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THESIS OVERVIEW

In 2018, | was successfully awarded a competitive 12-month research fellowship by
Birmingham Health Partners, which is designed to provide clinicians with the

opportunity to take the first steps towards a career in research.

The aim of this fellowship was to explore postgraduate medical research in two
settings: firstly through a laboratory-based basic medical sciences project, and
secondly in the context of a clinical project, thus drawing on my previous experience
of working in a lab during my undergraduate BMedSci degree and my pre-existing

knowledge as an Obstetrics and Gynaecology registrar.

Conducting these different research projects in parallel, with differing sets of skills,
methodologies and analysis, has given me a breadth of research experience in a
limited time frame. Not only have | gained a deeper understanding of basic science
laboratory techniques, running experiments and interpreting flow cytometry results
relating to cellular immunology, | have also acquired skills in systematic literature
search, critical appraisal of literature, design of a retrospective cohort study and

statistical analysis.

In the first project | examined the peripheral and decidual T cell populations in pre-
eclampsia and fetal growth restriction by collecting samples of maternal blood and
placenta from postpartum women whose pregnancies were affected by these
placentally-mediated disorders, herein known as malplacentation disorders. After
isolating white cells from these different samples, antibody staining was performed to
enable comparison of the T cell repertoire in maternal blood and placental tissue in

healthy pregnancies and those complicated by malplacentation.



For the second project | worked with a multi-disciplinary panel of obstetricians and
perinatal pathologists supervised by Professors Kilby (University of Birmingham) and
Heazell (University of Manchester) to develop a novel classification system for
assigning the cause of fetal and neonatal death in twin pregnancies using post-
mortem reports. This new classification system was then tested using a retrospective
cohort sample of 256 twin pregnancies with single or double fetal death. | was able to
determine inter-rater, intra-rater and inter-disciplinary agreement. Successful peer
reviewed publication of this work in the British Journal of Obstetrics and Gynaecology
(BJOG) establishes this project as an important piece of original work in the field of
fetal and maternal medicine. The BJOG, an international journal of Obstetrics and
Gynaecology, now has an impact factor of 5.19, and is ranked 6th out of 83 obstetrics

and gynaecology journals in the Journal Citation Reports rankings.

In both projects | have also explored the potential for further research and how | might

take each project forward with more time and funding.

| proudly present this thesis as evidence of my hard work and commitment to research

as a clinician for the degree of MSc by Research.



PROJECT 1

Investigating the T-cell repertoire in malplacentation disorders



ABSTRACT

Objective: to determine the feasibility of collecting and isolating T cells from women
whose pregnancies were complicated by pre-eclampsia or fetal growth restriction, so
that future studies can be planned to investigate T cell function and possible

dysregulation in malplacentation disorders.

Design: Laboratory-based study

Population: Pregnant women delivering at Birmingham Women’s Hospital, West

Midlands.

Participant inclusion eligibility criteria: over 18 years old, understands and speaks

English, with either a diagnosis of pre-eclampsia (PE) defined as BP 2140/90 and urine
PCR =30mg/mmol over 20 weeks’ gestation, or fetal growth restriction (FGR), defined
as either an EFW or AC plotting below the 3™ centile or plotting below the 10™ centile
with evidence of placental dysfunction (abnormal uterine artery Doppler between 20-
24 weeks’ or abnormal umbilical artery Doppler) in a non-smoker and not secondary

to an underlying congenital anomaly.

Methods: Of the 69 participants recruited to the study, triplet samples of placenta,
maternal and cord blood were collected from 75% of participants (52/69); of which 48%
(25/52) had PE, 37% had FGR (19/52) and 15% (8/52) were healthy controls. White
cells were isolated from blood samples using standard density gradient centrifugation
techniques. A novel method for isolating white cells from placental tissue was applied
by dissecting out and culturing 2cm samples of the decidua basalis layer overnight,
followed by gentle tissue dissociation to obtain a single cell suspension, from which

white cells were isolated by density gradient centrifugation. A subset of 39/52 maternal



blood and decidual samples were stained with fluorescent antibodies prior to flow

cytometric analysis to determine T cell composition and subtypes.

Results: In all 3 cohorts there was a significantly greater naive T cell phenotype in
blood compared with decidual tissue and a conversely dominant effector memory T
cell population in tissue compared with blood. All cohorts demonstrated significantly
increased expression of the checkpoint protein Programmed-Death-1 (PD-1) in
decidual effector memory (EM) T cells compared with matched peripheral blood. There
was a significantly lower percentage of peripheral blood naive T cells in FGR compared
to control. Differences were seen between cohorts, including greater PD-1 expression
by decidual EM T cells in PE than control and reduced decidual EM T cell PD-1
expression by decidua from FGR compared with control. However these findings were

not statistically significant.

Conclusions: The data confirms findings from this research group’s previous work on
healthy pregnancies and demonstrates reliability in the novel method used to isolate T
cells from decidua to provide reliable and reproducible results. This work also suggests
new findings in pregnancies affected by malplacentation that warrant further
investigation. Having successfully demonstrated the feasibility of collecting and
sampling placental tissue from cohorts affected by malplacentation, the preliminary

data was used to support grant applications for further study.

Details of ethical approval: Granted by the West Midlands Research Ethics committee

(REC reference 14/WM/1146).



INTRODUCTION

The placenta is a vital extracorporeal organ that supports fetal life. The placenta
is the maternal-fetal interface enabling exchange of gases, nutrients and waste
products as well of transfer of immunoglobulins and metabolites and secretion of
hormones required for fetal growth and development and maintenance of pregnancy.
The human placenta is described as villous haemomonochorial, in that the placenta
barrier consists of only a single layer of syncytiotrophoblast dividing the maternal blood
space from the blood in the fetal capillaries, whilst other species such as rodents and
sheep have different placental types®?. This is an important consideration when
reviewing studies using animal models of human placentation. The human placenta
appears macroscopically as a disc-shaped structure, on average measuring 22cm in
diameter, is 2.5cm thick at the centre and weighs approximately 500g by term?. It has
two surfaces, one that faces the fetus to which the umbilical cord inserts and is known
as the chorionic plate, whilst the basal plate of the placenta is attached to the lining of
the uterus, which in pregnancy is known as the decidua. The umbilical cord typically
comprises of one large vein, carrying oxygenated blood and nutrients towards the
fetus, and two arteries carrying deoxygenated blood away from the fetus towards the
maternal circulation. The fetally-derived placental membranes comprise of two fused
layers: the amnion and chorion. The amnion, a single cell epithelial layer derived from
extraembryonic somatic mesoderm, is innermost and in direct contact with the fetus,
umbilical cord and amniotic fluid, whilst the chorion, which is outermost layer formed
from extraembryonic mesoderm and trophoblast, is in direct contact with the decidua
and forms the feto-maternal interface*®. The two layers are connected through a

collagen-rich extracellular matrix containing mesenchymal cells from both layers. The



two layers start their development at the time of implantation and fuse in the late 1t or
early 2" trimester to form a single unit that lines the decidua. The fetal membranes
maintain the fluid environment around the fetus, which is crucial for survival in utero
and provide mechanical, immune, endocrine, transport and antimicrobial support to the

pregnancy.

Placental Formation

Placentation begins early in pregnancy with implantation of the blastocyst
(Figure 1). The blastocyst is comprised of the outer trophoectoderm and the inner cell
mass (ICM). The trophoectoderm is the undifferentiated progenitor tissue of the entire
outer epithelial component of the placenta, known as trophoblast, providing the
functional bridge between the fetus and the mother and performing the majority of the
absorptive, immunoprotective and endocrinological functions of the placenta®. After
attaching to the uterine surface epithelium day 6-7 post fertilisation, the
trophoectoderm fuses to form a primary multinucleated cell layer known as the
syncytiotrophoblast, which eventually secretes Human Chorionic Gonadotropin (hCG)
among other hormones and growth factors, and after about 10 weeks’ gestation, is in
direct contact with the maternal blood, and thus the main site of gas and nutrient
exchange. After implantation the primary syncytium invades deeper into the
endometrium, which transforms into specialised tissue in pregnancy known as the
decidua, and also erodes in to decidual glands to allow direct contact with secretions’.
The blastocyst becomes completely embedded in the decidua by two weeks post
fertilisation. Lacunae also begin to form within the syncytium and merge, creating a

meshwork of trabeculae’.
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Figure 17: The early stages of human placental development begins with implantation
of the blastocyst. (A,B) The prelacunar stages: After attaching to the uterine surface
epithelium day 6-7 post fertilisation, the trophoectoderm fuses to form the
syncytiotrophoblast. GE, glandular epithelium; LE, luminal epithelium; vs, blood
vessels; TE, trophectoderm; ICM, inner cell mass; pr. syn, primary syncytium; ac,
amniotic cavity; mn. tr, mononuclear trophoblast (C) The lacunar stage: The primary
syncytium invades deeper into the endometrium, which transforms into the decidua.
Lacunae begin to form within the syncytium. exm, extra-embryonic mesoderm; 1° ys,
primary yolk sac; lac, lacunae (D) The primary villous stage: trophoblast cells beneath
the syncytial layer form cytotrophoblast and rapidly proliferate to form finger-like
projections that push through the primary syncytium to form the primary villi. cs,
cytotrophoblastic shell;; eec, extra-embryonic coelom.

The trophoblast cells beneath the syncytial layer form the cytotrophoblast and
rapidly proliferate to form finger-like projections that push through the primary
syncytium to form the primary villi, with a cytotrophoblast core and an outer
syncytiotrophoblast layer. These villi are the main structural and functional unit of the

placenta®. Further branching and proliferation of cytotrophoblast together with



expansion of stromal cells forms the villous tree with intervillous spaces. The
cytotrophoblasts then push out beyond the syncytiotrophoblast layer and spread
laterally to envelope the entire pregnancy in a shell that separates the villi from the
decidua. This is the maternal-fetal interface (Figure 2)°. Some of these
cytotrophoblasts migrate from this interface deeper into the decidua, becoming the
extravillous trophoblasts (EVTs). EVT invasion into and around the uterine spiral
arteries that supply the endometrium enables remodelling of these vessels to increase
their diameter and lose their elasticity thus transforming them into low resistance
vessels to facilitate increased blood flow to the fetus. The process is thought to be
complete by 20-22 weeks’ gestation. Uterine Natural Killer (UNK) cells are believed to
play a critical role in spiral artery remodelling and regulating invading trophoblast cells
in early pregnancy. These innate lymphoid cells are the predominant immune cell in
the uterine environment in the first trimester and express receptors for the EVT’. This
is further discussed in the literature review below. Decidual macrophages have also
been reported to play a vital role in decidual angiogenesis and spiral artery

remodelling®©.
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Figure 2% The maternal fetal interface. A) Decidual spiral arterioles perfuse the chorionic villi
which line the intervillous space. B) A primary chorionic villus; the main structural and functional
unit of the placenta, with a cytotrophoblast (CYT) core and an outer syncytiotrophoblast (SYN)
layer. Some of the cytotrophoblast cells invade deep in to decidua and become Extravillous
trophoblast (EVT) which are critical for spiral artery remodelling.

The epithelium of the syncytiotrophoblast is covered with microvilli which increase the
surface area by up to 7-fold and contain active transport proteins for glucose and amino
acids across the membrane and receptors for Immunoglobulin G (IgG) antibodies to
provide the fetus with passive immunity. This layer is devoid of human leukocyte
antigen (HLA) proteins which prevents maternal immune cells from recognising the
placenta as allogenic or “non-self’” and therefore acts as a protective barrier against

the maternal immune system.
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Clinical disorders of malplacentation

Defective placental development, or malplacentation, is a common underlying
association in a number of pregnancy-related diseases, such as pre-eclampsia (PE),
fetal growth restriction (FGR), recurrent miscarriage and stillbirth. The exact clinical
outcome depends on the nature of underlying placental pathology; the most common
phenotype seen in early-onset PE, FGR and stillbirth is maternal vascular
malperfusion?!. It is thought that whilst PE results from the release of products from a
poorly perfused and stressed placenta triggering a systemic endothelial disorder,
superficial trophoblast invasion with inadequate spiral artery remodelling deep in to the
myometrium hampers the growth of the placenta, in turn reducing the surface area of
the maternal-fetal interface for gas and nutrient exchange, causing FGR"!213,
However malplacentation alone does not adequately explain late-onset disease. There
is emerging evidence to suggest that maternal cardiovascular dysfunction secondary
to increasing haemodynamic demands with advancing pregnancy leads to placental
hypoperfusion and subsequent placental dysfunction manifesting as hypertensive

disorders of pregnancy or FGR4,

PE, clinically defined as new-onset hypertension (=140/90) with a urine
protein:creatinine ratio (PCR) >30mg/mmol after 20 weeks’ gestation, affects 3-5% of
pregnancies!®. It is a major cause of worldwide maternal morbidity including the
potential of multi-organ failure and intensive care admission. There is up to a 55% risk
of recurrence, and an increased lifetime risk of cardiovascular and cerebrovascular
disease tracking into older age'®. In addition, PE is associated with 5% of stillbirths and
8-10% of preterm births (many iatrogenic) in the UK. Clinically, this syndrome is

characterised by a systemic inflammatory response in the maternal endothelium, with
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common clinical symptoms such as headache and visual disturbance, which reflect
cerebral irritation, right upper quadrant pain as a sign of liver capsule oedema and
sudden onset of non-dependent peripheral oedema. Clinical examination findings to
support this inflammatory response include papilloedema, hyperreflexia and clonus.
Delivery of the placenta results in rapid improvement of symptoms and blood pressure
and allows recovery of end-organ damage; although a full recovery can take several
weeks. Timing of delivery depends on a combination of the severity of the hypertension
and derangement of biochemical and haematological markers, and fetal wellbeing. It
is a major cause of iatrogenic preterm delivery, with short- and long-term implications
for the neonate such as feeding problems, hypoglycaemia, retinopathy of prematurity,

and developmental delay.

The clinical presentation of PE can be divided in to early-onset disease,
developing before 34 weeks’ gestation, or late-onset disease developing at or after 34
weeks’ gestation'®. Whilst the former is more likely to be associated with placental
dysfunction, growth restriction, abnormal uterine and umbilical artery Dopplers on
ultrasound scan, and poorer maternal and neonatal outcomes, as described above,
the latter is more likely to be associated with normal fetal growth, Dopplers and better

outcomes for mother and baby?*6.

FGR is a pathological condition in which the fetus fails to reach its full biological
growth potentiall’*8, There is an increased risk of perinatal morbidity and mortality,
being present in up to 30% of cases of stillbirth'®. Low birthweight neonates have a
four-fold increased risk of perinatal death and as infants and children are at higher risk

of impaired cognitive development!®. The effects of fetal growth restriction are thought

12



to extend into adulthood with an increased prevalence of cardiovascular disease,

diabetes and dyslipidaemia®®.

Defining FGR has been the focus of much clinical research®. Traditionally, in
clinical practice, a small-for-gestational-age (SGA) fetus is defined as having an
estimated fetal weight (EFW) or Abdominal Circumference (AC) below the 10" centile
on a growth chart customised for maternal characteristics (age, weight, height, parity
and ethnicity)'’. However 50-70% of SGA fetuses will be constitutionally small with no
underlying pathology and show linear growth, although an EFW plotting below 3™
centile is more likely to be associated with FGR?'’. In addition not all fetuses that are
growth restricted will have an EFW below the 10" centile, as tailing or static growth
above the 10™ centile indicates a failure to reach their growth potential. FGR can be
divided in to early-onset FGR (<32 weeks) and late-onset FGR (232 weeks)!8. Whilst
both may be due to placental dysfunction, early-onset FGR is more likely to be
associated with congenital anomalies, chromosomal disorders and congenital infection
(cytomegalovirus [CMV] or toxoplasmosis) than late-onset FGR, which is typically a

result of placental dysfunction®’-1°.

A Delphi Consensus study to define early-onset and late-onset FGR in the
absence of congenital anomalies used ultrasound parameters to establish a

consensus for defining FGR in these two groups (Table 1)*8.
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Early onset FGR

Late onset FGR

Gestation at onset

< 32 weeks

232 weeks

Definition

(as per Delphi

consensus study!’)

AC/EFW<3 centile or UA-

AEDF
Or
1. AC/IEFW <10t
centile  combined
with

2. UtA-PI > 95t centile
and/or

3. UA-PI >95t centile

AC/EFW <3" centile

Or at least two out of three
of the following:

1. AC/EFW <10™ centile
2. AC/EFW  crossing
centiles >2 quartiles on
growth  centiles (non-
customised)

3. CPR<5" centile or UA-

Pl >95t centile

Table 1: Definition of early-onset FGR (<32 week’s gestation) and late-onset FGR

(232 week’s gestation) according to a Delphi Consensus study?®.

This Delphi consensus based definition has yet to prove useful in improving

outcomes for affected pregnancies. Meanwhile, version 2 of the Saving Babies’ Lives

Care Bundle published by NHS England in 2019 aims to reduce perinatal mortality

across England?°. It provides clinicians with guidance on detection and surveillance of

a number of aspects of maternity care, including managing FGR. The document

defines FGR in a current pregnancy as either of the following:

e EFW or AC <3 centile

e EFW or AC <10™" centile with evidence of placental dysfunction (either):

14



o Abnormal uterine artery Doppler (mean pulsatility index (P1) >95%

centile) between 20-24 weeks and/or

o Abnormal umbilical artery Doppler (absent or reversed end

diastolic flow (EDF) or PI >95! centile)?°.

Most clinicians have adopted this definition for FGR to inform their management

of affected pregnancies, and so for the purposes of this study, FGR has been defined

in line with the Saving Babies’ Lives Care Bundle definition outlined above.

Risk factors for fetal growth restriction can be identified as early as the first

trimester (Table 2)17. Such women are offered serial ultrasound measurements from

26 weeks’ gestation. Pregnant women at a lower risk of FGR should be offered serial

symphysial fundal height (SFH) measurements every 4 weeks from 24 weeks’

gestation and referred for ultrasound assessment if the SFH fails to follow a linear trend

or plots below 10 centile?”.

Minor risk factors

Major risk factors

Maternal age 235 years

Maternal age >40 years

IVF singleton pregnancy

Smoker 211 cigarettes/day

Nulliparity

Paternal SGA

BMI (Body Mass Index) <20

Maternal SGA

BMI 25-34.9

Cocaine use

Smoker 1-10 cigarettes/day

Daily vigorous exercise

Low fruit intake pre-pregnancy

Previous SGA baby

Previous pre-eclampsia

Previous stillbirth

15



Pregnancy interval <6 months Vaginal bleeding

Pregnancy interval 260 months Pregnancy associated plasma protein—A

(PAPP-A) <0.4

Maternal medical conditions (chronic
hypertension, diabetes with vascular
disease, renal impairment,

antiphospholipid syndrome)

Table 2: Minor and major risk factors for development of FGR'’.

Biometric measurements through serial ultrasound scans every 2-4 weeks for
patients at high risk of FGR help to determine whether the trend in growth is declining
or becoming static. The 3 parameters for biometry are head circumference, abdominal
circumference and femur length, which are computed into a formula (most commonly
the Hadlock formula) to generate an estimated fetal weight. Other ultrasound markers
for growth restriction include abnormal Doppler waveforms. Abnormal fetal middle
cerebral artery (MCA) Doppler velocimetry reflects redistribution of blood to the
cerebral circulation, known as the “brain-sparing effect” of growth restriction, and
abnormal Ductus Venosus Doppler waveforms indicate abnormal fetal cardiac
function'®. Abnormal umbilical artery Doppler velocimetry reflects abnormal
fetoplacental impedance associated with placental dysfunction and may be associated

with a significant risk of perinatal mortality if delivery is not expedited?®.

It has been postulated that development of these disorders of placentation may

be the result of inadequate prior involvement of the maternal adaptive immune system

16



(see literature review) from insufficient exposure to antigens in seminal fluid or donor
gametes, and this may account for some of the known risk factors for PE, such as
nulliparity, a pregnancy with a new partner, shorter sexual relationships prior to
conception, use of barrier contraception and conception with a donor embryo?*23, As
the clinical signs and symptoms of PE typically develop in the late second and third
trimester, when T lymphocytes comprise 50-60% of the decidual leukocyte population,
it is vital to consider the role of these leukocytes in the aetiology of these diseases?”.
By uncovering the possible immunopathological mechanisms of these diseases,
potential targets for earlier detection and treatments for these diseases could be

developed to positively alter the outcome of these pregnancies.
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LITERATURE REVIEW: DECIDUAL T CELL IMMUNOLOGY

Introduction

In healthy human pregnancy the immune system adapts to tolerate the semi-allogenic
fetus and emerging evidence suggests that dysfunction of this immune tolerance may
be implicated in complications of pregnancy such as recurrent miscarriage, PE and
FGR. Certainly the maternal decidua contains a wide variety of immune cells and must
maintain immune tolerance whilst in close juxtaposition to the haemochorial placenta.
Cell-mediated immune tolerance in normal pregnancy has been studied over recent
years and exciting discoveries about the characteristics of T cells in human pregnancy
have been made. It is known that T cells at the maternal-fetal interface recognise fetal
cells and have specificity for fetal peptides. Extrinsic control of T cells mediated by T
regulatory cells and intrinsic control by checkpoint proteins such as Programmed
Death-1 (PD-1) are thought to prevent a destructive maternally-derived immune
response towards the fetoplacental unit. This work has led researchers to postulate
whether impaired control of the immune response by T cells may be implicated in the
pathophysiology of PE, a pregnancy disorder characterised by a systemic
inflammatory response to endothelial cells in the mother and the fetoplacental
circulation. Both animal and human studies have implicated a T cell cytokine bias and
defective intrinsic and extrinsic regulation in the pathogenesis of PE. As such, more
human studies that follow a standardised approach for isolating T cells from the
maternal-fetal interface are needed in order to determine the extent to which, if at all,
T cells play a role in the aetiology of PE. In doing so, a targeted curative or attenuating
immunotherapy may be developed for a currently incurable and irreversible disease

that affects the lives of hundreds of thousands of mothers and babies worldwide.
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Overview of the innate and the adaptive immune system?2>-28

The human immune response uses both innate and adaptive mechanisms to protect
the host from pathogenic microbes and eliminate toxins and allergens that enter
through mucosal surfaces, whilst being able to distinguish “self” from “non-self’?>. This
distinction is made by detecting structural features on the surface of invading
pathogens that are different from host cells, known as antigens. The innate immune
response can be broadly described as an in-built host response that recognises
common patterns shared by many pathogens and is the initial immune response to an
invading pathogen. In contrast, the adaptive immune system, which is formed from a
small number of cells that can assemble highly specific antigen-binding molecules
unique to a particular pathogen, toxin or allergen, is the secondary response, since it
requires time for the highly specific cells to proliferate to mount an effective response.
The cells produced by the adaptive immune response can persist in the host many
years after the initial immune response has occurred, lying dormant until further
exposure of the same pathogen, to which a more rapid response can be initiated. This
immune memory function allows a more effective response on subsequent exposure

following the initial sensitising event.

The innate and adaptive immune responses are entirely synergistic, which is crucial to
a complete and fully effective immune response. The innate immune system activates
the antigen-specific adaptive immune response, which in turn recruits innate immune

mechanisms to amplify the response to the invading pathogen.

Mechanisms of the innate immune response include physical barriers such as

mucociliary layers lining internal organ epithelia, which are always active, or those that
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are activated upon recognition of surface antigens on invading microbes, such as
complement proteins and cytokines. The cellular component of the innate response
comprises key leukocytes in the human peripheral circulation, namely neutrophils and
monocytes (which mature to macrophages in tissues), basophils, mast cells and
eosinophils. The role of neutrophils and monocytes is to first secrete destructive
chemicals and enzymes to digest pathogen-related proteins, and then engulf the
resulting products in a process termed phagocytosis. Monocytes and macrophages
are part of a key group of cells known as antigen-presenting cells (APC), the function
of which is to present phagocytosed microbial antigens to cells of the adaptive immune
system, thereby activating this arm of the immune response. Antigen presentation
occurs via class | and class Il major histocompatibility complex (MHC) molecules, cell
surface glycoproteins expressed by APCs. Class | MHC molecules present peptides
synthesised within the APC from microbial proteins, whilst Class II MHC molecules

present microbial peptides ingested and proteolysed by the APC.

The cellular response of the adaptive immune system is led by key lymphocytes: T
cells and B cells. These cells arise from differentiation of common lymphoid progenitor
cells. Other mature lymphocytes that derive from this lineage are natural killer (NK)
cells and NK-T cells. B cells are defined by their production of antibodies, otherwise
known as immunoglobulins (Ig), which bind antigens and initiate downstream signalling
in the immune system to neutralise the infectious trigger. There are five main Ig
isotypes, all with different structures and functions: IgM, IgG, IgE, IgA and IgD. Notably
IgG, which is a monomer structure made of 2 heavy and 2 light amino acid chains, is
actively transported across the placenta to provide passive fetal and neonatal

immunity.
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T cells, whose role in disorders of placentation is the focus of this thesis, are defined
by their selective expression of CD4 or CD8 surface molecules. Initially, during their
development in the thymus, T cells are devoid of CD4 and CD8. They then
subsequently express both (CD4+CD8+), before being positively selected to express
either CD4 or CD8. CD4+ T cells make up 60-70% of the T cell population in blood and
are known as “helper T (Th) cells” since they activate a B cell-mediated antibody
(humoral) response as well as cellular responses. In contrast, CD8+ T cells, also
known as cytotoxic T cells, account for the remaining 30-40% of circulating T cells and
are recruited to destroy intracellular viruses and bacteria as well as acting against
tumour cells. During a primary response to a foreign antigen, CD8+ and CD4+ T cells
are activated through class | and class Il MHC molecules respectively, which present
antigens to the T cells and interact via T cell surface receptors (TCR). This results in T
cells differentiating in to functionally distinct subsets. Upon stimulation via MHC Class
Il molecules, naive CD4+ Th cells differentiate in to Thl, Th2 or Th17 cells depending
on cytokines expressed at the site of activation. Interleukin (IL)-12 produced by
macrophages and NK cells induces Th cells to differentiate in to Thl which support
cell-mediated immune responses. IL-4 from basophils, mast cells and NK-T cells
triggers Th2 differentiation, which support humoral and allergic responses. IL-6 and
Transforming Growth Factor (TGF)-B induce Th17, which recruit neutrophils in
response to extracellular bacteria. Each subset is characterised by the transcription
factors they express, the cytokines they produce and their subsequent function. An
important subset of CD4+ T cells, known as regulatory T cells (Treg), downregulate
the immune response and divide in to two groups. The first group, which develop in

the thymus, are natural Treg cells (nTreg) and are characterised by cell surface
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expression of CD4 and CD25 and nuclear expression of the forkhead box P3 (FoxP3)
transcription factor. They secrete immunomodulatory cytokines TGF-3 and IL-10. The
second group develop in the periphery in response to antigen stimulation and are thus

called induced Tregs (iTreg).

Upon antigen recognition and activation via MHC Class I, CD8+ T cells target infected
or malignant cells through three main mechanisms. The first mechanism is through
release of anti-viral and anti-tumour cytokines, namely Tumour Necrosis Factor (TNF)-
a and interferon (IFN)-y. The second is through release of cytotoxic granules called
perforin and granzymes. Perforins perforate the target cell membrane, allowing
grazymes to penetrate the cell and inducing cell apoptosis. Thirdly, CD8+ T cells
express cell surface FasL molecules, which bind to Fas receptors on targets cells and

activate the caspase cascade, ultimately causing apoptosis.

The maternal immune system in normal pregnancy

In humans, MHC class | molecules can be subdivided in to the classical class I
antigens, HLA-A, -B, -C, which are highly polymorphic and mainly interact with T cells,
and the non-classical class | antigens, HLA-E,-F, -G, which are predominantly
monomorphic and mostly interact with NK cells?®: In pregnancy, the invasive EVT of
the placental villi, which migrate through the uterine decidua to remodel the
endometrial spiral arteries that support increased blood flow in pregnancy, are thought
to express HLA-C, -E, -F and -G?°. Notably, EVT is devoid of HLA-A and -B, the
antigens associated with graft rejection®®. The syncytiotrophoblast, which forms the
outermost layer of the placental villi and is in direct contact with maternal blood, does

not express any surface membrane HLA class | or class Il molecules and hence is not
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involved in a fetal-specific immune response. As a result, in normal pregnancies,
interaction of the placenta with the maternal immune system is restricted to (1) the
EVT, (2) trafficking of paternally-derived fetal cells peripherally in the maternal
circulation which can persist for many years, known as microchimerism, and (3) the
potential breakdown of the syncytiotrophoblast barrier to expose underlying fetal-
derived structures?2242°, Microchimerism has been shown to induce a memory T cell
response, which may have a role in suppressing the degree of microchimerism and
inducing tolerance to these antigens on further exposure in subsequent

pregnancies?224:30-32,

A cellular adaptive immune response to pregnancy

In early human pregnancy, uNK cells and macrophages dominate the immune cell type
within the decidua and are essential for implantation and facilitating cytotrophoblast
invasion to initiate spiral artery remodelling°. Indeed pregnant murine models depleted
of uNK cells show immature and oedematous decidua and a lack of spiral artery
remodelling®3-3%, The EVT interact via HLA -E, -G and —C with corresponding receptors
on the surface of uNK cells to promote angiogenesis, stimulate production of
inflammatory cytokines, inhibit NK-mediated killing of the trophoblast and influence
trophoblast invasion?®36, As the pregnancy advances beyond the first trimester, the
number of NK cells at the maternal-fetal interface plateaus, whilst the number of T cells
increases. This temporal shift in leukocyte composition suggests that a dynamic
change in cellular adaptive immune response takes place in the decidual environment
and there is evidence that decidual T cells can recognise fetal tissue and are fetal-
specific?43937, Indeed, work published by Moss and Kilby has demonstrated that HY-

specific CD8+ T cells exist both peripherally and in decidual tissue following a male
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pregnancy, with a higher number of these fetal-specific T cells located in the decidua
than peripheral blood, and a further increase in HY-specific T cells is seen if there are
subsequent male pregnancies®’. The group has also shown significantly stronger
proliferation of decidual CD4+ and CD8+ T cells in response to fetal antigen
exposure®. There are also decidual T cells with specificity for cytomegalovirus and
Epstein-Barr virus mediated through HLA-A and —B; an inherent adaptation to protect

the pregnancy from infective pathogens®°.

In healthy human pregnancies, decidual T cells exhibit a highly differentiated effector
memory (EM) phenotype, characterised by lack of CD45RA and CCR7 expression,
compared to those in peripheral blood??237; the proportion of CD4+ and CD8+ EM cells
in the decidua is two- to three-fold higher than their respective populations in peripheral
blood?437. The traditional role of memory T cells is to enable the immune system to
effectively target a recognised foreign antigen and enable a more efficient clearance
of pathogens on secondary exposure. However, the same response in pregnancy
would be devastating. Studies have demonstrated that EM T cells are likely to have
altered functions, proliferation profiles and migratory abilities in pregnancy which help

to generate immune tolerance towards paternal-fetal antigens in pregnancy?224.27.37,

Importantly, evidence has demonstrated these adaptive and functional T cells are
under extrinsic and intrinsic control to protect the pregnancy. Treg cells comprise
approximately 20% of the decidual CD4+ T cell repertoire at term and provide extrinsic
regulation. Their evolution is thought to be the hallmark for successful eutherian
pregnancy?*. In vitro depletion of human decidual Treg cells leads to increased fetal-
specific proliferation of decidual T cells on co-culture with cord blood lymphocytes®”.

Programmed death-1 (PD-1) is considered a key intrinsic inhibitory checkpoint
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molecule associated with preventing immune-mediated tissue damage and facilitating
peripheral tolerance by enabling Th2 expansion and exerting inhibitory effects upon
TCR activation by antigen stimulation®8. PD-1, which is expressed by different
lymphocyte subsets including B cells and NK cells as well as T cells, and its ligands
PD-L1 and PD-L2 are involved in transplant tolerance®®. Our group, and others, have
demonstrated that there is increased expression of PD-1 by decidual effector memory
CD4+ and CD8+ T cells compared with peripheral blood T cells in healthy pregnancy,
which is thought to represent an “exhausted state” that reflects the cells that have
undergone repeated stimulation with an antigen®3’. PD-L1 is expressed by villous
syncytiotrophoblast and cytotrophoblasts at the maternal-fetal interface, possibly

reflecting the role of PD-1 in local regulation of the immune response to pregnancy“°.

Increased understanding of the physiological profile of circulating maternal, fetal and
decidual T cells in healthy pregnancy and the mechanisms that underpin maternal
immune tolerance in healthy pregnancy has led to a range of hypotheses which aim to
explain mechanisms by which dysregulation of this immune tolerance may lead to the

development of pregnancy-related disorders.

Animal studies in PE

Human placentation is a unique process distinct from any other animal, and whilst there
is no perfect animal model for human placentation, cellular tolerance in the
fetoplacental interface is ideally studied in haemomonochorial placental models such
as non-human primates and Guinea pigs. However ethical considerations and costs
increase with increasing animal size, limiting the use of larger animals such as primates

in research!. Established mouse models and other rodents have the advantage of
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shorter gestations, reduced housing costs and readily available embryonic stem cells
to facilitate gene targeting studies. However there are marked differences between
murine and human placentation, including relatively shallow trophoblast invasion of
uterine arteries and vascular remodelling, which limits the use of mice as models,

particularly in the context of PE and FGR?.

The animal studies investigating the role of T cells in PE described below are

summarised in Table 3.
A Th1/Th2 imbalance

One of the earliest models for immune regulation in pregnancy indicated that normal
pregnancy favoured an anti-inflammatory Th2 profile, driven by progesterone and
interleukin (IL)-4 secretion by the placenta, and suppressed an inflammatory Thl
phenotype*!. Thus, it was commonly postulated that an increased Th1l:Th2 ratio
favoured an inflammatory response and could lead to the development of
malplacentation. Indeed several animal models have demonstrated that PE-like
symptoms can be mimicked from a Thil-mediated immune response®?. Adoptive
transfer of activated Thl-like cells into previously normotensive pregnant mice was
shown to rapidly induce hypertension and proteinuria, a response not seen when non-
pregnant control mice were injected with the same cells*3. In another murine model,
CD4+ cells isolated from the maternal surface of placentas from pre-eclamptic women
were injected into pregnant rats. These rats demonstrated a significant rise in mean
arterial pressure (MAP) and a significant increase in circulating inflammatory cytokines,
TNF-a and IL-17, again a response that was not seen in rats injected with placental

CD4+ T cells from healthy human pregnancies**. The authors had previously shown
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that TNF-a causes hypertension associated with oxidative stress and IL-17 stimulates
reactive oxygen species (ROS) in association with hypertension in pregnancy, and
blocking TNF-a or IL-17 lowers blood pressure and vasoactive pathways in PE rat
models*>48, Therefore, they suggested that CD4+ T cells and the associated
inflammatory cytokines had a role in development of PE symptoms through a pro-

inflammatory process*.
Defective extrinsic and intrinsic regulation of the cell-mediated immune response in PE

The potential lack of extrinsic and intrinsic regulation of T cells in pregnancy leading to
PE has also been investigated. In terms of extrinsic control, reduced uterine perfusion
pressure (RUPP) pregnant rat models infused with IL-10, a cytokine vital for enhancing
differentiation of Treg cells and regulating production of inflammatory cytokines,
resulted in an increase in circulating Treg numbers to a level similar to normal
pregnancy rats, as well as an improvement PE-like symptoms, and reduced numbers
of circulating CD4+ T cells and pro-inflammatory cytokines such as TNF-a and IL-649-0,
In another study using RUPP rat models, anti-CD28 superagonistic antibody was used
to stimulate endogenous Treg cell proliferation®l. CD28 is a costimulatory receptor that
is essential for T cell activation and differentiation, in addition to the primary antigen-
mediated T cell activation that occurs via TCR. In vitro CD28 antibodies mimic the
costimulatory signalling in combination with TCR-mediated stimulation, usually via
TCR antibodies®2. In contrast, CD28 superagonists can activate human, rat and mouse
T cells upon CD28 binding, without the need for TCR activation®2. The group found
that the intervention significantly increased circulating Tregs in the RUPP rats as well
as reducing vasoactive factors and improving hypertension®!. This response was not

seen with normal pregnancy rats injected with the superagonist antibody. Additionally
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there was a significant increase in fetal weight, suggesting that induction of
endogenous Tregs may positively affect maternal and fetal outcomes in response to
placental ischaemia. Studies in mouse models also show that paternal antigen-specific
Treg cells expand peripherally and locally during pregnancy, primed by seminal
plasma, however, paternal antigen-specific Treg cells have not been directly identified

in human pregnancy®3°4,

Regarding intrinsic control, murine models have shown that PD-L1 deficient-mice have
significantly reduced fetal survival rates®. PD-L1 is an inhibitory T cell costimulatory
molecule. In this model, fetal rejection was T cell-dependent because PD-L1 blockade
caused fetal rejection in B cell-deficient mice but not T cell-deficient mice. Furthermore,
a higher frequency of peripheral IFN-y-producing cells was detected in the
experimental group, as well as a higher expression of IFN-y locally at the placental
level. This suggests that PD-L1 may contribute to feto-maternal tolerance by limiting
expansion of alloreactive Thl cells that would otherwise promote fetal rejection. The
same group subsequently investigated the interactions between Tregs and PD-L1,
since these cells also express the ligand, and found that depletion of Tregs in pregnant
mice negated the effect of subsequent PD-L1 blockade, suggesting that the effect of
PD-L1 in facilitating immune tolerance may be mediated by Tregs®6. Additionally,
transfer of Tregs in to PD-L1-deficient mice significantly improved fetal survival. Thus,
there is much evidence from animal studies that the PD-1/PD-L1 pathway is actively
involved in promoting immune tolerance in pregnancy, and interruption of this pathway
results in fetal rejection. Pre-eclamptic rat models treated with PDL1-Fc, an activator
of the PD-1 pathway, demonstrated a significant and sustained reduction in systolic

blood pressure and proteinuria, reduced fetal resorption, and higher fetal and placental
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weights, suggesting that treatment improved PE symptoms, restored renal function in
this model and reversed fetal growth restriction®’. Administering PDL1-FC was also
associated an increase in Treg cell numbers. Harnessing this pathway to treat PE by
augmenting PD-1 levels would not only support induced Treg function but also
suppress Thl cell activation and is an exciting prospective therapeutic target that

requires further investigation.
Limitations of animal studies

It is crucial to remember the limitations of animal models in their applicability to human
pregnancy*?. In normal human pregnancy both pro- and anti-inflammatory immune
responses are important; implantation, spiral artery remodelling, protection against
infection and parturition are all Thl1-mediated*?. Furthermore, unlike humans, mouse
syncytiotrophoblast expresses paternally-derived MHC class | molecules and would
therefore be susceptible to a T-cell mediated immune response if not regulated by
mechanisms such as Treg cells and checkpoint proteins?®. Thus, good quality human
studies are crucial to understanding the role of T cells in the pathophysiology of

malplacentation disorders.
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First Author

Year

Study design and
methods

Results

Reference

Zenclussen et al

2004

Normotensive
pregnant mice
injected with
activated Thl-like
cells

Rapidly induced
hypertension and
proteinuria

43

Harmon et al

2019

Placental CD4+ T
cells from pre-
eclamptic women
injected into
pregnant rats

Significant rise in
mean arterial
pressure,
inflammatory
cytokines

44

Nevers et al
Harmon et al

2011
2015

RUPP pregnant
rats infused with IL-
10 (enhances Treg
differentiation and
regulates
inflammatory
cytokines)

Increased
circulating Tregs,
decreased
circulating
inflammatory
cytokines,
improved-PE like
symptoms

49
50

Ibrahim et al

2017

RUPP rat models
injected with anti-
CD28 superagonist
antibody (activate T
cells)

Increased
circulating Tregs,
improved
hypertension and
fetal weight

51

Guleria et al

2005

Pregnant mice
underwent  PDL1
blockade (inhibitory
T cell costimulatory
molecule)

Increased T cell-
dependent fetal
rejection and
higher peripheral
and placental
IFN-y

55

Tian et al

2016

Pre-eclamptic  rat
models treated with
PDL1-Fc (activates
PD-1 pathway)

Significantly
reduced BP and
proteinuria, less
fetal resorption,
higher fetal and
placental
weights,
increased Tregs

57

Table 3: Summary of animal models demonstrating the role of T cells in PE.
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Human studies

Historically, restricted access to human placental tissue has limited studies
investigating the decidual T cell repertoire in normal and pathological pregnancies.
Nevertheless attempts are now being made to uncover the composition and function
of T cells in both the peripheral maternal blood and the maternal-fetal interface in

human pregnancies.

The human studies investigating the role of T cells in PE described below are

summarised in Table 4.
PE as an inflammatory autoimmune response

Immunohistochemistry of placental bed biopsies has shown that whilst the total
number of decidual CD45+ leukocytes is similar in pre-eclamptic and normal
pregnancies, the proportion of CD3+ T cells is significantly higher in PE®®, Of these
CD3+ cells, a higher proportion were CD8+ T cells in women with PE, indicating that
inflammation is a key component of the pathogenesis of the disease®. Th17
lymphocytes are a subset of CD4+ T lymphocytes that produce IL-17. It is suggested
that Th17 upregulation may contribute to the development of chronic inflammatory
diseases, autoimmune diseases and transplant rejection®’. A study investigating the
prevalence of Th1l7 lymphocytes in PE found that intracellular expression of IL-17 in
peripheral blood CD4+ T cells was significantly higher in PE compared to healthy
pregnant controls®®. Moreover the ratio of Th17 cells to Treg cells was higher in PE
and there was a positive correlation between the percentage of IL-17-producing CD4+
T cells and the percentage of IL-2 and IFN-y producing CD4+ T cells®. IL-2 and IFN-y

are Thl cytokines, typically expressed as part of an inflammatory response. The
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authors of this study suggested that in PE, upregulation of Th-17 immunity acts through

the activation of these Th1l cytokines.
A potentially altered and functionally impaired T cell repertoire in PE

A study in which T lymphocytes were isolated from the peripheral blood and the
maternal-fetal interface at Caesarean section (CS) showed that a skewed population
towards a more differentiated memory phenotype exists in the peripheral blood of pre-
eclamptic patients, with reduced naive CD4+ T cell expression and concomitant
increase central memory (CM) T cell expression®. A similar trend was seen in the
maternal-fetal interface, though this was not statistically significant. The proportion of
decidual T cell lymphocyte subpopulations has varied considerably in studies. In
contrast to the study mentioned in the previous section, which showed higher CD8+
proportions in placental bed biopsies from women with PE, Rieger et al. found that the
number of CD8+ T cells was reduced in the decidua of women with PE compared to
control patients®861. The authors of this study hypothesised that since an inflammatory
environment is key for tumour cell invasion, and invasive trophoblasts share many
properties of tumours, that reduced trophoblast invasion associated with PE
development may be a consequence of the lower inflammatory cell population in the

placental bed®?.

Nguyen et al showed that both CD4+ and CD8+ naive T cells in the peripheral blood
of pre-eclamptic patients may be functionally impaired, as measured by reduced
production of IL-2, and peripheral blood memory CD8+T cells displayed a reduced
capacity for IFN-y production in PE, though production of other cytokines such as

Granzyme A, Perforin A and TNF-a seemed to be unaffected®®. This observation was
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not seen in the decidua. This is an unexpected finding which seems to contrast the
aforementioned human and mouse studies identifying PE as an inflammatory condition
likely to be associated with an increase in IFN- y. IL-2 is essential for thymic induction
and peripheral maintenance of Treg functionality and so reduced levels of this cytokine
may relate to reduced immune tolerance of the pregnancy by contributing to Treg
dysfunction. This functional impairment was not reflected in the classical markers of T
cell exhaustion, as CD27 and CD28 cell surface expression was similar in PE and

healthy pregnancies®.
Peripheral and decidual Treg numbers and functionality in PE

Whilst paternal antigen-specific Treg cells have not been directly identified in human
pregnancy, there has been work to show that human decidual Treg cells have fetal-
specificity. Tilburgs et al. demonstrated that decidual Treg cells exhibited higher
suppression towards self-fetal cord blood than non-self cord blood, which was not seen
with peripheral Treg cells, suggesting that fetal-specific Treg cells may exist at the
human maternal-fetal interface®”.2., Some studies have shown that peripheral and
decidual CD4+CD259" Treg cell pools decrease in PE, although it is unclear whether
the reported reduction is a decrease in the total number of Tregs or in the number of
fetal-specific Treg cells®3. However, there is evidence that clonal expansion of decidual
CD4+CD45RA-FoxP3hdh effector Treg cells is reduced in both early and late-onset PE
compared with normal pregnancies in the third trimester, suggesting fetal-specific
tolerance may be impaired®*%4. In one study, intracellular expression of anti-apoptotic
protein Bcl-2 in CD4+CD25+FoxP3+ Treg cells in the peripheral blood of pre-eclamptic
women was significantly lower than healthy pregnant controls, suggesting that the

lower number of Treg cells seen in PE may be associated with increased apoptosis
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signalling®. In another study, whilst an unexpected increase in circulating Tregs was
found in the PE cohort, these cells were functionally impaired as depletion of Tregs
from peripheral blood in PE did not enhance the proliferative response of T cells on
exposure to irradiated cord blood®°. Decidual CD14+DC-SIGN+ APCs seem to play an
important role in local iTreg cell induction in healthy pregnancies. In PE, CD14+DC-
SIGN+ APCs have been shown to have reduced expression of tolerogenic molecules
such as HLA-G and the immunosuppressive protein Immunoglobulin-like Transcript-4
(ILT4), associated with poor iTreg induction in vitro and likely compensatory nTreg cell

induction to the inflamed decidua to control the local alloresponse®®,
The PD-1/PD-L1 pathway in PE

A recent study into the role of PD-1 in human severe early-onset PE (before 34 week’s
gestation) found PD-1 expression by peripheral CD8+ and CD4+ T cells, NKT-like cells
and Treg cells was significantly upregulated in women with the disease, whilst the
ligand PD-L1 was only significantly upregulated in NKT-like cells®’. Additionally,
cytotoxicity of PD-1+CD8+ T cells in early-onset PE was greater than in normal
pregnancies. The authors hypothesised that this unexpected increase in PD-1
expression may represent cell activation rather than cell exhaustion and may be
associated with the failure of the PD-1/PD-L1 pathway to downregulate Thl responses,
thus contributing to immune activation and the clinical inflammatory picture associated
with early-onset PE. Furthermore, it was suggested that if the Treg population is
decreased in PE, as discussed previously, peripheral induction of further Tregs from
naive T cells through the PD-L1/PD-1 pathway could be reduced, and thus contribute

to the reduced immune tolerance in PE. Whilst this work is of interest, it is imperative
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that human studies to investigate the role of PD-1 locally at the maternal-fetal interface

are undertaken, rather than focus solely on human peripheral blood experiments.
A potential infective trigger?

Flow cytometric analysis on the peripheral blood of pre-eclamptic women
demonstrated a significantly higher percentage of CD4+ CD45RO+ memory T cells
and a significantly lower percentage of naive CD45RA+ T cells compared with healthy
pregnant controls®®. These findings did not alter when pre-eclamptic patients were
compared on parameters such as parity or gestation. It has been suggested that this
leukocyte activation in PE may be associated with infection in pregnancy predisposing
women to PE. This has been shown in animal models where transfusion of bacterial
endotoxins in pregnant rats mid-gestation caused a significant increase in blood
pressure and urine albumin excretion®. Another study which identified pregnant
women at high risk of developing PE, found that 11.5% had bacteriuria and 14% had
vaginal infections, all of which were treated with antibiotics. They found that the
incidence of PE was reduced by almost 53% and hypothesised that chronic subclinical
infections may increase maternal cytokine levels and affect vascular endothelial

function, potentially lowering the threshold to develop PE symtoms?0:71,
Aberrant HLA molecule expression may affect T cell activity

The unique expression of non-classical HLA molecules by the EVT and lack of
expression of HLA by the syncytiotrophoblast is thought to be a crucial mechanism for
protecting the pregnancy against maternal allo-reactive T cells’?. Therefore, there has
been much focus on these molecules to determine whether these may be linked with

pregnancy complications. Although it is well-established that the syncytiotrophoblast
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does not express MHC class | or class Il antigens, it has been reported that a soluble

form of HLA-G may be secreted by the syncytiotrophoblast, though this remains

controversial’>’3. Membrane-bound and soluble HLA-G are expressed by the EVT and

expression is thought to downregulate CD4+ and CD8+ T cells in order to protect the

pregnancy from a cell-mediated immune response. It has been suggested that reduced

soluble HLA-G expression by the trophoblast may lead to inadequate immune

tolerance at the maternal-fetal interface and result in PE. Additionally, aberrant

expression of HLA-DR, a MHC class Il molecule, has been detected on the apical

membrane of the syncytiotrophoblast cells of a significant number of pre-eclamptic

women and none of the control samples, suggesting that HLA-DR expression may lead

to potential downstream pathways leading to enhanced T cell responses in PE"4.

peripheral blood and
maternal-fetal
interface at CS

memory phenotype
in PE (only
significantly

different in blood).
Reduced IL-2 and
IFN-y production in
naive peripheral
blood T cells

First Author | Year | Study design and | Results Reference
methods
Milosevic- 2019 | Immunohistochemistry | Higher proportion of | 58
Stevanovic of placental bed |CD8+ T cells in
et al biopsies women with PE
Darmochwal- | 2012 | Th17 and Treg levels | Significantly higher | 59
Kolarz et al were measured in the | 1L-17 levels
peripheral blood of | (produced by Th17)
pregnant women with [ in PE and higher
PE Th17:Treg cell ratio.
Positive correlation
between IL-17 and
Thl cytokines in PE
Nguyen etal | 2017 | T cells isolated from | More differentiated | 60
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(suggesting they are
functionally
impaired).

Rieger et al

2009

FACS analysis of
decidual leukocyte
subpopulations in
decidual tissue of
pregnant women with
PE

Reduced decidual
CD8+ T cell
population in PE

61

Tilburgs et al

2008

Matched sampled of
decidua basalis,
peripheral blood and
cord blood obtained
from healthy term
pregnancies.

Higher suppression
towards  self-fetal
cord blood vs. non-
self cord blood by
decidual Tregs,
suggesting  Tregs
have fetal specificity

62

Sasaki et al

2007

Flow cytometric
analysis of peripheral
blood Tregs and
immunohistochemical
staining of placental
bed biopsies in PE and
control

Reduced peripheral
and decidual Tregs
in PE

63

Tsuda et al

2018

Paired samples of
peripheral blood and
decidua from
terminations of
pregnancy and
miscarriage, as well as
3 trimester samples
from PE patients

Higher frequency of
clonally expanded
Tregs in 3rd
trimester vs. 1%
trimester. Tregs
rarely seen in
peripheral blood.
Reduced decidual
populations of
clonally expanded
effector Tregs in
pre-eclampsia
compared with
normal 3" trimester
samples.

64

Darmochwal-
Kolarz et al

2012

Flow cytometric
analysis of Treg cells

Significantly
reduced intracellular

65
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from the peripheral | expression of anti-
blood of pre-eclamptic | apoptotic protein

patients Bcl-2 in Tregs in PE

Hsu et al 2012 | Peripheral blood and | CD14+ DC-SIGN+ | 66
decidua basalis | APCs failed to
samples collected | induce iTregs in

from  healthy 3| decidua of PE
trimester pregnancies | samples. Impaired

and those affected by | peripheral iITreg
PE expansion in PE vs.
healthy pregnancy
Meggyes et | 2019 | Flow cytometric | Significant 67
al analysis of blood | upregulation of PD1

collected from women | by CD4+, CD8+ and
with early-onset (34 | Treg cells in early
weeks) PE onset PE

Table 4: Summary of human studies demonstrating the role of T cells in PE.

Human Studies in FGR

Villitis of unknown aetiology (VUE) is a common placental lesion associated with
histopathological examination of placentas from pregnancies affected by FGR and
stillbirth’. It is an inflammatory condition of the placenta, not associated with an
infective cause, and although seen in up to 15% of placentas from healthy pregnancies
at term, it is present in almost 29% of FGR infants’®. Studies to characterise the
composition of immune cells in the placenta affected by VUE have shown that fetal
macrophages and maternal CD4+ T cells were the most prevalent immune cells, with
maternal CD8+ T cells still elevated but present to a lesser extent’’. Examination of
cytokines in VUE lesions has also shown a pro-inflammatory Thl-mediated cytokine
environment, with increased IL-2 and IL-1277. These findings suggest that VUE is a
Thl-mediated pan-placental inflammatory immune response, as opposed to affecting

discrete areas in the placenta as suggested in earlier studies’’. The presence of
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cytotoxic CD8+ cells have been suggested to contribute to placental vasculopathy and
intravillous cell apoptosis’’. Studies have also found increased FOXP3+ Treg
expression in VUE, suggesting a response by the maternal immune system to “rescue”

the failing placenta from the immune response similar to that seen in graft rejection’8.
Limitations of current human studies

When interpreting these results it is important to consider the wide variation in methods
for obtaining and preparing tissue samples. Whilst some studies have used placental
bed biopsies, which may be contaminated by myometrial tissue and peripheral blood
cells, other studies have obtained decidua either by endometrial curettage during CS
or dissected decidual samples from the basal plate of the placenta following vaginal
delivery®®6l, Similarly, quantitative analysis is not standardised between studies, with
some using immunohistochemistry and others using FACS-based analysis. Such
inconsistencies make direct comparisons between results of studies extremely difficult
and more work is needed to optimise a sampling and analysis method that can help to

build definitive evidence for the role of T cells in pregnancy disorders.

The possibility of immunotherapy for malplacentation disorder

Parallels between tumour immunity and immune tolerance of pregnancy have led to
Tregs being implicated as a potential target for treatment of PE and FGR. Treg
depletion is associated with tumour immunity in rodents and tumours are found to be
rich in Foxp3+ Tregs, so it is possible that nTregs that promote self-tolerance may act
to impede immune surveillance against cancers in normal individuals whilst
suppressing responsiveness to tumours in cancer patients’®8, Thus, Tregs have been

proposed as a target of cancer immunotherapy®. In the same way, Tregs could be
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targeted for boosting immune tolerance in pregnancy as natural Tregs retain their
suppressive function and proliferative capacity after expansion in vivo and in vitro, so
potential clonal expansion of antigen-specific natural Tregs could help augment feto-

maternal tolerance. This principle would also apply to preventing transplant rejection®.

Conclusion of literature review

This review has summarised the current understanding of the role of T
lymphocytes in normal pregnancy and discussed existing animal and human studies
investigating the potential role of T cells in the pathophysiology of PE. Whilst there is
consensus that T cells exhibit specificity towards fetal antigens and have a unique
profile in the decidua, much work is needed to determine whether T cells are implicated
in PE, either directly through a T cell-mediated inflammatory response that may
underlie the development of the maternal syndrome of PE, or indirectly through
impaired regulation. Indeed, it has been proposed that PE should be considered as a
two-stage disease; with the first stage characterised by defective spiral artery
remodelling leading to abnormal placental development, and the second hallmarked
by the maternal signs and symptoms associated with a systemic inflammatory
response with endothelial dysfunction and release of vasoactive substances?®. It may
be that T cells have a role in this second stage as a downstream consequence of NK

cell activity, rather than being at the epicentre of the disease process.
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PROJECT AIM

As mentioned above, our group demonstrated previously that a maternal cellular
immune response against the fetus is present in healthy pregnancies but is regulated
by expression of inhibitory checkpoint proteins and T regulatory cells within the
maternal decidua'®. The aim of this project was to determine the feasibility of collecting
and isolating T cells from women whose pregnancies were complicated by PE or FGR,
so that future studies can be planned to investigate T cell function and possible

dysregulation in these disorders.
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HYPOTHESIS

We hypothesised that there would be significantly higher decidual CD4+ and CD8+ EM
T cell populations compared to matched blood samples in cohorts from PE and FGR,
and that peripheral blood CD4+ and CD8+ T cell levels would be higher in these
cohorts compared to healthy control. In addition we hypothesised that there would be
significantly higher decidual CD4+ and CD8+ T cell populations in pregnancies

affected by PE and FGR compared with healthy control pregnancies.
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METHODS

Patient recruitment

The eligibility criteria for inclusion in the study were as follows:

 Over 18 years old

* Understands and speaks English

* PE as defined by the National Institute for Health and Care Excellence (NICE):
BP >2140/90 and urine PCR 230mg/mmol >20 weeks gestation)®

* No sepsis or chorioamnionitis in labour

« FGR, defined as either an EFW or AC plotting below the 3" centile or plotting
below the 10" centile with evidence of placental dysfunction (abnormal uterine
artery Doppler between 20-24 weeks’ or abnormal umbilical artery Doppler) in a

non-smoker and not secondary to an underlying congenital anomaly?°,

Eligible patients for recruitment were identified from antenatal clinic, the antenatal
inpatient ward and the induction suite. Healthy pregnant women were also recruited as
control participants. Ethical approval for the study was granted by the West Midlands

Research Ethics Committee (REC reference 14/WM/1146).

Potential participants were offered written and verbal information about the study and
all participants provided written consent for recruitment in to the study. Maternal blood
(20ml) was collected during venous cannulation in labour or prior to elective CS. Once
delivered, cord blood (10ml) was aspirated from the umbilical cord. All blood samples
were collected in in lithium-heparin bottles to prevent clotting. Blood samples along

with the placenta were collected for T cell isolation. If immediate collection of samples
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was not possible, the placenta was stored in a refrigerator and blood bottles stored at

room temperature with a delay in collection of no more than 12 hours.

White blood cell isolation from whole blood

Blood samples were diluted in RPMI 1640 medium with 5ml penicillin G-streptomycin
mix to prevent bacterial contamination in a 1:1 ratio of blood to medium. This diluted
blood was then layered on to Lymphoprep™, a density gradient medium, before
centrifugation at 2000 revolutions per minute (rpm) for 30 minutes to isolate peripheral
blood mononuclear cells (PBMCs). Following isolation the PBMCs were suspended
again in RPMI 1640 medium up to 30ml and spun at 1500rpm for 10 minutes in order
to wash off any Lymphoprep. Following this, the supernatant was poured off and the
cell pellet was suspended in 5ml of red blood cell (RBC) lysis and left for 10 minutes
to ensure the remaining sample was devoid of any red blood cells. After this, the
suspension was washed in a further 30ml of RPMI 1640 and spun down at 1500rpm
for 10 minutes. After pouring off this supernatant PBMCs were suspended in 20ml of
RPMI1640 and 10uL of the suspension was used to count the number of cells in the

final sample using a haemocytometer.

If the sample was not being immediately stained for flow cytometry, the final sample of
isolated PBMCs was suspended in a freezing medium of 10% Dimethyl Sulfoxide
(DMSO) mixed with Fetal Calf Serum (FCS) and frozen down at -70°C in 1ml cryovials

with approximately 5x10° cells in each cryovial .

White blood cell isolation from the placenta

Macroscopic 2x2cm samples of decidua basalis were obtained from across the entire

surface of the placenta using sterile forceps and a scalpel to dissect the smooth
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decidua basalis layer from the underlying spongy placental tissue (Figure 3). Dissected
samples were washed in Phosphate-buffered Saline (PBS) before being divided into
smaller pieces (approximately 5mm?3 size) on a sterile agar plate to provide a greater
surface area for cells to be released from the tissue in to the culture medium. Decidua
basalis samples were cultured in RPMI 1640 medium supplemented with FCS and
GlutaMAX to optimise the environment for cell culture. After culturing the cells in a 12-
well plate at 37°C for 24 hours, the suspended cells were pipetted out of the plate in to

50ml tubes.

Figure 3: A full term placenta complete with cord and membranes.
Zoomed image shows demarcation of the decidua basalis layer from
the underlying villous placental tissue.

The decidua basalis tissue was collected from the wells and placed in to
gentleMACS™ C-Tubes to gently dissociate the tissue using the “mouse brain”
program setting on the Miltenyi Biotec gentleMACS™ dissociator to obtain a single-
cell suspension. After this the suspension was passed through a 70uM cell strainer to
allow cells from the suspension to be separated from the larger particles. This cell

suspension was then added to the initial suspension of cells obtained from the 12- well
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plate and the final suspension was subsequently washed in RPMI 1640 medium and
centrifuged at 1500rpm for 10 minutes, after which the cell pellet was resuspended in
5ml of RBC lysis buffer for 10 minutes at room temperature. Following lysis the
suspension was washed in 20ml of RPMI 1640 medium and spun at 1000rpm for 10
minutes. The remaining pellet was assumed to be white blood cells, which were
resuspended in RPMI supplemented with FCS and had been pre-warmed in a water
bath for 10 minutes. The cells from a 10uL sample of the suspended cells were counted
in a haemocytometer for an estimation of final cell quantity from the sample. As with
the PBMCs, if not being immediately stained and analysed, the cells were frozen down

in freezing medium (10% DMSO+FCS) at -70°C in 1ml cryovials.

Antibody staining and flow cytometry

If using frozen samples, the cryovials were thawed in a water bath at 37°C for 60
seconds and then samples were transferred out of the cryovials and in to pre-warmed
RPMI 1640 media with FCS. The thawed cell suspension was spun at 1000rpm for 8
minutes, after which the supernatant was poured off the pellet was then resuspended
in 3ml of MACS buffer to facilitate cell separation. The suspension was then passed
through a 30uM pre-separation filter in to a FACS tube to remove any cell aggregates
or large patrticles in the suspension and thus optimise the flow of the sample through
the flow cytometer. The filtered suspension was spun at 1500rpm for 5 minutes in the
centrifuge and the resulting supernatant poured off. The cell pellet was resuspended
in 20uL of FCR block, in order to block fluorescent antibodies binding to the Fc
receptors on other white cells such as B cells, monocytes and macrophages, thus

increasing the specificity of antibody binding to T cells.
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Fluorescent antibodies were then added to each FACs tube as outlined in Table 5 and

stained for 30 minutes in the fridge.

Antibody Fluorophore Volume (pL)
CD3 APC/Cy7 5

CD4 Brilliant Violet 510 4

CD8 PerCP55 4

CD45RA AF700 1

CCRY FITC 5

CD27 PE 5

CD28 APC 3

CD57 Pacific blue 5

PD-1 PE-Cy7 5

(Dump antibodies)

CD19 (B cells) ECD 3

CD14 (monocytes) ECD 3

CD56 (natural killer cells) ECD 3

Table 5: Composition and volume of fluorescent antibodies used for cell-staining.

After 30 minutes, the samples were washed in 3ml MACS buffer and spun at 1500rpm
for 5 minutes. After pouring off the supernatant the remaining antibody-stained cell
pellet was resuspended in 2 drops of MACS buffer ready for analysis in the flow
cytometer. Immediately prior to running the samples on the Beckman Coulter Gallios
Flow Cytometer, 1uL of propium iodide (Pl) was added to each sample to identify and

exclude dead cell artefact from the suspension during analysis.
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Gating strateqy for flow cytometric cell counting

The gating strategy used is summarised in Figure 4. Singlet cells were isolated on
forward scatter-area vs. forward scatter-height plots. From this, lymphocytes were
gated on forward scatter vs. side scatter. From this, T cells, which express CD3 were
then isolated from all other white cells through a “dump channel” that included
monocytes, which express CD14, B cells, which express CD19 and natural killer cells,
which express CD56, as well as dead cells, identified through PI staining. CD3+ T cells
were then gated for CD4+ and CD8+ expression, after which each type of T cell was
gated based on CD45RA and CCR7 expression to determine the composition of
memory T cell subtype in the blood and in the decidual tissue of women affected by
PE and FGR, compared with control (normal healthy pregnancy). These memory
subtypes were naive T cells (CD45RA+CCR7+), central memory T cells (CD45RA-
CCR7+), effector memory T cells (CD45RA-CCR7-) and effector memory re-
expressing CD45RA (EMRA) T cells (CD45RA+CCR7-). In addition CD4+ and CD8+
T cell effector memory (EM) subtypes were gated based on CD28 and CD27
expression; EM1 (CD28+CD27+), EM2 (CD28-CD27+), EM3 (CD28-CD27-) and EM4
(CD28+CD27-). Gating for EM PD-1 expression was also done since the group’s
previous work showed markedly increased PD-1 expression in decidua compared with

peripheral blood in healthy pregnancy.

Statistical analysis

GraphPad Prism 9.2.0 was used for statistical analysis. Wilcoxon matched-pairs
signed rank test was used to compare matched blood and decidual samples within a

cohort. Mann-Whitney U test was used to compare samples from different cohorts.
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RESULTS

Participant demographics and delivery data

69 patients were considered eligible and successfully recruited to the study. Of those,
triplet samples of placenta, maternal and cord blood were collected from 75% of
recruited participants (52/69); 48% of samples (25/52) were from participants with PE,
37% of samples were from pregnancies affected by FGR (19/52) and 15% (8/52) were
controls samples from healthy pregnancies. Participant demographics and information
about timing and mode of delivery are summarised in Table 6. Amongst the PE cohort,
mean PCR was 225 mg/mmol (range 30-1495 mg/mmol), and mean creatinine was 69
(range 47-171). The earliest delivery for PE was at 31 weeks and 6 days gestation. In
the FGR cohort, all of which were delivered due to suspected growth restriction on
antenatal ultrasound scans, the median birthweight (BW) was 2705g (range 2070 —
3405g), and when BW was plotted against the participant’s customised growth chart,
53% of these babies were born with a BW below the 10" centile for gestation. The
earliest gestation for delivery in the FGR cohort was at 28 weeks and 3 days gestation
and there was absent end diastolic flow (AEDF) in the umbilical cord on Doppler

ultrasound measurement.
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Pre-eclampsia

Fetal growth
restriction

Healthy controls

% primigravid

10/25 (40%)

10/19 (53%)

218 (25%)

% assisted 2/25 (8%) 2/19 (11%) 0/8 (0%)
conception

Mean age at 32 years 27 years 34 years

booking (range 24-42 years) | (range 22-40 years) | (range 28-39 years)

Mean booking
BMI

315
(range 21.1 — 51.6)

28.7
(range 21.6 — 38.2)

21.7
(range 18.5-26.6)

Median
gestational
age at delivery

37*? weeks
(range 31%6 — 42%0)

38+ weeks
(range 28*3 — 40%2?)

39*2 weeks
(range 39*0 — 39*39)

% elective CS
delivery

4125 (16%)

0/19 (0%)

8/8 (100%)

% emergency
CS delivery

18125 (72%)

5/19 (26%)

0/8 (0%)

% operative
vaginal
delivery

2/25 (8%)

2/19 (11%)

0/8 (0%)

% normal
vaginal
delivery

1/25 (4%)

12/19 (63%)

0/8 (0%)

Table 6: Summary of participant demographics and timing and mode of delivery.

There were significantly more primigravid women in the pathological group of
pregnancies (combined PE and FGR) compared with the control group (45% vs 25%;
p=0003). Although the mean age of the women in the control group was higher than
the combined mean age in the PE and FGR groups, this was not statistically significant
(p=0.4). Mean booking BMI of the pathological group was significantly higher than the
control group (BMI 29.6 vs 21.9; p=0.005; 95% CI 2.4-13). Median gestational age at
delivery in the combined pathological group of pregnancies was significantly lower than
the control group (37 weeks’ vs 39*2 weeks’; p=0.04; 95% CI -4.2 — -0.1). Significantly
more women were delivered by emergency CS in the combined PE and FGR group

(n=23) compared with control (n=0; p=0.0001). Significantly more women in the FGR
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group achieved a vaginal birth, either spontaneously or operatively (n=14) compared
with the PE group (n=3; p=0.0001). Significantly more women with PE were delivered

by emergency CS compared with FGR (p=0.009).

Flow cytometry

To determine whether the method of T cell isolation from placental tissue was adequate
for further studies, a subset of 39 out of the total 52 samples (75%) collected underwent
flow cytometry, with the remaining samples frozen down for later study. Flow cytometry
of this initial subset compared total (i.e. CD4+ and CD8+) T cell memory subset
distribution and total EM PD-1 populations between samples from matched maternal
blood and decidua in each cohort (Figure 5) as well as CD4+ and CD8+ subpopulations

between matched samples in each cohort.
Healthy control cohort

There was a significantly greater total (CD4+ and CD8+) naive and CM T cell
population in peripheral blood compared with matched decidual samples, with total
naive T cells comprising 52% of the total T cell population in blood compared with 25%
of the T cell population in matched decidual samples (p=0.007). CM T cells comprised
24% of the total peripheral T cell population compared with only 15% of the decidual T
cell population in matched samples (p=0.005). In the decidua there was a significantly
greater population of total EM T cells compared with matched peripheral blood (49%
vs 16%, p=0.0005) and a non-significantly greater total EMRA population in decidua
from healthy pregnancies compared with matched blood (11% vs. 8%, p=0.33) (Figure
5a). Total EM PD-1 was significantly higher in control decidua vs. matched blood

(13.7% vs. 3.5%, p=0.0005) (Figure 6).
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Individual CD4+ and CD8+ naive T cell subpopulations were greater in control blood
than decidua (53.7% vs. 26.6%, p=0.003 and 47.2% vs 23.8%, p=0.0093 respectively).
EM T cell subpopulations were significantly greater in control decidua for both CD4+
(52.4% vs 10.7%) and CD8+ (54.1% vs. 20.7%) subtypes compared with control blood
(p=0.0005 for both). CD4+ and CD8+ EM PD-1 populations were higher in decidua vs.
matched control blood (20.5% vs. 5.5%, p=0.0005 and 19.4% vs. 4.8%, p=0.0024

respectively).
PE cohort

As with the control cohort, there was a significantly greater total naive T cell population
in maternal blood compared with decidua (50% vs. 23%, p<0.0001). A significantly
greater total EM and EMRA T cell population was found in PE decidua compared with
blood (44% vs. 18%, p=0.0002 and 13% vs. 9%, p=0.0214 respectively) (Figure 5b).
There was no significant difference in total CM T cell population between matched
decidua and blood in PE (23% vs. 20%, p=0.78). Total EM PD-1 was significantly
higher in PE decidua vs. matched blood (17% vs. 5.7%, p=0.0008) (Figure4). On
comparing CD4+ and CD8+ subpopulations, there were greater CD4+ and CD8+ naive
T cell populations in PE blood vs. matched decidua (49.4% vs. 25.1%, p=0.0012 and
50.1% vs. 20.2%, p=0.0006 respectively), greater decidual CD4+ and CD8+ EM
subpopulations vs. matched blood (48.4% vs. 12%, p=0.0001 and 52.9% vs. 17.4%,
p<0.0001 respectively), and for CD8+ only, a significantly greater EMRA population in
decidua vs. blood (23.5% vs. 14.6%, p=0.034). Both CD4+ and CD8+ EM PD-1
populations were greater in decidua than blood (19.8% vs. 5%, p<0.0001 and 16.4%

vs. 8%, p=0.048 respectively). CD4+ and CD8+ EM1 populations were higher in PE
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blood vs. decidua (65.6% vs. 43.4%, p=0.002 and 51.5% vs. 27.3%, p=0.0026

respectively).
FGR cohort

In this cohort, a significantly higher CM population was found in blood compared with
decidua (26% vs. 13%, p=0.0195) and a significantly higher EM population in decidua
than blood (61% vs. 30%, p=0.0117) (Figure 5c). Unlike the control and PE cohorts,
the total EMRA population was significantly higher in blood compared with decidua
from pregnancies affected by FGR (9% vs. 6%p=0.0117) and this was only significantly
different in the CD8+, but not CD4+ EMRA subpopulation (18% vs. 11.6%, p=0.0195).
The naive T cell count in blood was not significantly greater than matched decidua,
unlike other cohorts. Total EM PD-1 was significantly higher in FGR decidua vs
matched blood (11.1% vs. 4.5%, p=0.0078) (Figure 6). Subpopulation comparison in
the FGR cohort showed both in CD4+ and CD8+, the EM population was higher in
decidua than in blood (66% vs. 19.6%, p=0.0078 and 62.7% vs. 28.8%, p=0.0195

respectively).
Comparison between cohorts

When comparing PE and FGR samples with control, there was no significant difference
in total memory T cell subset composition in either blood or decidua between samples

from diseased pregnancies and those from normal healthy pregnancies.

There were significantly greater CD4+ and CD8+ naive T cell population in the control
blood compared with blood from FGR samples (53.7% vs. 37.9%, p=0.0227 and 47.2%

vs. 33.1%, p=0.0491 respectively) (Figure 7) but no significant difference in total naive
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T cell value in blood, nor any significant difference when comparing decidua from these

2 cohorts.
Effect of mode of delivery on T cell populations

There was no significant difference in either peripheral blood or decidua CD4+ or CD8+
T cell populations between those participants who had delivered vaginally vs. those

who were delivered by elective CS without rupture of membranes.
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Figure 5: Total (i.e.CD4 & CD8) T cell memory phenotype in the maternal blood and decidua of control pregnancies, PE and FGR. Freshly
isolated lymphocytes from all samples are gated on live CD3+, CD4+ or CD8+ and examined for memory status using CD45RA and CCR7
expression via flow cytometry (n=39). Memory status is classified into 4 categories: Naive: CD45RA+ CCR7+; Central Memory (CM):
CD45RA- CCR7+; Effector Memory (EM): CD45RA- CCR7-; Effector Memory RA (EMRA): CD45RA+ CCR7-. For control and PE cohorts,
a significantly greater naive population is seen in blood compared with matched decidual samples (p<0.05) and a significantly greater EM
population is seen in the decidua of all cohorts compared with matched blood samples (p<0.05).
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Figure 6: Percentage of total (CD4+ and CD8+)

50+

Effector Memory T cell PD-1 expression in all
40+ samples (blood and decidua) of all cohorts; healthy
304 pregnancy (control), pre-eclampsia (PE), and fetal

growth restriction (FGR). Total EM PD-1 was
significantly higher in decidua vs. matched blood
in all cohorts (control 13.7% vs. 3.5%, p=0.0005;
PE 17% vs. 5.7%, p=0.0008, FGR 11.1% vs. 4.5%,

% total Effector Memory PD1
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Figure 7: Percentage of peripheral blood naive CD4+ and CD8+ T cells in healthy
pregnancies (control) and fetal growth restriction (FGR). A significantly lower
percentage of a) CD4+ naive T cells and b) CD8 naive T cells are seen in FGR

compared with control (p<0.05).
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DISCUSSION

Main findings

The data confirms findings from the group’s previous work in healthy pregnancies,
which demonstrated a significantly greater naive T cell phenotype in blood compared
with decidual tissue and a conversely dominant effector memory population in tissue
compared with blood®’. For the first time, we have shown that this distinction in memory
T cell composition between blood and decidual tissue is also seen in pregnancies
affected by PE or FGR. This might represent accumulation of EM T cells in tissue, or
that naive T cells do not accumulate in tissue?2. We have also confirmed an increased
expression of PD-1 in decidua compared with peripheral blood, which is seen in all
cohorts, and a non-significantly higher amount in PE decidua than control and a non-

significant reduction in FGR decidua than control.

This preliminary work suggests new findings in pregnancies affected by
malplacentation that warrant further investigation, with a significantly lower peripheral
naive T cell phenotype in FGR compared with healthy pregnancies, and early insight

into T cell characteristics in pregnancy disorders.

Interpretation

Whilst much work has been done to characterise and compare peripheral T cell
lymphocyte populations in pre-eclampsia with either healthy pregnancy or non-
pregnant controls, very little work has been done to characterise T cell subpopulations
in human placental tissue, and even less with FGR. The unpredictability of pregnancies
affected by pre-eclampsia and fetal growth restriction can mean that collecting samples

can be very challenging, especially when a decision to deliver for clinical need is made
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very quickly. Attempts have been made to study the placenta in vitro through
production of organoids, though these models are limited to early pregnancy®:. It is
crucial to recognise that pregnancy is a dynamic physiological process, and so as well
as studying the placenta in the first trimester when it is established, it is important to
study the placenta in the third trimester, at the time when patients suffer the symptoms
of pre-eclampsia and that the time of delivery. It is reasonable to assume that
immunological changes in the placenta will take place as the systemic inflammation
associated with the disease takes hold and blood pressure worsens. Similarly, in FGR,
growth of the fetus may be small but linear throughout the third trimester, or may
become static at any point, and in the extreme state for some fetuses, particularly
before 32 week’s gestation, altered blood flow in the Ductus Venosus warrants urgent
delivery®. Experiments involving 3™ trimester placentas are therefore vital. As a
clinician | have been uniquely placed to be able to intercept the many pathways through
which patients are seen in hospital and follow their pregnancies until a decision to
deliver is made, which may be in an emergency. Thus, in this study | have
demonstrated that recruitment of participants and third trimester sample collection in

the pre-eclampsia and FGR cohorts, whilst unpredictable, is feasible.

Strengths and Limitations

These findings demonstrate reliability in the novel method used to isolate T cells from
decidua to provide reliable and reproducible results. However, this study was not able
to reproduce the findings from other studies that showed a difference in T cell
composition in peripheral blood between pre-eclampsia and healthy pregnancy, since
it has previously been demonstrated that there is a significantly higher percentage of

memory T cells compared with naive T cells in the blood of pre-eclamptic women
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compared with normal pregnancy. Additionally there was a wide variation in PD-1
levels within cohorts. Both of these limitations may be due to the effect of a relatively
small sample size compared with previously published work. Indeed a bigger sample
size may show that the difference in this study between naive T cell compositions in
control blood compared with blood from FGR pregnancies may not remain significant.
The samples used from this study were mostly from late-onset PE and FGR and it is
possible that a higher number of samples from early-onset disease may give rise to a

different T cell phenotype.

We recognise that in the group’s previous work on healthy pregnancies, placentas
were deliberately collected from women who were delivering by elective CS. This is an
important decision in patient recruitment, since none of the patients would have had
rupture of the amniotic membrane, and therefore no ascending migration of vaginal
bacteria or other flora to cause a local inflammatory reaction. However, in our cohorts,
it was not possible to get an adequate sample size from restricting recruitment to
women undergoing elective CS, since many women with PE or FGR will undergo
induction of labour when a decision for early delivery is made due to these diseases.
To determine the effect of ruptured membranes on T cell composition we compared T
cell numbers in those who had normal delivery vs. those who had a CS without
ruptured membranes and found no significant difference. Burton et al. identified that
mode of delivery can alter gene expression in placental tissue, with activation of the
stress response in labour causing subsequent up- and down-regulation of certain
pathways, that may in turn affect immune responses, cell death and anti-oxidant

mechanisms®3. Although our initial analysis found no effect of mode of delivery on T
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cell composition, the inevitable effect of ruptured membranes and the stress of uterine

contractions in labour on the analysis of placental tissue should be considered.
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FUTURE WORK (Grant applications)

We have successfully demonstrated the feasibility of collecting and sampling placental
tissue from cohorts affected by malplacentation. The preliminary data outlined above
was used to support PhD grant applications to Wellbeing of Women, Action Medical
Research, Medical Research Council and the British Heart Foundation, as outlined

below.

Hypothesis

T cell mediated maternal anti-fetal rejection (MAFR) can contribute to the development
PE and FGR. Our group demonstrated previously that a maternal cellular immune
response against the fetus is present in healthy pregnancies but is regulated by
expression of inhibitory checkpoint proteins and T regulatory cells within the maternal
decidua. We also showed that decidual CD4+ and CD8+ T cells in healthy pregnancy

display a strong transcriptional response to IFN signalling.
Aim
Investigate the features of T cell MAFR in PE and FGR and uncover potential immune-

mediated pathways to guide development of predictive markers and targeted

immunotherapy.

Objectives

1. Interrogate the phenotypic and functional features of peripheral and decidual T cells

in MAFR to identify potential immunopathological mechanisms of PE and FGR.

2. Determine the peptide specificity of maternal T cell recognition of fetal tissue.
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3. Quantify type I IFN in healthy and pathological pregnancies and determine whether

type I IFN signalling is dysregulated in pathological pregnancy.

4. Develop immune markers for the potential prediction or novel management of

MAFR-mediated disorders.

Study Design
Participants will be recruited from Birmingham Women'’s Hospital. Eligibility criteria
include:

e Over 18 years old
e Understands and speaks English

e PE as defined by the NICE: BP 2140/90 and urine PCR =230mg/mmol >20 weeks

gestation)*®
¢ No sepsis or chorioamnionitis in labour

e FGR, defined as either an EFW or AC plotting below the 3" centile or plotting
below the 10™ centile with evidence of placental dysfunction (abnormal uterine
artery Doppler between 20-24 weeks’ or abnormal umbilical artery Doppler) in

a non-smoker and not secondary to an underlying congenital anomaly?°.

Written consent will be sought from all participants and written information about the
study will be provided. Maternal blood will be collected during venous cannulation in
labour or prior to CS. Once delivered, cord blood will be aspirated from the placental
umbilical cord and all samples will subsequently be transferred to the University of

Birmingham Cancer Sciences laboratory for the experiments outlined below.

Sample size
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Total sample size of n=150, with n=50 (control), n=50 (PE), n=50 (FGR) is in line with
a power rate of 0.80 and type | error (incorrect rejection of the null hypothesis) rate of
0.05. Statistical power is difficult to define with confidence, as the effect size of immune

correlates on clinical phenotype is difficult to assess at this stage*.

Methodology

TASK 1: Characterise the phenotypic, functional and metabolic features of decidual

maternal T cells in malplacentation pregnancies (Objectives 1 & 2: 24 months)

a. Samples of maternal blood and decidua will be obtained from pregnancies affected
by PE or FGR and compared to normal pregnancy matched for gestational age.
Each cohort (normal, PE and FGR) will comprise extreme early-onset disease
(delivery at 24-32 weeks; n=10), early-onset (32-36 weeks; n=10) and late-onset

(36-42 weeks; n=10).

b. Mononuclear cells will be isolated from the samples by density centrifugation and
detailed flow cytometric analysis using CyTOF technology (35-plex) will determine
T cell memory subset distribution, degree of differentiation, ratio of T regulatory to T

effector cells and expression of checkpoint proteins such as PD-1.

c. Cytokine production and cytotoxic phenotype of decidual and peripheral T cells will
be measured by mitogenic stimulation followed by intracellular cytokine analysis
using flow cytometry for inflammatory cytokines and those associated with T cells
such as IFN-y, TNF-a, IL-10 and IL-4, and intracellular staining of perforin and

granzyme.

d. I will set up mixed lymphocyte reaction assays? (n=10) to determine if decidual T

cells exhibit increased immune recognition of fetal tissue in women with
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malplacentation syndromes, using decidual and peripheral blood effector T cells on
co-culture with cord blood collected at the time of delivery. To investigate the
potential importance of T regulatory cells in modulating fetal-specific responses in
these disorders, these assays will be performed prior to, and following, depletion of

the CD259" T regulatory subset.

e. Fluorescent metabolic indicators will be used to study the metabolic capacity of
effector CD4+ and CD8+ T cells using flow cytometry (n=10). Glucose uptake
capacity of cells, mitochondrial mass, activity, oxygen consumption and lactate
production will be measured. This will determine potential functional differences in

these cells between pathological and control pregnancies.

f. 1 will determine the number of fetal-specific T cells in malplacentation syndromes
using HLA-peptide tetramers specific for peptides from the Y chromosome to directly
visualise fetal-specific CD4+ and CD8+ T cells (n=10). These analyses will
determine the number of such ‘alloreactive’ T cells and their membrane phenotype
with a focus on memory and differentiation status. The pattern of cytokine production
by fetal reactive T cells within each group will also be assessed. A recent innovation
is our exploitation of HLA class Il MHC-peptide tetramers to identify antigen-specific

CD4+ T cells.

TASK 2: Transcriptional analysis of CD4+ and CD8+ decidual T cells (Objective 3: 6

months)

a. Building on our recent transcriptional analysis of decidual effector cells in healthy
pregnancy, | will perform RNA-sequencing (RNA-seq) on CD4+ and CD8+ T cells

from matched maternal blood and decidual samples from patients with PE and FGR
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compared with data from normal pregnancy matched for gestational age (n=36 i.e.
n=6 per sample type per cohort). Flow cytometric cell sorting will be used to isolate
CD4+ and CD8+ EM cells and extract RNA, prior to total RNA-Seq Pico labelling

and a High Output NextSeq 500 Flow Cell pv2 array for transcriptome analysis.

TASK 3: Investigate the role of retroelement transcription and IFN expression in

decidual T cell regulation (Objective 3: 12 months)

a. Taking advantage of our RNA-seq dataset, | propose to assess retroelement

transcription in isolated CD4+ and CD8+ T cells from the different cohorts of
placental tissue. Protein production will be assessed by Western blot analysis for

syncytin proteins.

. Single-molecule array (Simoa) digital ELISA technology will be used to record
attomolar (10*%) concentrations of IFN-a in decidua and blood of normal and
diseased pregnancies. This is in collaboration with Professor Yanick Crow, a world
leader in interferonopathies, whose team pioneered this technology. | aim to isolate
plasma and supernatant samples from matched cord, maternal blood and decidual
samples of normal, PET and FGR pregnancies (n=10 each) prior to transport and

assay in Edinburgh.

TASK 4: Develop a predictive assay for pathological MAFR (Objective 4: 36 months)

Using these findings, | propose to develop a blood test that might correlate with and

predict pathological MAFR and pave the way for development of targeted

immunotherapy. Recent evidence has shown CXCL10 may be a strong correlate of

MAFR, a finding that concurs with our previous observations in graft versus host

diseasels,
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Statistical Methods

Flow cytometry data will be analysed using Flowjo software and statistical analysis will
be performed using a dedicated statistics package (known as “R”). Non-Gaussian
distribution will be assumed for all samples. Wilcoxon matched-pairs signed rank test
will be used to identify significant differences between matched samples within a
cohort; samples from different cohorts will be compared using the Mann-Whitney test.

Statistically significant results will have p<0.05.

For transcriptional analysis, volcano plots will be generated based upon individual
probes log-fold change and p values associated between a) peripheral blood and
decidua and b) decidua of healthy and pathological pregnancies (using post-hoc
Bayesian analysis (B=5)). Genes with differential expression between these groups
will be analysed by Database for Annotation, Visualisation & Integrated Discovery
(DAVID), and up- and down-regulated pathways generated and corrected by Analysis

of Variance (ANOVA) with control non-coding RNAs.

To assess retroelement transcription, the ViGEN pipeline can be applied to quantify
expression of viral genes for subsequent downstream differential expression analysis
and to identify viral variants. Other existing tools could be applied to identify viral
integration and mMRNA fusions (ViFi) or to detect the presence of viral species in human

tissue RNA-seq datasets (VirTect).

The laboratory team has two embedded bioinformaticians to support data analysis
from the latest technology and excellent training and professional support is available

to analyse all data that arise from the Fellowship.

Anticipated Barriers
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1. Preterm control samples: obtaining control samples matched for preterm
gestational age will be difficult, as preterm delivery is generally associated with
inflammatory pathology. However, higher order pregnancies (triplets and
quadruplets) are routinely delivered electively preterm and may be considered for
controls, though it is recognised that multiple pregnancies are not strictly “normal”

pregnancies.

2. Missed samples: Obstetric emergencies and precipitate labours have led to
missed samples during preliminary data collection. To address this, | created
“packs” in hospital notes containing instructions and equipment to aid sample
collection. The research team at Birmingham Women’s Hospital has successfully
facilitated collection of over 500 samples since 2015, so | am confident that a

sufficient sample size will be reached.

Proposed Patient and Public Involvement (PPI)

PPI1 will confirm the most suitable time considered by patients to collect blood samples,
develop patient information leaflets and determine the most valuable ways to
disseminate the research findings. | will attend university-led workshops to ensure |

incorporate PPI effectively.
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CONCLUSION

Human studies of placental disorders are crucial to improve our understanding of
common and potentially devastating diseases such as PE and FGR. We have
demonstrated the feasibility in collecting blood and decidual tissue from patients
affected by these diseases at different gestations to investigate the role of T cells in
these diseases, about which there is a lot more to learn. This preliminary work provides
the basis for the methods of data collection and T cell isolation that we anticipate to
use in future experiments. In completing these subsequent experiments, we aim to
gain a thorough understanding of the phenotypical, functional and genetic differences
of T cells in the decidua and peripheral blood of pregnancies affected by PE and FGR
at different gestations. In doing so we endeavour to uncover potential therapeutic

targets that could alter the course of these diseases in further studies.
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PROJECT 2

Published article

Cause Of Intrauterine and Neonatal Death In Twin Pregnancies (CoDiT):

development of a novel classification system.

Gulati N, Mackie FL, Cox P, Marton T, Heazell AEP, Morris RK, Kilby MD.

BJOG 2020;127:1507-1515.

Contribution to authorship

NG, FLM, RKM, PC, MDK co-designed the classification system.

NG, FLM, PC, TM tested the classification system by assigning cause of death to
cases in the cohort to assess inter-disciplinary agreement.

AEH independently assigned cause of death to a subset of cases to assess inter-
rater agreement.

NG re-classified a subset of cases to determine intra-rater agreement.

All authors contributed to the write-up and approval of the final manuscript.
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ABSTRACT

Objective: Twin pregnancies have a significantly higher perinatal mortality than
singleton pregnancies. Current classification systems for perinatal death lack twin-
specific categories, potentially leading to loss of important information regarding cause
of death. We introduce and test a classification system designed to assign a cause of

death in twin pregnancies (CoDiT).

Design: Retrospective cross-sectional study.

Setting: Tertiary maternity unit in England with a perinatal pathology service.

Population: Twin pregnancies in the West Midlands affected by fetal or neonatal
demise of one or both twins between 1 January 2005 and 31 December 2016 in which

post-mortem examination was undertaken.

Methods: A multidisciplinary panel designed CoDiT by adapting the most appropriate
elements of singleton classification systems. The system was tested by assigning
cause of death in 265 fetal and neonatal deaths from 144 twin pregnancies. Cause of

death was validated by another obstetrician blinded to the original classification.

Main outcome measures: Inter-rater, intra-rater, inter-disciplinary agreement and

cause of death.

Results: Cohen’s Kappa demonstrated ‘strong’ (>0.8) inter-rater, intra-rater and inter-
disciplinary agreement (95% CI 0.70-0.91). The commonest cause of death
irrespective of chorionicity was the placenta; twin-to-twin transfusion syndrome (TTTS)
was the commonest placental cause in monochorionic twins and acute

chorioamnionitis in dichorionic twins.
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Conclusions: This novel classification system records causes of death in twin
pregnancies from post-mortem reports with high inter-user agreement. We highlight

differences in aetiology of death between monochorionic and dichorionic twins.

Tweetable abstract: New classification system for #twin cause of death ‘CoDiT’ shows

high rater agreement.

Disclosure of interests: FLM is a BJOG editor. The remaining authors have no

disclosures.

Details of ethical approval: The project was registered as a service evaluation project

by the unit’s clinical governance team in 2017.

Funding: none
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INTRODUCTION

Twin pregnancies account for 0.5-2% of all pregnancies worldwide!. Compared with
singleton pregnancies, they are associated with an increased risk of adverse maternal
and perinatal outcomes, particularly prematurity and stillbirth®. In the UK the rate of
stillbirth in twin pregnancies is 6.99 per 1,000 total births, and for neonatal deaths
(NND), the rate is 5.45 per 1,000 live births2. This is compared with a stillbirth rate of
3.51 per 1,000 total births in singleton pregnancies and a neonatal death rate of 1.64
deaths per 1,000 live births3. Twin pregnancies account for 20% of all preterm births
in the UK, many of which are less than 28 weeks’ gestation*>. Risks to the mother of
carrying a twin pregnancy include anaemia, pre-eclampsia and postpartum

haemorrhage.

Embryoloqy of twin pregnancy

Development of a twin pregnancy occurs in two main ways. Simultaneous fertilisation
of two separate oocytes by two different sperm, forming two zygotes, each with their
own unique combination of genetic material, leads to non-identical (dizygotic) twins,
each with their own placenta and in their own amniotic sac (dichorionic, diamniotic
(DCDA)). This accounts for approximately two-thirds of all twins. Alternatively,
fertilisation of a single oocyte, which then splits in to two equal zygotes, forms identical
(monozygotic) twins that carry the same genetic material. In this scenario, the timing
of this split determines the chorionicity of the twin pregnancy. If cleavage occurs by
day 3, before implantation, two separate blastocysts will form, and as a result there will
be two separate sites of implantation and the result is a DCDA twin pregnancy in which

the twins are genetically identical, which accounts for up to 30% of monozygotic twins.
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However, for the majority of monozygotic twins, cleavage occurs after day 3, when the
blastocyst has already formed resulting in a twin pregnancy with a single placenta
(monochorionic pregnancy). If the cleavage occurs between day 4 and day 8, each
twin will have their own amniotic sac resulting in a monochorionic, diamniotic (MCDA)
twin pregnancy. However, a small number of monozygotic twins, approximately 2%,
will cleave between day 8 and 13, when it is too late for two separate amniotic sacs to
form for each fetus, leading to a single placenta and a single sac for both twins. This
is called a monochorionic, monoamniotic (MCMA) twin pregnancy. In one in 90 000 to
100 000 pregnancies, blastocyst cleavage occurs after day 13, leading to incomplete

division of an embryo, resulting in conjoined twins that by definition will be MCMA®.

Twin pregnancy complications

As previously mentioned, twin pregnancies are at increased risk of complications
common to singleton pregnancies, such as pre-eclampsia, fetal growth restriction,
postpartum haemorrhage, as well as postnatal infant feeding problems and postnatal
depression®. In addition, there is a risk of complications unique to twin pregnancies. In
particular monochorionic placentas, which almost always have inter-twin vascular
anastomoses that allow bi-directional blood flow between the two fetuses, can be
affected by a selection of pathologies caused by an imbalance in the net inter-twin

transfusion, as described below®’:
1) Twin-to-twin transfusion syndrome (TTTS):

TTTS, in which predominantly unidirectional arteriovenous anastomoses lead to
haemodynamic imbalance, affects up to 15% of monochorionic pregnancies®. As a

result, the fetus from which the net flow of blood is moving away becomes the “donor”,
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and the other twin consequently becomes the “recipient” of the imbalanced circulation.
Hallmark antenatal ultrasound features assist with the diagnosis and for staging the
severity of TTTS. The Quintero staging system classifies these sonographic features
to indicate severity of the disease and help to provide prognostic value®. Significant
discordance in fetal weight of >20% and amniotic fluid volumes are seen in Stage | of
the disease, the latter of which represents an effect of the haemodynamic imbalance
on fetal renal function causing a reduced urine output in the donor twin which leads to
oligohydramnios (deepest vertical pool <2cm) and polyuria in the recipient causing
polyhydramnios (>8cm before 20 weeks or >10cm after 20 weeks of gestation). In
Stage IlI, the bladder is absent in the donor, indicating anuria in that twin. This is
followed by measurable evidence of haemodynamic compromise through abnormal
arterial and venous Dopplers in Stage lll. In Stage IV there is evidence of fluid overload
and cardiac failure such as ascites, pericardial or pleural effusions, scalp oedema, or
hydrops, which can develop in either twin®. Stage V of TTTS is classified as death of

one or both babies.

Fetoscopic laser ablation (FLA) of the arterio-venous anastomoses to separate the
fetal circulations has improved fetal and neonatal outcomes for this otherwise highly
morbid condition, which until the introduction of FLA 20 years ago, was
symptomatically treated by amnioreduction or septostomy®. A Cochrane review of
interventions to treat TTTS found that more babies were alive without neurological
abnormality at the age of six years after FLA compared with amnioreduction and
concluded that FLA should be considered in the treatment of all stages of TTTS to
improve neurodevelopmental outcomes?!®. Selective laser ablation through a

sequential approach, whereby the anastomoses are first mapped and coagulated
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sequentially, first arteriovenous, then veno-arterial, then arterio-arterial, has become
the gold-standard technique and is associated with improved perinatal survival of both

twins and less fetal demise than other approaches*.

The Royal College of Obstetricians and Gynaecologists (RCOG) recommends 2-
weekly ultrasound examinations for monochorionic twins between 16 and 26 weeks’
gestation to monitor for signs of TTTS to allow timely referral to a fetal medicine centre
for review and treatment. After 26 weeks’ development of TTTS is rare but can occur
in addition to selective growth restriction (see below) and so 2-weekly ultrasound

scans are also recommended after 26 weeks 6.
2) Twin Anaemia-Polycythaemia Sequence (TAPS)

Another manifestation of chronic fetofetal transfusion due to inter-twin placental
vascular anastomoses, TAPS is characterised by a significant discordance in
haemoglobin levels between twins without the discordant amniotic fluid volumes seen
in TTTS. TAPS affects 13% of monochorionic twins post TTTS but can occur
spontaneously in 2%°. Antenatally the discordant haemoglobin levels are diagnosed
by an increased MCA-PSV in the donor twin, indicating fetal anaemia (>1.5 MoM) and

a reduced MCA-PSV in the recipient twin (<1.0 MoM), indicating polycythaemia®*2.

The development of TAPS occurs due to the presence of micro-vessels (<1mm
diameter) on the placental surface that form tiny arterio-venous anastomoses which
allow the slow transfusion of blood from the donor to the recipient, creating discordant
haemoglobin levels of =280g/L without the oligo-polycythaemia sequence seen in

TTTS. These vessels can be seen on postnatal placental injection studies, which are
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crucial to differentiating TAPS from acute transfusional events, which involve larger

superficial low-resistance anastomoses?3.

The Solomon technique for FLA aims to minimise development of TAPS by
coagulating the superficial micro-vessels between the ablated anastomotic sites on
the chorionic plate following sequential selective laser occlusion, to create two distinct

vascular territories'?,
3) Selective growth restriction (sGR)

Unequal placental sharing, inter-twin placental anastomoses and abnormal cord
insertions can give rise to selective growth restriction, in which there is a significant
discordance in the estimated fetal weight of >20% on ultrasound scan. This
complication can be seen in 15% of monochorionic twins in the absence of TTTS and
in over half of those affected by TTTS. In isolated sGR without TTTS there will typically
be oligohydramnios in the smaller twin and a normal liquor volume in the bigger twin.
Fortnightly umbilical artery Dopplers measurements taken from 20 weeks’ gestation
provide a prognosis for monochorionic pregnancies affected by sGR and is described
as 3 types. In Type | sGR there is discordant growth but positive umbilical artery end
diastolic flow (EDF) and planned delivery between 34-36 weeks’ gestation is
associated with a >90% perinatal survival As the EDF becomes absent or reversed in
one or both twins in Type Il sGR, prognosis worsens with a 29% risk of intrauterine
demise of the growth-restricted twin and/or preterm delivery. Type Il sGR, in which
there is a cyclical umbilical artery diastolic waveform with positive followed by absent
then reversed end-diastolic flow over several minutes, is associated with a 10-20%

risk of unexpected in-utero death of the smaller twin and a subsequent 10—-20% risk of
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neurological injury in the larger twin. As a result planned delivery by 32 weeks’

gestation for Type Il and Il sGR should be considered.
4) Twin reversed arterial perfusion sequence (TRAP)

A rare complication affecting 1% of monochorionic pregnancies, TRAP s
characterised by the presence arterio-arterial anastomoses causing reversed
perfusion of blood from a normally formed donor pump twin to an acardiac recipient
twin. It is thought that the acardiac twin develops as a direct result of the abnormal
anastomoses leading to early tissue hypoxia and subsequent atrophy of the heart and
other organs, most commonly cranial and thoracic structures, known as the acardiac
acephalus phenotype!?. This hyperdynamic circulation can lead to high output cardiac
failure, hydrops, polyhydramnios and preterm delivery for the pump twin'>1, In one-
third of TRAP pregnancies, death of the pump twin occurs by 18 weeks’ gestation?!’.
Intervention through selective termination of the acardiac twin aims to unburden the
pump twin, particularly if there are signs of growth discordance with a large acardiac
twin or evidence of cardiac strain in the pump twin®, Methods for selective reduction
in these cases include cord coagulation or ligation, photocoagulation of the
anastomoses or intrafetal methods such as radiofrequency ablation. Though the
optimal method and timing for intervention is yet to be established, a 2013
retrospective cohort study showed that conservative management of TRAP led to
intrauterine death of all cases by 17 weeks’, compared with intrafetal laser therapy,
which was associated with an 82% survival rate for the pump twin and found that
adverse pregnancy outcomes such as preterm prelabour rupture of membranes
(PPROM) and chorioamnionitis, were lower when laser therapy was done before 16

weeks’ gestation?®.
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Perinatal Mortality Classification Systems

Classification systems to standardise causes of perinatal death are crucial to reducing
perinatal mortality rates!®. They provide a means by which causes can be accurately
recorded to enable analysis that in turn can impact clinical care, facilitate comparisons
within and between countries and inform public health policies and research®2°, A
2016 systematic review identified that 81 new or modified classification systems had
been used between 2009 and 2014 to record causes of perinatal death?!- In spite of
this, none of them provide an adequate platform to record causes of perinatal death in
twin pregnancies, since they do not acknowledge the unique risks of multiple
pregnancies?°. At best, TTTS is the only twin-specific cause of death acknowledged,
as in ReCoDe (Relevant Condition at Death), or alternatively multiple pregnancy is
identified as an associated cause of perinatal death as in Codac (Cause of death and
Associated Conditions)%2%22, A globally accepted classification system is crucially
important, since a greater proportion of perinatal deaths occur in developing countries
and yet most research into perinatal deaths occur in developed countries. The World
Health Organisation (WHQO) 10™ Revision of the International Classification of Disease
(ICD-10) is currently the only global perinatal death classification system and yet not
only fails to adequately account for twin-specific causes of death, it falls short of
allowing users to sufficiently classify causes of in-utero demise that are specific to

pathologies during fetal life!®23,

Recognising the need for a standardised system that would sufficiently capture the
underlying cause of death as well as enable users to capture important additional
information, a Delphi consensus study was undertaken by a group of international

experts in perinatal death classification, to agree on the most important characteristics

79



required for a globally-acceptable classification system?3.They identified 10 structural

and 7 functional characteristics that were crucial (Table 1).

Structural Characteristics

Functional Characteristics

intrapartum conditions.

Accommodates both stillbiths and | Shows high inter- and intra-rater
neonatal deaths. reliability.
Distinguishes antepartum from | Has clear guidelines for use and

definitions for all terms used.

Requires neonatal deaths to be clearly

distinguished from stillbirths.

Is easy to use.

Requires the single most important factor

leading to the death to be recorded.

Produces data that are easily understood

and valued by users.

Allows associated factors to be recorded
and clearly distinguished from causes of

death.

Allows easy access to the data by the

end-users.

Has a small number of main categories.

Is available in different formats including

inexpensive ehealth and mhealth

options, and in multiple languages.

Is multi-layered, to accommodate varying

levels of available information, in
particular the low levels of data available

in may LMIC settings.

Uses rules to ensure valid assignment of

cause of death categories.
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Includes a sufficiently comprehensive list
of categories to minimise the proportion

of deaths classified as “other”.

Ensures cause of death categories are

relevant in all settings.

Includes the level of data available to
assign the cause of death (e.g. verbal
autopsy only, placental histology,

autopsy etc.).

Table 1: The 17 most important characteristics required for a globally-acceptable

perinatal death classification system according to a 2016 Delphi consensus study?3.

Assessment of the 81 pre-existing classification systems against these characteristics

showed that 82% were aligned with less than 24% (4/17) of these characteristics, and

even the most aligned system, Codac, was only aligned with 9/17 of these

characteristics?*. However, it is recognised that development of a globally-accepted

system should draw on the strengths of the most aligned systems?2%.25,

It has also been recognised that in order to be a useful tool for improving perinatal

outcomes, a classification system should be acceptable and valuable to different

disciplines, not only obstetricians, but also perinatal pathologists, neonatologists,

researchers and epidemiologists, to facilitate a holistic improvement in services?'®.
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Subsequently there is a need for a globally-accepted perinatal classification system
that captures the distinctive pathologies of multiple pregnancies, in sufficient detail, so

that causes of death in this high risk group can be effectively recorded.

The aim of this project was to devise a classification system specifically to assign the
underlying cause of perinatal death in twin pregnancies and then test the global
usability of the system based on the level of inter-rater, intra-rater and inter-disciplinary

agreement.
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METHODS

Developing the classification system

1) The categories

A multidisciplinary panel of four obstetricians and two perinatal pathologists was drawn
to devise an original classification system for assigning cause of perinatal death in twin
pregnancies. It was important that the system should fulfil as many of the structural
and functional characteristics identified in the Delphi consensus study as essential for
a globally-acceptable classification system?3. The current classification systems that
are most aligned with these characteristics are Codac, which aligns with 9 out of 17
characteristics and Tulip, which aligns with 7 characteristics'®2326. Consequently these
systems were used as a framework for our original classification system, known from

herein as CoDIT (Cause of Death in Twins) (Appendix 1).

The main categories of the Tulip classification system adequately cover most of the
broader categories of underlying aetiologies for perinatal death in twins as well as
singletons, and as such feature as some of the main categories for cause of death in

CoDiT. These categories are:

1. Congenital abnormality
2. Placenta

3. Prematurity

4. Infection

5. Other

6. Unknown
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Unlike Tulip, Codac recognises umbilical cord events as a main category for cause of
death, which is an important finding in MCMA twin pregnancies and so this cause also

features as a main category in CoDiT.

Each of the 7 main categories in CoDiT has subcategories, which the panel agreed
reflects the range of underlying causes of death that affect twin pregnancies, many of
which are common to singleton pregnancies, but importantly, and unique to CoDIT,
there are crucial subcategories which do not feature in current classification systems
to adequately assign cause of perinatal death in a twin pregnancy. For example, in
congenital abnormality, the first main category, conjoined twins and TRAP feature as
subcategories to allow a more detailed assignment of cause of death. Furthermore,
CoDiT allows the user to distinguish between the pump twin and the acardiac twin
within the TRAP subcategory. In the second main category, placenta, TTTS has been
added as a subcategory, with distinction between acute and chronic disease,
antepartum or intrapartum TTTS, and whether death due to TTTS was in spite of
treatment or without treatment. By adding a clinical dimension to an otherwise
pathology-based aetiology, CoDiT provides a deeper understanding to the underlying
cause of death by allowing important additional information to be captured whilst still
ensuring that only a single cause of death can be recorded, thus fulfilling 2 of the
important structural characteristics for a globally-acceptable classification system
(Table 1). Users can also record important descriptive information about the placenta
within the placental section of CoDiT itself, which is distinguishable from the cause of
death but enable a more holistic analysis of the post-mortem findings. In the unknown
category, the panel agreed that it was important to be able to distinguish between the

cause of death being unknown “despite thorough investigation” or unknown due to
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“‘important information missing”. As a result, these feature as subcategories and it was
anticipated that this would provide a valuable insight in to why cause of death cannot

be ascertained in certain cases.

2) Additional information

Recognising that CoDiT was being developed as a tool to facilitate research in to
perinatal mortality in twins, the panel devised a section to record important maternal
demographic information such as age, ethnicity, parity, BMI, past medial and obstetric
history. Basic relevant background information about the current pregnancy can also
be recorded on the system such as chorionicity and amnionicity (according to

ultrasound scan) and whether the conception was spontaneous or assisted.

Since the basic principle of a classification system is to identify the underlying
aetiology for perinatal death, it was crucial that CoDiT should distinguish between the
cause of death and mode of death. The classification system is therefore prefaced
with a section that prompts users to record mode of death through multiple choice
options i.e. spontaneous death, termination of the whole pregnancy or selective
reduction of one fetus, or even whether the death(s) occurred within a week of
intrauterine intervention (such as FLA). Other important information recordable
includes the gestation at death (or age at death if neonatal death) and gestation at
delivery, to enable those analysing data to account for significant delays in delivery
after intrauterine death. Birth weight and post-mortem weight can be documented, as
can whether post-mortem chromosome testing was done, and if so, a free-text option

for the level of testing is available.

3) User guidelines
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To facilitate reproducibility of the classifications and standardise the use of a system,
a set of user guidelines to accompany a classification system is identified as an
important functional characteristic of a globally-acceptable classification system?3. As
a result, a set of guidelines was agreed containing explanations of the categories and

subcategories most likely to be open to misinterpretation (Appendix 1).

Testing CoDiT

Once the content of CoDiT and the final version of the classification system and the
accompanying set of guidelines had been agreed by the panel, the system was tested
using post-mortem reports obtained from a West Midlands perinatal pathology unit
within a tertiary maternity hospital. Fetal and neonatal post-mortems from twin
pregnancies conducted between 1%t January 2005 and 315t December 2016 from a
pre-existing database of all post-mortems conducted at the unit were identified. All
post-mortems had been conducted with parental consent and were performed by a
specialist perinatal pathologist. Each twin pregnancy in the dataset was given a case

number followed by the letter “A” for twin 1 and “B” for twin 2.

These post-mortem reports acted as the main source of information with which users
would test CoDiT. Users to test the system comprised of 2 obstetricians and 2
perinatal pathologists. The standardised format of the post-mortem reports begins with
a summary of maternal demographic information, gestation and the clinical history.
This is followed by a summary of the main post-mortem findings, external examination
comments and then a detailed description of the macroscopic and appearances of
each external and internal organ. After this there is a detailed description of the

placenta, including chorionicity, vascular territories, and, if injection studies were done,
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there is a description of the anastomoses seen. Injection studies were performed only
if the pathologist suspected TTTS, either from the clinical history given or if there was
a significance discordance in body or organ weight between the twins. Histological
findings of the all the organs and the placenta then follow as well as other relevant

tests such as imaging, microbiology and chromosome testing.

Each post-mortem report in the cohort was examined independently by the
obstetricians and the perinatal pathologists to assign a cause of death on to CoDiT
and results were then use to determine inter-disciplinary agreement (Figurel). After
independent classification, consensus on the cause of death in each case was drawn

among users in order to enable to data to be analysed.

In order to determine the level of inter-rater agreement, an external obstetrician,
blinded to the original classification, independently classified one-third of cases that
were randomly selected using Microsoft Excel’s random number generator function.
To calculate intra-rater agreement, one of the original obstetricians to assign cause of
death to each case, re-classified the same randomly selected one-third after a 2-year

interval.

Cohen’s Kappa was used through a hand-programmed matrix in Microsoft Excel to
determine the level of inter-rater, intra-rater and inter-disciplinary agreement. A Kappa
value of <0.4 suggested minimal agreement, 0.4-0.59 was weak agreement, 0.6-0.79
was moderate agreement, 0.8-0.9 strong agreement, and >0.9 suggested almost

perfect agreement?’.
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Figure 1: Flowchart demonstrating method of case identification following development

of CoDiT classification and assignment of cause of death.




RESULTS

General Findings

Between 1st January 2005 and 31st December 2016, 265 fetal and neonatal post-
mortems from 144 twin pregnancies were performed. These cases were referred from
14 hospitals throughout the West Midlands. Table 2 summarises the maternal
demographic and descriptive data. Forty-six percent of deaths occurred in
monochorionic twins (122/265 post-mortems). In 18% of cases (47/265) chorionicity
could not be assigned at post-mortem as the placenta had either not been submitted
for examination or was too fragmented or had been incorrectly fixed and thus
unsuitable for assessment. Most demises were in-utero (miscarriages and stillbirths);
7% were NND (18/265), of which 61% (11/18) were dichorionic pregnancies. Most
deaths, irrespective of chorionicity, were double-twin deaths (246/265; 93%); a greater
proportion of single twin deaths occurred in dichorionic pregnancies compared to
monochorionic pregnancies (8% vs. 5%). Mean gestation at death was 19-20 weeks
(range 8-37 weeks). Most deaths were spontaneous (219/265; 83%); selective
reduction and death within a week of medical intervention solely affected

monochorionic pregnancies (9% of monochorionic deaths (11/122).

Irrespective of chorionicity, the most commonly assigned main category for cause of
death was “placental” (117/265) (Figure 2), followed by “unknown” (65/265), of which
80% (52/65) were unknown “despite thorough post-mortem investigation”. The
remaining 20% (13/65) were subcategorised as unknown due to “important information

missing”, most commonly referring to the placenta not being submitted.
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Monochorionic

Dichorionic

Total

No. pregnancies

66

78

144

Mean
maternal age

29.1 (95% CI 27.4-
30.7)

30.2 (95% CI 28.2 -
32.1)

29.6 (95% Cl 28.5-
30.7)

Mean maternal

BMI

27.7 (95% CI 25.6-
29.8)

26.3 (95% CI 24.4-
28.3)

26.7 (95% ClI 25.4-
28.1)

% Nulliparity

31/66 (47%)

32/78 (41%)

73/144 (51%)

Total
deaths

perinatal

122

96

265
(unknown chorionicity
in 47)

No. fetal deaths

117/122 (96%)

85/96 (89%)

247/265 (93%)

No. NNDs 5/122 (4%) 11/96 (11%) 18/265 (7%)
No. Single | 6/122 (5%) 8/96 (8%) 19/265 (7%)
deaths

No. Double | 116/122 (95%) 88/96 (92%) 246/265 (93%)
deaths

Mean gestation
at death (weeks)

19.6 (95% CI 18.3-
20.8)

19.7 (95% Cl 18.5-
21.0)

19.6 (95% CI 18.8 -
20.5)

No.
spontaneous
deaths

95/122 (78%)

85/96 (89%)

219/265 (83%)

No. terminations
of whole
pregnancy

9/66 (14%)

6/78 (8%)

17/144 (6%)

No. selective
reductions

41122 (3%)

41265 (2%)

No. deaths
within 7 days of
medical
intervention

71122 (6%)

9/265 (3%)

Table 2: Demographic information of all post-mortem reports from twin pregnancies between

Jan 2005-Dec 2016 at a West Midlands Tertiary Hospital. The chorionicity of 47 cases was

unknown and so the total does not reflect the sum of monochorionic and dichorionic deaths.
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Figure 2: Distribution of causes of perinatal death in twin pregnancies between
2005 and 2016 in the West Midlandsirrespective of chorionicity.

Inter-rater, intra-rater and inter-disciplinary agreement

The Kappa coefficient for the main cause of death was “strong” for all measured
combinations of agreement; inter-rater 0.80 (95% CI 0.70-0.91), intra-rater 0.80 (95%
Cl 0.71-0.90) and an inter-disciplinary agreement 0.81 (95% CI 0.75-0.87). This
indicates that the main cause of death was consistently and reproducibly categorised

by different users irrespective of specialty.

Agreement was “minimal” and “weak” when all 51 subcategories were considered,
with a Kappa co-efficient of 0.39 (95% CI 0.27-0.51) for inter-rater agreement, 0.33

(95% CI 0.22-0.43) for intra-rater, and 0.4 (95% CI 0.34-0.47) for inter-disciplinary
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agreement. This may reflect the large number of subcategories. Nevertheless,
percentage agreement in the main and sub- categories for all combinations of users
was high; 86% (70/81) inter-rater main category agreement and 83% (67/81)
subcategory agreement, 86% (80/93) intra-rater main category agreement and 76%
(71/93) subcategory agreement and 86% (228/265) inter-disciplinary main category

agreement and 82% (216/265) subcategory agreement.

The commonest subcategory disagreement was acute chorioamnionitis versus
ascending infection, representing 29% (4/14) of inter-rater, 18% (4/22) of intra-rater
and 16% (8/49) of interdisciplinary disagreements. Although user guidance states that
ascending infection should only be assigned when there is proven colonisation from
organisms present in the birth canal, users argued that acute chorioamnionitis often

derives from ascending infection.

Cause of death by chorionicity

Cause of death by chorionicity and amnionicity are summarised in Figure 3. A Chi-
squared test demonstrated that cause of death was significantly different between
monochorionic and dichorionic twins (p<0.01). Specifically, significantly more
monochorionic twins died of a congenital abnormality (p<0.05) or umbilical cord events
(p<0.05) than dichorionic twins and significantly more dichorionic twins died of

infection compared with monochorionic twins (p<0.001).
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Figure 3: Distribution of causes of death by chorionicity and amnionicity, as a percentage of
the total number of fetuses about which chorionicity was known (n=208).

DCDA = dichorionic diamniotic; MCDA = monochorionic diamniotic;

MCMA = monochorionicmonoamniotic

Dichorionic twins

Placental causes represented 47% (45/96) of deaths in dichorionic pregnancies, with
acute chorioamnionitis being the commonest subcategory (40/45; 89%). An
“‘unknown” cause of death was the second commonest classification in dichorionic
twins (19/96; 20%), all “despite thorough investigation”, except one, classified as
unknown due to important information missing because parental consent was for a

limited post-mortem.
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Prematurity, the third commonest cause of death in dichorionic twins (10/96; 10%),
was secondary to PPROM in 6/10 cases, spontaneous preterm labour in 3/10, and
complications of prematurity in one 22-day old neonate, born at 31 weeks’ gestation.
The 8 deaths due to infection (8/96; 8%) were double twin deaths from 4 pregnancies,
3 of which were ascending infections and 1 transplacental infection. Congenital
abnormalities affected 8 fetuses, of which 2 were co-twins affected by lethal urogenital
anomalies. All but one of the dichorionic pregnancies affected by congenital
abnormalities resulted in death of the co-twin within two weeks of death of the
abnormal twin. The 5 deaths categorised as “other” were from 3 dichorionic
pregnancies; 2 sets of twins that died secondary to maternal diseases, and a NND at

17 minutes of age at 25 weeks gestation due to fetal trauma at birth.

Monochorionic twins

Placental causes of death were most common in monochorionic twins (53/122; 43%);
here TTTS was the commonest subcategory (36/53; 68%). In total, 51 deaths were
categorised as TTTS but in 15/51 of these cases (29%), the placenta was not
submitted or too fragmented to confirm chorionicity, and TTTS was diagnosed from
supporting information using the clinical history and ultrasound findings provided by
the referring hospital and examining the fetuses. Most TTTS deaths were chronic and
untreated (40/51; 78%). Only 20 of the 36 cases of TTTS with a placenta sent to
pathology underwent injection studies, representing 39% (20/51) of the total number
of fetuses categorised as TTTS. Of the 4 fetal deaths secondary to chronic treated
TTTS, one set of twins died at 272 weeks’ gestation following amnioreduction, 1 fetus
died spontaneously more than 7 days after FLA, with survival of its co-twin, and the

other died within 4 days of FLA with subsequent death of its co-twin due to acute
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TTTS. In 47% (24/51) of TTTS cases, clinical information from the referring hospital
provided no information about possible evidence of TTTS antenatally and as such
TTTS was diagnosed solely based on post-mortem findings. For 13 of these 24 cases
diagnosed with TTTS solely at post-mortem, the diagnosis was made without a
suitable placenta to examine and was based on features noted on fetal examination
such as body or organ weight discordance. Of the 20 cases in which injection studies
were performed, TTTS was diagnosed solely on the basis of injection studies in 20%

(n=4).

An “unknown” cause of death was the second commonest category in monochorionic
twins (29/122; 24%), all of which were categorised as such “despite thorough
investigation”. A third of these “unknown” cases underwent injection studies (10/29;

34%), all demonstrating a balanced circulation.

The third commonest cause was congenital abnormalities, representing 23% of
monochorionic twin deaths (28/122), of which TRAP (acardiac and pump) was the
commonest abnormality (13/28; 46%). There were 28 MCMA pregnancies,
representing 23% of the monochorionic pregnancies in this cohort with a gestational
age at death ranging from 8 to 28 weeks’ gestation. The commonest cause of death
in MCMA twins was congenital abnormalities (11/28), of which almost two-thirds were
twin-specific (7/11) (i.e. TRAP or conjoined twins). All deaths due to umbilical cord

events (4/122; 3%) occurred in MCMA pregnancies.

Cause of death by double and single-twin demise

In monochorionic pregnancies, 95% were double twin deaths (116/122), with 44%

(51/116) classified as placental, 24% (28/116) due to congenital abnormalities, 22%
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(25/116) as unknown, and the remaining due umbilical cord events (n=4), prematurity
(n=3) and “other” (n=5). In TTTS, 98% of deaths were double twin deaths (50/51). In
dichorionic pregnancies, 92% of deaths were double twin deaths (88/96), with 50%
(44/88) classified as placental and 15% (13/88) as unknown. All deaths due to
prematurity, infection, “other” causes and congenital abnormalities in dichorionic twins

were double-twin deaths.

Of the 19 single-twin deaths, 58% had an unknown cause of death (11/19), all of which
were spontaneous fetal losses with a mean gestational age at death of 23 weeks
(range 12-20*2 weeks’ gestation). Four of these single-twin deaths with an unknown
cause were from monochorionic pregnancies, six from dichorionic pregnancies and

one did not have a placenta submitted to confirm chorionicity.

Gestation at death and delivery

Table 3 outlines the causes of death by gestational age and chorionicity. The most
common gestation for death irrespective of chorionicity was before 24 weeks’
gestation (129/218; 59%), representing 60% of deaths in monochorionic (73/122) and
58% of deaths in dichorionic twins (56/96). In both chorionicities, the most common
cause of death before 24 weeks was placental, affecting 41% of monochorionic twins

(30/73) that died before 24 weeks and 43% of dichorionic twins (24/56).

In 59% of cases, data for gestation at death and delivery was provided, allowing
calculation of the interval (Figure 4). Overall, 11% of fetuses delivered more than 4
weeks after death (n=17). In most of these, cause of death was unknown (65%; n=11)
and 76% were <24 weeks’ gestation (13/17). Of the 4 deaths >24 weeks’ gestation that

delivered more than 4 weeks after death, three were single intrauterine deaths in
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dichorionic pregnancies, and were delivered with the surviving co-twin between 34+°
and 402 weeks, and one was a monochorionic twin that died at 24 weeks’ gestation

with termination of the co-twin at 32 weeks, when both twins were delivered together.
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<24 weeks | >24 weeks | Neonatal Unknown
gestation gestation death gestation at
death
Cause of Death MC DC MC DC MC DC MC DC
n) |n((%) [n(%) [n(%) [n(%) |n (%) |n (%) |n (%)
Congenital 23 5(09%)|1((5%)|1 1 1(9%) | 3 2
Abnormality (32%) (11%) | (20%) (13%) | (10%)
Placental 30 24 9 4 2 4 12 13
(41%) | (43%) | (43%) | (44%) | (40%) | (36%) |(52%) | (65%)
Umbilical cord 3 (4%) | 0 (0%) | 1 (5%) | 0 (0%) | O (0%) | O (0%) | O (0%) | O (0%)
Prematurity 0 (0%) | 4 (7%) | 0 (0%) | 0 (0%) | 1 5 2 (9%) | 1 (5%)
(20%) | (45%)
Infection 0 (0%) | 8 0 (0%) | 0 (0%) | 0 (0%) | 0 (0%) | 0 (0%) | O (0%)
(14%)
Other 4 (5%) | 2 (4%) | 1 (5%) | 2 0 (0%) | 1 (9%) | 0 (0%) | 0 (0%)
(22%)
Unknown 13 13 9 2 1 0 (0%) | 6 4
(18%) | (23%) | (43%) | (22%) | (20%) (26%) | (20%)
Total 73 56 21 9 5 11 23 20

Table 3: Distribution of gestational age at death by cause and chorionicity with numbers

and percentage within each group.
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Figure 4: Gestation at death and gestation at delivery demonstrating length of retention in-utero, by chorionicity
and amnionicity.
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DISCUSSION

Main Findings

CoDiT is a classification system with high inter- and intra-rater reliability designed
specifically for twin pregnancies using post-mortem reports as the primary source of
information. Initial testing of CoDiT demonstrates high inter-and intra-rater agreement
for main cause of death and provides important insight into causes of death in twins.
The commonest cause of death overall was placental conditions, with acute
chorioamnionitis the commonest subcategory in dichorionic twins, and TTTS in
monochorionic twins. Most deaths were double demises and irrespective of
chorionicity, most deaths occurred before 24 weeks’ gestation. Delivery more than 4
weeks after death was associated with increased likelihood of the cause of death being

unknown.

Strengths and Limitations

Using post-mortems as the source of information to classify cause of death may have
introduced case selection bias, since parental consent is required to conduct a post-
mortem examination. Therefore, the cohort may include disproportionately fewer
terminated pregnancies due to a known abnormality, fewer single deaths with
prolonged in utero retention or perhaps a higher number of spontaneous deaths

without an obvious antenatal cause.

In the 2017 UK Perinatal Mortality Surveillance Report, only 50% of parents of stillborn
babies and 28% of parents affected by NND consented to post-mortem?8. Restricting
the use of CoDIT to cases in which post-mortem was conducted limits its general

usability, especially as a tool for global use, since facilities for perinatal post-mortem
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examination are extremely limited in developing countries. As such, most pre-existing
classification systems rely on clinical information to determine cause of death.
Furthermore, even within developed countries, the quality of perinatal post-mortem is
variable. It is known that high quality reporting is directly related to the probability of a
post-mortem yielding clinically relevant information?®. As a result, the Royal College of
Pathologists has published guidelines for fetal autopsy, third trimester antepartum and
intrapartum stillbirths and neonatal deaths. These guidelines provide an auditable
standard for autopsy procedure and reporting, although specific guidelines for multiple
pregnancies and performing injection studies in monochorionic placentas do not
currently exist. In spite of such guidelines, post-mortem reports still depend on the local
expertise of the pathologist and the quality of clinical information received by the
pathology department. It is the responsibility of the requesting clinician to provide a
detailed clinical summary to inform the autopsy and facilitate a meaningful clinico-
pathological correlation®. A standardised approach to submitting clinical information,
and for conducting and reporting post-mortem examinations and placental injections
studies in multiple pregnancies would improve the accuracy of assigning cause of
death. Despite these limitations, post-mortem findings provide new information to
change the diagnosis in 9-11%, and additional information in 22-76% of cases, and as
such are a powerful tool when assigning cause of death in a classification system31-36,
Placental examination is also associated with a significant reduction in “unexplained”
deaths (OR 0.17; 95% CI 0.04-0.70) and is more cost-effective than post-mortem of

the baby or cytogenetics3°36,

The 2020 MBRRACE perinatal confidential enquiry in to stillbirths and neonatal deaths

in twin pregnancies concluded that “pathological examination of the placenta is an
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integral part of the investigation of stillbirth and the placenta should be submitted for
examination in all cases. Placental examination directly contributes to the
understanding of the cause of death and should be encouraged in all cases, even if
post-mortem examination is declined by the family”3°. Therefore a classification system
that solely relies of clinical information is unlikely to capture important details that will
arise from examination of the placenta. We have demonstrated the value of using post-
mortem reports to assign cause of death since the most common cause of death
overall was placental and in many cases the cause of death was only confirmed
following placental examination. In addition, the MBRRACE report recommended that
a specialist perinatal pathologist should examine the placenta in cases of stillbirth of
either a singleton or a twin pregnancy®. Thus an important strength of CoDiT lies in
the fact that it was created by a panel that included expert perinatal pathologists, and
subsequently tested the system using post-mortem reports written by perinatal

pathologists.

For twins, placental examination also confirms chorionicity and amnionicity and in
monochorionic twins, injection studies determine whether inter-twin transfusional
processes contributed to demise?8. Lopriore et al. suggest that injection studies should
be performed on all monochorionic placentas, irrespective of the birth outcome, to
evaluate the effect of any FLA and to understand the pathophysiology of disorders
affecting monochorionic pregnancies, potentially uncovering patterns associated with

fetal demise37-49,
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Comparison with the Delphi consensus study

CoDIT already aligns with 6/17 of the essential characteristics outlined in the Delphi
consensus study — accommodates fetal death, stillbirths and NND; distinguishes
between stillbirth and NND; has a small number of main categories; shows strong inter-
and intra- rater agreement; allows associated factors such as placental descriptions to
be recorded and distinguished from the cause of death; requires the single most
important factor to be recorded?®. CoDiT will require external validation to demonstrate
that it meets other characteristics — ease of use; clear guidelines; produces data that
are easily understood; has a sufficiently comprehensive list of categories to minimise

the proportion of deaths classified as “unknown”22,

An important characteristic we were unable to assess was the ability of CoDIT to
distinguish between antepartum and intrapartum deaths, as our cohort contained no
intrapartum deaths. As a higher proportion of twin pregnancies are delivered electively
by Caesarean section (CS), a lack of intrapartum deaths may reflect the reduced

number of women who labour with twin pregnancies.

Comparison with other classification systems

The proportion of cases classified as unknown (25%) is comparable to Codac but
higher than Tulip (11%), which captured late fetal losses, stillbirths, NNDs and infant
deaths, and ReCoDe (15%), which only applies to stillbirths'®2226, CoDiT was
designed to be used across all gestations including the first trimester. Determining
cause of death from early gestation fetal post-mortems can be extremely difficult.
However, we have shown the value of incorporating these early gestations. In our

cohort, 20% (54/265) of fetuses were <16 weeks’ gestation and the commonest cause
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of death <24 weeks in our cohort was placental (54/129; 42%); moreover TTTS, which
was the commonest cause of monochorionic twin death, typically occurs between 16

and 24 weeks’ gestation.

CoDiT is the first classification system designed specifically for perinatal deaths in twin
pregnancies. One study concluded that no pre-existing classification system was
suitable to classify causes of death in twin pregnancies as they did not reflect the
diversity of diagnoses in twins; at best, they identified twin pregnancies as
subcategories under “other conditions”. Another study identified that a major risk
factor for double fetal deaths in twins was monochorionicity, which is reflected in the
higher proportion of double monochorionic twin deaths compared to dichorionic deaths
in our cohort*2. Using Codac to assign cause of death in twins and singletons found a
higher prevalence of twin pregnancies in cases with a placental and unknown cause
of death, aligning with the overall top two causes in our cohort*3. A large retrospective
cohort analysis comparing the risks and causes of stillbirths in singletons and twins
using ReCoDe, found that stillbirths were mainly due to TTTS in monochorionic twins,
as in our cohort, but unlike our cohort, congenital anomalies were the biggest cause of
death in dichorionic twins and singletons#4. In line with our cohort, the 2020 MBRRACE
report in to perinatal loss in twins, which sampled 118 twin pregnancies over 22 weeks’
gestation, identified TTTS as the most common cause of perinatal loss in
monochorionic twins®. Extreme preterm labour was the most frequent cause of
perinatal loss among the 70 dichorionic pregnancies in the MBRRACE cohort,
compared with acute chorioamnionitis in our cohort of 78 dichorionic pregnancies,
though the latter includes losses in all gestations, which may account for this

discrepancy®.
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Although there was recurring disagreement between users when assigning cause of
death as either acute chorioamnionitis or ascending infection, the user guidelines
clearly state that ascending infection should be assigned when there is proven
colonisation in the birth canal. In other classification systems, cases that clearly did not
follow the user guidance were identified as “misinterpretation” of the guidelines and
excluded from the study. Had this been considered in CoDiT, is it probable that inter-

user agreement would have been even stronger.

Future work

CoDiT requires validation using external cohorts (i.e. other tertiary UK maternity units
with dedicated perinatal pathology services) and external panels to determine its
suitability as a global classification system for twins. The guidelines may require
modification to clarify how users should distinguish ascending infection from acute
chorioamnionitis. Adding a subcategory to distinguish between deaths due to
prematurity from PPROM with or without evidence of infection may be useful.
Furthermore, comparative studies to evaluate the performance of CoDIT against other
classification systems in twin pregnancies will determine whether the system employed

affects the classification of cause of death and the frequency of unexplained deaths.
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CONCLUSION

We introduce the first classification system for perinatal mortality specifically designed
for twin pregnancies. Testing CoDiT demonstrated the commonest causes of death in
this cohort of twins, and the gestation with the highest incidence of fetal demise. CoDiT
yields reproducible outcomes and already meets many characteristics required for a
global classification system. Whilst external validation is required, CoDiT has the
potential to be a powerful tool in furthering our understanding of deaths in twin

pregnancies and a catalyst to improve their management.
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Case number:

APPENDIX: CoDiT Classification system

fi.e. 1A = case 1, twin 1, 1B = case 1, twin 2}

Matemal Demoeraphics
Age at booking:
Grawvida:

Parity:

BRI

Ethmicity:

miellitus):

Delivered at:

Medical history (e.gz. diabetes

Pregmancy details

Gestation at deliveny:
Birth weight:

Chorienicity according to Scan: MC / DC / not reported
Amnignicity according to scam: MA [ DA/ not reported
Conception: spontaneous / assisted / not reported
Twin demise: single [ double / not reported

Mode of demise: spontaneous [ termination of whole
pregnancy | selective reduction of that fetus [ within 7
days of intervention / not reported

Gestation at death if intra-uterine death:

Age at death if necnatal death:

PM wweight:

Chromosome testing done: /N
If yas, level of testing conducted + result:

Flease circle as many options as found in the post-mortem but only select one miain cause of death

Cause of death

Subclassification

Other details

1. Congenital
abnormality

1.

Chromosomal defect
3. MNumerical

b. Structural
c. Microdeletion/uniparental
disomy
2. Syndrome
a. Monogenic
b. Other
3. Central nervous system
4. Heart and circulatory system
5. Respiratory system
6. Digestive system
7. Urogenital system
8. Musculoskeletal system
3. Endocrine/metabolic system
10. Meoplasm
11. Other
3. Single organ
b. Multiple organ
12, Twin specific
a. TRAP — acardiac twin
k. TRAP — pump twin
c. Conjoined twins
1. Placenta See placental table
3. Umbilical cord See placental table
4. Prematurity 1. PFPROM
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a. Monochorionic
b. Dichorionic
c. Mot reported

Amnionicity on PM
a. Monoamniotic
k. Driammniotic
c. Mot reported

Flacental weizht (g):
Fetal:placental weight ratio:

Flacentas fused or separate:

Comment on vascular termitery for each fetus

(MC only): ¥/N
If yes, details:

If MC, placental imjection studies performed:
¥/N
If yes, details of anastomoses:

2. Spontanecus preterm labour
3. Cervical dysfunction Diagnosed on scan: ¥/N
4. latrogenic Details:
5. Other
5. Infection 1. Transplacental Details of infection:
{If choricamnionitis please
document in placental table under
“membranes”).
2. Ascending
3. Neonata
4. NO5
6. Other 1. Fetal hydrops of unknown origin
2. Maternal disease
3. Trauma a)] Fetal
b} Maternal
4. Exceptional droumstances (ie.
uterine rupture)
5. Following medical intervention Details:
&. latrogenic
7. Unknown 1. Despite thorough investigation
2. Important information missing
Placental table
Owerview Chorionicity on Pathology Same as scan findings: ¥/M

If n, details:

Description of Placenta
{Important relative
descriptive factors that
are NOT a COD

Please select if any of these descriptors are
relevant:

*  Placenta praevia

*+ Placenta accretafincreta/percreta

*  Nucleated RBC

*  [mmaturity

*  Advanced maturation
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*  Mild villitis of unknown aetiology [not

severe]
*  Umbilical cord —
details
Cause of death Subclassification Other details
2. Placenta 1. Low placental weight [<10™ centile for

gestational age)
2. High placenta weight (=30 centila for
gestational age|
3. Thin placenta (average thickness <2om)
Placental haemorrhage
a. Retroplacental haematoma
b. Subcherionic thromboses

[extensive)
2a. Vascular 1. TITS—ISTHISACOD: Y/ M Treatment modality for
abmormalities a. Chronic —untreated TTTA:

b. Chronic—treated (state treatment
medality in next column)
c.  Acute [2™ twin)
i. Meurclogical damage: ¥/N
2. Fetal chorionic vessel thrombosis — 15
THISACOD: Y /M

Clinical evidence of:
TAPS: YN
TOPS: ¥/N

2b. Placental choricnic 1. Extensive placental infarction
villi and intervillous space 2. VWasculo-synoytial membrane deficiency
abnormalities 3. Extensive perivillous fibrin deposition
4. Maternal floor infarct
2c. Villitis 1. Severevillitis of unknown asticlogy
2. Histiooytic intervillositis
2d. Membranes 1. Acute choricamnionitis Is thisa COD: ¥ /M
2. Chronic chorioamnionitis
2e. Angiomas 1. Angioma of the cord
2f. Placenta 1. Decidual vasculopathy
2. Other
3. Umibilical cord 1. Short cord (<3 2m)
{only select if a COD —if 2. Long cord [>100cm)
present but mot a direct 3. Marginal cord insertion
COD please listin 4. Welamentous insertion
“Description of placenta” 5. Owercoiling of cord [>1coil/Scm)
section) 6. Undercoiling of cord {<1ooil/Scm)
7. Tight true knot
8. Simgle umbilical artery
5. Thrombosizs of umbilical cord vessels

10. Cord entanglement
11, Other

Guidance for completing the CoDiT data collection form

(1) Congenital anomaly: the cause of death is explained by a genetic or a structural defect incompatible
with life or potentially treatable but the primary cause of death. Assignment to this growp is justified if
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the congenital amomaly is the actual cause of death and no other major category of causes of death has
initiated the causal pathway leading to death. Termination of pregnancy because of a congenital anomaly
iz also classified in this group. Any chromosome testing and details of the level of testing should also be
recorded i.e. PCR, standard G band karyotype, microarray, genetic level.

(2] and [3) Placenta and Umbilical cord: the cause of death is explained by a placental or umbilical cord
abnormality supported by the dlinical findings. Cause of death should be recorded in the dedicated
placental table which also requests descriptive details of the placenta including whather injection studies
ware performed in MC placentas and details of the findings.

(3] Prematurity: the cause of death is explained by the initiation of preterm delivery only and in the case
of neonatal death also, with the associated problems of prematurityfmmaturity.
« (4.1] Preterm prelabour rupture of membranes (PPROM)| initiates preterm deliveny.
« (4.2] Preterm labour where uterine contractions initiate preterm delivery.
* (4.3) Ccervical dysfunction initiates preterm delivery.
¢ (4.5] Other where prematurity is the cause of death but it is not clear how preterm delivery was
initiated.

(5] infection: the cause of death iz explained by an infection resulting in sepsis and stillbirth or neonatal
death. There is a clear microbiological evidence of infection with matching clinical and pathological
findings.

# [5.1] Transplacental where there is a haesmatogenous infection through the spiral arteries, the
placenta and the umbilical cord to the fetus such as Parvovirus infection. If there is evidence of
chorioamnicnitis on the membranes, this should be documented in the placental table.

¢ |5.2] ascending where there is an ascending infection from colonisation of the birth canal such as
Streptococc growp B infection.

¢ 53] Meonatal where there is infection acguired after birth such as Escherichia coli sepsis—
Mmeningitis.

¢ |5.4] Mot otherwise specified [NO5]) where there is infection, but it cannot be discerned whether
the infection was transplacental, ascending or acquired after birth.

(6] other: the cause of death is explained by another specific cause not mentioned in the previous groups
of cause of death.

¢ |6.1] Fetal hydrops of unknown origin.

# [6.2] Maternal disease is severe enough to jeopardise the fetus or the neonate, initiating death.
Examples might be severe maternal sepsis or alloimmunization. For most maternal medical
conditiens, this classification will only apply when the disease leads directly to perinatal death, as
in diabetic ketoacidosis. Otherwise, the condition is a risk factor.

* [6.3] Trauma

o [6.3.a) Fetal such as selective reduction or birth trauma.
o [6.3.b) Maternal such as severe road traffic accidents.

¢ [6.5] Following medical intervention is to be selected if an intentional intervention such as
fetoscopic laser ablation or selective reduction for a co-twin has led to unintentional death.

* [6.6] latrogenic cause of death is assigned when intentional twin reduction or termination of
pregnancy has oocurred withouwt an underlying lethal cause of death.
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