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Abstract

Epidemiology has linked preeclampsia (PET) to vitamin D deficiency. To date, studies have focused

upon serum 25-hydroxyvitamin D3 (25(OH)D3) alone as the marker of vitamin D status.

We provide strong evidence comprehensive analysis of vitamin D metabolites in pregnancy is
highly informative, particularly within the context of PET. Uniquely, analysis of maternal urinary
metabolites provides a novel insight into vitamin D and the kidney, with lower 25(OH)D3 and

24,25(0H),D3 excretion early indicators of a predisposition towards PET.

Since vitamin D is a potent regulator of immune function, and the decidua appears a key extra-renal
site for vitamin D metabolism, we investigated effects of 1,25(OH),D3 upon decidual uterine natural
killer cells and macrophages. We show both express a functional vitamin-D system and demonstrate

differential sensitivity to 1,25(OH),D3 compared to their peripheral counterparts.

To understand the functional impact of vitamin D, whole transcriptomic analysis of 1,25(OH),D3-
mediated effects upon uNK and macrophages was performed. We show the actions of vitamin D
extend far beyond simple immuno-regulation, targeting major cellular functions including migration,

adhesion and apoptosis. In particular, our data support effects highly relevant to decidualisation.

We anticipate these findings to be highly relevant within the context of vitamin D deficiency,

malplacentation and PET.
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1.2 Abbreviations

Abbreviation

Definition

DMEQTAD
1,24,25(0H),D3
1,25(0OH),D3
24, 25(0H),D3
25(0OH)D3
la-hydroxylase
CYP27B1
DAPTAD
PTAD

APCs

B cells

BD

BWCFT

BP

BMI
epi-1,25(0OH),D3
classical monocyte
Intermediate
non-classical
ChIP

CD

cDNA

CI

CYC-1

CK

DCs

[2-(6,7-dimethoxy-4-methyl-3-0x0-3,4-dihydroquinoxalyl)ethyl]-1,2.4-

triazoline-3.5-dione

1,24,25-trihydroxyvitamin D3
1,25-dihydroxyvitamin D3

24,25 di-hydroxyvitamin D3
25-hydroxy-vitamin D3
25-hydroxyvitamin D-1a-hydroxylase
25-hydroxyvitamin D-1a-hydroxylase
4-(4'-dimethylaminophenyl)-1,2,4-triazoline-3,5-dione
4-phenyl-1,2,4-triazoline-3,5-dione

antigen presenting cells

B lymphocytes

Becton Dickinson

Birmingham Women’s & Children’s Hospital Foundation Trust
blood pressure

body mass index

C3- epimer of 25-hydroxyvitamin D3
CD14++CD16-

CD14++CD16+

CD14+CD16++

chromatin immunoprecipitation sequencing
cluster of differentiation

complementary DNA

confidence interval

cytochrome- c-1

cytokines

day

Dendritic cells
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DNA
ELCS
EDTA
EVT
CD16
FCS
FGF23
FACS
FSC
LGALS9
GA

g
HBSS
h
HGNC
HLA
IFITs-5
Th17
IVF
IDO
ILCs
IOM
IFN-y
IL-2
IQR
KIRs
KO
KO
LXN

SERPINBI

deoxyribonucleic acid

elective caesarean section
ethylenediaminetetraacetic acid
extravillous trophoblast

Fey-III receptor

fetal calf serum

fibroblast-like growth factor-23
fluorescence-activated cell sorting
forward scatter

galectin-9

gestational age

grams

hanks balanced salt solution

hours

HUGO Gene Nomenclature Committee
human leukocyte antigen
IFN-induced protein with tetratricopeptide repeats
IL-17-secreting T cells

in vitro fertilisation
indoleamine-pyrrole 2,3-dioxygenase
innate lymphoid cells

Institute of Medicine
interferon-gamma

interleukin-2

interquartile range

killer immunoglobulin-like receptors
knock out

knockout

Latexin

leukocyte elastase inhibitor
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LPS
CD14
LC MS-MS
LLE
LNA-TSO
MTA
MABP
MFI
mRNA
Min
MPS
MRM
M. Tb
NKRs
NKT
NO
NP1
NP3
PAMPs
PE
PFA
PTH
pNKs
PPAR
PMA
PBS
PET
PCA
PI

PTHrP

lipopolysaccharide

lipopolysaccharide receptor

liquid chromatography-mass spectrometry
liquid-liquid extraction

locked nucleic acid template switching oligo
material transfer agreement

mean arterial blood pressure

median fluorescence intensity

messenger ribonucleic acid

minutes

mononuclear phagocyte system

multiple reaction monitoring
Mycobacterium tuberculosis

natural killer cell receptors

natural killer T cells

nitrous oxide

normal first trimester

normal third trimester
pathogen-associated molecular pattern
paired-end

Paraformaldehyde

parathyroid hormone

peripheral natural killer cells

peroxisome proliferator-activated receptor
phorbol 12-myristate 13-acetate
phosphate-buffered saline

pre-eclampsia

principal component analysis

propidium iodide

PTH-related peptide
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FSC-W
QA

QC
qRT-PCR
RSAD2
RNS
ROS
RELT

Treg

RI

RXRs

rpm
rRNA

RIN
RNA-seq
SACN
SCOPE
SSC
SGA
SPE
STAR
SD
SEM
SLE
sTOP
SMART

Th

pulse width

quality assurance

quality control

quantitative real-time polymerase chain reaction
Radical S-Adenosyl Methionine Domain-Containing Protein 2
reactive nitrogen species

reactive oxygen species

Receptor Expressed in Lymphoid Tissues
regulatory T cells

Research Ethics Committee

resistance index

retinoic acid

retinoid-X receptors

revolutions per minute

ribosomal RNA

Risk ratio

RNA Integration Numbers

RNA sequence analysis

Scientific Advisory Committee on Nutrition
Screening for Pregnancy Endpoints

side scatter

small for gestational age

solid phase extraction

Spliced Transcripts Alignment to a Reference
standard deviation

standard error of the mean

supportive liquid-liquid extraction

surgical termination of pregnancy

Switching Mechanism at the 5" end of RNA Template

T helper
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T cells
TLR
TRIM35
TNF-a
MAVIDOS
UVB

Iu

UoB

US
uNKs
Vs

DBP
VDDR
VDR
DRIPs

VDRE

24-hydroxylase

CYP24A1
W
WP

WT

T lymphocytes
toll-like receptor
tripartite motif-containing protein 35

tumour necrosis factor-alpha

UK Maternal Vitamin D Osteoporosis Study

ultraviolet radiation B

units

University of Birmingham
unstimulated

uterine natural killer cells
versus

vitamin D binding protein
vitamin D dependency rickets
vitamin D receptor

vitamin D receptor interacting proteins
vitamin D response element
vitamin D-24-hydroxylase
vitamin D-24-hydroxylase
weeks

WikiPathways

wild-type

years
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2 General Introduction

Parts of this chapter have been published as:

Tamblyn JA, Lissauer DM, Powell R, Cox P, Kilby MD. The immunological basis of villitis of

unknown etiology - review. Placenta. 2013;34(10):846-55 (1)

Tamblyn JA, Susarla R, Jenkinson C, Jeffery L, Ohizua O, Chun R, Chan S, Kilby M, Hewison M.
Dysregulation of Maternal and Placental Vitamin D Metabolism in Preeclampsia. Placenta 50, 70-77.

2016.
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2.1 Introduction

2.1.1 Vitamin D metabolism and signalling

Vitamin D is a secosteroid classically recognised for its endocrine role in bone metabolism and
calcium homeostasis. In contrast to other members of the steroid family, vitamin D is produced in the
skin provided there is sufficient exposure to sunlight and ultraviolet radiation B (UVB). Initially, 7-
dehydrocholesterol is converted to the pre-vitamin pre-cholecalciferol, which is then converted to the
activated 7-dehydrocholesterol ‘vitamin D3’ form. As summarised in Figure 2.0, vitamin D may also
be obtained naturally via ingestion from the diet either as vitamin D2 (ergocalciferol) or D3
(cholecalciferol), for example from milk, eggs, mushrooms and fatty fish. However, on average
dietary vitamin D contributes only 10—20% of the total serum vitamin D concentrations; hence skin-

derived vitamin D3 is the primary circulating form of vitamin D for most individuals.

Regardless of source, vitamin D2 and D3 are subsequently rapidly metabolised to become
physiologically active. Classical vitamin D metabolism involves rapid transport of both vitamin D2
and D3 to the liver, bound to the serum globulin vitamin D binding protein (DBP), a specific binding
protein for vitamin D and its metabolites in serum. Here, hydroxylation at C-25 by one or more
cytochrome P450 25-hydroxylase results in the formation of inactive 25- hydroxy-vitamin D2 and D3,

which shall collectively be referred to as 25(OH)D3 in relation to vitamin D ‘status’ (2, 3).

Inactive 25(OH)D3 is the major circulating form of vitamin D, with a half-life of 25 days (d) (4, 5).
Classically, this is transported from the liver, primarily via circulatory DBP, to the kidney for
conversion in the proximal renal tubules to the biologically active form of vitamin D, 1,25-
dihydroxyvitamin D (1,25(OH),D2 and D3; denoted as 1,25(OH),D3 for the remainder of this report).
The hydroxylation of 25(OH)D3 is catalysed by 25-hydroxyvitamin D-1a-hydroxylase (1a-

hydroxylase; CYP27B1)(6).
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Figure 2.0 Summary of vitamin D synthesis and metabolism. UVB Solar ultraviolet B radiation,
25(OH)D3 25-hydroxyvitamin D3, 1,25-dihydroxyvitamin D3 (1,25(OH),D3), 25-hydroxyvitamin D-
la-hydroxylase (1a-hydroxylase), 24,25-dihydroxyvitamin D3 (24, 25(OH),D3), 1,24,25 tri-
hydroxyvitamin D (1,24,25(0OH),D3), vitamin D receptor (VDR), half-life (2 life), C3- epimer of 25-

hydroxyvitamin D3 (epi-25(OH)D3) and C3- epimer of 1,25-hydroxyvitamin D3 (epi-1,25(OH),D3).

1,25(0OH),D3 is the principal ligand for the nuclear vitamin D receptor (VDR), which mediates
both non-transcriptional and transcriptional effects of 1,25(OH),D3. Unlike its precursor 25(OH)D3,
the half-life of 1,25(OH),D3 is approximately 4-6 hours (h) (7, 8). Renal 1,25(OH),D3 synthesis is
however tightly regulated, principally via serum calcium, phosphate, parathyroid hormone (PTH) and
fibroblast-like growth factor-23 (FGF23). Low serum calcium and phosphate stimulate 1,25(OH),D3
production, whereas high serum levels of both inhibit active 1,25(OH),D3 production . FGF23 is
produced by osteocytes in response to high calcium, inhibiting 1a-hydroxylase activity (9). 1a-

hydroxylase activity is also regulated by 1,25(OH),D3 via a direct negative feedback signal. 1a-
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hydroxylase activity appears crucial, as in mice inactivating gene mutations result in vitamin D

dependency rickets (VDDR) despite normal intake of vitamin D (10).

In addition to 1,25(OH),D3, the kidney also produces 24,25-dihydroxyvitamin D3 (24,25(OH),D3)
and 1,24,25-trihydroxyvitamin D3 (1,24,25(OH),D3) from 25(OH)D3 and 1,25(OH),D3 respectively.
Generally, this is considered a regulatory ‘catabolic step’, catalysed by vitamin D-24-hydroxylase
(24-hydroxylase, CYP24A1) and resulting in a five-step downstream inactivation pathway to
calcitroic acid (11). 1,25(OH),D3 also induces CYP24A41 to produce 24-hydroxylase, which via a
negative feedback mechanism drives catabolic degradation of 1,25(OH),D3 to 1,24,25(0OH),D3. The
Cyp24al knockout (KO) (Cyp24al”"") mouse supports a crucial role for CYP24A 1-mediated catabolic

activity, with poor offspring viability (50% mortality prior to weaning) and hypercalcemia observed

7).

The intracellular vitamin D receptor (VDR) is a nuclear transcription factor belonging to the
superfamily of transacting transcriptional regulatory factors; including steroid and thyroid hormone
receptors, retinoid-X receptors (RXRs) and retinoic acid receptors (12). Upon binding 1,25(OH),D3,
VDR forms a heterodimer with RXR, which translocates to the nucleus and binds to vitamin D
response element (VDRE) Deoxyribonucleic acid (DNA) sequences that are frequently found in the
promoter region of target genes (20). In conjunction with several coactivators and corepressors
including vitamin D receptor interacting proteins (DRIPs), this leads to both transcriptional activation

and repression of genes and a successive cascade of cellular events.

As discussed throughout this paper, murine models with targeted deletion of the genes encoding the
enzymes that metabolise vitamin D and its derivatives or of the genes through which vitamin D exerts
its action have provided valuable insights into vitamin D biology, including the extra-skeletal effects
of vitamin D function. Furthermore, these models permit investigation of the pathophysiology
associated with active vitamin D deficiency and the role of treatment in the prevention and treatment
of these disorders (13). In particular, murine studies have been effectively utilised to demonstrate the
importance of VDR; “knock out” (KO) (Vdr ") models express a phenotype analogous to vitamin D-

deficient or -resistant rickets (14). Interestingly, bone pathology is normal in Cyp24al™~ VDR
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double KO mice, which suggests that in the context of aberrantly elevated 1,25(OH),D3, non VDR-
mediated signal transduction may rescue bone development (14, 15). The exact mechanisms
underlying this are however not yet defined. Extrapolation of the insights from these murine models
to human vitamin D metabolism is often more difficult, but certainly inform future studies defining

the role of vitamin D deficiency and supplementation.

2.1.2 DBP and vitamin D transport

DBP is a member of the albumin, a-fetoprotein, and a-albumin multigene family. The serum
concentration is ~4—8 pM/ L and half-life 2.5-3 days. DBP has a high-affinity binding site for
25(0OH)D3 (5 x 10° M™"), and can also bind 1,25(0OH),D3 and parental vitamin D, albeit with lower
affinity (4 x 10’ M")(16). As alluded to, the differential binding affinity of DBP is considered a

crucial factor influencing availability of substrate for 1a-hydroxylase conversion to 1,25(OH),D3.

As vitamin D is lipid soluble the majority of circulating 25(OH)D3 and 1,25(OH),D3 preferentially
binds DBP, with 10—15% bound to albumin, and less than 1% of circulating vitamin D in an unbound
‘free’ form. A positive correlation between 25(OH)D3 and DBP in response to supplementation has
been shown (17).As well as transporting vitamin D metabolites in the circulation, DBP facilitates the
entry of 25(OH)D3 into some cells, including proximal convoluted tubule cells of the kidney. This
requires target cell expression of megalin, a large transmembrane multi-ligand receptor and so called
chaperone protein. Consistent with this, megalin KO mice, which are unable to recover DBP, develop

vitamin D deficiency and bone disease (18).

Studies using mice deficient in DBP have provided a valuable insight into the role of DBP in
vitamin D metabolism. Albeit DBP null (") mice demonstrate markedly lower total serum levels of
25(0OH)D3 comparative to wild-type (WT) mice, calcium and PTH levels remain normal with limited
impact upon the extracellular pool of biologically active 1,25(OH),D3. However, following exposure
to a short duration vitamin D—deficient diet, DBP”~ mice were more susceptible to deficiency, thereby
suggesting DBP prolongs 25(OH)D3 half-life, maintaining total 25(OH)D3 reserves (19, 20).
However, common genetic polymorphisms in the DBP gene produce variant proteins that differ in
their affinity for vitamin D. Three common polymorphisms are encoded, but with over 124 variant
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alleles described worldwide, the DBP locus is clearly highly polymorphic. The prevalence of these

significantly differs between racial groups (21).

Although DBP is an effective transporter of vitamin D metabolites, its role in target cell acquisition
of vitamin D is much less clear. For many extra-renal tissues megalin is not ubiquitously expressed; as
such it is assumed that free vitamin D metabolites as opposed to those bound to DBP are acquired
intracellularly. The ‘free hormone hypothesis’ assumes that the most biologically active forms of
steroid hormones are those that are not bound to their serum binding globulins (22, 23). Recent
studies suggest that the free hormone hypothesis may play a role in mediating some of the actions of
vitamin D. ‘free’ vitamin D is the most biologically active metabolite and can rapidly and passively
diffuse across the cell membrane to target intracellular VDR. Initial association studies indicate free
25(0OH)D3 to be a more reliable correlate of bone mineral density. However, only a small fraction is
in an unbound, free form, and serum concentrations are significantly lower relative to their bound

counterparts, albeit strongly correlated (24).

2.1.3 Vitamin D epimerisation, an alternative pathway

When considering vitamin D metabolism, it is important to recognise an alternative parallel
epimerization pathway exists (Figure 2.0). This occurs at the third carbon atom of 25(OH)D3, which
alters the hydroxyl group from an alpha to beta orientation. The structures of 25(OH)D3 and 3-epi-
25(OH)D3 remain otherwise the same. Since the action of 1a-hydroxylase appear unrestricted, 3-epi-
25(0OH)D3 metabolites are hydroxylated to form 3-epi-1,25(OH),D3. It appears all major vitamin D

intermediate metabolites can be epimerized following the standard metabolic pathway.

Little is known on the source of 3-epi-25(OH)D3, although age, season and dietary vitamin D may
contribute (25). In infants, absolute concentrations appear markedly increased, with levels declining to
adult concentrations in children around one year of age (26). The C-3 epimer is also detectable in
adult blood samples and overall appears positively correlated with 25(OH)D3 (27). In vitro, 3-epi-
25(0OH)D demonstrates reduced binding affinity to DBP (36-46%) relative to 25(OH)D3, and 3-epi-
1,25(0OH),D3 has reduced VDR binding affinity (2-3%) relative to 1,25(0OH),D3 (28, 29). Although
3-epi-1,25(0OH),D3 appears similar to 1,25(0OH),D3 in relation to PTH suppression, significantly
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reduced calcaemic effects are observed comparatively (30, 31). This is important as serum 3-epi-
25(0OH)D may be included when vitamin D status is assessed by measuring 25(OH)D3 by either
immunoassays that display cross-reactivity, or liquid chromatography-mass spectrometry (LC MS-

MS) methods that do not resolve both compounds(32).

2.1.4 Extra-renal vitamin D metabolism

Recent advances in our understanding of the ‘non-classical’ extra-renal functions of vitamin D have
revealed a broad range of extra-skeletal targets beyond bone development and calcium homeostasis,
including potent anti-proliferative, pro-differentiative and immunomodulatory actions (33). Broadly
these may be categorised into: (1) regulation of hormone secretion, (2) regulation of immune function,
and (3) regulation of cellular proliferation and differentiation, albeit a degree of functional overlap is

evident(34).

A central feature of these is the autocrine/ intracrine metabolic mechanisms, which are highly
distinct from the ‘classical’ endocrine renal generation of active 1,25(OH),D3 characteristic of
skeletal actions of vitamin D. As summarised in Figure 2.1, this involves local metabolism of
precursor 25(OH)D3, with the resulting active 1,25(OH),D3 acting via endogenous VDR (35). Since
most tissues in the body express VDR through which active 1,25(OH),D3 subsequently acts, the
scope of vitamin D function is wide-reaching. Extra-renal 1a-hydroxylase activity is also well

evidenced, with both autocrine and paracrine substrate dependent modes of action defined (36).

Whilst 1a-hydroxylase is constitutively expressed, extra-renal expression of 24-hydroxylase appears

to be part of a feedback control mechanism to attenuate 1,25(OH),D3 activity.
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Figure 2.1 Classical and non-classical actions of active 1,25-dihydroxyvitamin D3
(1,25(OH),D3): mechanisms of action (Image courtesy of Professor Martin Hewison). Vitamin D
synthesis principally begins in the skin following direct sunlight exposure, with subsequent
hydroxylation of vitamin D3 by 25-hydroxylase to inactive 25- hydroxy-vitamin D3 (25(OH)D3) in
the liver. Following conversion from inactive 25-hydroxyvitamin D3 (25(OH)D3) via 25-
hydroxyvitamin D-1a-hydroxylase (1a-hydroxylase), 1,25(OH),D3 may then bind the vitamin D
receptor (VDR) forming a heterodimer with RXR, or undergo catabolic breakdown to less active
1,24,25 di-hydroxyvitamin D (1,24,25(OH),D3). The VDR-RXR complex subsequently translocates
to the nucleus and binds to vitamin D response element (VDRE) DNA sequences. These regulate
target messenger ribonucleic acid (mRNA) transcript expression, with a range of classical and non-

classical actions of vitamin D now recognised as summarised.

Control of 1,25(0OH),D3 production also differs, with PTH and FGF23 not required. For example, in
peripheral human macrophages inflammatory cytokines (CK), including interferon-gamma (IFN-y)
significantly enhance the synthesis of 1,25(OH),D3, whilst PTH has no observed effect (37). Instead,
1,25(0OH),D3 production via 1a-hydroxylase appears to be more dependent on the availability of
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substrate 25(OH)D3 (38). Whilst this provides many potential advantages for localised tissue-specific
regulation of vitamin D function, it is also likely to be more sensitive to variations in the circulating
concentrations of 25(OH)D3, in other words vitamin D ‘status’. How vitamin D sufficiency or
deficiency affects tissues in which there is significant metabolism of 25(OH)D3 remains unclear.
Furthermore, as evidenced by inflammatory disorders such as sarcoidosis, in which there is aberrant
macrophage-mediated 1,25(OH),D3 production, failure to control extra-renal 1a-hydroxylase has

serious clinical implications (39).

2.1.5 Non-classical immune effects of vitamin D

Of particular interest are the potent immune-mediated effects of vitamin D influencing both the
innate and adaptive arms of the immune system. For most major immune subsets, including
monocytes, macrophages, B lymphocytes (B cells), T lymphocytes (T cells) and dendritic cells
(DCs), positive VDR and CYP27BI1 expression is reported. As shall be outlined, these studies

demonstrate the importance of localised intracrine 1,25(OH),D3 production (40-42).

As discussed in detail in Chapter 5, the most well characterised extra-renal vitamin D system is
within innate monocytes and macrophages. Both contain the metabolic apparatus required to
synthesize and respond to active 1,25(OH),D3, and this appears enhanced in response to immune
challenge(43). These studies have highlighted the importance of localised production of 1,25(OH),D3
as a mechanism for maintaining antibacterial activity. Initial observations arose within the context of
Mycobacterium tuberculosis (M. Th) infection, where 1,25(OH),D3 treatment significantly decreased
mycobacterium growth, and was enhanced in the presence of IFN-y stimulation. Later this was found
to arise via toll-like receptor (TLR)-mediated activation, with concomitant upregulation of CYP27B1,

and VDR (44, 45).

Regarding vitamin D and the adaptive immune system, T cells express VDR, with increased levels
measured following proliferation (46). As such, initial studies of vitamin D focused upon anti-
proliferative responses (46, 47) with T helper (Th) cells the principal target. It is now clear vitamin D
also influences T cell phenotype (48, 49). Specifically, 1,25(OH),D3 reportedly modulates T cell pro-
inflammatory CK production, limiting [FN-y, interleukin-2 (IL-2), and tumour necrosis factor-alpha
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(TNF-a) production, and inducing regulatory T cells (Treg) CK release, including IL-4, and IL-10.
The effects of vitamin D on T cells in vivo may however be more complex, as in Vdr gene KO mice

reduced levels of Th1 cells are reported (50).

Other T cell subsets, including Treg and inflammatory IL-17-secreting T cells (Th17 cells) are also
now implicated. In the presence of 1,25(OH),D3 a drive to Treg production is reported with their
immuno-suppressive capacity also potently increased, thereby inhibiting cytotoxic cluster of
differentiation (CD)4+ T cell production (51). For Th17 cells, which promote immune responses to
some pathogens and are linked to inflammatory tissue damage(52), exposure to 1,25(OH),D3

suppresses both their development (53, 54) and IL-17 release (55).

Albeit the exact mechanisms by which vitamin D influences T-cell function remain less certain, it
appears 1,25(OH),D3-mediated effects can arise directly through intracrine 1,25(OH),D3 synthesis,

or indirectly via DCs and macrophages in a paracrine fashion (56-59).

Considering humoral responses, 1,25(OH),D3 is also shown to inhibit B cell proliferation,
differentiation and IgG production. Until recently this was considered an indirect T cell-mediated
effect, however recent studies suggest direct effects upon B-cell homoeostasis can arise in a VDR
dependent manner(60). Collectively, these observations suggest that non-classical metabolism in both
innate and adaptive immune subsets has a significant immuno-modulatory role involving the

coordinated actions of CYP27B1 and VDR in mediating intracrine and paracrine actions of vitamin D.

2.1.6 Vitamin D status and assessment

The definition of what constitutes optimal or adequate vitamin D status remains a subject of intense
debate. At present serum total 25(OH)D3 remains the principal marker of vitamin D status with
‘deficiency’ principally defined as 25(OH)D3 <20ng/mL (50nmol/L) and ‘insufficiency’ as
25(0OH)D3 <30ng/mL (75nmol/L). The Institute of Medicine (IOM)(61), the UK Scientific Advisory
Committee on Nutrition (SACN)(62) and the International Consensus on Prevention of Nutritional
Rickets (63) identified individuals with 25(OH)D concentrations < 25-30 nmol/L. The 14th

Workshop Consensus on Vitamin D advised that although an absolute minimum 25(OH)D3 level
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50nmol/L is recommended for the classic actions of vitamin D upon bone and mineral health, at least
75-100nmol/L is required when the disease data for non-classical actions of vitamin D are considered
(64). Importantly, low serum levels of 25(OH)D3 have been associated with a range of extra-renal
complications, including cancers, allergic disorders, infections, autoimmune disorders and
cardiovascular disease(65-71). A recent meta-analysis, which assessed the association between
25(0OH)D3 with all-cause mortality found a steep increase for participants with 25(OH)D3 <
40nmol/L eight independent prospective European consortium studies (72). As the parameters of
normal vitamin D function shift from being based solely upon parameters of skeletal integrity,

defining ‘normal’ circulating levels for a healthy population presents a challenge.

With improved analytical methods, whether additional vitamin D metabolites should now be
quantified to provide improved assessment of vitamin D status is of much current interest (73). LC
MS-MS is now widely recognised as the gold standard technique for vitamin D analysis, reflecting its
analytical flexibility, specificity and sensitivity comparative to immuno-based assays (74, 75). This
permits simultaneous measurement of separate 25-hydroxylated metabolites and downstream di-
hydroxylated metabolites, including 25(OH)D3, 3-epi-25(0OH)D3, 24,25(0H),D3, and 25(OH)D2 in
remarkably low total serum volumes (76). Importantly, this included measurement of active
1,25(0OH),D3, for which accurate quantification is particularly complex due to its 1000-fold lower

concentrations (pmol/L), short half-life, and lipophilic nature (76) (77).

2.1.7 Overall study aims and objectives
This project principally aimed to investigate the potential immunomodulatory role for vitamin D in

human pregnancy. In preparation, the following objectives were initially defined:

1. To perform a detailed vitamin D metabolite analysis across normal human pregnancy
comparative to the non-pregnant state.
2. To understand whether vitamin D metabolism becomes dysregulated within the context of

abnormal pregnancy, specifically pre-eclampsia.
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3. To delineate the extra-renal immune-mediated effects of vitamin D across normal human

pregnancy, in particular the effects upon decidua-derived uterine natural killer (uNK) cells

and macrophages.

Together we anticipate these studies will improve our understanding of the extra-renal role of
vitamin D during pregnancy, and help provide a functional mechanistic rationale for future
vitamin D supplementation trials in pregnant women. A ‘General Methods’ for this study are first
outlined in Chapter 3. In Chapter 7, the overall findings of the study are evaluated together to

form the ‘Final Discussion’.
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3 General Methods

37



3.1.1 Ethics

West Midlands ethics
Ethical approval was obtained from the Local Research Ethics Committee (REC), West Midlands
Health Authority. (NHS REC 06/Q2707/12 [2006]) (13/WM/0178 [2013]) (RG_14-194 [2014]). This
included first trimester surgical termination of pregnancy (sTOP), and third trimester postnatal
samples, including those obtained from women diagnosed with pre-eclampsia (PET) booked at
Birmingham Women’s & Children’s Hospital Foundation Trust (BWCFT) and Walsall Manor
Hospital Trust. Written informed consent was subsequently obtained from all participants recruited to

the study.

SCOPE ethics
Samples were purchased from the SCOPE (Screening for Pregnancy Endpoints) Ireland study
(Clinical Research Ethics Committee of the Cork Teaching Hospital: ECM5(10)05/02/08) following
appropriate ethics amendment (14/WM/1146 - RG_14-194 2) and material transfer agreement (MTA)

(15.04.2016 15-1386) approvals.

3.1.2 Participant recruitment

West Midlands recruitment

Women with uncomplicated pregnancies undergoing sTOP between 8-13 weeks (w) gestation (NP1;
n=25), as determined by ultrasound measurement of crown rump length were recruited at Walsall
Manor NHS Trust & BWCFT. Third trimester (>37 w) (NP3) and PET sera, decidua and placental
samples were collected from pregnant women consented prior to delivery at BWCFT. All PET cases
were diagnosed according to current International definitions (ISSHP, 2014) (78); new hypertension
presenting after 20w with >1 of the following new onset conditions: 1: proteinuria (urinary protein:
creatinine ratio > 30 mg/mmol or a validated 24-hour (h) urine collection > 300 mg protein); 2. other
maternal organ dysfunction (renal insufficiency, liver involvement, neurological and/ or

haematological complications); 3. uteroplacental dysfunction (fetal growth restriction). A healthy
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non-pregnant female ‘control’ group was recruited to provide whole blood for comparative serum

vitamin D analysis.

SCOPE study recruitment

Samples utilised in this study were purchased from the SCOPE Ireland study biobank

(www.anzctr.org.au; ACTRN12607000551493). As summarised in Figure 3.0, SCOPE Ireland

participants were recruited as part of a larger prospective international pregnancy cohort study

involving six research centres, located in Auckland, Adelaide, London, Leeds, Manchester, and Cork.

The study aimed to develop screening tests for PET, small for gestational age (SGA), and spontaneous

preterm birth. The main inclusion criteria were a low-risk pregnancy, a singleton pregnancy <15w

gestation, and no previous pregnancy >20w gestation. PET was defined as a systolic blood pressure

(BP) > 140mmHg or diastolic BP >90mmHg on > 2 occasions 4h apart after 20w but before the onset

of labour or postpartum with either proteinuria (24h urinary protein >300mg or a spot urine protein:

creatinine ratio >30mg/mmol creatinine or urine dipstick protein > 2) or any multisystem

complication of PET. Specific exclusion criteria are outlined in Appendix 9.1.1 (79). Overall, n=278

(5%) pregnancies were complicated by PET, n=638 (11%) SGA, n=470 (8.4%) gestational

hypertension and n=236 (4%) spontaneous preterm birth.

8531 approached

5988 initially agreed

2542 declined

5690 recruits

193 miscarriage
64 ineligible, 25 did not consent
17 closure of study

5628 (99%) participants

SGA
633 (11%)

Gest. Hypertension
470 (8.4%)

14 protocol violation
48 no outcome data

Pre-eclampsia
278 (5%)

Spontaneous preterm birth
236 (4%)
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Figure 3.0 Summary of SCOPE (Screening for Pregnancy Endpoints) Ireland study recruitment
across the 6 research centres (March 2008 to January 2011). Flow diagram summarising the serial
stages of participant recruitment to the SCOPE study. The frequency and percentage as a proportion
of those participants initially approached (%) is provided. Of the 5628 women included, 633
pregnancies were complicated by small for gestational age (SGA), 470 gestational hypertension

(Gest. Hypertension), 279 pre-eclampsia and 236 spontaneous preterm birth.

Overall, a total of n=1768 participants attending for antenatal care at Cork University Maternity
Hospital, Cork, Ireland (528N), were recruited to the SCOPE Ireland cohort early in their second
trimester between March 2008 and January 2011. For our study, matched urine and serum samples
were purchased from the biobank for n=50 low-risk nulliparous pregnant women at 15w gestation. It
was pre-specified that n= 25 had prospectively developed PET, and n=25 normotensive controls
matched for maternal age, ethnicity and body mass index (BMI) were provided. Samples were
anonymised by the Cork SCOPE study group, with the University of Birmingham (UoB) researchers
blinded to the clinical outcome at the point of analysis. A healthy non-pregnant female ‘control’ group
(n=9) was also recruited at UoB (Birmingham, UK) to provide whole blood and urine for comparative

vitamin D metabolite analysis.

3.1.3 Sample preparation

West Midlands

Peripheral blood & cord blood sample preparation
For all first and third trimester samples a matched peripheral maternal blood sample was obtained
(~20mL) at the point of surgery / delivery. A matched cord blood sample (5-10mL total) was
collected at delivery in all third trimester sample groups. Ethylenediaminetetraacetic acid (EDTA)
coated sample tubes were used for all peripheral blood mononuclear cell (PBMC) extraction. Blood
samples were diluted 1:1 with phosphate buffered solution (PBS) for PBMC isolation by density
gradient centrifugation using Ficoll Plus (GE Healthcare Life Sciences, UK) at 1800 revolutions per

minute (rpm), brake zero, for 25min. Since Ficoll is of greater density than the cell suspension, a layer
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above the Ficoll with a distinct interface could subsequently be removed using a Pasteur pipette. The
resultant cell fraction was washed three times with PBS at 1800, 1200 and 1500rpm prior to re-
suspension in 2mL RPMI 1640 complete medium (1000 units [iu]/mL penicillin, 1mg/mL
streptomycin, 2 mM L-glutamine, and 10% fetal bovine serum (Sigma, Poole, UK)], and subsequently

counted using a haemocytometer.

Placenta and decidua classification

Fetal placental and decidua samples were obtained from 1*' and 3™ trimester whole placental
samples. In preparation for this, formal training with Dr J Bulmer’s research group at the University
of Newcastle (Newcastle, UK) was undertaken prior to human placental tissue sample collection at
UoB. As summarised in Figure 3.1, the human placenta comprises both a fetal component formed by
the chorion and a maternal portion formed by the decidua. The fetal trophoblast proliferates and form
a syncitiotrophoblast and cytotrophoblast layer around the conceptus from week 2 gestation.
Decidualisation arises from initial implantation, characterised by transformation of endometrial
stromal cells to decidual cells by steroid hormones (progesterone) and embryonic signals into the

decidua. As illustrated, this may be divided into three regions: basalis, capsularis and parietalis.
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Figure 3.1 Anatomy of human placenta. A. Schematic of fetal and maternal components of human
placenta. B. Image of overall placenta structure, viewed from both the fetal and maternal sides at
term. 5 cm scale bar. Images revised from Anatomy Of Human Placenta Pregnancy Medicinase Body,
Dec 2017 (http://newhacks.info/anatomy-of-human-placenta/anatomy-of-human-placenta-pregnancy-

medicinase-body/).

Placental tissue biopsies
Placental samples were identified macroscopically and washed thoroughly with Hanks Balanced
Salt Solution (HBSS) 10x (ThermoFisher, USA). For the first trimester cohort, decidua samples were
concomitantly identified with tissue biopsies approximately ~ lcm x 1cm x 1cm obtained under
sterile conditions following thorough re-washing with HBSS 10x. They were immediately stored at -

80°C until further use.

When ready for use, placental / decidual biopsies (~1g weight) were defrosted on ice and
homogenised in 700uL ice-cold PBS using a gentle MACS tissue dissociator (Miltenyi Biotec, UK,)
with M tubes using pre-set programs developed for total RNA or mRNA isolation from fresh or
frozen samples. Homogenates were subsequently centrifuged at 10,000g for Smin and the clear
homogenate was transferred to a separate eppendorf tube. Total protein content in the homogenate

was immediately measured (ThermoFisher, USA).

First trimester decidua tissue preparation
Decidua was identified macroscopically at the time of collection, and washed with HBSS 10x
(Thermo Fisher Scientific) thoroughly, prior to shipment on ice to UoB. Samples were immediately

stored at 4°C until ready for use.

Under sterile conditions the prepared decidua tissues were finely minced and in 15mL falcon tubes
enzymatically digested in incomplete RPMI 1640 medium (containing 1000iu/mL penicillin, 1mg/mL
streptomycin, 2 mM L-glutamine), 1mg/mL collagenase (Sigma Aldrich, Poole, UK) and 200iu/mL
DNase (Sigma Aldrich, Poole, UK) (Digest mix) at 37°C. The incubation times were 40min and

90min for the first and third trimester samples respectively. The resulting cell suspension was
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centrifuged for 10min at 1800rpm, brake 3 following passage through a 40um cell strainer. The
residual first trimester decidual cell tissue was re-incubated under the same conditions using a fresh

Digest mix, and similarly sieved and centrifuged prior to combination with the first digest sample.

Digested tissue was next washed and re-suspended in 20mL incomplete RPMI media. The
mononuclear cells were isolated using density gradient medium as outlined for ‘Peripheral blood and

cord blood sample preparation’, and subsequently counted using a haemocytometer.

Third trimester decidua tissue preparation
The decidua parietalis layer was isolated from the fetal chorionic membrane by carefully scraping
the cell layer with a scalpel blade. The cells were then washed with HBSS 10x over a 40nM cell
strainer to remove any residual maternal blood. The decidua basalis layer was obtained by sharp
dissection from the underlying villous chorion. This was washed thoroughly with HBSS 10x and all

remaining contaminating fetal tissue and maternal blood carefully removed.

The decidua parietalis and basalis fractions were pooled for digestion. Under sterile conditions the
prepared decidua tissue was finely minced and enzymatically digested in 30mL Digest mix at 37°C
for 90min. The resulting cell suspension was centrifuged for 10min at 1800rpm, brake 3 following
passage through a 40um cell strainer. As outlined for first trimester decidua, digested tissue was
washed and re-suspended in incomplete RPMI media for PBMC isolation by density gradient

centrifugation. The resultant cell fraction was washed and cell counted.

SCOPE
Paired serum (750pL) and urine (900uL) samples were obtained at 15w gestation from a cohort of
50 pregnant women recruited to SCOPE (80). The samples were shipped on dry ice at -20°C from

University of Cork, Ireland to UoB.

3.1.4 Analysis of serum and urine vitamin D metabolites by LC MS-MS

Reference Standards
Reference standards for the following vitamin D metabolites were utilised (Sigma, UK); 25(OH)D?2,
25(0OH)D3, 24R,25(0H),D3, 1,25(0H),D3, 3-epi25(0OH)D3, 24,25(0H),D3, 1,25(0OH),D2. These
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were purchased as stock solutions in ethanol and diluted in methanol to prepare standard curves
ranging between 5—100ng/ml and quality controls by Dr C. Jenkinson. All solutions were stored at
—20°C in amber salinized vials for subsequent use. 70C4 Reference standard was purchased from
LGC standards (Teddington, UK). External vitamin D calibrators and quality controls were

purchased from Chromsystems (Am Haag, Germany).

Vitamin D metabolite analysis
Vitamin D analytes were extracted from 200uL patient serum and placental tissue (placenta and
decidua [Section 3.1.3]). 20uL of internal standard was added containing 3-epi-25(OH)D3-d3
(100ng/ml), 25(OH)D3-d3 (100ng/ml) and 10,25(0OH)2D3-d3 (50ng/ml) in methanol/water (50/50%)

(Sigma, Poole, UK), the final internal standards in solution were 16, 16 and 8ng/ml respectively.

Proteins were precipitated using 80uL methanol, S0uL isopropanol and 80uL of water (all LC MS-
MS grade, Sigma, Poole, UK), with the solution vortexed at high speed for 30s and left for 7min,
followed by centrifugation at 7516g for Smin. The supernatant was used for extraction. To extract the
samples, a novel supportive liquid-liquid extraction (SLE) method, as opposed to liquid—liquid
extraction (LLE) was utilised to permit faster sample preparation at a reduced cost, without
compromising analyte recovery and avoid matrix affects (76). The supernatants were collected and
transferred onto 96-well SLE plates (Phenomenex, Macclesfield, UK), which completely absorbed the
sample into a sorbent by applying a vacuum (5Hg) for 10s. After 6min two consecutive 800uL
volumes of MTBE/ethyl acetate (90/10%) (Sigma, Poole, UK) were added to each well. Samples were
eluted under gravity initially into a 96-well collection plate, followed by applying a vacuum (5Hg) to
elute final volume. The elution solvent was evaporated under nitrogen at 50°C after each 800uL
addition. Samples were reconstituted in 125pL water/methanol (50/50%) (Sigma, Poole, UK) and

stored at -80°C for LC MS-MS analysis.

LC MS-MS analysis was performed by C Jenkinson at the Phenome Centre University of
Birmingham and the Biochemistry Clinical laboratory, University Hospital South Manchester, using

an ACQUITY ultra performance liquid chromatography [uPLC] coupled to a Waters Xevo TQ-S
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mass spectrometer [Waters, Manchester, UK])(76). This method has been validated previously based

upon US Food and Drug Administration guidelines for analysis of these metabolites(76).

In brief, ionisation was performed in electrospray ionisation mode and the mass spectrometer was
operated in positive ion mode. Multiple reaction monitoring (MRM) mode was used to monitor and
quantify vitamin D analytes. The capillary voltage was 3.88kV and the desolvation temperature was
500°C. Chromatography separation was carried out using a Lux Cellulose-3 chiral column (100mm,
2mm, 3um) (Phenomenex, Macclesfield, UK), which was maintained at 60°C in a column oven. A
0.2um inline filter (Waters, Manchester, UK) was added before the column to prevent blocking of the
column and contamination. The mobile phase was LC MS-MS grade methanol/water/0.1% formic
acid (Poole, UK) at a flow rate of 330uL/min, with a total run time of 8min per sample. Vitamin D
depleted charcoal stripped serum (Golden West Biologicals Inc., Temecula, US), was ran as a
negative control. Known concentrations of vitamin D metabolites and internal standards were added
to 200uL charcoal stripped serum to prepare calibration and QC standards. Data analysis was

subsequently performed by C Jenkinson with Waters Target Lynx.

Urine method optimisation and SCOPE sample preparation
Quantitative analysis of urinary de-conjugated vitamin D metabolites was performed using a novel
LC MS-MS quantification method. Optimization was performed using spot urine samples (<1000uL)
obtained from a cohort of healthy third trimester pregnant women at BWCFT (n=5; 28-39+2w
gestation). This involved (i) evaluation of the minimum total urine volume, which ranged from 750-
1000pL, (i) optimisation of the SPE method (iii) the effect of including a derivatisation agent PTAD
(Sigma-Aldrich, Poole, UK), as compared to non-derivatised samples. Therefore, all urine samples

(£1000puL) were prepared in duplicate to permit direct comparison.

Calibration and QC controls were prepared using steroid and vitamin D depleted urine (Sigma
Aldrich). Neither 25(OH)D3 nor 24,25(0OH),D3 was detected. This was used to prepare calibration
curves, utilising the following standards; 25(OH)D3, 24,25(0OH),D3, 1,25(0OH),D3 to spike the

vitamin D metabolite-free urine.
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Samples were vortexed gently and incubated with B-glucuronidase (1000iu /mL) (type IX-A; G7396
Sigma-Aldrich, Poole, UK), in sodium acetate—acetic acid buffer (pH 5.0, 0.1M) (3mL) at 50°C for
2h. To the reaction mixture, 1mL ice-cold LC MS-MS grade acetonitrile was added and samples were
centrifuged at 1500g for 10min. The supernatants were passed through either an Oasis® HLB
cartridge (60 mg; Waters Assoc., Milford, MA, USA) or Phenomenex Strate-XL cartridge (60mg;
Phenomenex, Macclesfield, UK), which were first washed with ethyl acetate (2mL), methanol (2mL)
and water (2mL) prior to sample loading. Sample was washed through the SPE column. The columns
were subsequently washed with methanol-water (2mL)(7:3, v/v, 2mL), and hexane (1mL), and the
metabolites then eluted with ethyl acetate (ImL) into a salinized glass tube. This was performed using
a negative pressure vacuum collection chamber, in order to control flow rate throughout the
purification procedure. The solvents were subsequently evaporated under a nitrogen gas stream prior

to sample derivatisation.

46



Compound Abbreviation MRM transitions | Collision Cone
energy Voltage
(eV) M
25-hydroxyvitamin D3 25(OH)D3 558.3>280.5 22 26
558.3>298.1 14 26
24,25-dihydorxyvitamin D3 24,25(0H),D3 574.3>175.3 20 22
574.3>257.3 16 26
574.3>298.1 20 26
25-dihydroxyvitamin D3-d3 | 25(OH)D3-d3 | 2614~ 283.1 23 24
561.4>301.3 15 24

Table 3.0 Multiple-Reaction Monitoring (MRM) transitions for 4-phenyl-1,2,4-triazoline-3,5-
dione (PTAD)-derivatized vitamin D metabolites. The vitamin D metabolite compounds quantified,
their abbreviated term, MRM transitions, collision energy (electronvolt [eV]) and cone voltage (V) are

summarised.

Urine derivatisation method
To improve ionisation and enhance the sensitivity and separation of individual low concentration
metabolites (pg range) an additional derivatization procedure using PTAD was utilised (81). For this,
0.5mg/mL PTAD in ethyl acetate (Sigma Aldrich) was added to samples incubated at room

temperature in dark for 2h, before 20uL water was added to terminate the reaction.

The samples were assessed using a Waters Xevo-MS coupled to an AQUITY UPLC. The method
utilised is as outlined in Section 3.1.4, with a Waters C18 column (2.1x50mm 1.7pm) used to separate

PTAD derivatized metabolites. MRM transitions listed in the table above were optimized by running a
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full scan, daughter scan and then measuring the intensity under a range of cone voltage and collision

energies to determine optimal values.

3.1.5 Analysis of serum DBP

Human DBP (R&D Biosystems, UK) was measured with Dr R Susarla (UoB) using a solid phase
sandwich ELISA kit (assay range 15.6 —250ng/mL) as per manufacturer’s instructions. Serum
samples were diluted to 1:2000, and placenta homogenates 1:10 prior to measurement. DBP standard
stock (100ng/mL) was prepared from Human DBP standard following reconstitution with calibrator
diluent RD5P (1:5 dilution with distilled water). For the standard series, 200uL of calibrator diluent
was added to each tube, with 200uL serial dilutions from 100ng/mL to Ong/mL concentration
prepared. First, SOuL of assay diluent RD1-38 (buffered protein base with preservatives) was added
per well of the 96-well plate. Then, S0uL of DBP standard or sample was added and incubated for 2h
at room temperature using a horizontal orbital microplate shaker (500rpm). Each well was aspirated
and washed 4 times with 400pL wash buffer (wash buffer concentrate diluted 1:24 in distilled water)
ensuring all solution was fully removed. Next, 200uL human DBP conjugate was added per well and
incubated for 1h at room temperature using a horizontal shaker (500rpm). Each well was then
aspirated and washed 4 times with 400pL wash buffer prior to adding 200uL of substrate solution
(Colour reagents A and B; 1:1 ratio) which was covered and incubated for 30min. The reaction was
terminated with 50uL Stop solution, and the optical density measured using a 450nM microplate
reader, with wavelength correction at 570nM subtracted to improve test accuracy. For data-analysis, a
standard curve with line of best fit was generated and the determined concentrations were multiplied

by the dilution factor.

3.1.6 Analysis of serum albumin

Human albumin (Abcam, Cambridge, UK) was measured with Dr R Susarla (IMSR, UoB) using an
ELISA. The assay was performed at room temperature, with all reagents and standards prepared in
advance. The albumin standards were prepared as serial dilutions (1-8), with 240uL total volume, and
concentration range 200ng/mL — Ong/mL). Serum samples were diluted at 1:10,000. Placenta

homogenates were diluted 1:1000 prior to measurement, with all samples performed in duplicate.
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50uL of Albumin Standard or sample was added per well of the 96-well plate and incubated for 1h.
The plate was washed 5 times with 1x wash buffer (1:20 with reagent grade water) ensuring all liquid
was completely removed. Next, S0uL of prepared 1x biotinylated albumin antibody was added to
each well and incubated for 30min, and subsequently washed 5 times with 1x wash buffer. 5S0pL of 1x
streptavadin- peroxidase conjugate (1:100 with 1x diluent N [1:10 reagent grade water]) was added to
each well and incubated for 30min, and re-washed as above with the wash buffer. Finally, S50uL of
Chromogen Substrate was added per well and incubated until a visible blue colour was evident, which
was at ~20min. The reaction was terminated with 50uL Stop solution, with the expected colour
change to yellow confirmed. The absorbance was immediately read on a microplate reader at 450nm
wavelength, with absorbance readings acquired at 570nm subtracted from this to improve overall

assay precision.

3.1.7 Analysis of free serum 25(OH)D3

Serum concentrations of free (total minus DBP and albumin-bound) and bioavailable (total minus
DBP bound) serum 25(OH)D3 were calculated by Dr R Chun (UCLA Department of Orthopaedic
Surgery and Orthopaedic Hospital Research Center, Los Angeles, USA) utilising total 25(OH)D3 and

DBP/albumin values (82, 83).

3.1.8 Creatinine Jaffe reaction

Urinary creatinine was quantified using a parameter assay kit (R&D systems Inc, Abingdon, UK).
This utilises a colorimetric Jaffe reaction between creatinine and picrate acid to permit accurate and
rapid quantification(84). For this, 10pL test volumes of urine (n=50) were required, which were
diluted 20-fold in distilled water and prepared in duplicate. Standard controls were prepared as
directed, with an 8-point 20mg/dL—0 mg/dL concentration range utilised. Either 50uL of sample or
standard was subsequently added per well of the 96-well plate, with 100uL of alkaline picrate solution
added for 30min at room temperature to initiate the Jaffe reaction. Alkaline picrate solution reacts
with the creatinine to form an orange —red complex, the optical density of which was measured with a
microplate reader at 490nM. A standard curve was plotted as a log/log curve-fit to ascertain test well

concentrations, following 20-fold multiplication of the dilution factor. Urinary levels of vitamin D
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metabolites were normalized to the creatinine content by dividing the concentration of the analyte of
interest by the creatinine concentration obtained in the same urine sample, with the result reported as

the concentration of target analyte per g of creatinine (ng/g).

3.1.9 Positive selection immuno-magnetic isolation of immune cell subsets

CD56+ cell isolation

Positive immune-magnetic bead selection was utilised to isolate CD56+ cells from decidua and
maternal blood. For this, cells were washed and re-suspended in ice cold MACS buffer (80pL per 10’
cells) and incubated with primary anti-human CD56 (20uL per 10 cells) ) (Miltenyi Biotec) at 4°C
for 20 min. This step was also performed for matched maternal peripheral PBMCs. The cells were
washed once in MACS by centrifugation for 10 min at 300g, with the resulting cell pellet re-
suspended in 500puL. MACS for separation using the Midi-MACS magnetic column separator with the
un-bound non-CD56+cell fraction collected. Following three column washes with MACS buffer the
CD56+ intra-column fraction was plunged in ImL MACS buffer through the Midi-Macs columns in
the absence of the magnet (Miltenyi Biotec). Both the unbound CD56 deplete and CD56+ fractions
were collected. The resulting cell suspensions from both fractions were then counted and underwent

purity analysis using flow cytometry (Section 3.1.13).

CD14+ cell isolation
Positive immune-magnetic bead selection was also utilised to isolate CD14+ cells from decidua,
maternal and cord blood. This was performed as above, using primary anti-human CD14 (20uL per
10 cells) (Miltenyi Biotec) for 20min at 4°C. The cells were washed once in MACS buffer by
centrifugation for 10min at 300g, with the resulting cell pellet re-suspended in 500uL MACS buffer in
preparation for separation using the Midi-MACS magnetic column (Miltenyi Biotec) as described.
Both unbound CD14 deplete and CD14+ fractions were collected and counted, with 100,000 cells/

sample similarly subjected to purity analysis.
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3.1.10 Cell culture

NK Cell Culture
Matched isolated CD56+ cells were plated at 1.25 x 10°/mL in a 96 well round bottom cell culture
plate under aseptic conditions in complete RPMI cell culture medium (penstrep 100pg/mL [Sigma], I-
glutamine 2 mM [Sigma], RPMI 1640, fetal calf serum) at 37°C in a humidified incubator containing
5% CO, for 24h. A range of CK treatments were used as summarised in Table 3.1, including: IL-2,
IL-12, TNF-a and IL-15 in the presence and absence of 1,25(0OH),D3 (10nM)(Enzo Lifesciences,
Exeter, UK). Stimulation with IL-2 (50iu/mL), IL-12 (10 ng/ mL), and IL-15 (10 ng/mL) CK for 24h

in the presence and absence of 1,25(0OH),D3 (10nM) was used for all subsequent assays.

Cytokine | Concentration | Functional Role

IL-2 50units/ mL Augment NK cell cytotoxicity (85)

IL-15 10ng/ M1 Promotes proliferating NK cell accumulation and survival (86)
IL-12 10ng/ mL Promotes NK cell IFN-y production (86)

TNF-a 10ng/ mL Promotes NK cell IFN-y production (87)

Table 3.1 Summary of the individual cytokines (CK), the dose and mode of action assessed for

NK cell stimulation.

Macrophage / monocyte cell culture
Matched isolated CD14+ cells were plated at 2.0 x 10°/mL in a 96-well round bottom cell culture
plate under aseptic conditions in complete RPMI cell culture medium at 37°C in a humidified
incubator containing 5% CO, for 24h. Lipopolysaccharide (LPS) (1ug/mL), a recognised stimulant of
monocytes and macrophages via TLR-4 binding, was added in the presence and absence of
1,25(0OH),D3 (10nM) to selected wells. To maximise the total cell yield, at the point of cell harvest
the cell plate was cooled on ice at 4°C and the well contents re-pipetted 10 times to release highly

adherent cells.
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3.1.11 LC MS-MS conversion assay

In collaboration with C Jenkinson, vitamin D metabolites were measured using LC MS-MS. For
this, uNK and pNK isolates were cultured in the presence and absence of CK stimulation as outlined
in Section 3.1.10 in the presence and absence of inactive 25(OH)D3 (100nM) for 24h. NK culture
supernatants were gently aspirated from 96 well plate and centrifuged in 500uL sterile eppendorfs at
1800rpm for 5 min to separate the culture supernatant for storage at -80°C until LC MS-MS analysis,

as outlined in Section 3.1.11.

3.1.12 Flow cytometry

For all experiments detailed, a multi-channel Dako Cyan flow cytometer, with the capability of
analysing up to 9 colours plus forward and side scatter was utilised. The results were analysed in the
form of scatter plots, histograms and dot plots using FlowJo Software version X (Tree star, Inc.,
Ashland, USA). Spectral overlap refers to the wavelengths emitted by one fluorochrome, but detected
by the filter designated to another fluorochrome. This was factored into the data analysis by auto-
calculating compensation values derived from experimental single-stain control samples. As a result

of multi-panels employed, additional manual compensation was required in certain instances.

Gating was performed sequentially, with the first step using a forward/ side scatter plot, which
provides an approximate measure of cell size and individual cells ‘complexity’. Pulse wave analysis
was utilised to identify and exclude aggregates and damaged cells, prior to gating the viable ‘live’
immune cell population (88). Isotype matched controls were used to account for non-specific antibody
binding. Biological experimental controls were also used to validate the success of the method. For

example, for the VDR and activation assays, whole PBMC experimental controls were used.

Cell preparation for flow cytometry
All preparations were performed in SmL round bottom polystyrene tubes (Becton Dickinson [BD]
Biosciences, UK). All washes were performed in 1mL PBS unless otherwise stated, and
centrifugation at 1500rpm for Smin. Wash solutions were removed by brief tube inversion to remove

the excess supernatant, with the remaining pellet vortexed gently to re-suspend in 100-150uL. All
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staining incubation steps were performed in the dark, to avoid direct light exposure to the

fluorophores which are summarised in Table 3.2. Cells were stored in the dark until flow cytometry

analysis.
Antibody Company Catalogue Number
CD3- FITC BD Biosciences 345763
CD4- APC BD Biosciences 555349
CD3-PE BD Biosciences 555340
CD3- PerCP BD Biosciences 345766
CD4-FITC BD Biosciences 555346
CD4-PE BD Biosciences 555347
CD4 -PerCP BD Biosciences 345770
CD8-PeCF594 BD Biosciences 562282
CD56-PE Ebioscience 12-0567-42
CD56 PE Vio770 MACS Miltenyi Biotec 130-096-831
CD10-vioblue MACS Miltenyi Biotec 130-099-670
CD25-APC BD Biosciences 555434
CD14-Percp BD Biosciences 345786
CD25-PE BD Biosciences 555432
CD20-Viogreen MACS Miltenyi Biotec 130-096-904
CD45-RO FITC BD Biosciences 555492
CD45-RA PE BD Biosciences 555489
CD45-APC Ebioscience 17-0459-41
CD45-viogreen MACS Miltenyi Biotec 130-096-906
CD69-APC BD Biosciences 555533
CD69-FITC BD Biosciences 555530
NKp46 APC MACS Miltenyi Biotec 130-092-609
NKp30-PE Ebioscience 12-3379-41
TNF-o E450 Ebioscience 48-7349-42
TNFa FITC Ebioscience 11-7349-81
IFN-y e450 Ebioscience 48-7319-42
1L-10-PE BD Biosciences 559337
CD4-e450 Ebioscience 48-0048-42
VDR-APC Santa Cruz Biotechnology sc-13133

Table 3.2 Summary of primary surface and intracellular antibodies utilised for flow cytometry.

The antibody, fluorescent dye, company and catalogue serial number are provided
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Surface staining protocol for cell surface antigens

Live cells were first washed in PBS and then centrifuged, with the supernatant subsequently
discarded. A live/ dead fixable discrimination dye, prepared as per manufacturer’s instructions
(Molecular Probes Life Technologies), was added to the cells and incubated for 20min on ice. The
cells were re-washed and centrifuged with the supernatants discarded. Directly conjugated antibodies
were then added to the appropriate samples for 30min and incubated in the dark on ice. Optimum
staining concentrations were determined for each antibody by titration previously. The cells were
subsequently washed and centrifuged with PBS and the supernatant discarded. Following staining,
cells were either washed once with PBS and re-suspended in PBS for immediate flow cytometry
analysis, or fixed with 3% paraformaldehyde (PFA). When surface staining PBMCs, non-specific
antibody binding was reduced by adding 2% goat serum (Sigma-Aldrich) with the surface staining

panel.

Paraformaldehyde (PFA) fixation
Cells were re-suspended in 300uL 3% PFA by gentle vortexing and were incubated at room

temperature for 12min. Cells were pelleted and washed once with ImL PBS, then re-suspended in

200uL PBS and stored at 4°C.

Intracellular staining for grangyme B, perforin and cytokines
Following PFA fixation, cells were permeabilised by first washing with 1mL 0.1% saponin in PBS
for Smin. The supernatant was removed, and primary intracellular antibodies added and incubated in
the dark for 30min at room temperature. Excess antibody was removed by one wash with 0.1%
saponin-PBS followed by one PBS wash. Cells were re-suspended in 200uL PBS and collected by

flow cytometry.

Intracellular staining protocols for VDR analysis assay
To optimise the VDR analysis assay different permeabilisation methods were utilised and
compared. An optimised Bendix protocol was utilised for on-going VDR analysis. This protocol was

initially used to measure VDR in peripheral CD8+ T cells within the context of Crohn’s disease (89).
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Cells were washed once with PBS prior to incubation for 20min at room temperature in 100pL 4%
PFA. Cells were washed twice in 2mL 2% fetal calf serum (FCS) in PBS and then incubated for
30min on ice in 75puL 5% FCS 0.5% Triton X solution (Sigma Aldrich, Poole, UK). The primary
VDR-APC antibody or concentration matched isotype control (purified mouse IgGG2a) was directly
added to this and incubated for a further 30min at 4°C. Cells were subsequently washed once in ImL
2% FCS PBS solution, and then incubated with 1puL/ sample anti-mouse IgG2a APC-conjugated
secondary antibody for a further 30min at 4°C. The cells were re-washed in 1mL 2% FCS-PBS,

followed by 1mL PBS, and re-suspended in 200uL PBS for collection by flow cytometry.

3.1.13 Cytotoxicity assay

To assess the functional effects of 1,25(OH),D3 upon NKs, the expression of a range of recognised
pro-inflammatory and regulatory NK cell markers were measured. For this, isolated NK cells were
cultured as described in Section 3.1.10 in the presence or absence of 1,25(0OH),D3 (10nM, ENZO Life
Sciences). CD107a (LAMP1) is a characterised marker of NK cell degranulation. It is required for
efficient delivery of perforin to lytic granules and the delivery of cytotoxic granules to target
cells(90). CD107a transit to the cell surface during a 6hr culture period with the MHC-devoid k562
cell line was used as a measure of NK cell cytotoxicity(91). Expression of IFN-y and TNF-a was
measured as an indication of NK cell activity. Specifically, k562 cells were added to NK cells at 1:5
ratios along with anti-human CD107a (BD Biosciences, California, USA). After 1h, cells were treated
with protein trafficking inhibitors, Brefeldin A (Spg/mL, Sigma-Aldrich, UK) and monensin (golgi
stop BD Biosciences, USA) to prevent CD107a degradation by re-internalisation and to block
cytokine export. At 6h, cells were transferred to FACs tubes, dead cell labelled, surface stained and
fixed with PFA. Intracellular cytokines were stained according to the intracellular staining protocol in

Section 3.1.10.

Matched PBMCs that had been cultured overnight at 37°C, 5% CO, in complete RPMI medium at
2x10%mL (2x10°/well) were used as a positive control for CK expression and vitamin D response.
PBMCs were stimulated with phorbol 12-myristate 13-acetate (PMA) (25ng/mL) and ionomycin

(0.5uM) for 5-6h. After 1h, they were treated with Brefeldin A (Spug/mL). At 6h, cells were dead cell

55



stained, surface labelled, fixed and intracellularly stained for cytokines and CTLA-4, a known

1,25(0OH),D3 target (56).

3.1.14 RNA extraction, reverse transcription and quantitative real-time polymerase

chain reaction (QRT-PCR)

RNA extraction

Total RNA was extracted using TRI-reagent (800uL) (Sigma-Aldrich, Dorset, U.K.) following NK
isolation and 24h culture in the presence and absence of CK stimulation and 1,25(OH),D3. Following
dissociation of the nucleoprotein complexes, 0.1mL 1-bromo-3-chloropropane (Sigma-Aldrich, Poole,
UK) was added and samples were centrifuged (12,000g for 15min at 4°C) to separate the cell lysate
into 3 distinct layers; lower organic DNA phase, middle protein interface, and upper aqueous RNA
phase. The RNA layer was subsequently obtained and precipitated with 0.5mL isopropanol (Sigma-
Aldrich, Dorset). Samples were incubated at room temperature and centrifuged for 10min at 12,000g
to obtain the RNA pellet. The RNA pellet was washed with 1mL 75% ethanol and centrifuged for
Smin at 12,000g with the supernatant discarded. RNA was re-suspended in 20uL nuclease free water
(ThermoFisher Scientific, MA, USA). The purity and quantification of RNA extraction was checked
by measuring the A,s0/Azge and Ayg by Nanodrop spectrometry in preparation for complementary
DNA (cDNA) synthesis. From the A,4 value, RNA is quantified using the relationship 40pg/mL
RNA =1 unit of A260 in a 1cm path length. Concentration of RNA in the samples (ng /uL) = Asgo X

40x dilution factor.

Preparation for qRT-PCR
cDNA synthesis was performed using 100ng-1ug of total RNA which was reverse transcribed using
Applied Biosystems Tagman Reverse Transcription Reagents Kit following the manufacturer's
guidelines (Roche, New Jersey). This was performed by diluting in 2.5uL of 10X RT buffer, 5.5uL of
25mM MgCl,, SuL of 10mM dNTP mix, 0.5uL of 20 iu/uL recombinant RNase inhibitor, 1.25uL of
50uM of random hexamer primers and 1.6uL of 50 iu/mL of multiscribe reverse transcriptase made

up to a total volume of 20uL with RNAse-free water. The reaction was incubated at 25°C for 10min
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and at 37°C for 60 min, prior to heating to 48°C for 30min and 95°C for Smin. Samples were then

cooled to 4°C prior to cycle completion and cDNA collection.

qRT-PCR

gqRT-PCR was subsequently performed on either 96 well plates in 20uL reactions containing 1x
Tagman Universal PCR Master Mix, 1x Tagman 6-carboxy fluorescein (FAM)-labelled Gene
Expression assay mix (Applied Biosystems, CA, USA) and 1uL ¢cDNA per sample, diluted in
nuclease free water. Expression of gene specific mRNAs encoding CYP27B1, CYP24A1, and VDR
were determined (Table 3.3). All reactions were multiplexed with the VIC-labelled 18S rRNA
housekeeping control assay (Applied Biosystems, CA, USA). The reactions were performed on ABI
7500 gPCR machine (Applied Biosystems, CA, USA), with the progress of DNA amplification
monitored continuously by measuring the release of fluorescent dyes which are conjugated to the
probes. The thermal cycling conditions utilised were 50°C for 2min, 95°C for 10min followed by 40
cycles of 95°C for 15s and 60°C for Imin. Quantification of gene expression was determined using

the AACt method and stated relative to a fixed unstimulated immune cell population.

All reactions were performed in at least duplicate and expressed as a mean of these values. Ct values
were obtained as the cycle number at which logarithmic PCR plots crossed a calculated threshold line.
The AACt value is the difference in the ACt value of a sample, with reference to the control, and the

fold change is subsequently calculated using 2-“".

57



Gene Tagman Gene Expression Label
Assay

188 4319413E VIC

CYP27B1 Hs01096154 ml FAM
CYP24A1 Hs00167999 ml FAM
VDR Hs00172113_ml FAM
CYC-1 Hs00357717_ml VIC

IL-6 Hs00174131_ml FAM
TNF-a Hs00174128 ml FAM
Cathelicidin Hs01011707_gl FAM
IFN-y Hs00989291 ml FAM

Table 3.3 Summary of gene specific mRNAs utilised for qRT-PCR. The Tagman gene expression

code and dye label are provided for each gene target analysed.

3.1.15 Fluorescence-activated cell sorting (FACS)
Paired decidua, maternal and cord blood (third trimester only) samples were prepared as outlined in

Section 3.1.3 as per gestation, with subsequent Ficoll separation and washing.

NK cell isolation and FACS

Whole immune cell populations from decidua and maternal blood were washed in PBS prior to
incubation for 30 min at 4°C with the following murine monoclonal antibodies (mAbs), anti-CD45
anti-CD56 and anti-NKp46 from MACS Miltenyi (Miltenyi Biotec, UK), and anti-CD3, and anti-
CD14, from BD Biosciences (CA, USA), directly conjugated with FITC, PE, PerCP, PE-Cy7, Pe-Vio
770, VioGreen, and APC. Cells were washed with ImL MACS and re-suspended in 500pL PBS for
FACS. Immediately prior to sorting, 1uL propidium iodide (PI) was added to assess cell viability. As
summarised in Figure 3.2, live CD45+ CD56+ NKp46+ cells, negative for CD14 and CD3 were
selected for separation into sterile collection tubes containing 2mL complete RPMI and stored
immediately at 4°C. This was performed using a BD Biosciences FACSAria Fusion at UoB. The
cells were centrifuged for Smin at 1500rpm, counted with a haemocytometer and re-suspended in

complete RMPI (1.25 x 10° cells/mL) for cell culture. As detailed in Section 3.1.10, uNK and pNKs
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were cultured with CK stimulation (IL-2, IL-12 and IL-15) in the presence and absence of

1,25(0OH),D3 co-treatment.
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Figure 3.2 Representative FACS analysis plots for NK cells. The maternal (A) and decidua (B)
FACS strategy gating is illustrated. Initially, forward scatter (FSC), side scatter (SSC), pulse width
(FSC-W) were used to identify lymphocytes singlets. Propidium iodide (PI)-Dead identified live cells

with CD45+ CD56+ NKp46+ cells, negative for CD14 and CD3 subsequently identified for FACS.

Monocyte and macrophage isolation

Following Ficoll separation, paired decidua, maternal and cord blood samples were first subjected to
a CD14+ positive selection step (Section 3.1.9) to debulk the sample and reduce its cellular
complexity allowing for faster sorting and reduced rejection rate. The cells were then washed with
PBS and surface antigen stained at 4°C with the following primary mAbs, anti-HLA-DR, -CD14, -
CD66, -CD56, -CD3, CD19, and CDA45, directly conjugated with FITC, PerCP, PE-Cy7, Pe-Vio 770,
and VioGreen. Experimental single colours were prepared alongside this to calculate compensation
values. Cells were washed with ImL MACS buffer and re-suspended in 500uL. PBS for immediate
FACS. Immediately prior to sorting, 1uL PI was added to assess cell viability. As summarised in
Figure 3.3, The following gating strategy was applied to obtain live CD45+ CD14+ HLA-DR + cells,

negative for CD66, -CD56, -CD3, CD19. This was similarly performed using a BD Biosciences

59



FACSAria Fusion at UoB. Cells were collected under sterile conditions into FACS tubes containing

2mL complete RMPI media, washed and re-suspended at 2.0 x 10° cells/mL at 4 °C for culture.
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Figure 3.3 Representative FACS analysis plots for maternal blood, cord blood and decidua
monocyte/ macrophage subsets. The maternal blood, cord blood and decidua (B) FACS gating is
illustrated. Initially, forward scatter (FSC), side scatter (SSC), pulse width (FSC-W) were used to
identify lymphocytes singlets. Propidium iodide (PI)-Dead identified live cells with CD45+ CD14+

HLA-DR+ cells, negative for CD66, CD56, CD3, CD19 subsequently identified for FACS.

3.1.16 RNA extraction

Cultured cells were harvested at 24h and immediately underwent total RNA extraction and clean-up
using the RNeasy Micro Kit (QIAGEN, Germany), as per manufacturer’s instructions using RNeasy
MiniElute spin columns. This combines the selective binding properties of a silica-based method with
the speed of microspin technology to obtain reproducible yields of total RNA from small sample

numbers (<5x10° cells).
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Due to the high content of RNases in placental tissue, 10uL -mercaptoethanol was added per 1mL
Buffer RLT prior to cell lysis and homogenization. Next, 70% ethanol was added to the lysate to
optimise RNA binding conditions prior to loading onto RNeasy MiniElute spin column (QIAGEN,
Germany). The RNA (<45ug) binds to the silica membrane, with the column flow-through discarded.
On-column digestion of genomic DNA was performed by adding 10uLL RNase-free DNase I diluted in
70uL RDD buffer for 15min at room temperature. The DNase I was then fully removed with washing.
Pure, concentrated RNA was eluted in 14yl RNase free water. 2ulL was transferred to a fresh
nuclease free tube for subsequent purity and integrity analysis. Both tubes were stored immediately at

-80°C.

Prior to cDNA library preparation, evaluation of RNA quality was essential, as degraded samples
can significantly influence the interpretation of expression levels of RNA-seq data. ‘Integrity’ reflects
the pattern of total RNA ribosomal units 28S and 18S, and mRNA length. ‘Stability’ reflects the
distribution of stable housekeeping genes across heterogeneous sample conditions. Factors such as
delay time, tissue hypoxia, mode of tissue handling can all effect both properties. As such, a RNA
Integration Number (RIN) scale is recommended to assess RNA quality prior to further analysis. This
digital readout ranges from 1 to 10 with 1 being the most degraded profile and 10 the most intact. In
solid tissue, 6—8 RIN values are considered reliable RNA, however between 8- 10 is indicative of high
q