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Summary

Pregnant women undergo a series of metabolic and immunologic changes to ensure provision
of nutrients to, and prevent rejection of, the fetus. To ensure continuous supply of glucose to
the fetus, the mother increases glucose production, glucose intolerance and insulin
resistance. To meet her own energy demands, the mother transitions from lipid storage to
lipolysis. To prevent rejection of the fetal semi-allograft, the mother’s immune system must
be regulated, whilst maintaining protection against pathogens.

Hypothesis: Well-recognised metabolic changes in pregnancy could impact maternal immune
function.

The aims of this project are to landscape the lipidomic profile using novel mass spectrometry
techniques, and to determine whether monocytes undergo metabolic adaptation, if this
occurs at 28 weeks of gestation, and if maternal obesity sabotages immunological
adaptations. In addition, aims included investigation into the mechanisms which may protect
the mother and fetus against SARS-CoV-2.

Key findings unveiled significant phenotypic adaptations in the monocyte subsets during
pregnancy, which are sabotaged by obesity. As the effect of maternal obesity is poorly
understood, other immunological adaptations were investigated which revealed a shift to a
Th1l and Th17 response which might contribute to the detrimental effects of obesity on
pregnancy. At term, the monocytes illustrate a strong metabolic adaptation where their
oxidative phosphorylation capabilities are reduced, confirmed by alterations in their
mitochondria, with a downstream effect on their functionality with reduced production of
lipid mediators and cytokines.

While risk of infection with SARS-CoV-2 is low to pregnant women and the fetus, there is
increased risk of preterm birth and admission into ICU. The fetus is relatively protected
against infection, with cases of vertical transmission being rare. This thesis illustrates an
elevated presence of soluble SARS-CoV-2 related molecules in breast milk and amniotic fluid
which are postulated to act as decoy traps for the virus, which protects the neonate.

In conclusion, this thesis has revealed novel findings into the immunometabolism adaptation
to pregnancy.
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CD38 Cyclic ADP ribose hydrolase

CD56 NK cell marker

CD62L L-selectin; adhesion molecule

CD64 FcyRlI

CD69 C-type lectin protein; activation marker
CD8&0 APC co-stimulatory molecule for T cells
CD86 APC co-stimulatory molecule for T cells
CD98 Long chain neutral amino acid transporter
CD163 High affinity scavenger receptor for hemoglobin-haptoglobin complex
CD169 Sialoadhesion; binds sialic acids

CD220 Insulin receptor

CD295 Leptin receptor
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1.1 Overview

To meet the high energy demands of pregnancy, mandatory maternal physiological changes
are required to provide a suitable and continuous metabolic supply from the mother to the
fetus 1. Some metabolic adaptations include the switch from accumulating lipids, to lipolysis,
and the development of insulin resistance through gestation (Figure 1.1)2. In addition to
metabolic changes, immunological changes are required to prevent maternal rejection of the
fetus, which expresses paternal antigens and is referred to as a semi-allograft. The work
presented in this thesis investigates the interaction between the immune response and
cellular metabolism — now called immunometabolism — in pregnancy concentrating on

peripheral blood monocytes.

2" Trimester 3" Trimester

§id¢

Lipid accumulation

Glucose tolerance
Insulin resistance

Figure 1.1: As gestation progresses, various metabolic changes occur. The accumulation of lipids decreases
with pregnancy while lipolysis increases. The mother becomes less tolerant to glucose and insulin resistance is
induced. Image created for Rees et al.

15t Trimester

1.2 Pregnancy

1.2.1 Immunological adaptation in pregnancy — an overview

The maternal immune system undergoes dynamic adaptation to pregnancy at both the
materno-fetal interface and systemically with the systemic changes the focus of this thesis.
Many of these changes are driven by the presence of the fetus that has been likened to a
“semi-allogenic graft” that the mother (“host”) recognises as half-self and half non-self 3

accompanied by the hormonal changes that occur. Thus, the mother’s immune system must
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be well regulated to prevent rejection of the fetus but maintain protection against pathogens.
Many immunological changes occur in pregnancy and include suppression of cytotoxic T and
natural killer (NK) cells; increased regulatory T cells (Treg); increased B cell activity; decreased
immunoglobulin and phagocytic activity; and increased oestrogen and corticosteroids in the
reproductive tract*>. The total number of circulating leukocytes increases during pregnancy.
This is mostly due to neutrophils, with no significant changes in the counts of other
granulocytes, namely eosinophils and basophils, ® and a sharp increase in monocytes in the
first trimester, which plateaus with advancing gestation ®. T cells play a vital role in graft
rejection, so changes in the number and/or function of different T cell subsets observed in
pregnant women is essential to pregnancy success. The greatest reduction of T cells is seen
in the 1= trimester, and normal T cell responses are restored 1 month postpartum ’. Recent
years have seen a shift from a T helper type (Th)1/Th2 centric view of immune adaptation in
pregnancy  to one that also considers the balance of Th17 and regulatory T cells (Treg)  1°.
This T cell plasticity likely underpins amelioration, e.g., multiple sclerosis and rheumatoid
arthritis, or exacerbation, e.g., systemic lupus erythematosus, of various autoimmune
diseases recognised to occur with pregnancy 3. During the 2~ and 3« trimesters of
pregnancy, conventional lymphocytes have a reduced ability to proliferate against soluble
antigens or foreign lymphocytes 4, and T cells have a diminished ability to kill foreign cells >
16, To supplement maternal defence against bacterial invasion, elevated levels of maternal
serum complement proteins enhance opsonisation of immunoglobulins and chemotaxis
from week 11 of gestation 7. A delay in the activation of the complement pathways prevents
attack of the fetus and placental trophoblast ’. Macrophage levels fluctuate during the
menstrual cycle and increase in the uterus and then decidua after fertilisation, where they
have been deemed necessary for implantation . The immunological profile of the uterus
adapts with pregnancy with the development of the maternal-fetal interface (Figure 1.2)*° to
ensure fetal survival. These changes are driven by signals from the fetus, as well as maternal
and placental mediated hormonal and other mediator changes. Uterine natural killer (uNK)
cells become the dominant leukocyte in the first trimester decidua 221, with smaller numbers
of macrophages and T cells accounting for the rest of the immune cell populations ?2. The
main role of these cells is to promote trophoblast invasion and spiral artery vascular

modelling, whilst regulating the immune response to the semi-allogenic fetus 2.
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Placental
villus
(fetal) _

Chorionic plate

Setohingls (fetal)

Figure 1.2: The maternal-fetal interface. The maternal-fetal interface is composed of the fetal-derived placenta
and the maternal-derived decidua, connected by the invasion of extravillous cytotrophoblasts (evCYTs) into the
decidua to initiate nutrient circulation. To facilitate nutrient and waste exchange, the maternal blood is in direct
contact with the placental villus. The decidua contains the maternal leukocytes including uterine NK (uNK) cells,
macrophages, dendritic cells (DCs) and T cells, whereas the fetal macrophages (Hofbauer cells) surround the fetal
blood vessels in the placenta. Image taken from Racicot & Mor 2017 '°.
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Both pro- and anti-inflammatory changes occur within the uterus as a healthy pregnancy
progresses and these are stage specific. At the maternal-fetal interface, pro-inflammatory M1
macrophages are dominant in the first stage of pregnancy for implantation, contributing to
the high levels of tumour necrosis factor-alpha (TNFa), interleukin (IL)-6 and IL-1 observed
23, 24 With the emergence of the developing placenta, an anti-inflammatory M2 milieu
becomes dominant supporting trophoblast invasion and vascular remodelling, and includes
secretion of mediators such as IL-10 and TGFB . The expansion of paternal antigen specific
Treg cells and a switch to a Th2 profile with the secretion of IL-4 and IL-10 assists in the
prevention of allograft rejection 2% 27. The induction of labour is associated with a pro-
inflammatory state, with pro-inflammatory macrophages infiltrating the decidua to promote
uterine contractions 28, Prior to this, in preparation for delivery, elevated levels of

predominantly pro-inflammatory cytokines are observed (e.g., IL-1B, IL-1q, IL-6, IL-8) 2% 30,

During the last two trimesters of pregnancy, maternal systemic immunity has an anti-
inflammatory innate phenotype 3. A number of studies demonstrate that plasma levels of
many pro-inflammatory cytokines (e.g. IL-18, TNFa, CCL2, CXCL10, IL-6) are decreased in
pregnancy, whereas mediators with immunomodulatory and anti-inflammatory properties
(e.g. IL-1 Receptor Agonist (RA), soluble (s) TNF-receptor (R) I, STNF-RII) are elevated 3% 32,
Consequently, perturbed levels of pro-inflammatory cytokines are associated with adverse
obstetric outcomes. For example, systemic elevation of IL-6 is associated with preeclampsia
33, Obesity is a low grade chronic systemic inflammatory disorder characterised by increased
circulating levels of inflammatory markers such as IL-6, TNFa, C-reactive protein (CRP), and
the pro-inflammatory satiety hormone leptin 3% 3> recognised to have negative effects on

pregnhancy 36,

1.2.2 Metabolic adaptations in pregnhancy

Pregnancy has been described as a diabetogenic state due to increased maternal glucose
production, glucose intolerance, and insulin resistance 3’. This is to ensure a continuous
supply of glucose to the fetus for growth and development. To fuel her own energy demands
over the term of her pregnancy the mother transitions from an anabolic state in which she

stores lipids, to a catabolic state of breaking them down via lipolysis 8. This is evidenced by a
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decrease in maternal adipose tissue deposits, and an increase in levels of postprandial free

FAs (FFA) in late pregnancy 3°.

To meet these energy demands, appetite and therefore food intake is increased, and activity
is reduced. Over the course of pregnancy, approximately 30,000 kcal of energy reserves are
established, ~3.5 kg of fat is accumulated, and the mother, fetus and placenta synthesise 900
g of new protein. Hytten estimated that the net energy cost of reproduction to be between
75,000 kcal and 85,000 kcal #° which is equivalent roughly to running 850 miles. During early
pregnancy, glycogen and protein synthesis in muscle is increased, whereas in the liver
glycogenolysis is increased and glycolysis is decreased. Insulin levels are increased at the start
of pregnancy but insulin resistance starts as early as 12-14 weeks of gestation #1. During the
third trimester there is an increase in maternal ketone production, intestinal dietary fat
absorption is increased, and, in the liver, gluconeogenesis is decreased #2. Maternal protein
storage is also increased during the first half of pregnancy, with these utilised more

economically than in the non-pregnant setting in the second half of pregnancy 4> 44,

In the first two trimesters, heightened lipogenesis allows for the accumulation of maternal
adipose tissue deposits which are catabolised in the last trimester 4. The synthesis of
triglycerides increases by 40% by 18 weeks of gestation, and by 250% by term 4> 46, High-
density lipoprotein (HDL), very-low-density lipoprotein (VLDL) and low-density lipoprotein
(LDL) are part of a family termed lipoproteins which are a combination of various types of fats
and proteins. They are necessary for the transport of cholesterol and triglycerides through
the blood. In the first 24 weeks of gestation, HDL levels increase progressively before
decreasing until 32 weeks where they plateau #°. LDL levels undergo a small decrease during
the initial stages of pregnancy before rising steadily #°. During the second and third trimester,
VLDL levels increase threefold. These net increases of lipoprotein levels are due to cholesterol

levels being 50% higher in late pregnancy in comparison to pre-pregnancy 4> 4.

Metabolic processes during pregnancy are influenced by hormones such as oestrogen, human
placental lactogen (hPL), progesterone and potentially the satiety hormone leptin. These
hormones can alter the action of insulin and the utilisation of glucose, leading to the observed

diabetic state which pregnancy has been likened to. This can also induce changes in the
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metabolism of proteins and lipids, as well as increase amino acid and glucose availability for
the fetus, whilst meeting the maternal needs by providing FFAs as an alternative energy

substrate to maintain homeostasis.

Alterations in complement and T cells occur predominantly in the 1%t trimester - 7. It would
be an assumption that immunometabolism changes occur around these times. Typically,
research has focussed on metabolic changes related to adipose tissue, muscle, and liver, but
the emergent field of immunometabolism highlights potential effects on immune function.
This novel field explores the link between cellular metabolism and immune cell fate and
function. There appears to be very little research surrounding specific immune cell
bioenergetics in pregnancy. It has been shown that PBMCs in normal pregnancy have reduced

glycolytic capacity and basal glycolysis but elevated bioenergetic health index #’.

Early evidence of important immunometabolic changes with pregnancy are emerging and an
example of this is CD38. Cyclic ADP ribose hydrolase (CD38) is a glycoprotein found on the
surface of many leukocytes. It is a multi-functional ectoenzyme which catalyses reactions that
produce cyclic ADP-ribose and nicotinic acid adenine dinucleotide phosphate (NAADP) from
NAD+ and NADP+ respectively. CD38 has been implicated to have critical roles in pregnancy.
Soluble CD38 (sCD38) from seminal fluid has a vital role in the establishment of maternal
immune tolerance in mice *8. sCD38 promotes the development of forkhead box P3* (Foxp3*)
Treg cells and uterine tolerogenic DCs to prevent rejection of the allogeneic fetus, with
knockout models showing that pregnancy loss occurs 8. CD38 is also more highly expressed
on NK cells during pregnancy where it is postulated to have role in enhancing their ability to

combat infected cells %°.

Expression of metabolic transporters is an important consideration in pregnancy. The fatty
acid translocase (FAT) CD36 is expressed by the placenta supporting responsiveness to
lipoproteins in maternal plasma °°. Upregulation of other transporters in the placenta such as
long chain neutral amino acid transporter (LAT1; CD98) and sodium-coupled neutral amino
acid transporter (SNAT) 2 have been linked with fetal macrosomia secondary to maternal
obesity in murine models *1. Glucose is transported across the cell plasma membrane via

glucose transporters (GLUT). GLUTs have differential distributions and functions. GLUT1 is



Chapter 1 - Introduction

2 and barrier tissue

expressed on all cells but is expressed most highly in erythrocytes
endothelial cells >3; GLUT3 is expressed predominantly in neurons >* and the placenta > and
GLUT4 in AT °°® and striated muscle *’. Glucose intolerance is observed commonly in
pregnancy, and in rat models impaired glucose tolerance is further exacerbated in
pregnancies with obesity *8. GLUT3 is vitally important for fetal growth in pregnancy, with
mutation of GLUT3 in mice reported to induce fetal loss during early gestation, or growth

restriction in later pregnancy >°.

1.2.3 Monocytes in pregnancy

Innate immunity is non-specific and occurs quickly in response to pathogens and other danger
signals which breach the anatomical and physiological barriers. Innate immune cells recognise
specific motifs on pathogens called pattern associated molecular patterns (PAMPs) ¢°. PAMPs
are recognised by pattern recognition receptors (PRRs) on immune and other cells and can
either be membrane bound (toll-like receptors (TLRs), e.g. TLR4, TLR7, TLRS, or C-type lectin
receptors (CLRs)), cytoplasmic (nucleotide binding oligomerisation domain [NOD]-like
receptors (NLRs), e.g. NOD2, RIG-I-like receptors (RLRs)) or soluble in the blood (complement
system) %9, TLRs were found to initiate the activation of an immune response by synthesising
and secreting cytokines, and through other inflammatory responses. Specific PAMPs interact
with specific TLRs, e.g. lipopolysaccharide (LPS) with TLR4 and polyinosinic:polycytidylic acid
(POLY I:C) with TLR3. POLY I:C s structurally similar to double stranded RNA and is commonly
used to simulate viral infections. PAMP/TLR interaction is mediated via either a myeloid
differentiation primary response gene 88 (MyD88)-dependent pathway, or a toll interleukin
receptor [TIR]-domain-containing adaptor-inducing interferon-p (TRIF)-dependent pathway
®1  The MyD88-dependent pathway initiates a proinflammatory cytokine response through
nuclear factor-kappa B (NF-kB) and mitogen-activated protein (MAP) kinase (MAPK)
pathways 1. NLRs recognise PAMPs like muramyl dipeptide (MDP), which in turn activates
caspases to cleave and activate inflammatory cytokines and initiate NF-xB signalling via
receptor-interacting-serine/threonine-protein kinase 2 (RIP2) to produce inflammatory

molecules .
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Monocytes are the largest form of leukocyte, and whilst they are key contributors to innate
immunity, they also have an impact on the adaptive immune processes due to also serving as
antigen presenting cells (APC). They are produced in the bone marrow from precursors as
seen in Figure 1.3. Whilst circulating in the blood stream, monocytes have a half-life of
approximately one to three days 2, before typically migrating into tissues to differentiate into
macrophages®. The total leukocyte population in the human body tends to be composed of
2-10% of monocytes, and they contribute to 10-30% of peripheral blood mononuclear cells
(PBMCs). More than half of the body’s monocytes can be found in the spleen in masses in the
cords of the subcapsular red pulp ® where they are stored and primed for rapid deployment
to regulate inflammation 4. PBMCs are typically made up of monocytes, lymphocytes, and to
a lesser degree dendritic cells, and can be extracted via density centrifugation of whole blood.
Monocytes have several roles, including macrophage replenishing, differentiation into the
appropriate progeny to assist an immune response, and migrate to inflammation signals.
Monocytes function in assisting the immune system by producing cytokines, presenting
antigens, and performing phagocytosis. Phagocytosis by monocytes can occur via binding
directly to the pathogen or indirectly via opsonisation of the pathogen. Monocytosis refers to
an excessive count of monocytes; it can be indicative of several diseases such as

atherosclerosis and diabetes 6> 6,

-@-@-@

Myeloid Monoblast Monocyte Macrophage
stem cell

Figure 1.3: Differentiation of monocytes. Monocytes originate from haematopoietic stem cells in the bone
marrow via myeloid progenitor cells and monoblasts. Monocytes can further differentiate into macrophages upon
leaving the circulation and entry into tissues. Unless otherwise stated, all images in this thesis are self-made, with
some manipulation of images from Servier Medical Art https://smart.servier.com/ .

Monocytes are a heterogenic population. They can be characterised into classical
(CD14++CD16-), intermediate (CD14++CD16+), and non-classical (CD14+CD16++). Classical
monocytes are more prevalent than intermediate or non-classical accounting typically for 90-
95%, <1% and 5-10% of total monocyte population respectively ®’. Non-classical monocytes

are elevated in inflammatory states such as sepsis and rheumatoid arthritis. Studies have
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illustrated an increase in the non-classical subpopulations in obese subjects 8. Non-classical
and classical monocytes can also be identified as CXsCR1"€"/CCR2'°% or CX3CR1'°%/CCR2"ie",

respectively.

Most studies typically only differentiate between CD16™ and CD16", due to the low frequency
of the intermediate monocytes. Certain immunological markers (i.e., PD-1, chemokine
receptors, activation markers etc) have been found to differ in levels of expression between
the two subsets. The CD16* subset has reduced phagocytic capabilities and secretes less ROS
65, CD16 monocytes secrete low levels of TNFo and high levels of IL-10, with the converse
seen in CD16* monocytes ’°. In mice, monocyte subsets are described as lymphocyte antigen
6 complex, locus C positive (Ly6C*) and Ly6C’, and these might correlate to classical and non-
classical human monocytes respectively due to their functional and phenotypical similarities
and their CX3CR1/CCR2 expression ®°. In mice, it is believed that the Ly6C* and the Ly6C
monocytes differentiate preferentially into M1 and M2 macrophages, respectively X, In
humans, non-classical monocytes mostly differentiate into macrophages, whereas classical
monocytes differentiate into mostly dendritic cells, and few macrophages; intermediate
monocytes have the potential to differentiate into some macrophages and cells with

dendrites on occasion 7°.

Functionally, studies have shown that the classical and non-classical monocytes have similar
capabilities in phagocytosing fungal infections such as that caused by Candida albicans’?. This
study also illustrated similar IL-6 and IL-10 production by the two different subsets, but the
production of IL-1B and prostaglandin E2 (PGE2), which are mediators for initiating Th17
responses, are elevated in the non-classical monocytes that were shown to induce greater

Th17 responses in response to C. albicans.

Increased expression of the activation markers CD14, CD64 and CD11b highlight that
monocytes are typically activated during pregnancy 3. Monocytes in pregnancy also produce
more oxygen free radicals 73 but their ability to produce cytokines in comparison to those
from not pregnant women seems to depend on the cell stimulation used. There are also
conflicting reports from different studies; for example, some investigators have observed

increased cytokine production in non-stimulated monocytes from pregnant in comparison to
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non-pregnant women’4, whereas others have not ”. LPS stimulation has been shown in some
in vitro studies to decrease the number of monocytes secreting cytokines in pregnant women
75, but stimulation with a combination of LPS and IFNy increases cytokine production 76 77,
Very little is known about the effects of maternal obesity on monocytes and given the
dramatic effects on monocytes in obesity in the non-pregnant state ® 78 7° further
consideration in pregnancy is certainly warranted. We know that pregnancy-associated
monocyte activation is further exacerbated in for example preeclampsia, driving maturation
into non-classical monocytes (classical monocytes differentiate into intermediate monocytes
which in turn mature into non-classical), 7 and obesity is a risk factor for preeclampsia 8% 81,
The effect of maternal obesity on neonatal monocytes has been explored more. Umbilical
cord monocytes from neonates of mothers with obesity have reduced TLR1/2- and TLR4-
stimulated TNFa and IL-6 possibly contributing to dysregulation of the offspring’s immune

function 8% 8,

Dendritic cells

In pregnancy, the circulatory myeloid DC phenotype is altered to favour Th2 responses, by
up-regulating expression of CD86 and secreting more I1L-10 8. Myeloid DCs (mDCs) expressing
CD86 and HLA-DR are reduced in the third trimester of pregnancy in comparison to not
pregnant women #. Monocyte-derived DCs are also phenotypically less mature expressing
lower levels of HLA-DR, CD80 (another co-stimulatory molecule for T cells) and CD86,
although in response to TNFa and IL-1f stimulation these DCs showed greater upregulation

of CD86 than CD80 and secreted more IL-10 84,

Macrophages

Macrophages, which are differentiated from monocytes in tissue, are critical to the
development of the placenta . They are abundant in the decidua where they contribute to
the local tissue microenvironment and in the cycling endometrium in non-pregnant women
where, due to their fluctuating numbers during the menstrual cycle, they are thought to be
regulated by hormonal signalling 2. Decidual macrophages, which are maternal in origin, have
avital role in implantation. They produce factors to promote angiogenesis, tissue remodelling
and the clearing of apoptotic cells to prevent release of pro-inflammatory products in

preparation for trophoblast invasion 88, The balance of decidual M1/M2 macrophages is

10
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critical to successful pregnancy with imbalances linked to complications such as preeclampsia
and miscarriage 891, Decidual M1 macrophages are associated with the onset of labour as
during the third trimester they infiltrate the decidua and this can occur prematurely in
preterm delivery 2.

Maternal obesity has been associated with changes to macrophages in placenta and decidua
85,92 Briefly, increased inflammation including heightened gene expression of IL-6, IL-1, TNFa
and CCL2 linked to increased number of macrophages have been described to occur in the
placenta of pregnant women with versus without obesity %3, although there are some
conflicting findings regarding changes to the number of placental macrophages with maternal
obesity ®*. In contrast, decidual macrophage levels are reduced in pregnant women with
versus without obesity %. These changes have been postulated to be linked to placental
dysfunction and fetal programming of later child health %. It is obviously difficult to study any
tissue in pregnancy aside from the placenta. Adipose tissue (AT) however, would be key to
investigate, especially in the consideration of macrophages. Murine studies have shown
elevated macrophage infiltration in the AT of pregnant mice, and a higher M1/M2 ratio in
comparison to non-pregnant mice % but these observations have not been extended to
consider the effects of obesity. One study using visceral adipose tissue collected from the
omentum during caesarean section observed that pregnant women who were overweight or
obese had adipocyte hypertrophy and changes to specific populations of macrophages in AT.
This included fewer resident HLA'DR'®“ macrophages, higher expression of CD206 on
resident and recruited macrophages, and elevated CD11c expression on resident HLA-DR*

macrophages ¥’.

1.2.4 Other innate leukocyte-specific changes in pregnancy

Neutrophils

Neutrophilia is a typical feature of normal pregnancy but an abnormally elevated neutrophil
count, especially in the first trimester, is typically indicative of the development of adverse
pregnancy outcomes including gestational diabetes mellitus (GDM) %8101 Neutrophils are
typically more active during pregnancy, evidenced by increased expression of activation
markers such as CD11b, increased ROS production 73, degranulation and phagocytosis 102,
During pregnancy, neutrophils are also more inclined to produce neutrophil extracellular

traps (NETs) 192, The increase in neutrophil activity is vital to combat invasive pathogens, to

11
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compensate for a down-regulation of the adaptive response, vital to protect the semi-

allograft fetus.

Eosinophils

Eosinopenia is observed in pregnancy, with the nadir reached around delivery. Whilst very
little is currently known about the role of eosinophils in pregnancy, degranulation activity is
increased until the 2" trimester as evidenced by elevated levels of eosinophil-derived

neurotoxin (EDN) in urine samples of pregnant women 103

. Thus, eosinophil degranulation
might play an as yet undetermined role in the progression of pregnancy, possibly through the
provision of cytokines 1%, Given how little we know about eosinophils in pregnancy and the
emergent understanding of their role in tissue homeostasis, including in the uterus 1%, there

is a clear need for further study for eosinophils more generally in pregnancy.

Natural killer cells

Like macrophages, NK cells have important roles in ensuring pregnancy success. Two NK cell
subsets are well characterised in the circulation: CD569™CD16*, and CD56°"8"CD16".
Phenotypic and functional shifts of blood NK cells such as elevated expression of activation
markers (e.g. CD38, CD11b) and select functional markers (e.g. PD-1, CD27) occur with normal
pregnancy “°. However, other than some reported changes in overweight women with
gestational diabetes the effects of maternal obesity on blood NK cells have not been studied
extensively 1°¢, Decidual NK cells have a vital role in placental development and uterine artery
remodelling. Maternal obesity diminishes the numbers of these uterine resident cells and
alters their contribution to extracellular matrix remodelling and growth factor signalling to
compromise trophoblast survival and artery remodelling 1%, More recently this has been
demonstrated to be linked to altered expression of NK receptors altering the balance of
inhibitory and activating receptors 1% These findings suggest that the altered state of NK cells
in maternal obesity impairs function at the maternal-fetal interface and could underpin
adverse obstetric outcomes such as altered fetal growth and hypertensive disorders such as
preeclampsia 1% 110 |t is worth considering whether obesity-associated defects in NK cell
phenotype and function within the uterus can be mapped to peripheral blood for ease of

monitoring and tracking of interventions.

12
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1.2.5 The adaptive immune system in pregnancy

Adaptive immunity is specific and is responsible for providing ‘immunological memory’!!. The
adaptive response recognises non-self peptides presented by APCs, and produces a response
which can eliminate specific pathogens, or infected cells. It is highly specific unlike the innate
immune response and acts more slowly initially; evolution has driven adaptive immunity in
order to combat the variability of pathogens and host evasion !, Once exposed to a
particular pathogen, the immune system “remembers” it upon subsequent exposures and
acts more quickly and specifically. Vaccines are based on the premise of adaptive immunity:
live attenuated versions are given to a patient in order to prime an immune response 112; the
novel mMRNA vaccines, successful in combating COVID-19, instructs the host cell to produce
the viral spike protein which induces the immune system to produce antibodies against it. If
the patient then encounters the naturally occurring pathogen, their immune response is
primed ready to respond. The adaptive immune response is linked to the innate immune

response via antigen presentation by APCs.

T cells

T lymphocytes are produced in the thymus and are identified by their expression of TCR.
When they first emerge from the thymus T cells are naive and upon activation by peptide
bearing APCs generate effector and central memory population. This is the basic activation
process for both CD4* or CD8* T cells. Helper CD4* T cells recognise peptides presented by
MHC class Il molecules and their primary role is to assist other lymphocytes. There are subsets
of CD4* T cells including Th1, Th2, Th17, Th9, and Tfh that secrete different cytokines and have
slightly different roles, e.g. IL-4 producing Th2 cells assist B cells in their production of IgE for
example, and Th17 cell defend against pathogens in the gut. Cytotoxic CD8* T cells that can
directly kill target cells, recognise by peptides presented by MHC class | molecules. A
specialised subset of T cells, CD4*FoxP3* regulatory T (Treg) cells, limit excess immune
responses and are key in maintaining immunological self-tolerance by down-regulating self-
reactive immune cells 113; indeed the depletion of dysfunction of Treg cells leads to

autoimmune disease development 114 115,

The balance between Thl and Th2 cells is often discussed. Traditionally, in regards to host

defence, the Th1l response is typically proinflammatory, with IFNy being the main Thl-type
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cytokine %8, To counteract an excessive Thl response, Th2 cells should respond with anti-
inflammatory cytokines such as IL-4, -5 and -13 116, The reality of the Th1 and Th2 response is
much more complicated; for example, while Th2 cells are anti-inflammatory in classical
inflammation, in asthma they are very inflammatory . The type 1 and type 2 cytokine
classification is also referred to in regards to cell types which are not T cell originated; for
example group 2 innate lymphoid cells (ILC2s) are a prime example of a cell which produces
type 2 cytokines. The Th1/Th2 balance is compromised in various conditions. Leptin, levels of
which are elevated in pregnancy and obesity amongst other conditions, induces a shift

towards Th2-type cytokine production 118,

Pregnancy is associated with a shift to Th2 and Treg cells in order to produce pregnancy
beneficial cytokines such as transforming growth factor (TGF)-B, IL-4, IL-6, and IL-10, as
excesses of Thl and Th17 cytokines such as IFNy and TNFa are considered detrimental to
pregnancy !'°. Treg cells have a key role in pregnancy success contributing to a tissue
environment within the uterus that supports fetal development and survival?% 121,

122 1n murine

Populations of Treg cells expand in both the peripheral blood and the decidua
models, Treg cells create a pro-implantation microenvironment 123 and the absence of Treg
cells results in rejection of the semi-allogenic fetus in a syngeneic pregnancy'?*. The
immunosuppressive capabilities of Treg cells are especially vital in monitoring infiltrating NK
cells (Treg cells are at peak populace at the same time as uterine NK cells) and cytotoxic T
cells by the release of immunosuppressive cytokines such as IL-10 and TGF-B 19125, Regulating

126 Immune

the maternal immune response to fetal alloantigens is a key Treg response
homeostasis is maintained by complex networks between Th17 and Treg cells and, as
mentioned previously, this balance shifts to favour Treg cells, in addition to Th2 cells, in
pregnancy °. Various strands of evidence support a role for Treg cells in pregnancy success.
For example, murine peripheral Treg cells have a key role in suppressing the maternal effector
T cell response in response to recognition of paternal antigens '?’. In humans a deficiency of
peripheral Treg cells has been correlated with pre-term birth 122 and unexplained recurrent

pregnancy loss 12°,

Other rare lymphocyte populations are of increasing interest in tissue and immune

homeostasis. Treg/ILC2 homeostasis can be disrupted by the soluble isoform of IL-33
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receptor ST2 (sST2), which in turn is augmented by the fat-specific depletion of Zbtbt7b. sST2

130 and

is elevated with pregnancy, and further heightened in pre-eclamptic pregnancies
adverse changes could manifest as altered Treg and/or ILC2 function linked to adverse
obstetric outcome. NKT cells are a type of T cell with properties and markers of NK cells. In
pregnancy, maternal obesity is associated with a lower percentage of circulating NKT cells
which is correlated negatively to levels of CRP 3! although the functional effects of this remain
unknown. Recent studies have started to unravel the role of mucosal-associated invariant T
(MAIT) cells in pregnancy. They have been shown to accumulate in the maternal blood in the

132 while no changes in the periphery were found

intervillous space of the placenta at term
throughout gestation 3% 134, Despite the lack in change of frequency, during the third
trimester the circulatory MAIT cells have been found to be more activated in pregnancy
compared to non-pregnant, with increased expression of markers such as CD56 and CD69,
and an elevated functional response with increased expression of IFNy, granzyme B and PD-
1 unstimulated or in response to stimulation with IL-2 and IL-18 13, It has been proposed that
this is due to the enhancement of the innate response due to pregnancy to compensate for

the dampened adaptive response, in conjunction with the activation states of monocytes and

neutrophils 13,

B cells

Pregnancy is accompanied by a decline in circulating B cell numbers 13®

although they play a
vital role in tolerance to the fetus; for example, B cells can produce protective antibodies
against paternal antigens and regulatory B cells (Breg) are elevated in pregnancy and produce
anti-inflammatory IL-10 to inhibit undesirable actions by T cells 13’. It has been suggested that
Breg cells in particular have a pivotal role in pregnancy, and might be a logical
immunotherapeutic target to restore maternal immune tolerance and remedy recurrent
miscarriages 13%. Antibodies are key for passive immunisation of the fetus. As the humoral
response in the fetus is unrefined, the placental transfer of maternal IgG antibodies is vital
for conferring protection 139, Systemically, IgG and IgA are found to be significantly elevated
at the first stage of pregnancy, and decrease after the 17" week of gestation, whereas IgM

was found to decrease immediately following conception 14°,
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1.2.6 Leptin in pregnancy

Leptin, produced by AT, has been described classically as the “satiety hormone” and was
initially described to only have a role in appetite control %1, However, it has since been
discovered to have many other roles, including for example in immune homeostasis 142,
Interaction with the leptin receptor (OB-R; CD295) expressed on innate and adaptive immune
cells primarily increases expression of chemokine receptors, cell surface adhesion molecules

142

and cytokines ***. Whilst leptin classically controls food intake by interacting with OB-R in the

brain 143, leptin resistance emerges leading to over-indulgence and further fat storage 44
Leptin is also responsive to other hormones, such as insulin and cortisol which induce

145 while catecholamines downregulate leptin 146, Leptin expression is regulated

upregulation
by a multitude of other factors such as TNFa which increases secretion 47 and by glucose and
fatty acids 148, Functionally, leptin has effects on both innate and adaptive immune features.
It can activate innate cells (e.g. monocytes, NK cells, neutrophils), improve their survival by
downregulating apoptosis and upregulating cell proliferation and chemotaxis 4°, and
enhance their functions such as cytotoxicity (NK cells), phagocytosis (macrophages) and
cytokine release (PMNs) 0. Leptin also favours pro-inflammatory CD16* non-classical

151 and induces the proliferation of most adaptive cell types, except Tregs, and

monocytes
improves their responsiveness to chemotactic signalling, whilst promoting a switch toward

pro-inflammatory Th1 9, Overall, leptin promotes a pro-inflammatory phenotype.

Leptin is essential for some reproductive functions, with leptin injections improving the

152

likelihood of conception in infertile mice >“ and leptin initiating the onset of puberty in human

133, In normal pregnancy, elevated levels of leptin occur due to not only AT

females
accumulation but also placental production *%; leptin resistance develops during the second
trimester 15>, Maternal obesity has been linked with the development of placental leptin
resistance 1°°, It has been speculated that the mechanisms of leptin resistance in pregnancy
differ to those that occur in maternal and general obesity and it seems that leptin resistance
mechanisms might differ in lean versus pregnant women with obesity *°’. Fetal growth is
supported through central leptin resistance mechanisms in healthy weight pregnant women,

but leptin resistance at the placental level in women with obesity adversely affects feto-

placental growth and development 7. Leptin has been described as having various
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gestational regulatory roles including placental angiogenesis, nutrient transport and

immunomodulation 8.

1.2.7 Novel coronavirus SARS-CoV-2 and pregnancy

Pregnancy poses a unique risk factor to any new infectious disease, such as outbreaks of Zika
159 severe acute respiratory syndrome (SARS) %0 and influenza 1. These diseases highlight
the potential immediate and long-term detrimental health affects for the mother and fetus.
Pregnant women are more at risk of severe influenza %, Zika has been shown to cause birth
defects such as microcephaly 1% 2, and SARS to induce premature delivery %°. Novel
coronavirus, SARS-CoV-2, is responsible for the disruptive and deadly COVID-19 pandemic;
research into this virus is vital. While it would be logical to assume that pregnant women are
therefore at higher risk for severe illness or mortality in comparison to a non-pregnant

163 with the risk being no different to non-pregnant

woman, observations have disputed this
women %4 While the majority of pregnant women infected with SARS-CoV-2 have mild or
no symptoms %%, some are at risk of severe disease. In this case, the risk of preterm birth,

admission to intensive care, and stillbirth are all increased 4.

There are several risk factors associated with disease severity and morbidity of COVID-19
patients %6, A study from the UK Obstetric Surveillance system has shown that, as with the
wider population, Asian and Black pregnant women are more likely to be admitted to hospital
with SARS-CoV-2 infection %7, This study also found that most pregnant women admitted to
hospital were in the late second or third trimester 7. Overweight or obesity also contributed
to a large percentage (69%) of pregnant women infected with SARS-CoV-2 and admitted to
hospital 7. A link between levels of IL-6 and risk of mortality has been shown in the general

population, a cytokine that is typically observed to be elevated in maternal obesity 168 169,

1.3 Immunometabolism

Immunometabolism is a burgeoning field with the underlying understanding being that the
metabolism (summary: Figure 1.4) of immune cells impacts function 17°. Upon activation,
many leukocytes appear to prefer glycolysis over oxidative phosphorylation: despite less

adenosine trisphosphate (ATP) being produced per molecule of glucose, glycolysis provides
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more rapid ATP production along with key biosynthetic intermediates, supporting a rapid
effector response 7°. This is evidenced by the elevated appetite for glucose of activated
macrophages and CD4+ T cells'’> 172, and experiments with 2-deoxy-D-glucose (2-DG) (an
inhibitor of glycolysis) have shown that it inhibits macrophage activation in vitro
and suppresses inflammation in vivo 17> 174 However, other ATP and metabolite generating
pathways have a role in immune function. Differentiation of macrophages, and production
and maintenance of memory CD8+ T cells require fatty acid oxidation (FAO) 17°. These CD8+ T

cells proliferate slowly but use FAO to respond rapidly to immune activation 17>,

Long chain

Glycolysis Lactate fatty acid
PPP ~—— l
Amino

Pyruvate . Acyl-CoA
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Acetyl
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/v FAO /
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\ J Citrate
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Figure 1.4: Cellular metabolism summary. Pathways for metabolising glucose, fatty acids and amino acids are
shown.

1.3.1 Glycolysis and the pentose phosphate pathway

Glucose, a monosaccharide abundant in carbohydrates, is broken down in a process called
glycolysis which occurs in the cytosol of cells (Figure 1.5). Glucose is transported into cells via
integral membrane proteins called GLUTs which bind to glucose on one side of the membrane
and undergo a conformational change to transport glucose to the other side of the
membrane. GLUTs can also transport related hexoses such as galactose and fructose. GLUT
proteins are encoded by SLC2 (solute carrier family 2) genes and are divided into three classes
(1, 11, 1) based on their sequence similarities, with different isoforms within those classes;

GLUT1-GLUT4 comprise class |, GLUTs 5, 7, 9 and 11 for class Il, and GLUTs 6, 8, 10, 12 and 13

18



Chapter 1 - Introduction

for class 11l 17, The different isoforms have specific roles in hexose metabolism, and differ in
substrate specificity, kinetics of transport, tissue expression and how they are regulated in
diverse physiological conditions. GLUT1 levels in cell membranes are inversely related to the
presence of glucose; in environments of high glucose levels there is decreased expression of
GLUT1 to ensure regulation. GLUT3 is a protein expressed primarily in the placenta and in

neurons, and GLUTS5 is responsible for the transport of fructose in enterocytes >> 17,
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Figure 1.5: Glycolysis pathway. Glucose is first metabolised to glucose-6-phosphate in an irreversible reaction
catalysed by hexokinase; an enzyme which can be competitively inhibited by 2-deoxy-D-glucose (2-DG). Glucose-
6-phosphate is converted to fructose-6-phosphate by phosphoglucose isomerase. This is converted to fructose-
1,6-bisphosphate by phosphofructokinase I, which in turn is converted to 2 molecules of glyceraldehyde-3-
phosphate by adolase. This is then converted to pyruvate in the pay-off phase of glycolysis, with the intermediates
1,3-bisphosphoglycerate, 3-phosphoglycerate, 2-phosphoglycerate and phosphoenolpyruvate occurring first;
these steps were catalysed by glyceraldehyde 3-phosphate dehydrogenase, phosphoglycerate kinase,
phosphoglyceromutase, enolase and pyruvate kinases respectively. The pentose phosphate pathway (PPP)
occurs in parallel to glycolysis and uses the intermediates glucose-6-phosphate and fructose-6-phosphate for
reactions such as FA synthesis, glutathione reduction, detoxification and nucleotide biosynthesis.
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Glycolysis is a metabolic pathway that can proceed in both the presence and absence of
oxygen typically producing pyruvate in aerobic conditions and lactate in anaerobic conditions.
Pyruvate is metabolised further, and whilst lactate has been described as toxic to cells as it
produces lactic acid , this view is changing ”’. For example, in the brain, neuronal activity
signals induce lactate production in astrocytes for transfer to the neurons to meet their
energetic needs, exhibiting metabolic coupling of cells and the requirement for lactate to be
produced other than as a waste product 1’8, The intermediates of the glycolytic pathway can
be converted from other monosaccharides such as fructose and galactose. These
intermediates can also be used in processes other than glycolysis, such as dihydroxyacetone
phosphate (DHAP) which is a source of glycerol and forms fat by combining with FAs.
Glycolysis occurs in two phases: a preparatory phase and a pay-off phase. In the first phase,
which is composed of the first five steps, energy is expended to produce glyceraldehyde-3-

phosphaste. The second phase has a net gain of ATP and NADH.

Glycolysis can occur aerobically, in a phenomenon known as the ‘Warburg effect’ 27°. Whilst
being an inefficient way to produce ATP, most cancer cells depend on aerobic glycolysis in
comparison to normal cells which primarily utilise mitochondrial oxidative phosphorylation,
due to the greater amount of ATP produced in a shorter period. Otto Warburg observed that

cancer cells metabolised glucose into lactate, even in the presence of oxygen 180,

Glycolysis is usually enhanced in activated leukocytes such as macrophages, DCs, NK cells,
effector T cells and B cells 81185, |n response to stimulation of antigen and cytokine receptors
and PRRs, elevated glycolysis is considered a hallmark metabolic change in most immune
cells. LPS induces hypoxia-inducible factor 1a (HIF1a) activation, a transcription factor vital
for some glycolytic enzymes to be induced that can also activate TANK-binding kinase 1 (TBK1)
or hexokinase 2 and the inhibitor of NF-kB kinase £ (IKKe), to initiate glycolysis in DCs 186 187,
A key mechanism for the heightened glycolysis of LPS-activated macrophages is increased
expression of pyruvate kinase isoenzyme M2 (PKM2) 18, Pyruvate kinase catalyses the stage
in glycolysis which converts phosphoenolpyruvate to pyruvate accompanied by the
production of ATP. The PKM2 isoform of this enzyme is regulated to allow the diversion of
the glycolytic intermediates to other biosynthetic pathways by slowing the glycolytic flux.

PKM2 has been described as having a pro-inflammatory role in inflammatory macrophages
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and monocytes. Hexokinase 1 has been illustrated in macrophages to act as a NOD-, LRR-, and
pyrin domain-containing 3 (NLRP3) inflammasome regulator, which itself regulates caspase 1
189 Caspase 1 generates the mature forms of IL-1B and IL-18, and induces pyroptosis, a highly
inflammatory type of programmed cell death. Hexokinase 1 enables the activation of NLRP3

by interacting with the inflammasome in the outer mitochondrial membrane %,

The pentose phosphate pathway (PPP) occurs in parallel to glycolysis in the cytoplasm.
Nicotinamide adenine dinucleotide phosphate (NADP*) is reduced in the PPP to NADPH, and
precursors for nucleotides are generated. NADPH can be used in the synthesis of fatty acids
(FAs) and cholesterol. Reactive oxygen species (ROS) are generated by the catalysis of NADPH,
produced from the PPP, by NADPH oxidase. The PPP also has a protective role in assisting in
the prevention of oxidative stress by reducing glutathione via glutathione reductase which
reduces hydrogen peroxide (H,0:) into water (H20). This prevents H,0; from being converted
into hydroxyl free radicals. ROS such as H.O; are produced in a respiratory burst that

accompanies phagocytosis in monocytes and other phagocytes.

1.3.2 The tricarboxylic acid cycle

The tricarboxylic acid (TCA) cycle is also known as the citric acid cycle (CAC) or the Krebs cycle.
It is an aerobic mechanism which produces ATP and carbon dioxide (CO;) from acetyl-CoA.
Pyruvate from glycolysis (of which two molecules are made from every single molecule of
glucose) is oxidatively decarboxylated to form acetyl-CoA. Pyruvate enters the mitochondrion
from the cytosol via a transport protein called pyruvate translocase. It has been suggested
that this protein is a voltage-dependent anion channel (VDAC) which translocates the
pyruvate across the mitochondrial membrane with a proton gradient, which is a process that
consumes energy. Once in the mitochondrial matrix, pyruvate is converted into acetyl-CoA by
an enzyme complex dubbed the pyruvate dehydrogenase complex. The net products from
one molecule of pyruvate, as well as NAD* and CoA molecules, is one molecule of acetyl-CoA,
NADH, CO; and a H*. Acetyl-CoA can also be produced from the metabolism of fats and
proteins; this will be discussed in sections 1.3.6 Lipolysis and fatty acid oxidation and 1.3.7

Amino acid metabolism.
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Glycolysis produces NADH molecules which contain electrons which can be transferred to the
electron transport chain for energy generation. As mentioned, glycolysis occurs in the cytosol,
whereas further metabolism occurs in the mitochondria. The inner membrane of the
mitochondria is not permeable to NADH. The malate-aspartate shuttle (Figure 1.6) is the
mechanism by which these electrons can cross the mitochondrial membrane to enter the
mitochondrial matrix. Oxaloacetate is converted into malate via malate dehydrogenase with
the electron from NADH which was formed during glycolysis. Malate can be transported into
the mitochondria via the malate-a-ketoglutarate transporter where it is converted back into
oxaloacetate with the release of an electron to form NADH again. Oxaloacetate is
transformed into aspartate with the addition of an amino radical, for extraditing to the cytosol
as oxaloacetate cannot be transported. The amino radical is supplied by glutamate, which is
transferred into the mitochondria at the same time as aspartate translocases to the cytosol.
Aspartate is converted back to oxaloacetate via aspartate aminotransferase, for another cycle
of electron collection. With the loss of the amino radical, glutamate is converted into a-
ketoglutarate, which flows in the opposite direction to malate in the malate-a-ketoglutarate

transporter. Malate and oxaloacetate can be produced and supplemented into the TCA cycle.
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Figure 1.6: Malate-aspartate shuttle. NADH from glycolysis loses its electron to convert oxaloacetate into malate
in the cytosol. Malate can then be transported into the mitochondrial matrix via a malate-o-ketoglutarate
transporter, and at the same time a-ketoglutarate is transferred into the cytosol. Malate is then oxidised back to
oxaloacetate and reduces NAD back into NADH. Oxaloacetate converts into aspartate for transport back out of
the mitochondria via a glutamate-aspartate transporter, at which point glutamate is translocated into the
mitochondrial matrix.
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The TCA cycle essentially connects the metabolism of fats, proteins, and carbohydrates. The
reactions of the TCA cycle can be visualised in Figure 1.7. Acetyl-CoA donates its two-carbon
acetyl group to oxaloacetate (a four-carbon molecule) to produce citrate (a six-carbon
molecule). This kickstarts the TCA cycle, and citrate undergoes a cycle of chemical
transformations before forming oxaloacetate again and allowing the TCA cycle to undergo
several turns. CO; is produced from the loss of two carboxyl groups during the cycle, and
electrons are transferred to NAD* to form NADH in the oxidative stages of the TCA (D-
isocitrate conversion to a-ketoglutarate to succinyl Co-A, and malate to oxaloacetate). FADH>
is also reduced from FAD (flavin adenine dinucleotide), a cofactor of succinate
dehydrogenase, in the oxidative step of converting succinate to fumarate. NADH and FADH;
molecules are subsequently utilised in oxidative phosphorylation to produce 2.5 and 1.5

molecules of ATP respectively.
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C-coZ +NADH + H*
Acetyl-CoA
HCOy CoA-SH
ATP TN
ADP g
+Pi H,0
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Figure 1.7: TCA Cycle. Pyruvate is first transported into the mitochondrial matrix from the cytosol, where it is
converted into acetyl CoA by pyruvate dehydrogenase. Pyruvate can also enter the TCA by conversion into
oxaloacetate by pyruvate carboxylase, but this expends energy. Acetyl-CoA enters the TCA cycle by transferring
its two-carbon acetyl group to oxaloacetate, a four-carbon acceptor to form citrate, a six-carbon molecule. Citrate
is then converted in turn to cis-aconitate, d-isocitrate, a-ketoglutarate, succinyl-CoA, succinate, fumarate, malate,
oxaloacetate, which is then converted back into citrate. This process is catalysed by a number of enzymes and
produces a net gain of two molecules CO; and three molecules NADH.

23



Chapter 1 - Introduction

In macrophages, there are distinct differences in the TCA cycle between the two subsets. M2
macrophages, the TCA cycle is intact and is coupled to OXPHOS 8. UDP-GIcNAc intermediates
are produced which are vital for the glycosylation of M2-associated receptors. In M1
macrophages however, the TCA cycle is broken in two places: after succinate and after citrate
186, The accumulated citrate is exported from the mitochondria via the citrate transporter to
be utilised for the synthesis of FAs. These FAs are then used for membrane biogenesis. The
excess citrate can also enter pathways which produce prostaglandins (effector molecules),
itaconic acid (bactericidal) and nitric oxide (which can inactivate the electron transport chain
(ETC) in macrophages) *°% °1, The accumulation of succinate can lead to the stabilisation of

HIF1a and maintained IL-1B production by inhibiting prolyl hydroxylases 2.

1.3.3 Oxidative phosphorylation

Electrons from glycolysis, pyruvate oxidation and the citric acid cycle, carried by electron
carriers NADH and FADH,, are fed into the ETC so that their reducing power is used to fuel
ATP synthesis. The ETC is especially important for ATP synthesis during glucose metabolism
as it produces 34 ATP molecules per glucose molecule created. It involves four enzyme
complexes and is coupled with ATP synthase (also termed Complex V) for oxidative

phosphorylation as seen in Figure 1.8.
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Figure 1.8: Oxidative Phosphorylation. The flow of electrons through the electron transport chain (complexes I-
IV) generating a proton gradient due to the accumulation of protons in the intermembrane space. Complex | —
NADH Q Reductase; Complex Il — Succinate Dehydrogenase; Complex Il — Cytochrome C Reductase; Complex
IV — Cytochrome C Oxidase. This is used to power ATP synthase with an electrochemical gradient; as it rotates, it
catalyses the generation of ATP in a process called chemiosmosis.

24



Chapter 1 - Introduction

NADH and FADH, are molecules which are energy rich as they contain a pair of electrons
which have a high transfer potential. In the ETC, they are used to liberate a vast amount of
free energy by reducing molecular oxygen to water. This free energy can then be utilised to
generate ATP. The flow of electrons through the protein complexes results in the pumping of
protons out of the mitochondrial matrix. This leads to the generation of a pH gradient and a
transmembrane electrical potential due to the imbalanced dispersal of protons and generates
a proton-motive force. ATP synthase, an enzyme complex at the end of the ETC, allows the
protons to flow back into the mitochondrial matrix, which allows for the synthesis of ATP. The
complexes I, Ill and IV (NADH-Q oxidoreductase, Q-cytochrome c¢ oxidoreductase, and

cytochrome c oxidase) convert electron-motive force into proton-motive force.

Complex | is the first protein in the ETC and starts the reaction by binding to an NADH
molecule, which donates two electrons via the flavin mononucleotide (FMN), which reduces
it to FMNH,. Iron-sulphur clusters allow for the transfer of electrons through the complex,
and four protons are pumped into the membrane space. The electrons are then transferred
to a ubiquinone (Q) molecule which reduces it to ubiquinol (QH2), and this also contributes to
the proton gradient. The electrons can enter complex Il (succinate-Q oxidoreductase).
Complex Il is an enzyme that is also part of the TCA cycle and consists of iron-sulphur clusters,
a bound FAD cofactor, and a heme group. It has been suggested that the heme group may be
vital in regulating the production of ROS as it does not participate in the transfer of electrons
192 Complex Il oxidises succinate to fumarate which transfers electrons to FAD to form FADH,.
The electrons are then transferred to Q to reduce it to QH,. Complex Il does not contribute
to the proton gradient. An enzyme called electron transfer flavoprotein-ubiquinone
oxidoreductase (ETF-Q oxidoreductase) is a third entry point for electrons into the ETC. It
accepts electrons from flavoproteins to reduce ubiquinone and accepts electrons from
several acetyl CoA dehydrogenases during FA 3 oxidation, and amino acid and choline
catabolism. Electrons pass through complex Il which has an iron-sulphur cluster, and three
cytochromes: one c1 and two b cytochromes. A cytochrome has a minimum of one heme
group and transfers electrons. Within complex IlI's heme group, when electrons are
transferred through the complex, the iron atoms alternate between an oxidised and a
reduced ferrous state. QH, is oxidised in complex Ill along with two molecules of cytochrome

¢ —which carries only one electron - being reduced. The Q cycle occurs here and can be seen
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in Figure 1.9. Complex IV facilitates the final reaction of the ETC and is responsible for the
transfer of electrons to oxygen to produce water whilst pumping protons out of the
mitochondrial matrix. It has two heme groups and various metal ion cofactors including atoms

of magnesium, zinc and copper. Oxygen is dictated as the terminal electron acceptor.

STEP 1

Y
Fumarate

Succinate

STEP 2

6

Figure 1.9: Q cycle. Step 1: succinate is oxidised to fumarate, and stimulates the path of two electrons to involve
FAD and iron-sulphur centres (FeS). FAD is reduced to FADH,, which reduces Q to QH; with the addition of two
protons in the matrix. QH2 binds to the outer-Q binding site on complex Ill, loses its two protons to the
intermembrane space, and is oxidised to Q. It transfers one of the electrons via the Rieske FeS to cytochrome c1
(Cyt ¢41) which is then transferred to cytochrome c. The other electron is transferred via two b-type cytochromes
(Cyt by, low potential, and Cyt by, high potential) to an inner Q-binding site where it is donated to a Q to be
converted to a semiquinone, a free radical. Step 2: Most of the reactions in step 2 are the same as step 1. Instead
of an electron transferring to a Q molecule at the inner Q-binding site, the electrons is transferred to a semiquinone
to produce ubiquinol with the addition of two protons. With each Q cycle, four protons are exported out of the
mitochondria.

ATP synthase, otherwise known at complex V, is the terminal enzyme of the oxidative
phosphorylation pathway. The proton gradient produced by the complexes of the ETC drives

the synthesis of ATP from ADP and Pi. The enzyme complex is characterised in two portions;
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the top portion is called Foand the bottom portion is F1. Fo is embedded within the membrane
and consists of a proton channel and a ring of ¢ subunits, whereas F; is the site of ATP
synthesis. F; itself is composed of a ball-shaped complex with three a subunits and three 3
subunits, and a “stalk” section which has a y subunit. The o and 3 subunits both bind
nucleotides, but the ATP synthesis reaction is catalysed only by the 3 subunit. The Fo proton
driven motor rotates when protons cross the membrane in the base of the enzyme. It has
been suggested that the rotation may be caused by electrostatic interactions because of
amino acid ionisation in the ring of ¢ subunits. This rotation in turn drives the rotation of the
v subunit within the a and B subunits, which themselves remain static. Energy for the active
sites is provided by this rotation, allowing the 3 subunit to undergo the binding change
mechanism. The 3 subunit has three states: an ‘open’ state where ADP and phosphate enter
the active site; a ‘loose site’ where the protein binds around the molecules loosely; a ‘tight’
shape where the protein constrains the substrates together to produce ATP. The 3 subunit

cycles back to ‘open’ state to release the ATP and take in more ADP and phosphate.

Some electrons can leak into a molecule of oxygen to form a reactive oxygen species,
superoxide, which is involved in oxidative stress 9. Heightened oxidative stress has been
exhibited in aging and disease 1°*. The biggest producer of ROS in the ETC is Complex |, with
Complex Il also contributing. One of Complex I’s inhibitors is rotenone; when present, it
inhibits electron transfer to Coenzyme Q . This creates a backlog of electrons, allowing
some to leak into oxygen molecules to form ROS. Physiologically, ROS are usually dealt with
by superoxide dismutase and catalase enzymes. Superoxide dismutase forms hydrogen
peroxide from superoxide, and catalase then breaks this down into oxygen and water.
Oxidative stress is caused when there is an imbalance between this biological system to deal
with the species and the production of the ROS. ROS can cause damage to mitochondrial

proteins, lipids and DNA 13,

1.3.4 Fatty acid metabolism
Fatty acids (FA) are key components of the phospholipids in the phospholipid bilayers of cell
membranes, as well as serving as intracellular signalling and local hormones. FAs produce the

most ATP on an energy per gram basis when compared to carbohydrates and proteins. This
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is when they are fully oxidised to CO; and H>O by the TCA cycle and B-oxidation. B-oxidation
of a single palmitate molecule, which is a major FA, has the potential to yield over 100 ATP
molecules. FAs are typically stored as triglycerides in adipose tissue. FAs are released from
adipose tissue by decreasing glucose levels which heightens glucagon and epinephrine levels
in the blood. These hormones activate lipases which induce lipolysis of the FAs and frees them
to the circulation. Globular proteins termed plasma albumins transport the free FAs through
the bloodstream. Solute carrier proteins such as SLC27 transport long-chain FAs into cells to
be metabolised. CD36, also known as FA translocase (FAT), is an integral membrane protein
that is known to import FAs and has been implicated in lipid metabolism among other roles
196 Inside the cell, a fatty acyl-adenylate is formed from the catalysed reaction between the
FA and ATP. The fatty acyl-adenylate then reacts with a free coenzyme A to produce fatty
acyl-CoA. This enters the mitochondrion via carnitine which shuttles it into the mitochondria
via carnitine palmitoyltransferase | (CPT1), which can be inhibited by etomoxir **’. Medium
and long-chain FAs are transferred via CPT-1, whereas short-chain FAs (those with fewer than
six carbons in the aliphatic tail) can passively diffuse into the mitochondria. B-oxidation then
occurs in the mitochondrial matrix. This involves splicing the acyl-CoA molecules into acetate
units which combines with co-enzyme A and can be seen in Figure 1.10. This then condenses

with oxaloacetate and enters the TCA cycle.

Lipids can be generated from precursors produced from other metabolic pathways such as
citrate from the TCA cycle, glycerol from glycolysis and reducing equivalents of NADPH from
the pentose phosphate pathway. FA synthesis is necessary for cellular growth and
proliferation. This pathway is closely coupled to mTOR signalling. mTOR signalling promotes
this pathway via regulation of key enzymes required for de novo synthesis of lipids including
FA synthase (FASN), sterol regulatory element binding protein (SREBP) and acetyl CoA
carboxylase (ACC). Branched chain amino acids, like valine and leucine, are used as substrates
for elongation to yield branched chain FAs. Straight chain FAs can be generated from citrate
which is shunted into the cytosol from the mitochondria via citrate carrier. In the cytosol, it is
converted into acetyl-CoA and oxaloacetate by ATP citrate lyase. The acetyl-CoA can then be
carboxylated to synthesise malonyl-CoA by ACC. Palmitic acid can be produced by elongating
the nascent FA chain by FASN in an NADPH-dependent manner. Palmitic acid can be

elongated or desaturated to produce alternative chain lengths or unsaturated FAs
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respectively. Combinations of phospholipids and triacylglycerides can be generated from the

condensation of FAs with glycerol.

Long
chain FA
FAD
FADH,
Continues until all
FA cleaved into
acetyl Co-A units
Acyl-CoA + Acetyl CoA B Trans-A2-Enoyl-CoA
(-2C) . .
Oxidation
H,0
CoA-SH
B-Ketoacyl-CoA L-3-Hyroxyacyl-CoA

NADH + H* \ap+

Figure 1.10: B Oxidation. The long chain FA is dehydrogenated by FAD and Acyl-CoA-Dehydrogenase to form a
double bond between C-2 and C-3. The bond between the C-2 and C-3 is then hydrated in a stereospecific reaction.
The hydroxyl group is then oxidised by NAD+ into a keto group. The B-ketoacyl CoA is cleaved between the C-2
and C-3 in the final step by a thiol group from Coenzyme A. The acyl-CoA molecule is two carbons shorter than
when it started. The cycle continues until the chain is cleaved into acetyl Co-A molecules, with the final sequence
producing two molecules of acetyl CoA and no acyl CoA.

FAO reliance in immune cells is observed in those not considered pro-inflammatory in nature
to increase their cellular life span. These cells include M2 macrophages, memory T cells and
Treg cells 17> 184 198 |ncreasing the expression of active CPT1A in macrophage cell-lines,
reduces lipid accumulation and increases FAO accompanied by reduction of inflammatory
cytokine production. Therefore, the inflammatory potential of inflammatory macrophages

can be reduced by the promotion of FAO %,

Unsurprisingly, FA synthesis promotes the synthesis and function of pro-inflammatory cells,
in contrast to the anti-inflammatory function of FAO. An increase in FA synthesis is observed
when macrophages are exposed to inflammatory stimuli such as cytokines and LPS 1%, TLR
induced activation leads to the accumulation of triacylglycerides in macrophages, along with
elevated uptake of free FAs, associated with uptake by fatty acid translocase (CD36) **°. Upon

the differentiation of monocytes into macrophages after treatment with macrophage colony
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stimulating factor (M-CSF), sterol regulatory element-binding protein 1 (SREBP1c) was found
to be upregulated. This induced elevated expression of FASN and other FA synthesis related

target genes, thus increasing FA biosynthesis 2%,

1.3.5 Amino acid metabolism

Amino acids enter the body via dietary proteins. Amino acids tend to fall into one of three
categories: ketogenic, glucogenic, or both. Those which fall under the glucogenic category
produce pyruvate or TCA intermediates such as oxaloacetate or a-ketoglutarate. These are
precursors in gluconeogenesis. Apart from lysine and leucine which are only ketogenic, other
amino acids are at minimum partly glucogenic. Leucine and lysine cannot contribute to
glucose production, as they give rise only to acetoacetyl-CoA or acetyl-CoA. Amino acids
which can be characterised as both glucogenic and ketogenic are those which can produce
precursors for glucose and FAs; these are isoleucine, phenylalanine, threonine, tryptophan,
and tyrosine. In the event of starvation, the carbon skeleton of amino acids can be oxidised

to CO2 and H0 for energy. Amino acids and their properties can be visualised in Table 1.12%2,

Amino Acids 3-letter 1-letter Essential Glucogenic Ketogenic Polar Aromaticity Charge Size
Alanine Ala A v v - - Aliphatic - Medium
Arginine Arg R - v - v Basic +ve Small
Asparagine Asn N v N - v Amidic - Large
Aspartate Asp D v v - v Acidic -ve Large
Cysteine Cys C v v - v +Sulphur - Small
Glutamate Glu E v v - v Acidic -ve Small
Glutamine Gln Q v v - v Amidic - Small
Glycine Gly G v v - - Aliphatic - Medium
Histidine His H - v - v Basic +ve Small
Isoleucine lle | - v v - Aliphatic - Small
Leucine Leu L - - v - Aliphatic - Small
Lysine Lys K - - v v Basic +ve Small
Methionine Met M - v - v +Sulphur - Small
Phenylalanine  Phe F - v v NA Aromatic - Small
Proline Pro P v v - - Aliphatic - Medium
Serine Ser S v v - v Hydroxylic - Medium
Threonine Thr T - v v v Hydroxylic - Large
Tryptophan Trp W - v v NA Aromatic - Small
Tyrosine Tyr Y v v v NA Aromatic - Small
Valine Val Vv - v - - Aliphatic - Small

Table 1.1: Properties of amino acids. Essential amino acids are those which the body cannot synthesise, and
so must be derived via the diet. Charge is either positive (+ve), negative (-ve) or neutral.

Amino acids are transported into cells via specific transport systems which are part of the SLC
family. There are dibasic transporters, neutral transporters, and acidic transporters. CD98, is

a large neutral amino acid transporter (LAT1) which is a glycoprotein composed of SLC3A2
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and SLC7A5 292, Aromatic and branched chain amino acids are preferentially transported by

CD98. Glutamine, tryptophan, and arginine are the most extensively studied amino acids.

Glutamine is the most abundant free amino acid. It has various roles including protein
synthesis, lipid synthesis, cellular energy, nitrogen, and carbon donation, and is a precursor
to glutamate, a neurotransmitter. Macrophages in particular utilise glutamine at high rates to
promote either a M1 or M2 phenotype depending on the route of consumption 2%, Glutamine
can act as a precursor for the synthesis of arginine, and generates nitric oxide, illustrating its
role in antimicrobial and cytotoxic macrophage functions 24, Nitric oxide is produced by the
conversion of arginine mediated by inducible nitric oxide synthase (iNOS). Murine iNOS
deficiency induces defective killing of bacteria by macrophages 2%°. Macrophages can also
utilise arginine for a more tolerant response via the arginase pathway, which leads to the
biosynthesis of l-ornithine and urea. Macrophages expressing arginase-1 restrict the
inflammatory potential of effector T cells 2°. The primary role of arginase-1 in macrophages
is to restrict excessive nitric oxide production, to prevent inflammatory tissue damage 2%/,
whereas it has been shown that an isoform of arginase — arginase-2 — is up-regulated by LPS-
activation of macrophages to induce the production of pro-inflammatory cytokines and ox-

LDL 208,

The immunological role of tryptophan metabolism has become an area of interest due to its
contribution to immune evasion by cancer cells. Levels of indoleamine-2,3-dioxygenase (IDO)
have been observed to be elevated in poor prognosis of some forms of cancer ?%. IDO is a
rate-limiting enzyme in tryptophan catabolism. Both LPS and IFNy stimulation induces IDO
expression, increasing tryptophan catabolism 20 21 By denying bacterial and parasitic
pathogens necessary substrates, tryptophan metabolism in host cells can prevent their
anabolic growth 212, Kynurenine, a product of tryptophan catabolism, has also been suggested
to have an important role in immune cell function. Studies have suggested it modulates via
acryl hydrocarbon receptor (AHR), a ligand-activate transcription factor, activation 213, During
the second and third trimesters of pregnancy, maternal plasma levels of tryptophan are found
to decrease as gestation progresses; however, kynurenine levels remain stable throughout
pregnancy resulting in an increase in the kynurenine to tryptophan ratio 214215, As tryptophan

starvation has been found to induce a Treg phenotype, this observation of tryptophan in
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pregnancy could further promote the Treg cells 216, Altered IDO expression and activity has
been illustrated to be vital for a successful pregnancy as it contributes to immune tolerance,

with dysfunction resulting in pathological pregnancies such as preeclampsia and miscarriage

217,218

1.3.6 Gluconeogenesis

Gluconeogenesis is the process by which glucose is generated from non-carbohydrate carbon
substrates. It is an important mechanism in maintaining blood glucose levels to avoid
hypoglycaemia during periods like intense exercise and fasting. The catabolism of proteins
and lipids produces the substrates for gluconeogenesis, such as glucogenic amino acids and
triglycerides. The primary precursors are glycerol, alanine, glutamine, and lactate. Lactate,
which is produced in exercising muscles as they perform anaerobic glycolysis, can be
converted back into pyruvate via the Cori cycle, which in turn produces glucose. Pyruvate can
also be derived from succinyl-CoA, which in turn can be yielded from the product of odd-chain
FAO, propionyl-CoA. Gluconeogenesis is localised to the kidneys, intestine, liver, muscles and

placenta 2%°.

1.3.7 Mitochondrial health

The mitochondrion is an important organelle required for generation of energy in cells.
Mitochondria have their own DNA which contains various genes such as those for proteins of
the respiratory chain. A mitochondrion has a double membrane, comprising of phospholipid
bilayers (including the lipid cardiolipin) and proteins; it has an inner and an outer membrane,
with an intermembrane space. The inner membrane forms infoldings called cristae, and the
matrix exists within the inner membrane. The inner membrane hosts the enzymes required
for oxidative phosphorylation, which induces a membrane potential, as well as specific
metabolic transport proteins. The outer membrane contains porins, whereas the inner
membrane is impermeable. Mitochondria undergo multiple fusion and fission events
(mitochondrial dynamics) (Figure 1.11); they are constantly fusing and dividing ?2°. This is vital

for the maintenance of functions in the mitochondria, and mitochondrial inheritance.
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In eukaryotes, the mitochondrion is responsible for various respiratory processes such as
oxidative phosphorylation, B-oxidation of fatty acids, the TCA cycle, and the biosynthesis of
certain phospholipids, haem, and other metabolites. Mitochondria also participate in ageing,
developmental processes, and are key regulators of apoptosis. The morphology of
mitochondria adapts in cells when activated; fusion of the mitochondria is increased to
produce large mitochondrial networks, in order to contribute towards energy dissipation 222,
Mitochondria are heterogenous in their function and morphology. Quiescent mitochondria
are functionally and morphologically distinct as short rods or small spheres. The dispersion of
mitochondria appears to be determined by activation; highly energised mitochondria are
found to aggregate more in the periphery of cells ?21. These peripheral mitochondria have a

higher membrane potential (AWmit) than those found in perinuclear regions, suggesting they

are functionally different.

rmy NP
D mtDNA
M Respiration

ymy
U mtDNA
J Respiration

Mitophagy C

Figure 1.11: Mitochondrial biogenesis; fusion and fission events. (1) Two mitochondria fuse together to form
elongated, tubular interconnected networks of mitochondria under the regulation of enzymes optic atrophy (Opa1),
mitofusin 1 and 2 (Mfn1 and Mfn2). This tubular mitochondrion has a high membrane potential (my), high quantity
of mitochondrial DNA (mtDNA) and high respiration. (2) Fission occurs to form small, rounded mitochondria from
the tubular mitochondrion via dynamin-relation protein 1 (Drp1), fission protein 1 (Fis1) and mitochondrial fission
factor (Mff). The daughter units produced have lower my than the tubular mitochondria, as well as lowered
respiration and mtDNA, and the two units typically have different my with some being depolarised. (3) Polarisation
can be restored by fusing with other mitochondria. (4) If the depolarisation is sustained, Opa1 is cleaved, reducing
the capacity of Mfn. Parkin and PINK1 is recruited to the mitochondria. (5) PINK1 targets the dysfunctional
mitochondrion to undergo mitophagy, where it is destroyed by an autophagosome.
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Selective autophagy of the mitochondria is termed mitophagy. It is a regulatory feature of the
cell, removing damaged or stressed mitochondria, and it also allows the adjustment of
mitochondrial numbers to meet altered metabolic needs of the cell. In mammals, mitophagy
is mediated by NIP3-like protein X (NIX) and regulated by phosphatase and tensin homolog
(PTEN)-induced kinase 1 (PINK1) and Parkin. As by-products of mitochondrial metabolism,
including ROS, can lead to cytotoxicity and DNA damage, mitophagy is a critical process.
Defective mitophagy, especially dysfunctional Parkin, has been implicated in various diseases

such as Parkinson’s and metabolic disorders 2%2.

There are few studies which have investigated the effect on mitochondria during pregnancy,
with the focus primarily on adverse pregnancy events rather than characteristics associated
with a healthy pregnancy. Due to the high energy demands of pregnancy, mitochondrial
function must be vital for a successful outcome. Women with mitochondrial disease or
dysfunction have exhibited aggravation of constitutional and neurological symptoms with
pregnancy and are also associated with adverse obstetric outcomes such as GDM, pre-
eclampsia, miscarriage, and fetal congenital anomalies 22> 224, |n skeletal muscle, the
mitochondria have been observed to be disrupted in pregnancies complicated with obesity
and GDM, with impaired mitochondrial respiratory chain enzyme activity 2%°. Interestingly, a
high prevalence of anticardiolipin autoantibodies, a characteristic of antiphospholipid

syndrome, have been observed in women who suffer from recurrent miscarriages 22°.

1.4 Rationale

Many adverse pregnancy outcomes such as GDM are difficult and intrusive to diagnose. As
the lipidomic environment changes throughout pregnancy, and some markers are indicative
of inflammation, novel mass spectrometry techniques could be used as new diagnostic tools,
as well as offer further insight into the lipidomic profile of pregnancy. The immunological
changes in pregnancy are still poorly described, particularly concerning the maternal systemic
changes. Additionally, the field of immunometabolism is still in its early stages and as of yet,
not been considered in regard to a healthy pregnancy. Given the vast changes of metabolism
in pregnancy that we are aware of, immune cells must adapt metabolically which will have an
impact on their function. While investigation into the adaptive response in pregnancy is vital,

the innate response is underappreciated, especially considering the changes in inflammation.

34



Chapter 1 - Introduction

As such, monocytes are the primary focus for much of this thesis. This will include
examination of their metabolic state (including mitochondrial content and activity) and their
consequential functional adaptations. While a study of the monocytes at term will allow for
full appreciation of how they are affected by a long-term accumulation of maternal changes,
it is also necessary to determine when in pregnancy these changes occur, and if they are
deterred by other conditions such as obesity. The introduction of novel SARS-CoV-2 into the
population requires urgent consideration of the mechanisms of pregnancy which may offer

protection to the mother and fetus.

1.5  Hypothesis

The lipidomic profile in pregnancy changes and contributes as a driving factor for metabolic
adaptation of monocytes which underpins functional changes observed in pregnancy, which
are compromised by obesity. The maternal environment is rich in factors which offer specific

protection for the fetus against SARS-CoV-2.

1.6 Aims and Objectives

1. To investigate the lipid profile of maternal serum and plasma using novel mass
spectrometry techniques.

2. To characterise the immunometabolic adaptations of monocytes during pregnancy at
term.

3. Toinvestigate if changes observed at term also occur earlier in gestation at 28 weeks.

4. To explore the effect of obesity on leukocyte populations and their bioenergetics
during pregnancy.

5. To unravel the potential protective maternal effects during pregnancy and lactation

against novel coronavirus SARS-CoV-2.
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2.1 Human blood collection

Blood was donated by healthy female volunteers between the ages of 18 and 40 years for
non-pregnant controls at Swansea University Medical School’s Clinical Research Facility. A
research passport was obtained for personal access to recruitment of participants from
antenatal clinic to enable collection of peripheral blood from women at 28 weeks of gestation
from the glucose tolerance testing (GTT) clinic and full-term (37+ weeks of gestation)
pregnant women at their scheduled pre-caesarean section assessment at Singleton Hospital,
Swansea. A maximum of 120 ml of blood could be obtained from non-pregnant women and
a maximum of 35 ml from pregnant women. Bloods for cell analysis were collected in 9 ml BD
Vacutainer® heparin blood collection tubes (Greiner Bio-one, Frickenhausen, Germany) to
prevent coagulation. Bloods were also collected into 4 ml EDTA BD Vacutainer® and 5 ml
serum BD Vacutainer® blood collection tubes for plasma and serum analysis respectively.
Blood donation was always voluntary, all donors had the right to refuse at any point, and any
personal information was confidential. Volunteers were informed how much blood would be
taken and what their blood would be used for. Ethical approval for all groups was provided
by a Health Research Authority (HRA) Research Ethics Committee (13/WA/0190 — healthy
volunteers; 11/WA/0040 — full term pregnant women; 19/L0/0722 — GTT clinic). Informed

written consent was obtained from all donors.

2.2 Mononuclear cell isolation

Blood was diluted 1:4 in phosphate buffered saline (PBS; Life Technologies) before 35 ml was
layered onto 15 ml LymphoPrep™ (Stem Cell Technologies, UK; density 1.077 g/ml). The
blood was then centrifuged at 400 x g for 40 mins at room temperature with no brake and no
acceleration to allow density separation (layers illustrated in Figure 2.1). The diluted plasma
layer was removed and discarded. The mononuclear cell (MNC) layer was extracted and
washed with RPMI 1640/Glutmax (Gibco) at 515 x g for 10 mins at room temperature. Where
MNCs were in more than one tube, they were combined into a single tube before being
washed again with RPMI 1640/Glutamax at 515 x g for 7 mins at 4°C. MNCs were then
resuspended in 1 ml RPMI 1640/Glutamax and an aliquot diluted dependent on starting

volume of blood in preparation for cell counting.
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Figure 2.1: Density gradient centrifugation. Blood collected in heparin tubes was diluted 1:4 with PBS, before
35 ml was layered onto 15 ml Lymphoprep ™. After density gradient centrifugation, four layers were produced:
diluted plasma, MNCs, Lymphoprep ™, and red blood cells (RBCs) and granulocytes.

2.3 Cell counting

10 pl of a diluted aliquot of cells was mixed 1:1 with the cell viability stain Trypan Blue (0.4%;
NanoEntek, Cambridge Bioscience, UK) for cell counting using EVE ™ cell counting slides
(NanoEntek, Cambridge Bioscience, UK) in the Countess® automated cell counter (Life
Technologies). The total number of cells present in 1 ml was then calculated according to the

dilution factor used.

24 Monocyte Isolation

Once the MNCs were counted, they were centrifuged at 300 x g for 10 mins. For positive
selection of cells, microbeads coated with anti-CD14 antibodies were used (Figure 2.2). Cells
and microbeads were incubated as described by the manufacturer and washed by
centrifugation with magnetically activated cell sorting (MACS) buffer (PBS with 2% HyClone
fetal bovine serum; FBS; Cytiva, Austria) at 300 x g for 10 mins. The cells were resuspended
in 500 pl MACS buffer before being transferred to the autoMACS Pro Separator (Figure 2.3).
Here, the MINCs were passed onto a column containing a proprietary material which is placed
in a strong magnetic field. Cells which do not have the microbeads bound to them pass
through the column, whilst the cells which do have the beads attached stay on the column.
Once the magnetic field is no longer applied to the column, cells with microbeads attached

to them can be washed out of the column into a new tube. This is known as positive selection.
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In contrast, for negative selection the cells of interest are not labelled with microbeads and

so pass through the column. For monocyte selection, cells are run through the separator twice

v

for optimal purity.

aCD14 antibody

Magnetic microbead

O Monocyte

%/:gmmdrmc cell

Figure 2.2: Positive selection. The labelled magnetic microbead (anti (a) — CD14) selectively attaches
to only the monocytes in the MNC preparation.

Washing buffer
Running buffer

MACS® Chill Rack

icrobead

Cells without microbead are eluted when a magnetic field is
applied; cells with microbeads eluted when magnetic field is
removed

Figure 2.3: Schematic of the autoMACS Pro separator. Cells with and without the antigen-specific
magnetic microbeads attached to them are run through the column. When a magnetic field is applied,
the cells attached to microbeads stick to the column, allowing the other cells to be collected in a negative
fraction tube. Once all the cells have been eluted, the magnetic field is removed, allowing the cells
attached to the microbeads to be collected in a positive fraction tube.

Once the monocytes were isolated, they were centrifuged at 300 x g for 10 mins, the media
discarded, and the cell pellet resuspended in 500 pl of preferred media (dependent on

subsequent experiments). An aliquot was diluted and mixed 1:1 with Trypan Blue and
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counted as before. The live cell count and viability was noted and adjusted according to the

dilution used.

2.5 Flow cytometry

Flow cytometry is commonly used in clinical and research practices, particularly in disorder
diagnosis, as it is useful for counting and sorting cells, detecting biomarkers and protein
engineering. It does this by exposing cells in a suspension to a laser source; detectors then
measure forward scatter, side scatter and fluorescence. Fluorescently labelled antibodies are
commonly used to identify cell populations of interest, as they can be chosen for their
antigen-specific properties and label cells that then can be separated on plots which measure
the fluorescence intensity. A diagram of the flow cytometer used, with an illustration of the

scattering of light by the cells is shown in Figure 2.4.
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Figure 2.4: The Acea NovoCyte flow cytometer. The schematic shows the cells running through a
nozzle into a single file suspension, being subjected to a laser, and the light scattering based on size,
granularity and fluorescence then detected via a series of detectors.
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MNCs or monocytes isolated as in 2.3 Monocyte isolation were used for flow cytometry. The
volume containing the number of cells required is topped up to 100 pl with fluorescence-
activated cell sorting (FACS) buffer (PBS with 0.2% bovine serum albumin — BSA; Sigma, USA
—and 0.05% sodium azide — Sigma, China). Cells were stained using fluorescently stained
antibodies with the volume used as per the manufacturers’ guidelines and incubated for 30
mins on ice in the dark, before being washed with 2 ml FACS buffer. Cells were centrifuged at
4°C 515 x g for 7 mins, and fixed with 200 pl Cell Fix ™ (BD Biosciences ™, 1 ml diluted in 9
ml distilled water) prior to acquisition with the flow cytometer (NovoCyte; ACEA) and using

analysis FlowJo™ (version 10.1; BD Biosciences).

2.4.1 Purity

The purity of the monocytes was always confirmed using flow cytometry. Optimisation of the
isolation method was carried out as initial methods brought an excessive quantity of platelets
and inclusion of band neutrophils with “pure” monocytes from pregnant women. As such, the
dilution of the blood in the first steps alongside a slower and longer density centrifugation
minimised these contaminations (as seen in 2.2 Mononuclear cell isolation). The gating
strategy (Figure 2.5.) for the purity of the monocytes begins with the exclusion of doublet
cells. Monocytes are then selected based on their FSC vs SSC profile, so that the population
of platelets could be monitored. Due to the effect of platelets particularly on metabolism 227,
only cells which contained more than 80% monocytes (based on their FSC vs SSC profile) were
used for further analysis (excluding flow cytometry where gating strategies allow for platelet

exclusion). Anti-CD14 eFluor® 450 fluorochrome (Biolegend; isotype Mouse IgG1la, «; clone

M5E2) was used to confirm the monocytes, where a purity <98% was used for experiments.
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Figure 2.5: Isolated monocyte purity check. Doublets are first excluded using a forward scatter
(FSC) height (H) vs area (A) plot. A FSC-H vs side scatter (SSC-H) dot plot is then utilised to exclude
debris such as platelets and dead cells. Histograms of the unstained monocytes and the monocytes
stained with pacific blue anti-CD14 was used to calculate purity.
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2.4.2 Gating strategy for selection of monocytes

Throughout this thesis, monocytes were analysed via flow cytometry from a series of different
samples: whole blood (Figure 2.6), MNCs (Figure 2.7) and pure monocytes (Figure 2.8). Singlet
cells were first always selected. The use of forward scatter (FSC) vs side scatter (SSC) plots
allowed for the rough selection of monocytes according to their size and granularity profile.
CD14 expression was then used to confirm that monocytes are selected from whole blood
and MNC populations. The CD14 and CD16 expression of the monocytes was then used to
determine the individual subsets: CD14++CD16- (classical), CD14++CD16+ (intermediate) and
CD14+CD16++ (non-classical). Median fluorescence intensity (MFI) or percentage of positive

cells was then used to analyse phenotypic markers.
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Figure 2.6: Gating strategy for monocytes and their subsets in whole blood. Singlets were first selected using
a FSC-H vs FSC-A dot plot. Using a FSC-H vs SSC-H dot plot, monocytes were identified according to their relative
size and granularity. Neutrophils (CD15+) and other leukocytes (CD14-CD15-) were removed using a CD15 vs
CD14 dot plot. Monocyte subsets were then identified according to their CD14/CD16 profile.
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Figure 2.7: Gating strategy for the selection of monocytes and their subsets in MNCs. Singlets were first
selected using a FSC-H vs FSC-A dot plot. Using a FSC-H vs SSC-H dot plot, monocytes were identified according
to their relative size and granularity. A histogram visualising the CD14 expression enabled gating on the CD14-
positive peak. Monocyte subsets were then identified according to their CD14/CD16 profile.
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Figure 2.8: Gating strategy for selection of CD16+ and CD16- monocytes from isolated monocytes. Singlets
were first selected using a FSC-H vs FSC-A dot plot. Using a FSC-H vs SSC-H dot plot, debris such as platelets
and dead cells were gated out. CD16+ and CD16- monocytes were then selected using a histogram for CD16.

2.4.3 Data analysis

NovoExpress® experiment files were converted to .fcs files to be analysed using FlowJo™

version 10.1 (BD Biosciences). Median fluorescence intensity (MFI) or percentage values were

collated into GraphPad Prism® V9 (GraphPad) and the appropriate statistical analysis was

determined per experiment. Percentage values represent the number of cells which express

antibody of interest; MFI was used when all cells express the antibody of interest, but with

different levels of expression.
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2.4.4 Compensation

When multiple antibodies are used with different fluorophores, samples must be
compensated to account for overlap of the emission wavelengths of the fluorophores.
Compensation is achieved using single stains of the antibodies which will be used in tandem
and using the compensation tool on FlowJo™ to select for the negative and positive peaks of
the sample. The tool creates a matrix which compensates for any overlaps, and this matrix

can be applied to all samples with that mixture of antibodies.

2.6  Cell culture
Isolated monocytes were stimulated with lipopolysaccharide (LPS), muramyl dipeptide

(MDP), or LPS and Resiquimod 848 (R848) to induce immune responses in the cells.

0.25 x108 cells in 250 pl culture media (10% autologous plasma, 100 ul 2-mercaptoethanol —
2-ME; Life Technologies, UK —, RPMI 1640/Glutamax) were seeded onto a flat bottomed 96
well plate in duplicate for: unstimulated, LPS-stimulated, MDP-Stimulated or LPS/R848-
stimulated. LPS stock (ultra-pure LPS from E. coli 0.111:B4 strain — TLR4 ligand; InvivoGen™)
was made up with 1 ml endotoxin-free water which was provided with the lyophilised LPS to
give a concentration of 5 mg/ml. The final concentration of LPS in cultures needed to be 10
ng/ml, and so was diluted 1/50 with media, which was then diluted 1/100 into the
experimental culture well. MDP stock (muramyl dipeptide; L-D isoform, active — NOD2 ligand;
InvivoGen™) was 1 mg/ml, and the concentration in culture needed to be 1 pg/ml. A 1/10
dilution was made, and then a 1/100 dilution made into the experimental culture well. R848
stock (Imidazoquinoline compound = a TLR7/8 ligand; InvivoGen™) solution of 1 mg/ml was
made by re-suspension with 500 ul endotoxin-free water. Final concentration in culture
needed to be 400 ng/ml; stock was diluted 1/25 with media, before the 1/100 dilution into
the experimental culture well. The final concentrations were from pre-optimisation
experiments previously in the research group #’- 228, Plates were lightly covered with their lids
(allowing for gaseous exchange) and incubated at 37°Cin a 5% CO»-in-air incubator for 24 hrs.
After incubation, plates were centrifuged at 4°C, 515 x g for 7 mins. The cell free supernatant

was aliquoted into microtubes and frozen at -20°C until analysis.
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2.7 Bioenergetic analysis
Bioenergetics is the study of the flow of energy through living systems with a focus on

metabolic pathways. A goal of the study of bioenergetics is understanding the production and
use of energy in the form of molecules such as ATP (adenosine triphosphate). Seahorse
Bioscience XF Extracellular Flux Analyser™ profiles the metabolic activity of cells by
measuring glycolysis rates, production of ATP, consumption of oxygen, and respiratory
capacity. This analyser is ideal for its label-free and real-time capabilities. A schematic of the

Seahorse XF¢96 machine and how it measures oxygen consumption and extracellular acid rate

is shown in Figure 2.9.
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Figure 2.9: The Seahorse XF°96 for bioenergetic analysis. Extracellular acidification rate (ECAR) and oxygen
consumption rate (OCR) are measured using proton and oxygen sensitive fluorophores, respectively.
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2.7.1 Preparation of cell adhesion and calibration plates

A Cell-Tak® (Corning, USA) coated plate was prepared up to a week in advance; this ensured
that the cells would adhere to the plate. A stock of Cell-Tak® (22.4 ug/ml) was prepared with
0.1 M sodium bicarbonate (Sigma). 25 pl of this was added to each well of a barcoded 96-well
cell-culture plate (Agilent) the plate and left for 20 mins at room temperature. 200 pl sterile
water was added to each plate and then all liquid was carefully removed. The plate was
allowed to dry completely before storing at 4°C. The day before the assay, the Seahorse
Bioscience™ XF Extracellular Flux Analyser was set to reach 37°C. 200 pl of calibration fluid
was added to each well of the calibration cartridge (Agilent) before re-assembling it and

placing it in a sealed bag to leave in a 37°C oven overnight.

2.7.2 Mito Stress Assay

The Mito Stress assay analyses mitochondrial function by measuring production of ATP, basal
respiration, leaking protons, non-mitochondrial respiration, maximal respiration, and spare
respiratory capacity (Figure 2.10). Injections of oligomycin, carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP), and rotenone/antimycin A are used to target
specific components of the electron transport chain (ETC). Oligomycin inhibits ATP synthase.
FCCP is an ionophore that acts as an uncoupling agent by collapsing the proton gradient and
disrupting the mitochondrial membrane potential. This allows uninhibited flow of electrons
through the ETC, and the maximum consumption of oxygen by complex IV. Rotenone and
antimycin A inhibit complexes | and Ill respectively, shutting down oxidative phosphorylation.
Glycolysis is measured using ECAR (extracellular acidification rate) to track the production of
lactate; however, acidification can be caused by other cellular functions such as by the citric

acid cycle via the production of carbon dioxide.

On the day of the assay, the Cell-Tak™ coated plate was first placed in a 37°C oven (no CO;
flux). To make up the assay media, glucose (Agilent), pyruvate (Agilent) and glutamine (Sigma)
were used to supplement XF assay media minimal DMEM (Agilent); volumes and
concentrations are provided in Error! Reference source not found.. The concentrations for
the media and injections were optimised from Jones et al. 2015 #’ for MNCs and Jones et al.
2021 22 for monocytes. The remaining 40 ml of volume was supplemented with the Seahorse

media with minimal DMEM (Agilent). The media was brought to 37°C in a water bath and a
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pH of 7.4 for each media was achieved by adding small increments of 1M sodium hydroxide.
Media was then sterilised by filtering (Millex ® 33 mm sterile filter unit with Millipore Express®

PES membrane with 0.22 um pore, Ireland) and returned to the water bath.

Mitochondrial Respiration
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Figure 2.10: MitoStress assay parameters. Non-mitochondrial respiration is measured by the OCR below the
final injection (antimycin A and rotenone) that acts as a base for the other measurements. Measurements of basal
respiration are taken before the first injection of oligomycin. ATP production is determined by the difference in
measurements taken between the first (oligomycin) and second (FCCP) injection. Maximal respiration is measured
after the second injection, and spare respiratory capacity is determined by the difference in OCR between basal
respiration and the peak of maximal respiration. Image taken from Agilent XF Mito Stress Test User guide,
accessed 30/07/2021,
https://www.agilent.com/cs/library/usermanuals/public/XF_Cell Mito Stress Test Kit User Guide.pdf

Final concentration Volume needed in 40ml
Stock (M)
(mM) total (ml)
Glucose 1 5.5 0.22
Pyruvate 1 1 0.4
Glutamine 0.2 2 0.4

Table 2.1: OXPHOS media recipe. The stock concentrations of supplementary glucose, pyruvate and glutamine,
and the concentrations required in the final media along with the volumes needed to acquire those
concentrations.

Monocytes were isolated as in 2.3 Monocyte isolation. After the final centrifugation, cells
were re-suspended in 500 ul of Seahorse assay media before being counted as described in
2.3 Cell counting. The working concentration was determined to ensure that there were five
replicates of 0.2 x10® monocytes per 100 ul per well. This was calculated by preparing 1.2 x
106 cells (excess required) in a total of 600 pl, before seeding 100 ul into wells. Remaining
wells were seeded with 100 pl of media only (blanks). The plate was centrifuged at 200 x g

with no brake and 1 acceleration for 1 min at room temperature. 50 pl/well assay media was
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then added to give a total volume of 150 pl/well. The plate was then transferred to a 37°C

oven for 45mins.

Injections (all from Sigma) were prepared as optimised %’ as in Table 2.2. Approximately 15
minutes before the end of the incubation in the 37°C oven, injections were added to the ports
in the calibration plate as in Table 2.2. The calibration plate was then loaded onto the
machine. Once the calibration had finished and passed the quality control, the plate

containing the cells was loaded into the machine. Live OCR and ECAR levels were measured.

Stock Volume . Final
) Volume ] Volume into )
Concentration media concentration
(w) port (pl)
(mM) (w) (kM)
Oligo 2.5 2493 25 (A) 1.0
FCCP 2.5 2492 25 (B) 1.0
Antimycin A
ven A/ 5 (each) 9+9 2482 25 (C) 1.0 (each)
rotenone

Table 2.2: Injection preparation. Stock concentrations of the injections - oligomycin (oligo), FCCP, and
antimycin A and rotenone. The volumes of stock and media required to attain final concentrations in
the wells is shown.

2.7.3 Mito Fuel Flex test

Various types of fuels can contribute to the TCA and oxidative phosphorylation functions of
the cell. Broadly, carbohydrates, fatty acids and amino acids are the key molecules involved.
Despite the vast range of molecules under these umbrella terms, it is possible to investigate
the fuel dependency and capacity of the cells by investigating specific examples of those

molecules.

BPTES (bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulphide) is classically used to
inhibit glutaminase, as it is a selective inhibitor of glutaminase (GLS1). This is a key enzyme
which converts glutamine to glutamate from which a-ketoglutarate can be formed to be
oxidised by the TCA cycle. By utilising BPTES it is possible to get insight into the bioenergetic

dependence on amino acids.

Etomoxir (Eto; 2[6(4-chlorophenoxy)hexyl]oxirane-2-carboxylate) prevents the transport of

long chain fatty acyl chains into the mitochondria from the cytosol. It is an irreversible
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inhibitor of carnitine palmitoyltransferase-1 (CPT-1). CPT-1 is present on the cytosol side of
the inner mitochondrial membrane and forms acyl carnitines, an essential step for the
transportation of fatty acyl chains. By inhibiting CPT-1 and obstructing fatty acid oxidation
(FAQ), Eto prevents the production of ATP. High concentrations of Eto have also been

observed to have a secondary effect on the metabolism of Coenzyme-A (Co-A) 2%°.

UK5099 (2-cyano-3-(1-phenyl-1H-indol-3-yl)-2-propenoic acid) is classically used to prevent
the transportation of pyruvate into the mitochondria by inhibiting the mitochondrial pyruvate
carrier (MPC). Pyruvate is produced during glycolysis and can be transported into the
mitochondria to contribute to the TCA cycle after conversion to acetyl-Co-A. Therefore, this

can yield data on the use of carbohydrates by the cells.

l Glutamine

GLYCOLYSIS palmitate

l l/ glutamate

pyruvate

lactate — /
H.

Figure 2.11: The inhibition of specific fuels for the TCA cycle and oxidative phosphorylation. BPTES,
etomoxir and UK5099 inhibit the transport of either amino acids, fatty acids or carbohydrates, respectively into the
mitochondria for oxidation. Image taken from Agilent XF Mito Fuel Flex Test User guide, accessed
30/07/2021,https://www.agilent.com/cs/library/usermanuals/public/’XF_Mito Fuel Flex Test Kit User Guide%2

Oold.pdf

The principle of the assay utilises the MitoStress assay already described, with the addition of
these inhibitors. The media preparation is unchanged, and the injections only have slight
changes due to the shift of injection ports to allow the first injection to be either media
(control), BPTES, Etomoxir or UK5099 (all from Sigma; Table 2.3). A minimum of 2 wells per

condition were used at the same seeding concentration used for the MitoStress assay, and
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the plate was segregated four-ways for the different conditions. The dependency of the cell

on that fuel source was determined by the decrease in fuel oxidation (OCR).

Stock Concentration | yolume | Volume | Volume into Final |
(mM) () | media(ul) |  well (u) °°"°(°u":)at'°"
CTRL (media) 25 (A)
BPTES 10 3 1900 25 (A) 30
Etomonxir 10 4 1900 25(A) 30
UK5099 10 2 1428 25(A) 2.0
Oligo 25 8 2492 25 (B) 1.0
FCCP 25 9 2491 25(C) 10
A;‘“'"‘V"i" A 2.5 (each) 10+10 | 2480 25 (D) 1.0 (each)
rotenone

Table 2.3: The injections and their concentrations for the fuels flex MitoStress test.

2.7.4 Data analysis
The Seahorse Wave™ desktop software provides values for the OCR and ECAR over time.
Data from here was converted into a GraphPad Prism® V8 file and collated into groups for

analysis as described in results chapters.

2.8 Enzyme linked immunosorbent assay

Enzyme-linked immunosorbent assays (ELISAs) are designed to use antibodies to detect a
desired substance via colour change. There are several types of ELISAs, but throughout this
thesis sandwich ELISAs were used (Figure 2.12). This is when a plate is first coated using an
antigen-specific capture antibody, which will bind to antigen present in test samples. Then a
specific biotinylated detection antibody is added which also binds to the antigen, and thus
the antigen is bound — sandwiched - between two antibodies. Streptavidin-HRP is added to
bind to the biotinylated detection antibody. Substrate solution is then added which the HRP
converts into a detectable colour; this colour changes again once a ‘stop’ solution is added to
prevent the reaction from continuing. This is then measured as absorbance with this value
used to quantify the antigen. A standard curve on every ELISA plate is best practice so that

unknown concentrations can be plotted on a graph with known concentrations.
ELISAs were carried out as per R&D Systems™ guidelines. Capture antibodies were diluted as

required in PBS. This was added 50 pl/well on a half-area 96 well plate (Greiner Bio-One) and

incubated over-night, or over the weekend, in the fridge. The coating antibody was tipped off
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and blocking/assay buffer (1% BSA in PBS) was added at 150 pl/well to bind to nonspecific
binding sites. This was incubated for 1hr at room temperature with shaking at 450 rpm
(Titramax 1000, Heidolph). Aspiration and washing 3 times with wash buffer (PBS with 0.05%
Tween-20) was then done. Samples (diluted as optimised with assay buffer) and standards
were added at 50 pl/well. This was incubated at room temperature for 2 hrs and then
aspirated and washed 4 times. Biotinylated detection antibody was diluted 1/60 in assay
buffer, added 50 ul/well, incubated 2hrs room temperature, and aspirated before the plate
was washed 4 times. Streptavidin-HRP was diluted 1/40 in assay buffer, incubated 20 mins at
room temperature, and then aspirated before the plate was washed 6 times. 3,3’,5,5
tetramethylbenzidine (TMB) substrate solution (BD Biosciences) was made by mixing equal
volumes of Substrate A (containing hydrogen peroxide) and Substrate B (containing TMB,;
light sensitive) and added 50 pl/well. The blue colour was allowed to develop in the dark. The
reaction was then stopped with 50 pl/well 1 M sulphuric acid (H2504) up to 20 minutes later
once a gradient appeared in the standard curve wells. This changed the bright blue colour to
a yellow. The absorbance was then measured at A 450 nm using a plate reader (POLARstar

Omega, BMG Labtech).

Q

Streptavidin-HRP

Sample analyte

Biotinylated detection

N
<8
<8

4 5 6

Figure 2.12: A sandwich ELISA. 1. Capture antibody; 2. Sample is added, and antigens bind to capture antibody;
3. Detection antibody added and also binds to antigen; 4. Streptavidin-HRP is added and binds to detection
antibody; 5. A TMB substrate solution is added to convert the enzyme into a detectable colour; 6. A ‘stop’ solution
is added to prevent on-going reaction, and changes the colour again. The absorbance of this colour is then
measured.

2.7.1 Data analysis
Data from the Mars™ data analysis program (version 3.20 R2, BMG Labtech) which collected

the data from the ELISA experiments was exported into Excel™. A polynomial standard curve
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was generated using the known concentrations of the standards and their optical readings.
The equation and R? value were displayed. The R? value gave an indication as to how well the
experiment was carried out, i.e., how well the trendline fits the data points. An R? of 1 infers
the data points perfectly fit the line, whereas a lower R? is indicative of the data points being
more scattered. The equation then allows extrapolation of data using optical readings of the
unknown concentrations from the samples. This was then collated onto GraphPad Prism® V8
and plotted onto scatter graphs in groups of non-pregnant vs pregnant to determine

variances.

2.9 Immunoblotting

Immunoblotting can be used to quantify the amount of a chosen protein or enzyme in a
sample and provide additional information including molecular weights and isoforms. For
normalisation purposes, the same amount of total protein is used for the samples. Samples
are loaded onto an acrylamide gel for sodium dodecyl sulphate—polyacrylamide gel
electrophoresis (SDS-PAGE), whereby the proteins are separated based on their molecular
masses; the larger the protein, the longer it takes to separate and thus sits higher on a gel.
Once SDS-PAGE is completed, the protein molecules are transferred from the gel to a
membrane. This membrane can be incubated with a primary antibody (for chosen protein of
study) and then with a secondary antibody which is HRP-labelled. When the samples are
ready for imaging, they are incubated with the chemiluminescent substrate and HRP catalyses
release of a signal that can be detected by an imaging system. This process is seen simplified

in Figure 2.13.

2.8.1 Protein quantification

Protein quantification was first needed to ensure that the same amount of protein was loaded
onto the gel. The Qubit® protein assay kit (Life Technologies) was used for this purpose. By
diluting the Qubit® protein reagent 1/200 in Qubit® protein buffer, this produced the Qubit®
working solution with which the standards and samples were prepared. Three pre-diluted
BSA Qubit® standards (0 ng/ml, 200 ng/ml, 400 ng/ml) were diluted further - 1/20 - with the
working solution. Samples were diluted 1/100 with working solution. This was prepared in

Qubit® assay tubes where the total volume for each tube was 200 pl. Each assay tube was
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vortexed briefly and incubated for 15 mins at room temperature. The standards and samples
were then read using protein protocol on the Qubit® 4.0 Fluorometer (Life Technologies).

Protein amount was provided as ug per pl.
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Figure 2.13: Steps of immunoblotting. Proteins in samples are separated by SDS-PAGE. Samples are
transferred onto a membrane and primary antibodies are added before secondary enzyme (HRP) conjugated
antibodies. Chemiluminescent substrate is then added to produce a chemiluminescent signal which is detected by

an imaging system.

2.8.2 Gel preparation

Gels were made up as either: 6%, 8%, 10% or 12% acrylamide. Gel percentage is chosen based
on the size of the protein of interest. Table 2.4 is for guidance on which gel to use. Clean
spacer and short plates (Bio-Rad) were clamped together. Resolving gel was made up as in
Table 2.5 in order of solutions listed (all from Bio-Rad except ammonium persulfate; APS,
Sigma). After the final solution tetramethylethylenediamine (TEMED) was added to the

mixture, it was gently mixed and added into the plates, filling until approx. 1 cm was left at
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the top. Ethanol (70%) was added to the top of the gel to remove any bubbles. The gels were
allowed to polymerise. Once polymerised and the ethanol removed, stacking gel (made up as
in Table 2.6) filled the remaining space at the top, and combs for the wells (Bio-Rad) were

inserted into the stacking gel; this was also then allowed to polymerise.

Size of Protein (kDa) Gel Percentage (%)

10-70 12
15-100 10
25-200 8
Table 2.4: Guidance for gel percentage to use depending on the size of protein of interest.
Gel % 6% 8% 10% 12%
ddH20 8 ml 7 ml 6 ml 5ml
30% Acrylamide 3ml 4 mi 5ml 6 ml
1.5M Tris (pH 8.8) 3.75 ml 3.75 ml 3.75 ml 3.75 ml
10% SDS 150 pl 150 pl 150 pl 150 pl
10% APS 75 pl 75 pl 75 pl 75 pl
TEMED 15 pl 15 pl 15 pl 15 pl

Table 2.5: Resolving gel recipes. The volumes needed to produce two resolving gels for varying percentage gels

ddH:0 3ml
30% Acrylamide 650 pl
1.5M Tris (pH 8.8) 1.25ml
10% SDS 50 ul
10% APS 25 pl
TEMED 5 pl

Table 2.6: Stacking gel recipe. The volumes needed to produce two stacking gels

2.8.3 Blotting

The calculated volumes for 20 pg of protein for each sample were added into individually
labelled 500 pl tubes. 5X reducing buffer was diluted 1/5 onto the samples. Samples were
then heated at 95°C for 5 minutes, and then left to cool. A gel was loaded with an
accompanying second or blank gel, into the blotting tank with loading buffer (900ml diH,0O
and 100ml tris-buffered saline; TBS, Bio-rad). 5ul of protein plus protein dual colour standard
(Bio-Rad) was added to each of wells 1 and 10. Samples were loaded into the other wells,

alternating between non-pregnant and pregnant. Voltage was set to 120 V for one hour.
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Extra thick blot filter paper (Bio-rad) was placed in transfer buffer (700 ml diH,O, 200 ml
methanol, 100 ml tris-glycine buffer; TG, Bio-Rad) for 20 minutes, and the membrane
(Immobilon-P PVDF membrane, 0.45 um pore size, Sigma) was soaked in 100% methanol for
30 seconds before being placed underneath the filter papers. The gel was removed from the
tank and cracked open from its protective case. The gel was placed onto the membrane which
was on top of one piece of filter paper. The other filter paper was placed carefully on top of
the gel as in Figure 2.14. This sandwich was then placed in the Bio-Rad Trans-Blot® Turbo™
transfer system on standard protocol A for 30 minutes. The membrane was then separated
from the gel and paper, and placed in blocking buffer (5 % BSA, TBST; 10X TBS diluted with
dH,0 and 0.1% Tween-20) with gentle agitation for 1 hour at room temperature. The
membrane was then placed in a tightly heat-sealed bag with the primary antibody (diluted as
required with blocking buffer). This was then placed back in the blocking buffer with gentle

agitation at 4°C overnight.

Figure 2.14: Gel transfer. Diagram of the sandwich of the post-run gel ready for transfer, the Bio-rad transfer
machine, and the resulting transfer onto the membrane.

The membrane was removed from the bag the next day and washed three times with TBST

for 5 minutes each wash with gentle agitation. The membrane was then placed in a new
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tightly heat-sealed bag with the secondary antibody (diluted as required with TBST) and
agitated gently for 1 hour at room temperature. The membrane was washed 3 times again
and run on the Bio-Rad © ChemiDoc ™ MP Imaging System with equal volumes of solutions A
(luminol solution) and B (peroxide solution; Amersham™, Cytiva) coating the membrane for

visualisation of the protein.

After imaging, the first antibody needed to be stripped from the membrane so that it could
be used for re-probing with a new antibody. The new antibody is typically a house-keeping
protein which assesses whether the same amount of protein was loaded from different
samples. The membrane was washed twice with TBST and then coated with stripping buffer
(Thermofisher), which was left on for no longer than 10 minutes at room temperature with
gentle agitation. The membrane was washed again 3 times and coated with blocking buffer
for 1 hour. The rest of the assay with the primary and secondary assay was as mentioned

previously.

2.10 Mass spectrometry

Monocytes were prepared for mass spectrometry analysis. 1 x 10° monocytes were aliquoted
and washed with 1 ml RPMI 1640/Glutamax, centrifuged at 400 x g for 5 mins. The pellet was
then washed twice with 1 ml PBS, ensuring all the supernatant was removed at each step,
and centrifuged in the same conditions. The PBS was completely removed, and the pellet was
frozen at -80°C until use. They were then washed with 100 pl of dH,0 and centrifuged at 400
x g for 5 mins, with the supernatant being completely removed. The pellet was carefully re-
suspended in 50 ul of dH,O. Protein concentration was calculated using the protein
estimation assay in 2.8.1 Protein quantification. This sample could then be used for intact

analysis, and/or the lipids extracted.

2.10.1 Lipid extraction

In order to investigate the lipidomics of the monocytes, the lipids need to be extracted from
the samples. A 14:0 cardiolipin standard (Avanti) was used to normalise results on MALDI. To
prevent unreliable normalisation, a lipid extraction of monocytes without the internal

standard was performed to ensure there was no natural peak at the same m/z of the
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standard. The cardiolipin standard was used at a working concentration of 1.25 nM/ug of
protein. From a 7.84 mM stock, the cardiolipin was diluted using chloroform to 12.5 nM.

Samples were standardised to contain 10 ug of protein.

All materials were kept on ice for the protocol. 10 ug of sample was added to glass tubes
(Corning), and volumes were brought to 400 pl using HPLC grade H,O (Fisher Scientific); a
blank sample of just 400ul of H,O was processed in parallel. 400 pl of HPLC grade methanol
(MetOH; Fisher Scientific) was added to each sample, along with 400 pl of 12.5 nM cardiolipin
standard. Samples were vortexed thoroughly and then centrifuged at 1800 x g for 30 mins at
4°C. Once centrifuged, the solutions separated into three layers; the top layer is MetOH,
middle layer contains proteins, and the bottom layer is where the lipids lie. Avoiding taking
up any MetOH, a glass Pasteur pipette was used to take up the lipid layer to a fresh glass tube.
400 pl of chloroform (Fisher Scientific) was added to the original tube (with the MetOH and
proteins), vortexed thoroughly and centrifuged again at 1800 x g for 30 mins at 4°C. The lipid
layer was again collected and added to the original lipid layer, ensuring the majority of lipids
is preserved. The chloroform was then evaporated with nitrogen at 50°C in a fume hood for
approximately 30 mins. 50 pl of MetOH:CHClz (methanol and chloroform in a 1:1 ratio) was
added to each sample, including the blank, and vortexed. The mixture was transferred to 1.5
ml glass vials (Kinesis). Another 50 pl of the MetOH:CHCl3 solution was added to the samples
and transferred to the same vials to ensure all lipids were transferred. The solution was then
evaporated using nitrogen at 50°C (approximately 10 mins), and 20 ul of MetOH:CHCls was

added to each vial. Vials were vortexed and frozen at -20°C until analysis.

2.10.2 Matrix assisted laser desorption/ionisation (MALDI) time of flight (ToF)

MALDI-ToF can be used to directly investigate lipid profiles of cells. The matrix is a small
organic molecule which can absorb the UV light from the laser and assist in the ionisation
process. The sample is sandwiched in a crystalline matrix (Figure 2.15) and subjected to a
pulsing laser (Figure 2.16). Molecules from the sample vaporise into the vacuum and are
either protonated (positive-ion mode) or deprotonated (negative-ion mode) without
decomposing. The time of flight is responsible for separating the ions based on their mass to

charge ratio. This is determined by the time it takes for the ions to reach the detector; in some
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machines, reflectors are used in order to extend the flight distance and focus the masses of
the ions to achieve a higher resolution. The ions which take the longest to reach the detector

are the largest.

9-AA

L Sample
Matrix

MALDI-TOF / MS sample plate

Figure 2.15: MALDI sample preparation. The sample is first aliquoted onto a MALDI-ToF plate, with the 9-AA
matrix layered on top of the sample.

For intact analysis, samples were kept on ice when ready to be used. 1 ul of the suspension
was aliquoted onto the MALDI target plate (Bruker) and allowed to dry. A 0.4 pl droplet of a
9-aminoacridine (9-AA; Acros Organics) matrix solution, (30 mg/ml in a 60:40 ratio with 2-

propanol-acetonitrile; Fisher Scientific) was added onto the dried suspension.

Lipid extracted samples were mixed in a 1:1 ratio with 30 mg/ml of the 9-AA matrix solution.
1 ul of this solution was spotted onto the MALDI target plate. An Ultraflex mass spectrometer
(Bruker, Germany) was used to acquire the spectra for both sample types but operating in the

positive polarity for intact analysis and negative polarity for lipid extractions.

2.10.3 Data analysis
Data was exported to OpenMS® software (Version 2.5.0, TOPPAS) where peaks were
identified as specific lipids using their m/z value with the assistance of LIPID MAPS®

(https://www.lipidmaps.org/). The intensity of their peaks were used for analysis.
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MALDI-TOF / MS sample plate

Figure 2.16: How a MALDI-ToF spectra is generated. The sample in the matrix is subjected to pulses of UV
light. The electrostatic field charges the plate to assist in the ionisation of the lipids. The deprotonated lipid
molecules pass through a ToF, where a reflector extends the time of flight. The ToF separates the ions based on
the mass to charge ratio (m/z) and ions are detected to produce a spectrum of lipids.

2.11 NanoString

NanoString® nCounter® SPRINT profiler allows for the analysis of up to 800 gene targets
simultaneously from RNA or cell lysates. NanoString has various pre-defined panels such as
the nCounter® Metabolic Pathways Panel. This specific panel investigates the expression of
768 human genes including genes which are specific for: biosynthesis and anabolic pathways,
cell stress, nutrient capture and catabolic pathways, metabolic signalling, and transcriptional
regulation. It utilises molecular barcodes for direct digital detection of individual target
molecules. The process by which the nCounter® SPRINT profiler works can be observed in
Figure 2.17. The samples first need to be hybridised for the reporter probe and capture probe

to pair to the target nucleic acid to produce a target-probe complex. The capture probe has
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50 bases and is biotinylated and the 50 base reporter probe is directly adjacent to it and has
a 6-spot fluorescent barcode. Each target is assigned a unique colour combination for
identification. Excess probes are removed after the hybridisation process and the purified
complexes are loaded into the sample cartridge allowing for random binding to the surface.
Upon insertion into the SPRINT profiler, an electric current is applied to induce the complexes
to be orientated in the same direction for immobilisation. To count the captured barcodes,
imaging software and fluorescent microscopy is utilised which generates digital data where

one count is equal to one molecule.

nanoString |

Capture probe Target Reporter probe

N VNN N0

|

Cartridge

Barcodes Count Identity

Cm 2 Kynureninase

O
Q@O0 .
Fatty acid

Figure 2.17: Schematic of the NanoString nCounter™ SPRINT profiler. (1) The hybridisation process occurs.
A reporter probe with a unique barcode binds to a target sequence as well as a capture probe to produce reporter
complexes. (2) Reporter complexes are immobilised and excess probes are washed away. (3) The immobilised
complexes bind to the cartridge. (4) An electric current is applied inducing the complexes to orient in the same
direction. (5) The individual colour barcodes are counted and collated.

2.11.1 Sample preparation
1 x 10° of monocytes were washed with 1 ml RPMI 1640/Glutamax and centrifuged at 8,000

x g for 4 mins. The cells were re-suspended with diluted RLT buffer (Qiagen, UK) (1/3 with
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RNase-free water; Invitrogen) so that the concentration is at 10,000 cells / pl, and frozen at -

80°C.

2.11.2 Hybridisation

To attach reporter and capture probes to sample RNA, a hybridisation reaction must occur. A
master mix is first prepared by the addition of 70 pl hybridisation buffer (NanoString, USA) to
the reporter CodeSet (NanoString, USA). 8 ul of this master mix is aliquoted into PCR tubes
with 4.5 pl cell lysate and 0.5 pl RNase-free water to bring total volume to 13 pl per tube. The
Capture ProbeSet (NanoString, USA) is then added at 2 pl per tube (final volume 15 ul).
Samples are then placed in a ThermoCycler for 20 hrs where the sample temperature was set

at 65°C and the lid temperature at 70°C.

2.11.3 Running cartridge

The cartridge is brought to room temperature 15 mins before the hybridisation reaction is
completed. Samples are brought to 35 pl final volume with RNase-free water (also accounting
for any evaporation in the hybridisation process). 33 ul of samples were added to the sample

ports on the cartridge and run immediately on the nCounter® SPRINT (NanoString, USA).

2.11.4 Data analysis
Data analysis was performed using the advanced analysis package (2.0.134 within the nSolver
analysis software (Version 4.0, NanoString). XQuartz (version 2.8.1 for macOS) was required

to use this wizard.

2.12  Statistics

All statistics were carried out using GraphPad Prism® V9. Data sets were first tested for
normality using the Kolmogorov-Smirnov (K-S) one sample test, where a significant value
<0.05 indicated signification deviation from normality. Where only two data sets are analysed
and were not paired samples (e.g., non-pregnant versus pregnant), an unpaired t-test was
used if the data was parametric, and a Mann-Whitney tests if the data was non-parametric.
In the rare cases where the samples are paired (e.g., serum and plasma from the same donor),

a Wilcoxon matched-pairs signed rank test was used, as these were all non-parametric. In
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instances where more than two data sets were analysed (e.g., non-pregnant versus pregnant
versus cord), a one-way analysis of variance (ANOVA) with a Tukey post-hoc test was
performed. ANOVAs determine the variability between three or more groups. Multiple
comparison post-hoc tests are required to detect differences between each group, i.e.
compare each column mean with every other mean. An example of this: we are measuring
an analyte in plasma from non-pregnant, pregnant, and cord blood; the post-hoc tests allow
for comparison between non-pregnant and pregnant, non-pregnant and cord, and pregnant
and cord. A 2-way ANOVA with a Sidak’s multiple comparisons post-hoc test was used when
more than two groups analysed (e.g., non-pregnant versus pregnant classical and non-
classical monocytes). Depending on if the data reported as parametric or non-parametric,
where analysis was needed to observe the degree in which two variables correlate (e.g., BMI
versus monocyte percentage) a Pearson or Spearman correlation test was used respectively.
The r values are reported to indicate direction (negative values a downward trend; positive
values upward trend) and weight of correlation. In all statistical analysis, a p value < 0.05 was

determined to be significant.
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3.1 Introduction

Lipidomics, the large-scale study of lipids, has been an emerging field in recent years due to
the realisation that lipids are involved in more than membrane structure and energy
production. Lipids are now also recognised as involved in signal transduction, regulation of
membrane proteins, vesicular trafficking, cytoskeletal rearrangements, and secretion.

Because of these vital roles, disruption of lipid metabolism is involved in various pathologies,

230 231

such as neurological disorders 23°, cancer 23!, and cardiovascular diseases 232,

3.1.1 PC/LPC

Phosphotidylcholines (PC) are a class of phospholipids that are a major component of cells
and vital in supporting membrane bilayers and can be found systemically in the blood bound
to lipoproteins. PCitself is produced from phosphatidylethanolamine (PE) via three sequential
methylations by S-adenosyl methionine (SAM) catalysed by phosphatidylethanolamine N-
methyltransferase (PEMT). PC can also be converted from choline obtained by dietary
consumption or metabolism of lipids which contain choline. Cleavage of PC by phospholipase
A; (PLA:) produces lysophosphotidylcholine (LPC; Figure 3.1) with free-fatty acids released as
by-products such as the precursors for eicosanoids, polyunsaturated fatty acids (PUFAs).
Oxidised low-density lipoproteins (oxLDL) are rich in LPC and when the LPC is released by
apoptotic cells this stimulates the recruitment of phagocytes 233. Due to its immune activating
properties, for example specifically inducing chemoattractant molecules such as MCP-1 for
monocytes 234, high levels of LPC are synonymous with inflammation and have been observed
in inflammatory diseases such as atherosclerosis 2*°. The metabolism of PC to LPC, measurable

as a PC/LPC ratio, then is vital to the pathogenesis of various diseases.

As pregnancy is naturally accompanied by various inflammatory states throughout gestation,
the monitoring of the PC/LPC ratio might predict adverse obstetric outcomes known to be
associated with inflammation, such as gestational diabetes mellitus (GDM) and preeclampsia.
Studies have implicated elevated PCs in the risk of developing GDM, independently of

maternal BMI 236238 increased LPCs in preterm delivery 23°
y

, and reduced PCs in preeclampsia
240 However, traditional methods for the determination of lipid content, including for the
PC/LPC ratio, are convoluted and time-consuming, requiring lipids to first be extracted before

analysis with mass spectrometry. Angelini et al have produced a method to use ‘intact’
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samples, (i.e., no processing of the sample required) with the MALDI-ToF to quickly and

accurately determine the PC/LPC ratio 241,
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Figure 3.1: The production of LPC from PC in a reaction catalysed by PLA,.

3.1.2 Lipid Mediators

Inflammation is a protective response instigated by injury or infection, with the intention of
removing the initiating stimulus. It also links innate and adaptive immune processes to
underpin the establishment of immunological memory providing a quicker and specific
response if encountered again. Inflammation also promotes the repair of tissue in the case of
injury. Many soluble mediators are produced by tissue resident cells during the inflammatory
response, including complement, cytokines, free radicals, eicosanoids such as prostaglandins
(PGs), and cytokines. Inflammation needs to be regulated and terminated appropriately. Lipid
mediators are immunomodulating molecules which counter regulate the inflammatory
process with some sub-types potent pro-inflammatory mediators and others with critical
roles in resolution of inflammation. These mediators are derived from PUFAs including

docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA) and arachidonic acid (AA).
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AA is the main eicosanoid precursor and is found in all cells. Eicosanoids are oxygenated
products that are released from a cell and act in a paracrine or autocrine manner on target
cells. AAs are metabolised by specific enzymes to form specific eicosanoids. For example,
cyclooxygenase (COX) catalyses the production of the prostanoids, namely PGs and
thromboxanes (TX); leukotrienes (LTs) and lipoxins (LXs) are produced by lipoxygenases
(LOXs); and cytochrome p450 (CYP) enzymes metabolise AAs into epoxyeicosatrienoic acids

(EETs) (Figure 3.1).

The biosynthesis of prostanoids is the target of nonsteroidal anti-inflammatory drugs
(NSAIDs). Prostanoids have a diversity of functions, for example PGIl, and PGE, enhance
oedema through effects on vasodilation and vascular permeability 242, Whilst typically
exhibiting various proinflammatory properties, there are several prostanoids which induce
immunosuppressive effects. PGl; and PGE; can diminish the phagocytosis ability of leukocytes
and inhibit downstream proinflammatory mediator production, despite increasing IL-6 and

IL-10 production 243-246,

LTs convey information either by paracrine or autocrine signalling and are produced at sites
of inflammation. They are generated by granular leukocytes including mast cells as well as
macrophages and have a proinflammatory mediator role. Different LTs have distinct roles in
compelling various inflammation phases. For example, LTD4 attracts eosinophils, and LTBs is

a chemoattractant and activator of monocytes, lymphocytes and neutrophils 247,

5-LOX is one of the various types of LOX enzymes that as well as generating LT, can also
produce 5-o0x0-6,8.11,14-eicosatetraenoic acid (5-oxo-ETE). 5-oxo-ETE is an autocrine
molecule that can be produced by monocytes, neutrophils, eosinophils and basophils.
Emerging evidence suggests that 5-oxo-ETE is a potent chemoattractant for eosinophils, but
it also induces CD11b expression, calcium mobilisation, L-selectin shedding and actin
polymerisation 248 249 |t can also stimulate survival factors for eosinophils by inducing the
secretion of granulocyte-macrophage colony-stimulating factor (GM-CSF) by monocytes 2°°.
Leukocytes which are primed with GM-CSF and TNFa can also be induced to degranulate and

produce superoxides 2°1,

66



Chapter 3 — Lipidomic profile of pregnancy and mass spectrometry

LXs control the entry of monocytes and granulocytes into sites of inflammation inhibiting the
infiltration of granulocytes whilst stimulating noninflammatory monocyte entry for wound
healing and inflammatory resolution 2°2 253, Thereby, LXs act as anti-inflammatory mediators.
other pro-resolution roles for LCs include promoting macrophage clearance of apoptotic
neutrophils and inducing anti-inflammatory cytokines like transforming growth factor 1

(TG F-Bl) 254, 255.

EETs also tend to anti-inflammatory mediators. The expression of cell adhesion molecules on
granulocytes are supressed by EETs and prevent the cells from adhering to the vascular wall
256, Platelet aggregation can be inhibited by EETs to prevent or halt thrombosis 7.
Hydroxyeicosatraenoic acid (HETE) can also be produced from catalysis by CYP. EETs can also
inhibit leukocytes adhering to the endothelium, but also suppresses LT synthesis 28, In
response to the activation of phospholipases, granulocytes release specific HETEs (20- and

16-HETE) which block platelet aggregation induced by TXs 2°°.

Specialised pro-resolving mediators (SPM) of inflammation encompass a group of omega-3
PUFA-derived products: resolvins (Rvs; resolution phase interaction products), protectins
(PDs) and maresins (MaRs; macrophage mediator in resolving inflammation). Some of the
roles of Rvs include blocking the accumulation of dendritic cells and neutrophils at sites of
inflammation, inhibiting neutrophil ROS, stimulating the phagocytosis of apoptotic
neutrophils by macrophages, regulation of pro-inflammatory cell surface markers on
leukocytes, and termination of chemokine signalling 260263, The total effect of Rvs are to
initiate the resolution of inflammation and induce a decrease of granulocytes at inflammation
sites. Like Rvs, there are various members in the PD family. The most well documented is PD1,
which is synthesised by PBMCs. It can exert its immunoregulatory effects by inhibiting the
migration of neutrophils, inhibiting TLR-mediated activation, suppressing production of
proinflammatory lipid mediators and Th2 inflammatory cytokines, and promoting the
apoptosis of T cells 264267 PD1 has also been shown to have protective effects in oxidative
stress. Less is known about MaRs due to their more recent discovery, but it is known that they

inhibit granulocyte infiltration and induce macrophage phagocytosis 2%,
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Lipid mediators are especially important in pregnancy in moderating inflammation. Whilst
pregnancy is described as a state of heightened inflammation, persistent and excessive
inflammation can result in adverse maternal-fetal outcomes. A pro-inflammatory intrauterine
environment poses a higher risk in preterm infants for severe complications 2%°. Dietary
supplementary of long chain PUFAs (LC-PUFA) in pregnancy has been shown to lower risk of
preterm delivery, increased birth weight of the infant, and reduced incidence of maternal

allergic conditions such as asthma 279272,

Pre-eclampsia, which is underpinned excessive inflammation, has been associated with a
deficiency in LXA4, an anti-inflammatory mediator, as well as its receptor and biosynthesis
enzyme 273, Due to this deficiency, pro-inflammatory cytokines induced by LPS are increased,
and IL-10, an anti-inflammatory cytokine, levels are reduced; this has been rectified in rat

models treated with LXA4 273.

3.1.3 Rationale

Pregnancy is associated with many changes in inflammation. The use of novel and more time-
efficient techniques to determine changes in PC/LPC ratios or eicosanoids, would allow
determination of alterations in gross inflammatory status. Firstly, utility of this approach

needs to be confirmed and a range for healthy pregnancy established.
3.1.4 Hypothesis

Novel mass spectrometry techniques will allow for quick determination of inflammatory status

using maternal blood samples and predict adverse pregnancy outcomes.
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3.2 Materials and Methods

3.2.1 Samples
Cells and plasma from heparin coagulated Vacuettes ©, and serum were obtained from non-
pregnant and pregnant women, and umbilical cord as described in 2.1 Human blood

collection.

3.2.2 Monocyte isolation

Monocytes were isolated as in 2.4 Monocyte isolation.

3.2.3 PC/LPC ratio determination

For intact MALDI, serum samples were diluted in a 1:2 (v:v) ratio with HPLC-grade water (e.g.
10 pl serum with 20 pl water), and intact monocytes were spotted neat. A 10 mg/ml matrix
solution of 9-aminoacrinide (9-AA) was produced 1:1, v:v with 2-propanol/acetonitrile (60/40,
v/v). 1 pl of the diluted serum or 1 pl of monocytes (equivalent to 20,000 cells) is spotted onto
the MALDI target; once dried, 0.5 pl of the 9-AA matrix solution was spotted on top in a
“sandwich method”. Once the solvents had evaporated, samples were directly analysed by

MALDI-TOF MS. This method is described in 2.10 Mass spectrometry.

The peaks and their identifiers for PCand LPC from sera are shown in Table 3.1. Fewer species
of PC and LPC were identifiable in monocytes; those assigned are in Table 3.2. The sum of the

intensity of specific PC peaks and the intensity of specific LPC peaks was determined, and the

ratio was calculated:; ZPC/ZLPC'

Assignment (positive ion spectra) Peak m/z
LPC 16:0 (+H+) 496.3398
LPC 16:0 (+Na+) 518.3241
LPC 18:0 (+H+) 524.2854
LPC 18:0 (+Na+) 546.3554
PC 16:0/18:2 (+H+) 758.5694
PC 16:0/18:1 (+H+) 760.5851
PC 16:0/18:2 (+Na+) 780.5538
PC 16:0/18:1 (+Na+) and PC 16:0/20:4 (+H+) 782.5694
PC 18:0/18:3 (+H+) 784.5851
PC 18:0/18:2 (+H+) 786.6454
PC 16:0/20:4 (+Na+) 804.5749
PC 18:0/18:3 (+Na+) 806.5694
PC 18:0/18:2 (+Na+) 808.5851

Table 3.1: The peak m/z and their assigned molecules as observed in the MALDI-TOF positive ion spectra
for human sera.
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Assignment (positive ion spectra) Peak m/z
LPC 16:0 (+H+) 496.3398
LPC 18:0 (+H+) 524.2854
PC 16:0/18:2 (+H+) 758.5694
PC 16:0/18:1 (+H+) 760.5851
PC 16:0/18:1 (+Na+) and PC 16:0/20:4 (+H+) | 782.5694
PC 18:0/18:3 (+H+) 784.5851
PC 18:0/18:2 (+H+) 786.6454
PC 18:0/18:2 (+Na+) 808.5851

Table 3.2: The peak m/z and their assigned molecules as observed in the MALDI-TOF positive ion spectra
for human monocytes.

3.2.4 Eicosanoids with LC-MS/MS

Plasma samples from non-pregnant women, pregnant women at term (37+ weeks) and cord
were sent to Toulouse Institute for Infectious and Inflammatory Disease for analysis on their
lipidomic platform, using the method from Le Faouder et al 2’4, Eicosanoids which were
measurable can be seen in Figure 3.2, and those that were actually detectable in the plasma

samples can be seen in Table 3.3. The eicosanoids are classified as by Le Faouder at al 274,

Inactive products Pro-Inflammatory mediators |Oxidative stress markers
TXB2 PGE2 9-HODE

5,6-DIiHETE PGFa2a 13-HODE

Pathway markers 5-oxo-ETE 8-iso-PGA2

5-HETE Pro-resolving mediators Bioactive mediators
15-HETE RvD5 8-HETE

14-HDoHE LxA4 12-HETE

17-HDoHE PDx

18-HEPE PGD2

Table 3.3: The classification of each eicosanoid which was quantifiable in plasma samples for non-
pregnant, pregnant and cord.
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3.3 Results

3.3.1 Serum is chosen over plasma for the determination of PC/LPC

The development of the method for determining the PC/LPC ratio using MALDI-ToF was
developed using horse serum samples 24!, While serum was easier to attain for multiple stages
of gestation for this project, the first step was to investigate if there was a difference between
heparin-plasma and serum. Samples used for this were matched, i.e., the blood for plasma
and serum was taken from the same non-pregnant patient at the same time. There was a
substantial increase in the PC/LPC ratio for plasma in comparison to serum, however the

plasma also had a larger standard deviation (SD; Figure 3.3).

The use of serum for the determination of the PC/LPC ratio range for further work, was due
in part to the low SD across all the samples, and it is also in line with the method development
by Angelini et al 241. While plasma is typically considered by our group and others to be the
optimal type of sample to use, due to the absence of coagulation allowing a closer
resemblance to the individual’s systemic blood, LPC levels are also increased in serum
samples 2>. Some studies have induced the release of LPC from blood lipoproteins by treating
plasma with peptide hydrolytic enzymes such as pepsin to allow for better quantification of
LPC 276, That LPC is already higher in the serum removes the need for treatment with pepsin

as the clotting process naturally releases LPC 27>,
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Figure 3.3: The comparison of plasma vs serum for the determination of the PC/LPC ratio. Matched serum
and plasma samples from non-pregnant women (n = 12) were analysed using MALDI-ToF for determination of
their PC/LPC ratio. Statistical difference was determined using a Wilcoxon test, where a p < 0.05 was significant.
The samples for serum (SD = 0.4963) were compared with plasma (SD = 2.511, p = 0.0005).

3.3.2 The PC/LPC ratio is significantly altered throughout gestation in sera
Archived serum samples from non-pregnant women (aged 18-40), pregnant women (at 16,

28 and 37+ weeks) and umbilical cord were analysed using MALDI-ToF to determine the
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PC/LPC ratio. 15 samples were used for each group, except for pregnant at 16 weeks where

11 were used due to lack of available samples.

The PC/LPC ratio increases significantly as gestation progresses (Figure 3.4), with their
reference values seen in Table 3.4. This indicates that the maternal circulation in pregnancy
is becoming more anti-inflammatory as pregnancy progresses. Cord serum has a similar
PC/LPC ratio to that of non-pregnant adults rather than pregnant women. Example whole
spectra for each group can be observed in Figure 3.5. Example spectra focussing specifically

on the PC region (Figure 3.6) and the LPC region (Figure 3.7) for each group analysed can also

be observed separately. *
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Figure 3.4: The determination of the PC/LPC ratio throughout pregnancy and in cord blood. Serum samples
from non-pregnant (NP; n = 15), pregnant (P) at 16 weeks (16W; n = 11), 28 weeks (28W; n = 15) and term (37+W;
n = 15), and cord (C; n = 15), were analysed using MALDI-ToF to determine their PC/LPC ratio. Statistics were
performed using an ordinary one-way ANOVA and a Tukey post-hoc test, where p < 0.05 was significant. All groups
were compared with each other: NP vs P-16W (p = 0.2320), NP vs P-28W (p < 0.0001), NP vs P-37+W (p <
0.0001), NP vs C (p = 0.7643), P-16W vs P-28W (p = 0.0460), P-16W vs P-37+W (p < 0.0001), P-16W vs C (p =
0.0182), P-28W vs P-37+W (p = 0.0004), P-28W vs C (p < 0.0001), and P-37+W vs C (p < 0.0001).d

Range Mean SD SEM

Non-Pregnant 1.780-5.675 2.884 0.901 0.233
16W 3.120-5.684 4.425 0.865 0.261

Pregnant 28W | 3.708 - 10.060 6.506 1.875 0.484
37+W | 4.685-16.18 9.456 3.253 0.840

Cord 0.995 - 3.688 2.090 0.802 0.207

Table 3.4: PC/LPC reference ranges for serum from non-pregnant and pregnant women, and umbilical
cord. The mean, standard deviation (SD) and standard error of the mean (SEM) are also shown for each group.
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Figure 3.5: Example full spectra for each group analysed. Non-pregnant (black), 16 weeks pregnant (purple),
28 weeks pregnant (light blue), term (37+ weeks) pregnant (dark blue), cord (red). LPC molecules lie in the 490 —
550 m/z range, whereas the PC molecules lie in the 760 — 820 m/z range. Spectra in between these ranges have
been excluded due to lack of interest. The most abundant LPC and PC molecules are labelled with their m/z value.
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Figure 3.6: Example spectra for each group analysed, with a focus on the PC molecule region. Non-pregnant
(black), 16 weeks pregnant (purple), 28 weeks pregnant (light blue), term (37+ weeks) pregnant (dark blue), cord
(red). Peaks which were used for analysis are labelled with their m/z value.
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Figure 3.7: Example spectra for each group analysed, with a focus on the LPC molecule region. Non-
pregnant (black), 16 weeks pregnant (purple), 28 weeks pregnant (light blue), term (37+ weeks) pregnant (dark
blue), cord (red). Peaks which were used for analysis are labelled with their m/z value.
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3.3.3 Obesity does not affect the PC/LPC ratio in serum samples

To determine if obesity influenced the PC/LPC ratios observed, the individual ratio quantities
were correlated with the BMI from the patient (in regard to the cord samples, this was the
mother’s BMI). As observed in Figure 3.8, BMI has no significant correlation to the PC/LPC
ratio in serum from any of the groups measured. However, the PC/LPC ratio at 16-weeks of
gestation, shows a trend to down-regulation with obesity. This suggests an increase in
inflammation with obesity, which is unsurprising. That this is only evident at the earlier

gestation time-point could be indicative of the elevated risk of miscarriage at this stage 277.
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Figure 3.8: The effect of BMI on the PC/LPC ratio in serum from non-pregnant, pregnant at different
gestations and cord. The PC/LPC ratio determined for non-pregnant (NP), pregnant (P) at 16 weeks (16W; n =
11), 28 weeks (28W; n = 15) and term (37+W; n = 15), and cord (C; n = 15) was used to determine if BMI influenced
individual samples. For the cord samples, the mother's BMI was taken into consideration. All groups passed the
Kolmogorov-Smirnov normality test, and so statistics were determined using the Pearson r test, where p < 0.05
indicated a significant correlation between BMI and PC/LPC ratio. Groups measured were: (A) NP (r = 0.2426, p
=0.3836), (B) P-16W (r = -0.5890, p = 0.0566), (C) P-28W (r = 0.08717, p = 0.7574), (D) P-37+W (r = 0.1364, p =
0.6278) and (E) C (r = 1464, p = 0.6025).
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3.3.4 The PC/LPC ratio is significantly affected by GDM at 16 weeks of gestation, but not at
28 weeks.

To determine if this novel method for determining the PC/LPC ratio can be used as a
diagnostic tool, sera from pregnancies complicated with GDM at 16 weeks and 28 weeks of
gestation was readily available. These were used in comparison to healthy pregnancies at the
two different timepoints. There is a significant decrease in the PC/LPC ratio in the pregnancies
complicated with GDM at 16 weeks, but the decrease at 28 weeks is not significant (Figure
3.9). There is also too much overlap in the range to precisely diagnose GDM at 16 weeks of

gestation, despite the significant change (Table 3.5).
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Figure 3.9: The PC/LPC ratio for healthy pregnant women versus pregnant women with GDM at 16 weeks
and 28 weeks of gestation. Sera samples from healthy pregnant women (blue; n=11 16W, n=30 28W) and
pregnant women with GDM (purple; n=29 16W, n=26 28W) were analysed on the MALDI-ToF as described in the
materials and methods. Statistics were determined using a Mann-Whitney t test where p < 0.05 was significant.
Times of gestation measured were at: (A) 16 weeks (p = 0.0125) and (B) 28 weeks (p = 0.0990).

Range Mean SD SEM

16W Healthy 3.120-5.684 4.425 0.865 0.261
GDM 2.814-4.174 3.394 0.401 0.134

Healthy 2.895-10.060 5.224 1.902 0.347

28W GDM 2.692 -5.883 4.277 0.924 0.181

Table 3.5: Descriptive statistics for the PC/LPC ratio for healthy pregnant women versus pregnant women
with GDM at 16 weeks and 28 weeks of gestation.

3.3.5 The PC/LPC ratio in monocytes is not affected by pregnancy
To determine if the same MALDI-ToF method which was used for serum could also be used
for the measurement of PC/LPC ratio in cells, intact monocytes were used. Monocytes are a

key component of inflammation, and so the investigation into this ratio in pregnancy was
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logical. Monocytes were isolated from non-pregnant and pregnant women at 37+ weeks and
spotted directly onto the MALDI target for analysis. There was no significant difference in the
PC/LPC ratio in the monocytes from pregnant women at term in comparison to non-pregnant
women (Figure 3.10). Examples of whole spectra (Figure 3.11), and of the specific LPC (Figure

3.12) and PC (Figure 3.13) regions for monocytes can be seen below.
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Figure 3.10: The PC/LPC ratio in intact monocytes during pregnancy at term. Isolated monocytes from non-
pregnant (n = 5) and term (37+ weeks) pregnant (n = 6) women were analysed intact on the MALDI-ToF. Statistical
analysis was with a Mann-Whitney test, where p < 0.05 was deemed significant. The PC/LPC ratio was measured
for both groups (p = 0.4286).
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Figure 3.11: Example full spectra for the analysis of monocytes from non-pregnant and pregnant women.
Non-pregnant (black) and term (37+ weeks) pregnant (blue) women. LPC molecules lie in the 490 — 550 m/z
range, whereas the PC molecules lie in the 760 — 820 m/z range. Spectra in between these ranges have been
excluded due to lack of interest. The most abundant LPC and PC molecules are labelled with their m/z value.
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Figure 3.12: Example spectra for each group analysed in monocytes, with a focus on the LPC molecule
region. Non-pregnant (black), pregnant at term (blue). Peaks which were used for analysis are labelled with their
m/z value.
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Figure 3.13: Example spectra for each group analysed in monocytes, with a focus on the PC molecule

region. Non-pregnant (black), pregnant at term (blue). Peaks which were used for analysis are labelled with their
m/z value.
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3.3.6 Plasmas from the neonate exhibit a marked increase in eicosanoids
Due to the low levels of these molecules, plasma was used for analysis as the clotting factors
in serum can conceal some lipid biomarkers 27>, These lipid mediators are sectioned into

classifications set out by Le Faouder et al., for ease of discussion 274,

3.3.5.1 Inactive metabolites/products of compounds such as thromboxane A2 and
eicosapentaenoic acid are typically removed as waste products.

These include thromboxane B2 (TXB;) and 5,6-dihydroxyeicosapentaenoic acid (5,6-DiHETE)
respectively (Figure 3.14). 5,6-DIHETE has been described recently to have a role in
attenuating vascular hyperpermeability 2’8, 5,6-DIiHETE is elevated in umbilical cord blood
plasma in comparison to that of non-pregnant adults (p = 0.0092). It also appears that 5,6-
DIiHETE is present in much higher levels in pregnant compared to non-pregnant women, but

this is significant.
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Figure 3.14: Inactive product concentrations in plasma samples from non-pregnant and pregnant women
at term, and from cord samples. Plasma from heparin-coagulated tubes from non-pregnant women (grey; NP),
pregnant women at 37+ weeks (blue; P) and cord (orange; C) was analysed using LC-MS/MS for the presence of
eicosanoids. Statistics were performed using an ordinary one-way ANOVA and a Tukey post-hoc test, where p <
0.05 was significant. Inactive products that were measured were: TXB, (NP vs P p = 0.6242; NP vs C p = 0.2127;
P vs C p =0.7126) and 5,6-DIHETE (NP vs P p = 0.2145; NP vs C p = 0.0092; P vs C p = 0.3297).

3.3.5.2 There are eicosanoids which are pathway markers, which signify biosynthesis of
specific marker activation.

5-hydroxyeicosatetraenoic acid (5-HETE) is a metabolite of arachidonic acid that induces cell
activation by binding to the oxoeicosanoid receptor 1 (OXER1) and triggers cell signalling
pathways to produce a functional response. This functional response includes activation of
pathways such as P13K/Akt and the MAPK/ERK. 5-HETE can also inhibit neutrophils NETs
formation 272, As the neonate is less capable of forming NETs than adults 28, the significant
increase in 5-HETE (Figure 3.15) could contribute to this. 15-HETE can activate cells via the

leukotriene B4 receptor 2 (BLT2) or peroxisome proliferator-activated receptor gamma
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(PPARYy). Like 5-HETE, 15-HETE mimics autocrine and paracrine signalling agents to regulate
inflammation. The increase in 15-HETE observed in the cord plasma compared to both the
non-pregnant (p = 0.0044) and pregnant (p = 0.0290) adults is significant (Figure 3.15). 14-
and 17-hydroxydocosahexaenoic acid (14-HDoHE, 17-HDoHE) are both human xenobiotic
metabolites and are also significantly elevated in the neonate compared to the non-pregnant
adult (p =0.0054, p = 0.0087 respectively; Figure 3.15). 18-hydroxyleicosapentaenoic acid (18-
HEPE) has been found to inhibit macrophage-mediate proinflammatory activation 2. This is

elevated in the neonate compared to the non-pregnant adult (p = 0.0372; Figure 3.15).
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Figure 3.15: Pathway marker concentrations in plasma samples from non-pregnant and pregnant women
at term, and from cord samples. Plasma from heparin-coagulated tubes from non-pregnant women (grey; NP),
pregnant women at 37+ weeks (blue; P) and cord (orange; C) was analysed using LC-MS/MS for the presence of
eicosanoids. Statistics were performed using an ordinary one-way ANOVA and a Tukey post-hoc test, where p <
0.05 was significant. Pathway markers that were measured were: 5-HETE (NP vs P p = 0.2369; NP vs C p <
0.0001; P vs C p =0.0013, 15-HETE (NP vs P p = 0.7367; NP vs C p = 0.0044; P vs C p = 0.0290), 14-HDoHE
(NP vs P p = 0.5970; NP vs C p = 0.0054; P vs C p = 0.0580), 17-HDoHE (NP vs P p = 0.7138; NP vs C p =
0.0087; P vs C p = 0.0566), and 18-HEPE (NP vs P p = 0.3062; NP vs C p = 0.0372; P vs C p = 0.5273).
3.3.5.3 Other eicosanoids can be termed bioactive mediators, those which do not
demonstrate clear-cut pro-resolving or pro-inflammatory properties.

8-HETE is a natural agonist of PPAR alpha (PPARa), whereas 12-HETE is involved in many
inflammatory responses. 12-HETE is involved in chemotaxis and aggregation of neutrophils,
localisation of monocytes to vascular endothelial cells, and local accumulation of neutrophils
and MNCs at sites of injection. It has been implicated in various diseases such as rheumatoid

arthritis 282, and cholestasis 283. As such, 12-HETE could act as a biomarker for intrahepatic
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cholestasis (liver disorder exhibits with intense itching) in pregnancy. Both 8-HETE and 12-
HETE appear to be increased in pregnant versus non-pregnant women, although this is not
significant, with umbilical cord levels significantly higher than both (8-HETE NP p= 0.0003, P p
=0.0291; 12-HETE NP p = 0.0003, P p = 0.0333; Figure 3.16).
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Figure 3.16: Bioactive mediator concentrations in plasma samples from non-pregnant and pregnant
women at term, and from cord samples. Plasma from heparin-coagulated tubes from non-pregnant women
(grey; NP), pregnant women at 37+ weeks (blue; P) and cord (orange; C) was analysed using LC-MS/MS for the
presence of eicosanoids. Statistics were performed using an ordinary one-way ANOVA and a Tukey post-hoc test,
where p < 0.05 was significant. Bioactive mediators that were measured were: 8-HETE (NP vs P p = 0.2104; NP
vs C p =0.0003; P vs C p =0.0291), and 12-HETE (NP vs P p = 0.2054; NP vs C p = 0.0003; P vs C p = 0.0333).

3.3.5.4 Some lipid mediators are well recognised for their potent pro-inflammatory effects.
Prostaglandin E> (PGE2) has oxytocic properties and can be used as medication to induce

285 and is also used on neonates with congenital heart

labour 284, terminate a preghancy
defects 286, It is also involved in the regulation of lymphocyte function and promotes Th2,
Th17 and Treg responses 287, There is a significant increase of PGE2 in the plasma from both
the pregnant women (p = 0.0024) and the cord (p = 0.0175) in comparison to the non-

288 and is active in the

pregnant (Figure 3.17). PGF2a has also been used to induce labour
menstrual cycle to cause luteolysis 22°. The significant elevation of PGF2a in the cord
compared to adults (p = 0.0011) and pregnant women (p = 0.0016) is novel (Figure 3.17). 5-
oxo-eicosatetraenoic acid (5-oxo-ETE) is a potent cell signalling metabolite of the 5-HETE
family and is particularly effective in stimulating eosinophils. It has various interactions with
leukocytes and enhances chemotaxis, production of other eicosanoids, degranulation, and
oxidative metabolism 2°°. As well as eosinophils, 5-oxo0-ETE exerts these enhancements on
monocytes and other PMNs 2%1. Pregnancy has significantly higher levels of 5-oxo-ETE than
non-pregnant adults (p = 0.0003) and cord (p = 0.0060), indicative of an environment rich in

monocytes and neutrophils & 2%2,
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Figure 3.17: Proinflammatory mediator concentrations in plasma samples from non-pregnant and pregnant
women at term, and from cord samples. Plasma from heparin-coagulated tubes from non-pregnant women
(grey; NP), pregnant women at 37+ weeks (blue; P) and cord (orange; C) was analysed using LC-MS/MS for the
presence of eicosanoids. Statistics were performed using an ordinary one-way ANOVA and a Tukey post-hoc test,
where p < 0.05 was significant. Proinflammatory mediators that were measured were: PGE2 (NP vs P p = 0.0024;
NP vs C p =0.0175; P vs C p = 0.7275), PGF2a (NP vs P p = 0.9896; NP vs C p = 0.0011; P vs C p = 0.0016),
and 5-oxo-ETE (NP vs P p = 0.0003; NP vs C p = 0.5262; P vs C p = 0.0060).

3.3.5.5 Anti-inflammatory, pro-resolution biological effects are characteristic of another
subset of lipid mediators.

Resolvin D5 (RvD3) is involved in the resolution of inflammation 23. There seems to be a
higher concentration of RvD5 in pregnancy than in the non-pregnant plasma, but this is not
significant; however the plasma from the cord is significantly more rich in RvD5 than in the
non-pregnant adults (p = 0.0152; Figure 3.18). Lipoxin A4 (LxA4) is an example of an autacoid
which inhibit inflammatory processes such as superoxide production, NF-kB activation,
chemotaxis and proinflammatory cytokine production by PMNs and monocytes °* 2%, LxA4
is present in cord plasma in significantly higher concentrations than both the non-pregnant
(p =0.0002) and pregnant (p = 0.0051) adults (Figure 3.18). Some of the pro-resolving actions
that protectin DX (PDx) has involves the inhibition of COX-1 and COX-2 to prevent further
production of pro-inflammatory prostaglandins, as well as blocking ROS production by
neutrophils 2°. PDx is also significantly elevated in the plasma of the cord compared to both
non-pregnant (p = 0.0035) and pregnant (p = 0.0286) adults (Figure 3.18). There are some
prostaglandins that have anti-inflammatory effects such as PGD2. PGD2 is produced by mast
cells to entice Th2 cells 2°’. This mediator is rich in the plasma from pregnant women,
significantly higher than both non-pregnant women (p = 0.0204) and cord (p = 0.0059) plasma
(Figure 3.18).
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Figure 3.18: Pro-resolving mediator concentrations in plasma samples from non-pregnant and pregnant
women at term, and from cord samples. Plasma from heparin-coagulated tubes from non-pregnant women
(grey; NP), pregnant women at 37+ weeks (blue; P) and cord (orange; C) was analysed using LC-MS/MS for the
presence of eicosanoids. Statistics were performed using an ordinary one-way ANOVA and a Tukey post-hoc test,
where p < 0.05 was significant. Pro-resolving mediators that were measured were: RvD5 (NP vs P p = 0.7024; NP
vs Cp =0.0152; P vs C p = 0.0944), LxA4 (NP vs P p =0.4264; NP vs C p = 0.0002; P vs C p = 0.0051), PDx (NP
vs P p =0.6865; NP vs C p = 0.0035; P vs C p = 0.02866), and PGD2 (NP vs P p = 0.0204; NP vs C p = 0.8751;
P vs C p = 0.0059).

3.3.5.6 Lipid mediators can also be markers of oxidative stress.

This includes 9-hydroxyoctadecadienoic acid (9-HODE), 13-HODE and 8-iso-PGA2. Both 9-
HODE and 13-HODE have been recognised to be elevated in LDL of patients with rheumatoid
arthritis 2. All three markers share the trend of being increased in the plasma of the pregnant
women (9-HODE p = 0.0022; 13-HODE p = 0.0239; 8-iso-PGA2 p = 0.0026) and cord (9-HODE
p =0.0423; 13-HODE p = 0.0050; 8-iso-PGA2 p = 0.005) compared to the non-pregnant adults
(Figure 3.19).
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Figure 3.19: Oxidative stress marker concentrations in plasma samples from non-pregnant and pregnant
women at term, and from cord samples. Plasma from heparin-coagulated tubes from non-pregnant women
(grey; NP), pregnant women at 37+ weeks (blue; P) and cord (orange; C) was analysed using LC-MS/MS for the
presence of eicosanoids. Statistics were performed using an ordinary one-way ANOVA and a Tukey post-hoc test,
where p < 0.05 was significant. Oxidative stress markers that were measured were: 9-HODE (NP vs P p = 0.0022;
NP vs C p =0.0423; P vs C p = 0.4754), 13-HODE (NP vs P p = 0.0239; NP vs C p = 0.0050; P vs C p = 0.8113),
and 8-iso-PGA2 (NP vs P p = 0.0026; NP vs C p = 0.0050; P vs C p = 0.9668).

3.3.7 The overarching effect of the lipid mediators lends a more pro-inflammatory effect in
pregnancy

As a general trend emerged with the eicosanoids being slightly increased in pregnancy,
followed by a higher increase with each molecule measured in cord regardless of function,
the ratio between the pro-inflammatory and pro-resolving mediators for each group was
considered. Each concentration value was converted to a log value for normalisation. The sum
of the values for the pro-inflammatory molecules (PGE2, PGF2a, 5-oxo-ETE) was divided by
the sum of the pro-resolving mediators (RvD5, LxA4, PDx, PGD2) for each sample. The ratio
shows that the pregnant women plasma is a more pro-inflammatory environment than the

non-pregnant (p = 0.0408) and cord (p = 0.0203) plasma (Figure 3.20).
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Figure 3.20: The ratio between the pro-inflammatory and pro-resolving mediators for non-pregnant,
pregnant, and cord plasma. The ratio was calculated by dividing the sum of the log values for each pro-resolving
mediator, by the sum of the log values for each pro-inflammatory mediator. Statistics were performed using a one-
way ANOVA and a Tukey post-hoc test, where p < 0.05 was deemed significant. The groups were compared: NP
vs P p=0.0408, NP vs C p =0.9497, P vs C p = 0.0203.
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3.4 Discussion
This chapter illustrates the novel use of mass spectrometry techniques to identify the PC/LPC
ratio and eicosanoids in human sera and plasma respectively. With the use of MALDI-ToF,

PC/LPC can be quickly and cost-effectively determined.

As discussed in 1.2.1 Immunological adaptation in pregnancy — an overview, the bookends of
pregnancy are marked with a pro-inflammatory load for implantation and labour. As
pregnancy progresses however, an anti-inflammatory phenotype dominates the maternal
systemic immune system 3. This is evidenced here by the build-up of PC levels and the
minimal conversion to LPC as gestation progresses. All pregnant participants were scheduled
for elective caesarean section and display no evidence of labour, it is logical that this does not
decrease. Future work should consider planned and emergency caesarean sections versus
natural or induced labour to investigate if a change in PC/LPC occurs. Regarding calculating
reference ranges for each of the groups measured, there is overlap for each group, and the
later gestations have higher standard-deviations. This suggests greater variability in PC
metabolism at this stage that could be linked to proximity to natural initiation of labour.
Studies have shown the increase in the production of PC is by both PEMT and CDP-choline
pathways during pregnancy, but it is the PC produced by the PEMT pathway that is selectively

transferred to the fetus in the third trimester 2*°

. Dietary supplements of choline are
recommended for pregnant women, due to the heightened requirement 2%, This studies, like
others which investigate lipids, use lipid extraction methods, which is timely and expensive

and quantified using liquid chromatography — tandem mass spectrometry (LC-MS/MS).

Obesity is an inflammatory state, and studies have shown a decrease in LPC in obese subjects
300, Non-pregnant volunteers used in this study are typically not obese, and so the data here
only includes two women with BMls above 30. With all cohorts measured here, there was no
significant correlation found between BMI and PC/LPC ratio. However, for women at 16
weeks of pregnancy, the negative correlation (suggesting increased inflammation with
increased LPC) is almost significant (p = 0.0566). This suggests that obesity has more of an
effect in maternal inflammation earlier in gestation perhaps linked to increased risk of

277

miscarriage and fetal programming effects. As pregnancy progresses and maternal
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metabolism changes this might over-ride any overt effect on obesity-related measures but

only a prospective analysis could address this.

Further work investigating the PC/LPC ratio considered adverse obstetric outcomes such as
GDM. As mentioned previously, some studies have already shown a correlation between
elevated PCs and GDM 236238 'however it has yet to been discovered if intact serum analysis
with MALDI-ToF can quickly and cost-effectively diagnose GDM. While a significant difference
was observed at 16 weeks of gestation for pregnancies complicated with GDM, this was not
the case at 28 weeks when the majority of GDM diagnoses are made. Like BMI at 16 weeks,
GDM induces a lower PC/LPC ratio, suggesting a higher inflammatory burden at this stage of
gestation. The range of values currently overlaps too much to be able to confidently diagnose
GDM; however long-term data of these women is not yet available (collection of this data has
been prevented by COVID-19), and it is possible that the women with the lower range of
PC/LPC in the healthy group may have developed GDM later in pregnancy. Women are only
typically tested at 16 weeks of gestation when they are at even higher risk of developing GDM,

i.e., GDM in a previous pregnancy or glucosuria.

Given the pregnancy-related differences demonstrated using a MALDI-ToF analysis of intact
serum, it was also considered if intact cell analysis of the PC/LPC ratio using MALDI-ToF might
also prove useful. It also provided a novel approach to analysing this content in intact cells.
Intact monocytes were spotted and the PC and LPC molecules were identified. Monocytes
have fewer species of PC and LPC molecules compared to serum, but enough to determine a
PC/LPC ratio. Using monocytes isolated from the blood of non-pregnant and pregnant
women, there was no significant difference in their PC/LPC ratio. Historically, lipid extraction
has been required to investigate these molecules in cells but using this method originally

241 and validated here for use with human serum, extensions of this

devised using serum
analysis approach to intact cells was determined to be possible. In the future, the metabolism
of PC in leukocytes would be key to investigate. For example, in multiple sclerosis (MS), the
production of PUFAs by monocytes, a by-product of PC metabolism, predicts relapses 301,
Investigating the PC/LPC ratio in leukocytes in various disease states will provide knowledge
on their inflammatory status and how this might change in pregnant women with

autoimmune and other diseases.
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Various lipid mediators were measured, including those which are identified as inactive
products, pathway markers, bioactive mediators, proinflammatory and pro-resolving
mediators, and oxidative stress markers. In almost all the eicosanoids measured, the overall
trend was an increase in the plasma from pregnant versus non-pregnant women, and a much
larger and mostly significant increase in the plasma from cord. Whether this is due to a supply
from the placenta, or the neonate is yet to be determined. Future work should investigate
the presence of these molecules in placental tissue. That the molecules measured are high in
cord plasma regardless of their properties, such as being pro- or anti-inflammatory, suggests
a tight balance between the mediators. Higher levels in the cord might reflect the low PC/LPC
ratio observed earlier; despite trafficking PEMT-PC to the fetus, cord PC/LPC is low suggesting
a higher conversion rate of PC to LPC, thereby producing the higher levels of eicosanoids as
by-products. This may explain the difference observed between the pregnant and cord
samples, however the PC/LPC ratio for cord in comparison to the non-pregnant samples are
relatively equal. An issue with the MALDI-ToF intact method to determine the PC/LPC ratio,
is the inability to quantify the amount of PC and LPC present. The cord samples may contain
more total PC and LPC, but this will have to be determined by extracting the lipids and spiking
the sample with an internal standard to quantify. That the eicosanoids all appear increased in
pregnant compared to non-pregnant plasma, probably reflects the build-up of lipids from
earlier gestation before switching to a catabolic state which is evidenced by increased levels
of free fatty acids in later pregnancy 3°. As this trend mostly illustrates marked increase of
most of the lipid mediators measured, the ratio between the pro-inflammatory and pro-
resolving mediators was calculated for each sample. It appears the plasma from pregnant
women favours a more pro-inflammatory environment compared to both adult and cord
which resemble each other more closely. This contradicts the trend observed from the PC/LPC
results. As already discussed, the pregnant women in this study were undergoing c-sections
the following day, and so labour wasn’t induced. As specific pro-inflammatory factors such as

PGE2, which is used to induce labour 2%

, is increased, this suggests that the overarching
PC/LPC ratio masks early signs of labour. Future work should include profiling the pro-
inflammatory/pro-resolving lipid mediator profile over pregnancy, to determine if it follows
the same tend as the PC/LPC ratio, but perhaps at a quicker pace, and the establishment of

the PC/LPC ratio in women during labour versus c-section.
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The main exception to the trend of increased lipid mediators in pregnant women is 5-oxo-
ETE, where the plasma from pregnant women had significantly higher levels than both the
non-pregnant and cord. This mediator provides the maternal immune system with a more
attractive environment for monocytes and neutrophils, both of which are elevated in
pregnancy. PGD2 is also an exception to this trend, which is hardly detectable in the plasma
from cord. High levels of PGD2 have been implicated in the inhibition of conventional
dendritic cell (cDC) maturation, which are impaired in neonates during paramyxoviral
infection 392, Thus, low levels are required for immune function in the neonate which is more

reliant on innate immunity.

3.5 Conclusion

The maternal systemic environment has an increasing anti-inflammatory status as gestation
progresses, evidenced by an increase in PC/LPC ratio, though this is contradicted by an
increase in the pro-resolving/pro-inflammatory lipid mediator ratio at term. Further work
needs to explore the impact of labour on these measurements. This chapter highlights a novel
technique to quantify lipids of interest quickly and effectively, and the ability to use intact
monocytes should provide insight into how their PC metabolism is altered with different

disease states.
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4.1 Introduction

4.1.1 Monocytes

Monocytes are phagocytes; they ingest foreign objects and expose them to lysosomal
enzymes for digestion. Phagocytosis can be either non-opsonic or opsonic (Figure 4.1). Non-
opsonic phagocytosis does not require the target molecule to be primed with
immunoglobulins and the phagocyte directly recognises the PAMPs. Non-opsonic PAMP

303 ‘mannose receptors 3%, CD14 3% and scavenger

receptors include C-type lectin receptors
receptors (e.g., CD36) 3°¢. CD36 and CD14 can recognise oxidised phosphatidyl serine (oxPS)
and lysophosphatidylcholine (LPC) which are exposed on the membrane of apoptotic cells for

clearance by phagocytes 307309,

During opsonic phagocytosis, pathogens are opsonised with immunoglobulins, the Fc
fragment of which can bind to Fc gamma receptors (FcyR) on phagocytic cells 31°. FcyRs in this
immunoglobulin superfamily include: FcyRI (CD64), FcyRIIA (CD32a), FcyRIIB (CD32b), FcyRINA
(CD16a), and FcyRIIIB (CD16b). Upon crosslinking with the IgG-coated molecule, the FcyRs
cluster and trigger a signalling cascade within their cytoplasmic domain initiated by the
tyrosine phosphorylation of immunoreceptor tyrosine-based activation motifs (ITAM) by SRC
kinases 319, SYK-family kinases are then recruited followed by activation of downstream
targets such as phosphoinositide 3-kinase (P13K) which in turn activates phospholipase Cy
(PLCy) 311 This triggers the calcium signalling pathways by increasing intracellular calcium.
The phagosomes are formed upon actin cytoskeleton and membrane remodelling (including
changes to the lipid composition) initiated by ITAM tyrosine phosphorylation. The signalling
cascade results in lysosomal degradation of the pathogen to the accompaniment of a
respiratory burst where ROS, such as hydrogen peroxide (H202) and superoxide anion (0?),
are produced. Whilst ROS are natural by-products and have roles in homeostasis, oxidative
stress can occur by ROS accumulation in response to environmental and other stressors. This
can cause significant damage to cells and their organelles, usually resulting in autophagy of

said damaged structures as a form of autoregulation.
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Opsonised
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Figure 4.1: Two different mechanisms of phagocytosis. Phagocytes can recognise apoptotic cells and PAMPs
which have oxPS or LPC molecules exposed on the membrane, by receptors such as CD36 (a scavenger receptor)
for clearance. Pathogens can also be coated with opsonins where they can be recognised by immunoglobulin
receptors such as CD64 for clearance.

The three monocyte subsets (classical, intermediate, and non-classical) are phenotypically
and functionally different, as touched upon in 1.2.3.1 Classical and non-classical monocytes.
Table 4.1, adapted from Sampath et al. 312, illustrates some of the phenotypic cell surface
marker expression of the different subsets. In response to cell surface TLRs such as LPS, non-
classical monocytes do not produce cytokines or ROS and as such, are weak phagocytes in

comparison to the classical monocytes 313,

However, upon stimulation with immune
complexes containing nucleic acids or viruses they secrete IL-1p, CCL3 and TNFa via the TLR7-
TLR8 mediated myeloid differentiation primary response (MyD88)/mitogen-activated protein
kinase kinase (MEK) pathway 3'4. Classical monocytes in contrast, do respond to the TLR4

agonist LPS, and preferentially produce IL-6, IL-8, IL-10, CCL2, CCL5, G-CSF and TNFa “°.
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Classical | Intermediate | Non-Classical

CCR2 ++4+ +/- -

CCR5 ++ +++ +/-
CD11b +++ +++ +/-
CD36 +++ ++ +/-
CDé62L + ++ -

CcD64 +++ +++ +/-
CD80 + +++ +/-
CD86 + +++ ++
CD163 ++ +++ +/-
CX;CR1 +/- ++ +++
HLA-DR +/- +++ ++

Table 4.1: A selection of cell surface markers expressed by monocyte subsets.

4.1.1 Monocytes in pregnancy

Monocytes are typically more activated during pregnancy when compared to not-pregnant
women evidence by increased expression of the activation markers CD14, CD64 and CD11b
3. Monocytes in pregnancy also produce more oxygen free radicals, and cytokine production
is decreased on stimulation with LPS in comparison to not-pregnant, but increased on
stimulation with a combination of LPS and IFNy 7’. These alterations in normal pregnancy are
further exacerbated in preeclampsia, with further elevation of activation markers 77. A study
has investigated the production of type 1 and type 2 cytokines from monocytes, to determine
if they contribute to the overarching Th2 environment of pregnancy. This study used
intracellular flow cytometry analysis and endotoxin stimulation to reveal that the monocytes
in pregnancy are primed to express IL-12, a type 1 cytokine 7, further implicating monocytes

as being in a state of heightened activation in pregnancy.

Zika virus (ZIKV) has been known to cause adverse obstetric outcomes if contracted during
pregnancy and causes birth defects such as microcephaly 1°° 162, Several studies have shown
that in the general population, to establish viremia, ZIKV targets peripheral monocytes,
specifically CD16* monocytes 31317, Monocytes are an ideal target for ZIKV to infiltrate tissue
such as the placenta 318, There are different lineages of ZIKV, and a study has unveiled that
during Asian-lineage infection in pregnancy, the non-classical monocytes are suppressed in
an exacerbated M2-skewed manner (increased expression of CD163, VEGF, IL-10) 3%

Similarly, to the general population, ZIKV targets peripheral monocytes in pregnancy and
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induces a more dramatic expansion of non-classical monocytes than in the non-pregnant
population in the first and second trimester 3%, Transcriptome analysis of the monocytes
upon ZIKV infection revealed a higher occurrence of genes in the first and second trimester
which are implicated in adverse obstetric outcomes, such as ADAMTS9 (arrest of cervical

dilation) and fibronectin 1 (preeclampsia) 31°-322,

4.1.2 Monocyte immunometabolism

Glycolysis is often ramped up by cells for quick production of ATP, despite the low yield per
molecule of glucose in comparison to OXPHOS. Glycolysis is more rapidly initiated via
upregulation of enzymes involved in the pathway, whilst increasing OXPHOS is a much slower
process requiring mitochondrial biogenesis. Glycolysis at higher rates also enables production
of biosynthetic intermediates to support cell growth and proliferation. Therefore, cells which

have a more immediate need for rapid ATP production will typically switch to glycolysis.

Monocyte metabolism has been described mostly in tandem with macrophages and dendritic
cells, with very little investigation into only monocytes. Some studies have investigated TLR4
and TLR2 microbial stimuli (LPS and Pam3CysSKa [P3C] respectively) to show that an increase
in glycolysis only occurred in monocytes stimulated with LPS but not in those stimulated with
P3C or alternative bacterial lysates 322, In order to retain their phagocytic and cytokine activity
in response to P3C, increased OXPHOS by monocytes was necessary. It was speculated that
the metabolic programmes which govern immune cell function are therefore unique to
individual stimuli 322, This supports the emerging data that a “one size fits all” switch to
glycolysis is not always the case. When complex | of the ETC was inhibited the P3C-stimulated
monocytes had reduced phagocytosis and cytokine production, in comparison to stimulation
with LPS which showed no change in these functions, further highlighting that the LPS-
stimulated monocytes do not rely on OXPHOS3?2, OXPHOS capabilities in monocytes appear
linked with their ability to phagocytose, probably due to the high energy requirements
necessary for phagocytosis and the high ATP yield of OXPHOS. Mitochondrial morphology
may contribute to the differences in OXPHOS between the two types of stimuli, as larger
mitochondria were observed in the monocytes stimulated with LPS in comparison with P3C

after 24-hr stimulation 322,
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Sites of inflammation are usually hypoglycaemic so understanding cellular metabolic
processes in low glucose settings is critical. To compensate for increased energy demands
upon LPS stimulation in glucose deprived conditions, monocytes increase their OXPHOS. This
has also been evidenced on exposure to fructose as an alternative carbon source to glucose;
LPS-stimulated monocytes now rely heavily on OXPHOS with reduced glycolytic flexibility on
exposure to fructose in place of glucose, with the increase in mTORC1 activity driving an

increase in the production of pro-inflammatory cytokines 228,

Over a short period of time, glycolysis produces more ATP than OXPHOS due to its fast
conversion rate. However, one molecule of a long-chain FA has an even greater ATP yield 323
Under low glucose conditions the monocyte switch to OXPHOS is seemingly fuelled mostly by
FAO, with FA derived from lipid droplets (LD), illustrating a switch from FA synthesis to
consumption 324, LDs are a source of FA for oxidation, and store mostly cholesterol esters and
triglycerides within a phospholipid layer. LDs interact with the mitochondria to efficiently
supply FAs for B-oxidation 32°. These LD-mitochondria interactions are orchestrated by AMP-
activated protein kinase (AMPK), the main cellular energy sensor 32>. AMPK has been found
to be activated in the monocytes under glucose deprivation conditions 324, AMPK was actually
found to be the vital regulator for the switch to OXPHQS, as inhibition of AMPK blocks this
metabolic switch 324, Functionally, these changes in metabolism under hypoglycaemic
conditions had no effect on monocyte viability, phagocytosis capabilities, cytokine production
or chemotactic migration 324, ROS generation is limited in glucose deprivation with a decrease
in LPS-induced NADPH oxidase-dependent respiratory burst, due to the direct effect of the
activation of AMPK 324, Levels of succinate are unchanged in monocytes under hypoglycaemic
conditions, and the utilisation of glutamine makes a minor contribution to the oxygen

consumption.

Clearly, cellular metabolism has a central role in determining monocyte function yet very little
is understood about the metabolic adaptations the monocytes undergo during a healthy
pregnancy. Given the many metabolic adaptations of pregnancy as discussed in 1.2.2
Metabolic adaptations in pregnancy, fuel availability and thereby alterations in the

bioenergetic flux within immune cells including monocytes is feasible.

96



Chapter 4 — Immunometabolism adaptations of monocytes at term

4.1.3 Rationale

Immunometabolism of heterogeneous MNCs — mostly lymphocytes and monocytes - is
altered at 37+ weeks of gestation in comparison to non-pregnant, where a reduction in
glycolysis was observed #'. It is important to determine whether discrete MNC populations
themselves show immunometabolic adaptation. Due to the inflammatory profile of
pregnancy 2°31, the innate immune system needs to be considered. Monocytes are a key
inflammatory cell population within MNCs that can be prepared readily and ethically from
the blood of pregnant women and are known to undergo metabolic adaptation in response

to different environmental cues.

4.1.4 Hypothesis

Metabolic adaptation by monocytes underpins pregnancy-related changes in their function.

97



Chapter 4 — Immunometabolism adaptations of monocytes at term

4.2 Materials and Methods

4.2.1 Samples
Blood samples were donated as in 2.1 Human blood collection. All women recruited for this
study were healthy or overweight, with obese and morbidly obese individuals excluded.
Obesity was defined as BMI of 2 30, where BMI is calculated as:
kg _ Mass (kg)

i ( /mz) " Height (m)2
4.2.2 Monocyte isolation
MNCs were first separated from the blood and monocytes isolated subsequently from the

MNCs via the isolation protocol as in 2.2 Monocyte isolation.

4.2.3 NanoString
The NanoString © nCounter ® Metabolic Pathways Panel was utilised with monocytes as

described in 2.11 NanoString and differential expression p-value adjustment was done with

Benjamini-Hochberg.

4.2.4 Flow cytometry

Basic phenotyping was performed as in 2.3 Flow cytometry. Antibodies used are shown in

Table 4.2. Antibody Fluorochrome Isotype Clone Company
CD11b PE Mouse 1gG1, k CBRM 1/5 Biolegend
CD14 eFluor ® 450 Mouse 1gG2a, k M5E2 Biolegend
CD16 VioBlue Mouse IgM, k VEP13 Miltenyi Biotec
CD16 Alexa Fluor 488 Mouse 1gG1, k 3G8 Biolegend
CD163 PE Mouse 1gG1, k GHI/61.1 Miltenyi Biotec
CD169 PE Mouse 1gG1, k 7-239 Miltenyi Biotec
CD192 (CCR2) PE Human IgG1 REA624  Miltenyi Biotec
CD195 (CCR5) PE Human IgG1 REA245  Miltenyi Biotec
CD220 PE Human IgG1 REA260  Miltenyi Biotec
CD279 (PD-1) PE Mouse 1gG2b, k PD1.3.1.3 Miltenyi Biotec
CD295 (LEPR) PE Human IgG1 REA361  Miltenyi Biotec
CD36 PE Mouse 1gG2a, K 5-271 Biolegend
CD38 PE Mouse 1gG1, k HB-7 Biolegend
CD62L PE Mouse 1gG1, k DREG-56 Biolegend
CDh64 PE Mouse 1gG1, k 10.1.1 Miltenyi Biotec
CD69 APC Mouse 1gG1, k FN50 Biolegend
CD80 PE Mouse 1gG1, k 2D10 Miltenyi Biotec
CD86 PE Mouse 1gG1, k FM95 Miltenyi Biotec
CDS8 FITC Mouse BALB/c1gG1, k UM7F8 BD Horizon
CX3CR1 PE Rat 1gG2b, k 2A9-1 Miltenyi Biotec
GLUT1 PE Mouse IgG2b, k FAB1418P R&D Systems
HLA-DR Brilliant Violet 421 Mouse 1gG2a, K L243 Biolegend

Table 4.2: Antibodies used for phenotypic analysis. List includes their fluorochrome, isotype, clone and

manufacturer.

98



Chapter 4 — Immunometabolism adaptations of monocytes at term

4.2.4.1 Mitochondrial dyes

MitoTracker Green FM ™ (ThermoFisher) is a stain for mitochondria which fluoresces
equivalently to FITC (Ex/Em 490/516 nm); it localises to the mitochondria in live cells
irrespective of mitochondrial membrane potential. 50 pug of MitoTracker Green FM ™ (MW
671.8797) was reconstituted with 74.4 ul of DMSO in the dark to give a stock of 1 mM
concentration. This was diluted 1/50 with FACS buffer then diluted a further 1/10
(concentration 2 uM). This 2 uM dilution was added 1/100 to 0.5 x 10° cells in 500 pl for a
final concentration of 20 nM. Cells were incubated in the dark for 30 mins at 37°C before
being washed with 2 ml FACS buffer and centrifuged at 512 x g for 7 mins at 4°C. A CD16
antibody (VioBlue)was added once the supernatant was discarded, and the protocol as in 2.3

Flow cytometry finished the experiment.

MitoSOX ™ Red (ThermoFisher) is a mitochondrial superoxide indicator. It targets the
mitochondria in live cells and is oxidised by superoxides only to produce a red fluorescence
(Ex/Em 510/580 nm). 50 pg of MitoSOX ™ Red (MW 759.71) is reconstituted with 13 ul DMSO
in the dark to produce a stock concentration of 5 mM. This was diluted 1/10 with FACS buffer
(concentration now 500 uM), before being diluted 1/100 into 0.5 x 10° cells in 500 pl for a
final concentration of 5 uM. Cells were incubated in the dark for 15 mins at 37°C before being
washed with 2 ml FACS buffer and centrifuged at 512 x g for 7 mins at 4°C. a-CD16 antibody
(VioBlue) was added once the supernatant was discarded, and the protocol as in 2.3 Flow

cytometry finished the experiment.

4.2.4.2 DCFDA Assay

Dichlorofluorescin diacetate (DCFDA) is a dye which diffuses into a cell to be oxidised by
hydroxyl, peroxyl and other ROS into a fluorescent molecule (2’,7’-dichlorofluorescein; Ex/Em
485 nm/535 nm). Thus, it is a tool to measure ROS activity of a cell. Monocytes were seeded
at 2 x 10° cells per 200 pl total culture media. To investigate the effect of activation on ROS
production, cells were left unstimulated or stimulated with oligomycin (1 uM), FCCP (1 uM)
or a combination of both. Stock of oligomycin (2.5 mM) and FCCP (2.5 mM) was first diluted
1/312.5 in culture media to produce a new stock of 8 uM. This was diluted 1/8 into

experiment wells. Oligomycin was added first, before incubation for 20 mins at 37°C, 5% CO..
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FCCP was then added at the same time as 2 ul DCFDA (5 uM; Abcam) and incubated for 30
mins at 37°C with 5% CO,. Cells were centrifuged at 515 x g for 7 mins at 4°C. Supernatant
was aspirated and cells resuspended with 100 ul FACS buffer. A anti-CD16 antibody (APC,
Clone 3G8, FCyRIll, Biolegend) was added and the protocol as in 2.3 Flow cytometry finished

the experiment.

4.2.4.3 BODIPY

Boron-dipyrromethene (BODIPY) fluorophore dyes are a series of products which have
specific spectral characteristics which can assist in the analysis of various molecules such as
fatty acids. BODIPY 493 (Ex/Em 500/509 nm) and BODIPY 500 (Ex/Em 508/514nm) allow for
investigation into fatty acid storage and uptake respectively. These experiments were always

performed in the dark.

Stock of BODIPY 493 (10 mg, ThermoFisher ©) was re-suspended in 10ml DMSO to give a
concentration of 1 mg/ml. This was aliquoted and frozen at -20°C until needed. Buffer used
was 2 mM EDTA with 0.5% BSA in PBS. BODIPY 493 was further diluted 1/10 with buffer to
give a concentration of 100 pg/ml. 2 ul of the dye was added to 2 x 10° of cells in 200 ul of
buffer, final concentration 1 ug/ml. Cells were incubated for 1 hr at 4°C in the dark. 2 ml FACS
buffer was added, and cells were centrifuged 512 x g for 7 mins at 4°C. a-CD16 antibody was
added once the supernatant was discarded, and the protocol as in 2.3 Flow cytometry finished

the experiment.

Stock of BODIPY 500 (1 mg, ThermoFisher ©) was re-suspended in DMSO to give a
concentration of 1 mM; this was aliquoted and stored at -20°C. This was diluted 1/10
(concentration 100 uM) with FACS buffer and then 2 pl added to 2 x 10° of cells in 200 pl of
FACS buffer (final concentration 1 pug/ml). This was then incubated for 20 mins at 37°C before
being washed with 2 ml FACS buffer and centrifuged 512 x g for 7 mins at 4°C. a-CD16
antibody was added once the supernatant was discarded, and the protocol as in 2.3 Flow

cytometry finished the experiment.
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4.2.4.4 Kynurenine assay

Kynurenine is produced from the amino acid tryptophan (Figure 4.2). It is involved in immune
regulation and is produced when an immune response is activated. It has been implicated in
various diseases such as depression where its production is compromised 3?6, Investigation
into the uptake of kynurenine by monocytes in pregnant and non-pregnant women was done
based on an assay described by Sinclair et al 327 and is based on the autofluorescence of
kynurenine (Ex/Em 380/480 nm — equivalent to Pacific Blue). Controls to block the uptake of
kynurenine were set up in order to conclude the shift in fluorescence observed is due to actual
kynurenine uptake. These controls are 4°C incubation, system L blocker 2-aminobicyclo-

(2,2,1)-heptane-2-carboxylic acid (BCH), and lysine which blocks system y + L.

Tryptophan = Serotonin

v
v Melatonin

N-Formylkynurenine

v

Anthranilic 22 Kynurenine =———————= Kynurenic Acid
Acid

v

3-Hydroxykynurenine === Xanthurenic Acid

v

) 3-Hydroxyanthranilic Acid === Cinnabarinic Acid

p 2-Aminomuconic - 6 -

Quinolinic Acid Semialdehyde

)
Picolinic Acid
NAD*

Figure 4.2: Tryptophan metabolism. Tryptophan can produce by-products such as serotonin which in turn
produces melatonin. Kynurenine is generated from tryptophan via N-formylkynurenine in a reaction catalysed by
tryptophan 2,3-dioxygenase (TDO) and indoleamine 2,3-dioxygenase (IDO). Kynurenine can then be further
metabolised to produce a number of other products. Kynurenic acid is produced with a reaction catalysed by
kynurenine aminotransferases (KATs). Kynurenine is catalysed with kynureninase to produce anthranilic acid. To
produce the final product NAD+, kynurenine undergoes four reaction steps catalysed by tryptophan 3-
monooxygenase (TMO), kynureninase, 3-hydroxyanthralinic acid dioxygenase (HAADO), and quinolinic acid
phosphoribosyltransferase (QAPBT) via 3-hydroxykynurenine, 3-hydroxyantharlinic acid and quinolinic acid
respectively. Xanthurenic acid, cinnabarinic acid, 2-aminomuconic-6-semialdehyde and picolinic acid are various
by-products produced by the various steps.

0.5 x10° cells in 100 pl RPMI 1640/Glutamax were stained in quintuplet with FITC anti-CD16
antibody (BioLegend), with one unstained test, and incubated for 30 mins at 4°C. The cells

were then washed with 2 ml FACS buffer and centrifuged at 512 x g for 7 mins at 4°C. The
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supernatant was discarded, and the cells re-suspended in 200 ul warmed Hanks’ Balanced
Salt Solution (HBSS; Life Technologies). All solutions were kept at 37°C. Kynurenine (Tocris)
was added so that the final concentration was 200 pM; it was first diluted 1:12.5 from 10 mM
stock. A control with an inhibitor of system L amino acid transporters, BCH, and a control with
lysine was used to ensure specificity. BCH (Sigma) was diluted from stock (50 mM) to 40mM
(1:1.25) for a final concentration of 10 mM for the uptake. Lysine (Sigma) did not need to be
diluted, the stock was 20 mM, to provide a final concentration of 5 mM. A control of uptake
at 4°C also confirmed surface binding did not occur, and that it was transported kynurenine

being measured. Additions to the individual 6 tubes as in Table 4.3.

Unstained 200 pl HBSS

No-kynurenine + CD16 200 pl HBSS

Kynurenine + CD16 100 pl HBSS + 100 pl Kynurenine
BCH + CD16 100 pl BCH + 100 pl Kynurenine
4°C + CD16 100 pl HBSS + 100 pl Kynurenine
Lysine + CD16 100 pl Lysine + 100 ul Kynurenine

Table 4.3: Conditions for the kynurenine assay and their respective components

Kynurenine was added last and simultaneously to all the conditions. Samples were left for 4
mins and then 125 pl of 4% paraformaldehyde (PFA; Sigma) was added to stop uptake.
Samples were incubated for 30 mins in the dark at RT, and washed twice with 0.5% BSA in
PBS, and finally re-suspended in 200 pl 0.5% BSA in PBS for acquisition on the flow cytometer.

An example histogram of kynurenine and the controls can be visualised in Figure 4.3.

Kynurenine + CD16

J

A

40C

Lysine

BCH

CD16 only

Unstained

Kynurenine »

Figure 4.3: An example of histogram for the kynurenine assay with the controls. The pacific blue (kynurenine)
fluorescence for the unstained, CD16 only, BCH + kynurenine, lysine + kynurenine, kynurenine at 4°C, kynurenine
+ CD16 under optimal conditions with no inhibitor.
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4.2.4.5 Phagocytosis assay

pHrodo ™ red E. coli BioParticles ™ conjugate for phagocytosis (ThermoFisher; Max Ex/Em
560/585 nm, equivalent to PE) are pH-sensitive and only fluoresce inside phagosomes as the
pH becomes more acidic. The BioParticles were re-constituted with uptake buffer
(ThermoFisher) to produce a 1 mg/ml stock. 2 x 10 ®> monocytes were seeded at 200 pl per
well in culture media. BioParticles were added at either 10 pug/ml or 25 pg/ml and the cells
were incubated at 37°C in 5% CO; for 1 hr. Cells were placed on ice to prevent further
phagocytosis and stained with anti-CD16 (APC, Clone 3G8, FCyRIll, Biolegend) for 30 mins.
Samples were centrifuged at 515 x g for 7 mins at 4°C, supernatant discarded, cells re-

suspended in 200 ul FACS buffer and then acquired on the flow cytometer.

4.2.5 Bioenergetics
Glycolytic and oxidative phosphorylation capabilities were determined as in 2.6 Bioenergetic

analysis. The mitochondrial use of fuels was determined as in 2.6.4 Mito Fuel Flex test.

4.2.6 Cardiolipin quantification
During the lipid extraction process, the monocytes were spiked with a 14:0 cardiolipin

standard (Avanti) and analysed via MALDI-ToF as described in 2.10 Mass spectrometry.

4.2.7 Cell culture
Monocytes were left unstimulated or stimulated with LPS, MDP, or LPS and R848 as in 2.6 Cell
culture with autologous plasma culture media for 24 hrs. Autologous plasma was used instead

of FBS to provide a semblance of the native non-pregnant or pregnant environment.

4.2.8 ELISAs

ELISAs were carried out as in 2.7 Enzyme linked immunosorbent assay (ELISA), using the R&D
Systems kits for IL-1B, TNFa, IL-6, IL-8, IL-10, and IL-12p70. Due to the use of autologous
plasma, cytokine measurements observed in media only were checked, but no detectable

cytokines were present.
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4.2.9 Eicosanoids with LC-MS/MS

1 x 10° monocytes were left unstimulated or stimulated with LPS (10 ng/ml) in 1 ml
autologous culture media for 22 hr at 37°C with 5% CO,. Samples were centrifuged at 515 x g
for 7 mins at 4°C end the cell-free supernatant extracted. Supernatants were frozen at -80°C
until shipping to the Lipidomic Core Facility, Université de Toulouse for analysis with LC-
MS/MS 274, Eicosanoids which were detectable from the monocyte supernatants can be seen

in Table 4.4. Measurements from the autologous media was subtracted from the

supernatants.

Inactive products Pro-Inflammatory mediators |Pro-resolving mediators
TXB2 PGE2 PGA:1

Pathway markers PGF2a Bioactive mediators
5-HETE LTB4 8-HETE

15-HETE Oxidative stress markers 12-HETE

14-HDoHE 9-HODE

17-HDoHE 13-HODE

18-HEPE 8-iso-PGA2

Table 4.4: The classification of each eicosanoid which was quantifiable in the supernatants from monocyte
cultures.
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4.3  Results

4.3.1 Non-classical monocyte levels are elevated in pregnancy

As discussed in 1.2.3Monocytes in pregnancy, monocytes are heterogenous and with
pregnancy being a state of heightened inflammation, the levels of classical vs non-classical
monocytes needed to be considered. Figure 4.4 illustrates the histograms of monocytes for
non-pregnant and pregnant donors, and the percentage of CD16 and CD16" monocytes in the
two groups. The percentage of CD16+ in non-pregnant women ranges between 3 and 10%. In
pregnant women, this percentage significantly increases to a range between 11 and 30%

which is in keeping with findings from other groups 328329,
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Figure 4.4: The ratio of CD16+/CD16- monocytes in non-pregnant and pregnant women. Monocytes from
non-pregnant (grey; n=15) and pregnant women (blue; n=14) were stained with CD16 antibody as described in the
Materials and Methods. Example histograms are shown for the staining of CD16 on the monocytes. The percentage
of CD16-positive (p < 0.0001) and CD16-negative (p < 0.0001) monocytes was calculated. Statistics were
determined using a Mann-Whitney test where a p value < 0.05 was deemed significant.

4.3.2 Monocytes are phenotypically altered to adapt to the pregnant environment

To determine the activity of the monocytes in pregnancy, expression of common activation
markers was investigated. CD62L, also known as L-selectin, is a cell adhesion molecule. This
marker is unchanged for both monocyte subsets (Figure 4.5 A). CD69 is an early activation
marker and is the human transmembrane C-Type lectin protein. This marker is unchanged in
both subsets of monocytes in pregnancy (Figure 4.5 B). Integrin-a-M (ITGAM), also known as
CD11b, regulates the adhesion and migration of leukocytes. CD11b is significantly increased
in the CD16* population of monocytes in pregnancy (Figure 4.5 C). Human leukocyte antigen
— DR isotype (HLA-DR) - is an MHC class Il molecule whose primary role is to present foreign

peptides to elicit a CD4 T cell response along with other factors such as costimulatory and
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coinhibitory molecules which determine the tenor of response. HLA-DR is significantly

upregulated in both CD16+ and CD16- monocytes in pregnancy (Figure 4.5 D).
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Figure 4.5: Activation marker expression on CD16+ and CD16- monocytes from non-pregnant and pregnant
women. Non-pregnant (NP) is illustrated in grey (n=12), and pregnant (P) in blue (n=12). An example histogram
for each group is shown on the left and summary data on the right as scatter plots. Statistical analysis was by 2-
way ANOVA and a Sidak’s post-hoc test, where p < 0.05 was deemed significant. Activation markers which were
measured were: (A) CD62L (p = 0.1334 CD16+, p = 0.6407 CD16-), (B) CD69 (p = 0.1922 CD16+, p = 0.0268
CD16-), (C) CD11b (p = 0.0328 CD16+, p = 0.7540 CD16-) and (D) HLA-DR (p = 0.0006 CD16+, p = 0.0212 CD16-
)-
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Chemokine receptors interact with a particular type of cytokine, called a chemokine, the
name of which is derived from their aptitude to induce directed chemotaxis in responsive
cells. Chemokines interact with their specific receptors to trigger a flux in intracellular calcium
ions, to induce cell responses including chemotaxis. There are four main subfamilies of
chemokines and chemokine receptors: CXC, CC, CX3C and XC. C-C chemokine receptor type 2
(CCR2) exclusively mediates monocyte chemotaxis via interaction with monocyte
chemoattractant protein-1 (MCP-1; CCL2). CD16- monocytes are said to be CCR2
negative/low with CD16+ monocytes CCR2 positive, assisting in distinguishing between the
two subsets. In pregnancy, the CD16+ monocytes appear to increase their CCR2 expression,
although this change is not significant, and expression on the CD16- population remains
unchanged (Figure 4.6 A). C-C chemokine receptor type 5 (CCR5) is present on all leukocytes
and interacts with various ligands such as CCL3 (MIP 1a), CCL4 (MIP 1B), CCL5 (RANTES) and
CCLsL1. The normal immune function of CCRS5 is still unclear, although it is known that it is

used by HIV-1 to enter immune cells 3%

, and during the cancer transformation process it is
selectively induced 331. CCRS5 is significantly elevated on CD16+ monocytes during pregnancy,
with no change in the CD16- subset (Figure 4.6 B). CXsC chemokine receptor 1 (CXsCR1) is a
fractalkine receptor which binds specifically to the fractalkine CXsCL1. CX3CR1 is present on
leukocytes and is involved in their migration and adhesion. It is also another chemokine
receptor which can be used to assist in distinguishing between CD16+ and CD16- monocytes,
as it is positively and negatively expressed respectively. CXsCR1 promotes monocyte cell

survival, and is required for their homeostasis 332, In pregnancy, expression of CX3CR1 by

CD16+ monocytes is reduced with no change on the CD16- subset (Figure 4.6 C).
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Figure 4.6: Chemokine receptor expression on CD16+ and CD16- monocytes in pregnancy. Non-pregnant
(NP) is illustrated in grey (n=12), and pregnant (P) in blue (n=12). An example histogram for each group is shown
on the left and summary data on the right as scatter plots. Statistics were determined using 2-way ANOVA and a
Sidak’s post-hoc test, where p < 0.05 was deemed significant. Chemokine receptor expressions which were
measured were: (A) CCR2 (p = 0.0532 CD16+, p = 0.1824 CD16-), (B) CCR5 (p = 0.0290 CD16+, p = 0.4462
CD16-) and (C) CX3CR1 (p = 0.0023 CD16+, p = 0.6675 CD16-).

Pregnancy is accompanied by various hormonal adaptations, including those of a metabolic
nature. As discussed in 1.2.2 Metabolic adaptations in pregnancy, insulin resistance is a
common feature which develops over the course of pregnancy, and excessive resistance to
insulin leads to adverse pregnancy outcomes like gestation diabetes mellitus 333 334,
Monocytes are sensitive to insulin, and illustrate enhanced inflammatory properties, such as
increasing the production of IL-6 and TNFa on exposure to insulin 33336 The insulin receptor
(CD220) is present on monocytes as well as other cells and allows insulin molecules to bind
and induce glycogen synthesis and regulates gene expression such as MAPK 337 338 Flow
cytometry analysis illustrates that there is no change in the expression of CD220 in either

subset of monocytes in pregnancy (Figure 4.7 A). Leptin is another metabolic hormone which
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is increased in pregnancy 3%

. Its primary function is to assist in the regulation of energy
balance by inhibiting hunger, which leads to the diminishing of fat storage. Leptin also has
various roles in immune cells, for example it is required for Th17 differentiation, it can
suppress Treg differentiation, inhibit NK cell activation, and inhibition of the leptin receptor
(CD295) prevents phagocytic and microbicidal functions of macrophages and dendritic cell
maturation 3*°, In regards to monocytes, leptin can stimulate migration, cytokine secretion

and CD16 expression 11, CD295 is significantly elevated on both subsets of monocytes in

pregnancy (Figure 4.7 B).
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Figure 4.7: Metabolic hormone receptor expression on CD16+ and CD16- monocytes in pregnancy. Non-
pregnant (NP) is illustrated in grey (n=12), and pregnant (P) in blue (n=12). An example histogram for each group
is shown on the left and summary data on the right as scatter plots. Statistics were determined using 2-way ANOVA
and a Sidak’s post-hoc test, where p < 0.05 was deemed significant. The metabolic hormone receptor expressions
which were measured were: (A) CD220 (p = 0.9953 CD16+, p = 0.8496 CD16-) and (B) CD295 (p = 0.0026 CD16+,
p =0.0313 CD16-).

Monocytes can serve as antigen presenting cells (APCs) and CD80 (B7-1) and CD86 (B7-2) work
in tandem to stimulate a T cell response via interaction without counter co-
stimulatory/inhibitory molecules on the T cell. CD80/CD86 bind to co-stimulatory CD28 on T
cells but can also bind to co-inhibitory CTLA-4 on Treg cells, with CD86 possessing a greater
affinity for CTLA-4 rather than CD28. CD80 has also been suggested to interact with a discrete
ligand on NK cells which triggers NK cell-mediated cytotoxicity of the CD80 expressing cell 34,
CD80 expression is up-regulated in both subsets of monocytes in pregnancy (Figure 4.8 A)

whilst CD86 expression is unchanged (Figure 4.8 B).
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Figure 4.8: T cell co-stimulatory counter-receptors on CD16+ and CD16- monocytes in pregnancy. Non-

pregnant (NP) is illustrated in grey (n=12), and pregnant (P) in blue (n=12). An example histogram for each group
is shown on the left and summary data on the right as scatter plots. Statistics were determined using 2-way
ANOVAs and a Sidak’s post-hoc test, where p < 0.05 was deemed significant. The expression of T cell co-
stimulatory markers which were measured were: (A) CD80 (p = 0.0033 CD16+, p = 0.0219 CD16-) and (B) CD86
(p = 0.3074 CD16+, p = 0.5380 CD16-).

Analysis of other surtace molecules can provide insight into potential tunctional changes in
monocytes. Cyclic ADP ribose hydrolase (CD38) is a glycoprotein whose function is implicated
in signal transduction, cell adhesion and calcium signalling. It is a multifunctional ectoenzyme
(nucleotide metabolising enzyme) responsible for the synthesis of cyclic ADP-ribose and
nicotinic acid-adenine dinucleotide phosphate (NAADP), products which are essential for
intracellular calcium regulation. CD38 in malignant myeloma cells is required for oxidative
phosphorylation and mitochondrial content, as knock down murine models have illustrated a
decrease in both 342, Conversely, studies in aging have found that the increasing levels of CD38
are inversely proportional to the mitochondrial function of cells 3. In pregnancy, CD38

expression is increased in both subsets of monocytes (Figure 4.9 A).

Monocytes can bind immunoglobulins as one of their ways to perform phagocytosis
(opsonisation — see Figure 4.1) They can bind monomeric 1gG via FcyRI (CD64) to trigger
cellular activation. CD64 expression in pregnancy is increased in both CD16+ and CD16-

subsets of monocytes (Figure 4.9 B).
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A scavenger receptor for haemoglobin and the haemoglobin-haptoglobin complex (CD163) is
a monocyte lineage marker. It also acts as a sensor for Gram-negative and Gram-positive
bacteria. Once bound to the haemoglobin-haptoglobin complex, the complex is internalised
and the globin and heme are metabolised leading to iron metabolism and antioxidant
pathway changes and polarisation. In pregnancy, no changes are observed in expression of
CD163 in either subset of monocytes (Figure 4.9 C). Sialic acids are found in glycoproteins and
gangliosides, and are found on cell surfaces of certain bacteria, and vertebrates and some
invertebrates. Sialoadhesion (CD169 or siglec-1) is a macrophage I-type lectin cell adhesion
molecule which binds sialic acids. A salt bridge is produced between the sialic acid carboxylate
group and a highly conserved arginine residue. CD169 mediates juxtracrine signalling with
predominantly neutrophils, but also monocytes, NK cells, cytotoxic T cells and B cells. In both

subsets of monocytes, CD169 expression is elevated in pregnancy (Figure 4.9 D).

Overall, the phenotype of the monocytes in pregnancy is distinct from that of non-pregnant
women. They have more pro-inflammatory and activated markers, suggesting they are either
primed for infection, or their constant state of vigilance may leave them excessively activated
and contribute to damage expressed by a PAMP or DAMP. Investigation into whether they
are produced with this phenotype in the bone marrow, or upon exposure to the environment,
is warranted, but not possible with human subjects. This will be discussed in greater detail in
Chapter 8 — General discussion. The activated phenotype of the monocytes proves a need for

their metabolic and functional state need to be determined.
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Figure 4.9: Characteristic markers expressed on CD16+ and CD16- monocytes in pregnancy. Non-pregnant
(NP) is illustrated in grey (n=12), and pregnant (P) in blue (n=12). An example histogram for each group is shown
on the left and summary data on the right as scatter plots. Statistics were determined using 2-way ANOVA and a
Sidak’s post-hoc test, where p < 0.05 was deemed significant. Phenotypic markers which were measured were:
(A) CD38 (p = 0.0005 CD16+, p = 0.0010 CD16-), (B) CD64 (p = 0.0004 CD16+, p = 0.0160 CD16-), (C) CD163
(p =0.8754 CD16+, p = 0.4474 CD16-) and (D) CD169 (p = 0.0259 CD16+, p = 0.0490 CD16-).
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4.3.3 Monocytes in pregnancy have genetically altered metabolic pathways

The use of NanoString © technology allows for the investigation into over 700 genes
simultaneously in a sample. Monocytes from non-pregnant women aged under 40 years (n=6)
were used as a control against age-matched pregnant women at term (n=6) to determine any
differences in their metabolic pathways. Figure 4.10 illustrates the overall log2 fold change of
the genes measurable in these samples with their relevant p values. The top 40 most
significantly altered genes are labelled. There are various different genes which are significant

and can be visualised in Figure 4.10.

With the vast number of genes analysed, there appears to be few of significant individual
value. However, when considering numerous genes are involved in different processes, it is
vital to investigate if there is more of an overarching significant difference by looking at
specific pathways. NanoString © data analysis compiles arbitrary pathway scores by
condensing the gene expression profiles of each sample. This can be illustrated by a heat map
as in Figure 4.11 which shows how the samples cluster based on how similar their pathway

scores are.

The pathway scores can also be plotted, and statistics derived (Figure 4.12). Pathways which
are indicated to be elevated in the monocytes at 37+ weeks gestation are: AMPK (p = 0.0004),
cell cycle (p = 0.0001), mitochondrial respiration (p = 0.0288), TLR signalling (p < 0.0001), and
transcriptional regulation (p < 0.0001). In contrast, the following pathways are
downregulated: amino acid transporters (p = 0.0001), antigen presentation (p = 0.0004),
autophagy (p = 0.0008), cytokine and chemokine signalling (p < 0.0001), hypoxia (p = 0.0072),
MAPK (p < 0.0001), NF-kB (p = 0.0004), PI3K (p < 0.0001), reactive oxygen response (p =
0.0002), TCR & Costimulatory signalling (p = 0.0002), and mTOR (p = 0.0004).

It is vital to determine if these pathways are actually affected so this was determined with

follow on experiments.
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Figure 4.10: Volcano plot of the differential expression of genes in monocytes from non-pregnant vs
pregnant women. Using the non-pregnant sample as a baseline, the differential expression of genes in the
monocytes of pregnant women are illustrated, where the negative log2 (fold change) suggests a decrease in
expression in comparison to the non-pregnant, and the positive log2 (fold change) an increase in expression. The
p values calculated using a Benjamini-Hochberg test; p < 0.05 is deemed significant. The top 20 genes which were
significant are: IDH1 (p = 0.0005), TLR7 (p = 0.0020), STAT1 (p = 0.0034), IRF1 (p = 0.0044), PSME2 (p = 0.0051),
ACSF3 (p = 0.0051), PUDP (p = 0.0051), ZNF136 (p = 0.0108), RIMKLB (p = 0.0108), STAT3 (p = 0.0108),
SQSTM1 (p = 0.0108), RB1CC1 (p = 0.0108), JAK2 (p = 0.0108), ALOX5 (p = 0.0108), FDX1 (p =0.0117), PPM1A
(p=0.0117), PDCD1LG2 (p = 0.0118), RBBP5 (p = 0.0125), TLR2 (p = 0.0144), and PEMT (p = 0.0144).
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Figure 4.12: The pathway score take into account the various genes involved, with the increasing score corresponding to mostly increasing expression. Monocyte
cell lysates were analysed using the NanoString nCounter® Human Metabolism panel and a comparison between the non-pregnant and pregnant samples made. Statistics
were determined using a 2-way ANOVA and a Sidak’s post-hoc test, where p < 0.05 is significant. The pathways for which a score was calculated were: AMPK (p = 0.0004),
amino acid synthesis (p = 0.1970), amino acid transporters (p = 0.0001), antigen presentation (p = 0.0004), arginine metabolism (p > 0.9999), autophagy (p = 0.0008), cell cycle
(p =0.0001), cytokine and chemokine signalling (p < 0.0001), DNA damage repair (p = 0.0822), endocytosis (p > 0.9999), epigenetic recognition (p = 0.2612), fatty acid oxidation
(p = 0.6285), fatty acid synthesis (p = 0.0672), glutamine metabolism (p = 0.6316), glycolysis (p = 0.9371), hypoxia (p = 0.0072), IDH12 activity (0.5766), KEAP1RNF2 pathway
(p > 0.9999), lysosomal degradation (p = 0.3570), MAPK (p < 0.0001), mitochondrial respiration (p = 0.0288), Myc (p = 0.8168), NF-kB (p = 0.0004), nucleotide salvage (p =
0.1882), nucleotide synthesis (p = 0.3031), PI3K (p < 0.0001), pentose phosphate pathway (p = 0.6466), reactive oxygen response (p = 0.0002), TCR and costimulatory
signalling (p = 0.0002), TLR signalling (p < 0.0001), transcriptional regulation (p < 0.0001), tryptophan/kynurenine metabolism (p = 0.0907), vitamin and cofactor metabolism (p
= 0.2956), mTOR (p = 0.0004) and p53 (p = 0.9998).
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4.3.4 Monocytes have reduced oxidative phosphorylation capabilities in pregnancy

The NanoString © data suggested that the genes involved in mitochondrial respiration were
up regulated. However, the genes involved in the mTOR pathway, a key regulator of
mitochondrial oxygen consumption, were downregulated. Treatment with rapamycin, the
inhibitor of mTOR, studies have been found to lower oxygen consumption and mitochondrial
membrane potential 3**. Bioenergetics of isolated total CD14+ monocytes were therefore
used to analyse the oxidative phosphorylation and glycolytic abilities of the cells. Figure 4.13A
shows the bioenergetic profile and individual values for the oxygen consumption rate (OCR)
of the cells, with the addition of oligomycin, FCCP and then antimycin A and rotenone, to
allow the measurement of oxidative phosphorylation. Figure 4.13B also shows the
extracellular acidification rate of the cells; this gives an indication of glycolysis. Pregnancy is
associated with a significant down-regulation of oxidative phosphorylation especially in its
maximal respiration (Figure 3.13C) and spare respiratory capacity value (maximal — basal
respiration) and percentage (maximal / basal respiration x 100) profiles (Figure 3.131&J),
whilst showing no change in glycolysis. Despite this, it appears that ATP production is

unaffected (Figure 3.13F).
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Figure 4.13: The bioenergetic capabilities of total CD14+ monocytes from non-pregnant and pregnant (37+
weeks) women. Total CD14+ monocytes isolated using magnetic microbeads from periperhal blood of non-
pregannt (grey; n=5) and pregnant (blue; n=6) women were analysed for their oxidative phosphorylation and
glycolysis using the MitoStress assay with the Seahorse®© Extracellular Flux analyser. Traces for (A) OCR and (B)
ECAR illustrate the responses of the monocytes to each injection. Statistics were performed using a Mann-Whitney
test where p < 0.05 was deemed significant. Parameters which were measurable were: (C) basal (p = 0.5368) and
maximal OCR (p = 0.0087), (D) basal (p = 0.1255) and maximal ECAR (p = 0. 9307), (E) coupling efficiency (p =
0.9307), (F) ATP production (p = 0.7922), (G) proton leak (p = 0.7922), (H) non-mitochondrial oxygen consumption
(p = 0.6623 (I) spare respiratory capacity (p = 0.0087) and (J) the percentage spare respiratory capacity (p =

0.0173).
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Due to the reduction in OXPHOS in pregnancy, the next step looked at the mitochondria in
the monocytes. The use of MitoTracker Green ™ (Figure 4.14A) on the flow cytometer allows
for the differentiation of the monocyte subsets and illustrates the depletion of mitochondria
in both CD16+ and CD16- monocytes from pregnant women. This is further evidenced by
using MALDI-ToF on whole monocytes to investigate the relative quantity of cardiolipin
(Figure 4.14B), which shows a reduction in the monocytes from pregnancy. Cardiolipin is an
integral lipid of the mitochondria and is synthesised on the matrix side of the inner
mitochondrial membrane. The reduction in the quantity of mitochondria likely explains the

reduced OXPHOS seen in the total monocytes in Figure 3.13.
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Figure 4.14: Mitochondrial content in monocytes from non-pregnant and pregnant (37+ weeks) women.
Monocytes were analysed using flow cytometry or MALDI-ToF to investigate the mitochondrial content in non-
pregnant (grey; n=10 MitoTracker, n=3 cardiolipin) and pregnant (blue; n=10 MitoTracker, n=5 cardiolipin) women.
Statistics performed was either a two-way ANOVA and a Sidak’s post-hoc test, or Mann-Whitney test where p <
0.05 was deemed significant. Mitochondrial content was determined using (A) MitoTracker Green ™ for CD16+ (p
= 0.0024) and CD16- (p = 0.0021) monocytes and (B) relative cardiolipin concentration in total monocytes (p =
0.0357).

The pathway scores from the NanoString © suggested that the genes involved in the reactive
oxygen response in the monocytes are downregulated. During OXPHOS, mitochondrial ROS
(mtROS) are produced, specifically superoxide (caused by the partial reduction of oxygen
from leaking electrons from complex | and Ill) and subsequently hydrogen peroxide. To
further delve into the reduced OXPHOS in monocytes from pregnant women, mitochondrial

superoxide levels were measured using MitoSOX Red ™ (Figure 4.15A). While not quite
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significant, there appears to be a slight decrease in the amount of mitochondrial superoxide
in both CD16+ and CD16- monocytes of pregnant women. It is also vital to see if total cellular
ROS is affected by pregnancy in the monocytes. This was done with the DCFDA assay (Figure
4.15B), with oligomycin and FCCP to mimic the conditions used in the bioenergetics assay.

This yielded no significant changes in cellular ROS production for the monocytes in pregnancy.
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Figure 4.15: Mitochondrial and cellular ROS production by monocytes from non-pregnant and pregnant
(37+ weeks) women. Monocytes from non-pregnant (grey; n=12) and pregnant (blue; n =12 MitoSOX, n=8
DCFDA) women were analysed using flow cytometry as described in the materials and methods to determine
mitochondrial and cellular ROS activity. Statistics were performed using a 2-way ANOVA and a Sidak’s post-hoc
test, where p < 0.05 was deemed significant. Mitochondrial superoxide activity was determined with (A) MitoSOX
Red (p = 0.0629 CD16+, p = 0.0572 CD16-), whereas cellular ROS activity was measured with (B) the DCFDA
assay with oligomycin (p = 0.9810 CD14+, p > 0.9999 CD16+, p = 0.9814 CD16-), FCCP (p > 0.9999 CD14, p >
0.9999 CD16+, p > 0.9999 CD16-), or a combination of oligomycin/FCCP (p > 0.9999 CD14, p = 0.7040 CD16+,
p > 0.9999 CD16-).
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4.3.5 CD16+ and CD16- monocytes have altered metabolic transporter expression in
pregnancy

Changes in OXPHOS during pregnancy could be due to a change in fuel resource. NanoString
© analysis suggested a downregulation in the genes involved in amino acid transporters for
example. Therefore, the expression of key metabolic transporters were considered by flow
cytometry. CD36, a multi-functional receptor that has a role in importing fatty acids (FA) into

cells 34>

, was increased significantly in both monocyte subsets with pregnancy (Figure 4.16A).
Conversely, CD98 which is a heterodimer long chain amino acid transporter (LAT1) 346, was
decreased significantly in both subsets in pregnancy (Figure 4.16B). Glucose transporter 1
(GLUT1), responsible for facilitating glucose across the membranes of cells, was found to be
unchanged in pregnancy (Figure 4.16C). Despite trying different CD16 antibodies to

differentiate the monocytes for intracellular GLUT1 expression, this was not possible.
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Figure 4.16: Expression of metabolic transporters in CD16+ and CD16- monocytes from non-pregnant and
pregnant (37+ weeks) women. Subsets of monocytes from non-pregnant (grey; n=7 CD36, CD98, n=12 GLUT1)
and pregnant (blue; n=7 CD36, CD98, n=10 GLUT1) women were analysed for key metabolic transporter
expression with flow cytometry as described in the materials and methods. Statistics were performed with a 2-way
ANOVA and a Sidék’s post-hoc test, or Mann-Whitney test and p < 0.05 deemed significant. Receptors measured
were: (A) CD36 (p = 0.0025 CD16+, p = 0.0043 CD16-), (B) CD98 (p = 0.0043 CD16+, p = 0.0043 CD16-) and (C)
GLUT1 (p = 0.7400).
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4.3.6 Fatty acid uptake and storage is unchanged in the monocytes during pregnancy

Fatty acids are utilised by monocytes as one of their various energy sources. Due to the
changes observed above of increased expression of the fatty acid translocase marker CD36
and the reduction in oxidative phosphorylation, investigating fatty acid uptake and storage
was deemed necessary. CD36 function, however, is not limited to only fatty acid transport; it
has other roles such as phagocytosis, calcium flux and production of prostaglandin E; 347348,
The BODIPY ® fluorophore dyes are intrinsically lipophilic and intensely fluorescent that mimic
in vivo natural lipids and provide effective tracers of lipid trafficking. BODIPY 493 is used to
specifically stain for cellular neutral lipid droplets and non-polar lipids3*° so provides insight
into the lipid content of the cell. BODIPY 500 mimics fatty acids and can become incorporated
into the cells, allowing for the measurement of fatty acid uptake. BODIPY 493 was not
significantly different in either monocyte subsets in pregnancy (Figure 4.17 A&B) suggesting
no difference in lipid content. BODIPY 500 was also unchanged in both subsets of monocytes
in pregnancy (Figure 4.17 A&B). The results shown in Figure 3.17 A&B were from analysis of
freshly isolated cells, so the effects of cell activation were then considered. Monocytes were
cultured for 24hr unstimulated and stimulated with either LPS or MDP. Due to the ability of
monocytes to acquire and/or up-regulate CD16 expression over long periods of time, subset
analysis was not performed. Both BODIPY 493 and 500 were unchanged for all of the
conditions in pregnancy (Figure 4.17C). LipidTOX ™ can also be used to determine steatosis
(intracellular accumulation of neutral lipids). The use of this dye on monocytes illustrated no
significant difference in their pool of lipids (Figure 4.18). Overall, this means that despite
higher expression of CD36 on monocytes from pregnant women there is no evidence of

increased fatty acid uptake or accumulation.
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Figure 4.17: Fatty acid uptake and storage in monocytes from non-pregnant and pregnant (37+ weeks)
women. |solated monocytes from frnon-pregnant (grey; n=8 BODIPY 493, n=5 24hr, n=10 BODIPY500, n=6 24hr)
and pregnant (blue; n=9 BODIPY 493, n=5 24hr, n=7 BODIPY 500, n=4 24hr) women were anlaysed with BODIPY
493 for FA storage and BODIPY 500 for FA uptake. Statistics were determined using 2-way ANOVAs and a Sidak’s
post-hoc test, where p < 0.05 was deemed significant. (A) Example histograms of BODIPY 493 and BODIPY 500.
(B) Basal expression of the monocyte subsets were measured for: BODIPY 493 (p = 0.1861 CD16+, p = 0.8415
CD16-) and BODIPY 500 (p = 0.1861 CD16+, p = 0.8415 CD16-). (C) Expression of BODIPY 493 and BODIPY
500 was measured in total monocytes for time 0 (p = 0.9374 BODIPY 493; p = 0.9921 BODIPY 500) and post-24
hrs for unstimulated (p = 0.9374 BODIPY 493; p = 0.1993 BODIPY 500), LPS (p > 0.9999 BODIPY 493; p > 0.9999
BODIPY 500) and MDP (p > 0.9999 BODIPY 493; p = 0.1211 BODIPY 500).
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Figure 4.18: The accumulation of neutral lipids in monocytes from non-pregnant and pregnant (37+ weeks)
women. Monocytes from non-pregnant (grey; n=10) and pregnant (blue; n=10) women were stained with LipidTOX
™ and analysed using flow cytometry as described in the Materials and Methods. Statistics were performed using
a 2-way ANOVA and a Sidak’s post-hoc test, where p < 0.05 was deemed significant. CD16+ (p = 0.2865) and
CD16- (p = 0.1910) subsets were analysed.
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4.3.7 Kynurenine uptake is increased in CD16+ monocytes only in pregnancy

Amino acids are another energy source utilised by monocytes, albeit more difficult to
investigate. Amino acid transporter genes are downregulated in total monocytes (Figure
4.16A), and CD98 (LAT1) expression is decreased in both monocyte subsets with pregnancy
(Figure 4.16B). While no significant difference was found using NanoString © with regards to
tryptophan/kynurenine metabolism, it did appear to be increased. A simple assay can be
undertaken to investigate the uptake of kynurenine, a product of tryptophan metabolism,
due to its autofluorescence (Ex/Em 380/480 nm) which can be monitored using flow
cytometry327- 350, Tryptophan is an aromatic amino acid and can be transported via CD98.
Kynurenine and its further metabolised products have various roles including regulating the
immune response 3°1, Some of the metabolites of kynurenine can suppress T cell responses.
In response to inflammatory signalling such as via LPS stimulation, IDO, the enzyme which
catalyses the transformation of tryptophan into kynurenine, is strongly induced in APCs 32,
Tryptophan is an essential amino acid required in pregnancy: fetal growth and development
and elevated synthesis of proteins for the mother; NAD* synthesis; kynurenine for subduing
rejection of the fetus 3°3, In late pregnancy, tryptophan availability is maintained in order to
increase the flux through its metabolic pathway to increase immunosuppressive kynurenine
33, In monocytes, an increase in the uptake of kynurenine in the CD16+ monocytes in
pregnancy was observed, with no change in this capability in the CD16- monocytes (Figure

4.19).
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Figure 4.19: Uptake of kynurenine in monocytes from non-pregnant and pregnant (37+ weeks) women.
Isolated monocytes from non-pregnant (grey; n=12) and pregnant (blue; n=12) women and used for uptake of
kynuerinine awith appopriate controls as described in the material and methods. Statistics were determined using
2-way ANOVAs and a Sidak’s post-hoc test, where p < 0.05 was deemed significant. Uptake of kynurenine was
determined by MFI (p = 0.0488 CD16+, p = 0.9500 CD16-).
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4.3.8 Monocytes from pregnant women are less reliant on glutamine than monocytes
from non-pregnant women

As the metabolic transporter receptors (Figure 4.16) showed differences in expression on the
monocytes during pregnancy, which led to the realisation that the lipid content is unchanged
(Figure 4.17,Figure 4.18) but the kynurenine uptake was elevated (Figure 4.19), the next
logical step was to determine if the monocytes have a preferential fuel for respiration.
Tweaking the MitoStress assay on the Seahorse extracellular flux analyser allows insight into
this, with the addition of a first injection with an inhibitor relevant to utilisation of a particular
fuel. The injection for the control sample was only media. To investigate the use of
carbohydrates, fatty acids and amino acids in OXPHOS, inhibitors for glutaminase (GLS1;
inhibitor BPTES), carnitine palmitoyltransferase | (CPT1; inhibitor etomoxir) and
mitochondrial pyruvate carrier (MPC; inhibitor UK5099) were used respectively. This has its
limitations in that it only targets subsets of these fuel groups, but it can increase our

understanding of the mechanisms of respirational control of the monocytes in pregnancy.

The traces for the OCR for monocytes from non-pregnant (Figure 4.20A) and pregnant (Figure
4.20B) women hint at different fuel dependencies. The monocytes from pregnant women
appear to be more flexible in their use of fuels; on inhibition with UK5099, monocytes from
non-pregnant women struggle more with their non-mitochondrial oxygen consumption
(Figure 4.20E), and ATP production (Figure 4.20G), leading to potentially damaged
mitochondria as evidenced by increased proton leak (Figure 4.20F). There was no significant
difference between their basal and maximal respiration however, as well as no difference in
their coupling efficiency and spare respiratory capacity. There were no significant changes for

the other inhibitors (BPTES, Etomoxir) either.
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Figure 4.20: The dependency on different fuels of monocytes from non-pregnant and pregnant (37+ weeks)
women. The effect of inhibitors on monocyte oxidative phosphorylation was analysed in non-pregnant (grey; n=7)
women versus pregnant (blue; n=6) women using a modified MitoStress assay. The use of these inhibitors (BPTES
(B) for amino acids, Etomoxir (E) for fatty acids and UK5099 (U) for pyruvate) provides insight into the reliance of
the cells on these fuel sources. Statistics were performed using a 2-way ANOVA and a Sidak’s post-hoc test,
where a p value < 0.05 was deemed significant. Traces for the OCR of the monocytes from non-pregnant (A) and
pregnant (B) women illustrate the effect of the inhibitors. To determine the effect of the inhibitors, values were
normalised against their individual control values, by calculating a log value. Parameters which were measurable
were: (C) OCR basal respiration (B p = 0.8298; E p = 0.7615; U p = 0.1120), (D) OCR maximal respiration (B p =
0.1714; E p = 0.8680; U p > 0.9999), (E) non-mitochondrial oxygen consumption (B p = 0.9983; E p = 0.9068; U p
= 0.0138), (F) proton leak (B p = 0.9996; E p = 0.5507; U p = 0.0319), (G) ATP production (B p = 0.7236; E p =
0.6300; U p = 0.0418), (H) coupling efficiency (B p = 0.6795; E p = 0.5358; U p = 0.1485), and (I) spare respiratory
capacity (B p = 0.1042; E p = 0.9809; U p = 0.9994).
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4.3.9 Monocytes from pregnant women produce lowered levels of pro-inflammatory
cytokines when left unstimulated or MDP-stimulated

With evidence of some alteration to fuel utilisation and reduced oxidative phosphorylation
with pregnancy the next step was to consider the functional consequences of this. The
NanoString © data suggests a downregulation of the genes involved in cytokine and

chemokine signalling in the monocytes, and so it is necessary to determine if this is functional.

When unstimulated, monocytes from pregnant women produce significantly less IL-1f3 (Figure
4.21A), IL-6 (Figure 4.21B) and TNFa (Figure 4.21D) in comparison to non-pregnant women.
Whilst not significant, the secretion of IL-8 (Figure 4.21C) from monocytes in pregnancy also

appears reduced.
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Figure 4.21: Cytokine production from unstimulated monocytes from non-pregnant and pregnant (37+
weeks) women. Supernatants from monocytes unstimulated for 24 hrs were analysed for cytokines produced in
non-pregnant (grey; n=10) versus pregnant (blue; n=10) women as described in the Materials and Methods.
Statistical analysis was performed using a Mann-Whitney t test where p < 0.05 was deemed significant. Cytokines
measured were: (A) IL-1B (p = 0.0492), (B) IL-6 (p = 0.0052), (C) IL-8 (p = 0.1655) and (D) TNFa (p = 0.0010).

In contrast to the decrease in the genes involved in cytokine and chemokine signalling, those
involved in TLR signalling are suggested to be elevated in the monocytes in pregnancy,

especially TLR7 (p = 0.0137) and, to a much lesser extent, TLR4 (p = 0.1330). As pregnant
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women are notorious for increased severity when contracting infectious diseases like

161 and middle eastern respiratory syndrome (MERS) 34, it is vital to determine the

influenza
ability of monocytes from pregnant and non-pregnant women to combat pathogens. This can

be imitated by specific immunosimulators.

When stimulated with LPS (extracellularly binds TLR4), the secretion of IL-1B (Figure 4.22A),
IL-8 (Figure 4.22C), and IL-10 (Figure 4.22D) from monocytes of pregnant women does not
differ significantly different to that from monocytes from non-pregnant women. Whilst not
significant, the production of IL-6 (Figure 4.22B) and TNFa (Figure 4.22E) from monocytes in

pregnancy appear reduced in comparison to monocytes from non-pregnant women.
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Figure 4.22: Cytokine production from LPS stimulated monocytes from non-pregnant and pregnant (37+
weeks) women. Supernatants from monocytes stimulated with LPS for 24 hrs were used for cytokine analysis in
non-pregnant (grey; n=10) versus pregnant (blue; n=10) women as described in the Materials and Methods.
Statistical analysis was performed using a Mann-Whitney t test where p < 0.05 was deemed significant. Cytokines
measured were: (A) IL-1B3 (p = 0.1220), (B) IL-6 (p = 0.2370), (C) IL-8 (p = 0.9654), (D) IL-10 (p = 0.6516) and (E)
TNFa (p = 0.2370).

Monocytes stimulated with MDP (intracellularly binds NOD2) produce significantly less IL-6
(Figure 4.23B) and TNFa (Figure 4.23D) with pregnancy. The secretion of IL-1B also appears
reduced in pregnancy, but this is not significant (Figure 4.23A) whilst the secretion of IL-8

(Figure 4.23C) is unchanged.
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Figure 4.23: Cytokine production from MDP stimulated monocytes from non-pregnant and pregnant (37+
weeks) women. Monocytes were stimulated for 24 hr with MDP, from which the supernatant was used for cytokine
analysis in non-pregnant (grey; n=10) versus pregnant (blue; n=10) women as described in the Materials and
Methods. Statistical analysis was performed using a Mann-Whitney t test where p < 0.05 was deemed significant.
Cytokines measured were: (A) IL-13 (p = 0.0892), (B) IL-6 (p = 0.0172), (C) IL-8 (p = 0.6305) and (D) TNFa (p =
0.0068).

In order to produce IL-12p70, a cytokine involved in mediating T cell and NK cell responses,
monocytes need to be stimulated via both TLR4 and TLR8 3°°. IL-12 has previously been shown
to be increased intracellularly in monocytes in pregnancy ’®. Thus, when stimulated with LPS
(TLR4) and R848 (TLR7/8) monocytes can produce IL-12p70. However, there was no
significant difference in the production of any cytokines measured in pregnancy in
comparison to non-pregnant; IL-1B (Figure 4.24A), IL-6 (Figure 4.24B), IL-8 (Figure 4.24C), IL-
10 (Figure 4.24D), IL-12p70 (Figure 4.24E) and TNFa (Figure 4.24F). Whilst there are no

significant changes, the production of IL-18 and TNFa does appear reduced.
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Figure 4.24: Cytokine production from LPS/R848 stimulated monocytes from non-pregnant and pregnant
(37+ weeks) women. The supernatants from monocytes stimulated with a combination of LPS and R848 were
used for the measurement of cytokines produced in non-pregnant (grey; n=10) versus pregnant (blue; n=10)
women as in the Materials and Methods. Statistical analysis was performed using a Mann-Whitney t test where p
< 0.05 was deemed significant. Cytokines measured were: (A) IL-18 (p = 0.1220), (B) IL-6 (p = 0.2370), (C) IL-8
(p = 0.9654), (D) IL-10 (p = 0.6516), (E) IL-12p70 (p = 0.7308) and (F) TNFa (p = 0.2370).

4.3.10 Phagocytic capabilities of monocytes are heightened in pregnancy

CD36 is a scavenger receptor, and while its most recognisable role is as a FAT, it is also
involved in non-opsonic phagocytosis. As CD36 expression is increased in monocytes (Figure
4.16A), and yet this does not translate to elevated lipid uptake and storage, (Figure 4.17) its
other roles must be considered. CD64, involved in opsonic phagocytosis, was also upregulated
on the monocytes during pregnancy (Figure 4.9). The combination of increased CD36 and
CD64 warranted investigation of the phagocytic function of the monocytes. To determine this,
pHrodo E. coli BioParticles ™ and flow cytometry were used. These are not opsonised and the
experiment was devoid of a source of IgG so the approach chosen investigates more the role
of CD36 rather than CD64. As CD16 is mobilised and shed during opsonic phagocytosis, only
total monocytes could be analysed and not the subsets 3°¢. Two different concentrations of

the E. coli BioParticles ™ were used (10 pg, 25 pg 3*7), with a significantly higher rate of
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phagocytosis by the monocytes of pregnant women in response to the higher concentration

(Figure 4.25).

Unfortunately, due to COVID-19, this finding could not be pursued further within the
timeframe. Plans involved repeating the experiment with human plasma to introduce IgG for
opsonic phagocytosis and using an inhibitor for CD36 (sulfo-N-succinimidyl oleate [SSO]) to

determine its role in phagocytosis of monocytes in pregnancy.
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Figure 4.25: The measurement of the phagocytic capabilities of the monocytes from non-pregnant and
pregnant (37+ weeks) women. Monocytes are cultured with different concentrations of pHrodo Red E. coli
BioParticles to illustrate phagocytosis in non-pregnant (grey; n=12) women versus pregnant (blue; n=12) women
as described in the Materials and Methods and analysed using the flow cytometer. Statistics were performed using

a 2-way ANOVA and a Sidak’s post-hoc test, where p < 0.05 were determined to be significant. Concentrations of
pHrodo which was used were: 10 pg (p = 0.1621) and 25 pg (p < 0.0001).

4.3.11 Monocytes from pregnant women are less efficient at producing lipid mediators

Supernatants from monocytes stimulated with and without LPS were sent to Toulouse
Lipidomic Centre for lipidomic analysis. Traditionally, to determine the functional capabilities
of monocytes, cytokines and their phagocytic capabilities are discussed. As discussed in more
detail in the earlier Chapter 3- The changing lipidomic profile of pregnancy can be monitored
using novel mass spectrometry techniques, lipid mediators are key immunomodulatory
molecules which regulate the severity of inflammation and can be produced by monocytes.
As monocytes in pregnancy have reduced OXPHOS capabilities (Figure 4.13), yet little
functional difference in cytokine output (Figure 4.21-24), it is rational to determine if other
monocyte outputs are effected. In the first instance, n=1 was sent to test whether an

274

approach adapted from analysis of plasma/serum could be used on either cells or cell
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culture supernatants. A further n=6 was sent after confirmation, producing data with n=7

total.

TXB; is an inactive waste product. Upon stimulation with LPS, the monocytes from pregnancy

appear perturbed in their ability to produce TBX;, but this is not significant (Figure 4.26).

80000
o
__ 60000
£ o
g
< 40000
N
[aa)]
X<
—
20000
0_ ,V.°A

Unstim LPS

Figure 4.26: Inactive product concentrations in the supernatants of monocytes from non-pregnant and
pregnant (37+ weeks) women stimulated with or without LPS. Monocytes from a non-pregnant (grey) and a
pregnant (blue) woman were cultured with or without LPS so that the supernatant could be analysed for the
presence of eicosanoids using LC-MS/MS. Statistics were performed with a 2-way ANOVA and a Sidak’s post-hoc
test, where <0.05 was significant. Inactive products that were detectable: TXB; (unstim p = 0.0998, LPS p =
0.0643).

The ability of monocytes to produce eicosanoids classified as pathway markers depends on
the molecule in question. The monocytes from a pregnant woman appear to produce more
14-HDoHE when left unstimulated or stimulated with LPS, in comparison to the monocytes
from the non-pregnant woman, but this is not significant. There are no significant changes to
the production of 5-HETE, 17-HDoHE an 18-HEPE. Conversely, the production of 15-HETE is
significantly hindered upon LPS stimulation in the monocytes from a pregnant woman (p =

0.0408; Figure 4.27).
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Figure 4.27: Pathway marker concentrations in the supernatants of monocytes from non-pregnant and
pregnant (37+ weeks) women stimulated with or without LPS. Monocytes from a non-pregnant (grey) and a
pregnant (blue) woman were cultured with or without LPS so that the supernatant could be analysed for the
presence of eicosanoids using LC-MS/MS. Statistics were performed with a 2-way ANOVA and a Sidak’s post-hoc
test, where <0.05 was significant. Bioactive mediators that were detectable: 5-HETE (unstim p = 0.9968, LPS p =
0.9049) 15-HETE (unstim p = 0.9959, LPS p = 0.0408), 14-HDoHE (unstim p = 0.0878, LPS p = 0.0775), 17-
HDoHE (unstim p = 0.3872, LPS p = 0.9897) and 18-HEPE (unstim p = 0.2149, LPS p = 0.0764).

There is no significant differences in the ability of the monocytes in pregnancy to produce the

bioactive mediators, 8-HETE and 12-HETE (Figure 4.28).
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Figure 4.28: Bioactive mediator concentrations in the supernatants of monocytes from non-pregnant and
pregnant (37+ weeks) women stimulated with or without LPS. Monocytes from a non-pregnant (grey) and a
pregnant (blue) woman were cultured with or without LPS so that the supernatant could be analysed for the
presence of eicosanoids using LC-MS/MS. Statistics were performed with a 2-way ANOVA and a Sidak’s post-hoc
test, where <0.05 was significant. Bioactive mediators that were detectable: 8-HETE (unstim p = 0.9961, LPS p =
0.9993), and 12-HETE (unstim p = 0.9590, LPS p = 0.9393).
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The production of proinflammatory mediators is relatively lower for all molecules measured
in the monocyte supernatants from the pregnant women, however most of these are not

significant. The production of PGE2 is significantly lower from the LPS-stimulated monocytes

n pregnancy (p = 0.0079; Figure 4.29).
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Figure 4.29: Proinflammatory mediator concentrations in the supernatants of monocytes from non-
pregnant and pregnant (37+ weeks) women stimulated with or without LPS. Monocytes from a non-pregnant
(grey) and pregnant (blue) woman were cultured with or without LPS so that the supernatant could be analysed
for the presence of eicosanoids using LC-MS/MS. Statistics were performed with a 2-way ANOVA and a Sidak’s
post-hoc test, where <0.05 was significant. Proinflammatory mediators that were detectable was: PGE2 (unstim
>0.9999, LPS p =0.0079), PGF2a (unstim >0.9999, LPS p =0.1715), and LTB4 (unstim = 0.9076, LPS p = 0.8353).

The eicosanoids classified as pro-resolving mediators also appear to be present only in low

concentrations in the supernatants. The secretion of PGA1 from monocytes is no different in
pregnant women compared to non-pregnant (Figure 4.30).
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Figure 4.30: Pro-resolving mediator concentrations in the supernatants of monocytes from non-pregnant
and pregnant (37+ weeks) women stimulated with or without LPS. Monocytes from a non-pregnant (grey) and
a pregnant (blue) woman were cultured with or without LPS so that the supernatant could be analysed using LC-
MS/MS for the presence of eicosanoids using LC-MS/MS. Statistics were performed with a 2-way ANOVA and a
Sidak’s post-hoc test, where <0.05 was significant. Pro-resolving mediators that were detectable was: PGA1

(unstim p > 0.9990, LPS p = 0.2709).
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Some eicosanoids also act as oxidative stress markers. The production of all three molecules

(9-HODE, 13-HODE and 8-iso-PGA2) is not significantly different from the monocytes in

pregnancy, although 8-iso-PGA2 does appear reduced (Figure 4.31).
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Figure 4.31: Oxidative stress mediator concentrations in the supernatants of monocytes from non-
pregnant and pregnant (37+ weeks) women stimulated with or without LPS. Monocytes from a non-pregnant
(grey) and pregnant (blue) woman were cultured with or without LPS so that the supernatant could be analysed
using LC-MS/MS for the presence of eicosanoids using LC-MS/MS. Statistics were performed with a 2-way ANOVA
and a Sidak’s post-hoc test, where <0.05 was significant.Oxidative stress mediators that were detectable was: 9-
HODE (unstim p = 0.9711, LPS p > 0.9999), 13-HODE (unstim p = 0.9428, LPS p = 0.6930), and 8-iso-PGA2

(unstim p = 0.9996, LPS p =

0.0984).

Overall, while not always significant, there appears to be a decrease in the ability of

monocytes to produce eicosanoids. A radar plot which summarises these changes can be seen

in Figure 4.32.
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Figure 4.32: A radar plot summary of the eicosanoids produced from the LPS-stimulated monocytes of
non-pregnant and pregnant (37+ weeks) women. The log values of the mean for pregnancy (coloured) for each
lipid mediator is calculated relative to the mean from the non-pregnant (black).
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4.3.12 Summary of results

A heatmap is provided in Figure 4.33 to summarise the findings of this chapter. It does not

include the summary of the lipid mediator data as that has been surmised on the previous

page.
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Figure 4.33: A heatmap summary of the findings of Chapter 4: Inmunometabolic adaptations of monocytes
in pregnancy at 37+ weeks gestation. Blue indicates a significant increase of the monocytes from pregnant
women in comparison to the red which illustrates a decrease of the expression or activity of the monocytes. Some
findings have been condensed to the most important, such as overall OXPHOS rather than showing each

measurement.
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4.4 Discussion

Monocytes from pregnant women at term are clearly altered phenotypically and
metabolically to adapt to their environment. This is evidenced at the gene, protein, and
functional level. The most striking discovery is the stark difference in the oxidative

phosphorylation of the monocytes may lead to diminished function.

Initial phenotypic analysis of the monocytes revealed an abundance of non-classical
monocytes with pregnancy and an activated phenotype showing adaptation to pregnancy, in
line with what other studies have illustrated 3?8, Studies have shown increased expression of
the activation markers CD14, CD64 and CD11b highlight that monocytes are typically
activated during pregnancy 7. These studies in pregnancy have been carried out on total
monocytes; therefore, the phenotypic analysis shown here is novel as it takes into
consideration the monocyte subsets. Phenotypic analysis also revealed monocytes to be
more activated (HLA-DR, CD11b, CD69) and have functional alterations such as increased
CD38, CD64 and CD169. The leptin receptor (CD295) is elevated on the monocytes from
pregnancy, most likely due to the leptin-rich environment pregnancy presents 4. Leptin has
been shown to promote CD16+ monocytes ! Investigation into the effect of leptin on
monocytes from non-pregnant women, in conjunction with hormones which are typically
found in high levels in pregnancy (prolactin and human placental lactogen [hPL]) was started
to attempt to mimic the monocytic changes observed in pregnancy. However, results were
not particularly exciting, and this line of investigation was dropped in favour of other avenues.
CD80, of the T cell co-stimulatory counter receptors was found to be elevated significantly on
both subsets of monocytes in pregnancy, suggesting a heightened inclination to induce T cell

activation at this stage of pregnancy.

Transcriptomics analysis with NanoString © then kickstarted the investigation into the
metabolic adaptability of monocytes during pregnancy at term. This stage of gestation was
chosen to drive discovery at a time where there are more likely drastic differences to the non-
pregnant environment, which should provide an inclination in what lines of investigation to
home in on for earlier stages. This revealed significant differential expression of several genes
and an impact on specific cellular and metabolic pathways. The pathway scores from the

NanoString © implicated an increase in the genes involved in mitochondrial respiration in the

137



Chapter 4 — Immunometabolism adaptations of monocytes at term

monocytes from pregnancy. In contrast however, the genes involved in the mTOR pathway
are significantly decreased, coupled to an increase in those involved in the AMPK pathway.
mTOR, which AMPK inhibits, has been shown to correlate with mitochondrial activity, with
inhibition of mMTOR resulting in reduced oxygen consumption, ATP synthetic capacity and
mitochondrial membrane potential 3*4. Bioenergetics analysis revealed that monocytes from
pregnant women do indeed have diminished capability for maximal oxidative
phosphorylation. The reduced mitochondrial content of the monocytes from pregnant
women shown using both flow cytometry with MitoTracker Green ™ and cardiolipin (CL)
content by mass spectrometry would provide an explanation for reduced oxidative
phosphorylation. CLs are necessary for normal electron transport and OXPHOS 3°8. Complexes
IV and Il require cardiolipin molecules to maintain full enzymatic function 3°8, This reduction
in CL could also explain why the genes involved in mitochondrial respiration, namely the ones
involved in OXPHOS complexes, are elevated. The complexes could be present in higher
concentrations but are unable to reach their functional capacity. Using an antibody cocktail
of the OXPHOS complexes (Abcam) it is possible to semi-quantify this using immunoblotting.
However, optimisation of blotting with monocytes from pregnancy is proving difficult due to
altered B-actin expression, possibly due to having altered membrane composition. Due to a
lack of samples and national reagent shortage due to COVID-19, this analysis is progressing
more slowly than anticipated. Lower mitochondrial content and reduced oxidative
phosphorylation promoted analysis of other features of mitochondrial function. A by-product
of OXPHOS is ROS and the NanoString © pathway score for the reactive oxygen response
indicated a down-regulation in monocytes from pregnant women. Flow cytometry analysis
for this also suggested reduced mitochondrial ROS with pregnancy but this was not
significant. Further experiments should include investigating the production of mitochondrial

ROS when stimulated. Total cellular ROS yielded no significant differences upon stimulation.

As pregnancy is accompanied by various metabolic differences as described in Chapter 1, and
data supported cellular metabolic adaptation by monocytes of pregnant women, further
investigation into the role of fatty acids, amino acids and carbohydrates was undertaken.
Examination of metabolic transporters using flow cytometry revealed higher expression of
CD36 (FAT), lower expression of CD98 (LAT) and unchanged expression of GLUT1 in the

monocytes from pregnant women. These data can be compared to gene expression data and
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functional assays to elaborate any biological role. Despite an increase in CD36 expression,
fatty acid uptake and storage and lipid accumulation were no different in the monocytes from
pregnant compared to non-pregnant women prompting subsequent analysis of the role of
CD36 in phagocytosis discussed below. This was in line with the lack of significant difference
in the pathway score for fatty acid synthesis and fatty acid oxidation from the NanoString ©.
The lack of change with GLUT1 is unsurprising given no differences were observed in ECAR
from the bioenergetics analysis. However, flow cytometry analysis of GLUT1 is flawed as the
antibody used shows little to no expression with a myriad of cell types, even with intracellular
flow cytometry techniques. Glucose uptake analysis on the flow cytometer using a
fluorescent analogue for 2-DG, 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-
deoxyglycose (2-NBDG), is also notorious for its unreliability as it has been illustrated that
there is a large disparity between 2-NBDG labelling and glucose transport capacity 3°. The
reduction of CD98 is in line with the downregulation of the genes involved in amino acid
transport observed with the NanoString ©; both SLC3A2 and SLC7A5, which form CD98, were
found to be decreased with the NanoString © data (p = 0.0824 and p = 0.1620), though these
were not significant. Amino acid uptake is much more challenging to discern experimentally,
and future experiments could include using heavy labelled amino acids to trace through the
TCA, but we can take advantage of the natural autofluorescence of kynurenine to study
uptake in monocyte subsets 3?’. Kynurenine is involved in immune regulation and produced
from the amino acid tryptophan. An increase in the uptake of kynurenine was observed in the
CD16+ monocytes of pregnant women only; the tryptophan and kynurenine pathway also
appear to have an inclination of up-regulated genes. Kynurenine 3-monooxygenase (KMO) is
a gene which is significantly upregulated (p = 0.0144 in the monocytes from pregnancy and is
responsible for converting kynurenine to 3-hydroxykynurenine, illustrating kynurenine
catabolism potential. It has been shown that the transport of kynurenine is restricted to
activated cells 327, The elevated activation status of the monocytes in pregnancy (evidenced
by increased expression of activation markers) may allow for increased transport capacity of
the monocytes despite the reduced expression of CD98. Kynurenine has been shown in mice
models to augment CCL2-mediated chemotaxis and proinflammatory capabilities of
monocytes 3¢, Given that CCR2 is also increased on this population, albeit not significantly,

then analysis of chemotaxis by this subset would be a worthy follow-on experiment.
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Having explored the expression and activity of some fuel transporters, the next step was to
try and determine if there were differences in the ability of monocytes from pregnant women
to use three types of fuels (pyruvate, fatty acids, and amino acids) for OXPHOS. For this, an
adaptation of the MitoStress assay on the Seahorse extracellular flux analyser was used. This
involved injection of an inhibitor specific to those fuels: BPTES for amino acids, Eto for fatty
acids, and UK5099 for pyruvate. This assay has its limitations in that only specific molecules
for each type of fuel utilisation pathway are targeted. This revealed that inhibition of
transferring pyruvate into the mitochondria with UK5099 had a more dramatic effect on
monocytes from non-pregnant women; monocytes from pregnant women were not as
susceptible suggesting greater fuel use plasticity of monocytes in pregnancy and a reduced

reliance on carbohydrates.

It is vital to determine if these metabolic adaptations result in the function of the monocytes
being affected. Firstly, a typical analysis of cytokine production was undertaken. This revealed
a reduction in IL-1B, IL-6 and TNFa from unstimulated monocytes during pregnancy, and
reduced IL-6 and TNFa production from MDP-stimulated monocytes of pregnant women,
with no differences observed in the cytokines produced upon LPS- or LPS/R848-stimulation.
No significant changes in the production of cytokines from LPS-stimulated monocytes in
pregnancy is unsurprising linked with the no difference in glycolysis observed; as discussed
earlier in 4.1.2 Monocyte immunometabolism, LPS-stimulated cells are reliant on glycolysis
322 QOther stimuli do not always show this reliance, hence one of the reasons why others were
investigated. Consequently, it has been shown with murine macrophages that MDP targets
the mitochondria by inducing mitochondrial proton leak and rendering OXPHOS inefficient
361,362 E|-Khoury et al. has shown it does this by upregulating uncoupling protein 2 and
production of ROS 361, This provides an explanation for why the cytokine production by the
MDP-stimulated monocytes from a pregnant woman is significantly reduced; MDP renders
the already down-regulated OXPHOS of the cells even more inefficient. To further prove the
reduction in OXPHOS (caused by a lack of mitochondria) results in this functional change,
future experiments include the confirmation of the effect of MDP on OXPHOS, by performing
the MitoStress assay on 24hr MDP-stimulated monocytes from non-pregnant women; this
experiment will be performed as described by Lachmandas et al 322, The effect on cytokine

production of the monocytes from pregnancy with P3C, which has been shown to rely on
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OXPHOS 322, will also be considered to consolidate this effect. This study is the first to show
cytokine production from monocytes in pregnancy when stimulated with MDP and LPS/R848.
Despite the elevated expression of TLR7 shown with Nanostring © there was no difference to
the cytokine response in the presence of R848. A combination of LPS and R848 was used to
incite the IL-12p70 response and to mimic a hyperinflammatory response. Stimulation with
R848 alone, or a TLR7-specific agonist (e.g., imiquimod) could unveil a difference in the
cytokine response which the LPS may be masking. There are also conflicting reports from
other studies in regards to cytokine production by monocytes in pregnancy; for example,
some investigators have observed increased cytokine production in non-stimulated
monocytes from pregnant in comparison to non-pregnant women ’* , whereas others have
not 7. LPS stimulation has been shown in some in vitro studies to decrease the number of
monocytes secreting cytokines in pregnant women 7>, but stimulation with a combination of

LPS and IFNy increases cytokine production 7677,

There have been conflicting reports on phagocytosis capabilities of monocytes in pregnancy;

some have suggested enhanced phagocytosis 363

while another has disputed this and claimed
the monocytes have a lower phagocytic index 3%, As no differences were observed in lipid
accumulation of the monocytes in pregnancy, it was curious that CD36 was more highly
expressed on both subsets of monocytes from pregnant women. CD36 is a scavenger receptor
and has other roles beside fatty acid translocation including non-opsonic phagocytosis.
Elevation of both CD36 and CD64, a receptor for opsonic phagocytosis, suggested that
phagocytosis might be elevated in the monocytes from pregnant women. This turned out to
be the case when the higher concentration of pHrodo E. coli BioParticles ™ was used although
the experimental set up only allowed non-opsonic phagocytosis to be examined and COVID-
19 prevented further planned experiments to examine this in more detail. These experiments
would include neutralising or inhibiting CD36 and repeating experiments in the presence of
serum to provide IgG for opsonisation. However, some of the other data generated sheds

light on this finding. Phagocytosis is dependent on glycolysis 17°

, so a lack of any difference in
the glycolytic capabilities of monocytes from pregnant and non-pregnant women means this
is unlikely to contribute to any difference in their ability to phagocytose. In contrast, while
not significant, the pathway score for fatty acid synthesis (FAS) appears elevated in the

monocytes from pregnant women, with ACSF3 upregulation significant. ACSF3 is a gene which
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encodes the enzyme Acyl-CoA synthetase family member 3 which can bind malonate with
high specificity and activates fatty acids. Induction of FAS is a key requirement for phagocytic
function 3'°. While unstimulated and stimulated total cellular ROS, and unstimulated mtROS
has been found to be unchanged in the monocytes in pregnancy, investigating the mtROS
upon stimulation is the next step. Increased phagocytosis and decreased mtROS production
might make pregnant women more susceptible to intracellular pathogens including viruses
and some bacteria. This is very speculative at this stage but could explain findings like

increased Zika virus in monocytes of pregnant women 3%° for example.

Future work includes investigating the mitochondrial dynamics of monocytes from pregnant
versus non-pregnant women. This work has been delayed due to COVID-19 affecting the
ability to train on new techniques. This will include visualisation of the mitochondria to reveal
the relative size and shape of the mitochondria 3. This could also provide answers as to why
the monocytes from pregnant women have an increased phagocytosis ability, as the state of

366, 367 \ith fusion linked to increased

fission or fusion mitochondria influences this function
phagocytosis 3%, This allows for speculation that the mitochondria in the monocytes from

pregnancy may skew towards the fusion dynamic.
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Figure 4.34: The effect of mitochondrial dynamics on immune cell function. Mitochondrial fusion promotes
NETSs formation (neutrophils), M2 phenotype and phagocytosis (macrophages), GM-CSF differentiation (DCs) and
Tim survival (T cells), while mitochondrial fission endorses degranulation (mast cells), M1 phenotype
(macrophages), immune synapse formation and IL-2 production (T cells) and activation (B cells). Image taken from
Cervantes-Silva et al. 36°
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Cytokine production and phagocytosis are fairly typical measures of monocyte functionality
that are largely dependent on glycolysis which was unaffected by pregnancy. Therefore,
alternative measures of monocyte function that might be linked to OXPHOS were sought and
so the production of lipid mediators was considered. As evidenced in Chapter 3, the systemic
environment in pregnancy is rich in lipid mediators, and so it is logical to consider if the
monocytes contribute to this. It appears that the monocytes from pregnancy have an overall
diminished ability to produce eicosanoids. The plasma from pregnant women is rich in all lipid
mediators in comparison to that from non-pregnant women due to the build-up of lipid stores
earlier in gestation leading to the release of free fatty acids in late gestation through
enhanced lipolysis 3°. This would suggest a reduced need for monocytes to produce lipid
mediators themselves as the maternal systemic environment is already rich in these
molecules and this does appear to be the case. Whether the monocytes were hyperactive
earlier in gestation to assist in the production of these lipid mediators and this has led to a
depletion of their mitochondrial stores, reduced OXPHOS capabilities and reduced secretion
of eicosanoids as gestation ends would be interesting to explore. Ethical approval has been
obtained for peripheral blood from pregnant women of earlier than 37+ weeks gestation and
some of this analysis is shown in later chapters. The finding that PGE2 production is
significantly impaired in the LPS-stimulated monocytes from pregnant women, is particularly
interesting from a metabolism standpoint. In macrophages, stimulation with LPS has been
shown to increase the expression of the mitochondrial citrate carrier (CIC; exports citrate
from the mitochondria to the cytoplasm) 1%, and to activate ATP-citrate lyase (ACLY;
transforms cytoplasmic citrate into acetyl-CoA and oxaloacetate) via NF-kB and STAT
signalling pathways 3¢°. Studies have shown that both ACLY and CIC are essential to produce
PGE2, with the inhibition of either results in reduced production of the prostaglandin %9 369
370 Data from the NanoString © analysis show a reduction in the pathway score for the genes
related to NF-kB signalling (p = 0.0004), which could offer part of the explanation for the
decrease in PGE2 production from monocytes in pregnancy. Future work should explore the
use of citrate in the monocytes from pregnant women compared to non-pregnant. As
described in Chapter 3 — The changing lipidomic profile of pregnancy can be monitored using
novel mass spectrometry techniques, PUFAs (the precursors of lipid mediators) are a by-
product of the cleavage of PC into LPC. PC itself is produced from PE in a reaction catalysed

by PEMT. From the NanoString © data, PEMT is significantly downregulated (p = 0.0144) in
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the monocytes from pregnant women. This suggests that there may be a build-up of PE, and
less PC to be converted into LPC, thereby not producing as many PUFAs as a by-product.
Chapter 3 also showed no change in the PC/LPC ratio in the monocytes. The PE/PC ratio
should then be considered. Additionally, future work also includes investigating the
expression of COX and LOX in the monocytes to determine if a lack of these enzymes

contributes to the reduced production of the lipid mediators.

4.5  Conclusions

Pregnancy programmes late gestation monocytes to influence their environment by
downregulating their metabolic abilities. This is evidenced at their gene, protein, and
functional level. The most striking discovery is the reduced mitochondrial content of the
monocytes which translates to a reduction in their OXPHOS capabilities and results in
diminished function, evidenced by the cytokines produced when stimulated with MDP (Figure
4.35). Additional to further work noted in the discussion, future work includes spiking the
monocytes with heavy labelled glucose, glutamine, and choline to trace their paths through
the TCA cycle. Citrate is a key metabolite involved in the TCA that is exported from
mitochondria is involved in the production of lipids so analysis of citrate might provide

understanding of the underpinning mechanisms of the changes seen.

! @0 LS

Figure 4.35: Monocytes from pregnant women have fewer mitochondria, are less capable
of OXPHOS and are functionally impaired.
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5.1 Introduction

Pregnancy is commonly split into three trimesters and counted from day 1 of the previous
menstrual cycle: first trimester is 0-13 weeks of gestation; second is 14-26 weeks and the
third trimester is 27 to 40 weeks, with 40 weeks being full-term. There are various maternal
physiological changes that accompany each trimester to allow for growth of the fetus. Human
chorionic gonadotropin (hCG) is a hormone that is commonly used for diagnosing pregnancy
due to its role in rescuing the corpus luteum to assist in trophoblast implantation 37X, hCG
reaches its peak production in the first trimester (between the eight and tenth week), after
which it plateaus at lower level for the rest of gestation 3’1, Sex hormones - estrogens,
progesterone, and prolactin - all increase throughout gestation and reach their peak at term,
as well as the adipokine leptin 372373, Human placental lactogen (hPL) is a hormone produced
exclusively by the placenta to assist in providing fuel for the growing fetus and is partly
responsible for maternal insulin resistance and glucose intolerance as gestation progresses 3°.
Human placental growth hormone (hPGH) also increases during gestation and it is thought to
also contribute to the insulin resistance observed in pregnancy 3. Accompanying these
endocrine changes, metabolic adaptations occur as gestation proceeds. Early pregnancy is a
metabolically anabolic state associated with increasing maternal fat storage and insulin
sensitivity, whereas late gestation is a catabolic state where lipolysis and insulin resistance

occurs 374,

The immunological adaptations which occur during pregnancy have been discussed in
previous chapters. Due to the significant role T cells play in graft rejection, the greatest
reduction of T cell numbers is observed in the 1% trimester, with a reduction of their ability to
eliminate foreign cells occurring during the 2" and 3™ trimester 7. Treg cells were shown to
actually increase during early pregnancy and peak in the 2" trimester, before declining in the
3 trimester 129, This alteration of Treg NnumMbers is consistent with the immunological stimulus
of the semi-allogenic fetus and assists in immunosuppression to assist materno-fetal
tolerance; during the 2" trimester, the maternal decidua is at maximal trophoblast invasion.
Monocytosis occurs overall in pregnancy, with a sharp increase observed in the first trimester
before it plateaus as pregnancy progresses °. To prevent an attack of the fetus and placental

trophoblast, the activity of the complement pathway is suppressed at the maternal-fetal
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interface until week 11 of gestation, where it assists in maternal defence against bacterial

invasion with an increase in complement proteins .

Changes in the symptoms of autoimmune diseases also accompany pregnancy. For example,
women with multiple sclerosis (MS) have decreased frequency of relapses during pregnancy
(Figure 5.1); this is a potent example of the immunological adaptations that occur throughout
pregnancy. The frequency of relapse is lowest during the third trimester 37>, Chapter 3- The
changing lipidomic profile of pregnancy can be monitored using novel mass spectrometry
techniques, clearly illustrated a change in the PC/LPC ratio, which increased over gestation,
as a result of diminishing LPC. LPCs have been implicated in the demyelination observed in
MS 376 as they have been shown to stimulate phagocytosis of the myelin sheath by

macrophages 377

, and so this reduction in LPC during pregnancy asserts its protectiveness
against demyelination. Monocytes are a key marker of MS attacks in the general population.
The secretion of prostaglandins (which are also a by-product from the production of LPC from
PC by phospholipase A2) from peripheral monocytes predict relapses, and clinical activity is
accompanied by increased activation markers and release of IL-1 and TNFa 3%, Increases in
the non-classical subset of monocytes, the more pro-inflammatory subset, has also been
found in MS patients 378, As these changes to the monocyte phenotype (increased activation
and non-classical monocytes) are typically observed in pregnancy, the monocytes from
patients with MS are already pre-disposed to the required phenotype but are instead directed

to a beneficial role rather than contribution to the inflammation and demyelination of the

central nervous system (CNS).
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Delivery
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Figure 5.1: MS relapse rate of women before, during and after pregnancy. Women experience a steady rate
of relapses before pregnancy. This is seen to drop significantly during pregnancy, with the lowest relapse rate
occurring in the third and final trimester. Immediately post-pregnancy, the relapse rate skyrockets before slowly
reducing to the same rate as pre-pregnancy. Graph has been taken from Confavreux et al *’°.

5.1.1 Rationale
The metabolic and endocrine changes that occur with each gestational stage must have an
impact immunologically. Previous chapters have discussed how monocytes are altered at

term, but it is vital to understand at which point in pregnancy these changes occur.

5.1.2 Hypothesis
Systemic immunological adaptations during pregnancy induce an altered monocyte

phenotype at 28 weeks of gestation.
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5.2 Materials and Methods

5.2.1 Samples

Heparin anti-coagulated peripheral blood (Vacuette ™; Greiner Bio-one, Frickenhausen,
Germany) was collected from healthy, non-pregnant women (aged 18-40 years) and fasted
pregnant women (between 26- and 28-weeks’ gestation, mean 27.5 weeks) and processed
within 30 minutes of collection. These pregnant women were being tested for gestational
diabetes mellitus (GDM) and obtained a negative result from the oral glucose tolerance test
(OGTT). These women were also non-obese (BMI <30). All samples were collected with
informed written consent and ethical approval obtained from a Health Research Authority
(HRA) Research Ethic Committee (REC approval 19/L0/0722). All donors were either healthy

or overweight BMI; samples from women with obesity were excluded.

Disclaimer: The experiments where the samples were used to determine leukocyte
populations (section 5.3.1) were performed by a fellow PhD student Oliver Richards for a
different analysis. He has kindly allowed me to extract the raw data for the normal weight
and overweight pregnant women from his large cohort of healthy pregnant women for this

analysis.

5.2.2 MNC isolation
MNCs were prepared via density centrifugation as in 2.2 Mononuclear cell Isolation. Due to
the limited availability of the blood (one 9 ml tube for pregnant women), monocytes were

not isolated.

5.2.3 Flow cytometry

An 8-colour immunophenotyping kit (Miltenyi) was used on whole blood to investigate the
frequency of key leukocyte populations. 10 ul of the antibody cocktail and 10 pl of the 7-AAD
(a viability stain) were added to 100 pl of whole blood. Samples were incubated at room
temperature in the dark for 10 mins. The 10X lysis buffer was diluted 1:10, and 2 ml of the
lysis buffer was added to the blood, which was vortexed for 5 secs before incubating in the
dark at room temperature for 10 mins. The blood was centrifuged at 515 x g for 7 mins at 4°C,

supernatant aspirated, washed with 2 ml FACS buffer and centrifuged again. The cells were
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resuspended in 100 pl FACS buffer and run on the flow cytometer. Specific leukocyte

populations were identified as in Figure 5.2.

Monocytes were analysed in the MNC population via flow cytometry asin 2.4 Flow Cytometry.

Antibodies used for the analysis of monocytes are shown in Table 5.1. Mitochondrial content

of monocytes was monitored using 2 nM MitoTracker Green (Life Technologies).
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Figure 5.2: Identification of specific leukocyte populations from whole blood. Singlets are first selected via
a forward scatter (FSC) height (H) vs area (A). Dead cells (7-AAD positive) are excluded. Only leukocytes (CD45+)
are then selected, before debris is removed from the gating strategy on a FSC-H vs side-scatter (SSC)-H plot.
Monocytes are identified by being CD14+ and further separated into their subsets based on CD14 and CD16
expression. From the CD14-negative cells, B cells (CD19+) are identified. It is possible to identify eosinophils
(CD16/CD56-negative), neutrophils (CD16/CD56-positive) and lymphocytes (low SSC profile). In the lymphocyte
profile, T cells (CD3+), NKT cells (CD3+CD16/CD56+) and NK cells (CD3-CD16/CD56+) are identified. T cells can
be segregated by their CD4 and CD8 expression.
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Antibody Fluorochrome Manufacturer Clone Isotype
anti-CD14 Alexa Fluor ® 647 BioLegend 53D3 1gG1
anti-CD16 VioBlue ® Miltenyi VEP13 IgMk
anti-CD11b PE BioLegend CBRM1/5 IgG1
anti-CD36 PE BioLegend 5-271 1gG2a
anti-CD38 PE BioLegend HB-7 1gG1
anti-CD220 PE Miltenyi REA260 IgG1
anti-CD98 PE Miltenyi REA387 IgG1
anti-CD80 PE Miltenyi REA661 IgG1
anti-CD86 PE Miltenyi REA9S68 IgG1
anti-CD64 PE Miltenyi REAS78 1gG1
anti-CD163 PE Miltenyi REA812 IgG1
anti-CD192 (CCR2) PE Miltenyi REA264 IgG1
anti-CX3CR1 PE Miltenyi REA385 IgG1

Table 5.1: Details of the antibodies used to phenotype monocytes within MNC
preparation.

5.2.4 Cytokine analysis

MNCs cultures were prepared as in 2.5 Cell culture with LPS (10 ng/ml), MDP (1 pg/ml), LPS
(10 ng/ml) and R848 (400 ng/ml), or POLY I:C (25 pg/ml). Polysinosinic:polycytidylic acid (POLY
I:C) is typically used to simulate viral infections due to it being a synthetic analogue of double-
stranded RNA. POLY I:C interacts with TLR3 to initiate signalling. Cytokine analysis was done

via multiplexing.

5.2.5 Multiplex cytokine analysis

A multiplex flow cytometry approach to cytokine analysis was performed uisng LEGENDplex™
(BioLegend) kits. This is a bead-based panel which employs fluorescently encoded beads for
guantification on a flow cytometer and operates on the same principle as a sandwich ELISA.
Mixed capture beads are directly added to samples, and the analytes will bind to the capture
beads. These beads are of two sizes: smaller Beads A and larger Beads B. These can be
distinguished by their side scatter (SSC) and forward scatter (FSC). Beads A can consist of up
to 6 bead populations with specific cytokine antibodies attached, and Beads B of up to 7 bead

populations that are distinguished by their unique internal fluorescence intensities (Figure

5.3). This internal dye is detected by the APC channel (A Em 660 nm) on the ACEA Novocyte

flow cytometer used for this analysis. After washing, biotinylated detection antibodies are
added which bind to the specific analyte on the capture beads. Streptavidin-phycoerythrin

(SA-PE) will then bind to the biotin when it is added, and this is responsible for producing a
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fluorescent signal in the PE channel (A Em 572 nm). The intensity of this signal is proportional

to the quantity of analytes that have bound to the APC-equivalent-labelled bead.

MNCs stimulated with LPS, MDP, LPS/R848 and POLY I:C were analysed using the LEGENDplex
™ Human Inflammation panel 1 (13-plex; BioLegend). LPS stimulated samples were diluted
1:3 with assay buffer and the other samples were run neat. The analysis was performed as
per the manufacturer’s guidelines. The standard cocktail was reconstituted with 250 pl assay
buffer to give the top standard (standard concentrations for each cytokine in the panel can
be seen in Table 5.2), which was then serially diluted 1:4 with assay buffer. 25 pl of assay
buffer was added to all sample wells. 25 pl of standard or sample was then added. A vial of
the mixed capture beads was vortexed for 30 sec, and 25 pl of this was added to the plate.
The plate was sealed, protected from light and placed on a plate shaker at 800 rpm for 2 hr
at room temperature. After the incubation, the plate was centrifuged at 250 x g for 5 mins.
The supernatant was aspirated, and the plate was washed twice with 200 pl wash buffer. 25
ul of detection antibodies were added to each well, and the plate was incubated on the shaker
in the dark for 1 hr. SA-PE was added at 25 pl per well, before returning to incubation for 30
mins. The plate was washed again by centrifugation, removing the supernatant, adding wash
buffer, and removing the supernatant again. The beads were then resuspended in 150 pl of
wash buffer and the plate was run on the flow cytometer with high-speed mixing in between
each sample to prevent the settling of the beads. Data was loaded onto the Qognit
LEGENDplex ™ software which extrapolated the concentrations of each cytokine in each
sample against the standard curve produced. It took into consideration the dilution and

produced a report that was used for further analysis on GraphPad Prism ©.
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Figure 5.3: Gating strategy from the LEGENDplex ™ qognit software. The beads are first separated by size
and labelled A or B. The individual cytokines are then distinguished by their unique APC fluorescence intensity.
The frequency of those cytokines are then analysed using MFI of their PE fluorescence and extrapolated from a
standard curve.

Inflammation
IL-1B 11 ng/ml
IFN-a2 13 ng/ml
IFN-y 9 ng/ml
TNFa  11.5 ng/ml
MCP-1 10 ng/ml
IL-6 10 ng/ml
IL-8 11 ng/ml
IL-10 11 ng/ml
IL-12p70 14 ng/ml
IL-17A 3.3 ng/ml
IL-18 17 ng/ml
IL-23 15 ng/ml
IL-33 100 ng/ml

Table 5.2: The top standards which were subsequently serially diluted four-fold for the different
LEGENDplex ™ assays.

5.2.6 Bioenergetic analysis

OXPHOS and glycolytic capabilities of the MNCs were determined as in 2.6 Bioenergetic
analysis with an additional final injection (port D) of the ionophore monensin (20 uM) to
increase the rate of ATP production 37°. Monensin does this by driving the increase in ATP

demand by Na*/K* -ATPase.
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5.3 Results

5.3.1 Proportions of leukocytes are significantly altered in pregnancy at 28 weeks of
gestation

While leukocyte changes in pregnancy are well documented, here it was a good starting point
to confirm or negate previous studies. It is evident that most leukocyte subsets are affected
by pregnancy (Figure 5.4). Neutrophilia is the most prominent (p = 0.0001), whereas in
contrast the lymphocytes (T cells p < 0.0001; B cells p < 0.0001) and NK cells (p = 0.0063) are
decreased in pregnancy at 28 weeks. Despite the difference in total T cell contribution to the
leukocyte population, there are no significant differences between the T cell subsets CD4+
and CD8+ as a percentage of total T cells. While total monocytes are not statistically altered
as a percentage of total CD45+ cells, the monocytes from pregnant women appear to be

enriched with the classical subset (p = 0.0398).
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Figure 5.4: Populations of leukocytes in peripheral blood of non-pregnant women versus 28 week pregnant
women. Specific leukocyte populations were identified in blood from non-pregnant women and pregnant women
at 28 weeks of gestation using an 8-colour phenotyping panel via flow cytometry as described in the Materials and
Methods. Statistics were measured using a Mann-Whitney t test where a p value < 0.05 was determined to be
significant. Leukocytes which were identified were: neutrophils (p = 0.0001), eosinophils (p = 0.4451), monocytes
(p = 0.2507) and its subsets classical (p = 0.0398), intermediate (p = 0.4067) and non-classical (p = 0.0895), T

cells (p < 0.0001) and its subsets CD4 (p = 0.9561), CD8 (p = 0.5333) and the CD4:CD8 ratio (p = 0.5402), NK
cells (p = 0.0063), NKT cells (p = 0.2935) and B cells (p < 0.0001).
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5.3.2 MNCs are less capable of producing inflammatory cytokines upon interaction with a
combined stimuli in pregnant women at 28 weeks’ gestation

To determine if the MNCs from pregnant women were affected in their ability to produce
cytokines in comparison to non-pregnant women, supernatants from cells left unstimulated
or stimulated with either LPS (TLR4), MDP (NOD2), LPS/R848 (TLR7/8) or POLY I:C (TLR3) were
analysed with a multiplex approach. Cytokines in this human inflammation panel included: IL-
1B, IFNa2, IFNy, TNFa, MCP-1, IL-6, IL-8, IL-10, IL-12p70, IL-17A, IL-18, IL-23 and IL-33. IL-17A
was not detectable in any sample, whereas most or all other cytokines were in response to at

least one of the stimuli used. The data are shown in Figures 5.5 - 5.9.

Pregnancy at 28 weeks of gestation appears to have little effect on the inflammatory cytokine
output of MNCs in the unstimulated (Figure 5.5), LPS-stimulated (Figure 5.6), MDP-stimulated
(Figure 5.7) or POLY I:C stimulated (Figure 5.9). The exception was the decreased production
of IL-1B from the MNCs in pregnancy (p = 0.0467).

Upon interaction with a combination of LPS and R848 however, the output of various
cytokines was significantly diminished in pregnancy: IL-1B (p = 0.0041), IFNa2 (p = 0.0066),
IFNy (p = 0.0282), MCP-1 (p = 0.0388), IL-6 (p = 0.0308), IL-8 (p = 0.0270), IL-10 (p = 0.0214)
and IL-33 (p = 0.0075).
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Figure 5.5: Cytokine production from unstimulated MNCs of non-pregnant women versus pregnant women
at 28 weeks of gestation. Supernatants from MNCs from non-pregnant and pregnant women at 28 weeks of
gestation left unstimulated for 24hr were analysed using a multiplex approach as described in the materials and
methods. Statistical analysis was with a Mann-Whitney t test where p < 0.05 was significant. Some cytokines were
not detectable in the supernatants. (A) Cytokines measured were: IL-1B (p = 0.2625), TNFa (p = 0.1035), MCP-1
(p = 0.6599), IL-6 (p = 0.1824), IL-8 (p = 0.1035) and IL-18 (p = 0.5877). (B) Radar plot whereby the means of
each cytokine in pregnancy were used to calculate a log value against the means from the non-pregnant group.
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Figure 5.6: Cytokine production from LPS-stimulated MNCs of non-pregnant women versus pregnant
women at 28 weeks of gestation. Supernatants from MNCs from non-pregnant and pregnant women at 28 weeks
of gestation stimulated with LPS for 24hr were analysed using a multiplex approach as described in the materials
and methods. Statistics were determined using a Mann-Whitney t test where p < 0.05 was significant. Only IL-17A
was not detectable in the supernatants. (A) Cytokines measured were: IL-18 (p = 0.0467), IFNa2 (p = 0.1035),
IFNy (p = 0.8459), TNFa (p = 0.4910), MCP-1 (p = 0.2860), IL-6 (p = 0.2857), IL-8 (p = 0.8630), IL-10 (p = 0.0929),
IL-12p70 (p = 0.0520), IL-18 (p = 0.2860), IL-23 (p = 0.2406) and IL-33 (p = 0.2413). (B) Radar plot whereby the
means of each cytokine in pregnancy were used to calculate a log value against the means from the non-pregnant
group.
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Figure 5.7: Cytokine production from MDP-stimulated MNCs of non-pregnant women versus pregnant
women at 28 weeks of gestation. Supernatants from MNCs from non-pregnant and pregnant women at 28 weeks
of gestation stimulated with MDP for 24hr were analysed using a multiplex approach as described in the materials
and methods. Statistics were determined using a Mann-Whitney t test where p < 0.05 was significant. Some
cytokines were not detectable in the supernatants. (A) Cytokines measured were: IL-1B (p = 0.3102), TNFa (p =
0.9794), MCP-1 (p = 0.9314), IL-6 (p = 0.4716), IL-8 (p = 0.8159) and IL-18 (p = 0.7811). (B) Radar plot whereby
the means of each cytokine in pregnancy were used to calculate a log value against the means from the non-

pregnant group.
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Figure 5.8: Cytokine production from LPS/R848-stimulated MNCs of non-pregnant women versus pregnant
women at 28 weeks of gestation. Supernatants from MNCs from non-pregnant and pregnant women at 28 weeks
of gestation stimulated with a combination of LPS and R848 for 24hr were analysed using a multiplex approach as
described in the materials and methods. Statistics were determined using a Mann-Whitney t test where p < 0.05
was significant. Only IL-17A was not detectable in the supernatants. (A) Cytokines measured were: IL-1B (p =
0.0041), IFNa2 (p = 0.0066), IFNy (p = 0.0282), TNFa (p = 0.2044), MCP-1 (p = 0.0388), IL-6 (p = 0.0308), IL-8 (p
=0.0270), IL-10 (p = 0.0214), IL-12p70 (p = 0.6368), IL-18 (p = 0.1214), IL-23 (p = 0.7521) and IL-33 (p = 0.0075).
(B) Radar plot whereby the means of each cytokine in pregnancy were used to calculate a log value against the
means from the non-pregnant group.
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Figure 5.9: Cytokine production from POLY I:C-stimulated MNCs of non-pregnant women versus pregnant
women at 28 weeks of gestation. Supernatants from MNCs from non-pregnant and pregnant women at 28 weeks
of gestation stimulated with POLY I:C for 24hr were analysed using a multiplex approach as described in the
materials and methods. Statistics were determined using a Mann-Whitney t test where p < 0.05 was significant.
Some cytokines were not detectable in the supernatants. (A) Cytokines measured were: IL-1B (p = 0.7796), IFNa2
(p =0.0687), TNFa (p = 0.8788), MCP-1 (p = 0.8269), IL-6 (p = 0.7214), IL-8 (p = 0.8788), IL-12p70 (p > 0.9999)
and IL-18 (p = 0.5618). (B) Radar plot whereby the means of each cytokine in pregnancy were used to calculate a
log value against the means from the non-pregnant group.
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5.3.3 The phenotype of monocytes is significantly altered in pregnancy at 28 weeks of
gestation

As illustrated in Chapter 4- Inmunometabolic adaptations of monocytes in pregnancy at 37+
weeks gestation, the phenotype of monocytes is significantly altered at term pregnancy. To
investigate if these changes occur at earlier gestation (~28 weeks), flow cytometry of MNCs

was conducted.

Firstly, the expression of chemokine receptors (CCR2 and CX3CR1) was examined (Figure
5.10). While there appears to be a decrease in expression of both receptors by monocyte
subsets in pregnancy in comparison to non-pregnant women, the only significant decrease

was observed in the non-classical monocytes for CCR2 (p = 0.0280).
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Figure 5.10: The chemokine receptor profile of monocyte subsets at 28 weeks of gestation and in non-
pregnant women. The expression of chemokine receptors on monocyte subsets (classical = C; intermediate = I;
non-classical = NC) was determined by flow cytometry of the MNCs as described in the materials and methods.
Statistics were measured by a Sidak’s multiple comparisons test and a p value < 0.05 was deemed significant.
Chemokine receptors which were measured were: CCR2 (C p = 0.0890; | p = 0.4849; NC p = 0.0280) and CX3CR1
(Cp=0.0877; 1 p=10.6924; NC p = 0.6408).

Looking at some typical phenotype markers of monocytes (Figure 5.11) demonstrated
changes in the monocytic profile in pregnancy at 28 weeks of gestation. No significant
differences were detected for CD163, CD86 or CD220. Increased expression of the activation

marker CD11b was observed for classical (p = 0.0134) and intermediate (p = 0.0087)
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monocytes, and for CD64 on the intermediate (p = 0.0021) subset. In contrast, a decrease in

the expression of CD80 on non-classical monocytes (p = 0.0078) in pregnancy in comparison

to non-pregnant was seen.
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Figure 5.11: Typical phenotypic markers of monocytes in pregnancy at 28 weeks of gestation and in non-
pregnant women. The expression of typical phenotypic markers on monocyte subsets (classical = C; intermediate
= |; non-classical = NC) was determined by flow cytometry of the MNCs as described in the materials and methods.
Statistics were measured by a Sidak’s multiple comparisons test and a p value < 0.05 was deemed significant.
Molecules which were measured were: CD11b (C p = 0.0134; |1 p = 0.0087; NC p = 0.8735), CD64 (C p = 0.0994;
I p=0.0021; NC p = 0.1899), CD163 (C p = 0.0671; | p = 0.2826; NC p = 0.3977), CD80 (C p = 0.6065; | p =
0.9998; NC p = 0.0078), CD86 (C p = 0.6856; | p = 0.6674; NC p =0.7977) and CD220 (C p =0.7231; | p = 0.6565;
NC p =0.5125).

As demonstrated in the previous Chapter 4, clear metabolic adaptations occur in monocytes
in pregnancy at term. Therefore, investigation of these same markers was made for
pregnancy at 28 weeks of gestation (Figure 5.12). CD36 (FAT) and CD98 (LAT) are both
significantly elevated on the classical (p = 0.0133; p = 0.0078 respectively) and intermediate

(p = 0.0131; p = 0.0045) monocytes, as well as CD38 (cyclic ADP ribose hydrolase) on the

classical monocytes (p = 0.0326) of pregnant women. Interestingly, the mitochondrial
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quantity is also increased in the classical (p = 0.0252) and intermediate (p = 0.0054)

monocytes in pregnancy at 28 weeks of gestation in comparison to non-pregnant.
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Figure 5.12: Metabolic markers on monocyte subsets in pregnancy at 28 weeks of gestation and in non-
pregnant women. The expression of typical metabolic markers on monocyte subsets (classical = C; intermediate
= |; non-classical = NC) was determined by flow cytometry of the MNCs as described in the materials and methods.
Statistics were measured by a Sidak’s multiple comparisons test and a p value < 0.05 was deemed significant.
Molecules which were measured were: CD36 (C p = 0.0133; | p =0.0131; NC p = 0.3572), CD98 (C p = 0.0078; |
p = 0.0045; NC p = 0.9893), CD38 (C p = 0.0326; | p = 0.1126; NC p = 0.7931) and MitoTracker (C p = 0.0252; |
p = 0.0054; NC p = 0.1957).

5.3.4 MNCs in pregnant women at 28 weeks of gestation are not metabolically altered

As monocytes contribute to the heterogeneity of MNCs, and there were obvious metabolic
changes in pregnancy at 28 weeks (i.e., higher mitochondria), the OXPHOS and glycolytic
capacity of the MNCs was then determined (Figure 5.13). However, there were no difference

in either OCR or ECAR, nor in any of the parameters that it is possible to calculate.
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Figure 5.13: The bioenergetic capabilities of MNCs of pregnant women at 28 weeks of gestation in
comparison to non-pregnant women. MNCs were used for bioenergetic analysis on the Seahorse Extracellular
flux analyser as described in the materials and methods. Both oxidative phosphorylation (OXPHOS; OCR) and
glycolytic (ECAR) parameters were measured. Statistics were performed using a Mann-Whitney t test where a p
value < 0.05 was significant. (A) The OCR and ECAR traces for pregnant and non-pregnant MNCs with their
responses to the injections. (B) ATP production for glycolysis (basal p = 0.7214; max p. =. 0.9593) and OXPHOS
(basal p = 0.6461; max p =0.7214), and the bioenergetic scope (basal p = 0.6461; max p = 0.7214) were measured.
(C) Other parameters which were measured were: spare respiratory capacity (p = 0.7214), glycolytic index (p =
0.7214), supply flexibility index (p > 0.9999) and maximum mitochondrial respiration (p = 0.7214).
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5.3.5 Summary of results

A heatmap is provided in Figure 5.14 to summarise the findings of this chapter.
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Figure 5.14: A heatmap summary of the findings of Chapter 5. Blue indicates a significant increase in the
measurements from pregnant women in comparison to non-pregnant, whereas red specifies a derease. Some
findings have been condensed to the most important, such as overall OXPHOS rather than showing each
measurement.
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5.4 Discussion

This chapter clearly illustrates immunological adaptations which occur at 28 weeks of
pregnancy. Along with different proportions of leukocytes, the cytokine producing ability of
MNCs and the phenotype of monocytes from pregnant women are affected when compared
to those from non-pregnant women. The most notable differences are the effect of stimuli
on cytokine production in MNCs, and a suggested metabolic and chemotaxis phenotype of
the monocytes at 28 weeks of gestation. It must be acknowledged that a down-side to this
investigation is that the pregnant women were fasted, whereas it was not possible to have
the non-pregnant women fast; there have been some studies showing an effect of fasting on

immune cells 389,

It is difficult to pinpoint the literature that describes the actual leukocyte population changes
that occur throughout the stages of gestation. Early reports only classify total white blood
cells, granulocytes, monocytes and lymphocytes, and even recent reports generated using
automated haematology analysers do not differentiate between the subsets. Here, this
chapter clearly illustrates a collection of the changes in different leukocyte proportions at 28
weeks of gestation. Confirming previous reports, neutrophils are elevated at 28 weeks of

gestation 38!

. Neutrophilia has been shown to be a key component of the leucocytosis
observed in pregnancy ©. The reduction in T cells and B cells also confirms what has been
found previously 7 13¢. Studies have shown a slight reduction in NK cell populations as the
pregnhancy progresses 3238 and here the reduction in NK cell percentage is more substantial.
This could be due to the cluster of women in the cohort; women of similar BMI at the same
stage of gestation, and blood taken at the same time to account for circadian rhythm. It has
been suggested that elevated peripheral NK cells is associated with recurrent miscarriage
(RM) 38387 though this has been a source of debate. A systemic review by Seshadri et al
which showed the number of peripheral NK cells were elevated in infertile women and
women with RM in comparison to fertile controls, and also an increase in the percentage of
these cells in women with RM in comparison to controls, though no significant changes in uNK
cells 388, Seshadri et al did however conclude that the variability between the studies
demonstrates the inadequacy of using NK cell marker as a tool for diagnostics®8. Another
study has shown that primary RM (pRM; no previous live births) presented with higher

absolute number of peripheral NK cells in comparison to secondary RM (sRM; 21 previous live
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births) 38, This could account for some of the heterogeneity found in other studies. The
elevation of peripheral NK cells may only be a marker of RM and not a causative factor, and
more work needs to be done to explore their role. With regards to the monocytes, in contrast
to what is observed here with an increase in the classical subset of monocytes, elevated non-
classical monocytes and a depletion of the classical subset is usually observed 32 329,
However, another study by Al-Ofi et al also showed an increase in the classical monocytes 3%,
In their review, Faas & Vos 77 discussed the discrepancies between these three studies and
theorised the conflicting reports were attributed to the analysis on whole blood 328 329 ys
MNCs 39, However, as this study, which utilises whole blood, shows what is observed by Al-
Ofi et al in MNCs, this theory can be rejected. The women from these three studies and this
present study are all at approximately the same gestational age, and complications such as

GDM were excluded. The three studies collected venous blood in the same way, into a tube

with EDTA anticoagulant, whereas this study used a tube containing heparin anticoagulant.

Despite a reduction in the production of IL-18 by LPS-stimulated MNCs from pregnant
women, stimulation with LPS, MDP or POLY I:C had no significant changes in their ability to
produce the cytokines measured in pregnancy; there were also no differences in the
unstimulated controls. However, stimulation with a combination of LPS and R848, revealed
numerous differences between the response of MNCs from pregnant versus non-pregnant
women. Significant decreases in the levels of IL-1B, IFNa2, IFNy, MCP-1, IL-6, IL-8, IL-10, and
IL-33 were observed in the MNCs from pregnant women in comparison to those from non-
pregnant women. This suggests that pregnant women might have a reduced capability to
combat pathogens, especially viral pathogens that trigger TLR7/8. This reduced ability to
produce these cytokines upon interaction with LPS/R848 might provide insight into the SARS-
CoV-2 interaction with pregnancy. A cytokine storm is synonymous with disease severity in
infections with SARS-CoV-2 3%; the inability of MNCs from pregnant women to mount a
significant cytokine response in response to LPS/R848 suggests protection against
hyperinflammation and disease severity with SARS-CoV-2. The response of whole blood
leukocytes to SARS-CoV-2 has been studied extensively during the COVID-19 pandemic with
some studies revealing a correlation between the ability to produce IFNs and disease severity
(reduced ability leads to severe disease), and conversely showing that increased production

of other inflammatory cytokines (e.g. IL-6, IL-10, TNFa) also lead to increased severity 392,
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While the decrease in IFNa2 and IFNy observed in pregnancy suggests a lessened ability to
combat SARS-CoV-2, the reduction in the other inflammatory cytokines (IL-6, IL-10) indicates
a reduced inclination to disease severity. It has been shown that pregnant women are not
more susceptible than non-pregnant women to the development of severe COVID-19;
however, instances of severe COVID-19 in pregnant women brings increased risk of preterm
birth and intensive care admission %4, An inflammatory state like obesity may increase the
production of these inflammatory cytokines, leading to increased risk of disease severity

during pregnancy, as maternal obesity has been found to be linked with severe COVID-19 1¢7,

While the reduced production of inflammatory cytokines from MNCs of pregnant women
might be beneficial in preventing a cytokine storm, in contrast this illustrates the increased

susceptibility to typical viruses and other pathogens 1!

as inflammatory cytokines are
required for the clearance of pathogens. The reduction of MCP-1 in particular suggests a
diminished ability to recruit monocytes to a site of infection, thereby resulting in reduced
leukocyte activity. Very few studies have investigated the production of cytokines by MNCs
in pregnancy. One study did culture MNCs with serum to illustrate a significant reduction in
TNFa, IFNy and MCP-1 over gestation, but no significant changes in IL-12p70, IL-6, IL-8, IL-1
or IL-10 3%, The adaptive response, especially the Th paradigms, is more commonly
researched, than the innate response which is investigated here. NK cells and T cells have
been observed to have reduced IL-6, IFNy, and TNFa upon stimulation with IL-12/IL-15 and
toxic shock syndrome toxin-1 (TSST) respectively during the second and third trimester 384,
This suggests an overarching down-regulated of Thl-type proinflammatory cytokines (i.e.,
IFNy) with the innate and adaptive response. Pregnancy is characterised by increased

inflammation at implantation and parturition 3%

but is predominantly anti-inflammatory for
the development of the fetus, where a successful pregnancy is driven by a Th2 response 3%.
The reduction of the Th2 type anti-inflammatory cytokines (i.e., IL-10) observed here with an
innate stimulus may be compensation for an increase in these types of cytokines if a TCR-

dependent stimuli was used.

As significant differences in the monocytes from pregnant women at term were observed as
discussed in Chapter 4, the investigation into whether these changes occur at an earlier stage

of gestation was necessary. In this chapter, monocyte phenotype was determined using
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MNCs, where it was possible to distinguish between all three monocyte subsets using their
CD14 and CD16 expression. At 28 weeks, the CCR2 expression of the monocytes appear to be
downregulated in comparison to non-pregnant, but this difference was only significant for
the non-classical monocytes. This suggests that at this stage of gestation they might be less
efficient at chemotaxis — at least to CCL2 (also referred to as MCP-1). This could be due to the
requirements for monocytes and their bioactivity at different stages of pregnancy. At
implantation and parturition, where the inflammation balance tips in favour of pro-
inflammatory, it might be expected that the monocytes would have high expression of CCR2

to infiltrate the decidua and polarise to macrophages 2°2

, a key cell at these stages of
pregnancy supporting the invasion of the trophoblast and expulsion of the fetus. During the
early stages of the third trimester at 28 weeks, we might assume there would be less of a
requirement for the monocytes to promote inflammation within gestation-associated tissues.
Labour is associated with elevated leukocyte infiltration (notedly elevated decidual
macrophages), with the expression of certain chemokines (CCL2, CCL4, CCL5, CXCL8, CXCL10)

being markedly upregulated 3°¢. The low expression of CCR2 at 28 weeks of gestation

therefore is to prevent the likelihood of a preterm labour.

The significant increase in CD11b suggests an increase in the activation state of the classical
and intermediate monocytes at 28 weeks of gestation. Together, with the elevation of CD64
expression, which could be indicative of their phagocytosis abilities, this illustrates a likely
primed innate response to combat potential pathogens. The elevated expression of these
markers has been shown previously in other studies which investigated pregnant women at
similar stages of gestation (28-32 weeks) 7> 3%7, The decrease in the expression of CD80 (a co-
stimulatory molecule for T cells) indicates a reduced capability to induce an adaptive response

to protect the fetus, and also confirms what other studies have observed 3%,

Metabolically, the monocytes are very interesting at 28 weeks of gestation. Their fatty acid
(CD36) and amino acid transporters (CD98), mitochondrial content and CD38 are all elevated
in the classical and intermediate monocytes. This implies that the monocytes are more
metabolically activate and capable at this stage of gestation than the non-pregnant. These
findings are novel regarding monocytes in pregnancy. CD36 also has other roles such as in

non-opsonic phagocytosis; combined with the elevated expression of CD64, a molecule
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involved in opsonic phagocytosis, further study of the phagocytic abilities of monocytes at 28

weeks of gestation is warranted.

Due to the significant changes in the metabolic markers and mitochondrial content of the
monocytes, it was logical to assess the oxidative phosphorylation and glycolytic capabilities
of the MNCs. In addition, Jones et al showed a reduction in the glycolytic capabilities of MNCs
from pregnant women at term, and so inquiry into gestational age was warranted #’.
Investigating these parameters for isolated monocytes was not possible in this instance due
to the low volume of blood available from the pregnant women. Despite the likely possibility
that monocytes have higher oxidative phosphorylation capabilities at 28 weeks of gestation
thanin the absence of pregnancy, if thisis the case itis hidden in the heterogenous population
of MNCs. There were no significant changes observed with either the OCR or ECAR

measurements.

Ethics for investigating isolated monocytes in greater detail at different stages of pregnancy
was approved shortly before the COVID-19 pandemic. As a result of this pandemic however,

samples were not able to be collected.

5.5 Conclusion

Monocytes from pregnant women at 28 weeks of gestation appear primed to respond to
pathogens, with potentially upregulated metabolism and phagocytosis potential. However, in
the heterogenous pool of MNCs, cytokine production is stunted on exposure to LPS/R848,
and the MNCs do not appear to be metabolically compromised. Future studies should
investigate homogenous cell populations to characterise functionality and metabolic

capabilities of the cells and how this contributes to the heterogenous population.
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6.1 Introduction

Maternal obesity during pregnancy is associated with adverse pregnancy outcomes such as

399 400 401

miscarriage >7°, preeclampsia *® and gestational diabetes mellitus ***, and poses an increased
risk of fetal mortality and childhood obesity as a result of macrosomia and metabolic
syndromes 4%2, With the prevalence of obesity in women of reproductive age recently
reported as between 20% and 28% in England 4%, reflecting the increasing prevalence of
obesity worldwide, maternal obesity and the health consequences for mother and child are
an endemic problem. In the not pregnant general population, we have good mechanistic
insight into the links between excessive fat accumulation, systemic low-grade inflammation,
and obesity-associated health risks such as type 2 diabetes mellitus (T2DM), reproductive
dysfunction and cardiovascular disease 4%44%, Elevated circulating inflammatory markers
such as IL-6, TNF and C-reactive protein (CRP) characterise the systemic inflammation that
typically occurs with increasing adiposity 34. The current COVID-19 pandemic highlights the
detrimental impact of obesity on inflammation, immune function, and risk from infectious
disease with, for example, obesity and high CRP levels indicate for severity of COVID-19

symptoms 407,

How obesity in pregnancy might mechanistically underpin the well documented adverse

pregnancy and child health outcomes is relatively unknown. The effects of maternal obesity

93 107

on inflammation and immune function in the term placenta > and first trimester uterus
have received some attention revealing impact on immune cell number and function that
could contribute to adverse pregnancy outcomes. This includes depleted decidual
macrophages % and increased numbers of placental macrophages in obesity %3, although
there are some conflicting findings regarding the number of placental macrophages with
maternal obesity (Figure 6.1) °. Maternal obesity also diminishes the numbers of uterine

resident NK cells and alters their contribution to extracellular matrix remodelling and growth

factor signalling to compromise trophoblast survival and spiral artery remodelling 1%7.
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Figure 6.1: A summary of the effects obesity has on monocytes, and on macrophages in adipose tissue,
decidua and in the placenta. Monocytes: In comparison to lean, obesity is associated with an increase in non-
classical (CD149mCD16*) monocytes 4%, which are thought to be more pro-inflammatory, as well as an increase
in the expression of CCR2 and CX3CR1 ¢7- 4%, Pregnancy is also accompanied by an increase in non-classical
monocytes. Monocytes in pregnancy also have increased expression of CD14, CD11b and CD64, as well as
increased superoxide production 4'°. Adipose tissue: Obesity is associated with an increase in M1 macrophages,
inducing a more pro-inflammatory environment 8. These macrophages also have elevated expression of
chemokine receptors CCR2 and CCRS. During a healthy pregnancy, the number of total macrophages increases
in adipose tissue and there is an increase in the M1/M2 ratio. The effect obesity has on pregnancy shows that the
number of macrophages is further exacerbated, and also increases the induction of apoptosis. Surface markers
on these macrophage changes: lower HLA-DR""- and elevated CD206 °'. Decidua: during a healthy gestation,
decidual macrophages promote angiogenesis, tissue remodelling and the clearance of apoptotic cells 341, Very
little is currently understood about decidual macrophages in an obese environment, but their overall numbers are
reduced #. Placenta: throughout a healthy pregnancy placental macrophage undergo many changes. At
implantation, M1 macrophages are dominant and contribute to the high levels of TNFa, IL-6 and IL-13 observed
16,17 As pregnancy develops, a switch occurs so that M2 are the dominant macrophage phenotype, along with the
increased production of IL-10, TGF-B and IL-4 42, At delivery, the macrophages switch back to an M1 phenotype
which coincides with elevated production of IL-10, IL-13, IL-1a and IL-1B 2325, Little is known about the effect
obesity has on macrophages in the placenta but it has been shown that there are more placental macrophages in
obesity, and an increase in pro-inflammatory cytokines IL-6, IL-1, TNFa and MCP-1 %3, Image created for Rees et
al. 2

In contrast, the systemic effects of obesity in pregnant women are largely unknown. Like the
general population, maternal IL-6, CRP and leptin levels are elevated in pregnant women with
obesity compared to their lean counterparts °* 413, This suggests a common outcome of
systemic inflammation in pregnant and not pregnant adults with obesity. It also highlights
that obesity-related changes can occur over and above the systemic inflammatory alterations
that are a normal feature of pregnancy, including reduced pro-inflammatory cytokines (e.g.
IL-6, CCL2, CXCL10, IL-18, TNF) and increased immunomodulatory and anti-inflammatory

mediators (e.g. soluble TNF-receptor I, sTNF-RII, IL-1 Receptor Agonist (RA))32.

Pregnancy per se is also associated with cellular changes linked to inflammation and innate
immune function such as increases in peripheral blood neutrophils and monocytes for
example ®; maternal obesity exacerbates the neutrophil count even further %1, The effects of
obesity on the general population and in pregnancy on granulocytes is summarised in Figure
6.2. Functional effects have also been described and include evidence of monocyte activation
such as increased expression of CD14, CD64 and CD11b and heightened production of oxygen
free radicals 73. In the general population, monocytes seem particularly susceptible to the
effects of obesity including increases in the non-classical subset of monocytes %, elevated
expression of CCR2 by classical and intermediate monocytes and higher expression of CX3CR1
by all three subsets likely leading to increased intrinsic migratory capacity in response to
chemokines such as CXsCL1 and CCL2 secreted by adipose tissue 7°. Beyond reported

increased production of LPS-stimulated IL-1B and RANTES and ssRNA-stimulated TNF and IL-
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10 in monocytes of the general population with obesity 7° little is known about the effects of
maternal obesity on myeloid effectors of innate immunity and inflammation. One recent
study has shown that at term, monocytes of pregnant women with obesity appear to be
disrupted in their ability to adapt to pregnancy, perhaps explaining their increased
susceptibility to infections 4. With both atypical levels of circulating pro-inflammatory
cytokines such as IL-6 33 and exacerbated activation and maturation of monocytes to the non-
classical subset 7’ linked to preeclampsia for which obesity is a risk factor 8, there is real need
to address this shortcoming. A summary on the changes in monocytes can be visualised in

Figure 6.1.
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Figure 6.2: The effect of obesity and pregnancy on granulocytes, in comparison to lean non-pregnant.
Neutrophils: obesity induces an elevation in the number of neutrophils and increases their activity ' and production
of neutrophil elastase 2. The population of neutrophils is also increased in pregnancy, and further exacerbated in
obese pregnancies “%°. Eosinophils: the population is significantly depleted in obesity 4'° and in pregnancy, and
their degranulation capacities are elevated in pregnancy '°. The effect of obesity on pregnancy for eosinophils is
not defined. Basophils: obesity-simulation with leptin observes an increase in Th2 cytokines; the survival and
migration of the basophils increase, and CD63 expression is elevated “!". It is unknown how basophils are affected
by pregnancy and obese pregnancy. Mast cells: the production and release of tryptase is increased in obesity 42;
mast cell number, production of IL-18 and IL-6, and expression of CCL2 are all increased in obesity 4'3. The
production of galectin-1 is increased in pregnancy '°%1%7, and the effect of obesity on pregnancy for mast cells is
not yet understood.

*Experiments in vitro with leptin
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Obesity in the general population is also recognised to negatively affect the function of
multiple lymphocyte populations. This ranges from suppression of T and natural killer (NK)
cell function —including reductions in cytotoxicity, IFNy production and expression of perforin

420

and granzymes *“° - and altered B cell activity that manifests as reduced class-switching and

immunoglobulin activity *1. A reduced CD8+ T cell count in peripheral blood with obesity in

4223nd pregnant women 3! has been described and possibly links

both the general population
to their accumulation in adipose tissue that, from mouse models, precedes that of
macrophages %?2. The cytokine producing capacity of T cells also changes with obesity in the
general population and obesity-associated inflammation is in part driven by a shift to Thl and
Th17 which is thought to be mediated by leptin 4?3, Th1 and Th17 cytokines such as TNF and
IFNy are detrimental to pregnancy !°. Conversely, a Th2 and regulatory T cell (Treg)
dominated environment is considered essential to pregnancy success 1°. Maladaptation of

adaptive immune processes could very much underpin obesity-associated adverse obstetric

outcomes with upregulation of Th1 described in GDM 424,

6.1.1 Rationale

As shown in previous chapters, there are vast immunological adaptations which happen in
pregnancy, especially in monocytes. It is known that obesity is a risk factor for several negative
obstetric outcomes, and so understanding the immunological factors underlying this is vital.
Very little is currently known regarding a healthy pregnancy, let alone a pregnancy affected
by obesity. The main goal of the work here was to describe the changes in the immune
environment of GDM-negative, pregnant women of differing pre-pregnancy BMI at 28 weeks
of gestation and reveal a phenotype of systemic inflammation, monocyte activation and

altered Th1/Th2/Th17 balance.

6.1.2 Hypothesis

The immunological changes in pregnancy are sabotaged by maternal obesity.
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Figure 6.3: Lymphocytes are altered in pregnancy and in obesity, and further modified in obese pregnancy.
NK cells: obesity is associated with a decrease in the number of NK cells and their activity ®7. Their cytotoxicity
abilities are diminished, and they produce less perforin, granzymes and IFNy, perhaps due to their increased lipid
uptake . In pregnancy, NK cells are abundant in the uterus (uUNK) and have increased expression of activation
markers CD38 and CD11b, and immune checkpoint molecules PD-1 and CD27 %, In obese pregnancies, the vital
uNK cells are depleted and their function weakened 4'°. T cells: the Th1/Th17 response is increased in obesity
419.109 a5 well as the CD8:CD4 ratio ''°1'2, whereas NKT cell numbers are reduced #2%4?'_ In contrast, pregnancy
is associated with a shift to a Th2 environment, with the elevation of the production of TGF-, IL-4, IL-6 and IL-10
111, Obesity effects T cells in pregnancy by decreasing the CD3:CD8 ratio !> the number of NKT cells 4?2 and
reducing the proliferation of the cells and the production of TNFa and IFNy 422, B cells: the number of B cells
increases in obesity 4> as well as the production of IgM “2% and intracellular TNFa, but their function is negatively
altered 4?* as well as their production of IL-6, AID, E47 and IgG %3424 Conversely, the number of B cells decrease
in pregnancy 4%, but the subset of Breg cells is increased, as well as the production of protective antibodies 4%.
The effect of obesity on pregnancy for B cells is still poorly understood, but it has been observed that their numbers
increase 4?7,

MNumber
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6.2 Materials and Methods

6.2.1 Samples

Peripheral blood was collected from healthy, fasted pregnant women into one 9 ml
heparinised Vacuette ™, one 4 ml EDTA Vacuette ™ and one 5 ml serum Vacuette ™ (Greiner
Bio-one, Frickenhausen, Germany), and processed within 30 minutes of collection. These
women were being tested for gestational diabetes mellitus (GDM) and obtained a negative
result from the oral glucose tolerance test (OGTT). All samples were collected with informed
written consent and ethical approval obtained from a health Research Authority (HRA)
Research Ethic Committee (REC approval 19/L0/0722). The demographics of the women
analysed are shown in Table 6.1. Ethnicity is significantly different between the groups; this
likely reflects the screening process whereby ethnicity is recognised as a risk factor for GDM
as set out by the National Institute for Health and Care Excellence (NICE) guidelines. Women
with a BMI over 30 gave birth to neonates of lower weights on average, compared to women
with a BMI under 30 (p = 0.0492), in line with studies observing higher incidences of
intrauterine growth restriction with maternal obesity 433434, It needs to be acknowledged that
within the complications measured, one pregnancy resulted in a still birth at term (BMI > 30),
and two pregnancies resulted in preterm but healthy neonate (one BMI < 30 and one BMI >

30). All pregnancies were healthy at time of blood sampling.

BMI £ 29.9 BMI 2 30.0
Mean + SEM Mean + SEM p-value
Age (years) 30.06 0.7304 29.74 0.6182 0.7157
Caucasian 76.00 n/a 95.00 n/a
Ethnicity 50 Middle Eastern 15.00 n/a 2.00 n/a 0.0001
South Asian 10.00 n/a 1.00 n/a ’
African 0.00 n/a 1.00 n/a
Gestation at sample collection (weeks) 27.48 0.2328 27.25 0.1436 0.3732
Gravidity 2.50 0.2289 2.65 0.1753 0.5281
Parity 0.98 0.1466 1.01 0.1104 0.8893
Fasting glucose (mmol) 4.44 0.0456 4.52 0.0464 0.2288
2 hr glucose (mmol) 5.57 0.1359 5.40 0.1119 0.3850
BMI (kg/m?) 24.44 0.4203 35.63 0.5291 <0.0001
Pregnancy outcomes
Live birth (%) 100.00 n/a 98.50 n/a 0.4002
Fetal sex (% male) 54.35 n/a 48.48 n/a 0.5415
Fetal weight (kg 3.52 0.0081 3.31 0.0081 0.0492
Gestation at delivery (weeks) 39.42 0.2775 38.91 0.2312 0.1031
Mode of delivery (% vaginal) 65.96 n/a 64.18 n/a 0.8447
|Complications (%) 17.39 n/a 30.30 n/a 0.1205

Table 6.1: Summary data for study participants. All women were GDM-negative on oral glucose tolerance test
at time of blood sampling. Numerical data (e.g., age) were analysed using a Mann-Whitney test, and grouped data
(e.g. fetal sex) were analysed using a Chi-Squared test, where a p value < 0.05 is considered significant.
Complications are grouped and include preeclampsia, hypertension, obstetric cholestasis, and infection.
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EDTA and serum Vacuettes were centrifuged at 1800 x g for 10 mins. The plasma or serum
was then extracted and stored at -80°C.

™ were

Disclaimer: Experiments where the samples were stimulated with CytoStim
performed by a fellow PhD student Oliver Richards for a different analysis. He has kindly
allowed the use of the supernatants for this analysis. The flow cytometry experiments and
initial data analysis for the 8-colour panel and Th subsets were also performed by Oliver. He
donated the raw data from his large cohort of healthy pregnant women for me to extract the

obese vs not-obese data.

6.2.2 MNC isolation
MNCs were prepared via density centrifugation as in 2.2 Mononuclear cell Isolation. Due to

the limited availability of the blood, monocytes were not isolated.

6.2.3 Bioenergetics
OXPHOS and glycolytic capabilities of the MNCs were determined as in 2.6 Bioenergetic
analysis and, with the addition of a monensin injection as described in 5.2.6 Bioenergetic

analysis.

6.2.4 Cytokines

MNCs cultures were prepared as in 2.5 Cell culture with LPS (10 ng/ml), MDP (1 pg/ml), LPS
(10 ng/ml) and R848 (400 ng/ml), POLY I:C (25 pg/ml) or CytoStim ™ (diluted 1:200) (Miltenyi).
Polysinosinic:polycytidylic acid (POLY I:C) is typically used to simulate viral infections due to it
being a synthetic analogue of double-stranded RNA. POLY I:C interacts with TLR3 to initiate
signalling. CytoStim ™ is a specialised TCR activator used to produce a T cell response.
Cytokine analysis was done via multiplexing (7.2.6 Multiplex cytokine analysis) or high

sensitivity quantikine ELISAs (7.2.7 High sensitivity ELISAs).

6.2.5 Flow cytometry
An 8-colour immunophenotyping kit (Miltenyi) was used on whole blood to investigate the

frequency of key leukocyte populations as in 5.2.3 Flow cytometry.
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Monocytes and Th subsets were analysed in the MNC population via flow cytometry as in 2.4
Flow Cytometry. Antibodies used for the monocytes are shown in Table 6.2. Mitochondrial

content of monocytes was monitored using 2 nM MitoTracker Green (Life Technologies).

Antibody Fluorochrome Manufacturer Clone Isotype
anti-CD14 Alexa Fluor ® 647 BioLegend 53D3 1gG1
anti-CD16 VioBlue ® Miltenyi VEP13 IgMk
anti-CD11b PE BioLegend CBRM1/5 1gG1
anti-CD36 PE BioLegend 5-271 1gG2a
anti-CD38 PE BioLegend HB-7 1gG1
anti-CD220 PE Miltenyi REA260 1gG1
anti-CD98 PE Miltenyi REA387 1gG1
anti-CD80 PE Miltenyi REA661 1gG1
anti-CD86 PE Miltenyi REA968 1gG1
anti-CD64 PE Miltenyi REA978 1gG1
anti-CD163 PE Miltenyi REA812 1gG1
anti-CD192 (CCR2) PE Miltenyi REA264 1gG1
anti-CXsCR1 PE Miltenyi REA385 1gG1

Table 6.2: Details of the antibodies used to phenotype monocytes in MNCs.

The relative abundance of different Th subsets was determined based on their chemokine
expression profile, as set out by Miltenyi Biotec #*°. Th cells are functionally heterogeneous,
and the subsets have distinct features which define them (Table 6.3). The CD4* subsets can
be identified based on their chemokine receptor expression, the cytokines they produce, and
their transcription factors 43¢ 437, The expression of chemokine receptors on these T cells
determine the signals they receive and their trafficking patterns 438440 as the different
effector functions of the subsets implies that they will be differentially recruited to sites of
inflammation. For the most comprehensive segregation of Th subsets, the best method has
been suggested to utilise a Golgi system inhibitor, to prevent cytokine release, and
intracellular staining for cytokines for identification as in Table 6.3, e.g., IL-22 for Th22
identification 4. However, due to the limited availability of samples, this was not possible.
Studies have confirmed the validity of using chemokine receptor profile for Th subset
identification; using a gating strategy based on their chemokine profile, the T cell subsets
were sorted, and their cytokine secretion profile was analysed, along with their transcription
factor mRNA expression 442, As such, this method of identification was deemed appropriate
for this study. The antibodies used can be seen in Table 6.4 and the gating strategy used in

Figure 6.4.
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Thsubset |Chemokine receptors |Cytokines induced by |Cytokines secreted [Transcription factors
Thl CXCR3+ IL-12 IFN-y T-bet

Th2 CCR4+ IL-4, IL-25 IL-4, IL-5, IL-13 STAT6, GATA3

Th9 CCR6+ TGFB, IL-4 IL-9 IRF-4

Th17 CCR4+CCR6+ TGFB, IL-6 IL-17A, IL-17F RORyt

Th22 CCR4+CCR6+CCR10+ |IL-6, TNFa IL-22 BNC2, FOX04

Table 6.3: Th subset characteristics. The Th subsets’ heterogeneity is reflected in distinct features. These
include: chemokine receptors, cytokines which induce their production, and cytokines they secrete, and
transcription factors.

Antibody Fluorochrome Manufacturer Clone Isotype
anti-CD3 VioBlue ® Miltenyi REA613  IgG1
anti-CD4 VioGreen ™ Miltenyi REA623  IgG1
anti-CD194 (CCR4) APC Miltenyi REA279  IgG1
anti-CD196 (CCR6) PE-Vio ® 615 Miltenyi REA190 IgG1
anti-CD184 (CXCR3) VioBright i FITC Miltenyi REA232  IgG1
anti-CCR10 PE Miltenyi REA326  IgG1

Table 6.4: The antibodies and their information used to distinguish the Th subsets.
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Figure 6.4: Gating strategy for identifying the Th subsets using flow cytometry and chemokine receptor
profile. Singlets are first selected using a FSC-H vs FSC-A plot. The relative location of the lymphocytes are
determined based on their size and granularity (SSC-H vs FSC-H). CD4+ T cells are then selected before
distinguishing between the subsets based on their chemokine profile. CCR4-CXCR3-CCR10-CCR6- Th1;
CCR4+CXCR3-CCR10-CCR6- Th2; CCR4-CCR6+ Th9; CCR4+CXCR3-CCR10-CCR6+ Th17; CCR4-CXCR3-
CCR10-CCR6+ Th17/1; CCR4+CCR6+CCR10+ Th22.
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6.2.6 Multiplex cytokine analysis
A multiplex flow cytometry approach to cytokine analysis was performed with LEGENDplex

™ (BioLegend) kits as described in 5.2.5 Multiplex cytokine analysis.

EDTA-plasma was analysed using the LEGENDplex ™ Human Diabesity panel (4-plex;
BioLegend). The analysis was performed as per the manufacturer’s guidelines with the plasma
samples diluted 1:8 with assay buffer and the analysis was performed as per the
manufacturer’s guidelines. The standard cocktail was reconstituted with 250 ul assay buffer
which gave the top standard (standard concentrations for each cytokine in the panel can be
observed in Table 6.5), which was serially diluted 1:4 with assay buffer. 25 ul of Matrix B was
added to the wells which would contain the standards, to account for the plasma in the
sample wells, and 25 pl of assay buffer was added to all sample wells. 25 ul of standard or
sample was loaded on top. 100X Human Diabesity Cortisol Tracer was diluted 1:100 with assay
buffer, and 25 pl of this was added to each well. A vial of the mixed capture beads was
vortexed for 30 sec, and 25 pl of this was added to the plate. The rest of the protocol was

performed as in 5.2.5 Multiplex cytokine analysis.

Diabesity Inflammation T-helper
PAI-1 400 ng/ml IL-1B 11 ng/ml IL-5 11 ng/ml
Insulin 100 ng/ml IFN-a2 13 ng/ml IL-13 12 ng/ml
Leptin 50 ng/ml IFN-y 9 ng/ml IL-2 10 ng/ml
Cortisol 5 pg/ml TNFa 11.5 ng/ml IL-6 18 ng/ml
MCP-1 10 ng/ml IL-9 13 ng/ml
IL-6 10 ng/ml IL-10 11 ng/ml
IL-8 11 ng/ml IFN-y 14 ng/ml
IL-10 11 ng/ml TNFa 16 ng/ml
IL-12p70 14 ng/ml IL-17A 5 ng/ml
IL-17A 3.3 ng/ml IL-17F 14 ng/ml
IL-18 17 ng/ml IL-4 13 ng/ml
IL-23 15 ng/ml IL-22 11 ng/ml
IL-33 100 ng/ml

Table 6.5: The top standards which were subsequently serially diluted four-fold for the
different LEGENDplex ™ assays.

MNCs stimulated with LPS, MDP, LPS/R848 and POLY I:C were analysed using the LEGENDplex
™ Human Inflammation panel 1 (13-plex; BioLegend), and those stimulated with CytoStim ™
were analysed using the LEGENDplex ™ Human T-helper cytokine panel 2 (12-plex;

BioLegend). Unstimulated supernatants were analysed on both panels. LPS stimulated
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samples were diluted 1:3, and the other samples were run neat. These panels were run the
same as the Diabesity panel with a few exceptions. Assay buffer was used instead of Matrix B

for the standard wells, and no cortisol tracer was required.

6.2.7 High sensitivity ELISAs

High sensitivity Quantikine™ ELISAs for IL-6, IL-8, MCP-1 and TNFa (R&D systems) were
performed according to the manufacturer’s instructions. Each kit had slightly different
protocols. EDTA-plasma samples were run neat for all except for MCP-1 where they were
diluted 2-fold. While incubation times varied with some of the steps, they followed the same
procedure. Equal volumes of assay diluent and standard or sample was added to each well on
a provided pre-coated plate and incubated at room temperature on a shaker. The wells were
aspirated and washed before specific conjugates were added to each well. Incubation and
wash steps were repeated before the addition of streptavidin polymer-HRP (IL-6, TNFa), or
substrate solution was added (MCP-1, IL-8). IL-8 required an amplifier solution at this stage
with an incubation period. Substrate solution was added to IL-6 and TNFa. Stop solution was
added to all ELISAs after a dedicated period, and the plates were read with a microplate

reader.

6.2.8 Duoset ELISA
ELISAs for CD26, CD147 and NRP-1 were performed as in 2.7 Enzyme linked immunosorbent
assay (ELISA).

6.2.9 Data analysis

The data sets were first tested for normality using the Kolmogorov-Smirnov (K-S) one sample
test, where a significant p value <0.05 indicated significant deviation from normality.
Depending on if the data reported as parametric or non-parametric, a Pearson or Spearman
correlation test was used respectively. The r values are reported to indicate direction
(negative values a downward trend; positive values upward trend) and weight of correlation,

and a p value <0.05 determined the r value to be significant.
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6.3 Results

6.3.1 Leptin, IL-6 and MCP-1 levels are directly correlated to increasing BMI at 28 weeks of
pregnancy

To evaluate systemic inflammation at 28 weeks of pregnancy in this population of fasted,
GDM-negative women of varying pre-pregnancy BMI (n=80) key inflammatory mediators
present in plasma were measured. Plasma rather than serum was chosen for analysis as this
reflects the liquid phase of blood as it circulates in the body rather than after clotting has
occurred. Leptin (p < 0.0001) and IL-6 (p < 0.0001) had a significant positive correlation with
BMI (Figure 6.5), as described previously %, and here is the first illustration of MCP-1 (p =
0.0064) increasing with BMI in pregnant women (Figure 6.5) in keeping with the same
relationship in not pregnant adults 44> 44 PAI-1, insulin, cortisol, TNFo and IL-8 did not vary

with BMI (Figure 6.5).
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Figure 6.5: Plasma levels of inflammatory mediators in GDM-negative women of varying pre-pregnant BMI
at 28 weeks of gestation. Plasma was available from fasted pregnant women of approximately 28 weeks of
gestation (n=80) and was used for analysis as described in the Materials and Methods and correlated to BMI.
Statistics were determined using either a Pearson r or Spearman r test dependent on their K-S test result, where
p < 0.05 was determined significant. Analytes measured were: PAI-1 (r = -0.1242; p = 0.2722), leptin (r = 0.7635;
p < 0.0001), insulin (r = 0.0017; p = 0.9882), cortisol (r = -0.1196; p = 0.2937), MCP-1 (r = 0.3024; p = 0.0064),
TNF (r =0.1931; p = 0.0861), IL-6 (r = 0.4895; p < 0.0001) and IL-8 (r =-0.1923; p = 0.0875).
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In addition to these classically analysed molecules, soluble forms of CD26, CD147 and NRP-1
was also measured against BMI in pregnancy. These molecules have been highly implicated
in SARS-CoV-2 cell entry and infectivity **°. Results show that CD26 and CD147 concentrations
were unaffected by BMI (Figure 6.6), but NRP-1 levels positively correlated significantly to

BMI (Figure 6.6)
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Figure 6.6: Levels of molecules associated with facilitating SARS-CoV-2 entry and infectivity and their
relationship to maternal BMI. Plasma was available from fasted pregnant women of approximately 28 weeks of
gestation (n=80) and was used for analysis as described in the Materials and Methods and correlated to BMI.
Statistics were determined using either a Pearson r or Spearman r test dependent on their K-S test result, where
p < 0.05 was determined significant. Soluble forms receptors which were measured were: CD26 (r = 0.05273; p
=0.6422), CD147 (r=-0.1173; p = 0.3003) and NRP-1 (r = 0.2247; p = 0.0451).

6.3.2 Circulating leukocyte numbers are altered with increasing maternal BMlI

Whilst obesity in general is associated with increased levels of neutrophils 4%, B cells 4’ and
non-classical monocytes 8 but decreased levels of eosinophils 448, NK cells #2°, and NKT cells
449 little is known about the effects on circulating leukocyte numbers in obese pregnant
women. Using flow cytometry, several changes in key blood immune cell populations was
observed. Increasing BMI was associated with a decrease in the intermediate subset (p =
0.0372) of monocytes (Figure 6.7). BMI did not have any effect on the total T cell number,
however, increasing BMI was correlated with an increasing CD4:CD8 ratio (p = 0.0140) directly
attributable to a significant increase in CD4+ (p = 0.0137) T cells accompanied by a significant
decrease in CD8+ (p = 0.0299) T cells (Figure 6.7). This decline in CD8+ T cells is in keeping

422

with studies in both pregnant women 3! and the general population 4?2 with obesity. From
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animal studies it has been suggested that this decline in CD8+ T cells in the peripheral blood
is attributable to infiltration of CD8+ T cells into adipose tissue that precedes macrophage
accumulation #?2, Whilst other studies also have shown a reduction in the proportion of
CD3*/CD8* T cells in pregnancies with obesity 13!, the question as to whether they have
accumulated in the adipose tissue remains unanswered. NKT cells (p = 0.0123) also showed a
decrease with increasing BMI (Figure 6.7) which is also in keeping with observations in the

449 and in pregnancy 31. While neutrophils tended to increase with BMI

general population
and eosinophils tended to decrease with BMI this was not significant; other populations did

not show any differences with maternal BMI.
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Figure 6.7: The impact of BMI on leukocyte populations in pregnancy. Whole blood (n=77) from fasted
pregnant women of approximately 28 weeks of gestation was used for leukocyte phenotyping as described in the
materials and methods. They were correlated to BMI. Statistics were determined using either a Pearson r or
Spearman r test dependent on their K-S test result, where p < 0.05 was determined significant. Leukocyte
populations which were determined where: neutrophils (r = 0.1053; p = 0.3654), eosinophils (r = -0.2034; p =
0.0760), total monocytes (r = -0.898; p = 0.4375), classical monocytes (r = 0.2138; p = 0.0637), intermediate
monocytes (r = -0.2394; p = 0.0372), non-classical monocytes (r = -0.0354; p = 0.7614), total T cells (r = -0.0606;
p =0.6004), CD4 T cells (r = 0.2798; p = 0.0137), CD8 T cells (r = -0.2476; p = 0.0299), CD4:CD8 ratio (r = 0.2789;
p = 0.0140), B cells (r =-0.0105; p = 0.9276), NK cells (r = 0.0628; p = 0.5877) and NKT cells (r =-0.2842; p =
0.0123).

187



Chapter 6 — Effect of BMI on immunological changes at 28 weeks’ gestation

6.3.3 The inflammatory cytokine profile of MNCs in maternal obesity is mostly unchanged

Having confirmed systemic inflammation occurs with increasing BMI in pregnant women
(Figure 6.5) and that there are differences in the relative abundance of some peripheral blood
leukocytes with changing BMI in pregnancy (Figure 6.6), the next consideration was whether
the inflammatory response of blood mononuclear cells (MNCs) might differ with BMI. MNCs
were isolated and left unstimulated or challenged with MDP (NOD?2), LPS (TLR4), LPS and R848
(TLR7/8) or POLY I:C (TLR3) as a prototypic inflammatory stimulus with thirteen cytokines (IL-
1B, IFNa2, IFNy, TNFa, MCP-1, IL-6, IL-8, IL-10, IL-12p70, IL-17A, IL-18, IL-23 and IL-33)
measured using a multiplex approach. IL-17A was not detectable in any sample but all other

cytokines were, and data are shown in Figures 7.5 -7.9.

Obesity appears to have little effect on inflammatory cytokine output of MNCs whether
unstimulated (Figure 6.8), MDP-stimulated (Figure 6.10), LPS-stimulated (Figure 6.9),
LPS/R848-stimulated (Figure 6.11) or POLY I:C-stimulated (Figure 6.12). The majority of
alterations in cytokine levels in pregnant women with obesity were not statistically significant.
The only exceptions were on stimulation with LPS/R848 (Figure 6.11), where a positive
correlation is observed with IL-1B (p = 0.0489) and IL-10 (p = 0.0408), and with POLY I:C (Figure
6.12) where IL-18 (p = 0.0027) increases significantly with BMI.
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Figure 6.8: Unstimulated cytokine production by peripheral blood mononuclear cells from GDM-negative
women of varying pre-pregnant BMI at 28 weeks of gestation. MNCs (n=45) were left unstimulated for 24 hr
and then levels of cytokines (ng/ml or pg/ml) measured using a multiplex bead array for flow cytometry. Statistics
were determined using either a Pearson r or Spearman r test dependent on their K-S test result, where p < 0.05
was determined significant. Cytokines which were detectable were: IL-13 (r = 0.0630; p = 0.6956), TNFa (r =
0.0315; p = 0.8391), MCP-1 (r = 0.0872; p = 0.5877), IL-6 (r = 0.1009; p = 0.5358), IL-8 (r = 0.1917; p = 0.2071)
and IL-18 (r = 0.1751; p = 0.2500).
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Figure 6.9: LPS-stimulated cytokine production by peripheral blood mononuclear cells from GDM-negative
women of varying pre-pregnant BMI at 28 weeks of gestation. MNCs (n=45) were stimulated with LPS and
then levels of cytokines (ng/ml or pg/ml) measured using a multiplex bead array for flow cytometry. Statistics were
determined using either a Pearson r or Spearman r test dependent on their K-S test result, where p < 0.05 was
determined significant. Cytokines measured were: IL-183 (r =-0.0040; p = 0.9791), IFNo2 (r = 0.0687; p = 0.6579),
IFNy (r =-0.1182; p = 0.4503), TNF (r = -0.0144; p = 0.9254), MCP-1 (r = 0.0651; p = 0.6710), IL-6 (r =-0.0602; p
= 0.7085), IL-8 (r = 0.0083; p = 0.5642), IL-10 (r = 0.2085; p = 0.1694), IL-12p70 (r = -0.0596; p = 0.6972), IL-18
(r=10.0331; p = 0.8290), IL-23 (r =-0.0791; p = 0.6099) and IL-33 (r = 0.1555; p = 0.3078).
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Figure 6.10: MDP-stimulated cytokine production by peripheral blood mononuclear cells from GDM-
negative women of varying pre-pregnant BMI at 28 weeks of gestation. MNCs (n=45) were stimulated with
MDP and then levels of cytokines (ng/ml or pg/ml) measured using a multiplex bead array for flow cytometry.
Statistics were determined using either a Pearson r or Spearman r test dependent on their K-S test result, where
p < 0.05 was determined significant. Cytokines which were detectable were: IL-13 (r = 0.01472; p = 0.9272), TNFa
(r =0.1327; p = 0.4020), MCP-1 (r = 0.0652; p = 0.6973), IL-6 (r = -0.0404; p = 0.8071), IL-8 (r = 0.0606; p =
0.6924), IL-18 (r = 0.1947; p = 0.1999) and IL-33 (r = -0.0727; p = 0.6391).
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Figure 6.11: LPS/R848-stimulated cytokine production by peripheral blood mononuclear cells from GDM-
negative women of varying pre-pregnant BMI at 28 weeks of gestation. MNCs (n=45) were stimulated with
LPS/R848 and then levels of cytokines (ng/ml or pg/ml) measured using a multiplex bead array for flow cytometry.
Statistics were determined using either a Pearson r or Spearman r test dependent on their K-S test result, where
p < 0.05 was determined significant. Cytokines measurable were: I1L-13 (r = 0.3022; p = 0.0489), IFNa2 (r = 0.1894;
p = 0.2356), IFNy (r = 0.2104; p = 0.1757), TNF (r = 0.2661; p = 0.0809), MCP-1 (r = 0.1818; p = 0.2377), IL-6 (r
= -0.0042; p = 0.9793), IL-8 (r = 0.2570; p = 0.0922), IL-10 (r = 0.3133; p = 0.0408), IL-12p70 (r = 0.0719; p =
0.6428), IL-18 (r = 0.2855; p = 0.0668), IL-23 (r = 0.0240; p = 0.8775) and IL-33 (r = 0.2227; p = 0.1463).
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Figure 6.12: POLY I:C-stimulated cytokine production by peripheral blood mononuclear cells from GDM-
negative women of varying pre-pregnant BMI at 28 weeks of gestation. MNCs (n=32) were stimulated with
POLY I:C and then levels of cytokines (ng/ml or pg/ml) measured using a multiplex bead array for flow cytometry.
Statistics were determined using either a Pearson r or Spearman r test dependent on their K-S test result, where
p < 0.05 was determined significant. Cytokines measurable were: IL-13 (r = 0.0388; p = 0.8350), IFNa2 (r =
0.1668; p = 0.3615), TNF (r = 0.0266; p = 0.8870), MCP-1 (r =-0.0186; p = 0.9211), IL-6 (r =-0.0436; p = 0.8161),
IL-8 (r = 0.0708; p = 0.7004), IL-12p70 (r =-0.1274; p = 0.4946), IL-18 (r = 0.5278; p = 0.0027), IL-23 (r =-0.0387;
p = 0.8420).

192



Chapter 6 — Effect of BMI on immunological changes at 28 weeks’ gestation

6.3.4 Monocytes have an adapted phenotype in response to obesity at 28 weeks of
gestation

Given the decline in intermediate monocytes with BMI and the well-recognised role of
mononuclear phagocytes in obesity-associated inflammation & 7°, flow cytometry was used
to further phenotype the classical (CD14**CD16°), intermediate (CD14**CD16*) and non-
classical (CD14*CD16**) subsets of monocytes. The markers chosen for study were those
commonly used for phenotyping monocytes linked to various effector functions (CD11b,
CD64, CD80, CD86 and CD163; Figure 6.14A-E), chemokine receptors (CCR2 and CX3CR1;
Figure 6.14F-G) and metabolism associated transporters and receptors (CD36, CD38, CD98
and CD220; Figure 6.14H-L) including mitochondria. Examples of the histograms of these

markers for each subset can be visualised in Figure 6.13.

CD163 (haemoglobin scavenger receptor) expression was increased in intermediate (p =
0.0241) and non-classical (p = 0.0163) monocytes with increasing maternal BMI (Figure
6.14E). Several studies have shown a correlation between soluble CD163 and BMI which
might act as an indicator for risk of insulin resistance #*°. Except for decreased expression of
the co-stimulatory molecule CD86 (Figure 6.14D) on intermediate monocytes (p = 0.0263) the
other markers in this group (CD11b activation marker, Figure 6.14A; CD64 Fcy receptor 1,

Figure 6.14B; CD80 costimulatory molecules, Figure 6.14C) were unchanged.

Both CCR2 and CX3CR1 are commonly studied in obesity 7 and are also differentially
expressed on monocyte subsets, i.e., classical monocytes are CCR2"8"CX3CR1"°v,
intermediates CCR2M8"CX3CR1Me", and non-classical CCR2'°“CX3CR1Me". While CX3CR1 did not
differ on any of the monocyte subsets with maternal obesity (Figure 6.14G), CCR2 expression
on all subsets of monocytes (C p = 0.0083, | p = 0.0121, NC p = 0.0317) was elevated with
increasing BMI (Figure 6.14F). Combined with MCP-1 levels that also increased with BMI
(Figure 6.5) this suggests that the CCL2/CCR2 axis that contributes to obesity related
inflammation in the general population is likely also activated in pregnant women with

obesity and warrants further investigation.
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With growing interest in the role of immunometabolism in determining cell fate and function,
the expression of key metabolic transporters CD36 (fatty acid translocator), CD98 (long-chain
neutral amino acid transporter) and CD220 (insulin receptor) was considered; the
mitochondrial content (MitoTracker Green™) was also quantified. No differences were found
in the CD36 (Figure 6.14H), CD98 (Figure 6.14J)) or insulin receptor (Figure 6.14K) with
increasing BMI. However, all three subsets of monocytes had decreased mitochondrial
content as BMI increased (C p = 0.0103, | p = 0.0467, NC p = 0.0438; Figure 6.14L). While
deficient and dysfunctional mitochondria have been linked with obesity %2, this is the first to
show this occurs in pregnancies with obesity and in leukocytes specifically. CD38 (cyclic ADP
ribose hydrolase that metabolises NAD+) has been suggested to play a vital role in pregnancy
and here it is shown on classical (p = 0.0478) and intermediate (p = 0.0269) monocytes at 28
weeks of gestation that CD38 expression was significantly decreased with increasing BMI

(Figure 6.14l).
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Figure 6.13: Histograms for the expression of the receptors measured. Each receptor has overlaid histograms
for classical (top), intermediate (middle) and non-classical (bottom) monocytes for BMI less than 25 (grey) and
over 35 (blue). Molecules measured were: CD11b, CD64, CD80, CD86, CD163, CCR2, CX3CR1, CD36, CD38,
CD98, CD220 and MitoTracker ™ Green.
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Figure 6.14: Phenotype of classical, intermediate, and non-classical peripheral blood monocytes of GDM-
negative women of varying pre-pregnant BMI at 28 weeks of gestation. CD14 and CD16 expression were
used to define classical (C; CD14++/CD16-), intermediate (I; CD14++, CD16+) and non-classical (NC; CD14+,
CD16++) monocytes for further analysis of key surface antigens; MFI values are reported for correlation with BMI
for each subset. Statistics were determined using either a Pearson r or Spearman r test dependent on their K-S
test result, where p < 0.05 was determined significant. Molecules measured were: (A) CD11b (n=46; Cr =-0.0339,
p =0.8228; I r = 0.0592, p = 0.6960; NC r = 0.1953, p = 0.1934), (B) CD64 (n=28; Cr=0.1248, p = 0.5269; | r =
0.1201, p = 0.5427; NC r = 0.1880, p = 0.5499), (C) CD80 (n=24; C r =-0.1713, p = 0.4235; | r =-0.1178, p =
0.5834; NC r=0.3106, p = 0.1396), (D) CD86 (n=30; C r =-0.2969, p = 0.1110; I r = -0.3924, p = 0.0263; NC r =
-0.1029, p = 0.5753), (E) CD163 (n=35; C r = 0.2085, p = 0.2293; | r = 0.3806, p = 0.0241; NC r = 0.4034, p =
0.0163). (F) CCR2 (n=19; C r = 0.5596, p = 0.0083; | r = 0.5627, p = 0.0121; NC r = 0.4696, p = 0.0317), (G)
CX3CR1 (n=22; Cr = 0.2466, p = 0.2685; | r =-0.0515, p = 0.8199; NC r =-0.0587, p = 0.7951), (H) CD36 (n=47;
Cr=0.0761, p=0.6073; I r =0.0274, p = 0.8533; NC r = 0.0372, p = 0.8040), (I) CD38 (n=47; Cr =-0.2872, p =
0.0478; 1 r =-0.3195, p = 0.0269; NC r =-0.1711, p = 0.2501), (J) CD98 (n=47; Cr = 0.1307, p = 0.3791; I r =
0.0612, p = 0.6828; NC r = 0.0382, p = 0.7966), (K) CD220 (n=53; C r = 0.0316, p = 0.8222; | r = -0.0105, p =
0.9407; NC r =-0.0233, p = 0.8682) and (L) MitoTracker ™ Green (n=13; C r =-0.6818, p = 0.0103; | r = 0.5597,
p =0.0467; NC r = -0.5659, p = 0.0438).
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6.3.5 Cellular metabolism is not altered by maternal BMI
Given decreased mitochondrial content was common to all monocyte subsets (Figure 6.14L)
and adipocytes in obesity have shown downregulated OXPHOS proteins, lowered

mitochondrial oxidative capabilities and reduced mitochondrial biogenesis 42

itis then logical
to consider whether OXPHOS might be altered with increasing BMI. Summary data for
oxidative phosphorylation as oxygen consumption rate (OCR) and glycolysis as extracellular
acidification rate (ECAR) are shown as grouped BMlIs (BMI < 29.9 versus BMI > 30; Figure
6.15A). OXPHOS and glycolysis parameters were calculated (ATP production, bioenergetic
scope, bioenergetic capacity, glycolytic index, supply flexibility index, spare respiratory
capacity) and compared by BMI (Figure 6.15B). There were no significant differences in any
OXPHOS or glycolysis parameters with BMI at 28 weeks of gestation. MNCs in pregnancy at
term have previously been found to have decreased basal glycolysis and glycolytic capacity in

conjunction with increased bioenergetic health index #’. Very little otherwise is known about

specific immune cell bioenergetics in obesity or pregnancy.
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Figure 6.15: The bioenergetic capacity of mononuclear cells from GDM-negative women of varying pre-
pregnant BMI at 28 weeks of gestation. OCR and ECAR of MNCs from pregnant women at approximately 28
weeks (n=32) were measured using the Seahorse extracellular flux analyser as described in the Materials and
Methods and correlated to maternal obesity. (A) The trace of OCR and ECAR against time for grouped not-obese
vs obese. (B) Specific glycolytic or oxidative phosphorylation parameters were extracted and correlated against
BMI. Statistics were determined using either a Pearson r or Spearman r test dependent on their K-S test result,
where p < 0.05 was determined significant. These parameters included: ATP production from glycolysis (basal r =
0.0650, p = 0.7239; max r = 0.1268, p = 0.4894) and OXPHOS (basal r = 0.0226, p = 0.9025; max r = 0.1549, p =
0.3972), bioenergetic scope (basal r = 0.0386, p = 0.8339; max r = 0.1668, p = 0.3617), bioenergetic capacity for
glycolysis (basal r =0.1155, p = 0.5289; max r = 0.0405, p = 0.8259) and OXPHOS (basal r = -0.1155, p = 0.5289;
max r = -0.0405, p = 0.8259), maximum mitochondrial respiration (r = 0.1549; p = 0.3972), supply flexibility index
(r=10.0168; p = 0.9271), glycolytic index (r = 0.1156; p = 0.5288) and spare respiratory capacity (r = 0.1814; p =
0.3286).
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6.3.6 Pregnant women with obesity show altered Th1/Th2/Th17

Given the dramatic effect of maternal obesity on T cell numbers (Figure 6.7) and the role of
immune plasticity related to Th1/Th2/Th17 in pregnancy success %> it is worth considering
the effect of BMI on CD4+ T cell subsets. The relative abundance of different Th subsets was
determined based on their chemokine expression profile — CXCR3, CX3CR1, CCR4, CCR6 and
CCR10 - to identify Thl (CXCR3-CCR4-CCR10-CCR6-), Th2 (CXCR3-CCR4+CCR10-CCR6-), Th9
(CCR4-CCR6+), Th17 (CXCR3-CCR4+CCR10-CCR6+), Th17/1 (CXCR3-CCR4-CCR10-CCR6+) and
Th22 (CCR4+CCR6+CCR10+CXCR3-) subsets >4, The percentage of Th2 cells as well as closely

related Th9 cells decreased with increasing maternal BMI (Figure 6.16) but other subsets were

unaffected.
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Figure 6.16: The Th profile of GDM-negative women of varying pre-pregnant BMI at 28 weeks of gestation.
Th subsets were identified using flow cytometry and their chemokine receptor profile — CCR4-CXCR3-CCR10-
CCR6- Th1; CCR4+CXCR3-CCR10-CCR6- Th2; CCR4-CCR6+ Th9; CCR4+CXCR3-CCR10-CCR6+ Th17;
CCR4-CXCR3-CCR10-CCR6+ Th17/1; CCR4+CCR6+CCR10+ Th22. Statistics were determined using either a
Pearson r or Spearman r test dependent on their K-S test result, where p < 0.05 was determined significant. The
populations identified were (n=46): Th1 (r = 0.0538; p = 0.7225), Th2 (r = -0.3202; p = 0.0341), Th9 (r = -0.3205;
p =0.0319), Th17 (r = 0.1202; p = 0.4315), Th17/1 (r =-0.1662; p = 0.2696) and Th22 (r =-0.0705; p = 0.6415).

When the examination of the cytokine profile induced in response to the TCR activator
CytoStim™ and measured using a multiplex approach, it was found that IL-4 production was
also decreased with increasing BMI (Figure 6.17). This decrease in IL-4 was accompanied by
increasesin IL-6, IL-17A, IL-17F and IL-22 (Figure 6.17). Overall, this suggests a decrease in Th2
accompanied by an increase in Th1l7 that could underpin adverse obstetric outcomes in

pregnant women with obesity.
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Figure 6.17: CytoStim™.-stimulated Th cytokine production by peripheral blood mononuclear cells from GDM-negative women of varying pre-pregnant BMI at 28
weeks of gestation. MNCs (n=74) were stimulated with CytoStim™ and then levels of Th cytokines (ng/ml or pg/ml) measured using a multiplex bead array for flow cytometry.
Statistics were determined using either a Pearson r or Spearman r test dependent on their K-S test result, where p < 0.05 was determined significant. Cytokines measured
were: IL-2 (r = 0.0295; p = 0.8046), IL-4 (r =-0.2806; p = 0.0162), IL-5 (r =-0.0158; p = 0.8898), IL-6 (r = 0.4166; p = 0.0002), IL-9 (r = 0.0240; p = 0.8339), IL-10 (r =0.1193; p
=0.2983), IL-13 (r =-0.1013; p = 0.3745), IL-17A (r = 0.2753; p = 0.0168), IL-17F (r = 0.2973; p = 0.0091), IL-22 (r = 0.2257; p = 0.0484), IFNy (r = 0.1762; p = 0.1228) and
TNF (r =0.1979; p = 0.0824).
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6.3.7 Summary of results

Chapter 6 — Effect of BMI on immunological changes at 28 weeks’ gestation

A heatmap is provided in Figure 6.18 to summarise the findings of this chapter.
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Figure 6.18: A heatmap summary of the findings of Chapter 6. Blue indicates a significant positive correlation
between BMI and the measurement, whereas red indicates a significant negative correlation with BMI. Some
findings have been condensed to the most important, such as overall OXPHOS rather than showing each

measurement.
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6.4 Discussion

Using a cohort of women of varying BMI but of very similar gestation and confirmed as
negative for GDM by glucose tolerance testing, in contrast to many other studies of obesity
in pregnancy, we have been able to establish the effects of obesity on systemic maternal
immunity early in the third trimester. This chapter confirms that maternal obesity is
associated with systemic inflammation and monocyte activation and extend this to suggest
activation of the CCL2/CCR2 axis, as in the general population, with obesity. It is also showing
a profound effect of increasing BMI on loss of mitochondrial content; while this did not seem
to affect oxidative phosphorylation capacity this measure was made on total mononuclear
cells rather than isolated monocytes as would have been ideal. Finally, using both phenotypic
and functional analysis this chapter shows for the first time that maternal obesity causes

downregulation of Th2 cells and responses favouring heightened Th17 in particular.

Increased leptin and IL-6 in pregnant women with obesity has been described previously 3
and this phenotype of systemic inflammation is extended to include CCL2/MCP-1.
Importantly, this study confirms increasing leptin with increasing maternal BMI in a cohort
that does not include women with either current or a history of hyperglycaemia and/or
GDM/T2DM. Together with Wang et al 43, it supports that this relationship likely occurs
throughout pregnancy. Similarly, the systemic elevation of IL-6 but not TNF with increasing
maternal BMI is confirmed 3. While CCL2/MCP-1, a pro-inflammatory chemokine, is reported
to be decreased in healthy pregnancy #>>, herein obesity in pregnant women was associated
with increased CCL2/MCP-1 as has been observed in the general population 43, Given
maternal CCL2/MCP-1 levels have been suggested to be a marker of labour #*°, levels with
maternal obesity could contribute to increased risk of early labour or miscarriage #°°.
Combined with our observation of elevated CCR2 on all monocyte subsets with increasing
maternal BMI, as in the general population 7°, it is likely that the CCL2/CCR2 axis is also active
in pregnant women and manifests as increased intrinsic migratory capacity of monocytes but
this remains to be formally investigated. The suspected increased intrinsic migratory capacity
of monocytes in pregnancies with obesity would suggest altered macrophage phenotype in
adipose and placental tissue. Macrophages have been reported to accumulate in the placenta
of pregnant women with obesity °3 but whether this is CCL2/CCR2 mediated recruitment of

maternal monocytes remains to be determined.
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Obesity in the general population has been shown to be an indicator for severity of COVID-19
symptoms, with high levels of CRP indicating strong critical illness risk 4°7. While CRP levels
were not measured here, it has been reported that CRP levels are exacerbated in pregnant
women with obesity °3. Despite the initial concern for increased susceptibility for pregnancy
with SARS-CoV-2 (based on previous influenza %%, SARS 0 and zika **° outbreaks), studies
have shown that pregnant women are not at severe risk 4°’. This is discussed further in
Chapter 7 - The potential protective effects of pregnancy against novel coronavirus SARS-CoV-
2. However, several studies across the globe have described a relationship in pregnancy
between severe disease and obesity 4841, Obesity and its contribution to immunopathology
with SARS-CoV-2 in pregnant women has recently been reviewed by McCartney et al*®2. While
soluble forms of the key viral entry receptor for SARS-CoV-2, ACE2 were not measured due
to not-detectable levels of the soluble form in plasma, other key molecules CD26 43, CD147
464 and NRP-1 %> were measured. Only NRP-1 showed a correlation between plasma
concentration and BMI. Soluble forms of ACE2 (sACE2) have been speculated to act as ‘traps’
for SARS-CoV-2 to prevent it binding cellular ACE2 %¢, One study investigating the relationship
between sNRP1 levels and SARS-CoV-2 disease susceptibility in women suffering with PCOS
indicated that depleted plasma sNRP1 correlates to increased vulnerability 467, This suggests
that the elevated sNRP1 observed in maternal obesity is not involved in conferring protection

from SARS-CoV-2 during pregnancy.

Independently of facilitating SARS-CoV-2 entry into the cell, NRP-1 plays a vital role at the
maternal-fetal interface due to its interaction with vascular endothelial growth factor (VEGF)
and its role in angiogenesis “8, A study has shown a relationship between significantly down-
regulated placental NRP-1 and pregnancies with fetal growth restriction #®°. BMI and
pregnancy complications such as preeclampsia and preterm labour have been described as
being in an antiangiogenic state 4’473, Due to the relationship between obesity and these
pregnancy complications, it would be worth investigating if elevated plasma sNRP-1 as BMI
increases, is due to a shedding of membrane NRP-1 from the placenta. The shedding or export
of sNRP1 from the placenta is evidenced in healthy pregnant women in 7.3.4 The placenta,
amnion and choriodecidua express both membrane-bound and soluble receptors linked to

SARS-CoV-2 infectivity.
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The many obesity-associated changes in monocytes prompted a closer scrutiny of this
population. In contrast to the increase in the non-classical subpopulation seen in the general

68 diminished intermediate monocytes with increasing maternal BMI was

population
observed. Despite being the rarest subpopulation of monocytes, the intermediate subset has
been implicated in various diseases. An increase in this subset has been associated with
cardiac complications 7% 47>, obesity 4% 477 pregnancy 3%% 329 and preeclampsia 328, That the
intermediate monocytes are decreasing with BMI, suggests that the elevation already seen in
obesity in the general population might be accelerated too early in pregnancy, thereby
reducing their expansion in later pregnancy. The functional aspects of the intermediate
monocytes in disease are thus far unexplored. Other highlights of the effect of increasing
maternal BMI include changes in CD163, CD86 and CD38 which are all novel findings for
maternal obesity. An increased expression of CD163 is typical of monocytes and macrophages

478 and was seen on intermediate and non-classical monocytes

in response to inflammation
with increasing maternal BMI. Increased monocyte expression of CD163 has been associated
with improved immune control #°. Soluble CD163 was not measured here, but this is elevated
in sepsis “8% and other inflammatory conditions and would be worth considering in further
studies. CD86 was decreased with increasing maternal BMI on intermediate monocytes — in
contrast to the general population, where CD86 expression has been found to be elevated on
non-classical monocytes in obesity #8. This suggests a disinclination to stimulate lymphocyte
activation. CD38 expression on monocytes and macrophages is induced in inflammatory
conditions %82 and a decrease in the expression of CD38 correlates with suppression of
adipogenesis and lipogenesis in adipose tissue in mouse models %3, The data shows a
decrease in CD38 expression on classical and intermediate monocytes, and together with
CD163 and CD86 observations, suggests that the monocytes might be attempting to counter
the exacerbated inflammatory state of maternal obesity. CD38 also has a role in metabolism,
with the ability to produce cyclic ADP-ribose and nicotinic acid adenine dinucleotide
phosphate (NAADP) from NAD+ and NADP+ respectively. Inhibitors of CD38, such as the
flavonoid apigenin from foods such as parsley, have shown beneficial effects in tackling
obesity in animal models 8. In these models elevated cellular levels of NAD* are beneficial,

and CD38 knockout increases the NAD* levels and protects against obesity 84,
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Metabolically, while the data on fatty acid and amino acid transporters revealed no
differences related to maternal BMI, all three subsets of monocytes had reduced
mitochondrial content suggesting that monocyte metabolism — especially OXPHOS - is
compromised in maternal obesity. Therefore, the bioenergetic capabilities of MNCs was also
considered. It would have been ideal to undertake this analysis on isolated monocytes to
better match the flow cytometry finding but this was not possible — this was a study of MNCs
and only flow cytometry allowed delineation of effects of maternal obesity on discrete cell
types within this heterogenous mix. There appears to be very little research surrounding
specific immune cell bioenergetics in obesity or pregnancy although the spare respiratory
capacity of monocytes has been shown to be negatively correlated with percentage body fat
485 A study investigating the effect of the bioenergetic function of peripheral monocytes in
women with HIV illustrated that monocytes of infected women with obesity had impaired
bioenergetic health (reduced basal and maximal oxygen consumption rate as well as
decreased bioenergetic health index) in comparison to lean infected women “8. A recent
study by Sureshchandra et al. has shown that at term, monocytes from pregnant women with
obesity have reduced ECAR at baseline and following LPS and glucose injections, in
comparison to lean pregnant women that might support their maladaptive phenotype 44,
There are no other studies of the effects of obesity on the bioenergetic profile of MNCs in
pregnancy or in obesity in general. While the results in this chapter show no effect of maternal
BMI, using a similar approach it is observed that MNCs of pregnant women with GDM have
reduced oxidative phosphorylation compared to their GDM-negative counterparts (see
Chapter 8 - General Discussion). Given the absence of any difference in cellular bioenergetics
with maternal obesity it is perhaps not surprising that no differences in LPS-stimulated
cytokine production was seen, despite differences in such responses in the general population
with obesity such as increased production of IL-1B and RANTES upon LPS stimulation of
classical monocytes 7° and heightened LPS-stimulated TNF, IL-2, and IFNy and decreased IL-
10 production from LPS-stimulated MNCs %87, However, cytokine production by monocytes is

underpinned by glycolysis 7°

which does not depend on mitochondria and was also
unchanged with maternal BMI. It would be worthwhile investigating the effects of maternal
BMI on monocyte effector functions supported by the mitochondria including ROS production
and fatty acid oxidation. All of this does suggest however that it is vital to further investigate

phenotypic and functional adaptation of monocytes to both obesity and GDM. This is
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especially so as pregnancy-associated monocyte activation is exacerbated in for example

preeclampsia ’/, and obesity is a risk factor for preeclampsia &°.

Monocytes are not the only cell type affected by maternal obesity. The immunophenotyping
performed on MNCs revealed that T cells are particularly susceptible to the effects of
maternal BMI. As already reported 3!, this study also found a negative correlation between
maternal obesity and the abundance of iNKT cells. Due to their ability to influence both innate
and adaptive responses, iNKT cells been implicated in various diseases “%8. In the general
population, iINKT cells are depleted in adipose tissue of people with obesity * and the addition
of iNKT cells resolves increased body fat, leptin and insulin sensitivity 4°. While no change in
the number of iNKT cells have been observed in pregnancy, they are more activated *%;
further activation of iNKT cells has been shown to induce pregnancy loss in murine models
490 For conventional T cells, there was no change in total T cells but there was a significant
increase in CD4+ T cells accompanied by a decrease in CD8+ T cells which significantly

impacted the CD4:CD8 T cell ratio. This decline in peripheral CD8+ T cell counts with obesity

422 131

in both the general population “**and in pregnant women *>* appears to be a common finding.
While animal studies suggest that this might be explained by the accumulation of CD8+ T cells
in adipose tissue 422, little is known about the effects of pregnancy - either with or without
obesity - on adipose tissue immune profiles. While there are recent studies exploring the
impact of obesity on adipocyte hypertrophy and adipose tissue macrophage populations in
visceral adipose tissue from pregnant women with and without obesity % there are few
studies of the effects of maternal obesity on adipose tissue with most focusing on GDM 4°1,
Our and other findings in changes to the abundance of some circulating immune cell
populations certainly warrant further effort to understand what is happening within adipose
tissues in pregnancy and the interrelationship of blood, adipose tissue and placenta. It also is

unfortunate that regulatory T cells was not included in this analysis but clearly investigation

of these and other important minor cell subsets such as ILCs and MAIT cells is needed.

The effect of maternal BMI on the relative abundance of CD4 and CD8 T cells, combined with
the recognised importance of the Th1/Th2/Th17/Treg axis in pregnancy success 1° prompted
the consideration of the impact of obesity on this phenotype. Using a flow cytometry based

454

approach based on patterns of chemokine expression by CD4+ T cells it was found that

205



Chapter 6 — Effect of BMI on immunological changes at 28 weeks’ gestation

maternal obesity was associated with a decline in Th2 and Th9 cells. This decline in Th2 cells
was accompanied by decreased production of IL-4 upon stimulation of MNCs revealing a
negative effect of maternal obesity on Th2 responsiveness in particular. This appears to be
accompanied by increased Thl and Th17 cytokine production suggesting disruption of the
Th1/Th2/Th17 axis in pregnant women with obesity. These findings are consistent with the
obesity-associated shift to Th1 and Th17 in the general population (Figure 6.19) 423492 |n the

129

setting of pregnancy such a shift could lead to recurrent pregnancy loss **° and pre-term birth

128 for which obesity is a recognised risk factor. Obesity also has been shown to be an indicator

407 1

for severity of COVID-19 symptoms including in pregnancy “! and the altered
Th1/Th2/Th17 profile shown here could account for this obesity-associated increased risk of
severe disease in pregnant women. Overstimulation of Thl-type immunity in particular
appears to be a main contributor to miscarriage through the production of IFN-y and TNFa,
with Th1 inhibitors or IL-10 administration combatting the effect in mice %°3. Conversely,
studies have indicated that Th2-type immunity may not actually be required for pregnancy,
evidenced by mice models with Th2 cytokine knockout #°*. Additionally, the Th1/Th2
paradigm is more prominent at the maternal-fetal interface rather than systemically 4°°.
There are conflicting studies of Th1l and Th2-type cytokine production in the blood. Some
report decreased IFNy and IL-2 with an increase in IL-4 production (peaking at month 7 of
gestation) #°® 497 while others demonstrate a reduction in IL-4 and an increase in IFNy
secretion %859 |L-17 has been observed be increased in maternal peripheral blood but not
in spontaneous abortion®°t. However, increased concentrations of IL-17 in maternal sera are
seen in preghancies complicated by fetal growth restriction and preeclampsia 2. This is

corroborated in this study, where there was a significant decrease in fetal birth weight

observed when maternal BMI is > 30.

A comparison of lean pregnant women with non-pregnant women at the same time as the
comparison with obesity, using the same methodology, would assist in our understanding of
the value of a systemic Th1/Th2 (and Th17) paradigm. Most of the women who took part in
this study completed successful uncomplicated pregnancies, and so the findings here could
further evidence that Th2 type immunity is unessential, at least at this stage of pregnancy.

This does not however disregard any potential long-term effect on the mother and the fetus
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that these changes may have; further work is required. Additional investigations should
consider the Th profile at different stages of pregnancy, with and without obesity, and with
and without complications, and ideally in the same women prospectively. If this shift only
occurs later in gestation, it could suggest that the pregnancy is too well established to be
impacted by any systemic shifts in the Th1/Th2 (and Th17) dichotomy. It is possible this shift
only relates to adverse outcomes if it occurs early in gestation when the establishment of the
maternal-fetal interface is more sensitive to dysregulation. Due to the difficulty of acquiring
samples from pregnant women, animal models are being considered to delve more into the
mechanistic aspect of the changes observed, particularly looking at the effect on adipose

tissue and other organs.

Healthy non-pregnant Obese non-pregnant

Figure 6.19: Summary of the balancing act of the Th subsets in healthy and obese non-pregnant, and
healthy and obese pregnancies. A tight balance is maintained in the general healthy population; this skews to
favour the Th1/Th17 in obesity, and towards Th2/Treg in a healthy pregnancy. A pregnancy complicated by obesity
mimics the change in balance as observed in the general population with obesity.

BMI is strongly correlated to several differences in pregnant woman at 28 weeks of gestation.
These associations may offer explanations for increased risk of adverse obstetric outcomes,
and some may offer targets for therapy. Further investigation into isolated cell populations
as well as adipose tissue and placenta is required to further our understanding of the
influence of obesity on pregnancy outcome. In addition, murine models may extrapolate the
significance of the findings described here if it is found that the pregnancies were or were not

successful.
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7.1 Introduction

Novel coronavirus, SARS-CoV-2, is responsible for the disruptive and deadly COVID-19
pandemic; research into this virus is vital. Pregnancy poses a unique risk factor to any new
infectious disease, such as the previous outbreaks of Zika 1>°, SARS 1¢° and influenza %1, These
diseases highlight the potential immediate and long-term detrimental health affects for the
mother and fetus. Pregnant women are more at risk of severe influenza %, Zika has been
shown to cause birth defects such as microcephaly % 162, and SARS to induce premature
delivery 1%, However, the characteristics of COVID-19 in pregnant and non-pregnant women
are very similar and while severe COVID-19 in pregnancy brings increased risk of preterm

birth and intensive care admission 164

most pregnant women, be they symptomatic or
asymptomatic for SARS-CoV-2 infection, do not experience severe complications in pregnancy
165 Similarly, cases of SARS-CoV-2 vertical transmission are rare and there is low risk of serious
disease for the neonate °°. Understanding the mechanisms of resilience against severe
COVID-19 in pregnant women and the newborn are critical to ensure ongoing vigilance in care
and to provide insight into disease pathogenesis and therapeutic opportunities. The Royal
College of Obstetricians & Gynaecologists currently advise in their guidelines for pregnant

women to follow the same precautions as a healthy individual as there is no evidence to

suggest they are more at risk of contracting COVID-19 163,

Disease severity and morbidity of COVID-19 patients have been associated with increasing
age 1%, Along with age, other factors which induce higher expression of CD147- and ACE2-
related genes have included being male, obesity, smoking and hypertension >%4. A study from
the UK Obstetric Surveillance System (UKOSS) has shown that, as with the wider population,
Asian and Black pregnant women are more likely to be admitted to hospital with SARS-CoV-2
infection %7, This study also found that most pregnant women admitted to hospital were in
the late second or third trimester 6% 167 Qverweight or obesity also contributed to a large
percentage (69%) of pregnant women infected with SARS-CoV-2 and admitted to hospital ¢7;
other studies have observed the same trend with obesity 4°% 461,462 BM| and ethnicity are also
a risk factor for gestation diabetes mellitus °°°; therefore, it is vital to understand how exactly
the immune system differs in these pregnancies. Further discussion on the effect of maternal

obesity on SARS-CoV-2 can be found in Chapter 6.
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As discussed in Chapter 1, the maternal pregnant environment becomes skewed towards a
Th2 response &>, The progression of severity by SARS-CoV-2 infection could be initiated by
a cytokine storm, which is primarily the excessive activation of Th1 cytokines. Typically, a Thl
environment is more effective at containing viruses, illustrated by pregnant women being
more susceptible to influenza. However, the Th2 dominant environment of pregnancy may
result in lesser severity as the predominant response to SARS-CoV-2. While it would be logical
to assume that pregnant women are therefore at higher risk for severe illness or mortality in
comparison to a non-pregnant woman, observations have disputed this, with the risk and
severity being no different to non-pregnant. The mortality rates of pregnant women are also
surprisingly relatively low in comparison to MERS and SARS pandemics. However, if pregnant
women were to contract severe SARS-CoV-2, there is an increased risk of pre-term birth, with

risk of hypertension also increasing with severe infection 164 507,

Vertical transmission of SARS-CoV-2 or any virus to the fetus is a particular worry. One of the
roles of the placenta is to act as a barrier against viral and bacterial infections. Zika virus has
been shown to infiltrate the placenta to affect the fetus. Studies have suggested that Zika
disrupts the placental barrier by directly infecting placental cells, primarily targeting placental
macrophages and trophoblasts, including syncytiotrophoblast (STB) cells 318 598 509 The STBs
mediate the exchange of waste and nutrients between the fetal and maternal blood, and Zika
uses this to infect the fetus. Studies thus far have concluded that the fetus is substantially
protected from vertical transmission of SARS-CoV-2 °19, with occurrences being uncommon;
less than 3.2% of neonates have been found to be SARS-CoV-2 positive 1. Angiotensin-
converting enzyme 2 (ACE2) is a key molecule which works in tandem with other molecules
to allow SARS-CoV-2 entry into cells 12, ACE2 has been found highly expressed in healthy
pregnancies, particularly due to the placenta !> 54 suggesting that pregnant women may be
at an increased risk to SARS-CoV-2 complications. Studies have shown that upon SARS-CoV-2
binding to ACE2, ACE2 is down-regulated and thus blood pressure increases along with other
inflammatory effects that occur in preeclampsia °%°. Early reports show that preeclampsia
may be more prevalent in pregnancies affected by COVID-19 16, However, despite the
localisation of ACE2 and the SARS-CoV-2 spike protein being primarily within the outer

syncytiotrophoblast layer, no differences between ACE2 expression and cases of vertical
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transmission have been found, suggesting that the occurrences of this may be due to a

different viral entry pathway >%°.

In the case of maternal infection, maternal IgG antibodies against SARS-CoV-2 will cross the

placenta to provide the fetus passive immunity >’

, providing short-term protection for the
last months of pregnancy and for some months after the baby is born; studies have confirmed
this phenomenon occurs with SARS-CoV-2 518519 Antibodies (predominantly IgA but also 1gG)
will also be provided in the breast milk if the baby is breast fed 2% >21, and this has been

confirmed in the case of SARS-CoV-2 natural infection and vaccination 22 >23,

SARS-CoV-2, like most other coronaviruses, has an outer membrane spike (S) protein which
is the prime protein for interaction with host cell targets 46 >24, ACE2 is an enzyme present
on cell membranes that has a normal role in lowering blood pressure via the Renin-
Angiotensin System (RAS) in which ACE2 catalyses the reaction which produces the
vasodilator peptide angiotensin (1-7) from the hydrolysis of vasoconstrictor peptide
angiotensin Il. However, it also acts as an entry point for coronaviruses into cells (Figure 7.1)
12 ACE2 is found predominantly on epithelial cells and is ubiquitous in lung, heart, intestine,
nasal and kidney epithelium, but is rarely expressed by leukocytes >°*. Epithelial cell surface
expression of ACE2 is reduced after interaction with the S-protein of SARS-CoV-2, as it is
internalised into endosomes with the viral particles >2°. ACE2 can also exist as a circulating
soluble form (sACE2) >26, Whilst typically present in low quantities in healthy human plasma,
SACE2 is elevated in heart failure patients, and thought to have a protective effect. It has been
hypothesised that sACE2 can act as a trap for SARS-CoV-2 to prevent it binding membrane
ACE2 (Figure 7.1) 46¢,

Early evidence has shown that CD147 #¢* and CD26 %53 are also key viral entry receptors for
SARS-CoV-2. CD147, also known as basigin (BSG), is an extracellular matrix metalloproteinase

inducer (EMMPRIN). It has various immunological roles, such as intercellular recognition,

527 528

stimulation of lymphocyte responsiveness >%/, and of monocarboxylate transporters ¢, such
as those which transport lactate and pyruvate across cellular membranes. CD147 was
discovered to be a receptor responsible for Plasmodium falciparum invasion of cells to cause

malaria >2°. The role of CD147 in viral invasion regarding SARS-CoV-2 is still poorly understood
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and there are conflicting findings; some have suggested no role in viral entry >3, however, an
anti-CD147 antibody drug called Meplazumab has been shown to inhibit SARS-CoV-2 viral
entry into host cells 46% 331 CD26, also known as dipeptidyl peptidase-4 (DPP4), is
predominantly associated with apoptosis, regulation of the immune system, and signal
transduction. Like ACE2 and CD147, CD26 also has a soluble form present in various body
fluids such as blood plasma. CD26 can cleave a broad range of substrates such as
neuropeptides, chemokines and vasoactive peptides; it also degrades incretins such as GLP-
1, illustrating its role in glucose metabolism 32, Once degraded, GLP-1 inhibits the release of
insulin and stimulates the release of glucagon, thus elevating blood glucose levels >33; CD26
has been a target for some anti-diabetic drugs >3*. Both CD147 and CD26 are expressed in
epithelium and by leukocytes %4,
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Figure 7.1: The binding of SARS-CoV-2 to ACE2. SARS-CoV-2 can bind to both the membrane-bound and
soluble forms of ACE2. Upon binding the membrane-bound ACE2, SARS-CoV-2 can gain entry into the cell to
infect it. Soluble ACE2 (sACE2) binds SARS-CoV-2 to prevent it from infecting the cell and acts as a trap for virus
particles.

Along with these three molecules, there have been several others described as necessary or
desirable for SARS-CoV-2 cell entry (Figure 7.2). Neuropilin-1 (NRP-1) is recognised to be a
coreceptor to vascular endothelial growth factor (VEGF) >3> and semaphorin (SEMA3A) 336
supporting its various roles such as angiogenesis and cell survival 4¢8, In pregnancy, it has been
shown that due to its interaction with VEGF, NRP-1 plays a vital role at the maternal-fetal
interface. This has been evidenced by significantly down-regulated placental NRP-1 in

pregnancies with fetal growth restriction “%°. NRP-1 has also been implicated in
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tumorigenesis, promoting the growth and survival of tumours >3’

, and has been a target for
various anti-tumour drugs >38. NRP-1 has been shown to facilitate SARS-CoV-2 entry into the
cell, and also potentiates infectivity #¢>. Mayi et al discussed the theorised role of NRP-1 in
SARS-CoV-2 >3, and speculated its role in promoting vascular and coagulation dysfunction >4
>41 as well as highlighting the unique role of NRP-1 in facilitating SARS-CoV-2 uptake in the
olfactory epithelium and bulb resulting in anosmia symptom presentation %> (ACE2 is not
found on neurons °%?). Soluble NRP-1 (sNRP-1) levels have been linked to SARS-CoV-2
susceptibility in women suffering with polycystic ovary syndrome (PCOS) where increased

vulnerability is linked with depleted plasma sNRP-1 levels 4¢7.

A member of the heat shock protein family, glucose regulated protein 78 (GRP-78; binding
immunoglobulin protein; BiP) is involved in the folding and assembly of proteins on the
endoplasmic reticulum (ER) and is regulated by its allosteric ATPase cycle >*3. GRP-78 has also
been discussed to have immunomodulatory functions such as inducing anti-inflammatory

544

cytokine secretion by MNCs ** and down-regulating vital molecules (e.g. CD86) involved in T

cell activation >#°

, as well as metabolic regulation as it is required in adipose tissue for glucose
homeostasis and adipogenesis >*. GRP-78 is known to interact with a region on the SARS-
CoV-2 receptor-binding domain (RBD) that is structurally similar to the cyclic form of Pep42
(a cyclic 13-mer oligopeptide which preferentially binds GRP-78 >47) allowing the facilitation
of viral entry into the cell >*8. GRP-78 is essential for the fertilisation process, involved in the
development and proliferation of embryonic cells, and is regulated by maternal oestrogen >*°-

>52_Under hypoxic conditions and severe preeclampsia pregnancies, placental GRP78 is found

to be upregulated, and this has been suggested to occur in an effort to resolve ER stress >

554

A disintegrin and metalloprotease 17 (ADAM17; tumour necrosis factor-a-converting
enzyme; TACE) is found on the cell surface and in the intracellular membranes of the Golgi
network, with its primary role is understood to be the processing of TNFa . The biological
function of transmembrane protease serine 2 (TMPRSS2) is unknown although it is thought
to be involved in various physiological processes due to its membership of the serine protease
family. Both TMPRSS2 and ADAM17 have been implicated in SARS-CoV-2 through their ability
to cleave ACE2 >°®, The spike protein of SARS-CoV induces ADAM-17 interaction with ACE2,
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coupled with TNFa production >°7

, after it has been internalised and proteolytically cleaves
the ACE2 ectodomain, and this has been proven to be necessary for infection of cells by SARS-
CoV-2 >3 538 \While it is still unclear how ADAM17 facilitates viral entry, it Zipeto et al
speculates that its protease activity may be vital for viral fusion with the cytoplasmic

membrane °°°

, and its increased activity leads to the cleavage of pro-inflammatory molecules
such as TNFa °%. In competition for ACE2 cleavage for viral uptake, TMPRSS2 is also capable
of cleaving the ACE2 cytoplasmic tail which can potentiate viral uptake and processing via a
cathepsin L (CTSL)-independent pathway >°¢. However, augmented SARS-CoV spike (S) protein
(SARS-S)-driven entry is only achieved by TMPRSS2 in comparison to ADAM17-cleavage,
allowing for activation of the S protein to allow membrane fusion >°®. It has been shown that
SARS-CoV-2 entry is primely mediated by ACE2 for entry and TMPRSS2 for S protein priming
61 CTSL is involved in intracellular protein catabolism, and has various roles including

apoptosis and angiogenesis >®2. Once the viral particles are internalised into an endosome

after ACE2/TMPRSS2 mediated uptake, CTSL primes the S protein for activation >°°.

Due to ADAM17 being a major sheddase for TNFa, some investigation into its role in
pregnancy has been necessary. Murine models have suggested ADAM17 activity to be vital
for embryonic development, with deficiencies resulting in impaired vessel formation and
haemorrhage potentially due to the failure to cleave substrates involved in vascular
development °%3. Placental ADAM17 expression has been found to be elevated in
preeclampsia, modulated by the hypoxic conditions, contributing to the exacerbated TNFa
production observed %4, Placental expression of both ACE2 and TMPRSS2 has been found to
be dependent on gestational age, with the expression highest during the first trimester >%°,
The lower expression in the later trimesters could contribute to the infrequent cases of
vertical transmission observed; less viral entry receptors for SARS-CoV-2 to bind to cross the
placental barrier >, Placental CTSL expression is also significantly higher in the first trimester
than the latter trimesters as well as having increased enzymatic activity during the invasive

phase of placentation >¢7.
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Figure 7.2: Molecules involved in SARS-CoV-2 infectivity and their normal physiological function.

7.1.1 Rationale

Pregnant women are considered a high-risk group for severe effects of SARS-CoV-2. As this
virus is resulting in an international pandemic, it is vital to elaborate on why both the mother
and fetus appear to be relatively resilient to severe forms of COVID-19, as this may help us

identify ways to combat the disease.

7.1.2 Hypothesis
High levels of soluble receptors (e.g., ACE2) in bodily fluids - such as plasma, breast milk and

amniotic fluid - act as decoy receptors to stop the virus binding to cells, thus protecting mother

and fetus from infection.

215



Chapter 7 — Pregnancy and SARS-CoV-2

7.2 Materials and Methods

7.2.1 Samples

Some samples used for the analysis described in this chapter (serum, plasma, breast milk,
amniotic fluid, placental lysates) were archived from previous studies. Cell analysis was
performed with peripheral blood donated by male and female volunteers aged 18-40, and
pregnant women as described in 2.1 Human blood collection. At the time of consent for
maternal blood, the pregnant women also gave consent for the use of her placenta and blood
from the umbilical cord after delivery by elective caesarean section. Samples of amniotic fluid
(AF) collected at >37 weeks of gestation (North of Scotland Research Ethics Committee:
06/50801/77), and breast milk (BM) at 2 (2W) and 6 weeks (6W) postpartum (Wales Research

Ethics Committee: 2004/024) archived prior to the COVID-19 pandemic were available.

7.2.2 Flow cytometry

100 pl of peripheral blood or 50 ul of umbilical cord blood was stained with the appropriate
volume of antibodies (Table 7.1). Cells were incubated in the dark on ice for 30 mins. 2 ml of
FACS lysing solution (10X BD FACS ™ lysing solution diluted to 1X with dH,0) was added to
lyse the red blood cells. Samples were vortexed before incubation for 15 mins in the dark at
room temperature and then centrifugation at 515 x g for 7 mins at 4°C. Supernatant was
removed and samples were washed with FACS buffer twice as in 2.4 Flow Cytometry.
Monocytes (2.4.2 Gating strategy for selection of monocytes), neutrophils (Figure 7.3A), B
cells (Figure 7.3B) and T cells (Figure 7.3C) were identified via doublet-exclusion, size and

lineage marker expression.

Fluorochrome Clone Isotype Manufacturer

ACE2 PE 535919 Mouse, 1gG2a R&D Systems
ADAM17 PE 111633 Mouse, 1gG1, K R&D Systems
cD14 Pacific Blue™ 63D3 Mouse, 1gG1, K BioLegend
CD14 Alexa Fluor® 647 63D3 Mouse, 1gG1, k BioLegend
CD147 Alexa Fluor® 488 HIM6 Mouse, 1g8G1, K BioLegend
CD15 PE HI98 Mouse, IgM, K BioLegend
CD15 FITC HI98 Mouse, IgM, K BioLegend
CD16 APC 3G8 FcyRlll BioLegend
CD16 VioBlue VEP13 Mouse, IgM, Kk Miltenyi
CD19 Percp/Cy5.5 HIB19 Mouse, 1gG1, K BioLegend
CD26 KIRAVIA Blue 520™ BASb Mouse, 1gG2a, K BioLegend
CD3 PE HIT3a Mouse, 1gG2a, K BioLegend
CD3 APC OKT3 Mouse, 1gG2a, K BioLegend
CD4 Alexa Fluor® 647 OKT4 Mouse, 18G2b, K BioLegend
cD4 FITC OKT4 Mouse, 1gG2b, BioLegend
CD8a Pacific Blue™ RPA-T8 Mouse, 1gG1, k BioLegend
NRP-1 APC/Fire™ 750 12C2 Mouse, 1gG2a, K BioLegend

Table 7.1: Details of antibodies used to determine the expression of SARS-CoV-2 receptors on

leukocytes.
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Figure 7.3: Gating strategy for neutrophils, B cells and T cells. (A) Neutrophils were identified by first excluding
the doublets by a FSC-H vs FSC-A plot. They are then selected by FSC-H vs SSC-H and then confirmed as CD15-
positive, CD14-negative (dot plot) and CD16-positive (histogram). (B) B cells were identified by first selecting
singlets (FSC-H vs FSC-A) followed by using FSC-H vs SSC-H. A CD3-negative population was then selected,
and B cells identified as CD19-positive. (C) T cells were identified first by the selection of singlets (FSC-H vs FSC-
A) and then by using smaller FSC-H vs SSC-H). T cells are identified by being CD3-positive, and subsets by either
being CD4-positive of CD8-positive.

7.2.3 MNC preparation

MNCs were prepared from peripheral blood as described in 2.2 Mononuclear cell isolation.

7.2.4 Cell culture
MNCs were stimulated for 24 hr with LPS, MDP, LPS and R848, POLY I:C or CytoStim ™ as

detailed in 2.5 Cell culture.

7.2.5 Placental lysates
1cm pieces of placenta were cut and placed into PBS, where they were diced into smaller

pieces. These were washed six times with PBS to remove blood. 0.2 g of diced placental tissue
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was added to tubes with 500 pul PBS/protease inhibitor (cOmplete Mini, EDTA-free, Roche,
Germany) solution. Tissue was left on ice for 5 mins before ultrasonication until the tissue
was homogenised. A further 500 pl PBS and 10 pl triton X-100 (Sigma) were added. Placental

lysates were stored at -80°C until use.

7.2.6 Placental, amnion and chorion decidual explants

Explants of placenta, amnion and choriodecidua were generously produced by fellow PhD
colleague Megan Chambers. The choriodecidua and amnion membranes were separated
from the placenta and detached from each other. PBS was used to wash the blood from the
membranes. Discs of the membranes were cut with an 8-mm biopsy punch (need supplier
info). Four discs of choriodecidua per ml of culture media (10% Hyclone FBS, 100 uM 2-ME,

RPMI 1640/Glutamax) and six discs of amnion per ml of culture media was cultured.

After removal of the decidua basalis shrouding the maternal slide of the placenta, 1 cm3
portions of placental villous tissue were extracted and washed repeatedly with PBS. Tissue
was further minced to 1 m m3piece and 0.2 g of placental tissue was cultured per ml of culture

media.

All explants were exposed to the following stimuli: LPS (10 ng/ml), MDP (1 pug/ml), R848 (400
ng/ml) and POLY I:C (25 ug/ml). Cultures were incubated at 37°C in 5% CO; for 24 hr. Explant
cultures were centrifuged at 515 x g for 7 mins at 4°C and tissue-free supernatants were

extracted and stored at -20°C until later analysis.

7.2.7 ELISA

ELISAs were performed as in 2.7 Enzyme linked immunosorbent assay (ELISA), with the
exception being the reagent diluent used to dilute samples and the standards. 50% FBS in PBS
was used as the reagent diluent. Soluble receptors which were measured were: ACE2, CD26,

CD147 and NRP-1 (Bio-Techne).
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7.2.8 Blotting
Western blotting was performed as in 2.8 Immunoblotting. Plasma samples were diluted 1/10
with PBS. Breast milk and amniotic fluid were run neat. 6 ul of diluted sample (5 pl sample +

1 ul reducing buffer). was loaded into the gel. Antibodies used are shown in Table 7.2.

Clonality Isotype |Host species |Predicted MW, kDa |Manufacturer

ACE2 Monoclonal | 1gG1 Mouse 120-135 Cell Signalling
ADAM17 Polyclonal IgG Rabbit 93 Abcam
CD26 Polyclonal IgG Rabbit 90,120 Cell Signalling
CD147 Polyclonal IgG Goat 38-50 R&D Technologies
GRP78 Polyclonal IgG Rabbit 75 Abcam
NRP-1 Monoclonal | 1gG Rabbit 103 Abcam
TMPRSS2 Polyclonal IgG Rabbit 54 Abcam

Table 7.2: Antibodies used for western blotting.

7.2.9 Immunohistochemistry (IHC)
Immunohistochemistry was outsourced to Kate Murphy with the Swansea Bay University

Health Board Histology department using archived placental blocks from the research group.
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7.3 Results

7.3.1 Leukocyte expression of membrane-bound receptors involved in SARS-CoV-2
infectivity is altered in pregnancy and in umbilical cord blood

Due to the knowledge accumulated in previous chapters, the investigation into the presence
and subsequent expression of SARS receptors on leukocytes from men, women, pregnant
women, and neonates was a key starting point. Various SARS-CoV-2 receptors which were
possible to measure via flow cytometry were: ACE2, ADAM17, CD26, CD147 and NRP-1. There
was no significant difference in the expression of any of these receptors on neutrophils
(Figure 7.4; Table 7.3), although there appears to be a decrease in the expression of CD26 on
cord neutrophils in comparison to the other groups. There were no significant differences
observed between any of the groups in any monocyte subset for ACE2, ADAM17, CD17 and
NRP1 (Figure 7.5; Table 7.7 - 9.7). A significant difference was found in the classical monocytes
between non-pregnant women and neonates for CD26 (p = 0.0273) where it was decreased

in the neonate (Figure 7.5C; Table 7.4).

B cells lacked detectable ACE2 expression (data not shown), and there were no significant
differences in the expression of ADAM17, CD26 and NRP-1 between the groups (Figure 7.6;
Table 7.8). However, CD147 expression was decreased significantly on B cells from non-
pregnant women compared to men (p = 0.0169), and increased significantly on neonatal B
cells when compared to men (p = 0.0005), non-pregnant (p < 0.0001) and pregnant women

(p < 0.0001; Figure 7.6C; Table 7.8).

Between the different groups analysed, the T cells had more varying expressions of the
receptors than the other leukocytes, illustrating that they are more influenced by gender,
pregnancy, and age (Figure 7.7). Though not significant, there appeared to be a decrease in
the expression of ACE2 on neonatal T cells in comparison to the other groups (Figure 7.7A).
Despite the only significant difference for the expression of ADAM17 being between the adult
males and neonates in the CD8 T cells (p = 0.0165), there also appeared to be a decrease in
ADAM17 expression in neonatal total T cells and CD4 T cells compared to adult males and
non-pregnant females (Figure 7.7B). The expression of CD26 (Figure 7.7C) was significantly
elevated on the total T cells (p = 0.0233) and CD4 T cells (p = 0.0007) of pregnant women

compared to men, and the CD26 expression was vastly higher on the neonatal total T cells,
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CD4 and CD8 T cells in comparison to men (p = 0.0002; p = 0.0004; p = 0.0031), non-pregnant
(p=0.0043; p=0.0057; p = 0.0006) and pregnant women (p = 0.0061; p =0.0022; p = 0.0194).
Elevated expression of CD147 on CD4 T cells (p = 0.0198)was observed in pregnant in
comparison to non-pregnant women, as well as in the neonates in comparison to non-
pregnant and pregnant women for total T cells (p = 0.0120; p = 0.0008), CD4 T cells (p =
0.0078; p = 0.0026) and CD8 T cells (p = 0.0001; p = 0.0023), and compared to men on CD4 T
cells (p = 0.0077; Figure 7.7D). NRP-1 expression was augmented on the T cells from cord in
comparison to men (p = 0.0276) and on the cord CD4 T cells compared to men (p = 0.0174)

and non-pregnant women (p = 0.0428; Figure 7.7E).

A B

1500 4000 -
A
\/\ /\ -
L

2000

MFI ADAM17

ACE2 —» e Q& & o& ADAM17 ——»
¥ & o
@7 o
<
C « D
/\ 15000 /\
| g 10000+ A S5
I S =
o [a]
o )
[ s
= 5000 =
0_

cb26 ————  » ¢ & Cb147 — »

MFI NRP-1

NRP-1 —»

Figure 7.4: Expression of SARS-CoV-2 receptors on neutrophils from males, females, pregnant females,
and neonates. Neutrophils were identified from whole blood from males (M; n=6), non-pregnant females (F; n=6),
pregnant (P; n=6) females and cord (C; n=6) and SARS receptor expression was analysed via flow cytometry as
described in the Materials and Methods. Statistics were determined using a one-way ANOVA and a Tukey post-
hoc test, where p < 0.05 was deemed significant. The expression of SARS receptors which were analysed were:
(A) ACE2 (B) ADAM17 (C) CD26 (D) CD147 (E) NRP-1.
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ACE2 Male Non-pregnant Pregnant Cord ADAM17 Male Non-pregnant Pregnant Cord
Male 0.7977 0.5921 0.9596 Male 0.8767 0.8182 0.9702
Non-pregnant 0.9842 0.9743 Non-pregnant 0.9992 0.9899
Pregnant 0.8645 Pregnant 0.9725
Cord Cord
CD26 Male Non-pregnant Pregnant Cord CD147 Male Non-pregnant Pregnant Cord
Male 0.9883 0.5763 0.1574 Male 0.9995 0.9718 0.7689
Non-pregnant 0.3927 0.0870 Non-pregnant 0.9879 0.7062
Pregnant 0.8025  |Pregnant 0.5124
Cord Cord
NRP-1 Male Non-pregnant  Pregnant Cord
Male 0.1994 0.5615 0.8425
Non-pregnant 0.8589 0.6270
Pregnant 0.9665
Cord
Table 7.3: p values for SARS-CoV-2 receptors on
neutrophils.
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Figure 7.5: Expression of SARS-CoV-2 receptors on monocytes from males, females, pregnant females,
and neonates. Monocytes and their subsets were identified from whole blood from males (M; n=6), non-pregnant
females (F; n=6), pregnant (P; n=6) females and cord (C; n=6) and SARS receptor expression was analysed via
flow cytometry as described in the Materials and Methods. Statistics were determined using a two-way ANOVA
and a Tukey post-hoc test, where p < 0.05 was deemed significant. The expression of SARS receptors which were
analysed were: (A) ACE2 (B) ADAM17 (C) CD26 (D) CD147 (E) NRP-1.
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ACE2 Male Non-pregnant Pregnant Cord ADAM17 Male Non-pregnant Pregnant Cord
Male 0.6930 0.5413 0.9909 |Male 0.9772 0.4182 0.4921
Non-pregnant >0.9999 0.7125  |Non-pregnant 0.8235 0.9126
Pregnant 0.6541 Pregnant 0.9911
Cord Cord
CD26 Male Non-pregnant Pregnant Cord CD147 Male Non-pregnant Pregnant Cord
Male 0.4760 0.7607 0.2934 |Male 0.6498 0.5889 0.9997
Non-pregnant 0.9258 0.1279  |Non-pregnant 0.9589 0.5312
Pregnant 0.1705  |Pregnant 0.8324
Cord Cord

NRP-1 Male Non-pregnant  Pregnant Cord

Male 0.1489 0.1728 0.8914

Non-pregnant 0.8085 0.8466

Pregnant 0.2355

Cord

Table 7.7: p values for SARS-CoV-2 receptors on total
monocytes.

ACE2 Male Non-pregnant Pregnant Cord ADAM17 Male Non-pregnant Pregnant Cord
Male 0.4925 0.4801 0.9979 |Mmale 0.9441 0.3391 0.4647
Non-pregnant 0.7758 0.6051 Non-pregnant 0.8586 0.6437
Pregnant 0.6862 Pregnant 0.9988
Cord Cord
CD26 Male Non-pregnant Pregnant Cord CD147 Male Non-pregnant Pregnant Cord
Male 0.8444 0.7299 0.0951 Male 0.6468 0.5865 >0.9999
Non-pregnant 0.9148 0.0273  |Non-pregnant 0.9917 0.7393
Pregnant 0.0753 Pregnant 0.6296
Cord Cord

NRP-1 Male Non-pregnant  Pregnant Cord

Male 0.4527 0.2628 0.9962

Non-pregnant 0.8051 0.8301

Pregnant 0.6739

Cord

Table 7.4: p values for SARS-CoV-2 receptors on classical monocytes.

ACE2 Male Non-pregnant Pregnant Cord ADAM17 Male Non-pregnant Pregnant Cord
Male 0.2727 0.3632 0.9904 |Male 0.9336 0.2942 0.1774
Non-pregnant 0.6381 0.2332  |Non-pregnant 0.7371 0.6500
Pregnant 0.5150 |Pregnant 0.9522
Cord Cord
CD26 Male Non-pregnant Pregnant Cord CD147 Male Non-pregnant Pregnant Cord
Male 0.9518 0.7448 0.4150 |Male 0.6084 0.4372 0.4737
Non-pregnant 0.8028 0.1607 Non-pregnant 0.8565 0.9813
Pregnant 0.5006 |Pregnant 0.9882
Cord Cord

NRP-1 Male Non-pregnant  Pregnant Cord

Male >0.9999 0.4029 0.9471

Non-pregnant 0.1348 0.8545

Pregnant 0.2803

Cord

Table 7.5: p values for SARS-CoV-2 receptors on intermediate monocytes.

ACE2 Male Non-pregnant Pregnant Cord ADAM17 Male Non-pregnant Pregnant Cord
Male 0.3236 0.3857 0.9998 |Mmale 0.8980 0.4845 0.9613
Non-pregnant 0.4663 0.3307 [Non-pregnant 0.8010 0.9894
Pregnant 0.7125 Pregnant 0.5761
Cord Cord
CD26 Male Non-pregnant Pregnant Cord CD147 Male Non-pregnant Pregnant Cord
Male 0.9009 0.5345 0.9967 |[Male 0.8510 0.9802 0.3628
Non-pregnant 0.7176 0.6028 [Non-pregnant 0.8530 0.9283
Pregnant 0.3922 Pregnant 0.8240
Cord Cord

NRP-1 Male Non-pregnant  Pregnant Cord

Male 0.3125 0.1996 0.9395

Non-pregnant 0.2470 0.8683

Pregnant 0.0893

Cord

Table 7.6: p values for SARS-CoV-2 receptors on non-classical monocytes.
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Figure 7.6: Expression of SARS-CoV-2 receptors on B cells in males, females, pregnant females, and
neonates. B cells were identified from whole blood from males (M; n=6), non-pregnant females (F; n=6), pregnant
(P; n=6) females and cord (C; n=6) and SARS receptor expression was analysed via flow cytometry as described
in the Materials and Methods. Statistics were determined using a one-way ANOVA and a Tukey post-hoc test,,
where p < 0.05 was deemed significant. The expression of SARS receptors which were analysed were: (A)
ADAM17 (B) CD26 (C) CD147 (D) NRP-1.

ADAM17 Male Non-pregnant Pregnant Cord CD26 Male Non-pregnant Pregnant Cord
Male 0.9126 0.5472 0.7404 Male 0.9425 0.9989 0.9744
Non-pregnant 0.9001 0.983 Non-pregnant 0.8942 0.999
Pregnant 0.9878 Pregnant 0.9418
Cord Cord

CD147 Male Non-pregnant Pregnant Cord NRP-1 Male Non-pregnant Pregnant Cord
Male 0.0169 0.7751 0.0005 Male 0.8065 0.2646 0.5859
Non-pregnant 0.1161 <0.0001 [Non-pregnant 0.7245 0.9705
Pregnant <0.0001 |[Pregnant 0.9433
Cord Cord

Table 7.8: p values for the expression of SARS-CoV-2 receptors on B cells.
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Figure 7.7: Expression of SARS-CoV-2 receptors on T cells in males, female, pregnant females, and
neonates. T cells and their subsets were identified from whole blood from males (M; n=6), non-pregnant females
(F; n=6), pregnant (P; n=6) females and cord (C; n=6) and SARS receptor expression was analysed via flow
cytometry as described in the Materials and Methods. Statistics were determined using a two-way ANOVA and a
Tukey post-hoc test,, where p < 0.05 was deemed significant. The expression of SARS receptors which were
analysed were: (A) ACE2 (B) ADAM17 (C) CD26 (D) CD147 (E) NRP-1.

Table 7.9: p values for the expression of SARS-CoV-2 receptors on total T cells.

ACE2 Male Non-pregnant Pregnant Cord ADAM17 Male Non-pregnant Pregnant Cord
Male 0.9982 0.9998 0.5617 |Male 0.9473 0.3153 0.0650
Non-pregnant 0.9996 0.1055 |Non-pregnant 0.5389 0.2762
Pregnant 0.6288 Pregnant 0.9603
Cord Cord
CD26 Male Non-pregnant Pregnant Cord CD147 Male Non-pregnant Pregnant Cord
Male 0.6905 0.0233 0.0002 |Male 0.6518 0.9782 0.0894
Non-pregnant 0.8092 0.0043 Non-pregnant 0.1270 0.0120
Pregnant 0.0061 Pregnant 0.0008
Cord Cord

NRP-1 Male Non-pregnant  Pregnant Cord

Male 0.8044 0.8232 0.0276

Non-pregnant 0.9951 0.0760

Pregnant 0.3075

Cord
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ACE2 Male Non-pregnant Pregnant Cord ADAM17 Male Non-pregnant Pregnant Cord
Male 0.9346 0.9148 0.2815 |Male 0.9486 0.1237 0.0721
Non-pregnant >0.9999 0.0568 Non-pregnant 0.337 0.2978
Pregnant 0.5651 Pregnant 0.9583
Cord Cord
CD26 Male Non-pregnant Pregnant Cord CD147 Male Non-pregnant Pregnant Cord
Male 0.7622 0.0007 0.0004 |Mmale 0.9061 0.1827 0.0077
Non-pregnant 0.4035 0.0057  |Non-pregnant 0.0198 0.0078
Pregnant 0.0022 Pregnant 0.0026
Cord Cord

NRP-1 Male Non-pregnant  Pregnant Cord

Male 0.6149 0.9896 0.0174

Non-pregnant 0.9961 0.0428

Pregnant 0.1861

Cord

Table 7.10: p values for the expression of SARS-CoV-2 receptors on CD4 T cells.

ACE2 Male Non-pregnant Pregnant Cord ADAM17 Male Non-pregnant Pregnant Cord
Male 0.9819 0.9322 0.6544 |Male 0.9813 0.1240 0.0165
Non-pregnant 0.7490 0.0817  |Non-pregnant 0.4325 0.3415
Pregnant 0.6679  |Pregnant 0.9482
Cord Cord
CD26 Male Non-pregnant Pregnant Cord CD147 Male Non-pregnant Pregnant Cord
Male 0.9241 0.8259 0.0031 Male 0.8939 0.9996 0.0614
Non-pregnant 0.9980 0.0006 |Non-pregnant 0.2672 0.0001
Pregnant 0.0194 Pregnant 0.0023
Cord Cord

NRP-1 Male Non-pregnant  Pregnant Cord

Male 0.7847 0.8836 0.1145

Non-pregnant 0.9997 0.1226

Pregnant 0.3737

Cord

Table 7.11: p values for the expression of SARS-CoV-2 receptors on CD8 T cells.

7.3.2 MNC sCD26 production in response to stimulation differs in pregnancy and in

umbilical cord blood

Due to the significant differences in expression of SARS-CoV-2 receptors on the leukocytes

between the groups analysed, it was vital to investigate if these cells shed or release soluble

versions of the receptors. To do this, MNCs were left unstimulated for 24 hr or stimulated

with either LPS, MDP, LPS and R848, POLY I:C or CytoStim ™. The only detectable soluble

receptors of the ones studied were CD26 and CD147.

Mostly there was no significant effect of stimulation on the release of either CD26 or CD147

when compared to the unstimulated group (Figure 7.8; Table 7.12 - 9.13). Pregnant MNCs

however were affected by LPS/R848 (p = 0.0029), POLY I:C (p < 0.0001) and CytoStim ™ (p <

0.0001) which all reduced the output of CD26 into the supernatant (Figure 7.8A; Table 7.12),

and LPS/R848 which depleted CD147 (p = 0.0289; (Figure 7.8B; Table 7.13).
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Figure /.8: 1he efrect or stimulation on the production ot soluble receptors Trom MNCSs In males, temailes,

pregnant and cord. MNCs were stimulated with either LPS (L; n=6), MDP (M; n=6), LPS/R848 (LR; n=6), POLY
I:C (P; n=6) or CytoStim ™ (C; n=6) and analysed with ELISAs as described in the Materials and Methods. Statistics
were determined with a two-way ANOVA and a Tukey’s post-hoc test, where the unstimulated (U) were identified
as the control group, and a p value < 0.05 was deemed significant. Soluble receptors which were measured were:
(A) CD26 and (B) CD147.

CD26

Male Female Pregnant Cord

LPS 0.8034 |LPS 0.9776 |LPS 0.1203 |LPS >0.9999

MDP 0.4987 |MDP 0.9932 |mMDP 0.5425 |MDP >0.9999

LPS/R848 0.6823 |LPS/R848 0.9660 |LPS/R848 0.0029 |LPS/R848 >0.9999

POLY I:C 0.2281 |POLYI:C 0.9100 |POLYI:C <0.0001 |POLYI:C >0.9999

CytoStim 0.9805 |CytoStim 0.9958 |CytoStim <0.0001 [CytoStim >0.9999
Table 7.12: p values for CD26 measurements in MNC unstimulated versus stimulated

supernatants.

CD147

Male Female Pregnant Cord

LPS >0.9999 |LPS 0.4643 |LPS 0.8854 |LPS >0.9999

MDP 0.9316 |MDP 0.9993 |mMDP 0.9747 |MDP 0.9891

LPS/R848 0.9512 |LPS/R848 0.3720 |LPS/R848 0.0289 |LPS/R848 0.9621

POLY I:C 0.9968 |POLY I:C 0.9386 |POLYI:C >0.9999 |POLY I:C 0.9987

Table 7.13: p values for CD147 measurements in MNC unstimulated versus stimulated
supernatants.

When unstimulated, the concentration of sCD26 (Figure 7.9A; Table 7.14) was lower in men
compared to pregnant women (p = 0.0023) but elevated in comparison to neonatal MNCs (p

= 0.0105). The pregnant women also had significantly higher concentrations of sCD26 when

compared to non-pregnant women (p = < 0.0001) and neonates (p < 0.0001). sCD147
concentration in MNC supernatants was not significantly altered between any of the groups

(Figure 7.9B; Table 7.14).

227



Chapter 7 — Pregnancy and SARS-CoV-2

*

_ Kokokok =
E 1000 seksksk E 180 o o
= 2 e} A
£ 3800- o <
: ER B
% 600 g o
£ o 5 140 o 0
g 400+ Q
S <]
S 200- : G 1209 |01 | & |8
© S 8
8 ol " TR I
8 0 T T T 8 100 T T T

Q < 0 () Q < Q [¢)

Figure 7.9: The secretion of soluble CD26 and CD147 from MNCs after 24hrs without stimulation. MNCs
from males (M; n=6), non-pregnant females (F; n=6), pregnant females (F; n=6) and cord (C; n=6) were cultured
unstimulated for 24 hr and supernatants were analysed for the presence of soluble receptors as described in the
Materials and Methods. Statistics were performed using a two-way ANOVA and a Tukey’s post-hoc test, where a
p value < 0.05 was considered significant. Soluble receptors which were detected were: (A) CD26 and (B) CD147

CD26 Male Non-pregnant Pregnant Cord CD147 Male Non-pregnant Pregnant Cord

Male 0.2230 0.0023 0.0105 [Male 0.9220 0.9816 0.9252
Non-pregnant <0.0001 0.5835 [Non-pregnant 0.9973 0.5976
Pregnant <0.0001 |Pregnant 0.7827

Cord Cord

Table 7.14: p values for CD26 and CD147 measurements in MNC unstimulated supernatants.

7.3.3 Plasma from cord blood and pregnant women’s blood have variable CD147 and NRP-
1 concentrations in comparison to not pregnant adults

Due to the secretion of soluble receptors from MNCs, the next step was investigating
concentrations of the soluble receptors in the plasma of males, females, pregnant and cord.
SACE2 was not detectable with all samples (Aviva systems biology). While not significant,
sCD26 levels in the plasma of pregnant women is lower in comparison to non-pregnant
women and men (Figure 7.10A; Table 7.15). Cord plasma is significantly richer in sCD147 in
comparison to all other groups analysed (p < 0.0001; Figure 7.10B; Table 7.15). Pregnant
plasma has significantly lower levels of SNRP-1 in comparison to male plasma (p = 0.0030) and

cord plasma (p < 0.0001) (Figure 7.10C; Table 7.15).
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Figure 7.10: Plasma concentrations of soluble SARS receptors in males, females, pregnant females, and
neonates. Plasma from men (M; n=12), non-pregnant women (F; n=12), pregnant women (P; n=12), and cords
(C; n=12) were used for analysis to determine the concentration of SARS receptors as described in the Materials
and Methods. Statistics were determined using a one-way ANOVA and a Tukey’s post-hoc test,, where a p < 0.05
was deemed significant. The detectable concentrations of SARS receptors which were measured were: (A) ACE2

(n=8 M, n=5 F, n=2 P, n=10 C) (B) CD26, (C) CD147 and (D) NRP-1.

ACE2 Male Non-pregnant Pregnant Cord CD26 Male Non-pregnant Pregnant Cord
Male 0.8943 0.8838 0.2471 |Male 0.9506 0.0696 0.7506
Non-pregnant 0.9966 0.7859 |Non-pregnant 0.2059 0.9660
Pregnant 0.9718 |Pregnant 0.4302
Cord Cord

CD147 Male Non-pregnant Pregnant Cord NRP-1 Male Non-pregnant Pregnant Cord
Male 0.9993 0.7699 <0.0001 |Male 0.5018 0.0030 0.6805
Non-pregnant 0.6978 <0.0001 |Non-pregnant 0.1092 0.0698
Pregnant <0.0001 |Pregnant <0.0001
Cord Cord

Table 7.15: p values for ACE2, CD26, CD147 and NRP-1 measurements in plasma.
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Isoforms, with their different glycosylation statuses, of these soluble receptors were detected
using immunoblotting (Figure 7.11). It appears that ADAM17 and CD147 have different
isoforms present in the plasmas, with the pregnant women having more of the smaller

isoform of ADAM17 than the other groups.
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Figure 7.11: Analysis of the expression of different isoforms of soluble SARS-CoV-2 receptors in the
plasma of males, females, pregnant females, and neonates, illustrated by western blotting. Plasma from
males, females, pregnant females, and cord were diluted 1/10 and analysed for the presence of SARS receptors
using western blotting as described in the Materials and Methods. Isoforms of ADAM17 can be observed at 80
kDa and 130 kDa, CD26 at 90 kDa, CD147 at 22-25 kDa, 50 kDa and 70 kDa, NRP-1 at 120 kDa and TMPRSS2
at 52 kDa.
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7.3.4 The placenta, amnion and choriodecidua express both membrane-bound and soluble
receptors linked to SARS-CoV-2 infectivity

The protection of the fetus is one of the key roles of the maternal-fetal interface. Due to the
low rates of vertical transmission with SARS-CoV-2 319511 'jt is imperative to understand this
protective mechanism at the maternal-fetal interface. In addition, from the work described
above, any differences in the expression of membrane-bound and soluble forms of the
receptors have been predominantly related to the neonate. Therefore, it was deemed
essential to determine if the placenta, amnion, and chorion decidua are a source of soluble
receptors. Those which were detectable were: ACE2 (except for amnion), CD26, CD147 and

NRP-1.

Firstly, to determine if the placenta contains these receptors, placental lysates were used to
determine the concentrations expected. The placental tissue is rich in all molecules measured

(Figure 7.12).
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Figure 7.12: The concentration of the soluble receptors in placental lysates. The concentration of soluble
SARS-CoV-2 host entry receptors was measured in placental lysates (n=10) using ELISAs (ng/ml or pg/ml).
Molecules measured were: (A) ACEZ2, (B) CD26, (C) CD147 and (D) NRP-1.

Explants of placenta, amnion and chorion decidua were stimulated with either LPS, MDP,
R848 or POLY I:.C. The effect of stimuli on the export of soluble receptors was largely
negligible, with an exception being the significant down-regulation of sNRP-1 on POLY [:C-

stimulation of the placenta (Figure 7.13).
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Figure 7.13: The effect of stimuli on the production of soluble SARS receptors by the placenta, amnion,
and chorion decidua. Explants of placenta (n=6), amnion (n=6) and chorion decidua (n=6) were stimulated with
LPS (L), MDP (M), R848 (R), OR POLY I:C (P) and analysed with ELISAs as described in the Materials and
Methods. Statistics were determined with a two-way ANOVA and a Tukey’s post-hoc test, where the unstimulated
(U) were identified as the control group, and a p value < 0.05 was deemed significant. Soluble receptors which
were measured were: (A) ACE2, (B) CD26, (C) CD147 and (D) NRP-1.

Placenta

ACE2 CD26 CD147 NRP-1

LPS 0.7318 |LPS 0.9879 [LPS >0.9999 [LPS 0.0923
MDP 0.9943 |MDP 0.3244 |MDP 0.8747 MDP 0.9194
R848 0.9701 |R848 0.5554 |R848 0.8275 R848 >0.9999
POLY I:C 0.8804 |POLYI:C 0.3730 |POLYI:C 0.7951 POLY I:C 0.0068

Table 7.16: p values for SARS-CoV-2 soluble receptor
stimulated placental supernatants.

measurements in unstimulated versus

Amnion

CD26 CD147 NRP-1

LPS 0.9983 (LPS >0.9999 (LPS >0.9999
MDP 0.8602 |mMDP 0.1134 (MDP >0.9999
R848 0.8103 ([R848 0.8652 [R848 >0.9999
POLY I:C 0.8456 (POLYI:C 0.2690 (POLYI:C >0.9999

Table 7.17: p values for SARS-CoV-2 soluble receptor measurements in unstimulated versus
stimulated amnion supernatants.
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Chorion decidua

LPS 0.9704 (LPS 0.2788 [LpPS 0.4723 |LPS >0.9999
MDP 0.9926 (mDP 0.9971 (MDP 0.9814 |MDP >0.9999
R848 0.9969 (R848 0.7760 [R848 0.8768 |R848 >0.9999
POLY I:C 0.9875 ([POLYI:C 0.9905 ([POLYI:C >0.9999 |POLY I:C >0.9999

Table 7.18: p values for SARS-CoV-2 soluble receptor measurements in unstimulated versus
stimulated chorion decidual supernatants.

The unstimulated samples could be used to reveal the maternal-fetal interface is a rich source
of soluble receptors (Figure 7.14). The placenta is the most potent source, exhibiting a higher
concentration of CD26, CD147 and NRP-1 in comparison to the amnion (p = 0.0004; p =
0.0029; p < 0.0001) which is devoid of SACE2, and a greater source of ACE2, CD26 and NRP-1
when compared to the choriodecidua (p = 0.0075; p = 0.0002; p < 0.0001). The amnion is the
poorest source of all soluble receptors measured in comparison to the placenta and the

choriodecidua (CD26 p = 0.0012; CD147 p = 0.0090).
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Figure 7.14: The production of soluble SARS receptors by the placenta, amnion, and chorion decidua.
Explants were produced from placenta (P; n=6), amnion (A; n=6) and chorion decidua (C; n=6), and the
unstimulated supernatants were analysed for soluble SARS receptor concentrations as described in the Materials
and Methods. Statistics were determined using a one-way ANOVA and a Tukey’s post-hoc test, where a p < 0.05
was deemed significant. Soluble receptors which were measured were: (A) ACE2 where levels were not detectable
(*ND) in supernatants, but were for placenta and chorion decidua (p = 0.0075), LPS (p < 0.0001), (B) CD26 (P vs
A p=0.0004; Pvs Cp=0.0002; Avs C p=0.0012), (C) CD147 (P vs Ap =0.0029; Pvs C p=0.4780; Avs C p
=0.0090), (D) NRP-1 (P vs A p <0.0001; P vs C p <0.0001; Avs C p =0.9797).
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7.3.5 Amniotic fluid and breast milk are rich in soluble receptors

Expanding on the investigation into the protection of the fetus and the neonate, after
determining that the maternal-fetal interface is rich in the production of soluble receptors,
exploration of the presence of these in amniotic fluid and breast milk was performed.
Amniotic fluid from 37+ weeks of gestation, and breast milk from 2 weeks and 6 weeks
postpartum were compared to investigate the levels of soluble receptors ingested by the

fetus/neonate and, in the case of amniotic fluid, also aspirated.

Figure 7.15 illustrates the high levels of SACE2, sCD26, sCD147 and sNRP-1 in amniotic fluid
and breast milk. The breast milk has higher concentrations of SACE2 (Figure 7.15A; Table 7.19)
and sNRP-1 (Figure 7.15D) at both 2-weeks (p = 0.0004; p < 0.0001) and 6-weeks (p < 0.0001;
p = 0.0005) postpartum in comparison to amniotic fluid. The concentration of SNRP-1 was
significantly lower in 2-weeks compared to 6-weeks postpartum breast milk (p < 0.0001).
sCD26 levels (Figure 7.15B) were significantly elevated in amniotic fluid in comparison to
breast milk at 2-weeks (p < 0.0001) and 6-weeks post-partum (p < 0.0001). There were no

significant differences in the concentration of sCD147 between amniotic fluid and breast milk
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Figure 7.15: Concentrations of soluble receptors in amniotic fluid (AF) and breast milk (BM) at 2-weeks
and 6-weeks postpartum. Soluble receptors were measured in AF (n=12) and BM (n=12) using ELISAs as
described in the Materials and Methods. Statistics were performed using a one-way ANOVA and a Tukey’s post-
hoc test, whereby a p value < 0.05 determined significance. Some of the soluble receptors which were measured
were not detectable in these samples (i.e. ADAM17). Soluble receptors which were detectable included: (A) ACE2,
(B) CD26, (C) CD147 and (D) NRP-1.
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ACE2 AF BM2WK BM6WK CD26 AF BM2WK BM6WK
AF 0.0004 <0.0001 |AF <0.0001 <0.0001
BM2WK 0.2425 |[BM2WK 0.9434
BM6WK BM6WK

CD147 AF BM2WK BM6WK |NRP-1 AF BM2WK BM6WK
AF 0.9368 0.0709 |AF <0.0001 0.0005
BM2WK 0.1414 [BM2WK <0.0001
BM6WK BM6WK

Table 7.19: p values for the measurement of SARS-CoV-2 receptors in amniotic fluid (AF) and breast milk
(BM) at 2-weeks (2WK) and 6-weeks (6WK) postpartum.

The expression of different isoforms of soluble receptors was detectable via western blotting:

ACE2, ADAM17, CD26, CD147, GRP78, NRP-1 and TMPRSS2. The intensity of the bands

(typically reflecting levels of receptors) does not confirm that observed by the ELISAs, except

for NRP-1 and CD147. However, different isoforms of ACE2, ADAM17, CD26, CD147, GRP78

and TMPRSS2 are observed where typically breast milk exhibits greater variety of isoforms

especially for CD147 and preferential expression of any higher molecular weight (MW)

isoforms than amniotic fluid, excluding CD26 where the breast milk has a lower MW isoform.

Figure 7.16: Western blot images of
receptors associated with SARS-CoV-
2 infectivity in amniotic fluid and
breast milk at 2- and 6-weeks
postpartum. Amniotic fluid and breast
milk samples were analysed for soluble
receptor expression using western
blotting as described in the Materials and
Methods. Receptors visualised are:
ACE2 (70 kDa, 100 kDa), ADAM17 (80
kDa, 130 kDa), CD26 (90 kDa, 120 kDa),
CD147 (22-70 kDa), GRP78 (75 kDa,
100kDa), NRP-1 (120 kDa) and
TMPRSS2 (52 kDa, 85 kDa).
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7.4 Discussion

While the differences between male and female, non-pregnant and pregnant were not
particularly exciting, the data surrounding the abundance of these soluble receptors at the
maternal-fetal interface, and in the neonatal environment reveals potential protective
mechanisms against SARS-CoV-2.

In previous epidemics SARS-CoV and MERS-CoV illustrated immune cell infectivity 6% 569,
Whether SARS-CoV-2 can also infect leukocytes remains poorly understood, though studies
so far have suggested that monocytes, CD4 and CD8 T cells, and B cells are susceptible >7°.
Infection of these cells in the previous epidemics induced lymphopenia due to the direct virus

69 and aberrant cytokine production in monocytes and

destruction of lymphocytes
macrophages >’1>74, which could be a driver of the cytokine storm common in severe SARS-
CoV-2 patients 3°1, Lymphocytopenia has also been reported to be a marker for severe SARS-
CoV-2 infection 7> 376, Aside from the expansion of disease severity, the infection of
leukocytes has been theorised to act as “Trojan horses” by transporting the virus from entry
sites in the respiratory tract to secondary infection sites >’%>’7, Due to the weak expression
of primary SARS-CoV-2 entry receptor ACE2 on leukocytes, it has been speculated that viral
entry might depend on other receptors. Pontelli et al. have illustrated that the infection of
SARS-CoV-2 in PBMCs is not dependent on TMPRSS2 and that they can also be infected
independently of ACE2 °7°. Since CD26 and CD147 have both been described to act as
receptors for viral entry into the cell, these along with ADAM17 and NRP-1 which can facilitate

viral entry, are key molecules to investigate.

The investigation into the expression of receptors involved in SARS-CoV-2 infectivity on
leukocytes from adult male, female, pregnant women, and the neonate led to the observation
that for the innate immune subsets, namely monocytes and neutrophils, there was little
difference in expression. The leukocytes involved in the adaptive immune response, however,
illustrate significant differences specifically regarding the expression of CD26 and CD147.
While ADAM17 and NRP-1 expression on CD8 T cells and CD4 T cells were significantly
different between adults and neonates, these differences were not as stark as for CD26 and

CD147 on T cells and for CD147 on B cells.
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The function of CD26 on T cells has been widely studied and discussed. It is more
predominantly expressed on CD4 than CD8 T cells as confirmed here and can induce T-cell

activation and cytotoxic activity 78,

Its enzymatic function involves the cleavage of
polypeptides to amino terminal (L-proline or L-alanine) dipeptides >’2. It can be speculated
that a higher expression of CD26 correlates to more severe infection of the T cells with SARS-
CoV-2. Results here have illustrated no differences in CD26 expression between genders in
adults, but significantly elevated CD26 expression in pregnant women compared to males in
CD3 and CD3/CD4 T cells, and a significant increase of expression on all subsets of T cells
between the cord and other groups measured. Other studies have also shown the higher
expression of CD26 T cells in comparison to adult T cells >’°. As one of its roles inactivates

GLP1, the reduced cytokine response by cord T cells could be partially due to the CD26

expression °7°.

CD147 plays a vital role in extracellular matrix, fetal and lymphocyte development %,
Increased expression of CD147 on lymphocytes has been associated with their activation >8%
82 In reports discussing the infectivity of lymphocytes by SARS-CoV-2, CD147 is more
commonly discussed due to the low expression of ACE2 on leukocytes °83. The data shown
here illustrates that CD147 on B cells demonstrates a sex-specific level of expression, with
males expressing significantly more than non-pregnant females. CD147-related genes have
been shown to be more highly expressed on male peripheral leukocytes than female 44>. B
cells and all T cell subsets from cord blood also had significantly higher expression of CD147
than other groups measured. Its expression was also elevated on CD4 T cells from pregnant
women when compared to non-pregnant women. While studies have not investigated CD147
expression in the neonate, studies have observed a higher expression of CD147-related genes

on MNCs in infants (5-36 months) compared to adolescents and adults 44°.

The elevated expression of CD26 on the neonatal T cells, together with the augmented
expression of NRP-1, suggest that the lymphocytes of the neonate are more susceptible to
viremia. Despite this, neonatal SARS-CoV-2 infection and vertical transmission are
exceedingly rare °%3; however this is more likely due to the protection which the placenta
offers. Additionally, the implications shown here which suggests that adult leukocytes are at

lower risk of viremia, is augmented by studies showing that plasma viremia is uncommon,
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occurring only in 13% of outpatients and 27% of hospitalised patients formally diagnosed with
COVID-19 %8, Furthermore, the localisation of SARS-CoV-2 is predominantly in the lungs,
together with the lack of viremia suggests a reduced capability to infect other organs >8>, The
chances of the virus then to even reach the maternal-fetal interface are low before even the
likelihood of vertical transmission. Studies to formally assess the infectivity of neonatal versus
adult T cells will clarify if altered expression of CD26 and NRP-1 make neonatal T cells more
or less susceptible to infection. An alternative contributing factor to protection of the neonate
from infection are high levels of soluble versions of SAR-CoV-2 receptors (i.e., ACE2, CD26,
CD147 has already been discussed) that are linked with protection from viral infection by

competitively inhibiting the virus from binding to membrane-bound receptors >86-589,

Soluble versions of the receptors/enzymes can be secreted or shed by cells such as leukocytes
and epithelial cells. To investigate the release of these receptors by leukocytes from the
different study groups, MNCs were left unstimulated for 24 hr or exposed to stimuli: LPS,
MDP, LPS/R848, POLY I:C or CytoStim ™. In general, stimuli had no effect on the release of
CD26 or CD147. Interestingly however, the MNCs from pregnant women had significantly less
CD26 when exposed to LPS/R848, POLY I:C and CytoStim ™, and less CD147 upon LPS/R848
stimulation. POLY I:C simulates the response to viral infections. This data suggests that the
MNCs from pregnant women might become more sensitive to infection as their ability to
secrete soluble versions of these molecules becomes inhibited. The MNCs from pregnant
women did however secrete significantly more CD26 than the other groups measured. This
could be since leukocytes during pregnancy are typically more activated or permeable. The
neonatal MNCs also had significantly lower soluble CD26 in comparison to adult males,
despite having heightened membrane-bound forms possibly suggesting reduced shedding
and retention of the membrane bound form. This has been found to be the case with other
molecules such as reduced L-selectin shedding by neutrophils in the neonate >°%>91, Nargis et
al *°2 have identified kallikrein-related peptidase 5 (KLK5) to be the enzyme responsible for
the cleavage of CD26 from T cells. To determine if the neonatal T cells do retain their

membrane bound form of CD26, investigation into the activity of KLK5 would be rational.

To investigate if these findings translate systemically, the next logical step was to measure

the plasma levels of SACE2, sSADAM17, sCD26, sCD147 and sNRP-1. sACE2 and sADAM17 were
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not detectable with the ELISA kits utilised. Despite no difference in MNC secretion, plasma
from the cord is significantly richer in CD147 in comparison to adults and pregnant women.
This suggests that another source would be responsible for these circulating levels, such as
the placenta. These higher levels of sCD147 in the plasma could offset the theorised increased

susceptibility to viremia of the neonate noted above.

Significant lower sNRP-1 was found in pregnant women in comparison to men and neonates.
A study involving the investigation of women with PCOS and the correlation between plasma
NRP-1 and SARS-CoV-2 susceptibility, indicated a negative correlation #¢7. While this is the
only study which explored such a correlation, it suggests from the findings in this present
study that pregnant women are more susceptible to COVID-19. The mechanisms of these
soluble molecules and their potential protective role is very complex, and is unlikely due to a
single molecule, but rather a combined effect. This would require formal testing of these

biological fluids, or isolation of these soluble molecules, with inhibition assays to confirm.

To further determine the source of protection of the fetus and how the maternal-fetal
interface might prevent vertical transmission, placental lysates (untreated at time 0) and
explants of the placenta, amnion and chorion decidua were left unstimulated for 24 hr or
stimulated with either LPS, MDP, R848 or POLY I:C. The high concentrations observed of
CD147 and NRP-1 in the placental lysates could translate to the high levels observed in the
cord. The placenta is a particularly concentrated source of CD26, where the average
concentration was 3.71 pug/ml. As seen with the MNCs, the secretion of these molecules is
largely unaffected by stimuli. The exception here, was the reduced concentrations of NRP-1
in the supernatant from placenta upon interaction with POLY I:C; this could represent the
reaction one would observe with SAR-CoV-2. The unstimulated data clearly shows that the
placenta, choriodecidua and amnion are, in descending order a rich source of soluble ACE2,
CD26, CD147 and NRP-1. Blotting of the placental lysates has proved difficult, and
optimisation is currently underway. IHC data has also been held up due to staff shortages with

the histology department due to COVID-19.
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Samples of amniotic fluid (AF) collected at full term (>37 weeks of gestation) and breast milk
(BM) at 2 weeks (2W) and 6 weeks (6W) postpartum that were archived preceding the COVID-
19 pandemic were available for analysis. Immunoassays revealed that both AF and BW were
rich with sACE2, sCD26, sCD147 and sNRP-1, with BM having significantly higher levels of
SACE2 and sNRP-1 than AF, but lower sCD26. Immunoblotting analysis provided further
information revealing different isoforms in AF compared to BM. The lower molecular weight
(MW) form of CD26 is typically associated with the shed version of the membrane-bound

form compared to the higher MW of the naturally occurring soluble form 93

suggesting that
BM sCD26 originates by shedding and probably from mammary epithelial cells which are rich
in CD26 *°*, These two isoforms have shared and distinct properties, which may affect its
ability to bind SARS-CoV-2. The shorter isoform of ACE2 (predominantly found on airway
epithelial cells) has been shown to lack SARS-CoV-2 spike high-affinity binding sites >%°. This
would suggest that the sACE2 in AF would be less efficient than in BM in acting as a viral
decoy. Other molecules involved in SARS-CoV-2 cell entry were distinguishable by
immunoblotting: ADAM17, GRP78, and TMPRSS2. These molecules also had isoforms which
followed a similar pattern whereby the smaller isoform was more prevalent in the amniotic
fluid and the larger isoform in the breast milk. Little is known about the ADAM17 isoforms,
but the smaller isoform of GRP78, GRP78va is characterised as a cytosolic protein which is
involved in the regulation of PKR-like endoplasmic reticulum kinase (PERK) in response to ER
stress >, The TMPRSS2 isoforms have been more well characterised in terms of virus (SARS,
MERS) activation where the isoforms have been classed as TMPRSS2 isoform 1 and TMPRSS2
isoform 2 597, Using the immunoblotting characterisation of these isoforms in the study by
Zmora et al °9 it appears as though breast milk contains isoform 1 and amniotic fluid isoform
2. It has been shown that it is isoform 1 which activates the S-spike protein for viral entry into

a cell *?7.

These results suggest that both AF and BM are rich in soluble SARS-CoV-2 associated
molecules that could play a role in protecting the fetus and neonate from infection with SARS-
CoV-2 by acting as decoy receptors (Figure 7.17). Future work should focus on evaluating if
AF and BM inhibit viral entry into host cells and comparing the relative efficacy of different
isoforms in this. If this proves successful, this will reveal a novel protective mechanism for the

baby against SARS-CoV-2 and provide further evidence for a protective role for breastfeeding.
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Two models were attempted. One involved isolating monocytes and neutrophils and making
use of a SARS-CoV-2 Spike protein His-Tag to visualise infection on the flow cytometer in the
presence of amniotic fluid, breast milk, placental lysates, and the different plasmas. However,
the Spike protein used primarily bound to ACE2, which is present only in small amounts on
these leukocytes in comparison to the other receptors. Another model involved the use of
airway epithelial cells (VeroE6), where the bodily fluids utilised in this chapter were sent to
Dr Rich Stanton in Cardiff University. This assay exposes the epithelial cells to SARS-CoV-2
(229E) and measures the level of infection. By adding the bodily fluids, it should have been
possible to determine if the soluble receptors inhibit the virus from entering the cells.
However, the bodily fluids either killed the monolayer at higher concentrations or left the
cells unhealthy in lower concentrations. This assay has limitations, especially regarding the
breast milk and amniotic fluid investigations. Epithelial cells are typically exposed to a flow of
these fluids rather than being in stasis. A model where the fluids could flow past the epithelial
cells may be beneficial. Isolating the different isoforms of the receptors would also reveal
their different properties and could determine their different capabilities of binding to the

virus and postulating as a decoy receptor in soluble form.

§ .
Breast milk E ]\

\ )

Amniotic fluid

Figure 7.17: The potential protective mechanisms of amniotic fluid and breast milk against novel
coronavirus SARS-CoV-2. Amniotic fluid and breast milk are both rich in soluble receptors such as ACE2, CD26,
CD147 and NRP-1 which the fetus and neonate ingest. They may act as decoy receptors for the virus, conferring
resistance to the baby. This image was created with BioRender ©
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7.5 Conclusion

There appears to be no significant differences based on sex and little change with pregnancy
with regards to soluble SARS-CoV-2 receptors. However, the maternal-fetal interface has
potential mechanisms to protect the fetus from contracting SARS-CoV-2 by being rich with
soluble versions of receptors which are involved in host cell entry of the virus, thereby limiting
infection of host cells. The placenta, amniotic fluid and fetal circulation during intrauterine
life and then breast milk postnatally are rich in these receptors that might act as decoys for
the virus to confer resistance to SARS-CoV-2 and COVID-19 in the baby. Further work will

determine the ability of these soluble receptors and their isoforms to act as SARS-CoV-2 traps.
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8.1 Overview

This thesis has clearly presented novel findings in how the immune system adapts in
pregnancy to ensure a successful outcome, and how risk factors such as obesity can sabotage
this carefully controlled system. Key findings have included: novel methods for the analysis
of lipids in plasma, serum and cells; pregnancy programmes late gestation monocytes by
downregulating their metabolic capabilities whilst enhancing phagocytosis; monocytes are
also effected at earlier gestation, and may have different metabolic capabilities at this stage;
obesity disrupts the carefully controlled immunity of pregnancy at 28 weeks and becomes
Th1/Th17 skewed; and the neonate may be protected by soluble SARS-CoV-2 receptors which

could act as decoy traps for the virus.

8.2 Monocyte changes occur earlier in gestation than at term, with some showing the

same trend and others showing the reverse

While one of the aims of this project was to determine at which stage of gestation monocytic
adaptations occurred, this was not entirely possible due to COVID-19. The best that was
possible used MNCs rather than isolated monocytes at 26-28 weeks of gestation. Due to this,
it is difficult to draw conclusions from the comparison between the monocytes at this stage
and at term, especially regarding the difficulty in distinguishing the intermediate subset in the
isolated monocytes at term. However, it does provide an indication of where to focus the next

stage of the study.

CD36 is elevated at both stages of pregnancy investigated; with an increase also observed
with CD64 in the intermediate monocytes at 28 weeks, and CD16+ and CD16- monocytes at
term. This could suggest increased phagocytic abilities earlier in pregnancy as observed at 28
weeks as well as at term as shown. CD38 is another marker which is elevated at both stages
of pregnancy and has been suggested to facilitate phagocytosis *®8. An increase in CD36 could
also implicate elevated lipid storage and utilisation at 28 weeks, even though this does not
occur at term. To investigate this, the use of the BODIPY and pHrodo dyes would be beneficial.
The expression of CD98 at 28 weeks (increased) is the reverse of what is observed at term
(decreased). This suggests that the monocytes are likely to be more dependent on amino

acids earlier in gestation and this can be assessed using methods outlined in Chapter 4.
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Most interesting is the apparent flip in mitochondrial content: at 28 weeks of gestation, the
monocytes of pregnant women have more mitochondria than those of non-pregnant women,
but at 37+ weeks this pool is significantly depleted to be less than that of the monocytes from
non-pregnant women. This suggests that at the earlier gestational stage, the monocytes
might be more capable of mitochondrial respiration which would translate to improved
functional abilities. The maternal immune system might be more dependent on monocytes
at 28 weeks, whereas at term they may have become exhausted. Future work should isolate
monocytes at 28 weeks to illustrate their OXPHOS capabilities, and cytokine and lipid
mediator output. It would be ideal to track changes in monocytes in the same women from
prior to conception to the postpartum to understand when these changes occur, and the
implications of this. A comparison of monocytes at term with caesarean section deliveries

(shown here) versus labouring deliveries might also show a different phenotype.

8.3 A comparison between preghancies which are healthy versus complicated with

obesity, and how this compares to the non-pregnant immunological profile

While Chapter 6 — Maternal body mass index is associated with an altered immunological
profile at 28 weeks of gestation, clearly illustrated the effect obesity has on the maternal
immune system in comparison to a healthy pregnancy, it was not discussed in terms of how

the healthy pregnancy itself differs from the non-pregnant environment.

Key cytokines are reduced in their secretion from healthy pregnant LPS/R848-stimulated
MNCs at 28 weeks in comparison to the non-pregnant MNCs: IL-1B (p = 0.0041), IL-8 (p =
0.0270), and IL-10 (p = 0.0214). In contrast, these cytokines were observed to be elevated in
the LPS/R848-stimulated MNCs from pregnancies with obesity: IL-1B (p = 0.0489), IL-8 (p =
0.0922), IL-10 (p = 0.0408). While the IL-8 increase is not quite significant, together with the
IL-1B and IL-10 it does showcase how the MNCs from pregnancies with obesity struggle to
adapt to the maternal environment by mimicking the non-pregnant environment more
closely than it does that of healthy pregnancy. A study that follows monocyte phenotype and
function from pre-conception to the postpartum should include normal weight and obese

women to really understand the effects of obesity on monocyte behaviour in pregnancy.
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The depletion of mitochondria in the monocytes of obese pregnant women further
consolidates the suggestion that obese pregnant women struggle to establish the appropriate
monocyte phenotype. As discussed, during a healthy pregnancy at 28 weeks of gestation
monocytes have an elevated pool of mitochondria in comparison to the monocytes of non-
pregnant women. That the monocytes from pregnancies complicated with obesity imitate the
ones from a non-pregnant woman or perhaps a late pregnant woman who shows fewer
mitochondria as shown in Chapter 4, further implies that the monocytes in particular struggle
to meet the metabolic and functional requirements that pregnancy dictates if the pregnant
woman is obese. While no difference was observed in the bioenergetics of MNCs, isolating
monocytes from women with problematic pregnancies may reveal a bioenergetic profile that
resembles the non-pregnant monocytes more closely than that expected from a healthy

pregnancy.

8.4 SARS-CoV-2 and pregnancy

Outlined in 1.2.7 Novel coronavirus SARS-CoV-2 and pregnancy, and Chapter 7- The potential
protective effects of pregnancy against novel coronavirus SARS-CoV-2, it has been discussed
how the risk of severe infection in pregnancy is no different to a non-pregnant woman, but in
cases where severe infection has occurred results in adverse obstetric outcomes such as
miscarriage and preeclampsia °!¢. Chapter 7 discussed in length the potential protective
effects soluble SARS-CoV-2 receptors have by acting as decoy receptors. It was found that
these were particularly rich in elements relating to the neonate (cord plasma, amniotic fluid,
placenta, and breast milk), which consolidates the low risk associated with the neonate °°*
10 As discussed earlier, isolating the different isoforms of the soluble receptors from
amniotic fluid and breast milk could reveal different viral binding affinities and action as a
decoy receptor. However, few differences were found in the mother’s systemic environment
compared to the non-pregnant women. Chapter 6 also illustrated relatively no correlation
with BMI and the concentration of soluble CD26 and CD147, and minimal change of soluble
NRP1 in the plasma of pregnant women. This was surprising as obesity has been well
documented as a risk factor for developing severe illness in pregnancy with SARS-CoV-2 167,
However, the finding that the mother’s immune system becomes biased to a Th1/Th17
environment when complicated with obesity during pregnancy, may predispose the mother

to a cytokine storm upon SARS-CoV-2 infection, resulting in severe disease. Future work
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should consider infecting specific immune cells from pregnant women and non-pregnant
women with SARS-CoV-2 to further unravel different mechanisms which may be in place. This
should also consider different BMIs and stage of gestation. As discovered in this thesis, some

leukocytes may behave differently at term than at earlier stages of gestation.

8.5 Gestational diabetes mellitus

Dysregulation of maternal homeostasis during pregnancy can lead to various adverse
outcomes for both mother and fetus. There are several risk factors which can lead to adverse

outcomes, such as obesity, smoking, age, and family history.

GDM is characterised by varying severity of glucose intolerance, with onset or recognition
during pregnancy and usually resolves postpartum °%°, GDM itself can lead to adverse
outcomes including, but not limited to, birth trauma, neonatal hypoglycaemia, and
preeclampsia. Obesity, ethnicity, age, and family history of diabetes are strong risk factors for
GDM. In the not pregnant setting, obesity induces insulin resistance and type 2 DM (T2DM)
through the release of cytokines such as TNFa and IL-6 %% ®01 |nsulin resistance emerges
naturally as normal pregnancy progresses and an acceleration of this process driven by

lifestyle and genetic factors is potentially what happens in GDM 333,334,

Offspring from mothers with GDM have an increased risk of developing metabolic and
cardiovascular disorders 9% 603 The enhanced diabetic state in GDM pregnancies alters
placental development and function and these alterations include elevated oxidative stress
and fetal thrombosis 6% 995; 3 recent review aptly describes the pathophysiology of GDM %,
With regards to immune cell populations, an increase in NK cells in the placentas of GDM
mothers has been reported 7. However, reports of effects on placental macrophage
numbers and function are conflicting. Several studies have reported a more pro-inflammatory

phenotype 608610 whilst others show that the M2 phenotype is maintained 2.

With the focus here being the maternal immune system, a study investigating pregnant
women with obesity and GDM found upregulation of the Th1 phenotype, altering the Th1/Th2
ratio in comparison to a healthy pregnancy %?. As the shift to Th2 encourages dynamic

antibody production to combat infections and offer fetal passive immunity, the authors of
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this study theorised that the provision of passive immunity to the fetus might be
compromised in the obese GDM phenotype 4?4, A recent review has described the current
understanding of the effect of GDM on maternal peripheral leukocytes 2. This review
identified conflicting findings but found that overall GDM is consistent with a pro-
inflammatory profile, although most studies are of leukocyte abundance rather than of their
function. The reported pro-inflammatory profile is mostly evidenced by increases in NK cells

607 and activated T cells ©13.

MNCs in T2DM have illustrated reduced mitochondrial mass, and hyperpolarised
mitochondria %4, The same studies that investigated this also found that the mitochondria
occupied less cellular area, were more spherical, less complex and smaller in T2DM 814, It was
also observed that mitochondrial superoxide production is elevated in T2DM 64
Hyperglycaemia has also been shown to induce excessive superoxide production by the ETC,
causing oxidative stress in aortic endothelial cells, and inducing a decrease in GAPDH activity
615

Changes in the morphology of mitochondria have been associated with ROS

overproduction induced by elevated levels of glucose 6®.

Monocytes have become indicators of inflammatory changes and innate immune function in
T1DM and T2DM. Increased activation of monocytes has been observed in some studies in
patients with T2DM compared to healthy controls, whilst other studies have contradicted
this. Reports on monocytes in diabetes in general appear contradictory; upon activation with
LPS and other immune stimuli, increased production of TNFa, IL-13, IL-6 and IL-8 has been
shown, as well as increased expression of CCR2 and TLR4 in T2DM %%, In T1DM, studies
investigating prediabetic biobreeding (BB) rats (rats that spontaneously develop TIDM) have
illustrated the primary role of monocytes by demonstrating that they are the first cells to
accumulate in the pancreatic islets 628, Invasion of T and B cells into the islets is dependent
upon prior monocyte infiltration 628, In Goto-Kakizazki (G-K) rats (T2DM genetic model),
monocytes were observed to have lower phagocytic activity in comparison to control rats,

whereas there was no differences in granulocytes and lymphocytes 6%°.

For this thesis, samples were made available from women being tested for GDM by having an

oral glucose tolerance test (OGTT). Due to the onset of the COVID-19 pandemic, the collection
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of these samples was halted and has yet to restart. As such, data collected has few repeats.
However, the results so far look promising (Figure 8.1-8) and should be expanded on when
samples become available. Healthy pregnancies here also include pregnancies with obesity
but are otherwise healthy. This is because the pregnancies complicated by GDM are also
sometimes affected by obesity. MNCs from women who tested positive for GDM at 28 weeks
had a disrupted OXPHOS response compared to uncomplicated pregnancies (Figure 8.1). This
contrasts with what appears to be happening at 16 weeks, where the MNCs from pregnant
women with GDM have increased OXPHOS (n=2, Figure 8.2). This suggests that the MNCs are
overly activated earlier in gestation when complicated with GDM, quickening their pace to
achieve the respiratory requirements for later in pregnancy. However, this peaks too soon
and causes complications. Despite the significant changes in metabolism, functionally it
appears as though the MNCs are unchanged by GDM in terms of cytokine production (Figure
8.3-7). As monocytes are a prime cell discussed in this thesis, their phenotype was also
considered (Figure 8.8). Replicates here are sorely needed. It appears there are fewer
mitochondria in all subsets of monocytes from women with GDM (Figure 8.8A), which
contributes to the reduced OXPHOS observed in the heterogenous population of MNCs. CCR2
(Figure 8.8B) expression may also be reduced, with diminished capabilities for chemotaxis.
Future work should include isolating monocytes to further investigate their metabolism and
chemotaxis capabilities. Investigating this at different gestational stages (i.e., 16 weeks and

term) would also highlight when key changes occur.

8.6 Other future work

It has been established here that monocytes are susceptible to adaptations to the pregnant
environment and can be incapacitated by risk factors such as obesity, and adverse gestational
events such as GDM. Monocytes play a role in the exacerbation of autoimmune diseases such
as MS, which diminishes in pregnancy. Investigating how the monocytes are curbed in MS
during pregnancy would provide novel insight into management of the disease. The novel
use of MALDI-ToF described in this thesis may also be a tool to predict or diagnose MS, if

reference ranges can be determined, as LPC has been implicated in demyelination in MS 376,

Due to ethical concerns with human volunteers, it is difficult to obtain more obscure samples,

especially with pregnant women. As such, murine models can offer some insight into
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questions that have arisen. One such avenue that warrants further work is investigating bone
marrow-derived monocytes from dams. Chapter 4 - Immunometabolic adaptations of
monocytes in pregnancy at 37+ weeks gestation explored the idea that the monocytes at term
may be too fatigued to combat PAMPS and DAMPs. It would be interesting to determine if
this phenotype is present at production in the bone marrow or develops upon exposure to
the peripheral environment. It has been shown that TNF promotes premature release of

monocytes from the bone marrow 62°

, and TNF levels steadily increase as gestation progress
621 The stress of pregnancy, particularly at term, could impact the ability for hematopoietic

stem cells to renew and develop into functional monocytes.

To further the investigation into the effect of obesity on pregnancy, plans are in place to
expand on the findings described in this thesis. This includes a more direct focus on the
monocytes, particularly on the trafficking capabilities and how their metabolism is
modulated. To fully understand the impact of maternal obesity on the immune system, this
study will recruit volunteers’ pre-conception and will undergo a longitudinal study, covering
various trimesters, until birth. In order to encapsulate changes, only groups of women of BMI
<25 and >35 will be invited to the study; obstetricians have advised that concerns over BMI
are not raised until BMI 35, hence the range selected. To determine if the monocytes are
trafficking to the AT to have an effect, murine models would allow for the study of
macrophages from visceral and subcutaneous AT at different stages of gestation;
collaborations are currently being set up for this. Firstly, it will need to be established if the
effect on peripheral monocytes in humans is also observed in mice. If ethical approval allows,
obtaining AT from the site of c-section in human pregnancies could also offer insight into the
effect of maternal obesity. A fellow PhD student is observing dramatic differences in
metabolism and function term placental macrophages from women with obesity (BMI >35)
compared to lean (BMI <25). As such, work from that project is tying in with the proposed
future work here, by looking at the earlier gestation placental macrophages, which would
make use of material from the Human Developmental Biology Resource (HDBR) if the project

is accepted.

Monocytes are incriminated in the development of major depression, along with total

622

leucocytosis °““. It has been found that non-classical monocytes are increased in major
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depression, at the expense of classical monocytes 23924 which are in an increased state of
activation %2, Treatment of monocytes with ketamine (though classically used as an
anaesthetic it has recently been used as an antidepressant ®2°) proliferates them into M2c-
like macrophages accompanied by the stimulation of CD163 expression and genes associated
with mTOR 24, Pregnancy has been described to increase the vulnerability for anxiety and
depression 26, The monocyte adaptations observed in this thesis in pregnancy also appear to
correlate with the monocyte phenotype observed in major depression: increased non-
classical monocytes, increased activation state and reduced expression of genes associated
with mTOR. This itself shows why there might be increased risk of perinatal and postnatal
depression. However, a study into the monocytes during perinatal and postnatal diagnosed
depression would provide insight into the disease and may uncover potential treatment or

prevention strategies while not undermining the carefully regulated maternal environment.
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Figure 8.1: Bioenergetic capabilities of MNCs from pregnant women with GDM at 28 weeks of gestation.
Bioenergetic analysis was performed on MNCs from pregnant women with (n=8) and without (n=35) GDM at 28
weeks of gestation using the Seahorse Extracellular flux analyser. Statistics performed was either a 2-way ANOVA
and a Tukey’s post-hoc test, or Mann-Whitney test where p value < 0.05 was significant. Traces for the OCR (A)
and ECAR (B) are shown. Measurements made were: ATP production from (C) glycolysis (basal p = 0.9901; max
p = 0.6037) and from (D) OXPHOS (basal p = 0.6159; max p = 0.0097), (E) bioenergetic scope (basal p = 0.9764;
max p = 0.0264), (F) spare respiratory capacity (p = 0.0081), (G) glycolytic index (p = 0.3323), (H) supply flexibility
index (p = 0.0404), (1) maximum mitochondrial respiration (p = 0.0309) and (J) maximum ECAR (p = 0.4519).
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Figure 8.2: OXPHOS capabilities of MNCs from GDM women at 16 weeks and 28 weeks of gestation. MNCs
from women with and without GDM at 16 weeks (n=2 for GDM +/-) and 28 weeks of gestation were analysed on
the Seahorse extracellular flux analyser for their OXPHOS capabilities. The OCR traces are observed for 16 weeks
(A) and 28 weeks (B) gestation. Their maximal respiration across gestation is observed in (C).
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Figure 8.3: Unstimulated MNCs from women with healthy pregnancies and with GDM. MNCs were left
unstimulated for 24hr, and the supernatants were used for cytokine analysis using LEGENDplex™ Inflammation
kits. Mann-Whitney tests were used to test for significance (p < 0.05). Analytes measured were: IL-1B (p = 0.3614),
TNFa (p = 0.6573), MCP-1 (p = 0.8080), IL-6 (p = 0.8776), IL-8 (p = 0.9769) and IL-18 (p = 0.6186).
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Figure 8.4: MDP-stimulated MNCs from women with healthy pregnancies and with GDM. MNCs were
stimulated with MDP for 24hr, and the supernatants were used for cytokine analysis using LEGENDplex™
Inflammation kits. Mann-Whitney tests were used to test for significance (p < 0.05). Analytes measured were: IL-
1B (p=0.8670), TNFa (p = 0.8928), MCP-1 (p = 0.9923), IL-6 (p = 0.3959), IL-8 (p = 0.3779) and IL-18 (p = 0.5652).
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Figure 8.5: POLY:IC-stimulated MNCs from women with healthy pregnancies and with GDM. MNCs were
stimulated with POLY:IC for 24hr, and the supernatants were used for cytokine analysis using LEGENDplex™
Inflammation kits. Mann-Whitney tests were used to test for significance (p < 0.05). Analytes measured were: IL-
1B (p = 0.8757), IFNa (p = 0.6739), TNFa (p = 0.4599), MCP-1 (p = 0.7966), IL-6 (p = 0.6852), IL-8 (p = 0.4839)
and IL-18 (p = 0.7110).
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Figure 8.6: LPS-stimulated MNCs from women with healthy pregnancies and with GDM. MNCs were
stimulated with LPS for 24hr, and the supernatants were used for cytokine analysis using LEGENDplex™
Inflammation kits. Mann-Whitney tests were used to test for significance (p < 0.05). Analytes measured were: IL-
1B (p = 0.6636), IFNa (p = 0.6196), IFNy (p = 0.0658), TNFa (p = 0.9461), MCP-1 (p = 0.7794), IL-6 (p = 0.7711),
IL-8 (p = 0.4921), IL-10 (p = 0.7942), IL-12p70 (p = 0.2992), IL-18 (p = 0.8544), IL-23 (p = 0.8092), and IL-33 (p =
0.4895).
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Figure 8.7: LPS/R848-stimulated MNCs from women with healthy pregnancies and with GDM. MNCs were
stimulated with LPS and R848 for 24hr, and the supernatants were used for cytokine analysis using LEGENDplex™
Inflammation kits. Mann-Whitney tests were used to test for significance (p < 0.05). Analytes measured were: IL-
1B (p = 0.8981), IFNa (p = 0.8361), IFNy (p = 0.5798), TNFa (p = 0.3578), MCP-1 (p = 0.9727), IL-6 (p = 0.9558),
IL-8 (p = 0.7751), IL-10 (p = 0.6948), IL-12p70 (p = 0.0235), IL-18 (p = 0.9294), IL-23 (p = 0.3274), and IL-33 (p =
0.3080).
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Figure 8.8: Phenotype of monocytes and their subsets from pregnant women with GDM at 28 weeks of
gestation. MNCs were stained with antibodies specific for monocytes and their subsets (Classical = C,
intermediate = I, non-classical = NC) to determine the phenotypic profile of the monocytes from GDM-positive
pregnant women (purple) compared to GDM-negative pregnant women (blue) at 28 weeks of gestation. Statistics
were performed with a 2-way ANOVA and a Tukey’s post-hoc test,, where p < 0.05 was significant. (A) Metabolic
markers measured were: CD36 (C p = 0.9910, | p = 0.9979, NC p = 0.9986), CD98 (C p = 0.8285, | p = 0.1430,
NC p = 0.9972), CD38 (C p = 0.3887, | p = 0.0080, NC p = 0.9975) and MitoTracker Green ™ (C p = 0.1575, | p =
0.2419, NC p = 0.1264). (B) Chemokine receptors measured were: CCR2 (C p = 0.4070, | p = 0.2293, NC p >
0.9999) and CX3CR1 (C p =0.9832, | p=0.7746, NC p = 0.9432). (C) Other phenotypic markers measured were:
CD11b (C p=0.0061, | p=0.3136, NC p = 0.9984), CD64 (C p = 0.4449, | p = 0.8865, NC p > 0.9999), CD80 (C
p =0.4469, 1 p =0.9301, NC p = 0.9989), CD86 (C p = 0.9729, | p = 0.8326, NC p = 0.7305), CD163 (C p = 0.9936,
I p=0.9938, NC p = 0.9998), and CD220 (C p = 0.9886, | p = 0.9858, NC p = 0.8439).
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10.1 Differential expression of monocytes from pregnant women in comparison to non-pregnant women — full data

Confidence limit Linear Confidence limit
Log2 fold | std error .
change (log2) (log2) fold (linear) P-value | BH.p.value
Lower Upper change | Lower Upper

IDH1-mRNA 0.614 0.0582 0.5 0.728 1.53 1.41 1.66 9.69E-07 0.000502
TLR7-mRNA 1.15 0.138 0.885 1.42 2.23 1.85 2.68 7.77E-06 0.00201
STAT1-mRNA 1.2 0.159 0.889 1.51 2.3 1.85 2.85 1.95E-05 0.00337
IRF1-mRNA 0.831 0.117 0.601 1.06 1.78 1.52 2.09 3.37E-05 0.00437
PSME2-mRNA 0.846 0.127 0.598 1.09 1.8 1.51 2.14 5.55E-05 0.00507
ACSF3-mRNA 0.537 0.0813 0.378 0.696 1.45 13 1.62 6.04E-05 0.00507
PUDP-mRNA 0.449 0.069 0.314 0.584 1.36 1.24 1.5 6.85E-05 0.00507
ZNF136-mRNA -0.308 0.0548 -0.415 -0.2 0.808 0.75 0.87 0.000224 0.0108
RIMKLB-mRNA 0.962 0.175 0.619 1.3 1.95 1.54 2.47 0.000261 0.0108
STAT3-mRNA 0.316 0.0575 0.203 0.429 1.25 1.15 1.35 0.000263 0.0108
SQSTM1-mRNA -0.322 0.0588 -0.437 -0.207 0.8 0.738 0.866 0.000271 0.0108
RB1CC1-mRNA -0.397 0.0724 -0.538 -0.255 0.76 0.689 0.838 0.000271 0.0108
JAK2-mRNA 0.596 0.11 0.381 0.811 1.51 13 1.75 0.000289 0.0108
ALOX5-mRNA 0.429 0.0791 0.274 0.584 1.35 1.21 1.5 0.000291 0.0108
FDX1-mRNA -0.349 0.0659 -0.478 -0.22 0.785 0.718 0.858 0.000346 0.0117
PPM1A-mRNA -0.298 0.0565 -0.408 -0.187 0.814 0.753 0.878 0.000361 0.0117
PDCD1LG2-
MmRNA 2.08 0.398 13 2.86 4.22 2.46 7.25 0.000386 0.0118
RBBP5-mRNA 0.503 0.0977 0.311 0.695 1.42 1.24 1.62 0.000434 0.0125
TLR2-mRNA 0.415 0.0831 0.252 0.577 1.33 1.19 1.49 0.000549 0.0144
PEMT-mRNA -0.346 0.0694 -0.482 -0.21 0.787 0.716 0.865 0.000555 0.0144
MYC-mRNA 0.83 0.168 0.501 1.16 1.78 1.41 2.23 0.000586 0.0144
HAAO-mRNA -0.396 0.0811 -0.555 -0.238 0.76 0.68 0.848 0.000632 0.0144
KMO-mRNA 0.611 0.125 0.366 0.856 1.53 1.29 1.81 0.000638 0.0144
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GART-mRNA
CD14-mRNA
PSMB10-mRNA
MSRB2-mRNA
HSF1-mRNA
SLC6A12-mRNA
FANCI-mRNA
NCOR1-mRNA
H6PD-mRNA
TKT-mRNA
SERINC1-mRNA
PNOC-mRNA
TLR4-mRNA
GLRX-mRNA
RUNX1-mRNA
VEGFA-mRNA
ATOX1-mRNA
SCD-mRNA
SLC16A3-mRNA
KDM3B-mRNA
ATP6V1F-mRNA
MYD88-mRNA
STK3-mRNA
PIK3CD-mRNA
SOS1-mRNA
MAP2K3-mRNA
PIK3R4-mRNA
PSMA3-mRNA

299

0.467
0.253
0.381
0.567
-0.248
0.842
-0.574
-0.161
0.303
-0.388
-0.153
1.49
0.292
0.292
0.422
-1.08
0.211
1.37
0.32
0.0756
-0.215
0.354
0.436
0.2
0.509
-0.249
0.434
0.241

0.0967
0.054
0.0817
0.123
0.0541
0.185
0.127
0.0356
0.068
0.0871
0.0344
0.336
0.0667
0.0668
0.0968
0.248
0.0493
0.327
0.0766
0.0186
0.0528
0.0876
0.108
0.0499
0.131
0.0643
0.114
0.0639

0.277
0.147
0.221
0.325
-0.354
0.479
-0.822
-0.231
0.17
-0.558
-0.221
0.83
0.161
0.161
0.232
-1.56
0.115
0.727
0.17
0.0391
-0.318
0.182
0.224
0.103
0.253
-0.375
0.211
0.116

0.656
0.359
0.541
0.809
-0.142
1.2
-0.326
-0.0913
0.436
-0.217
-0.0857
2.15
0.423
0.423
0.611
-0.59
0.308
2.01
0.47
0.112
-0.111
0.526
0.648
0.298
0.765
-0.123
0.657
0.366

1.38
1.19
1.3
1.48
0.842
1.79
0.672
0.894
1.23
0.764
0.899
2.81
1.22
1.22
1.34
0.474
1.16
2.58
1.25
1.05
0.862
1.28
1.35
1.15
1.42
0.841
1.35
1.18

1.21
1.11
1.17
1.25
0.782
1.39
0.566
0.852
1.12
0.679
0.858
1.78
1.12
1.12
1.17
0.338
1.08
1.65
1.13
1.03
0.802
1.13
1.17
1.07
1.19
0.771
1.16
1.08

1.58
1.28
1.45
1.75
0.906
2.31
0.798
0.939
1.35
0.86
0.942
4.43
1.34
1.34
1.53
0.664
1.24
4.03
1.39
1.08
0.926
1.44
1.57
1.23
1.7
0.918
1.58
1.29

0.000693
0.000866
0.000896
0.00099
0.00101
0.00107
0.00109
0.0011
0.00122
0.00123
0.00124
0.00127
0.00138
0.00141
0.00143
0.00147
0.00159
0.00188
0.00189
0.00227
0.00228
0.00235
0.0024
0.00245
0.00297
0.00307
0.00339
0.00362

0.015
0.0178
0.0178
0.0184
0.0184
0.0184
0.0184
0.0184
0.0188
0.0188
0.0188
0.0188
0.0195
0.0195
0.0195
0.0196
0.0206
0.0233
0.0233
0.0268
0.0268

0.027

0.027

0.027
0.0321
0.0325
0.0351
0.0368
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RPL23-mRNA
AMPD2-mRNA
MLYCD-mRNA
TYMP-mRNA
RICTOR-mRNA
GMPS-mRNA
PCK2-mRNA
APOM-mRNA
NPM1-mRNA
PRR5-mRNA
FBP1-mRNA
MS4A4A-mRNA
NFKB1-mRNA
ADORA2A-mRNA
CD84-mRNA
SREBF2-mRNA
CTSL-mRNA
HIF1A-mRNA
GLUD1-mRNA
AKT1-mRNA
HSF2-mRNA
GMPR-mRNA
TECR-mRNA
NDUFB1-mRNA
SDHC-mRNA
HK3-mRNA
ATF4-mRNA
PDK2-mRNA
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-0.168
-0.453
0.445
0.682
-0.189
-0.239
0.364
-0.524
-0.208
-0.937
0.418
0.857
0.182
-0.87
0.381
0.356
0.885
-0.423
-0.151
-0.196
-0.848
0.71
-0.172
0.123
0.132
0.286
-0.302
-0.354

0.0449
0.121
0.123

0.19

0.0527
0.067
0.102
0.148

0.0599
0.269

0.12
0.247

0.0526
0.254
0.112
0.105
0.262
0.126
0.045

0.0588
0.254
0.215

0.0522

0.0373

0.0401

0.0871

0.0925
0.109

-0.256
-0.69
0.203
0.31
-0.292
-0.37
0.163
-0.815
-0.326
-1.47
0.182
0.372
0.0791
-1.37
0.161
0.149
0.371
-0.67
-0.239
-0.312
-1.35
0.288
-0.274
0.0495
0.053
0.115
-0.483
-0.567

-0.0804
-0.216
0.686
1.05
-0.0857
-0.107
0.564
-0.234
-0.0912
-0.409
0.654
1.34
0.285
-0.372
0.601
0.562
1.4
-0.175
-0.0624
-0.0811
-0.35
1.13
-0.0696
0.196
0.21
0.457
-0.121
-0.14

0.89
0.731
1.36
1.6
0.877
0.847
1.29
0.695
0.865
0.522
1.34
1.81
1.13
0.547
1.3
1.28
1.85
0.746
0.901
0.873
0.556
1.64
0.888
1.09
11
1.22
0.811
0.782

0.837
0.62
1.15
1.24

0.817

0.774
1.12

0.568

0.798

0.362
1.13
1.29
1.06

0.388
1.12
1.11
1.29

0.629

0.847

0.806

0.393
1.22

0.827
1.03
1.04
1.08

0.716

0.675

0.946
0.861
1.61
2.08
0.942
0.928
1.48
0.85
0.939
0.753
1.57
2.53
1.22
0.772
1.52
1.48
2.64
0.886
0.958
0.945
0.785
2.19
0.953
1.15
1.16
1.37
0.92
0.907

0.00377
0.00384
0.00476
0.00489
0.00495
0.00517
0.00521
0.00535
0.00589
0.00593
0.00595
0.00607
0.00608
0.00646
0.00675
0.00705
0.00709
0.00738
0.00742

0.0075
0.00756
0.00804
0.00811

0.0082
0.00826
0.00829
0.00852
0.00874

0.0375
0.0375
0.0457
0.0458
0.0458
0.0466
0.0466

0.047
0.0492
0.0492
0.0492
0.0492
0.0492
0.0515

0.053

0.054

0.054
0.0544
0.0544
0.0544
0.0544
0.0558
0.0558
0.0558
0.0558
0.0558
0.0566

0.057
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PDK3-mRNA
BCL2L1-mRNA
HERC1-mRNA
IMPDH2-mRNA
OGDH-mRNA
CS-mRNA
LY96-mRNA
ACAT1-mRNA
PTK2-mRNA
CMKLR1-mRNA
CAT-mRNA
MAPK1-mRNA
MPC2-mRNA
SLC7A5-mRNA
VHL-mRNA
ZNF254-mRNA
NFKB2-mRNA
NDUFA3-mRNA
IL7-mRNA
PRDX1-mRNA
APRT-mRNA
GUSB-mRNA
TRAF6-mRNA
KMT2E-mRNA
NDUFB2-mRNA
ITGAM-mRNA
SEC13-mRNA
D2HGDH-mRNA
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0.376
0.269
-0.258
-0.323
-0.185
-0.186
0.323
0.305
-0.72
0.904
-0.174
-0.144
-0.194
-1.05
-0.161
0.504
-0.442
0.153
0.856
0.176
-0.152
-0.159
-0.209
-0.219
0.121
0.211
-0.0913
0.252

0.116
0.0831
0.0823

0.104
0.0594
0.0602

0.105
0.0993

0.235

0.296
0.0578
0.0484
0.0653

0.357
0.0549

0.172

0.152
0.0529

0.296
0.0615

0.053
0.0559
0.0746
0.0781
0.0436
0.0758
0.0332
0.0914

0.148
0.106
-0.42
-0.527
-0.301
-0.304
0.117
0.11
-1.18
0.323
-0.287
-0.238
-0.322
-1.75
-0.268
0.166
-0.74
0.0493
0.275
0.0556
-0.256
-0.269
-0.355
-0.372
0.036
0.0622
-0.156
0.0724

0.603
0.432
-0.0972
-0.12
-0.0683
-0.0681
0.529
0.5
-0.259
1.48
-0.0608
-0.0488
-0.0655
-0.35
-0.0533
0.842
-0.144
0.257
1.44
0.297
-0.0479
-0.0499
-0.0628
-0.0656
0.207
0.359
-0.0263
0.431

1.3
1.21
0.836
0.799
0.88
0.879
1.25
1.24
0.607
1.87
0.886
0.905
0.874
0.483
0.895
1.42
0.736
1.11
1.81
1.13
0.9
0.895
0.865
0.859
1.09
1.16
0.939
1.19

1.11
1.08
0.748
0.694
0.812
0.81
1.08
1.08
0.441
1.25
0.819
0.848
0.8
0.297
0.83
1.12
0.599
1.03
1.21
1.04
0.838
0.83
0.782
0.773
1.03
1.04
0.897
1.05

1.52
1.35
0.935
0.921
0.954
0.954
1.44
1.41
0.836
2.8
0.959
0.967
0.956
0.785
0.964
1.79
0.905
1.19
2.71
1.23
0.967
0.966
0.957
0.956
1.15
1.28
0.982
1.35

0.00889
0.00892
0.0105
0.0111
0.0111
0.0114
0.0118
0.0118
0.012
0.0123
0.0131
0.0141
0.0142
0.0148
0.015
0.0152
0.0156
0.016
0.0162
0.0169
0.0169
0.0172
0.0187
0.0188
0.0193
0.0194
0.0204
0.0204

0.057
0.057
0.0663
0.0683
0.0683
0.0697
0.0702
0.0702
0.0708
0.0714
0.0753
0.08
0.08
0.0824
0.0827
0.0828
0.0844
0.0855
0.0855
0.0874
0.0874
0.0881
0.0946
0.0946
0.0959
0.0959
0.0988
0.0988
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BRIP1-mRNA
CD180-mRNA
SLC7A11-mRNA
PRIM1-mRNA

RAD51AP1-
MRNA

GMPR2-mRNA
SLC16A7-mRNA
MRAS-mRNA
STAM2-mRNA
TP53-mRNA
SERINC3-mRNA
CCL4A-mRNA
EHHADH-mRNA
PYCR2-mRNA
SLC27A1-mRNA
STAT5A-mRNA
HACD2-mRNA
IDH3B-mRNA
CD4-mRNA
PSMC1-mRNA
NKG7-mRNA
AKT1S1-mRNA
PRDX5-mRNA
IDO1-mRNA
NUP62-mRNA
BIRC3-mRNA
IDH3G-mRNA
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-0.36
0.727
-2.04
0.407

0.927
0.17
0.227
-0.586
0.355
0.214
-0.147
-1.65
1.02
0.188
-0.282
0.182
-0.175
-0.107
-0.289
-0.162
0.567
-0.101
0.212
1.01
0.186
-0.279
-0.141

0.132
0.267
0.752

0.15

0.342
0.0628
0.0842

0.217

0.132
0.0793

0.055

0.622

0.383
0.0708

0.107
0.0693
0.0672
0.0414

0.112
0.0629

0.221
0.0396
0.0834

0.398
0.0737

0.112
0.0569

-0.619
0.203
-3.51
0.113

0.256
0.0466
0.0624

-1.01
0.0965
0.058
-0.255
-2.87

0.267

0.0493

-0.492
0.0459
-0.307
-0.189
-0.509
-0.285
0.133
-0.179
0.0486
0.23
0.0414
-0.498
-0.253

-0.102
1.25
-0.566
0.701

1.6
0.293
0.393
-0.16
0.613
0.369
-0.0397
-0.435
1.77
0.327
-0.0716
0.317
-0.0438
-0.0263
-0.0692
-0.0388

-0.0235
0.375
1.79
0.33
-0.0605
-0.0294

0.779
1.65
0.243
1.33

1.9
1.12
1.17

0.666
1.28
1.16

0.903

0.318
2.03
1.14

0.823
1.13

0.885

0.928

0.819

0.894
1.48

0.932
1.16
2.01
1.14

0.824

0.907

0.651
1.15
0.0875
1.08

1.19
1.03
1.04
0.496
1.07
1.04
0.838
0.136
1.2
1.03
0.711
1.03
0.808
0.877
0.703
0.82
1.1
0.884
1.03
1.17
1.03
0.708
0.839

0.932
2.38
0.676
1.63

3.03
1.23
1.31
0.895
1.53
1.29
0.973
0.74
3.41
1.25
0.952
1.25
0.97
0.982
0.953
0.973

0.984
1.3
3.46
1.26
0.959
0.98

0.0212
0.0215
0.0219
0.0219

0.022
0.0223
0.0223
0.0225
0.0226
0.0226

0.023

0.024

0.024

0.024
0.0253
0.0255

0.026
0.0267
0.0276
0.0276
0.0284
0.0287
0.0292
0.0294
0.0303
0.0313
0.0327

0.1
0.1
0.1
0.1

0.1

0.1

0.1

0.1

0.1

0.1
0.101
0.103
0.103
0.103
0.107
0.107
0.109
0.111
0.113
0.113
0.115
0.115
0.116
0.116
0.119
0.122
0.126
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NFE2L2-mRNA
PIK3R1-mRNA
COX5A-mRNA
ZNF93-mRNA
PTGES-mRNA
CBL-mRNA
UQCR10-mRNA
CTSZ-mRNA
CD63-mRNA
ZNF675-mRNA
SLC16A13-mRNA
ECHS1-mRNA
MAP2K1-mRNA
PRKAG2-mRNA
MAP3K12-mRNA
GATM-mRNA
COX14-mRNA
GBA-mRNA
RPS6KB2-mRNA
SLC25A1-mRNA
TNF-mRNA
PGM2-mRNA
SLC2A6-mRNA
SLC3A2-mRNA
CCNA2-mRNA
SOD1-mRNA
GNS-mRNA
HRAS-mRNA
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-0.174
-0.262
-0.133
0.621
-1.85
0.222
0.124
0.123
0.219
0.377
0.592
0.272
-0.104
-0.16
0.306
-1.08
0.156
0.135
-0.145
0.213
-0.845
0.217
-0.317
-0.248
11
-0.161
0.168
-0.318

0.0709
0.107
0.0543
0.254
0.761
0.0914
0.0509
0.0512
0.091
0.157
0.247
0.114
0.044
0.0688
0.131
0.471
0.0682
0.059
0.0635
0.0939
0.374
0.096
0.142
0.111
0.491
0.0725
0.0755
0.145

-0.313
-0.472
-0.239

0.122

-3.34
0.0433
0.0241
0.0228
0.0403
0.0689

0.107
0.0475

-0.19
-0.295
0.0485

0.0224

0.019
-0.269
0.0294

-1.58
0.0285
-0.595
-0.467

0.134
-0.303
0.0197
-0.602

-0.0352
-0.0523
-0.0261
1.12
-0.362
0.402
0.224
0.223
0.397
0.684
1.08
0.496
-0.0173
-0.0254
0.563
-0.156
0.29
0.25
-0.0202
0.397
-0.112
0.405
-0.039
-0.0304
2.06
-0.0195
0.316
-0.0348

0.886
0.834
0.912
1.54
0.277
1.17
1.09
1.09
1.16
1.3
1.51
1.21
0.931
0.895
1.24
0.473
1.11
11
0.905
1.16
0.557
1.16
0.803
0.842
2.14
0.894
1.12
0.802

0.805
0.721
0.847
1.09
0.0985
1.03
1.02
1.02
1.03
1.05
1.08
1.03
0.877
0.815
1.03
0.25
1.02
1.01
0.83
1.02
0.335
1.02
0.662
0.724
1.1
0.81
1.01
0.659

0.976
0.964
0.982
2.17
0.778
1.32
1.17
1.17
1.32
1.61
2.11
1.41
0.988
0.983
1.48
0.897
1.22
1.19
0.986
1.32
0.925
1.32
0.973
0.979
4.17
0.987
1.24
0.976

0.0339
0.0343
0.0348
0.0349
0.0351
0.0353
0.0353
0.037
0.0371
0.0374
0.0378
0.0389
0.0404
0.0421
0.0421
0.0448
0.0451
0.0456
0.046
0.0463
0.0473
0.0477
0.0494
0.0496
0.0496
0.05
0.0506
0.0524

0.13

0.13

0.13

0.13

0.13

0.13

0.13
0.134
0.134
0.134
0.135
0.138
0.142
0.146
0.146
0.155
0.155
0.155
0.156
0.156
0.158
0.158
0.162
0.162
0.162
0.162
0.163
0.167
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CD209-mRNA
GPI-mRNA
KYAT1-mRNA
L2ZHGDH-mRNA
CTSD-mRNA
NDUFA12-mRNA
COX6A1-mRNA
NDUFB8-mRNA
TRAF1-mRNA
UQCR11-mRNA
CD36-mRNA
ZNF253-mRNA
CTPS1-mRNA
ATF7-mRNA
MTOR-mRNA
NADK-mRNA
NRAS-mRNA
TET2-mRNA
PEBP1-mRNA
CEACAM3-mRNA
TELO2-mRNA
KYAT3-mRNA
MLST8-mRNA

SOD2-mRNA
BCL2-mRNA

HLA-A-mRNA
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0.765
-0.102
-0.327

0.461

0.19

0.297

0.104
-0.113
-0.344

0.291

0.382

0.828
-0.326

0.148

0.167

0.17
-0.168
-0.0885
-0.291
0.753
0.22
-0.161
-0.187

-0.372
-0.429

0.3

0.349
0.0466
0.151
0.214
0.0884
0.138
0.0489
0.0532
0.162
0.138
0.182
0.395
0.156
0.0712
0.081
0.0829
0.0818
0.0436
0.144
0.373
0.11
0.081
0.095

0.19
0.219

0.154

0.0809
-0.193
-0.623

0.0411

0.017
0.026
0.00859
-0.217
-0.662

0.0195

0.0251

0.0538
-0.632

0.00863
0.00778
0.00754
-0.328
-0.174
-0.573
0.0218
0.0037
-0.32
-0.374

-0.743
-0.859

0.000953

1.45
-0.0106
-0.0309

0.88

0.364
0.568
0.2
-0.00896
-0.0257
0.562
0.738
1.6
-0.0195
0.288
0.325
0.333
-0.00715
-0.00294
-0.00935
1.48
0.435
-0.0026
-0.00121

0.000411
0.000584

0.601

1.7
0.932
0.797

1.38
1.14
1.23
1.08
0.925
0.788
1.22
1.3
1.78
0.798
1.11
1.12
1.13
0.89
0.941
0.817
1.69
1.16
0.894
0.878

0.773
0.743

1.23

1.06
0.875
0.649

1.03

1.01

1.02

1.01

0.86
0.632

1.01

1.02

1.04
0.645

1.01

1.01

1.01
0.797
0.886
0.672

1.02

0.801
0.772

0.597
0.551

0.999

2.73
0.993
0.979

1.84

1.29

1.48

1.15
0.994
0.982

1.48

1.67

3.04
0.987

1.22

1.25

1.26
0.995
0.998
0.994

2.8

1.35
0.998
0.999

1.52

0.0532
0.0536
0.0557
0.0569
0.0569
0.0572
0.0585
0.0592
0.0602

0.062
0.0623
0.0625
0.0637
0.0641
0.0668
0.0674
0.0678
0.0701
0.0704
0.0712
0.0742
0.0744
0.0768

0.0782
0.0788

0.0792

0.169
0.169
0.175
0.176
0.176
0.177
0.179

0.18
0.182
0.186
0.186
0.186
0.189
0.189
0.196
0.196
0.196
0.201
0.201
0.203
0.209
0.209
0.215

0.217
0.217

0.217
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RANBP2-mRNA
MTF1-mRNA
NEDD8-mRNA
SNF8-mRNA
YWHAZ-mRNA
PDK1-mRNA
NDUFB7-mRNA
KMT2D-mRNA
BRAF-mRNA
IDH2-mRNA
DERA-mRNA
ACACA-mRNA
GNLY-mRNA
ACAA2-mRNA
KRAS-mRNA
GLYCTK-mRNA
NOD2-mRNA
PPARG-mRNA
LAMTOR2-mRNA
KEAP1-mRNA
HK2-mRNA
PGAM2-mRNA
CAD-mRNA
COX5B-mRNA
NDUFA13-mRNA
FCAR-mRNA
IRF4-mRNA
COX411-mRNA
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-0.279
0.215
0.0897
0.0753
-0.165
-0.291
0.0965
0.0756
-0.0716
0.234
-0.111
0.38
0.534
0.175
0.186
-0.227
0.24
0.114
0.102
0.223
-0.26
0.678
0.222
0.0718
0.0952
-0.497
-0.498
-0.0771

0.143
0.111
0.0464
0.039
0.0862
0.153
0.0511
0.0405
0.039
0.128
0.0605
0.208
0.293
0.0965
0.104
0.127
0.136
0.0645
0.0581
0.129
0.151
0.394
0.13
0.042
0.0561
0.293
0.296
0.0459

-0.559
-0.00172
-0.00127
-0.0012
-0.334
-0.591
-0.00363
-0.00382
-0.148
-0.0161
-0.23
-0.0264
-0.0399
-0.0145
-0.0171
-0.476
-0.0264
-0.0126
-0.0116
-0.0299
-0.556
-0.094
-0.0319
-0.0106
-0.0146
-1.07
-1.08

-0.167

0.000903
0.432
0.181
0.152

0.00435
0.00986
0.197
0.155
0.00483
0.485
0.00763
0.787
1.11
0.364
0.389
0.0223
0.505
0.24
0.216
0.477
0.036
1.45
0.477
0.154
0.205
0.0776
0.0824
0.0129

0.824
1.16
1.06
1.05

0.892

0.818
1.07
1.05

0.952
1.18

0.926

1.3
1.45
1.13
1.14

0.855
1.18
1.08
1.07
1.17

0.835

1.6
1.17
1.05
1.07

0.709

0.708

0.948

0.679
0.999
0.999
0.999
0.794
0.664
0.997
0.997
0.903
0.989
0.853
0.982
0.973

0.99
0.988
0.719
0.982
0.991
0.992

0.98

0.68
0.937
0.978
0.993

0.99
0.476
0.474
0.891

1.35
1.13
1.11

1.01
1.15
1.11

1.4
1.01
1.73
2.15
1.29
1.31
1.02
1.42
1.18
1.16
1.39
1.03
2.73
1.39
1.11
1.15
1.06
1.06
1.01

0.0793
0.0805
0.0821
0.0825
0.0853
0.0872
0.0882
0.0916
0.0962
0.0965
0.0966
0.0968
0.0982
0.1
0.103
0.105
0.108
0.108
0.109
0.115
0.116
0.116
0.117
0.119
0.12
0.121
0.124
0.124

0.217
0.219
0.223
0.223
0.229
0.233
0.234
0.242
0.251
0.251
0.251
0.251
0.253
0.258
0.262
0.266
0.271
0.271
0.272
0.285
0.286
0.286
0.288

0.29
0.292
0.293
0.296
0.296
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ADAL-mRNA
MAP1LC3B-
MRNA

RELA-mRNA
SLC16A6-mRNA
ASH1L-mRNA
PTPN5-mRNA
MPC1-mRNA
CDK9-mRNA
CPT1A-mRNA
RPLPO-mRNA
CACNB4-mRNA
HSPA4-mRNA
MS4A1-mRNA
EEA1-mRNA
RBKS-mRNA
HLA-DQA1-
MRNA
ATP5F1D-mRNA
ACOX1-mRNA
RPTOR-mRNA
RRAGC-mRNA
CYP1B1-mRNA
HEXB-mRNA
PRKAB1-mRNA
SELENOK-mRNA
ATF7I1P-mRNA
RPS6KA1-mRNA

306

0.304

-0.324
-0.0769
-0.186
0.0959
-0.485
-0.13
-0.153
0.276
-0.141
-0.699
0.108
-0.891
0.137
0.478

-3.65
-0.0784
0.144
0.228
-0.121
0.261
-0.0929
0.106
-0.352
0.146
0.158

0.181

0.193
0.0461
0.111
0.0578
0.293
0.0789
0.0929
0.168
0.0856
0.426
0.0658
0.544
0.0842
0.294

2.25
0.0484
0.0898

0.143
0.0757
0.164
0.0584
0.0669
0.222
0.0928
0.1

-0.0512

-0.702
-0.167
-0.404
-0.0174
-1.06
-0.285
-0.335
-0.0527
-0.308
-1.53
-0.0211
-1.96
-0.0278
-0.0974

-8.05
-0.173
-0.0314
-0.0519
-0.269
-0.0604
-0.207
-0.0248
-0.788
-0.0353
-0.0383

0.66

0.0545
0.0133
0.0325
0.209
0.0889
0.0247
0.0291
0.605
0.0271
0.136
0.237
0.175
0.302
1.05

0.75
0.0165
0.32
0.508
0.0276
0.583
0.0216
0.237
0.084
0.328
0.355

1.23

0.799
0.948
0.879
1.07
0.714
0.914
0.899
1.21
0.907
0.616
1.08
0.539
11
1.39

0.0796
0.947
1.11
1.17
0.92
1.2
0.938
1.08
0.783
1.11
1.12

0.965

0.615
0.891
0.756
0.988

0.48
0.821
0.793
0.964
0.807
0.346
0.985
0.258
0.981
0.935

0.00376
0.887
0.978
0.965

0.83
0.959
0.866
0.983
0.579
0.976
0.974

1.58

1.04
1.01
1.02
1.16
1.06
1.02
1.02
1.52
1.02

11
1.18
1.13
1.23
2.08

1.68
1.01
1.25
1.42
1.02

1.5
1.02
1.18
1.06
1.26
1.28

0.124

0.124
0.126
0.126
0.128
0.129
0.131
0.131
0.131
0.131
0.132
0.132
0.132
0.134
0.135

0.135
0.136
0.139
0.141
0.142
0.143
0.143
0.143
0.145
0.145
0.146

0.296

0.296
0.297
0.297
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.302
0.302

0.302
0.303
0.307
0.31
0.31
0.31
0.31
0.31
0.311
0.311
0.311
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TK1-mRNA
GPX4-mRNA
SDSL-mRNA
ERN1-mRNA
KPNA2-mRNA
USP8-mRNA
COX7B-mRNA
FAH-mRNA
CTSA-mRNA
ASL-mRNA
INSR-mRNA
FASN-mRNA
PRKAA1-mRNA
PTPRC-mRNA
SERINC2-mRNA
ME2-mRNA
TIGAR-mRNA
CXCLS-mRNA
TFRC-mRNA
GLS-mRNA
DCK-mRNA
GCLC-mRNA
ITGB1-mRNA
NDUFB11-mRNA
NAGLU-mRNA
ARID1A-mRNA
PIK3R2-mRNA
CHMP2A-mRNA
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-0.549
-0.11
0.466
0.125
-0.163
0.109
0.0872
-0.209
0.157
0.0823
-0.152
0.264
0.0695
0.21
-0.401
0.118
0.253
-0.63
-0.228
0.104
0.102
0.138
-0.0835
-0.0897
-0.134
0.0898
0.108
0.0861

0.348
0.0696
0.299
0.0801
0.105
0.0702
0.0564
0.135
0.102
0.0535
0.0988
0.172
0.0456
0.138
0.264
0.078
0.169
0.427
0.154
0.0704
0.0696
0.0946
0.0575
0.0622
0.0932
0.0625
0.0755
0.0604

-1.23
-0.246
-0.12
-0.0325
-0.369
-0.0288
-0.0233
-0.475
-0.0426
-0.0226
-0.345
-0.0732
-0.0199
-0.0604
-0.917
-0.0354
-0.0789
-1.47
-0.53
-0.0343
-0.0345
-0.0474
-0.196
-0.212
-0.317
-0.0327
-0.0399
-0.0324

0.133
0.0269
1.05
0.282
0.0428
0.246
0.198
0.0562
0.357
0.187
0.042
0.6
0.159
0.481
0.115
0.27
0.584
0.206
0.0752
0.242
0.238
0.323
0.0293
0.0322
0.0484
0.212
0.256
0.204

0.683
0.927
1.38
1.09
0.893
1.08
1.06
0.865
1.11
1.06
0.9
1.2
1.05
1.16
0.757
1.08
1.19
0.646
0.854
1.07
1.07
11
0.944
0.94
0.911
1.06
1.08
1.06

0.426
0.843

0.92
0.978
0.774

0.98
0.984

0.72
0.971
0.984
0.787
0.951
0.986
0.959
0.529
0.976
0.947
0.362
0.692
0.976
0.976
0.968
0.873
0.864
0.803
0.978
0.973
0.978

11
1.02
2.07
1.22
1.03
1.19
1.15
1.04
1.28
1.14
1.03
1.52
1.12

1.4
1.08
1.21

1.5
1.15
1.05
1.18
1.18
1.25
1.02
1.02
1.03
1.16
1.19
1.15

0.146
0.147

0.15
0.151
0.152
0.152
0.153
0.153
0.154
0.155
0.156
0.156
0.159
0.159
0.159
0.163
0.166

0.17
0.171
0.172
0.174
0.175
0.177

0.18

0.18
0.181
0.183
0.185

0.311
0.311
0.318
0.318
0.318
0.318
0.318
0.318
0.318
0.318
0.318
0.318
0.321
0.321
0.321
0.327
0.332
0.339
0.339
0.339
0.342
0.344
0.347

0.35

0.35

0.35
0.352
0.354

Chapter 10 - Appendix



IL21R-mRNA
GABARAP-mRNA
TXNRD1-mRNA
VPS28-mRNA
CD244-mRNA
LTA4H-mRNA
CYBB-mRNA
ADK-mRNA
SPIB-mRNA
GAPDH-mRNA
PIK3CB-mRNA
PSMD13-mRNA
NUP205-mRNA
ZNF682-mRNA
MGST3-mRNA
NCAPH-mRNA
TLR10-mRNA
SLC16A1-mRNA
SLC7A9-mRNA
NDUFA1-mRNA
PRPS1-mRNA
PDK4-mRNA
AFMID-mRNA
PIK3C2A-mRNA
DGUOK-mRNA
AMPD3-mRNA
LAMC1-mRNA
HLA-DRB1-mRNA

308

0.606
0.0598
-0.0775
-0.11
-0.197
0.273
0.114
-0.554
-0.654
-0.084
-0.0541
-0.0716
-0.104
-0.415
0.223
-0.23
0.331
-0.129
0.507
0.0622
-0.145
0.821
-0.183
0.125
0.0673
0.249
-0.644
-0.702

0.426
0.0422
0.0549

0.078

0.14

0.195
0.0822

0.401

0.474

0.061
0.0395
0.0525
0.0761

0.306

0.165

0.172

0.25
0.0985

0.391
0.0483

0.113

0.641

0.143
0.0986
0.0533

0.197

0.512

0.558

-0.229
-0.0229
-0.185
-0.263
-0.471
-0.11
-0.0474
-1.34
-1.58
-0.204
-0.132
-0.174
-0.253
-1.02
-0.101
-0.567
-0.159
-0.322
-0.259
-0.0325
-0.366
-0.435
-0.463
-0.0682
-0.0371
-0.138
-1.65
-1.8

1.44
0.143
0.03
0.0427
0.0777
0.655
0.275
0.232
0.275
0.0356
0.0233
0.0313
0.0455
0.185
0.547
0.107
0.821
0.0637
1.27
0.157
0.076
2.08
0.0971
0.318
0.172
0.636
0.359
0.392

1.52
1.04
0.948
0.926
0.873
1.21
1.08
0.681
0.635
0.943
0.963
0.952
0.931
0.75
1.17
0.853
1.26
0.914
1.42
1.04
0.904
1.77
0.881
1.09
1.05
1.19
0.64
0.615

0.853
0.984
0.88
0.833
0.722
0.927
0.968
0.395
0.334
0.868
0.913
0.886
0.839
0.495
0.932
0.675
0.896
0.8
0.836
0.978
0.776
0.74
0.726
0.954
0.975
0.909
0.319
0.288

2.72

11
1.02
1.03
1.06
1.57
1.21
1.17
1.21
1.02
1.02
1.02
1.03
1.14
1.46
1.08
1.77
1.05
2.42
1.11
1.05
4.22
1.07
1.25
1.13
1.55
1.28
1.31

0.185
0.187
0.188
0.188

0.19
0.192
0.197
0.197
0.198
0.198
0.201
0.203
0.203
0.205
0.207

0.21
0.214
0.219
0.223
0.227
0.228
0.229
0.229
0.233
0.235
0.236
0.237
0.237

0.354
0.355
0.355
0.355
0.359
0.361
0.367
0.367
0.367
0.367
0.37
0.372
0.372
0.375
0.377
0.381
0.387
0.393
0.4
0.405
0.405
0.406
0.406
0.411
0.412
0.412
0.412
0.412
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COPS6-mRNA
PDPK1-mRNA
GAPVD1-mRNA
PTGS2-mRNA
LAT-mRNA
PFKL-mRNA
GLUL-mRNA
NSD1-mRNA
CAB39-mRNA
NDUFA6-mRNA
SHMT2-mRNA
ITCH-mRNA
UCKL1-mRNA
IMPDH1-mRNA
BRCA2-mRNA
CHMP6-mRNA
FNIP1-mRNA
ZNF708-mRNA
KANSL1-mRNA
IL411-mRNA
MCAT-mRNA
NAALAD2-mRNA
ZNF85-mRNA
CDA-mRNA

MAPKS8IP1-
MRNA

MAP2K2-mRNA
KMT2A-mRNA
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-0.0592
0.102
0.0481
-0.338
0.131
-0.0784
0.109
0.0845
0.102
-0.0832
-0.13
-0.101
-0.103
0.106
0.34
0.0731
-0.0915
0.224
0.0474
0.295
-0.273
0.194
0.322
-0.197

-0.455
-0.065
0.07

0.0471
0.0824
0.0394
0.279
0.109
0.0652
0.0913
0.0706
0.0852
0.0701
0.11
0.0851
0.0871
0.091
0.292
0.0634
0.0805
0.198
0.042
0.264
0.246
0.176
0.292
0.18

0.419
0.061
0.0658

-0.152
-0.06
-0.0291
-0.884
-0.0814
-0.206
-0.0697
-0.054
-0.0652
-0.221
-0.345
-0.268
-0.273
-0.0722
-0.233
-0.0512
-0.249
-0.164
-0.0349
-0.221
-0.754
-0.151
-0.251
-0.55

-1.28
-0.185
-0.059

0.0332
0.263
0.125
0.208
0.344

0.0494
0.288
0.223
0.269

0.0542
0.085

0.0659

0.0682
0.285
0.913
0.197

0.0664
0.612

0.13
0.812
0.209
0.539
0.894
0.155

0.365
0.0547
0.199

0.96
1.07
1.03
0.791
11
0.947
1.08
1.06
1.07
0.944
0.914
0.932
0.931
1.08
1.27
1.05
0.939
1.17
1.03
1.23
0.828
1.14
1.25
0.872

0.729
0.956
1.05

0.9
0.959
0.98
0.542
0.945
0.867
0.953
0.963
0.956
0.858
0.787
0.831
0.827
0.951
0.851
0.965
0.841
0.893
0.976
0.858
0.593
0.901
0.841
0.683

0.413
0.88
0.96

1.02

1.2
1.09
1.15
1.27
1.03
1.22
1.17

1.2
1.04
1.06
1.05
1.05
1.22
1.88
1.15
1.05
1.53
1.09
1.76
1.16
1.45
1.86
1.11

1.29
1.04
1.15

0.238
0.246

0.25
0.253
0.254
0.257
0.259
0.259

0.26
0.263
0.263
0.263
0.267

0.27
0.272
0.276
0.282
0.284
0.286
0.289
0.293
0.296
0.296
0.298

0.302
0.312
0.312

0.412
0.425

0.43
0.433
0.434
0.438
0.438
0.438
0.438

0.44

0.44

0.44
0.444
0.448

0.45
0.455
0.464
0.466
0.467
0.471
0.475
0.478
0.478

0.48

0.485
0.497
0.497
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ALDOA-mRNA -0.0395 0.0371 -0.112 0.0333 0.973 0.925 1.02 0.313 0.497
ATPS5ME-mRNA -0.0448 0.0424 -0.128 0.0382 0.969 0.915 1.03 0.315 0.499
EFNA4-mRNA 0.202 0.194 -0.179 0.582 1.15 0.884 1.5 0.323 0.51
CSF3R-mRNA -0.0881 0.0864 -0.257 0.0812 0.941 0.837 1.06 0.332 0.523
EPC1-mRNA -0.0662 0.0656 -0.195 0.0624 0.955 0.874 1.04 0.337 0.528
PLA2G15-mRNA 0.105 0.106 -0.103 0.314 1.08 0.931 1.24 0.344 0.538
AP251-mRNA 0.0617 0.0626 -0.061 0.184 1.04 0.959 1.14 0.347 0.542
CD68-mRNA 0.078 0.0795 -0.0778 0.234 1.06 0.947 1.18 0.35 0.544
IL6-mRNA 0.832 0.86 -0.854 2.52 1.78 0.553 5.72 0.356 0.552
PTGER4-mRNA -0.216 0.227 -0.661 0.228 0.861 0.632 1.17 0.362 0.558
HLA-E-mRNA 0.0582 0.0611 -0.0616 0.178 1.04 0.958 1.13 0.363 0.558
BCL2A1-mRNA 0.172 0.181 -0.183 0.527 1.13 0.881 1.44 0.364 0.558
PSPH-mRNA -0.237 0.249 -0.726 0.252 0.848 0.605 1.19 0.364 0.558
PDP1-mRNA -0.122 0.129 -0.374 0.13 0.919 0.771 1.09 0.365 0.558
FAHD1-mRNA 0.156 0.165 -0.167 0.479 1.11 0.891 1.39 0.366 0.558
NRF1-mRNA 0.131 0.141 -0.146 0.408 1.1 0.904 1.33 0.375 0.568
SLC2A8-mRNA -0.171 0.184 -0.531 0.189 0.888 0.692 1.14 0.375 0.568
PSMB1-mRNA 0.15 0.162 -0.169 0.468 1.11 0.89 1.38 0.379 0.572
CBR4-mRNA 0.128 0.139 -0.145 0.4 1.09 0.905 1.32 0.38 0.572
IDH3A-mRNA 0.0822 0.0897 -0.0936 0.258 1.06 0.937 1.2 0.381 0.572
PLCG1-mRNA -0.35 0.383 -1.1 0.401 0.785 0.466 1.32 0.383 0.573
MAT2A-mRNA 0.158 0.174 -0.182 0.499 1.12 0.881 1.41 0.384 0.573
NCR1-mRNA 0.269 0.3 -0.318 0.857 1.21 0.802 1.81 0.39 0.58
UQCRQ-mRNA 0.0715 0.0808 -0.0869 0.23 1.05 0.942 1.17 0.397 0.588
PNP-mRNA -0.341 0.385 -1.1 0.414 0.79 0.468 1.33 0.397 0.588
UBE2T-mRNA -0.415 0.473 -1.34 0.513 0.75 0.394 1.43 0.401 0.592
NFS1-mRNA 0.0987 0.114 -0.124 0.321 1.07 0.918 1.25 0.405 0.595
CCL5-mRNA 0.304 0.35 -0.383 0.991 1.23 0.767 1.99 0.406 0.595

310 Chapter 10 - Appendix



BRCA1-mRNA
RRM1-mRNA
AK3-mRNA
WRN-mRNA
DEPTOR-mRNA
SREBF1-mRNA
MAT1A-mRNA
GSK3B-mRNA
ITGA1-mRNA
PRKAB2-mRNA
TBXAS1-mRNA
PDHA1-mRNA
GOT1-mRNA
PIK3CA-mRNA
CD276-mRNA
PGD-mRNA
ALDH2-mRNA
FANCD2-mRNA
TIMELESS-mRNA
PGK1-mRNA
ARF5-mRNA
NDUFS8-mRNA
HSPE1-mRNA
DGLUCY-mRNA
RPS6KB1-mRNA
SLC1IA5-mRNA
FNIP2-mRNA
UCK1-mRNA

311

-0.146
0.134
-0.0998
-0.138
-0.168
-0.0714
0.427
-0.0497
0.222
-0.11
0.0383
-0.0529
0.172
0.051
-0.207
0.0574
0.0823
-0.144
0.124
0.0604
-0.0476
-0.0568
0.0662
0.071
-0.0425
0.114
-0.0419
0.0402

0.169
0.156
0.117
0.163
0.2
0.0866
0.521
0.0611
0.274
0.136
0.0474
0.0656
0.217
0.0646
0.263
0.0732
0.106
0.186
0.16
0.0777
0.0625
0.0752
0.0876
0.0944
0.0577
0.155
0.0576
0.0553

-0.476
-0.172
-0.329
-0.456
-0.56
-0.241
-0.594
-0.17
-0.314
-0.376
-0.0547
-0.181
-0.254
-0.0756
-0.722
-0.086
-0.125
-0.508
-0.189
-0.092
-0.17
-0.204
-0.106
-0.114
-0.156
-0.19
-0.155
-0.0682

0.185
0.441
0.13
0.181
0.224
0.0984
1.45
0.0701
0.759
0.156
0.131
0.0758
0.597
0.178
0.308
0.201
0.29
0.22
0.437
0.213
0.0748
0.0906
0.238
0.256
0.0706
0.418
0.0709
0.149

0.904
1.1
0.933
0.909
0.89
0.952
1.34
0.966
1.17
0.926
1.03
0.964
1.13
1.04
0.866
1.04
1.06
0.905
1.09
1.04
0.968
0.961
1.05
1.05
0.971
1.08
0.971
1.03

0.719
0.888
0.796
0.729
0.678
0.846
0.663
0.889
0.805

0.77
0.963
0.882
0.839
0.949
0.606
0.942
0.917
0.703
0.877
0.938
0.889
0.868
0.929
0.924
0.898
0.877
0.898
0.954

1.14
1.36
1.09
1.13
1.17
1.07
2.73
1.05
1.69
1.11

11
1.05
1.51
1.13
1.24
1.15
1.22
1.16
1.35
1.16
1.05
1.06
1.18
1.19
1.05
1.34
1.05
1.11

0.407
0.411
0.414
0.417

0.42
0.429
0.431
0.435
0.435
0.436
0.438
0.439
0.447
0.448

0.45
0.451
0.454
0.455
0.455
0.455
0.463
0.468
0.468
0.469
0.478
0.479
0.483
0.484

0.596
0.599
0.602
0.606
0.608
0.619

0.62
0.622
0.622
0.622
0.623
0.623
0.632
0.632
0.632
0.632
0.632
0.632
0.632
0.632
0.642
0.644
0.644
0.645
0.654
0.654
0.658
0.658
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BRCC3-mRNA
PSMA7-mRNA
CTCF-mRNA
SRM-mRNA
SERINC5-mRNA
ZNF91-mRNA
NQO1-mRNA
ENO3-mRNA
ARID1B-mRNA
STK11-mRNA
LTB-mRNA
OAT-mRNA
UPP1-mRNA
NEU1-mRNA
PRF1-mRNA
ACACB-mRNA
PRIM2-mRNA
STAT6-mRNA
TXN2-mRNA
SMAD2-mRNA
AKT3-mRNA
MAPK8-mRNA
WASHC4-mRNA
COX8A-mRNA
MYCL-mRNA
KYNU-mRNA
MSH2-mRNA
CTSW-mRNA

312

0.0576
0.0275
0.0437
-0.0657
-0.0591
-0.0965
-0.469
-0.203
0.0515
-0.0634
-0.118
-0.0809
0.0847
0.0878
0.445
-0.112
0.0688
0.0291
0.0595
0.0571
-0.121
-0.0532
0.0595
-0.0264
-0.066
-0.0897
-0.124
0.186

0.0806
0.0387
0.0618
0.0934
0.0841
0.138
0.674
0.296
0.0752
0.0943
0.176
0.121
0.127
0.132
0.669
0.171
0.106
0.0452
0.0935
0.0898
0.191
0.0844
0.0949
0.0422
0.107
0.146
0.202
0.303

-0.1
-0.0483
-0.0774

-0.249
-0.224
-0.367
-1.79
-0.783
-0.0959
-0.248
-0.463
-0.318
-0.164
-0.17
-0.866
-0.448
-0.14
-0.0595
-0.124
-0.119
-0.496
-0.219
-0.126
-0.109
-0.276
-0.375
-0.519
-0.408

0.216
0.103
0.165
0.117
0.106
0.174
0.851
0.377
0.199
0.122
0.227
0.156
0.333
0.346
1.76
0.223
0.277
0.118
0.243
0.233
0.254
0.112
0.245
0.0564
0.144
0.196
0.271
0.781

1.04
1.02
1.03
0.955
0.96
0.935
0.722
0.869
1.04
0.957
0.921
0.945
1.06
1.06
1.36
0.925
1.05
1.02
1.04
1.04
0.919
0.964
1.04
0.982
0.955
0.94
0.918
1.14

0.933
0.967
0.948
0.842
0.856
0.775
0.289
0.581
0.936
0.842
0.725
0.802
0.893
0.889
0.549
0.733
0.908

0.96
0.918
0.921
0.709
0.859
0.916
0.927
0.826
0.771
0.698
0.754

1.16
1.07
1.12
1.08
1.08
1.13

1.8

13
1.15
1.09
1.17
1.11
1.26
1.27
3.38
1.17
1.21
1.09
1.18
1.18
1.19
1.08
1.19
1.04

11
1.15
1.21
1.72

0.491
0.493
0.496
0.498
0.498
0.501
0.502
0.509
0.509
0.517
0.518
0.519
0.519

0.52
0.521
0.527
0.532
0.534
0.538
0.539
0.541
0.543
0.544
0.546
0.551
0.551
0.553
0.553

0.666
0.667
0.668
0.668
0.668
0.67
0.67
0.676
0.676
0.681
0.681
0.681
0.681
0.681
0.681
0.687
0.693
0.693
0.697
0.697
0.697
0.698
0.698
0.698
0.7
0.7
0.7
0.7
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ARPC4-mRNA
NDUFS7-mRNA
SIGLEC5-mRNA
ODC1-mRNA
ZNF43-mRNA
SHMT1-mRNA
ADA-mRNA
ACOT12-mRNA
ERCC6-mRNA
WDR45-mRNA
CD163-mRNA
ASNS-mRNA
LEPR-mRNA
NME2-mRNA
RUNX2-mRNA
NDC1-mRNA
TPR-mRNA
TFAM-mRNA
NFAT5-mRNA
HMOX1-mRNA
GPX1-mRNA
EZH2-mRNA
HLA-C-mRNA
TXN-mRNA
POLE-mRNA
LDHB-mRNA
MYBL1-mRNA
PKM-mRNA

313

-0.0211
-0.0377
-0.185
-0.0813
0.258
0.123
-0.136
-0.252
-0.058
-0.0453
0.0785
-0.281
-0.169
0.0437
0.322
-0.0871
0.034
0.0719
-0.0827
0.0567
-0.0365
-0.0515
0.0637
-0.0387
-0.0453
-0.0339
0.14
0.0337

0.0345
0.0621
0.31
0.139
0.442
0.213
0.247
0.461
0.108
0.085
0.148
0.538
0.33
0.0854
0.632
0.171
0.0674
0.146
0.17
0.119
0.0781
0.11
0.138
0.0842
0.101
0.0755
0.313
0.0754

-0.0887
-0.159
-0.794
-0.353
-0.608
-0.294
-0.621

-1.15
-0.269
-0.212
-0.212

-1.33
-0.815
-0.124
-0.916
-0.423

-0.0981
-0.214
-0.415
-0.176

-0.19
-0.268
-0.207
-0.204
-0.243
-0.182
-0.473
-0.114

0.0466
0.0839
0.423
0.191
1.12
0.541
0.349
0.651
0.153
0.121
0.369
0.773
0.477
0.211
1.56
0.249
0.166
0.358
0.25
0.29
0.117
0.165
0.334
0.126
0.152
0.114
0.754
0.181

0.985
0.974
0.879
0.945
1.2
1.09
0.91
0.84
0.961
0.969
1.06
0.823
0.889
1.03
1.25
0.941
1.02
1.05
0.944
1.04
0.975
0.965
1.05
0.974
0.969
0.977
11
1.02

0.94
0.895
0.577
0.783
0.656
0.816

0.65
0.449

0.83
0.863
0.863
0.396
0.568
0.918

0.53
0.746
0.934
0.862

0.75
0.885
0.877
0.831
0.867
0.868
0.845
0.882

0.72
0.924

1.03
1.06
1.34
1.14
2.18
1.45
1.27
1.57
1.11
1.09
1.29
1.71
1.39
1.16
2.95
1.19
1.12
1.28
1.19
1.22
1.08
1.12
1.26
1.09
1.11
1.08
1.69
1.13

0.555
0.557
0.564
0.571
0.573
0.575
0.594
0.597
0.603
0.606
0.608
0.613
0.619

0.62
0.621
0.622
0.625
0.633
0.636
0.644

0.65
0.651
0.654
0.656
0.663
0.663
0.664
0.664

0.701
0.702
0.709
0.716
0.717
0.718

0.74
0.742
0.747
0.749

0.75
0.754
0.758
0.758
0.758
0.758

0.76
0.768

0.77
0.777
0.782
0.782
0.784
0.784
0.787
0.787
0.787
0.787
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GOT2-mRNA
FDXR-mRNA
UMPS-mRNA
ABL1-mRNA
SRR-mRNA
CTSS-mRNA
SLC2A14-mRNA
BAD-mRNA
AMDHD1-mRNA
IDNK-mRNA
LTC4S-mRNA
ENO1-mRNA
BTK-mRNA
ITGB2-mRNA
HSD17B8-mRNA
SOS2-mRNA
UCK2-mRNA
ACAT2-mRNA
ATG2B-mRNA
AGXT-mRNA
COX7C-mRNA
NME1-mRNA
LDHA-mRNA
TBK1-mRNA
GPS1-mRNA
SDHB-mRNA
HPRT1-mRNA
KLRB1-mRNA

314

-0.0216
-0.148
0.0787
-0.0212
0.103
0.0324
-0.0656
-0.0415
-0.147
-0.0383
0.0696
0.022
0.0328
0.0325
0.0965
0.0301
0.0387
-0.0413
-0.0219
0.11
-0.0168
-0.0676
0.0259
0.0203
-0.0188
0.0249
-0.0238
-0.166

0.0501
0.346
0.187

0.0529
0.261

0.0837
0.177
0.114
0.409
0.111
0.203

0.0642

0.0958

0.0951
0.292

0.0922
0.119
0.133

0.0706
0.355

0.0553

0.23

0.0913

0.0717
0.067

0.0887

0.0849
0.595

-0.12
-0.825
-0.288
-0.125
-0.408
-0.132
-0.412
-0.265
-0.948
-0.256
-0.328
-0.104
-0.155
-0.154
-0.475
-0.151
-0.194
-0.302

-0.16
-0.587
-0.125
-0.518
-0.153

-0.12

-0.15
-0.149

-0.19

-1.33

0.0766
0.529
0.446

0.0825
0.614
0.197

0.28
0.182
0.655
0.179
0.467
0.148
0.221
0.219
0.668
0.211
0.272

0.22
0.116
0.806

0.0915
0.383
0.205
0.161
0.113
0.199
0.143

0.985
0.902
1.06
0.985
1.07
1.02
0.956
0.972
0.903
0.974
1.05
1.02
1.02
1.02
1.07
1.02
1.03
0.972
0.985
1.08
0.988
0.954
1.02
1.01
0.987
1.02
0.984
0.891

0.92
0.564
0.819
0.917
0.754
0.913
0.752
0.832
0.518
0.837
0.797
0.931
0.898
0.899

0.72
0.901
0.874
0.811
0.895
0.666
0.917
0.698
0.899

0.92
0.901
0.902
0.877
0.397

1.05
1.44
1.36
1.06
1.53
1.15
1.21
1.13
1.57
1.13
1.38
1.11
1.17
1.16
1.59
1.16
1.21
1.16
1.08
1.75
1.07

13
1.15
1.12
1.08
1.15

11

0.675
0.677
0.683
0.697
0.7
0.707
0.718
0.723
0.727
0.737
0.738
0.739
0.739
0.74
0.748
0.751
0.751
0.763
0.763
0.764
0.767
0.775
0.782
0.783
0.784
0.784
0.785
0.786

0.798
0.799
0.804
0.818

0.82
0.827
0.838
0.842
0.844

0.85

0.85

0.85

0.85

0.85
0.857
0.857
0.857
0.866
0.866
0.866
0.867
0.874
0.876
0.876
0.876
0.876
0.876
0.876
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TALDO1-mRNA
FABP5-mRNA
TK2-mRNA
SLC2A3-mRNA
THBS1-mRNA
GCDH-mRNA
ITGB5-mRNA
NDUFA4-mRNA
PYCR3-mRNA
ARID2-mRNA
NDUFB10-mRNA
RRM2-mRNA
NCOA2-mRNA
IL10-mRNA
PRKAG1-mRNA
REST-mRNA
ATG101-mRNA
FH-mRNA
BUB1B-mRNA
SMAD3-mRNA
ACAP2-mRNA
UBE2C-mRNA
HK1-mRNA
NDUFA2-mRNA
NDUFB4-mRNA
LAMTOR5-mRNA
CLOCK-mRNA
A2M-mRNA

315

-0.0221
-0.0583
-0.0456
-0.0728
-0.219
-0.0336
-0.0943
0.0102
0.0825
-0.0173
0.00855
0.122
-0.0199
-0.161
0.0184
-0.0169
-0.0133
0.0129
-0.0464
0.0166
0.00928
0.0336
0.012
0.0215
-0.00649
0.0111
0.0232
-0.0641

0.081
0.216
0.173
0.281
0.858
0.14
0.396
0.0433
0.353
0.0743
0.0374
0.541
0.0881
0.716
0.0834
0.0778
0.0615
0.0618
0.227
0.0829
0.0464
0.169
0.062
0.111
0.0344
0.0592
0.129
0.357

-0.181
-0.481
-0.385
-0.623
-1.9
-0.308
-0.87
-0.0747
-0.609
-0.163
-0.0648
-0.938
-0.193
-1.56
-0.145
-0.169
-0.134
-0.108
-0.492
-0.146
-0.0816
-0.298
-0.109
-0.197
-0.074
-0.105
-0.23
-0.763

0.137
0.364
0.294
0.477
1.46
0.24
0.681
0.0951
0.774
0.128
0.0819
1.18
0.153
1.24
0.182
0.136
0.107
0.134
0.399
0.179
0.1
0.365
0.133
0.239
0.061
0.127
0.276
0.635

0.985
0.96
0.969
0.951
0.859
0.977
0.937
1.01
1.06
0.988
1.01
1.09
0.986
0.894
1.01
0.988
0.991
1.01
0.968
1.01
1.01
1.02
1.01
1.02
0.996
1.01
1.02
0.957

0.882
0.716
0.766
0.649
0.268
0.808
0.547

0.95
0.656
0.893
0.956
0.522
0.875
0.338
0.904
0.889
0.911
0.928
0.711
0.904
0.945
0.813
0.927
0.873

0.95

0.93
0.853
0.589

11
1.29
1.23
1.39
2.76
1.18

1.6
1.07
1.71
1.09
1.06
2.27
1.11
2.37
1.13

11
1.08

11
1.32
1.13
1.07
1.29

11
1.18
1.04
1.09
1.21
1.55

0.791
0.792
0.798
0.801
0.804
0.815
0.816
0.819

0.82
0.821
0.824
0.826
0.826
0.826
0.829
0.832
0.833
0.839
0.842
0.845
0.845
0.846

0.85
0.851
0.854
0.855
0.861
0.861

0.879
0.879
0.883
0.884
0.886
0.894
0.894
0.894
0.894
0.894
0.894
0.894
0.894
0.894
0.895
0.895
0.895

0.9

0.9

0.9

0.9

0.9
0.901
0.901
0.902
0.902
0.905
0.905
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LY86-mRNA
KAT6A-mRNA
SMAD4-mRNA
HADH-mRNA
NDUFA7-mRNA
COX6B1-mRNA
FOLR3-mRNA
PPAT-mRNA
LAMTOR4-mRNA
PTEN-mRNA
AKT2-mRNA
RPIA-mRNA
PSMB3-mRNA
S100A12-mRNA
PTK6-mRNA
MAPKAP1-mRNA
ZNF100-mRNA
PFKM-mRNA
NADK2-mRNA
FPR1-mRNA
HEXA-mRNA
PTGS1-mRNA
ATXN7-mRNA
CENPA-mRNA
FLT1-mRNA

316

-0.0207
0.00883
0.0188
-0.0162
-0.0118
-0.00474
-0.081
0.0235
0.00765
0.00718
0.00614
0.00537
0.00861
-0.0215
0.0235
-0.0038
-0.0123
-0.00961
0.00595
0.0102
-0.00225
-0.00407
-0.000917
0.00682
4.61E-16

0.12
0.0545
0.12
0.114
0.0903
0.0364
0.628
0.182
0.0658
0.0656
0.0567
0.0522
0.0881
0.252
0.28
0.0503
0.17
0.159
0.14
0.243
0.0778
0.191
0.0461
0.354
0.297

-0.256
-0.0979
-0.217
-0.24
-0.189
-0.0761
-1.31
-0.333
-0.121
-0.121
-0.105
-0.097
-0.164
-0.516
-0.525
-0.102
-0.345
-0.321
-0.268
-0.466
-0.155
-0.379
-0.0912
-0.686
-0.582

0.215
0.116
0.255
0.208
0.165
0.0667
1.15
0.38
0.137
0.136
0.117
0.108
0.181
0.473
0.572
0.0947
0.321
0.302
0.28
0.486
0.15
0.371
0.0894
0.7
0.582

0.986
1.01
1.01

0.989

0.992

0.997

0.945
1.02
1.01

1.01
0.985
1.02
0.997
0.991
0.993

1.01
0.998
0.997
0.999

0.837
0.934
0.86
0.847
0.877
0.949
0.403
0.794
0.919
0.919
0.93
0.935
0.892
0.699
0.695
0.932
0.787
0.8
0.83
0.724
0.898
0.769
0.939
0.621
0.668

1.16
1.08
1.19
1.16
1.12
1.05
2.22

13

11

11
1.08
1.08
1.13
1.39
1.49
1.07
1.25
1.23
1.21

1.4
1.11
1.29
1.06
1.62

1.5

0.867
0.874
0.879
0.89
0.899
0.899
0.9
0.9
0.91
0.915
0.916
0.92
0.924
0.934
0.935
0.941
0.944
0.953
0.967
0.967
0.978
0.983
0.985
0.985

0.909
0.915
0.918
0.928

0.93

0.93

0.93

0.93
0.939
0.941
0.941
0.944
0.946
0.953
0.953
0.958
0.958
0.966
0.977
0.977
0.985
0.987
0.987
0.987
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