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Miscarriage syndrome: Linking early pregnancy loss to
obstetric and age-related disorders
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Summary

Upon embryo implantation, the uterine mucosa - the endometrium - transforms into a robust decidual matrix that
accommodates the fetal placenta throughout pregnancy. This transition is driven by the differentiation of endome-
trial fibroblasts into specialised decidual cells. A synchronised influx of circulating natural killer (NK) cells and bone
marrow-derived mesenchymal stem/progenitor cells (BM-MSC) is pivotal for decidual homeostasis and expansion
in early pregnancy. We hypothesise that pathological signals interfering with the recruitment or activity of extrauter-
ine cells at the maternal-fetal interface link miscarriage to subsequent adverse pregnancy outcomes, including fur-
ther pregnancy losses and preterm labour. NK cells and BM-MSC are key homeostatic regulators in multiple tissues,
pointing towards a shared aetiology between recurrent miscarriage and age-related disorders, including cardiometa-
bolic disease. We propose the term ‘miscarriage syndrome’ to capture the health risks associated with miscarriage
and discuss how this paradigm can inform clinical practice and accelerate the development of preventative strategies.
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An estimated 60% of human embryos are lost before or
soon after implantation. This high attrition rate is attrib-
uted to intrinsic chromosomal instability in preimplan-
tation embryos and the ability of the endometrium to
engage in embryo biosensing and selection.”” Follow-
ing implantation, most pregnancy failures occur so
early that they escape detection whereas the remainder
present as clinical miscarriages. The population preva-
lence of women with one, two, or three or more self-
reported miscarriages is 10-8%, 1-9%, and o0-7%, respec-
tively.> Over 90% of losses occur in the first trimester of
pregnancy.* Maternal age is a major determinant of
miscarriage rates with the risk rising sharply after the
age of 34 years, reflecting the exponential increase in
chromosome error rates in oocytes and fetal tissues.’
The risk of miscarriage further increases stepwise by
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7—9% with each additional loss independently of mater-
nal age.*> For example, at the age of 34 years, the likeli-
hood of a live birth after one miscarriage is 82%, 68%
after three losses, and 50% after 5 miscarriages.*
Although most women with recurrent miscarriage
will go on to have a live birth, these pregnancies are at
risk of preterm birth, fetal growth restriction, placental
abruption and stillbirth.> Each additional pregnancy
loss compounds the risk of obstetric disorders in a
future ongoing pregnancy.‘"’6 Recurrent miscarriage is
also associated with cardiometabolic disease in later life,
including diabetes, hyperlipidaemia, hypertension and
a five-fold higher risk of myocardial infarction.””° These
diseases manifest at earlier ages in women who have
experienced recurrent miscarriage compared to the
background population.” Women with a history of
recurrent miscarriage exhibit significantly higher 10-
year cardiovascular risk scores when compared to con-
trol subjects of the same age.”” Obstetric disorders,
including preterm birth, also increase the risk of age-
related cardiometabolic disease.” Further, ischaemic
heart disease is more prevalent in parents of women
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who experience recurrent miscarriage, suggesting a
genetic component.™

The 2021 ‘Lancet Series on Miscarriage’ summarised
the physical and psychological health burdens associ-
ated with early pregnancy loss and called for research
into the mechanisms that link recurrent miscarriage to
obstetric disorders and age-related disorders.*">'# Here,
we hypothesise that the critical dependency of the endo-
metrium on the recruitment of extrauterine cells
involved in tissue homeostasis and repair in early gesta-
tion explains the health implications of miscarriage
beyond the index pregnancy (Figure 1). We propose the
term ‘miscarriage syndrome’ to emphasise the unmet
need for individualised risk assessment and tailored sur-
veillance following miscarriage.

Miscarriage syndrome: a common pathological
pathway

During the reproductive years, the endometrium under-
goes iterative cycles of tissue breakdown and repair. In
each ovulatory cycle, oestrogen-dependent proliferation
of resident epithelial and stromal cells is followed by
progesterone-dependent differentiation, culminating in
a four-day window during which embryo implantation
can take place.” The implantation window opens with
acute remodelling of glands and stroma, a process that
ultimately results in menstrual breakdown or, in case of
pregnancy, formation of a robust matrix, termed
decidua, which accommodates the placenta. Secretion
of chemokines and transient tissue oedema promote
influx of innate immune cells, foremost natural killer
(NK) cells, and bone marrow-derived mesenchymal
stem/progenitor cells (BM-MSC)."® '® In parallel,
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stromal cells transform into stress-resistant, progester-
one-dependent decidual cells upon closure of the win-
dow.” Some fibroblasts damaged by replication stress
during the growth phase fail to differentiate and acquire
an acute senescent phenotype.”'® Senescence refers to
an evolutionarily conserved cell state characterised by
permanent growth arrest, resistance to apoptosis and a
complex senescence-associated secretory phenotype
(SASP).*° Senescent endometrial fibroblasts secrete an
abundance of extracellular matrix proteins and protei-
nases, chemokines, and inflammatory mediators, which
create a permissive implantation environment.*'
Although initially few in number, prolonged SASP pro-
duction induces secondary senescence in neighbouring
decidual cells, tissue inflammation, influx of neutro-
phils and menstrual breakdown.'®’® Upon successful
embryo implantation, progesterone-dependent decidual
cells are maintained and counteract the endometrial
propensity for self-destruction by secreting interleukin-
15 and other factors that instruct uterine NK cells to
eliminate senescent fibroblasts.”***°In addition, differ-
entiation of BM-MSC into distinct prolactin-producing
decidual cells compensates for cellular attrition and con-
fers plasticity on the nascent maternal-fetal
interface.”""

Thus, transformation of the cycling endometrium into
the decidua of pregnancy depends critically on uterine che-
mokine signals, transvascular migration of circulating NK
cells and BM-MSC, and their proliferative expansion and
phenotypic differentiation into effective homeostatic regu-
lators of the maternal-fetal interface.® '®>* *# Interfer-
ence at any stage of this pathway can potentially
compromise placenta formation and cause miscarriage.
For example, recurrent miscarriage is associated with loss
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Figure 1. Bone marrow-derived mesenchymal stem/progenitor cells (BM-MSC) and natural (NK) killer cells (middle panel) are critical
for decidual expansion and homeostasis at the maternal-fetal interface (left panel) and confer protection against age-related cardio-

vascular disease (right panel). For detailed discussion, see text.
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of BM-MSC during the implantation window with the
level of depletion correlating to the number of previous
losses.” The abundance of clonogenic stromal cells in
midluteal endometrium also correlates negatively with
increasing body mass index (BMI), which is in keeping
with the observation that obesity is associated with higher
recurrence rates of miscarriage.>***” Maternal obesity also
drives functional alterations in uterine NK cells. Notably,
other immune cells also play important roles in maintain-
ing the integrity of the maternal-fetal interface in early ges-
tation, including dentritic cells, activated regulatory T cells,
and anti-inflammatory (M2) macrophages,’® %22~ 2428 3©
The literature is replete with reports associating
recurrent miscarriage with abnormalities in circulating
NK and other immune cells.” There is, however, no
consensus on the precise nature of immune cell dys-
functions nor is it clear how they impact on the mater-
nal-fetal interface. Further, a large Norwegian registry
linkage study reported that most pre-existing chronic
disorders, including autoimmune disorders, do not
impact significantly on the risk of miscarriage. One
notable exception is cardiovascular disease, especially
atherosclerosis.’* Following implantation, plugging of
the decidual spiral arterioles by invading trophoblast
precludes perfusion of the developing placenta during
the first 10—12 weeks of pregnancy.’* 3° Hence, vascu-
lar disease may impact primarily on transvascular
migration of extrauterine cells in early pregnancy. BM-
MSC also give rise to uterine endothelial progenitors,'®
suggesting an integral link between pre-existing vascu-
lar disease and aberrant decidual transformation of the
endometrium. As pregnancy progresses into the second
trimester, the uteroplacental arteries convert into large
fibrinoid vessels devoid of endothelium and other vascu-
lar structures, thus curtailing influx of extrauterine cells
into the centre of the placental bed. Therefore, the level
of plasticity of the maternal-fetal interface may not only
be determined in early gestation, but homeostatic
imbalances below the threshold for miscarriage could
become amplified beyond the second trimester, leading
to preterm labour and other obstetric disorders.
Transient emergence of senescent cells causing
acute inflammation and tissue remodelling is not con-
fined to the endometrium but implicated in a myriad of
physiological processes, ranging from development to
wound healing. By contrast, accumulation of senescent
cells and SASP-dependent chronic tissue inflammation,
designated ‘inflammaging’, are hallmarks of ageing and
age-related disorders, such as cardiovascular disease
and type 2 diabetes.>*?” 4° Multiple factors contribute
to inflammaging, including genetic susceptibility,
chronic infection, obesity, and defective immune clear-
ance of senescent cells.*® Intriguingly, abnormalities in
circulating NK cells reportedly persist long after the
pregnancy loss,’’ raising the possibility that aberrant
immunological ‘memory’ contributes to the susceptibil-
ity of miscarriage patients to age-related disorders.
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Further, pregnancy failure may unmask pre-existing
deficiencies in BM-MSC. Loss of BM-MSC ‘fitness’ in
terms of anti-inflammatory and immunomodulatory
properties is also a hallmark of ageing and implicated
in cardiovascular disease.*'

Miscarriage syndrome: clinical and research
implications

Current definitions of recurrent miscarriage are based
on an arbitrary number of pregnancy losses, usually two
or three, and do not capture the escalating risk of
adverse health outcomes with each additional preg-
nancy loss.> We propose that clinical management of
early pregnancy loss should include individualised
assessment of the risk of ‘miscarriage syndrome’ to
inform women and guide healthcare professionals in
determining the level of surveillance in future pregnan-
cies and beyond. Data from nationwide, registry-based
cohort studies already enable enumeration of the gen-
eral recurrence risk of miscarriage based on maternal
age and the number and sequence of prior losses and
live births.* We suggest that inclusion of risk factors of
cardiometabolic disease (e.g., ethnicity, BMI, lifestyle
factors and laboratory tests) will refine individualised
predictions of health risks. In a recent scientific state-
ment, the American Heart Association (AHA) emphas-
ised the importance of active interventions to lower the
risk of future cardiovascular disease following a preg-
nancy affected by preterm birth, preeclampsia or other
obstetrical disorders.** Apart from recommending (life-
long) heart-healthy diet and adequate physical activity, the
AHA also called for studies evaluating pharmacopreven-
tion of primary cardiovascular disease following adverse
pregnancy outcome. Adopting the term ‘miscarriage syn-
drome’ will not only render these recommendations inte-
gral to the management of miscarriage by healthcare
professionals but - in all probability — also enhance patient
compliance.

A syndromic approach to miscarriage, and especially
recurrent miscarriage, highlights the need for large pro-
spective cohort studies such as Tommy’s Net in the UK,
which captures clinical outcome data in real-time.** Our
‘shared aetiology’ hypothesis calls for an integrated
research approach to understand the contribution of
systemic versus uterine perturbations in relaying obstet-
ric and age-related risks associated with miscarriage. It
also points towards novel treatment strategies centred
on targeting endometrial homeostasis. For example, in
mice, transfer of wild-type BM-MSC by bone marrow
transplantation restores endometrial function and pre-
vents pregnancy loss in animals lacking Homeobox a1,
a key decidual transcription factor.'® Echoing these find-
ings, a recent pilot trial reported that dipeptidyl-pepti-
dase IV inhibitors enhance pre-pregnancy endometrial
recruitment of BM-MSC in recurrent miscarriage
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patients by amplifying uterine chemokine signalling.*
Further, senolytics, an emerging class of drugs that
selectivily kill senescent cells, are studied intensively for
their potential to prevent age-related cardiometabolic
disease and increase heatlhy lifespan.>°3739:44 4% A
recent study using a complex uterine organoid system
highlighted the potential of senolytics as novel endome-
trial therapeutics.”” Importantly, it seems likely that
therapeutic interventions that safeguard endometrial
homeostasis before and after embryo implantation will
not only reduce miscarriage rates but also mitigate
against the risk of preterm birth and other obstetric dis-
orders.

In summary, the plasticity and integrity of the mater-
nal-fetal interface in pregnancy critically depends on
massive recruitment of extrauterine BM-MSC and
immune cells (Figure 1). We propose that this depen-
dency makes early pregnancy a ‘stress-test’ of a physio-
logical system also critical for tissue homeostasis upon
ageing. Miscarriage may not only ‘unmask’ an underly-
ing defect but the likelihood of a defect increases with
each additional loss, thus accounting for the escalating
risk of obstetrical disorders and cadiometabolic disease
in later life with higher-order miscarriages. While preg-
nancy failure can be an isolated event, for example
caused by fetal aneuploidy, it is imperative to distin-
guish this from ‘miscarriage syndrome’, which requires
enhanced surveillance and intervention to safeguard the
health of babies and their mothers in future pregnan-
cies and beyond.
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