AGA (n=15) and GDM
LGA (n=11). Continuous variables are summarised by the mean+SEM and statistical analysis was performed using either a One-way
ANOVA with Tukey’s post-hoc test or a Kruskal-Wallis with Dunn’s post-hoc test, for normally distributed or non-normally distributed
variables, respectively. Categorical variables are reported as a number (%) and statistical analysis was performed using a Chi-Squared
test. Abbreviations: BMI — body mass index; BWC — birthweight centile; EL LSCS - Elective Lower Segment Caesarean Section; EM

LSCS - Emergency Lower Segment Caesarean Section; NVD — Normal Vaginal Delivery.

GDM LGA (n=11)

Non-GDM AGA (n=13) Non-GDM LGA (n=11) GDM AGA (n=15)

Significance

Maternal age (years)

26.92+1.69

30+1.32

33.60+1.15

33.36+1.36

Non-GDM AGA vs GDM
AGA p=0.0046 **

No-GDM AGA vs GDM
LGA p=0.013 *

(One-Way ANOVA)

BMI at booking (kg/m?)

29.98+2.18

30.34+3.11

30.37+1.67

32.02+1.91

p=0.92-0.99 NS
(One-Way ANOVA)

Gestational age (Days)

276.62+1.91

274.45+2.58

269.93+1.87

271.38+1.61

Non-GDM AGA vs GDM
AGA p=0.0085 **

(Kruskal-Wallis)

Parity

1.23+0.28

0.91+0.25

1.87+0.29

2.45+0.81

Non-GDM LGA vs GDM
AGA p=0.038 *

(Kruskal-Wallis)

Ethnicity (%)

Arab: 0

Asian: 2 (15%)
Black: 1 (8%)
White: 10 (77%)

Arab: 0
Asian: 3 (27%)
Black: 1 (9%)
White: 7 (64%)

Arab: 1 (7%)

Asian: 6 (40%)
Black: 3 (20%)
White: 5 (33%)

Arab: 2 (18%)
Asian: 3 (27%)
Black: 0

White: 6 (55%)

p=0.28 NS (Chi-Squared)

Birthweight ()

3457.69+67.43

4153.18+96.80

3262+91.93

4155.82+146.87

Non-GDM AGA vs GDM
LGA p=0.00012 ***
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Non-GDM LGA vs GDM
AGA p=0.0000007 ****

Non-GDM AGA vs Non-
GDM LGA p=0.00012 ***

GDM AGA vs GDM LGA
p=0.0000006 ****

(One-Way ANOVA)

Placental weight (g)

552.75+28.68

688.64+37.62

548.50+32.27

772.22+85.15

Non-GDM LGA vs GDM
AGA p=0.018 *

GDM AGA vs GDM LGA
p=0.0098 **

(One-Way ANOVA)

Fetal Sex (%)

Male: 5 (38%)
Female: 8 (62%)

Male: 6 (55%)
Female: 5 (45%)

Male: 8 (53%)
Female: 7 (47%)

Male: 4 (36%)
Female: 5 (45%)
Unknown: 2 (18%)

p=0.217 NS
(Chi-Squared)

Mode of delivery (%)

NVD: 4 (30%)

NVD: 5 (45%)

NVD: 9 (60%)

NVD: 0

P=0.0072 ** (Chi-
Squared)

EM LSCS: 0 EMLSCS: 0 EM LSCS: 1 (7%) EM LSCS: 4 (36%)
EL LSCS: 8 (62%) EL LSCS: 6 (55%) EL LSCS: 5 (33%) EL LSCS: 5 (45%)
Unknown: 1 (8%) Unknown: 0 Unknown: 0 Unknown: 2 (18%)
Smoked in pregnancy Smoked: 3 (23%) Smoked: 1 (9%) Smoked: 0 Smoked: 0 p=0.090 NS (Chi-

(%)

Non-Smoker: 10 (77%)

Non-Smoker: 10 (91%)

Non-Smoker: 15 (100%)

Non-Smoker: 11 (100%)

Squared)

BWC

46.92+3.69

95.27+0.71

52.04+6.72

96.13+1.28

Non-GDM AGA vs GDM
LGA p=0.0000047 ****

Non-GDM LGA vs GDM
AGA p=0.000082 ****

Non-GDM AGA vs Non-
GDM LGA p=0.000024

*kkk

GDM AGA vs GDM LGA
p=0.000016 ****

(Kruskal-Wallis)
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DEGs to be tested in this cohort were selected based on their reported roles in the
placenta and/or diabetes and/or glucose (Chapter 3; Table 3.2) and included CXCL2,
which was found to be downregulated in GDM placentae (Figure 4.3) and PDGFD and
FABP4, which were found to be downregulated and upregulated in LGA placentae,

respectively (Figure 4.6).

Firstly, the expression of DEGs in the placentae of non-GDM (n=24) and GDM (n=26)
pregnancies were compared (Figure 4.7). These results showed that PECAM1 (135.07
[49.69-800.63] vs 253.0 [160.34-736.73]; p<0.001) and RAMP2 (10.09 [1.18-35.14] vs
15.95 [0.76-100.78]; p<0.05) were downregulated in GDM placentae. In GDM
placentae, there was also a trend towards a decrease in NAMPT (31.075 [5.28-81.01]
vs 36.47 [8.03-110.28]; p=0.256) and IL1B (0.51 [0.18-40.36] vs 0.83 [0.24-6.00];
p=0.255). Interestingly, there was also a trend towards a decrease in CXCL2 in GDM
placentae (0.36 [0.066-44.94] vs 0.63 [0.097-14.27]; p=0.519), which is in line with
findings in the transcriptomic analysis of publicly available data (Figure 4.3). Similarly,
NAMPT, IL1B and CXCL2 were all downregulated by 7 mM glucose in placental

explants.

Secondly, the expression of DEGs in the placenta of non-GDM AGA (n=13), nhon-GDM
LGA (n=11), GDM AGA (n=15) and GDM LGA (n=11) pregnancies were compared
(Figure 4.8). NAMPT, was upregulated in non-GDM LGA compared to non-GDM AGA
placentae (43.56 [25.90-110.28] vs 21.41 [8.03-92.09]; p<0.05). Similarly, PECAML1,
was downregulated in GDM AGA, compared to non-GDM AGA (119.84 [49.69-800.63]
VS 246.42 [160.34-736.73]; p<0.01) and non-GDM LGA placentae (119.84 [49.69-
800.63] vs 259.57 [170.07-445.72]; p<0.01). Interestingly, NAMPT was downregulated
and PECAM1 was upregulated by 7 mM glucose in placental explants.

RAMP2 was upregulated in non-GDM LGA (28.05 [11.59-50.39]) compared to hon-
GDM AGA (11.39[0.76-100.78]; p<0.05) and GDM LGA placentae (12.86 [1.18-35.14];
p<0.05). There was also a trend towards an increase in FABP4 in the non-GDM LGA
(53.82[27.47-129.34]) and GDM LGA (78.79 [28.44-207.94]) groups compared to the
non-GDM AGA (38.72 [17.69-444.18]) and GDM AGA (39.67 [15.78-215.27]) groups
(p=0.172-0.316). FABP4 was also upregulated with 7 mM glucose in placental

explants.

The expression changes of these DEGs in placental explants with glucose fluctuations,
transcriptomic analysis of publicly available data and RT-qPCRs of term placental
GDM/non-GDM LGA/AGA samples is summarised in Table 4.11.



223

B)

<

FABP4

CXCL2

4
at <
‘4 A.. =
O
«
< < < ©
AA R
¢ [ ]
[ o ® W
. eofe °° |5
-
[ . L N z
ToNee o = = ) =
TS WO (=] w o wn
sttt N o~ - -
(001X(3D-)v2) uoissaidx3 suss pasieWwIoN
ul
4 4
“ < AA =
< FO
« Il |o
4 4 <4 -«
<4
=
a
LO
I3
] (=]
. =4
o Qo wn g o™ o~ - o
T O N

(001X(3D-)v2) uoissaudx3 BUsS pasieWIoN

NAMPT

a

4
< L]
« 1 B . =
« < .@
< <4 p
« <
. g —
° - = ~—
. . § O
. =z ~
=
<
O
L
o
0 o o P 0 S
Q ‘DI ~ w o~
(001%(10-)v) uoissaidx3 suag pasiewIoN
—
(18
p
< . =
< O
(O]
4 < .
. =
. &3
C
b S
z
[a]
Q)
N —— . . . . =)
~ oW o Wwo w = o~ o P
1 T oo aN
(001%(30-)vg) uoissaidxg suag pesiewioN m

« “ 1 4
_ . <J& |z
P " PR .A G}
b <
*
H
L] ©" o- -“ W
¢
L . L
. N ] m
L (N =4
(=] (=] o o o
o wn (=} wn
o M~ wn (3]
(001x(10-)v2) uoIssaidx] BUBL) PBSI[ELLION
“ AA 4
« < Au =
< « ro
< 4 4 Q
“
b
* [ ]
2
o . o 1 ki
. c
. * S
L L
o o o o ° o
wn

< (] o~ -
(001X(10-)y2) uoIsSaIdXT BUSD PASIBULION



224

G)
RAMP2

120

80

40

Normalised Gene Expression (2*(-Ct)x100)

Non-IGDM G[')M

Figure 4.7 - Selected DEGs altered by 7 mM glucose in placental explants in
human placentae from GDM and non-GDM pregnancies. Selected DEGs were
measured in term placental RNA from non-GDM (n=24) and GDM (n=26) pregnancies
by RT-gPCR. The expression of each target gene was normalised to YWHAZ
housekeeping gene expression, which was unaltered between groups. Data are
presented as the median (as data was not normally distributed) and statistical analysis
was performed using a Mann-Whitney U Test. Individual points represent individual
patient placentae. * p<0.05, ** p<0.01.



FABP4

225
B)

CXCL2

A)

) ) ; - *l ll u - V\O - - *ﬂ F V‘G
1 _ s Tl V‘O VQ\ u " VQ\
. s, % 53]
%
oooo e * e +
. s Lo 5 . . o— S i v@v‘ [ . . M oﬁo i V\Ov\
. ooo @V\ @0 \VQ
4, O O
)
- <« oy N < A s
L A ¥ < L
. AAAA —\i i V\GV p < < 4_.A GV\N\ QDu Ann QV\N\
\N\Q * 0@/ m QO/
0/ A\O — 00
%, 1 v
: N & v K MCE CCR AMn - o ..._.. b,
% ﬁno - v@v s . N o O “ V\N\
% < % LLl %,
(@ % o O,
O =z % r - - - . «@v
T T T T T T T T T : . ° - o o o o o
339558 8 8 8 B " g : ° v g kB B 8
(001x(10-)vg) uoissaidx3g susr) pes|ewIoN (001x(10-)ve) uoissaidx3 susy) pasifewIoN
(001%(1D-)vg) uoissaidx3g susy) pasiewioN
a ™
L] WL n ) " - ] - &
b2, - |35, S S
@0@ % )
- « L Bl 4 . * i
- fle A s
% % v %
| 4 §
< s, 4, ow\\
QO @/A\ Q@
¢, O, N
(o) e %,
% . . g2
- o’ L 4, . h r vab\ =) .
. . . Y O 4, ™ s *.t - .?0
%, @, O ‘ o
O o T s s A “% @] %
coe B @ w ~ o 9 = YO8 3 X 8 o o v o : : : . %
(001x(0-)vg) uoisseidxg suen pesiewsoN - (00+x(10-)ve) uoissaidxg susy pesilewioN _ (001x(10-)ve) uoissaudx3 susp pasijewioN
(& L



226

G)
=) RAMP2
<)
—
Z 1201 *
6 | B | *
%lz ) 1
<
o
5
.a 80 E
w
o
a
>
w
2 401
(o]
Q]
o] *
2 s,
= i
-
g 0
‘23 v v T v
\"0 \,0 V‘Q \,O
S S S N
& o S <
‘xo(\ é§

Figure 4.8 - Selected DEGs altered by 7 mM glucose in placental explants in
human placentae from non-GDM AGA, non-GDM LGA, GDM AGA and GDM LGA
pregnancies. Selected DEGs were measured in term placental RNA from non-GDM
AGA (n=13), non-GDM LGA (n=11), GDM AGA (n=15) and GDM LGA (n=11)
pregnancies by RT-gPCR. The expression of each target gene was normalised to
YWHAZ housekeeping gene expression, which was unaltered between groups. Data
are presented as the median (as data was not normally distributed) and statistical
analysis was performed using a Kruskal-Wallis with a Dunn’s post-hoc test. Individual

points represent individual patient placentae. * p<0.05, ** p<0.01, *** p<0.001.



227

Table 4.11 - A summary of expression changes of selected DEGs in placental
explants with glucose fluctuations, transcriptomic analysis of publicly available
data and RT-qPCRs of term placental GDM/non-GDM LGA/AGA samples. 1 =

increased expression, | = decreased expression, ~ = no change in expression.

Placental explants with Publicly available RT-gqPCRs of term

glucose fluctuations transcriptomic data placental GDM/non-GDM

EREWAIS LGA/AGA samples

| in 7 mM glucose | in GDM compared to Trend showing | in GDM

non-GDM compared to non-GDM
FABP4 1in 7 mM glucose | in non-GDM LGA Trend showing 1 in non-

compared to non-GDM GDM LGA and GDM LGA

AGA compared to non-GDM

AGA and GDM AGA

IL1B | in 7. mM glucose ~ Trend showing | in GDM
compared to non-GDM

NAMPT | in 7 mM glucose ~ 1 in non-GDM LGA
compared to non-GDM
AGA *

Trend showing | in GDM
compared to non-GDM

PDGFD | in 7. mM glucose | in non-GDM LGA ~
compared to non-GDM
AGA
PECAML1 | 1 in 7 mM glucose ~ | in GDM compared to
non-GDM **
| in GDM AGA compared
to non-GDM AGA **
RAMP2 1 in 7 mM glucose ~ | in GDM compared to

non-GDM *

1 in non-GDM LGA
compared to nhon-GDM
AGA * and GDM LGA *
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4.5 Discussion

The aim of this chapter was to determine whether alterations in the transcriptome
induced by physiological maternal glucose fluctuations in placental explants are linked
to placental transcriptomic changes in GDM and/or LGA. Using publicly available
placental transcriptomic data, the placental transcriptome was found to be altered in
GDM (compared to non-GDM) and in non-GDM LGA (compared to non-GDM AGA).
Several DEGs found in the publicly available data sets were also altered by 7 mM
glucose in placental explants, linking these gene expression changes to maternal
glucose fluctuations. Selected genes were also assessed by RT-gPCR in human
placental RNA from a separate cohort of samples, some of which were found to be
associated with GDM and/or LGA. However, the discrepancies between gene
expression changes in placental explants, transcriptomic analysis of publicly available
datasets and RT-gPCRs are likely explained by differences in the cohorts, their

demographics and in vivo glucose profiles.

4.5.1 The placental transcriptome in GDM

To investigate alterations in the placental transcriptome in pregnancies complicated by
GDM, two previously published datasets were used, including the study by Cox et al.
(2019) (GSE128381)°* and Binder et al. (2015) (GSE70493)%%3, GDM samples were

compared to matched non-GDM controls.

In the original study by Cox et al. (2019), genes associated with maternal BMI and
birthweight were identified, which were found to be enriched in angiogenesis, blood
vessel morphogenesis and ECM-related functions. These researchers did not assess
differences between GDM and non-GDM placentae. In the present analysis, GDM
altered 575 genes, including inflammatory genes, CXCL2, FCGR2B and SELLS70571576
and apoptosis-related genes, CASP3 and XIAP%53°%4 |n the original study by Binder et
al. (2015), GDM was associated with reduced expression of MHC class | and class |l
genes, which have been implicated in TIDM?®®3, These findings were also observed in
the present analysis, where DEGs were associated with pathways related to
autoimmune diseases, including T1DM, and MHC protein complexes. Several altered
genes were HLA genes, as well as inflammatory related genes, ILRL1, CXCL9 and
CXCL10%%8°%%, Similar to these findings, previous studies have linked altered placental
genes in GDM to apoptotic processes®*, using whole placental transcriptomic
seqguencing, as well as antigen processing/presentation and IL-17 signalling in GDM

trophoblasts using single-cell RNA sequencing®®2.
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A major limitation of the GSE70493 dataset is that is that information on BWCs or
individual sample information to calculate this was not included. Although the samples
could be classified as GDM or non-GDM, it's unclear how many of these samples were
LGA, AGA or SGA. Thus, this could explain why there was no overlap between DEGs
in the analysis of this study and the GSE128381 study. However, both studies did show
alterations in genes associated IGF-signalling (IGFBP1 and IGBP2 were altered by
GDM in the GSE70493 and GSE128381 studies, respectively), which have been linked
to altered fetal growth and placental development®>-5¢7_ As well as the
immune/inflammatory response (e.g. chemokines), which are similar to findings in

placental explants exposed to glucose fluctuations.

The GSE70483 placental samples were taken from the maternal side, and therefore
will contain maternal tissue of the decidua. Whereas the placental samples in the
GSE128381 study were taken from the fetal side, which may also explain differences
between the findings in these two studies. Moreover, the decidual membrane was
removed from the placental explants treated with glucose fluctuations. Therefore, the
samples isolated from the fetal side of the placenta in the GSE128381 study more
closely resemble tissue in placental explants and could explain why a greater overlap
was found between DEGs in this study and DEGs associated with 7 mM glucose in

placental explants.

4.5.2 The placental transcriptome in LGA

Previous studies have investigated a small number of genes in GDM-LGA placentae.
Uuskiila et al. (2012) identified several genes, STC1, CCNG2, LYPD6, GATM and
GPR183, which were significantly increased in GDM LGA compared to uncomplicated
pregnancies®®. In functional enrichment analyses, STC1, GPR183, GATM and LYPD®,
were found to be associated with embryonic development and growth, and CCNG2
was found to be involved in cell cycle regulation, proliferation, and RNA metabolism.
Other researchers assessed a panel of 17 genes, previously reported to be associated
with placental function in the placentae of women with LGA, AGA and SGA
pregnancies. ABCG2, CEBPB, CRH, GCM1, GPC3, INSL4, PGF (PIGF) and PLAC1
were inversely associated with LGA, whereas NR3C1 was positively associated with

LGAS%¢. However, no studies have assessed the whole GDM LGA transcriptome.

Additionally, limited publicly available datasets included samples from GDM LGA and
GDM AGA pregnancies. One dataset (E-MTAB-6418) was used to compare the
placental transcriptome in GDM LGA pregnancies compared to GDM AGA pregnancies

and non-GDM LGA to non-GDM LGA pregnancies. However, no significant DEGs were
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identified in GDM LGA compared to GDM AGA pregnancies, or non-GDM LGA
compared to non-GDM AGA pregnancies. These samples were taken from the
EMPOWaR study®®°. Therefore, a limitation of this dataset is that it contained samples
only from obese pregnancies and did not consider non-obese pregnant women. As the
transcriptomic analysis of this study has not been published, it is also unclear what
regions of placental tissue were used. Demographic information provided did not
include parity, ethnicity, maternal height/weight, and birthweight (that wasn'’t already
adjusted for gestational age), therefore BWC'’s calculated will be less accurate than if
all this information was provided. Collectively, these limitations could explain the lack of
findings. An original aim of the present study was to perform RNA sequencing on
placental tissue from GDM AGA and GDM LGA pregnancies, however given that the
available sample numbers and demographics were similar to those from the

EMPOWaR study, it was deemed unlikely that any changes would be observed.

To investigate alterations in the placental transcriptome in pregnancies complicated by
LGA, transcriptomic data of placental samples from uncomplicated pregnancies (non-
GDM) that had LGA outcomes were compared to AGA outcomes (also non-GDM) from
two publicly available datasets. This included again the study by Cox et al. (2019)%
(GSE128381), where samples from LGA pregnancies (non-GDM) were compared to
matched AGA (non-GDM) controls. DEGs associated with LGA included the
inflammatory gene, IL36RN®"7, the fatty acid binding protein, FABP42°° and genes
associated with gas transport, including ALAS2 and HBA2°’8, Similarly to the E-MTAB-
6148 dataset, a limitation of this study however is that information provided did not
include detailed ethnicity and maternal height/weight, therefore BWC’s calculated will

be less accurate than if all this information was provided.

The second dataset was by Turan and Sapienza (Unpublished; GSE32868). This
contained 12 placental samples from LGA pregnancies (non-GDM) and 36 placental
samples from AGA pregnancies (non-GDM). The 12 LGA samples could not be
matched to 12 AGA samples as limited demographic information was provided, thus all
12 LGA samples were compared to all 36 AGA samples. This is a major limitation of
this dataset, as the limited demographic information means that other confounding
variables could be influencing the transcriptome, such as maternal BMI, age, fetal sex
etc. This may also explain why there were no overlapping DEGs between this study
and with DEGs associated with 7 mM glucose in placental explants, and only one
overlapping gene with the GSE128381 DEGs. However, DEGs associated with LGA in
this dataset included leptin (LEP), which was downregulated. Increased circulating

leptin has been reported in GDM®®. Leptin has also been found to be upregulated in
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IUGR565580.58 gnd increased in cord serum in LGA infants, suggesting that leptin is
linked to fetal growth®8. A positive correlation between leptin concentration in cord
serum and birthweight has also been reported, which was also correlated with IGF-1
levels®®. Moreover, a study by White et al. (2006) reported that leptin decreased levels
of triglycerides and cholesterol in the placenta, suggesting that it regulates lipid
metabolism in the placenta. Thus, a decrease in this in LGA pregnancies could

increase lipid availability to the fetus®®:.

4.5.3 Genes associated with GDM and LGA and glucose

fluctuations in placental explants

Of the DEGs altered by 7 mM glucose in placental explants, 7 were also altered in
GDM placentae (CXCL2, SELL, TIPARP, SRRT, TOP1, HAPLN2 and FCGR2B) and 3
were altered in LGA placentae (FABP4, PDGFD and ALAS?2) in the analysis of the
GSE128381 study.

Similar to functional enrichment analysis of placental explants, many of these
overlapping genes are associated with the immune and inflammatory response,
including FCGR2B (upregulated in GDM placentae and with 7 mM glucose) and
CXCL2 (downregulated in GDM placentae and with 7 mM glucose). FCGR2B is a
member of the immune receptor IgG Fc gamma family. In the placenta, FCGR2B is
present in the villous stroma on HBCs where it binds and can clear immune complexes,
for the effective control of inflammation and infection®”¢. CXCL2 is a chemokine, which
recruits leukocytes in areas of inflammation®’°. Hyperglycaemia in diabetes is known to
contribute to inflammation and immune dysfunction and subsequent failure to control
invading pathogens, resulting in infections and comorbidities?3. In line with this, Fcgr2b
knock out in diabetic mice has been linked to renal injury, a secondary complication of
diabetes®’®. Knockout of Fcgr2b in high fat diet fed mice, increased deposition of
oxidative LDLs, which are immunogenic and cause production of autoantibodies. This
results in pro-inflammatory and pro-fibrotic consequences, leading to the progression of
renal lipotoxicity®’®. Thus, the increase in FCGR2B and decrease in CXCL2 in GDM
placentae and with 7 mM glucose in placental explants could be associated with
immune dysfunction and potentially be acting as a compensatory mechanism to control
inflammation and infection in response to the diabetic insult and mild hyperglycaemia.
In line with this, studies utilising mouse models showed that levels of FCGR2B are
increased in the liver of high fat diet-fed pre-diabetic mice at the mRNA and protein

level. Interestingly, mRNA expression of Fcgr2b was significantly decreased in ob/ob
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and db/db mice compared to lean mice, suggesting that this increase is only associated

with pre-diabetes®®.

PDGFD, which was downregulated in LGA placentae and with 7 mM glucose, and
CXCL2, have been linked to vascular development. CXCL2 acts as a proangiogenic
factor, binding to its receptor CXCR25%%, Studies have also shown that treatment with
CXCL2 increases the proliferation, migration and angiogenic sprouting of HUVECS,
and human brain microvascular ECs®®. Similarly, PDGFD is a member of the PDGF
family that binds the PDGF receptor 3, and has been associated with proliferation,
migration and tube formation of endothelial progenitor cells*®!. In studies from the
cancer research field, PDGFD promotes cell growth, angiogenesis and endothelial to
mesenchymal transition (EndMT)%82. EndMT is a process whereby ECs lose their
characteristics and acquire mesenchymal traits®®*. Dysregulation of EndMT could
therefore result in vascular regression and placental hypovascularisation®®®. Moreover,
altered placental vascularisation is well-documented in GDM, including villous
immaturity and hypovascularisation!?%132, In accordance with this, functional
enrichment analysis in placental explants with glucose fluctuations revealed that 7 mM
glucose was associated with reductions in vasculogenesis and angiogenesis,
suggesting immature vascular development. Thus, gene expression changes in
PDGFD and CXCL2 could be contributing to placental hypovascularisation in GDM
and/or LGA. In turn, this would influence the delivery of nutrients and gases to the

placenta.

Erythroid-specific 5-aminolevulinate synthase (ALAS2) is the rate-limiting enzyme for
haem biosynthesis in erythroid cells®®3, which was downregulated by 7 mM glucose in
placental explants and in LGA placentae, along with HBA2, which was also altered in
LGA placentae, have been identified as placental ‘hub’ genes associated with gas
transport and the essential role of the placenta in gas exchange®’®. Although their role
in the placenta has yet to be further established, this may also be linked to impaired
gas exchange in the placenta, which can impact the growth and development of the

fetus.

To further assess whether any genes altered by 7 mM glucose in placental explants
were also altered by GDM and/or LGA, selected DEGs were assessed in a separate
cohort of samples of human term placental RNA. The samples were divided into GDM
and non-GDM and then non-GDM AGA, non-GDM LGA, GDM AGA and GDM LGA to
assess gene expression changes in GDM and across all groups, respectively. The
available demographics for these samples enabled the BWCs to be calculated more

accurately than publicly available data, using the GROW centile calculator. Several
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genes were altered between birthweight categories, that were not detected when
comparing GDM and non-GDM alone, such as NAMPT and IL1B.

Although 5/5.5 mM and 7 mM glucose in placental explants were used to mimic GDM
AGA and GDM LGA pregnancies, respectively, no DEGs were found to be altered
between GDM LGA and GDM AGA placentae. However, RAMP2, which was increased
by 7 mM glucose, is increased in non-GDM LGA placentae compared to hon-GDM
AGA. Moreover, there was a trend towards an increase in FABP4 in non-GDM LGA
and GDM LGA, compared to AGA groups, which was also found to be upregulated by
7 mM glucose in placental explants. Given that LGA also occurs in women without a
diagnosis of GDM, which is thought to be linked to glucose dysregulation®%, it is
possible that the 7 mM glucose used in placental explants mimicked mild
hyperglycaemia in non-GDM LGA pregnancies, and the 5/5.5 mM glucose mimicked

normoglycaemic levels in non-GDM AGA pregnhancies.

4.5.4 The impact of in vivo maternal glucose fluctuations in

GDM/LGA pregnancies on the placenta

The discrepancies between genes altered by 7 mM glucose in placental explants and
LGA/GDM in the transcriptomic analyses and in the RT-gPCRs of term placental
samples is likely due to the glucose profiles of these samples being unknown. The
most appropriate way to investigate the impact of in vivo maternal glucose fluctuations
on placental function and fetal growth would be to use samples from women that have
received CGM in pregnancy. A current study in our research group is the Maternal
Glucose in Pregnancy Study (MAGIC). In this study, pregnant women were recruited in
the first trimester who had at least one risk factor for developing GDM (e.g. BMI over
30 kg/m?, relative with diabetes, ethnic minority or previous unexplained still birth or
baby weighing over 4.5 kg) and were given routine CGM throughout pregnancy®.
Using samples from this study would enable in vivo glucose fluctuations (from CGM
data), in women with and without GDM, to be linked to placental gene expression and
fetal growth outcomes. Unfortunately, due to the MAGIC study being delayed by Covid-
19 these samples could not be assessed in the present study. However, future
research should aim to investigate placentae exposed to in vivo maternal glucose

fluctuations.

Other contributing factors include fetal sex, as a recent study by Kedziora et al. (2022)
revealed that placental gene expression changes were primarily driven by fetal sex
rather than clinical diagnosis of GDM, T1DM or T2DM®%" and previous studies have

also linked fetal sex to placental transcriptomic changes, even in early pregnancy?e,
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Therefore, it would be important to further subcategorise analysis in the present study

by fetal sex with larger sample sizes. Finally, GDM is a complex condition, that is not

only linked to maternal hyperglycaemia and glycaemic control but also hyperlipidaemia,

altered adipokines, oxidative stress, in addition to circulating miRNAs EVs)?298-300541,598-

600, Thus, the placental transcriptomic changes observed with mild hyperglycaemia are

only investigating the impact of glycaemic control on the placenta, and not all factors
associated with GDM.

4.6 Summary

Publicly available transcriptomic datasets were identified that enabled comparisons
of placentae from GDM and non-GDM, GDM LGA and GDM AGA, and non-GDM
LGA and non-GDM AGA pregnancies.

The placental transcriptome was altered in GDM compared to non-GDM
pregnancies, and non-GDM LGA compared to non-GDM AGA pregnancies.
Several of these DEGs were also altered by 7 mM glucose in placental explants,
linking these gene expression changes in GDM/LGA to maternal glucose
fluctuations.

Selected genes were also assessed by RT-qPCR in human placental RNA from a
separate cohort of samples, some of which were found to be associated with GDM
and/or LGA.

The discrepancies between gene expression changes in placental explants,
transcriptomic analysis of publicly available datasets and RT-gPCRs are likely
explained by differences in the cohorts, their demographics and glucose profiles.
Further study, utilising placental samples from women with CGM in pregnancy
would reveal how in vivo maternal glucose fluctuations are associated with

placental function.
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Chapter 5 - The impact of physiological maternal glucose
fluctuations on the placental immune and inflammatory

response

5.1 Introduction

In Chapter 3, physiological maternal glucose fluctuations associated with GDM LGA
pregnancies (7 mM glucose), were found to alter the placental transcriptome.
Functional enrichment analyses demonstrated that many genes differentially expressed
by 7 mM glucose were inflammatory mediators, including cytokines and chemokines,
that are associated with inflammatory and immune pathways. Additionally in Chapter 4,
although there were limitations in the publicly available data sets, several chemokines
(CXCL2, CXCL9 and CXCL10) and inflammatory-related genes (FCGR2B, SELL,
NLRP1 and TNFAIP8) were found to be altered in GDM placentae and several of these

genes were also linked to glucose fluctuations in placental explants.

In normal pregnancy, the balance between pro- and anti- inflammatory mediators
regulates many processes, including implantation, trophoblast invasion and labour.
Cytotrophoblast, syncytiotrophoblast and placental macrophages (HBCs) are known to
secrete cytokines to regulate these processes?®. Similarly, several chemokines are
also known to be detected within the villous stroma in HBCs, placental fibroblasts®®,
and EVTs02:603,

GDM is thought to be associated with a state of chronic, low grade inflammation, and
maternal hyperglycaemia has been attributed to this?3. Although varied findings,
circulating cytokine and chemokine levels have been found to be altered in women with
GDM?216:239.248,249,240-247 "\which are thought to be produced by the placenta®®*. However,
7 mM glucose was shown to downregulate pro-inflammatory mediators in the placenta,
suggesting that mild hyperglycaemia in GDM LGA pregnancies induces an anti-
inflammatory state. One possibility is that the polarisation or abundance of HBCs, the
only immune cells present within the placental villous stroma®®, are altered by mild
hyperglycaemia. HBCs are known to primarily possess an M2 macrophage
phenotypel®221-223 which are associated with the production of anti-inflammatory
cytokines®9%607 'whereas M1 polarised macrophages are known to release pro-
inflammatory cytokines®¢€’, Functional enrichment analysis also predicted that 7 mM
glucose was associated with a reduced activation of macrophages. It is therefore
hypothesised temporal periods of mild hyperglycaemia in GDM could be reducing pro-

inflammatory mediators in the placenta by increasing the levels of M2 HBCs. The aim
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of this chapter is to establish the mechanisms of the altered placental inflammatory

profile in response to glucose fluctuations.

5.2 Hypothesis

Temporal periods of mild hyperglycaemia in GDM alters the release of inflammatory

mediators in the placenta.

5.3 Aims

To determine the mechanisms through which physiological maternal glucose

fluctuations impact placental inflammatory mediators.
5.4 Results

5.4.1 Validation of inflammatory mediators altered by glucose
fluctuations

Functional enrichment analysis demonstrated that many genes differentially expressed
by 7 mM glucose were inflammatory cytokines and chemokines. Of these, IL1B and IL6
were central mediators of the inflammatory signalling pathways and were investigated
further. Consistent with RNA sequencing data, RT-gPCR revealed significantly reduced
levels of IL1B gene expression in explants treated with constant 7 mM glucose
compared to fluctuating 5/5.5 mM glucose (median fold change of 0.78 [0.54-1.02];
p<0.05). IL6 gene expression was also reduced with 7 mM glucose, although this did
not reach significance (median fold change of 0.90 [0.53-2.64]; p=0.919; n=10) (Figure
5.1).

At the protein level, there was a decrease in IL-1f3 in explants treated with 7 mM
glucose compared to 5/5.5 mM (median fold change of 0.55 [0.16-0.98]), which was
approaching significance (p=0.059, n=5). There was also a trend towards a decrease in
IL-6 protein (median fold change of 0.76 [0.49-1.22], p=0.201, n=4) (Figure 5.2).
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Figure 5.1 — Gene expression of IL1B and IL6 in placental explants following
glucose treatments for 48 hours, measured by RT-gPCR. IL1B and IL6 were
measured in placental explants cultured in either fluctuating 5/5.5 mM or constant 7
mM glucose for 48 hours by RT-gPCR. The expression of each target gene was
normalised to a geometric mean of 18S, ACTB and YWHAZ housekeeping gene
expression. Data are presented as the median fold change (compared to 5/5.5 mM)
and statistical analysis was performed using a Wilcoxon Signed-Rank Test (as the data

was not normally distributed). n=10. * p<0.05.



238

z

IL-1B

1251 0=0.059

1.001

0.751

0.50 1

0.251

0.00 1

Relative Fold Change in Protein Expression

5/5.5 mM 7 mM

Relative Fold Change in Protein Expression ~—

IL-6

1.2 1

1.01

0.81

0.6 1

5/5.5 mM 7 mM

Figure 5.2 - Protein levels of IL-18 and IL-6 in placental explants following
glucose treatments for 48 hours, measured by ELISA. IL-13 and IL-6 were
measured in placental explant protein cultured in either fluctuating 5/5.5 mM or
constant 7 mM glucose for 48 hours by ELISA. The concentration of IL-1 and IL-6
(pg/mL) were normalised to total explant protein (mg). Data are presented as the
median fold change (compared to 5/5.5 mM) and statistical analysis was performed

using a Wilcoxon Signed-Rank Test (as the data was not normally distributed). n=4-5.
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5.4.2 Source of altered inflammatory mediators in the placenta

To assess which cells in the placenta were producing or expressing IL-18 and IL-6,
immunohistochemistry was performed in term placental tissue from uncomplicated
pregnancies (Figure 5.3). In line with previous studies®®-%1° |L-1B and IL-6 were
primarily expressed in the syncytiotrophoblast and within the stroma, where HBCs
reside!®. IL-6 was also found to be expressed highly within the fetal endothelium,
surrounding the fetal blood vessels. Overall, this suggests that the trophoblast and

HBCs may be the source of IL-18 and IL-6 in the placenta.

To further investigate the source of other altered inflammatory mediators, the
‘maternal-fetal interface atlas’ was used, which is an online tool, developed from single-
cell RNA sequencing data of the placenta and decidua*®. The tool was subset to
placental cell types (excluding decidual cell types) to assess expression levels in
various placental cells. Several chemokines had high expression in HBCs, including,
CCL2, CCL3, CXCL2 and CXCLS8. Other chemokines, CXCL1 and CXCL3, were found
to be lowly expressed in HBCs. Similarly, interleukins, IL1B and IL6, had some
expression in HBCs. There was also some low expression of these inflammatory
mediators in the syncytiotrophoblast and villous cytotrophoblast. Low/minimal
expression was observed for CCL19, CXCL5, IL23A and IL24 in placental cells. An
example of the inflammatory mediators with high expression in HBCs are shown in
Figure 5.4.
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Figure 5.3 - Localisation of IL-18 and IL-6 in human term placental tissue from uncomplicated pregnancies. Immunohistochemistry
for IL-18 (A) and IL-6 (B) was performed using DAB and haematoxylin in term placental tissue. C) IgGs for the same species and
concentration as the primary antibody were used. The most concentrated IgG is shown. D) Secondary antibody only control. Scale bars =
20 um. Abbreviations = ECs: Endothelial Cells; STB: syncytiotrophoblast. n=4.
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Figure 5.4 — Expression of inflammatory mediators altered by 7 mM glucose in
placental cell types. A) Clusters of placental, decidual and blood cell types from single
cell RNA sequencing data by Vento-Tormo et al. 2018, The red circle shows the
Hofbauer cells (HBCs), and the blue circle shows the trophoblast cells. B) Examples of
expression profiles of inflammatory mediators, CCL2 (i), CXCLS8 (ii), CCL3 (iii) and IL1B
(iv), which were altered by 7 mM glucose. The cell types were subset to only display
placental cells. The level of expression in each cell type is represented by the colour

scale (green — low expression, blue/purple — high expression).
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5.4.3 Effects of glucose fluctuations on placental Hofbauer cells
(HBCs)

5.4.3.1 Expression of DEGs in HBCs

To further confirm whether differentially expressed inflammatory mediators are
produced by HBCs, the DEGs altered by 7 mM glucose in placental explants were
compared to HBC proteomics data by Pantazi et al. (2022)*°" (Figure 5.5). The protein
expression of 87 DEGs were found in HBCs. This included interleukins (IL1B, IL6),
chemokines (CXCL-1, 2, 3, 5, 8 and CCL-2, 3, 20) and other inflammatory mediators
(PTGS2, NAMPT)3#611 This further suggests that altered inflammatory mediators are
produced/expressed in HBCs. Moreover, several DEGs also found in HBCs were
macrophage markers, including VSIG4 (V-set and immunoglobulin domain containing

4)1%4 and CD36'% and therefore glucose fluctuations may influence levels of HBCs.

5.4.3.2 M1 and M2 macrophage markers

HBCs are known to primarily possess an M2 macrophage phenotypel®221-223 \which
are associated with the production of anti-inflammatory cytokines®°®¢7 whereas M1
polarised macrophages are known to release pro-inflammatory cytokines®¢5%7, Given
that 7 mM glucose in placental explants resulted in a downregulation of pro-
inflammatory cytokines, it would be expected that there would be an increase in M2
polarised HBCs. Therefore, the DEGs altered by 7 mM glucose in placental explants
were compared to genes differentially expressed between M1 and M2 macrophages
(taken from a previously published RNA sequencing study of human blood monocytes

differentiating into macrophages)*®.

Of the M1/M2 DEGs, 7 were also altered by 7 mM glucose in placental explants. This
included BCL2A1 (Bcl-2-related protein Al), IL6, CCL20, CCL19, SPHK1 (Sphingosine
kinase 1), which were decreased in M2 macrophages and by 7 mM glucose. Moreover,
1 gene, CD36, which was increased in M2 macrophages, was increased by 7 mM
glucose. This suggests that placental explants treated with mild hyperglycaemia (7 mM
glucose), express markers associated with an M2 polarisation of macrophages.
Additionally, these genes were also compared with the HBC proteomics data, to
determine which of these M1/M2 markers are associated with HBCs. Of these genes,
the protein expression of IL6, CCL20 and CD36 were also found to be expressed in
HBCs (Figure 5.6; Table 5.1).
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Our DEGs HBC Proteomics

Figure 5.5 - Comparison of genes altered by 7 mM glucose and proteins found to
be expressed within placental Hofbauer cells (HBCs). Venn diagrams were used to
identify genes altered by 7 mM glucose in placental explants which were also known to
be expressed in HBCs at the protein level, based on proteomics data (Pantazi et al.
(2022)407),
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Figure 5.6 - Comparison of genes altered in M1/M2 macrophages to genes altered
by 7 mM glucose and proteins expressed in Hofbauer cells (HBCs). Venn
diagrams were used to identify altered genes in M1 and M2 macrophages, based on
RNAseq data by Martinez et al. (2006)*°°, which were also altered by 7 mM glucose in

placental explants. The Venn diagram also compares to proteins expressed by HBCs.

Table 5.1 - Genes differentially expressed in M2 vs M1 macrophages and their
change in expression in placental explants treated with 7 mM glucose.

Gene M2 vs M1 Placental explants treated with 7 mM glucose
(compared to 5/.5 mM)

Logz2FC P Value

BCL2A1 | | l -2.12992 0.014348
IL6 l l -0.86841 0.014429
CCL20 l ! -1.02854 0.01627

CD36 i 1 0.844584 0.017715
APOL1 || 0 0.56667 0.019023
CCL19 l ! -4.30014 0.024535
SPHK1 | | l -0.62807 0.028826
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5.4.3.3 Expression and localisation of HBC markers in the placenta

Given that HBCs have characteristics of M2 macrophages®2?21-223 the HBC
polarisation in term placentae from uncomplicated pregnancies (n=4) was assessed
using immunohistochemistry for the M2 marker, CD163, the M2a/M2c (M2 subtypes)
marker, CD206, and the M1 marker, C-C chemokine receptor type 7 (CCR7). CCR7
was assessed as an additional M1 marker, as it was found to be the most differentially
expressed gene between M1 and M2 macrophages in the RNA sequencing study by
Martinez et al. (2006)*%°. CCR7 was not specific to HBCs and was observed throughout
the placental villous tissue, including in the stroma, endothelium and the
syncytiotrophoblast. Other M1 markers, including CD80, CD86 and CD11c have
previously been reported not to have specific expression in the placenta?®, thus this
makes it difficult to assess M1 polarisation in the placenta. Specific expression was
observed for M2 markers, CD206 and CD163, which were localised to the stroma of

the placental villi, where HBCs reside (Figure 5.7).

5.4.3.4 M2 HBC marker expression in placental explants treated with

glucose fluctuations

As CD163 and CD206 appeared to be the most specific markers of HBCs in
immunohistochemistry of term tissue, their levels in placental explants exposed to
glucose fluctuations were assessed (Figure 5.8; Figure 5.9). The number of CD163 and
CD206 positive cells (normalised to total villous area pm?) were slightly increased by 7
mM glucose (median fold change of 1.56 [1.07-3.06], and median fold change of 1.79
[0.72-4.62], for CD163 and CD206, respectively), which suggests that M2 HBCs may
be increased with mild hyperglycaemia. However, these differences did not reach
significance (p=0.10 and p=0.361 for CD163 and CD206, respectively, n=4).

To further investigate this, Western blots for CD163 (Figure 5.10) and CD206 (Figure
5.11) were performed on protein samples from placental explants treated with glucose
fluctuations. The total protein level of CD163 and CD206 were not significantly altered
by 7 mM glucose. However, there was a small trend towards increased levels of
CD163 with 7 mM glucose (median fold change of 1.14 [0.82-1.60]; p=0.281, n=5), in

line with immunohistochemical findings.
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Figure 5.7 — Localisation of
Hofbauer cell markers in term
placental tissue from
uncomplicated pregnancies.
Immunohistochemistry of the
M1 Hofbauer cell marker
(CCR7) and M2 Hofbauer cell
markers (CD163 and CD206)
using DAB and haematoxylin in
term placental tissue. 1gGs for
the same species and
concentration as the primary
antibody were used. The most
concentrated IgG is shown.
Scale bars = 20 ym.
Abbreviations = BV: blood
vessel; STB:
syncytiotrophoblast. n=4.
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Figure 5.8 - CD163 protein expression in placental explants following glucose treatments for 48 hours, measured by
immunohistochemistry. A-D) Representative images of CD163 staining in placental explants are shown in samples treated with
fluctuating 5/5.5 mM glucose (A) or constant 7 mM glucose (B) and for controls: non-immune IgG used at the same concentration as the
primary antibody (C) and secondary antibody only control (D). Scale bars = 20 um. E) Quantification of the total number of CD163 positive
cells normalised to total villous area (um?). Data is presented as the median fold change (compared to 5/5.5 mM) and statistical analysis

was performed using a Wilcoxon Signed-Rank Test (as the data was not normally distributed). n=4.
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Figure 5.9 - CD206 protein expression in placental explants following glucose treatments for 48 hours, measured by
immunohistochemistry. A-D) Representative images of CD206 staining in placental explants are shown in samples treated with
fluctuating 5/5.5 mM glucose (A) or constant 7 mM glucose (B) and for controls: non-immune IgG used at the same concentration as the
primary antibody (C) and secondary antibody only control (D). Scale bars = 20 um. E) Quantification of the total number of CD206 positive
cells normalised to total villous area (um?). Data is presented as the median fold change (compared to 5/5.5 mM) and statistical analysis

was performed using a Wilcoxon Signed-Rank Test (as the data was not normally distributed). n=4.
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Figure 5.10 — CD163 protein expression in placental explants following glucose treatments for 48 hours, measured by Western
Blot. A) Representative image of Western Blot. Levels of CD163 are shown in samples treated with fluctuating 5/5.5 mM glucose or
constant 7 mM glucose, and in a positive control (+; Hofbauer cell lysate) and negative control (-; BeWo/Trophoblast cell lysate). The
loading control B-actin is also shown. B) Quantification of CD163 protein level, normalised to B-actin. Data is presented as the median fold
change (compared to 5/5.5 mM) and statistical analysis was performed using a Wilcoxon Signed-Rank Test (as the data was not normally
distributed). n=>5.
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Figure 5.11 - CD206 protein expression in placental explants following glucose treatments for 48 hours, measured by Western
Blot. A) Representative image of Western Blot. Levels of CD206 are shown in samples treated with fluctuating 5/5.5 mM glucose or
constant 7 mM glucose, and in a positive control (+; Hofbauer cell lysate) and negative control (-; BeWo/Trophoblast cell lysate). The
loading control B-actin is also shown. B) Quantification of CD206 protein level, normalised to B-actin. Data is presented as the median fold
change (compared to 5/5.5 mM) and statistical analysis was performed using a Wilcoxon Signed-Rank Test (as the data was not normally
distributed). n=6.
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5.4.3.5 Localisation of M2 HBCs to fetal blood vessels

As M2 HBCs are known to promote tissue remodelling and angiogenesis®®, the
proximity of M2 HBCs to fetal blood vessels in term placental tissue from
uncomplicated pregnancies was assessed. Immunofluorescent dual staining of CD163
and CD31 to label M2 HBCs and the fetal endothelium, respectively, was performed.
CD163 positive HBCs were found in close proximity to the fetal endothelium (Figure
5.12). Taken with the ability of HBCs to secrete angiogenic factors, including
inflammatory mediators, paracrine signalling by these cells may contribute to placental

vascular development®3°4,
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Figure 5.12 — Localisation of M2 Hofbauer cells and their proximity to fetal blood vessels in term placental tissue from
uncomplicated pregnancies. Immunofluorescence was performed to dual label the fetal endothelium with CD31 (Red and Red Arrows)

and M2 Hofbauer cells using CD163 (Green and Green Arrows), followed by mounting in media containing DAPI ( ) Scale bars =50

Km. n=4,
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5.5 Discussion

The aim of this chapter was to identify the source of inflammatory mediators altered by
7 mM glucose in placental explants. The pro-inflammatory mediator, IL-13 was
validated in RT-gPCRs and ELISAs and was shown to be decreased by 7 mM glucose.
Using computational methods and immunohistochemistry HBCs were found to express
these inflammatory mediators, and 87 of the DEGs altered by 7 mM glucose
overlapped with the HBC proteome. Given that HBCs are known to predominantly be
M2 polarised (and hence anti-inflammatory) and that the profile of inflammatory
mediators in RNA sequencing data suggests an anti-inflammatory response to 7 mM
glucose (Chapter 3), the location of HBC markers in term placental tissue and levels in
placental explants treated with glucose were assessed using immunohistochemistry.
There was a trend towards an increase in the number of M2 HBCs (CD163%) with 7 mM

glucose.

5.5.1 Inflammatory mediators in the placenta altered by glucose

fluctuations

Functional enrichment analysis demonstrated that many genes differentially expressed
by 7 mM glucose were inflammatory cytokines and chemokines. These pro-
inflammatory mediators were downregulated by 7 mM glucose in placental explants,
which suggests an anti-inflammatory response to mild hyperglycaemia in the placenta
in GDM. Of these, IL1B and IL6 were central mediators of the inflammatory signalling
pathways. Trends towards decreases in IL-1 and IL-6 protein levels were observed
with 7 mM glucose in ELISAs, and IL1B gene expression was significantly

downregulated in 7 mM glucose in an RT-gPCR.

Many circulating cytokines and chemokines have been found to be altered in women
with GDM, however these findings are varied?16:239.248.249.240-247 'gome studies have also
assessed levels of inflammatory mediators within the placenta. In one study, mMRNA
expression levels of IL6 and TNFA were increased in placentae of women with GDM?2%2,
In another study by Mrizak et al. (2014) comparing women with GDM that deliver
macrosomic infants to healthy controls, placental mRNA expression levels of IL6 and
TGFB were not significantly altered, whereas CCL2 was significantly increased in
women with GDM that delivered macrosomic infants®!?, suggesting altered levels of
cytokines/chemokines in the placentae may be associated with GDM and/or LGA. In
contrast, Kleiblova et al. (2010) found no significant differences in the gene expression
levels of IL6, IL8, TNFA and CD68 (a HBC marker) in placentae from women with GDM
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compared to controls®®®. Previous studies have not investigated the expression of IL-18
in placentae from women with GDM. However, Schulze et al. (2020) utilised a GDM
mouse model (high fat diet-induced obese with impaired glucose tolerance) and found
that IL-1P levels is increased in pregnancy (circulating and in the placenta and uterus),
but levels were not altered in GDM mice**!. Moreover, in further experiments, a
neutralising anti-IL-1B antibody (anti-IL-1B) was injected on day 7.5 of pregnancy,
which improved glucose tolerance, without impacting insulin secretion, suggesting
increased insulin sensitivity. However, this murine model is limited, as there were no
differences in fetal weight in normal lean mice compared to GDM mice (with or without
the neutralising antibody), suggesting this is not the best model to investigate GDM and

LGA, as the offspring do not develop complications of fetal growth.

Other studies have shown that IL-13 protein expression is not altered in the placentae
of women with preeclampsia or pre-term births, however, in ex vivo placental explants,
IL-1B (along with IL-1a and TNFa) secretion was increased under hypoxic conditions
(2.1% 0,)%'*. Generally, pre-term labour is associated with an increase in inflammatory
cytokines and chemokines, including IL-1, IL-6, CCL2, IL-8 and TNFa, which leads to
leukocyte activation, further increases in pro-inflammatory mediators, and uterine
activation. IL-1 is also increased in term deliveries, without infection, and is known to
induce muscle contraction®>%1%, An RNA sequencing study also observed a decrease
in inflammatory mediators, IL1B, CXCL8 and PTGS?2 in placentae from spontaneous
pre-term compared to term births®!’, all of which were decreased by 7 mM glucose in
placental explants. Although these researchers excluded diabetic pregnancies, and did
not collect any glycaemic measurements, this could be linked to maternal
hyperglycaemia, as spontaneous pre-term birth has been found to be increased with
increasing levels of glycaemia in pregnancy, including abnormal glucose tolerance (but
not diabetes) and GDM®8,

Immunohistochemistry of term placental tissue from uncomplicated pregnancies was
performed for IL-1B and IL-6, to determine which cells in the placenta were producing
or expressing these interleukins. In line with previous studies, IL-1p3 was expressed in
the syncytiotrophoblast and villous stroma®®6% which was also observed in our
immunohistochemistry. IL-6 expression was found in the syncytiotrophoblast, villous
stroma, and fetal endothelium, surrounding fetal blood vessels. In previous studies, IL-
6 expression has also been reported in STB and cytotrophoblast®®®61°, as well as the
villous stroma®®. No studies have reported expression of IL-6 in endothelial cells in
immunohistochemical analysis of placental tissue, however the human protein atlas

results also show that IL-6 is expressed in placental endothelial cells. To further
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investigate the source of other inflammatory mediators altered by 7 mM glucose, the
‘maternal-fetal interface atlas’ was used*®. Several chemokines had high expression in
HBCs, including, CCL2, CCL3, CXCL2 and CXCL8. IL1B and IL6, also displayed some
expression in HBCs. Taken together with the immunohistochemical findings
demonstrating that IL-18 and IL-6 are expressed in the villous stroma, where HBCs
reside, this data suggests that the inflammatory mediators altered by 7 mM glucose in

placental explants are produced/expressed in HBCs.

To further confirm this, the DEGs altered by 7 mM glucose were compared to HBC
proteomics data by Pantazi et al. (2022)%°7. The protein expression of 87 DEGs was
found in HBCs, including several cytokines and chemokines. Although previous studies
have shown that placental levels of pro-inflammatory cytokines are increased in GDM
and altered fetal growth (discussed above), the anti-inflammatory profile of
inflammatory mediators in response to 7 mM glucose may be linked to HBCs, given
that HBCs are known to be predominantly M2 polarised (hence anti-

inflammatory)103221-223,

In line with this, glucose has been shown to regulate the levels of inflammatory
mediators in macrophages from other tissues, primarily IL-1. In RAW 264.7 murine
macrophage cells, 20 mM glucose increased mRNA expression of IL1B and decreased
expression of 1L12%1°, However, the control used here was 0.5 mM, which is
hypoglycaemic. Similarly, Pavlou et al. (2018) investigated high glucose (25 mM)
compared to control (5.5 mM) in bone marrow-derived murine macrophages for 24
hours or 7 days. High glucose increased IL1B mRNA after both 24 hours and 7 days. In
M1 polarised bone marrow macrophages, TNFA mRNA was increased and IL12 was
decreased after 7 days. In M2 polarised macrophages, IL10 was increased with long-
term treatment. For all conditions, IL6 was unaltered. Although these studies suggest
increases in inflammatory mediators, whereas 7 mM glucose induced decreases, these
studies are based on macrophages from other tissues and species and utilise
supraphysiological glucose concentrations. Interestingly, in an earlier study, Hill et al.
(1997) found that 10-20 mM glucose inhibited the release of IL-1 from RAW 264.7
murine macrophage cells, measured in the conditioned medium. However, the
intracellular levels of IL-1 were unaltered, suggesting that high glucose reduced the

secretion of IL-1 but not the production®?°,

Collectively, the findings from these studies suggest that glucose can modulate the
expression of and/or release of inflammatory mediators, such as IL-18, in

macrophages. Therefore, this further suggests that the decrease in inflammatory
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mediators with 7 mM glucose in placental explants could be specifically linked to a

decreased release from HBCs.

5.5.2 HBC levels in response to glucose fluctuations

As HBCs are known to have characteristics of M2 macrophages°3221-223 HBC marker
expression was assessed in term placentae from uncomplicated pregnancies using
immunohistochemistry. The M2 markers, CD163 and CD206, were found to have
specific expression in the stroma of placental villi, where HBCs reside. While pan-
macrophage markers, such as CD68 have also been investigated, CD163 is more
abundant in the placenta®3. Young et al. (2015) also found that 99% of isolated HBCs
express CD163°%, This further confirms that HBCs are predominantly M2 polarised
and CD163 may be a better pan-macrophage marker in the placenta for assessing
‘total’ HBCs. In contrast, CD206, also known as C-type mannose receptor 1 (MRC1) is
a marker of M2a and M2c subtypes, which have which have tissue
repair/immunoregulatory properties?3225226 gnd anti-inflammatory roles103225.226
respectively. CD206 has been reported to be expressed in several types of tissue-
resident macrophages, including HBCs'%¢22 and is known to promote the expression

of several anti-inflammatory cytokines, including TGF-B, IL-10 and CCL18%%5,

The M1 marker, CCR7, was selected as it was found to be the most differentially
expressed gene between M1 and M2 macrophages in the RNA sequencing study in
macrophages from human blood*®. In the present study, CCR7 was expressed
throughout the placenta, and was not specific to HBCs, in immunohistochemistry.
Other M1 markers, including CD80 and CD11c were also assessed, but there were
issues with antibody specificity (data not shown). In line with this, previous studies have
also reported that M1 markers, CD80, CD11c and CD86, do not have specific
expression in the placenta??, which makes it difficult to assess levels of M1 polarised
HBCs.

Given that CD163 is thought to label all HBCs, and that CD163 and CD206
immunohistochemistry specifically labelled cells in the villous stroma, where HBCs
reside, their levels were assessed in placental explants treated with glucose
fluctuations via immunohistochemistry and Western blotting. In immunohistochemistry,
a trend towards an increase in the levels of CD163 positive cells was observed in
placental explants treated with 7 mM glucose. This suggests that the level of M2
polarised HBCs were increased with mild hyperglycaemia. Western blotting also
demonstrated increased levels of CD163 protein in placental explants treated with 7

mM glucose, although this did not reach significance. As discussed, CD163 is a marker
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of M2 HBCs, but is generally used as a pan-HBC marker?>3621, | evels of CD206, which
labels specific subtypes of M2 HBCs, M2a and M2c¢103622 a|so showed trends towards
an increase with 7 mM glucose in immunohistochemistry. A limitation of this is the low
sample numbers used for immunohistochemistry (n=4), an increase in samples would
allow confirmation of whether glucose fluctuations alter levels of M2 HBCs in the

placenta.

It would also be interesting to assess the levels of each individual M2 subtype in these
explants. For example, M2a HBCs are known to express CD209 and secrete
IL1RN103.225226 M2k HBCs express CD86 and secrete TNF-a and IL-6, and therefore
interestingly exhibit similar properties to M1 macrophages®225-227. M2¢c HBCs are
known to express CD14%?8, To further investigate the phenotype and abundance of
HBCs in response to glucose fluctuations, it would be ideal to perform dual staining for
subtype markers, with CD163, or other pan-macrophage markers, such as CD68, to

assess their levels as a ratio of total HBCs.

In addition to downregulation of pro-inflammatory mediators, several other DEGs
altered by 7 mM glucose in placental explants also indicated an increase in M2 HBCs.
M2 macrophages are also known to reduce their expression of tissue inhibitor of
metalloproteinases-1 (TIMP1), which results in the production of an angiogenic, TIMP-
deficient MMP-9 zymogen (proMMP-9)%23, TIMP1 was found to be downregulated by 7
mM glucose, in addition to MMP1, MMP10 and an upregulation in MMP11. When
comparing the DEGs to M1/M2 macrophage transcriptomics, other DEGs were found
to be consistent with M2 macrophage polarisation, including the M2 marker, CD36,
which was upregulated!®®. CD36 is a scavenger receptor for the endocytosis of
lipoproteins, such as low-density lipoproteins (LDLs) and very low-density lipoproteins
(VLDLs). Peroxisome proliferator-activated receptor y (PPARYy) activation in
macrophages enhances CD36 expression, increasing uptake of LDLs, which is
observed in M2 macrophage function. The uptake of acetylated LDL (ac-LDL) has been
used in HBCs isolated from placentae to indicate the presence of the M2 marker
CD36'%. However, when localising and assessing abundance in term placental tissue,
CD36 expression is not specific to HBCs, and is expressed in the trophoblast,
endothelium, and fetal vessels®24%25, This limits the use of CD36 as a marker in
immunohistochemistry to assess levels of M2 HBCs, and therefore was not performed
in the present study. Moreover, CD38 has also been reported to be specific to M1

macrophages and was downregulated by 7 mM glucose®?6,

Hyperglycaemia has also been shown to influence macrophage polarisation from other

sources. In RAW 264.7 murine macrophage cells, 25 mM glucose decreased mRNA
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and protein expression of CD206 compared to 5.5 mM glucose, when M2 polarisation
was stimulated with IL-4. When LPS was used to induce M1 polarisation, 25 mM
glucose increased the mRNA expression of M1 associated inflammatory mediators, IL6
and TNFA%%7_In contrast, in J774A.1 murine macrophages from ascites, high glucose
(83.3 and 138.8 mM) increased the percentage of M2 polarised cells (CD2067),
compared to 5.6 mM, dose-dependently, in flow cytometry. There were also some
increases in M1 polarised cells (CCR7*) with 138.8 mM glucose. These studies
suggest that the impact of glucose on macrophage polarisation is dependent on the
type/origin of the macrophages®?8. A limitation of these studies is that again the glucose

concentrations utilised are supraphysiological.

The polarisation of HBCs in diabetic pregnancies is unclear. Several conflicting studies
have assessed the phenotype of macrophages in diabetic placentae compared to
placentae from uncomplicated pregnancies. In a study on T1DM pregnancies, a
decrease in placental gene expression of M2 markers, CD163, CD209, IL10 and an
increase in of M1 markers, CD68 (although often referred to as a pan-macrophage
marker), CCR7 and IL1B were observed. This was confirmed at the protein level for
CD163 and CD68. Further experiments in STZ-induced diabetic rats also showed a
reduction in CD163 and an increase in CD68 mRNAZ?, Similarly, levels of CD14 and
CD68 were increased in placentae of women with GDM compared to healthy controls
in immunohistochemistry and mRNA expression of CD68 was also increased??. In
contrast, other studies in GDM pregnancies have shown that the number of CD163*
cells within the chorion and decidua were increased, suggesting M2 polarisation in
GDM?24, Moreover, Schliefsteiner et al. (2017) found similar levels of CD163 in
immunohistochemistry of GDM and control placentae, which was used to account for
the overall number of HBCs. When assessing M2 markers, CD209 and CD206, these
were increased in GDM placentae relative to CD163, with CD209 being significantly
increased®:3. Flow cytometry also revealed increased levels of CD206 and CD209 in
HBCs isolated from GDM placentae compared to normal placentae. Moreover, HBCs
from normal placentae were also treated with 25 mM glucose, which did not alter the
expression of CD163, CD209 or CD86. However, the levels utilised are
supraphysiological concentrations in glucose, and do not reflect physiological levels

used in the present study.

These studies did not consider birthweight, BWCs or glycaemic control, and could
explain these contrasting results. Therefore, further study is needed into the
polarisation of HBCs in GDM with varying levels of glycaemic control, and/or GDM

LGA/GDM AGA pregnancies. Limited studies have further characterised glycaemia or
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investigated fetal overgrowth specifically. In the Mrizak et al. (2014) study, there was a
significant increase in the mMRNA expression of macrophage markers CD68 and CD14
in the placenta of women with GDM that delivered macrosomic infants, compared to
healthy controls®'2. Bhattacharjee et al. (2017), compared placentae of women who
were normoglycaemic, had GDM, were mild hyperglycaemic or had overt diabetes. In
overt diabetic placentae HBC hyperplasia/proliferation occurred in 44.4% of cases,
which was not observed in the normoglycaemic, GDM or mild hyperglycaemic groups,
however it is not clear how they identified the HBCs or their levels'?. Based on these
limited studies, if more time was available, it would be interesting to assess the levels
of HBC markers using immunohistochemistry in placental tissue from GDM and non-

GDM pregnancies with various birthweight outcomes used in Chapter 4.

5.5.3 M2 HBCs and placental vascular development

Given that 7 mM glucose increased the levels of M2 HBCs, which are known to
promote tissue remodelling and angiogenesis®®, the proximity of M2 HBCs to fetal
blood vessels in term placental tissue from uncomplicated pregnancies was assessed.
Dual immunofluorescent staining showed that CD163 positive HBCs were in close
proximity to the CD31 labelled fetal endothelium. Paracrine signalling by HBCs is
known to contribute to vascular development, based on this close proximity, and their
ability to release angiogenic factors®9. HBC levels have been correlated with the
number of vasculogenic structures®, and VEGF is strongly expressed in HBCs during
the very early stages of pregnancy!®. In vitro, HBC conditioned medium has been

reported to increase tubular formation in primary fetoplacental endothelial cells®,

HBCs isolated from first trimester and term placentae have been found to secrete
VEGF-A and FGF-2103104 | oegl et al. (2016) also showed that isolated HBCs from
term placentae possess an M2 phenotype and when conditioned medium from these
HBCs was applied to fetoplacental ECs, angiogenesis was stimulated, in a tube
formation assay°®. This angiogenic role of M2 macrophages has also been observed
in other systems. Matrigel supplemented with macrophage subsets (M1, M2a or M2c)
injected subcutaneously into C57BL/6 mice increased tubular structures and CD31-
labelled endothelial cells in M2-matrigel compared to control and M1 subsets. Induced
gene expression of angiogenic factors, Fgf2, Igfl, Ccl2 and Plgf were observed in M2

macrophages®?°.

As demonstrated in the present study, HBCs are also known to release inflammatory
mediators, many of which also have vascular regulatory roles, and were downregulated

by 7 mM glucose in placental explants. For example, IL-1 has been shown to increase
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MRNA expression and secretion of VEGF in several cell types, including
cardiomyocytes, cardiac microvascular ECs and human airway smooth muscle
cells®30831 |L-1B is known to simultaneously regulate inflammation and angiogenesis,
and there are several overlaps between the pathways and functions of IL-18 and
VEGF®%2, |L-8 is also known to increase endothelial permeability in early stages of
angiogenesis and phosphorylate VEGFR2 in a VEGF-dependent manner, in primary
human microvascular ECs, and murine ECs'%107, CCL2 has been reported to
upregulate angiogenic factors, including KDR (VEGFR2), angiopoietins, PECAM1 and
VCAML1 in brain ECs!%. Other immune and inflammatory DEGs included PTGS2
(COX-2), which is also known to be a mediator of angiogenesis and thought to act via
increased VEGF production. COX-2 inhibitors reduce angiogenesis, and in HUVECs

this has also been shown to cause reduced endothelial cell migration®33,

In further studies, isolation of HBCs and further exposure to glucose fluctuations could
confirm whether the altered inflammatory mediators in response to 7 mM glucose were
being released by HBCs, by assessing their secretory profile. Conditioned medium
could also be applied to placental endothelial cells to assess their function (i.e. in a
endothelial tube formation assay). Although HBCs are present throughout gestation,
their levels are higher in the first trimester (~50%), compared to the third trimester
(~20%)2%°. The high level of HBCs in early pregnancy correlates with the process of
vasculogenesis in the first trimester and the development of primitive capillary
network®8!, Therefore, it would also be interesting to assess the impact of glucose
fluctuations on HBCs isolated from early pregnancy, and how this influences placental
vasculogenesis. Although GDM is diagnosed at ~28 weeks, there is a potential for
maternal glucose fluctuations to be present earlier in pregnancy®®, prior to diagnosis,

and thus could impair normal placental development at an earlier timepoint.

It would also be interesting to assess whether the proximity of HBCs to fetal blood
vessels is altered by glucose fluctuations, or in placentae from GDM LGA compared to
GDM AGA pregnancies, using dual staining (as in Section 5.4.3.5). However, in early
pregnancy HBCs are present in villi with ‘loose’ stroma, primarily immature
intermediate villi, occupying stromal channels, that are lined with MSCs. These HBCs
are mobile and can rapidly migrate in the loose stroma. However, at term, there are
lower numbers of HBCs, and a much lower percentage of ‘loose’ stromal types due to
the development of mature intermediate and terminal villi, suggesting that the HBCs
are less mobile®**. Therefore, it is important to take this into account if assessing
whether the localisation is altered by glucose (or GDM/LGA) if looking in term placental

tissue, where HBCs are more ‘fixed’ within the villous stroma.
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Overall, given that M2 macrophages and HBCs are known to regulate vascular

development, this data suggests the reduced levels of angiogenic inflammatory

mediators in response to 7 mM glucose may be associated with HBCs, and contribute

to placental vascular dysfunction in pregnancies complicated by GDM and LGA.

5.6 Summary

RNA sequencing showed that gene expression of inflammatory mediators,
including cytokines and chemokines were altered by 7 mM glucose in placental
explants.

Many pro-inflammatory cytokines and chemokines were downregulated by 7
mM glucose, including IL1B, which was validated by RT-gPCR.

Placental macrophages (HBCs) were found to express many of these
inflammatory mediators altered by 7 mM glucose.

HBCs are known to be primarily M2 polarised (anti-inflammatory) and play roles
in vascular development. Although not significant, the number of HBCs in
placental explants were found to be slightly increased by 7 mM glucose,
determined by CD163 staining in immunohistochemistry.

Findings from this chapter therefore show that mild hyperglycaemia in GDM (7
mM glucose) reduces the levels of pro-inflammatory mediators in the placenta,
and increases the levels of M2 HBCs, which in turn may contribute to altered
placental vascular development and angiogenesis, resulting in altered fetal
growth and LGA.
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Chapter 6 — Generating models to assess endothelial

differentiation in placental vascular development
6.1 Introduction

6.1.1 Models of placental vascular development

The findings from Chapter 3 showed that physiological maternal glucose fluctuations
associated with GDM LGA pregnancies (7 mM glucose) altered genes associated with
vascular development, including EC development, proliferation and tubulation, as well
as blood vessel permeability, vasculogenesis and angiogenesis. Moreover, many
altered genes were found to be downregulated angiogenic inflammatory mediators,
which were thought to be associated with an increase in vascular regulatory M2
polarised HBCs (Chapter 5). Placental vascular development involves the
differentiation of placental mesenchymal stromal cells (pMSCs) into EC and
haematopoietic cell progenitors®. These cells form cell cords and intercellular clefts,
creating the primitive capillary network®.. This network is then expanded through
angiogenesis, the sprouting or elongation of existing vessels®#®!. Mature vessels are
then formed once perivascular cells are recruited, such as pericytes and VSMCs%°82,
To further investigate the impact of glucose fluctuations on placental vascularisation, it

was important to consider available models of placental vascular development.

Current in vitro models to study placental vasculature utilise ECs, such as HUVECs
and human placental microvascular ECs®®. Mono-cultures of placental ECs provide a
low-cost, high-throughput method to assess endothelial function, although they lack the
physiological complexity of the multiple cell types within the placental villi®*®. Therefore,
recent studies have incorporated placental ECs into co-culture models, such as

transwells®*?343 or placenta-on-a-chip!?’:246:347 'to improve the physiological relevance.

Widely used placental ECs in mono- and co-culture models include HUVECS, which
are macrovascular ECs, derived from the umbilical vein®°°%%, HUVECs can form a
confluent monolayer, and are widely used to assess angiogenesis, and endothelial
function®3®. However, umbilical cord vessels are known to differ in their structure from
placental blood vessels®¥’, and in vitro HUVECs have differences in morphology and
response to endothelial growth factors, compared to placental microvascular ECs®3,
Moreover, the secretion of vasoactive mediators differed between placental
microvascular ECs and HUVECs, as HUVECs secreted more endothelin-1 and -2 and
placental microvascular ECs secreted more angiotensin-115%. Given these differences,

HUVECs may not be the best model to study the function of ECs within the placental
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villi. In line with this, Lang et al. (2008) compared the phenotype of human placental
arterial ECs (HPAECSs) and human placental venous ECs (HPVECS) isolated from
chorionic plate vessels. While HPAECs formed confluent monolayers, with typical EC
cobblestone morphology, HPVECs formed monolayers with a whirlpool morphology, a
characteristic of mesenchymal cells®®°. Moreover, HPAECs exhibit a mature EC
phenotype; whereas HPVECSs overexpress developmental associated genes, and have
enhanced differentiation potential into osteoblasts and adipocytes, compared to
HPAECSs. This plasticity suggests a role for HPVECs as endothelial progenitors in
vascular development®®’. Placental microvascular ECs, such as fetoplacental ECs
(FPECs), can be isolated from digested placental cotyledons or small blood vessels
within the cotyledons®3663°, FpECs express common EC markers and exhibit functional
properties, such as the formation of endothelial tubes when cultured on an ECM, and
alignment in the direction of fluid flow®*°. Through production of vasoactive mediators,
FpECs regulate of angiogenesis and vasomotor tone®°, making them an appropriate

model for angiogenesis and endothelial function.

Given that many of these placental/umbilical ECs exhibit a mature EC phenotype, they
do not model the early development of placental blood vessels, which involves the

differentiation of pMSCs.

6.1.1.1 Placental mesenchymal stromal cells

pMSCs (sometimes referred to as placental mesenchymal stem cells) are known to
reside in the perivascular niche throughout pregnancy®?®. pMSCs are thought to
contribute to placental vasculogenesis by differentiating into EC and haematopoietic
cell progenitors®®®4t, Additionally, pMSCs release paracrine factors, such as VEGF,
IGF-1 and angiopoietin-1, which influence vessel development and the expansion of
vascular networks in the placenta®®%42, The release of these paracrine factors has been
shown to influence angiogenesis in vitro and in vivo as conditioned medium from
PMSCs increased EC proliferation and tube formation®4® and transplanted pMSCs into

mice increased neovascularisation®#.

Furthermore, pMSCs isolated from GDM placentae have decreased gene expression
of angiogenic factors VEGFA and FGF. Interestingly, this decrease in angiogenic
factors was also observed when non-GDM pMSCs were treated with 25 mM
glucose®®. Similarly, co-culture of GDM pMSCs with HUVECS resulted in reduced
proliferation, migration, and tube formation of HUVECS in further functional assays,
compared to non-GDM pMSCs®4, pMSCs isolated from FGR pregnancies have an

altered transcriptome, including upregulation of ADAMSTS1 and downregulation of
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HAS2, both known to regulate angiogenesis and FBLN2, which regulates vascular
elasticity®’. Umapathy et al. (2020) also showed that exposure to pMSC conditioned
medium, isolated from FGR pregnancies, inhibited tube formation of ECs, compared to
conditioned medium of pMSCs from normal pregnancies. Macrophages exposed to
conditioned medium from FGR pMSCs also had a lesser effect on stimulating EC tube
formation®®, Thus, suggesting a role for altered pMSC function in complications of

pregnancy.

In vitro, pMSCs are known to differentiate into perivascular cell types, such as pericytes
and VSMCs by upregulating contractile proteins, expressed in these cells®°64°, Boss et
al. (2020) showed that first trimester pMSCs cultured in DMEM/F12 have increased
expression of the early smooth-muscle marker aSMA and the late smooth muscle
marker calponin. In term pMSCs, culture in DMEM/F12 increased expression of
aSMA®*_ Moreover, Kennedy (2023) demonstrated that term pMSCs could adopt a
VSMC phenotype, with increased expression of VSMC markers Myosin 11 (MYH11)
and Caldesmon (CALD1) with TGF-B1 and ascorbic acid induced differentiation and
collagen support®*°. This ability of pMSCs to differentiate into key vascular cell types
associated with blood vessel development in the placenta, makes them a potential
model for investigating endothelial differentiation during placental vascular
development. The use of term pMSCs is also relevant to investigate the impact of
maternal glucose fluctuations in GDM, given that these fluctuations were observed in
CGM between 30-32 weeks’ gestation®? and that GDM is diagnosed later in pregnancy
(between 24-28 weeks’ gestation)®3.

6.1.1.1.1 Differentiation of mesenchymal stromal cells into endothelial cells

Several studies have investigated the differentiation potential of MSCs, from other
tissues, into ECs, including, human bone marrow stem cells (BMSCs). The
microenvironment of vascular cells contains biochemical factors that influence
differentiation into ECs®*®, therefore these studies use either endothelial growth
medium (EGM) and/or medium that contains additional VEGF (25-50 ng/mL). The

findings of these studies have been outlined in Table 6.1.

To determine whether the cells have differentiated, various methods are utilised.
Firstly, any morphological differences are usually observed, as MSCs display a
characteristic whirlpool morphology®®°, and ECs a cobblestone morphology®°.
Expression of EC markers are also assessed, either by RT-qPCR, flow cytometry
and/or immunocytochemistry. Finally, functional assays are performed, including the

endothelial tube formation assay and the ac-LDL uptake assay. The tube formation
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assay involves seeding cells onto an ECM. ECs will then form tube-like structures,
which contain a lumen surrounded by ECs linked together through junctional
complexes®®!. The ac-LDL assay involves assessing the uptake of a labelled, ac-LDL
into the cells, as the uptake of ac-LDL is specific to ECs and macrophages, via the
scavenger cell pathway of LDL metabolism®®2. A limitation of these studies, however, is
that they do not investigate the impact on mesenchymal markers, which would be

expected to be decreased during endothelial lineage differentiation.

A few studies have investigated the differentiation of MSC isolated from the placenta.
Wau et al. (2008) cultured pMSCs in EGM-2 with additional VEGF-A under static
conditions for 24 hours and observed increases in VEGF receptors (VEGFRSs), fms
related receptor tyrosine kinase (FLT1) and kinase insert domain receptor (KDR) in RT-
gPCRs, but observed no differences in mature EC markersess. Periods longer than 24
hours were not assessed. Chen et al. (2015) cultured pMSCs in EGM-2 with 50 ng/mL
VEGF-A, and reported that the EC marker, von willebrand factor (VWF), was observed

in immunocytochemistry, however this was the only marker investigated®®.

6.1.1.1.2 Differentiation of mesenchymal stromal cells into endothelial cells using

shear stress

In vivo, vascular cells are exposed to hemodynamic forces caused by blood flow,
including flow shear stress and cyclic stretch®®. Shear stress is known to influence the
morphology, orientation, and differentiation of ECs. In addition to biochemical factors,
shear stress can also influence the differentiation of MSCs into cells of the endothelial
lineage®®®. The findings of these studies have been outlined in Table 6.2. Of these
studies, Wu et al. (2008) cultured pMSCs in EGM-2 with additional VEGF-A under
static conditions or in a parallel plate flow chamber with 6 or 12 dyn/cm?%°3, Cells
cultured under flow conditions aligned in the direction of flow, and at 12 dyn/cm?, cells
expressed mature endothelial markers, CD31 and vVWF in immunocytochemistry,
Western blots, and RT-gPCR. These cells were also able to uptake ac-LDL and form

tube-like structures.

Therefore, the aim of this chapter was to determine the potential of pMSCs to
differentiate towards an endothelial lineage. Given that previous studies assessed the
impact of endothelial growth factors on pMSCs for short time periods (~24 hours) and
did not investigate mesenchymal marker expression, differentiation medium was used
for up to 25 days, and the phenotype of differentiating cells were fully characterised by
assessing endothelial, as well as mesenchymal markers via RT-gPCR and

immunocytochemistry, in addition to endothelial function using a tube formation assay
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and a fibrin bead assay. The impact of shear stress was also investigated, using a low
flow/shear stress of 1 yL/min in microfluidic devices, as used in most placenta-on-a-

Ch | p Studi68127'347'352'354
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Table 6.1 - Key findings of studies investigating the potential differentiation of mesenchymal stromal cells from different
sources, into endothelial cells. Abbreviations: BMSCs — Bone Marrow MSCs; pMSCs — Placental MSCs; av-MSCs — Amnion Avascular
MSCs; CMSCs — Chorionic (Plate) MSCs; UMSCs - Umbilical Cord MSCs; AMSCs — Adipose Tissue MSCs; bv-MSCs - Placental

Chorionic Blood Vessel MSCs. 1 Increased expression, | decreased expression, ~ no change in expression.

Reference “ Cell Type @ Differentiation Medium ‘ Timepoints | Morphology Flow Cytometry | Immunocytochemistry Functional Assays
Chen 2015654 Primary EGM-2 (Promo Cell) with | - 14 and 21 | N/A N/A - VWF N/A N/A
Human 50 ng/mL VEGF-A days
pMSCs - Medium
refreshed
every 3
days
Du 2016643 Human Cells on Matrigel with - 14 days N/A N/A Weak expression of ~CD31 - Endothelial tubes
Primary EGM2-MV with 50 ng/mL | . Medium CD31 and VWF ~CD34 (Primarily in
BMSCs, VEGF refreshed ~FLT1 BMSCs and
AMSCs, twice a (VEGFR1) pMSCs)
UMSCs week ~VWF - Uptake of acLDL
and ~CDH5 (VE- | . Produce eNOS
PMSCs Cadherin)
~TIE2
Konig 2011656 Primary EGM-2 (Lonza) N/A Cobblestone N/A No expression of VWF ITIE2 - Endothelial tubes
Human after 5 days or VE-Cadherin, even JVEGFA - Uptake of acLDL
Av-MSCs at 100 ng/mL VEGF |CD146
|FGF2
1SERPINF1
1SPRY1
TARP1
(Angioarrestin)
Konig 20156857 Primary EGM-2 (Lonza) N/A Cobblestone at | N/A No expression of VWF N/A - Endothelial tubes
Human passage 6
Bv-MSCs




Reference

Cell Type

Differentiation Medium

Timepoints
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Morphology

Flow Cytometry

Immunocytochemistry PCRS

Functional Assays

Oswald Primary Medium with 2% FCS - 7 days No - VEGFR1 - VWF N/A - Endothelial tubes
20045658 Human and 50 ng/mL VEGF. . Medium morphological . VEGFR2
BMSCs refreshed | differences - VE-Cadherin
every 2 - VCAM1
days
Laser scanning
cytometry
Panakajakshan | Primary EGM-2 (Lonza) with - 10 days Cobblestone TVWF 1T VWF TVWF - Uptake of acLDL
2013659 porcine additional 50 ng/mL . Medium morphology TPECAM1 . Endothelial tubes
BMSCs | VEGF-A refreshed 1ebsl 1CDHS5 (VE-
zvery 3 +CDH5 (VE- (Tllflij_lt_11erln)
ays ;
Cadherin) tKDR
Wang 2018386 Primary Medium with 50 ng/mL - 3, 7and Shorter spindle | - CD31 - CD31 TVWF - Endothelial tubes
Human VEGF, 10 ng/mL bFGF, 14 days | shapes . CD34 . CD34 TCDHS (VE-
BMSCs 20 ng/mLIGF, 5 ng/mL | . Medium Cadherin) By day 7 and 14
EGF, ascorbic acid, refreshed In 60% of cells by tKDR (tubes labelled with
heparin and 2% FBS. daily day 14 (VEGFR2) CD31 and CD34)
By day 14
Yu 2021660 Primary MCDB 131 medium with | . 14 days First trimester - VWF - VWF tPDGFD - Endothelial tubes
human 5% FBS, 50 ng/mL VEGF | . Medium differentiated . CD31 . CD31 TVEGFA (More in first
CMSCs and 20 ng/mL IGF-1 refreshed | CMSCs has a o o _ TTNC trimester CMSCs)
(First and every 2 morphology More in first More in first trimester ISPRY1 - Improved cardiac
third days more similar to | trimester CMSCs | CMSCs LANGPTLA1 function when first
trimester) ECs trimester CMSCs

were transplanted
into a rat
myocardial
infarction model
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Table 6.2 - Key findings of studies investigating the potential differentiation of mesenchymal stromal cells from different

sources into endothelial cells under shear stress conditions. Abbreviations: AMSCs — amnion MSCs; BMSCs — Bone Marrow MSCs;

pMSCs — Placental MSCs; SHEDs - Stem cells from human exfoliated deciduous teeth. 1 Increased expression, | decreased expression,

~ no change in expression.

Reference Cell Type Differentiation | Shear Stress Timepoints Morphology Protein Functional Assays
Medium Expression
Bai (2010)%61 | Rat primary DMEM with Parallel plate - Static Alignmentand | 1CD31 1t-PA N/A
BMSCs 10% FBS and | flow chamber at experiments: | elongation in
50 ng/mL 15 dyn/cm? (1.5 VEpGF the direction of tFactor Vil TKDR
VEGF Pa). In further treatment for | flow. With VEGF and | With VEGF and
experiments up to 7 days | Cytoskeletal shear stress shear stress KDR
assessed 10, 20 | . Shear stress | reorganisation | (Immuno- expression
and 25 dyn/cm?, experiments: | (Phalloidin cytochemistry) decreased when
VEGE staining). shear stress was
treatment for Following 24 applied for 48
7 days then hours shear hours and at
shear stress higher levels (20
stress. At 48 A
forup to 24 hours cells and 25 dyn/cm?)
hours. detached.
Fischer Primary Endothelial cell | Orbital shaker - Static Alignment in 1CD31 1CD31 - Uptake of acLDL
662 2 i . i i
(2009) Rl;/lmsi?s SLC:)V[\)IItQment iéZP(;yE/gTO E)é:pgrslments. ;::) ?Ndlrectlon of Aftgr 2 \(veeks ~VWF After 2 weeks static with
(ECGS; 50 cycles/min) treatment for static with ~eNOS ECGS _followed by 42
ug/mL) added 3 weeks. Afte_r 2 \_/veeks ECGS foIIovyed days with 12 dyn/cm
to medium . Shear st static with by 4 days with | After 2 weeks . _
ear. S ress. ECGS followed | 12 dynicm? (IF static with ECGS Endothelial tubes
experiments: by 2 days with | and WB) followed by 2 days | In 7 days static

ECGS
treatment for
2 weeks then
shear stress
forupto 8
days

12 dyn/cm?

with 12 dyn/cm?

treatment with ECGS




Reference

Cell Type

Differentiation
Medium

Shear Stress

271

Timepoints

Morphology

Protein
Expression

Functional
Assays

Janeczek Human EGM-2 then Shaker shear - 10 days in Cell circularity | 1CD31 TPECAM1 - Uptake of
Portalska primary seeded onto stress at 20 EGM-2 with increased (F- acLDL
(2012)863 BMSCs Matrigel for 24 | RPM. shear stress | Actin Staining) TVEGFR2 (KDR) TVWF
hours. then seeded (Immuno- TKDR
onto Matrigel cytochemistry)
for 24 hours.
Shojaei Primary Static condition | Bioreactor with | . Static N/A TKDR N/A
(2013)664 human was treated either cyclic experiments: TWWF
adipose with 50 ng/mL | stretch of 10% VEGF
AMSCs VEGF (1 Hz), cyclic treatment for With cyclic shear stress
shear stress of 1,2o0r7 ;
0'to 2.5 dyn/cm? days 1CDH5 (VE-Cadherin)
(1 Hz) or - Shear stress With all types of
concurrent experiments: mechanical stimuli
cyclic and shear 24 hours (Combination of cyclic
stresses both shear stress and shear caused
with the same greatest increase)
characteristics.
TKDR
TVWF
1CDH5 (VE-Cadherin)
In static VEGF
experiments after 2
days, greatest effect
after 7 days.
Wang et al. Murine N/A Parallel plate - Exposed to Cells became TVWF TVWF - Uptake of
(2005)%65 embryonic flow chamber shear stress | a more acLDL
mesenchymal with a shear for 6 and 12 fusiform shape 1Ch31 TPECAM1 . Endothelial
progenitor stress of 15 hours After 12 hours After 6 and 12 hours tubes
cell line dyn/cm?2 (1.5 shear stress (Flow | shear stress After 12 h
(C3H/10T1/2) Pa) cytometry and er 1z hours

Immuno-
cytochemistry)

1CDH5

After 12 hours shear
stress

shear stress
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Reference Cell Type Differentiation = Shear Stress Timepoints Morphology Protein Functional
Medium Expression Assays
Wang et al. SHEDs Some cells Streamer shear | - Shear stress | N/A TVEGFR2 TVEGF - Endothelial
666 i
(2018) were exposed | stress Device at for 2 hours. +CD31 With 4 dyn/cm? tubes
to 4 and 16 Some? cells With 4 and 16
differentiation | dyn/cm?2. were then 1DLL4 TKDR dyn/cm?
medium exposed to .
containing: 50 differentiation \éV'rt_]r; ‘rlnin\clivmt m 1DLL4
ng/mL VEGF medium for B)I/ot)c (Weste With 4 and 16 dyn/cm?.
in FBS-free a- 12 hours. All increased with shear
MEM following 1VEGF secretion stress and
shear stress. i iati ium.
With 4 and 16 differentiation medium
dyn/cm? (ELISA)
Wu Primary EGM Parallel plate . 3days under | Alignmentin TVWF TVWF - Uptake of
(2008)%53 human containing: flow chamber static the direction of acLDL
pMSCs M199 medium, | with 6 or 12 conditions flow 1CDh31 TPECAML (CD31) - Endothelial
20% FBS, 20% | dyn/cm?2 (0.6 or followed by In EGM with In EGM with 12 In EGM with 6 dyn/cm?, tubes
EGM-2 and 1.2 Pa) or static 24 hours of 12 dvn/em? dyn/cm? (IF and but further with 12 In EGM with 12
additional 50 conditions shear stress y WB) dyn/cm? dr;/n /cmZWI
F
ng/mL VEG FFLTI
TKDR

Even in static
conditions with EGM for
24 hours.
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Reference Cell Type Differentiation = Shear Stress Timepoints Morphology Protein Functional Assays
Medium Expression
Yuan (2013) | Human N/A Parallel flow - Shear stress | N/A TVWF N/A N/A
667 BMSCs chamber with for 2 days,
0.2 or2Pa then static rebsi
shear stress. culture for 5 1CDHS5 (VE-
days. Cadherin)
After 2 Pa shear
stress (Immuno-
cytochemistry
and Western
blot)
1VEGF secretion
After 2 Pa shear
stress with
subsequent static
culture for 1, 3
and 5 days
(ELISA)
Zhang Primary EGM-2 Orbital shaker | . Static Endothelial- 7CD31 (18.1%) | 1VWF - Uptake of acLDL
(2009)668 human (Clonetics) at 12 dyn/cm? experiments: | like 0 S
amniotic fluid (1.2 Pa - 210 EGM-2 for 3 morphology TVWEF (24.7%) TPECAML1 (CD31) :EnGZMWSeI’;s ftatlc Wlthd
MSCs cycles/min) weeks In static with In static with In static with with s-h(.earost?:_:gsse
- Shear stress EGM-2 after 3 EGM-2 after 3 '
. EGM-2 .
experiments: weeks and weeks and further | . Endothelial tubes
EGM-2 for 2 further increased | increased with 12 o
weeks then . . with shear stress. | dyne/cm?. In 2 weeks static with
Alignment in EGM-2. With 12 dyn/cm?

shear stress
for 48 hours
- Medium
refreshed
every 3 days

the direction of
flow

In EGM-2 with
12 dyn/cm?

(Flow cytometry)

tubes formed earlier and
had greater tube length.

- eNOS expression

In EGM-2 after 2 weeks
of static culture with 50
ng/mL additional VEGF.
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6.2 Hypothesis

Primary pMSCs can be differentiated into cells of the endothelial lineage using

endothelial growth factors and/or shear stress conditions.
6.3 Aims

To develop a model of placental vascular development through differentiation of

primary pMSCs into cells of endothelial lineage under:

1. Static conditions using growth factors;
2. Low flow/shear stress conditions in microfluidic devices in addition to growth
factors.

6.4 Results

6.4.1 Isolation of primary human placental mesenchymal stromal
cells (pMSCs)

Primary human pMSCs were isolated using an adapted version of a previously
published protocol by Pelekanos et al. (2016)*¢°, developed by Margeurite Kennedy3*°.
Within the first few days of seeding into tissue culture flasks, unattached red blood cells
and other cellular debris could be observed. By day 10, following several medium
refreshments, attached MSC-like cells could be identified. After 15 days of culture,
colonies of MSC-like cells had formed in the tissue culture flask, which displayed a
spindle-shaped morphology, characteristic of MSCs3®°. Other, smaller, rounder cells
were observed in the flasks, which are likely contaminating hematopoietic,
trophoblastic, or ECs*¢%°, Once colonies of MSC-like cells were covering 70-80% of
the flasks, the MSCs were sub-cultured to passage 1 (P1) and continued to exhibit a
spindle-shaped morphology. Less contaminating, non-spindle-shaped cells were

observed following subsequent passaging (Figure 6.1).

6.4.1.1 Characterisation of surface marker proteins in pMSCs

The international society of cellular therapy (ISCT) states that MSCs must express cell
surface markers CD90, CD73 and CD105, and be negative for CD45, CD34, CD14 or
CD11b, CD79a or CD19 and HLA-DR surface molecules®”. Flow cytometry
characterisation of the isolated pMSCs used in the current study was previously carried
out by Marguerite Kennedy®*°. This showed that pMSCs expressed high levels of the
MSC markers CD90 and CD73 (positive staining in 98.89+0.85% and 98.81+0.38% of
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cells, respectively) and expression of CD105 (positive staining in 11.87+10.14% of
cells), all of which were a similar level to the BMSC positive control. The flow cytometry
characterisation kit also included a negative marker cocktail, which probed for CD45,
CD34, CD11b, CD79A and HLA-DR. Positive staining for negative markers were
present in 18.68+2.84% of pMSCs, which was lower than BMSCs (54.51+5.94%). The
EC marker CD31 was also assessed which was exclusively present in the HUVEC
control (99.67+0.45%), with negligible expression in pMSCs and BMSCs.

To further confirm that the primary pMSCs expressed markers characteristic of MSCs,
immunocytochemistry was performed. Positive markers included: CD105, CD73 and
CD44, as well as negative markers: CD34 (a haematopoietic cell marker), CD14 (a
macrophage marker) and CD19 (a lymphocyte marker). pMSCs were positive for
CD44, CD105 and CD73. Some expression of the haematopoietic marker, CD34 was

observed, however no positive staining for CD14 and CD19 was detected (Figure 6.2).
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Day 5 Day 10 Day 15 - Colony

Figure 6.1 - Placental mesenchymal stromal cells (pMSCs) throughout the isolation and culture period. Primary human pMSCs

l{}

were isolated from placental tissue of healthy pregnancies. Images were taken at 4x (top panel) and 10x (lower panel) magnification,
using the Olympus fluorescent microscope with Cell F software. Scale bars = 100 um. Red blood cells (RBCs) and cellular debris can be
observed at day 5. At day 10 MSC-like cells are present, which have formed into colonies by day 15. At passage 1 (P1) spindle shaped
MSCs can clearly be observed.
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Positive Markers

CD44 1gG

CD34

Negative Markers

CD19

CD19 IgG

i i -

Figure 6.2 - Characterisation of pMSCs by immunocytochemistry. MSCs were

isolated from term human placental tissue from uncomplicated pregnancies.
Immunocytochemistry was performed on cells at P3-P5 (n=3) using antibodies specific
for positive MSC markers, CD44, CD105 and CD73 and negative MSC markers, CD34,
CD19 and CD14, followed by mounting in media containing DAPI (blue). Bottom panels
show cells incubated with control IgGs for the same species and concentration as the
primary antibodies used in the top panel. Images were taken at 20x magnification using

the Zeiss Axioscan.Al microscope. Scale bars = 50 um.
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6.4.2 Differentiation of pMSCs into cells of the endothelial lineage
under static conditions

The ability of pMSCs to differentiate into cells of the endothelial lineage was assessed
by culturing pMSCs in either control medium or differentiation medium, for up to 25

days (n=7).

6.4.2.1 Morphological changes

Cells were imaged throughout culture to assess morphological differences (n=7). By
day 4, pMSCs cultured in differentiation medium had lost their characteristic whirlpool
morphology®° and had a more disorganised pattern. By day 11, clusters of smaller EC-
like cells®® were observed in cells treated with differentiation medium. Cells were
imaged before passaging on day 7 and 14 and hence are at a higher confluence,
therefore morphological differences were more difficult to distinguish at these
timepoints (Figure 6.3).

6.4.2.2 Determining appropriate endothelial and mesenchymal markers

To characterise the phenotype of pMSCs following differentiation, appropriate markers
of MSCs and ECs needed to be identified in the literature (Table 6.3). VEGFR1 and
VEGFR2 (FLT1 and KDR, respectively) were selected based on their specific
expression in ECs® and their role in early placental development8®87671.672 . CD31
(PECAM1) and VWF were also specifically expressed in ECs, and were selected as
mature endothelial markers*4673674 Given that most MSC markers also had reported
expression in ECs®5-%7° CD90 (THY1; Thymocyte differentiation antigen 1), CD73
(NTS5E; Ecto-5"-nucleotidase) and CD44 (also known as Homing cell adhesion

molecule, HCAM1) were selected.
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Control Medium

Differentiation Medium

Day 18 Day 21

Control Medium

Differentiation Medium

Figure 6.3 - Morphological differences in pMSCs cultured in control or
differentiation medium for 25 days. Primary human pMSCs were isolated from
placental tissue of healthy pregnancies. At P3 pMSCs were cultured in either control
(PMSC medium) or differentiation medium (EGM-2 + VEGF-A) for up to 25 days to
induce differentiation towards the endothelial lineage. Cells were imaged at days 4, 7,
11, 14, 18 and 21. Morphological differences can be observed in pMSCs cultured in
differentiation medium, where they have lost their whirlpool, spindle-like morphology,
and clusters of smaller cells are present. Representative images (n=7). Images were
taken on the Incucyte ZOOM at 10x magnification. Scale bars = 300 um.
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Table 6.3 — Widely used MSC and EC markers, their function and reported

expression in MSCs and ECs reported in the literature. Abbreviations: ECs —

endothelial cells; MSCs — mesenchymal stem cells; VSCs — vascular stem cells.

Marker

CD105

Full Name

Endoglin

Description/Function

Expressed on MSCs and vascular ECs.
Type | membrane glycoprotein, which is
an accessory receptor for TGF-B ligands.
Involved in angiogenesis,
neovascularisation and smooth muscle
differentiation®73.680,

MSCs

/681,682

’ ECs

/683 684

CD106
V-CAM1

Vascular cell adhesion
molecule 1

Adhesion molecule that mediates the
adhesion of immune cells to the vascular
endothelium during inflammation®73.

/681

v (activated
ECs685)

CD144

VE-
Cadherin

CDH5

Vascular endothelial
cadherin

Endothelial cell-cell adherens junctional
marker, stabilises vessels and regulates
vascular permeability and leukocyte
extravasation®73,

\/686

CD146
MCAM

Melanoma cell
adhesion molecule

Adhesion molecule expressed by
pericytes, ECs and smooth muscle
cellsb87.688, Regulates vascular
permeability, angiogenesis and leukocyte
transmigration®es.

/681,689

/690

CD31
PECAM1

Platelet endothelial
cell adhesion molecule

Adhesion molecule found at endothelial
junctions. In addition to ECs, CD31 is
also expressed in platelets, granulocytes,
macrophages, dendritic cells (DCs), T-
and B-cells and natural killer (NK)
cellsb9L,

J444

CD34

Haematopoietic
Progenitor Cell
Antigen

Transmembrane phosphoglycoprotein,
found in haematopoietic and vascular
progenitors, as well as adipose derived
MSC3680,692—694_

v (in some
MSCs and
VSCSGSO,GQZ

)

/695

CD44
HCAM1

Homing cell adhesion
molecule

An adhesion molecule which interacts
with multiple ligands, such as selectins,
collagen, and fibronectin. CD44 is also
known to play roles in maintaining a
functional vascular barrier and
modulating angiogenesis®9,

/682 (681 -

in culture)

/675,676

CD73
NTS5E

Ecto-5"-nucleotidase

Expressed on MSCs, lymphocytes, ECs,
smooth muscle cells, epithelial cells, and
fibroblasts. Converts extracellular
adenosine monophosphate to
adenosine’so,

/680,681

V679

CD90
Thy-1

Thymocyte
differentiation antigen
1

Expressed on MSCs, vascular and
lymphatic ECs, fibroblasts, and neurons.
A glycosylphosphatidylinositol-linked
protein involved in cell-cell and cell-matrix
interactions8o,

/682

V677,678
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coagulation, released from Weibel-
Palade bodies of ECs®73,

Marker Full Name Description/Function MSCs ECs
VEGFR1 Vascular Endothelial Expressed on ECs, as well as human /80
FLT1 Growth Factor peripheral blood monocytes®’. Important

Receptor 1/Fms for the organisation of embryonic

related receptor vasculature®>672 and is involved in cell

tyrosine kinase survival, vascular permeability and cell

migration698

VEGFR2 Vascular Endothelial Expressed primarily on vascular ECs and /80
KDR Growth Factor endothelial progenitors®73. Receptor for

Receptor 2/Kinase VEGF, involved in vascular

Insert Domain deve|0pment87'67l_

Receptor
VWF Von Willebrand factor | Glycoprotein participating in blood /673,674
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6.4.2.3 Endothelial and mesenchymal gene expression

6.4.2.3.1 Housekeeping gene expression

To assess the expression levels of MSC and EC genes, housekeeping genes that did
not differ between the culture conditions needed to be first identified, for normalisation
purposes. Expression levels of widely used housekeeping genes®8¢%° 18S, ACTB,
B2M (B2 microglobulin), GUSB (B-glucuronidase), RPL13A (60S ribosomal protein
L13a) and YWHAZ were assessed in pMSCs cultured in control or differentiation
medium at 11, 18 and 25 days (Figure 6.4). Expression of ACTB was significantly
different between the control medium and differentiation medium at both 18 and 25
days (p<0.001 and p<0.01, respectively), which may indicate changes to the
cytoskeleton during differentiation’®"°!, Trends towards altered levels of B2M and 18S
over the time course of differentiation were also observed. YWHAZ, which was
identified as the most stable housekeeping gene using RefFinder (Section 2.6.3)
appeared to be the most similar between control and differentiation medium at each

timepoint and was used for further normalisation of target genes.



283

&
- %5,
A\VJ\
] — =
L o
IR % @Q&a
s,
L _\h.\amwo &\N\O\\@A&\Q
| ;
h = r OO/S\VJ‘ .® * o S Q\o\b@v .\0.,.\\\0
x o “% 8 % o%oo
A w . &@b@&& by A_ Y S\S@
. §@§ L oy i e@@e
« %, b% m.«.w
- \%\@0 m\k\@ L S \\A.\ L.\\\Q
@ru\ .\OH.Q\ c @0@
o0 NA\ Q | @
o h- Q&@\\N\ < ! \@\_mu / oécao
- | | _AwAwwo \0.@000 h < 6\\\ .&\V\
8 .bw
AA_.A .QQ\\NS@ « L G @Q@m_\
< < \5\0 . . e Vs .ue@o
L ‘m,\a.% .Q@w«\ N N\\A\ K\\Q
. 0 & ) ) a&@m\\ < ° r avbmv\v
| _‘ @o&a@ o : : : 3 \oéooo
° 4 - \.P@.o 4 0&\000 W mu n_rU_r W
— < \\\ &5\ s ; nw % :
3 ‘O%&\n\ z % ; i
« - Rm‘\\m.wo DQm..\\Q@ e. 4 _wmw._me
\\\k\ \&%\Q % IV<NV .
. s, ”
* . o \\._\\0\_\«\ AOO ’
= o = % - %\S@
8 _ - T3 .
3 & \ auen 4 | \@Awo
_ P aidx3 ,om
X 0ISssS \Q\
1X(19-),2) vol . ¢.§
) a A - 5y, c@@&
—_ i O@\S _ e, bhru\@ \e...\..\\Q
o ) % .. @b$\
L o.\\
o, <.t a@@ o,
4 o .m«\
< QG | |
AA* \u&%\.—\h@ “ < 10 U\N\K\D\,\W_\
. I \,m,\@o ,Q@ea . I \@om\ /) : &e@.\
* h,rV\ &, k@u‘\\\O —c @Qxb@ Q
* ° —- Q@%\V L &\\O.QA\
L L a«@ \oéooo <o 1 a.\m,b\ .
4] « i b%\ /) QGQ
“ < — < NQ\.&OW <3 M ;QQA\QO\
4 m\o\ | \.w\me \@k
. . axwo xm..moe . © Z) ’ S«@ 2
&) i < - “ o > &0
* '] @0 Q@ < N
* — L4 “ S$ 3 . \V\O.A\
: | \O.Q 2 T m QOO
<« B ‘@\\mwﬁ Vs QO.U 5 4 +
T @
<« A—A 4 @@o& R | a_u ;
\.@x @o@% m P waxm_ EIVETS)
3 ) SS
. b\\\k\ @&@m«@ % IV<NV .
s (0
m < : .%é\@ o a
= T % m .&\00 w | Oav\.‘\v\w\
Q - .y A , = |
T § & ¢ 3
8 Nt & & auen | — ) .@@o
8 < y 1dx 3 | |
8 9 )v2) uoissa | @&sow
-y . @c
) ,ﬂo %, o @@8@
\II | L]
m + &o% °. ._. . &so.\b@é %
/0,
< \@\@ A « | \@\@b% éooo
«t 3 | Q
%rv\ k\\u\
“Ds,
< < s &\\\Q\\.mu - Q\«w«b QDQ@\&Q@
b T, ’ Q«\@.\@ .—. [ & &.N\\Q
. _ . ¢ b@@o& o - &@o&@
| | \&@o \w\oécoo « @@o . o,
77 “q \AS\
4 4 — < @@0@ .b@&xc
A ﬁw, &\Q@Qmu\ N I _@\ﬁwo O\\m..\\hﬁ
* c Lt @b%\ 7 .‘6@@\ . — . 4z @, «&.\G
| @@o@@ .O : d .b@@\ox\
K %, %] = 3 %,
“« o 7] - & | 0 e
« 4 ﬁ NAS\ G | i _ :
\ ; : . Elo)
\.f, @c@@ - ; mm:n_xm_ au
: . IS
-o- * . ‘c\\\&\ @&m‘@ i IV<NV .,
@e@v (001010
. o \oa_\co
(2] . m 0 )
o] . 5 :
~— - S s
s 2 g
3 <

auaD)
" ) uoissaidxgy
IXQ0-hve

(00

<

(=]



284

Figure 6.4 - Housekeeping gene expression in pMSCs cultured in control or differentiation medium for up to 25 days.
Housekeeping genes were assessed in pMSCs cultured in control or differentiation medium at 11, 18 and 25 days, using RT-gPCR.
HUVECs were used as a positive control for endothelial markers. Data is presented as the median and statistical analysis was performed
using a Kruskal-Wallis with a Dunn’s post-hoc test (as the data was not normally distributed). Significances between pMSCs cultured in
control medium and differentiation medium at each time point are shown, ** p<0.01. Individual points represent each patient placenta.

n=7. HUVECs (n=3) were used as a positive control for endothelial genes.
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6.4.2.3.2 Expression of endothelial and mesenchymal genes

Expression of MSC markers, NT5E and THY1 were not significantly altered between
pMSCs treated with control or differentiation medium at each timepoint. However, a
small decrease in NT5E was observed at day 11 (0.23+0.031 vs 0.36+0.075; p=0.408,
n=7). Interestingly, the MSC marker CD44 was significantly increased in pMSCs
treated with differentiation medium at 18 days (270.60 [81.57-539.32] vs 111.82 [32.90-
196.72]; p<0.05, n=7) and 25 days (326.29 [163.14-724.08] vs 152.74 [50.38-405.91];
p<0.05, n=7) (Figure 6.5).

Expression of EC markers, KDR and PECAM1, were increased in pMSCs treated with
differentiation medium at 11 days (p<0.05, n=7), which were comparable to levels
detected in HUVECSs, the mature EC cell line. The EC marker FLT1 was also
significantly increased in pMSCs treated with differentiation medium at all timepoints
(2.74 [2.15-6.70] vs 0.47 [0.074-0.64] at 11 days, 3.53 [0.66-6.12] vs 0.57 [0.072-0.65]
at 18 days, 1.78 [0.63-4.76] vs 0.56 [0.064-1.06] at 25 days; p<0.001-0.05, n=7). There
were no differences in the mature EC marker, VWF, between pMSCs cultured in
control and differentiation medium, and levels in pMSCs cultured in differentiation
medium were significantly lower than in HUVECs (p<0.001-0.05, n=3-7) (Figure 6.6).

To confirm the significant increases in EC gene expression observed after 11 days
culture in differentiation medium, and to further explore the mechanisms of pMSC to
endothelial lineage differentiation, a larger panel of MSC and EC genes were assessed
at this time point using a qPCR array (n=4). Of the 84 genes assessed, 17 were
significantly altered in pMSCs cultured in differentiation compared to control medium
(p<0.05, expression variation [EV] >2 and <-2). In line with the RT-gPCR data, an
increase in VEGF receptor genes, FLT1 (EV=14.63, p=0.0065) and KDR (EV=3.77,
p=0.047) were observed in pMSCs cultured in differentiation medium. A reduction in
several other MSC genes was observed, including VTN (Vitronectin; EV=-2.32,
p=0.039), TAGLN (Transgelin; EV=-2.94, p=0.0019), CDH2 (Cadherin 2; EV=-16.13,
p=0.0011) and CCN1 (Calponin; EV=-11.26, p=0.00001), suggesting that culture in
endothelial differentiation medium leads to a reduction in the mesenchymal phenotype.
Genes that are known to regulate endothelial/epithelial-mesenchymal transition were
also altered (MMP2, MMP9, PIK3R1, BMP2 and WNT11), which likely also regulate
mesenchymal to endothelial differentiation, and hence may contribute to the
mechanism of pMSC to endothelial lineage differentiation. The most upregulated gene
in pMSCs treated with differentiation medium was HGF (Hepatocyte Growth Factor;
EV=28.12, p=0.00102), which is known to stimulate branching and tubule formation in
ECs’%? (Figure 6.7).
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The gene expression variation and p value’s for all genes assessed in the gPCR array

are reported in Appendix 7.

6.4.2.4 Endothelial protein expression

To confirm that changes in EC markers were also apparent at the protein level,
immunocytochemistry was performed. VEGFR1 (FLT1) and CD34 expression were
observed in pMSCs cultured in control medium and differentiation medium, as well as
in HUVECSs (Figure 6.8A; Figure 6.9A). The fluorescence intensity of VEGFR1 was
significantly increased at day 25 in pMSCs cultured in differentiation medium (19.34
[13.56-31.07], n=5), compared to control medium (13.52 [11.17-15.91]; n=6, p<0.01)
(Figure 6.8C). While CD34 was not significantly altered, fluorescence intensity
decreased with time in culture (Figure 6.9C). Although expressed in the HUVEC
positive control, minimal expression of VEGFR2 (KDR) and no expression of the
mature EC markers CD31 (PECAM1) and VWF were detected in pMSCs, and therefore
were not quantified (Figure 6.8A; Figure 6.9A; Figure 6.10A).

As differences in intensity of EC marker proteins were minimal, flow cytometry was
performed to determine the percentage of pMSCs expressing endothelial marker
proteins following treatment with control or differentiation medium, albeit slightly
different time points and low sample numbers. Levels of VEGFR1 (FLT1), VEGFR2
(KDR) and CD31 (PECAM1) were assessed. Trends towards increases in VEGFR1
was observed in differentiation medium (p=0.68-1, n=3) and VEGFR2 was increased
with differentiation medium at 14 days (12.76 [7.83-13.20] % vs 1.41 [0.84-1.95] %;
p<0.05, n=3) (Figure 6.11). The immunocytochemistry and flow cytometry data suggest
that longer time in culture is needed for protein levels to reflect changes in gene

expression.
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Figure 6.5 - Mesenchymal gene expression in pMSCs cultured in control or

differentiation medium for up to 25 days. Mesenchymal genes were assessed in

pMSCs cultured in control or differentiation medium at 11, 18 and 25 days, using RT-

gPCR. The expression of target genes was normalised to a geometric average of

YWHAZ housekeeping gene expression. THY1 is presented as the mean, and

statistical analysis was performed using a one-way ANOVA with Tukey’s post-hoc test.

NT5E (CD73) and CD44 are presented as the median, and statistical analysis was

performed using a Kruskal-Wallis with a Dunn’s post-hoc test (Based on normal

distribution of the data). Individual points represent each patient placenta. n=7.

HUVECs (n=3) were used as a positive control for endothelial markers. Significances

between pMSCs cultured in control medium and differentiation medium at each time

point are shown. * p<0.05.
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Figure 6.6 - Endothelial gene expression in pMSCs cultured in control or

differentiation medium for up to 25 days. Endothelial genes were assessed in

pPMSCs cultured in control or differentiation medium at 11, 18 and 25 days, using RT-

gPCR. HUVECs were used as a positive control for endothelial markers. The

expression of target genes was normalised to YWHAZ housekeeping gene expression.

Data are presented as the median, and statistical analysis was performed using a

Kruskal-Wallis with a Dunn’s post-hoc test (as data was not normally distributed).

Individual points represent each patient placenta. n=7. HUVECs (n=3) were used as a

positive control. Significances between pMSCs cultured in control medium and

differentiation medium at each time point are shown. * p<0.05, ** p<0.01, ***p<0.001.
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Figure 6.7 - Expression of a larger panel of endothelial and mesenchymal genes in pMSCs cultured in control medium or
differentiation medium for 11 days. The cycle threshold (Ct) values were inputted into an analysis spreadsheet provided by AnyGenes
and carried out according to manufacturer’s instructions. The Student’s T-Test was used to determine statistical significance (p<0.05
considered statistically significant). A positive or negative gene expression variation was used to determine whether a gene was up- or
down-regulated, respectively in pMSCs cultured in differentiation medium compared to control medium. Red bars indicate genes that are
upregulated in pMSCs cultured in differentiation medium (gene expression variation > 2) and green bars indicate genes that are

downregulated in pMSCs cultured in differentiation medium (gene expression variation < -2). * p<0.05, ** p<0.01, *** p<0.001.



IVEGFR2/DAPI
IVEGFR2/

V