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Editorial on the Research Topic

Immunological challenges around pregnancy complications associ-
ated with failures of maternal tolerance to the fetus
Successful pregnancy provides an intriguing immunologic paradox. The fetus carries

both paternal and maternal genes and therefore is 50% foreign to the mother, but is

tolerized by the maternal immune system. Several immune regulatory mechanisms are at

play at the maternal-fetal interface, which represents the location where fetal trophoblasts

in the placenta come into contact with maternal immune cells. In early pregnancy,

extravillous trophoblasts are relevant in plugging and remodeling maternal spiral arteries

and thereby are relevant for the proper development of the placenta and the fetus. At the

same time, fetal trophoblasts at the maternal-fetal interface need to be tolerized against

immune attack by maternal T cells, myeloid cells (macrophages and dendritic cells), and

decidual natural killer (NK) cells. One way of establishing this is the expression of HLA-

G on the surface of trophoblasts and the secretion of soluble HLA-G. A second way is the

generation and development of regulatory immune cells, including regulatory T cells

(Tregs) and myeloid-derived suppressor cells (MDSCs). These cell types mediate

homeostasis by dampening effector immune cell mechanisms.

This Research Topic focuses on mechanisms that effectuate a tolerogenic

microenvironment in healthy pregnancy and describes how these features may be

disturbed in various types of pregnancy complications.

An experimental study by Dietz et al. uses a murine model lacking the Qa-2 antigen, a

murine homologue-candidate for HLA-G, to show the effect of sHLA-G in reducing

abortion rates through inducing Tregs and MDSCs. Both cell types are shown to suppress
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the action of effector T cells. Interaction and cross-talk between

the trophoblast and macrophage may lead to direct polarization

of the latter, as reviewed by Ding et al.. Such effects mediating

tolerogenicity can be driven either by direct cell-cell contact,

excreted soluble factors or a combination of the two. Next to

macrophages, dendritic cells make part of the myeloid cell

lineage. These cells are the most efficient type of antigen-

presenting cells, and as part of the decidual environment, they

are thought to drive fetus-specific immunity by the maternal

immune system. Zhang et al. show that the female steroid

hormone progesterone has major effects on the characteristics

of dendritic cells. Another regulatory mechanism at the

maternal-fetal interface may be directed by surface molecules

CD39 and CD73, which promote conversion of adenosine 5′-
triphosphate (ATP) to adenosine and thereby change a pro-

inflammatory to an anti-inflammatory environment. Zhu et al.

demonstrate that trophoblasts express both molecules and also

show that a high fraction of decidual NK cells are positive for

CD39. Expression of both molecules was found to be decreased

at the maternal-fetal interface in women with pregnancy loss,

thereby emphasizing their importance in this disease.

The current Research Topic is further directed at pregnancy-

related complications with possible involvement of the immune

system, which are studied here. These include recurrent pregnancy

loss (RPL), chronichistiocytic intervillositis (CHI), andpreeclampsia.

As the fetal cells are tolerized by thematernal immune system in

healthy pregnancy, immunological mechanisms and disturbances

therein may underlie RPL.Women with RPL have had two or more

spontaneous miscarriages. It affects approximately 3% of all fertile

couples and inmore than 50% of couples the underlying cause is not

clear: a considerable part of such cases are suspected to have an

immunologic nature. Li et al. outline how big data analysis of the

maternal-fetal interface, as well as placenta and blood, from women

with RPL may help elucidating the pathogenesis.

CHI is a poorly understood histopathological lesion of the

placenta. CHI is significantly associated with miscarriage, fetal

growth restriction, and intrauterine fetal death. In this disease, an

intervillous infiltrate, which is of maternal origin, can be seen in

every trimester throughout gestation. The interplay between

maternal immune cells and fetal trophoblasts in CHI might point

toward a breach in immune tolerance and is a topic for ongoing

research. Cornish et al. present a detailed overview of prevalence,

pathology, and clinical consequences of different gestational

syndromes, including CHI, which are associated with adverse

pregnancy outcomes. Brady et al. describe how application of

immune modulatory medication in women with CHI may

improve placental lesions and higher the chance of livebirth.
Frontiers in Immunology
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The third type of pregnancy-related complication discussed

in this Research Topic is preeclampsia, which is a serious

complication endangering the mother and the fetus. High

blood pressure is an important indicator for diagnosing

preeclampsia. Gan et al. found that systolic blood pressure of

the mother at 12 weeks of gestation predicts the development of

severe preeclampsia and of low birth weight of the baby. Green

et al. present a systematic review concerning the role of Tregs in

adverse pregnancy outcome. They show that decreased Treg

numbers in the peripheral blood of pregnant women is

significantly associated with the occurrence of pre-eclampsia.

Acute atherosis is a lesion which can be present at the maternal

spiral arteries, and which may be encountered in preeclampsia.

Jacobsen et al. provide an extensive overview and discussion on

acute atherosis, including its definition, underlying mechanism,

and possible clinical consequences.

In summary, this Research Topic provides insights in the

immunological challenges around pregnancy complications

associated with failures of maternal tolerance to the fetus.

The collection of articles highlights the function of specific

immune cell populations and describes new mechanisms of

pregnancy monitoring that can contribute to advanced basic

research and clinical translation for various types of

pregnancy complications.
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Immunomodulatory Therapy
Reduces the Severity of Placental
Lesions in Chronic Histiocytic
Intervillositis
Chloe A. Brady 1*, Charlotte Williams 1,2, Gauri Batra 3, Elaine Church 4, Clare L. Tower 4,

Ian P. Crocker 1 and Alexander E. P. Heazell 1,4

1 Tommy’s Maternal and Fetal Health Research Centre, St Mary’s Hospital, The University of Manchester, Manchester,

United Kingdom, 2 Exeter Medical School, University of Exeter, Exeter, United Kingdom, 3 Pediatric Histopathology, Central

Manchester University Hospitals National Health Service Foundation Trust, Manchester, United Kingdom, 4 Saint Mary’s

Hospital Managed Clinical Maternity Service, Manchester Academic Health Science Centre, Manchester, United Kingdom

Chronic histiocytic intervillositis (CHI) is a rare, but highly recurrent inflammatory placental

lesion wherein maternal macrophages infiltrate the intervillous space. Pregnancies with

CHI are at high risk of fetal growth restriction, miscarriage or stillbirth. Presently, the

diagnosis can only be made after histopathological examination of the placenta. Given

its proposed immunological etiology, current treatments include aspirin, heparin, and

immunomodulatory agents. However, the rationale for these medications is largely

based upon small case series and reports as there is a lack of larger studies

investigating treatment efficacy. Therefore, this study sought to determine whether

inclusion of immunomodulatory medications was effective at reducing the severity of

lesions and improving pregnancy outcomes in subsequent pregnancies. Thirty-three

women with a history of CHI in at least one pregnancy (index case) were identified

retrospectively through medical records. Twenty-eight participants presented with a

first subsequent pregnancy and a further 11 with a second subsequent pregnancy at

a specialist clinic for pregnancy after loss. Data on maternal demographics, medical

history, medication, pregnancy outcome, and placental pathology was collected and

compared between pregnancies. Twenty-seven (69%) subsequent pregnancies were

treated with at least one or both of prednisolone and hydroxychloroquine. Inclusion

of at least one immunomodulatory agent in treatment regimen resulted in an almost

25% increase in overall livebirth rate (61.5 vs. 86.2%). In women treated with

immunomodulatory medication a greater proportion of placentas had reduced severity

of lesions compared to those treated without (86.7 vs. 33.3%, respectively). A reduction

in CHI severity was associated with a 62.3% improvement in livebirth rate compared

to those where severity remained unchanged in relation to the index case. These

data provide preliminary evidence that the use of immunomodulatory medication in

the management of CHI improves histopathological lesions and the chance of livebirth

in subsequent pregnancies. Due to CHI’s rarity and ethical and feasibility issues,
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randomized controlled trials in affected women are challenging to conduct. As a

result, collaboration between centers is required in future to increase study sample

sizes and elucidate the mechanisms of hydroxychloroquine and prednisolone in

reducing pathology.

Keywords: placental histopathology, prednisolone, hydroxychloroquine, stillbirth, treatment, miscarriage,

outcomes

INTRODUCTION

Chronic histiocytic intervillositis (CHI), also known as chronic
intervillositis or chronic intervillositis of unknown etiology (1),
is a pregnancy disorder strongly associated with fetal growth
restriction, miscarriage, stillbirth and neonatal death (2–5).
Estimated to affect 6 in every 10,000 pregnancies over 12
weeks’ gestation, CHI is characterized by maternal macrophage
infiltration into the intervillous space of the placenta and has a
25–100% risk of recurrence in subsequent pregnancies (1, 3, 6, 7).
Many cases also exhibit marked perivillous and/or intervillous
fibrin deposition and trophoblast necrosis (8). Due to its
asymptomatic nature and a lack of reliable associated biomarkers,
currently a diagnosis of CHI can only be made following delivery
by histopathological examination of the placenta. Management
of CHI is further complicated by a lack of standardized treatment
options proven to prevent recurrence.

Owing to the presence of maternal macrophages and the
reported increased incidence in women with autoimmune
disease, CHI has been hypothesized to be a disorder of failed
maternal-fetal tolerance and excessive inflammation (9). On this
basis and due to the presence of intervillous and perivillous
fibrin, current treatments include thromboprophylactic agents
such as aspirin and low-molecular-weight heparin (LMWH)
as well as those aimed at suppressing inflammation e.g.,
corticosteroids and hydroxychloroquine (9). A systematic review
of six observational studies conducted in 2010 found no
significant improvement in pregnancy outcome with aspirin
and LMWH alone. Though a growing number of case reports
detail use of immunomodulatory agents such as prednisolone
and hydroxychloroquine (9, 10), there remains a striking lack
of larger studies supporting the efficacy of any treatment
regime in reducing severity of CHI and improving pregnancy
outcomes. Notably, a prior case series has highlighted that
women with worse obstetric histories tend to be prescribed more
therapeutic agents, despite their unproven efficacy (9). Due to
the high rate of recurrence of CHI and severe consequences
of the disorder, studies are urgently needed to determine
effective therapies.

By retrospectively identifying women with a previous
diagnosis of CHI, we aimed to investigate pregnancy outcomes
and placental pathology in subsequent pregnancies referred
to a specialist service following poor perinatal outcome,
stillbirth or neonatal death. We hypothesized, due to the
immunological nature of CHI, that treatment regimens where
immunomodulatory agents were included would decrease the
severity of the condition and consequently improve the chance
of livebirth.

MATERIALS AND METHODS

Participant Recruitment and Data
Collection
Women with a previous histopathological diagnosis of CHI
between 2009 and 2021 were identified retrospectively from
medical records at Manchester University NHS Foundation
Trust, UK. The majority of these cases were identified after
the death of a baby or late miscarriage when histopathological
evaluation of the placenta is recommended practice. In other
cases (following the birth of a live infant) the placenta is
sent away for examination for a variety of clinical indications
(e.g., FGR, fetal compromise at birth, placental abruption, and
previous late pregnancy loss). CHI was diagnosed by a specialist
perinatal pathologist in accordance with its initial description
by Labarrere and Mullen as a placental lesion consisting of
histiocytic (macrophage) infiltration into the intervillous space
(8). Data on maternal demographics, medical history including
results of tests for autoantibodies (lupus anticoagulant, anti-
phospholipid, antinuclear, and anticardiolipin antibodies) and
obstetric history were collected from the woman’s case record.
The first pregnancy diagnosed with CHI was classified as the
“index” case, with data on any subsequent pregnancies recorded
where applicable from retrospective medical records. Pregnancy
outcomes consisted of liveborn and still living, liveborn at term
and still living (>37 weeks’ gestation), miscarriage (fetal death
<24 weeks gestation, including spontaneous abortion), stillbirth
(fetal death >24 weeks gestation), and termination of pregnancy
for fetal anomaly (TOPFA). Cases of neonatal death (death of an
infant within 28 days after birth) were also recorded. Fetal growth
restriction (FGR) was defined as growth below the 3rd percentile,
and small for gestational age (SGA) as between 3rd and 10th
centile (11). Centiles were calculated for pregnancies >20 weeks’
gestation using the GROW centile calculator, for cases where
maternal demographics, pregnancy outcome and fetal sex were
known (12).

The therapeutic agents used in our service evolved over time
following publications from other researchers (3, 9, 10, 13) and
following discussion with colleagues with expertise in lupus
in pregnancy. Initially, pregnancies with CHI were managed
using Aspirin and LMWH, but this evolved to a combination
of Aspirin was given at a dose of 75–150mg once a day, a
prophylactic dose of LMWH (e.g., Tinzaparin 4,500iu) once a
day, Hydroxychloroquine 200mg twice a day and Prednisolone
20mg once a day in the morning. Drug therapy was started
from a viability scan at 6–7 weeks’ gestation. Women underwent
ultrasound assessment of uterine artery Doppler at 17 weeks’
gestation, if this showed no abnormality then Prednisolone was

Frontiers in Medicine | www.frontiersin.org 2 October 2021 | Volume 8 | Article 7532208

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Brady et al. Immunomodulatory Therapy in CHI

reduced by 5mg per week. If there was evidence of uterine artery
notching or raised pulsatility index Prednisolone was continued
at 20mg and then uterine artery Doppler’s were reassessed after
2 weeks. If there was no improvement by 21 weeks’ gestation
the Prednisolone was reduced at this stage. Women underwent
regular ultrasound assessment of fetal growth, amniotic fluid
volume and umbilical artery Doppler after 23 week’s gestation at
a minimum frequency of 3-weekly intervals.

Where available, placental histopathology reports were
analyzed for detail on histopathological features including the
presence of villitis, increased fibrin deposition and recurrence
and severity of CHI. Change in severity of CHI in subsequent
pregnancies was in comparison to the severity of the index
case of CHI. Focal CHI without accompanying fibrin deposition
was classified as “mild,” those with accompanying fibrin as
“moderate,” and diffuse, high-grade lesions classified as “severe.”

Informed and written consent was obtained from all
study participants and ethical approval granted by the NRES
Committee North West—Greater Manchester West and NRES
Committee London—City & East.

Statistical Analysis
Statistical analysis was conducted using GraphPad Prism Version
9.1.0. Chi-square and Kruskal-Wallis tests were performed
for categorical and continuous variables, respectively. For
statistical analysis, first and second subsequent pregnancies
were combined, and pregnancy outcomes divided into liveborn
and still living or liveborn at term and still living vs. adverse
outcome (TOPFA, miscarriage, stillbirth and neonatal death).
Where sample number precluded analysis by Chi-square, Fisher’s
Exact test was performed instead. Statistical analysis of treatment
regimen was performed by dividing participants into those
which received immunomodulatory therapy (one or both of
prednisolone and hydroxychloroquine) and those without (one
or both of aspirin and heparin, or untreated).

RESULTS

Participant Demographics
Thirty-three women with a history of at least one pregnancy
affected by CHI between 2009 and 2021 were identified
retrospectively from medical records. Twenty-eight women
presented with a subsequent pregnancy and 11 of these
with a further second subsequent pregnancy. Participant
demographics, medical and obstetric history are shown in
Table 1. Four Dichorionic-Diamniotic (DCDA) twin pregnancies
were included in the study. Twenty-six women were White
British (78.8%), with a smaller proportion of Asian (n = 6)
and Black African women (n = 1). Four index CHI pregnancies
(12.1%) were conceived using ART, compared to only one
first subsequent pregnancy (3.6%) and no second subsequent
pregnancies. Underlying autoimmune disease was present in
four cases (12.1%), consisting of coeliac disease, hypothyroidism,
autoimmune thrombocytopenia, and hypermobility syndrome,
respectively. Seventeen women had been tested for antinuclear
antibodies, three of which were positive (17.7%) and 25 and
22 women had testing for anti-cardiolipin antibodies and

TABLE 1 | Demographics and obstetric and medical history of women with a

diagnosis of chronic histiocytic intervillositis (CHI).

Index CHI 1st subsequent

pregnancy

2nd

subsequent

pregnancy

N participants 33 28 11

N fetuses 34 30 12

Maternal age

(years)

32 (19–38) 34 (22–41) 37 (26–40)

BMI 26 (20–47) 27 (20–47) 27 (20–40)

Ethnicity

White British 26 (78.8%)

Asian 6 (18.2%)

Black African 1 (3.0%)

Lifestyle

Smoker 3 (9.4%) 1 (3.6%) 0

Unknown 1

Alcohol

consumption

0

Unknown 1

Obstetric history

Previous livebirths 0 (0–5)

Previous losses 0 (0–4)

Primigravida 11 (33.3%)

ART pregnancy 4 (12.1%) 1 (3.6%) 0

Twin pregnancy 1 (3.0%) 2 (7.1%) 1 (9.1%)

Medical history

Autoimmune

disease

4 (12.1%)

Pre-existing

hypertension

2 (6.1%)

Anti-nuclear

antibodies

3 (17.7%)

Untested 16

Lupus

anticoagulant

1 (3.9%)

Untested 7

Index pregnancy was defined as a participant’s first pregnancy diagnosed with

CHI by placental histopathological examination following poor outcome. Subsequent

pregnancies refer to those following diagnosis. Continuous variables are presented as

median (range) and categorical variables N (percentage). ART, assisted reproductive

technology; BMI, body mass index.

anti-phospholipid antibodies, respectively, none of which were
positive. Of 26 women tested for lupus anticoagulant, one was
positive (3.9%). Pre-existing hypertension was present in two
women (6.1%).

Pregnancy Outcomes
Outcomes of index pregnancies diagnosed with CHI and
subsequent pregnancies are listed in Table 2. The proportion of
infants born by Cesarean section increased from 27.3% (6/33) in
index pregnancies to 59.1% (13/28) and 45.5% (5/11) in first and
second subsequent pregnancies, respectively, though this was not
statistically significant. Fetal sex did not differ significantly across
pregnancies, and in two subsequent pregnancies fetal sex had not
been determined due to loss early in gestation.
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TABLE 2 | Pregnancy outcomes of index and subsequent pregnancies in women

with a diagnosis of chronic histiocytic intervillositis (CHI).

Index CHI 1st subsequent

pregnancy

2nd

subsequent

pregnancy

N participants 33 28 11

N fetuses 34 30 12

Cesarean section

(>24 weeks)

6 (27.3%) 13 (59.1%) 5 (45.5%)

Male fetus 13 (38.2%) 5 (53.6%) 7 (58.3%)

Unknown fetal sex 0 2 0

Pregnancy outcome

Liveborn and still

living

4 (11.8%) 21 (70.0%) 12 (100%)

Stillbirth 16 (47.1%) 1 (3.3%) 0

Miscarriage 5 (14.7%) 6 (20.0%) 0

TOPFA 5 (14.7%) 1 (3.3%) 0

Neonatal death 4 (11.8%) 1 (3.3%) 0

Gestation at

delivery (weeks)

26 (17–41) 37 (12–39) 38 (35–39)

Birthweight centile 2.8 (0–68.4) 22.8 (0.4–99.9) 23.2

(3.8–89.6)

Complications

FGR <3rd centile 13 (52.0%) 3 (13.6%) 0

SGA 3rd−10th

centile

5 (20.0%) 2 (9.1%) 1 (9.1%)

Preterm <37

weeks (% of

livebirths)

6 (75.0%) 5 (22.7%) 3 (25.0%)

Maternal comorbidities

Gestational

diabetes

1 (3.0%) 0 0

Index pregnancy was defined as a participant’s first pregnancy diagnosed with

CHI by placental histopathological examination following poor outcome. Subsequent

pregnancies refer to those following diagnosis. Miscarriage was defined as fetal death<24

weeks gestation, and stillbirth as fetal death >24 weeks gestation. Neonatal death refers

to the death of an infant within 28 days after birth. Continuous variables are presented

as median (range) and categorical variables N (percentage). FGR, fetal growth restriction;

SGA, small for gestational age; TOPFA, termination of pregnancy for fetal anomaly.

The outcome of subsequent pregnancy/ies improved
significantly, with 70% of first and 100% of second subsequent
pregnancies resulting in a liveborn and still living infant,
compared to 11.8% of index pregnancies (p < 0.0001). Gestation
at delivery also increased significantly across pregnancies
(p = 0.002), from a median of 26 weeks’ gestation in index
cases to 37 weeks’ gestation in first subsequent (p = 0.04)
and 38 weeks in second subsequent pregnancies (p = 0.002).
Of infants who were liveborn, rates of neonatal death were
significantly reduced from 50% (4/8) in index cases to 3.0%
(1/33) of subsequent pregnancies (p = 0.003). TOPFA occurred
in five index pregnancies (14.7%) and one first subsequent
pregnancy (3.3%), after diagnosis of skeletal dysplasia (n = 1),
severe FGR (n = 3), triploidy (n = 1) and neurological disorder
(n= 1). In one case of stillbirth occurring in an index pregnancy,
Trisomy 18 was diagnosed at post-mortem. For infants whose
birthweight centiles could be calculated, rates of FGR <3rd

TABLE 3 | Histopathology of placentas from index and subsequent pregnancies

in women with chronic histiocytic intervillositis (CHI).

Index CHI 1st subsequent

pregnancy

2nd

subsequent

pregnancy

N placentas 34 30 12

N placentas with

pathology reports

34 (100%) 23 (76.7%) 8 (66.7%)

CHI 34 (100%) 11 (47.8%) 2 (25.0%)

Chronic villitis 5 (14.7%) 6 (26.1%) 2 (25.0%)

Increased fibrin

deposition

18 (52.9%) 7 (30.4%) 2 (25.0%)

Small for

gestational age

7 (20.6%) 4 (17.4%) 1 (12.5%)

Index pregnancy was defined as a participant’s first pregnancy diagnosed with

CHI by placental histopathological examination following poor outcome. Subsequent

pregnancies refer to those following diagnosis. Variables are expressed as N (percentage).

centile decreased significantly between index and subsequent
pregnancies from 52.0% (13/25) to 9.1% (3/33) (p = 0.0007).
There were no significant differences in the incidence of SGA
across pregnancies. Overall birthweight centiles increased
significantly across pregnancies from a median of 2.8 in index
cases to 22.8 and 23.2 in first and second subsequent pregnancies,
respectively (p < 0.0001). In subsequent pregnancies, 23.5% of
livebirths were preterm (8/34), significantly reduced from 75.0%
(6/8) of index cases (p = 0.01). One participant was diagnosed
with gestational diabetes in their index pregnancy (3.0%), and
there were no cases of preeclampsia. Chorioamnionitis occurred
in one index case (3.0%) alongside CHI, however since CHI
recurred without infection in the participant’s subsequent
pregnancy this case was included in the study.

Placental Pathology
Findings of placental histopathology are shown in Table 3. By
design, all index pregnancies had an accompanying placental
pathology report. The number of cases with histopathological
examination of the placenta decreased to 76.7% (23/30) and
66.7% (8/12) in first and second subsequent pregnancies as a
result of placentas not having been sent for histopathological
examination. The incidence of CHI significantly decreased from
index pregnancies, with an overall recurrence rate of 41.9%
(13/31) in subsequent pregnancies (p < 0.0001). There were no
significant differences in the incidence of villitis, increased fibrin
deposition and placentas classified as small for gestational age.
Pregnancies with concurrent CHI and villitis in the placenta
exhibited no differences in outcome compared to those with
CHI alone.

The severity of CHI lesions in placentas from index and
subsequent pregnancies as determined by histopathological
examination is shown in Figure 1. Detail of CHI lesion severity
was available for 28/34 (82.4%) and 30/31 (96.8%) placentas
from index and subsequent pregnancies, respectively. Placentas
from index cases exhibited mainly mild or moderate CHI [39.3%
(11/28) and 39.3% (11/28)], followed by a smaller proportion
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FIGURE 1 | Severity of chronic histiocytic intervillositis (CHI) lesions in

placentas from index and subsequent pregnancies according to pathologist’s

report. Index CHI refers to a participant’s first pregnancy diagnosed with CHI

by placental histopathological examination following poor outcome.

Subsequent pregnancies refer to those following diagnosis.

of severe cases [21.4% (6/28). In comparison, CHI was absent
in the majority of placentas from subsequent pregnancies (60%
(18/30)], whilst 23.3% displayed mild lesions (7/30), 10.0%
moderate (3/30), and 6.7% severe (2/30). Overall, severity of CHI
was significantly reduced in subsequent pregnancies compared to
index (p < 0.0001).

Treatment Effect
Treatment regimen across pregnancies is shown in Figure 2. The
majority of index pregnancies had no medication (24/33, 72.7%),
compared to 10.7% (3/28) of first subsequent pregnancies.
No second subsequent pregnancies were untreated. In index
pregnancies, the nine treated participants were on medication
for pre-existing medical conditions or risk factors and took
aspirin alone (n = 4), in combination with LMWH (n = 4), or
hydroxychloroquine (n = 1). There was no significant difference
in the livebirth rate of index pregnancies between women on
medication and those without. In subsequent pregnancies, 69.2%
(27/39) of all participants received immunomodulatory therapy
with at least one or both of hydroxychloroquine or prednisolone,
with the majority of participants 53.9% (21/39) receiving all
four medications. All four women with a positive autoantibody
screen were treated in their subsequent pregnancies (n = 5)
with aspirin and LMWH (n = 1); aspirin, low-molecular-weight
heparin and hydroxychloroquine (n = 1); aspirin, prednisolone,
and hydroxychloroquine (n = 1) or a combination of all four
medications (n = 2). These pregnancies all resulted in the birth
of a live infant surviving past 28 days of life.

The overall rate of infants liveborn and still living (including
infants born <37 weeks’ gestation) was almost 25% higher in
women receiving immunomodulatory treatment with one or
both of hydroxychloroquine and prednisolone compared to those
without [25/29 (86.2%) vs. 8/13 (61.5%)] (Figure 3A). However,
this did not reach statistical significance due to the number

FIGURE 2 | Treatment regimen across index pregnancies with chronic

histiocytic intervillositis (CHI) and first and second subsequent pregnancies.

Index pregnancy was defined as a participant’s first pregnancy diagnosed with

CHI by placental histopathological examination following poor outcome.

Subsequent pregnancies refer to those following diagnosis. A, aspirin; H,

hydroxychloroquine; L, low-molecular-weight heparin; P, prednisolone.

of pregnancies included in the study (p = 0.11). Inclusion
of immunomodulatory medication in treatment regimen also
resulted in a 19% increase in the proportion of infants
liveborn at term (>37 weeks) (Figure 3B) [65.5% (19/29) with
immunomodulators vs. 46.2% (6/13) without], though again
this was not statistically significant. There were no significant
effects of immunomodulatory treatment on the incidence of FGR
[8.33% (2/24) with vs. 12.5% (1/8) without], SGA [12.5% (3/24)
with vs. 12.5% (1/8) without], or on overall birthweight centiles
(median 20.9 with vs. 19.5 without).

Change in CHI severity following treatment regimen is
shown in Figure 4A. 7/13 (53.8%) placentas from women
treated without immunomodulatory medication were sent for
histopathological examination, compared to 23/29 of those who
were treated with it (82.8%). Change in severity of CHI in
one subsequent pregnancy treated without immunomodulatory
medication could not be determined due to a lack of detail
on severity of the index case. The majority of remaining
placentas from pregnancies treated without immunomodulatory
medication exhibited no change in CHI severity compared to
their index case [66.7% (4/6)]. In comparison, 86.7% (20/23) of
cases treated with immunomodulators displayed a reduction in
CHI severity or a lack of recurrence (p= 0.02). Decreased severity
of CHI in subsequent pregnancies was associated with a 62.3%
increase in livebirth rate compared to pregnancies where severity
was unchanged [20/22 (90.9%) vs. 2/7 (28.6%), respectively]
(p= 0.003; Figure 4B).

DISCUSSION

These data suggest that the use of one or both of prednisolone
and hydroxychloroquine in the treatment of CHI resulted in a
reduction of disease severity and a trend toward an increase in
livebirth rate. Overall, a decrease in CHI severity was associated
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FIGURE 3 | Outcomes of subsequent pregnancies in women with a previous diagnosis of chronic histiocytic intervillositis (CHI) following treatment with or without

immunomodulators. (A) Number of pregnancies resulting in a liveborn and still living infant (including those born <37 weeks’ gestation) or adverse outcome

(miscarriage, termination of pregnancy, stillbirth, or neonatal death). (B) Number of pregnancies resulting in a liveborn and still living infant at term (>37 weeks), or

adverse outcome (miscarriage, termination of pregnancy, stillbirth, preterm birth, or neonatal death) Immunomodulatory treatment refers to a regimen including one or

both of prednisolone and hydroxychloroquine in combination with either aspirin, heparin, or both. Pregnancies without immunomodulatory treatment were untreated

or received aspirin or heparin or both.

FIGURE 4 | The effect of immunomodulatory medication in subsequent pregnancies after a diagnosis of chronic histiocytic intervillositis (CHI). (A) Change in CHI

lesion severity in pregnancies treated with or without immunomodulatory medication, compared to the participant’s first placenta diagnosed with CHI from a previous

pregnancy. Severity of CHI was determined by pathologist’s report. Immunomodulatory treatment refers to a regimen including one or both of prednisolone and

hydroxychloroquine in combination with either aspirin, heparin, or both. Pregnancies without immunomodulatory treatment were untreated or received aspirin or

heparin or both. (B) Rate of infants liveborn and still living (past 28 days of life) in subsequent pregnancies related to change in CHI severity. *p < 0.05; **p < 0.01.
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with a 62.3% reduction in pregnancy loss. These findings
suggest that management of CHI in a specialist center for
women pregnant after loss improves outcomes, with all second
subsequent pregnancies resulting in the birth of a healthy infant.

Strengths and Limitations
Previously, treatment of CHI has been informed by case
reports and small studies detailing successful pregnancy outcome
following the use of prednisolone and other immunomodulatory
agents (10), due to a lack of randomized controlled trials
informing management. Given CHI’s rarity and ethical and
feasibility issues surrounding recruitment of women with such
poor obstetric histories, it is unlikely that there will be a study
where treatment is compared to placebo or a combination of
agents known to be ineffective (e.g., aspirin and LMWH alone).
As such, case series prove invaluable in guiding the care of
women with a history of CHI. To date, this series is the largest
to investigate the efficacy of immunomodulatory medication in
the treatment of CHI and proposes a standardized protocol
of medication to increase the chance of positive outcome in
subsequent pregnancies.

Through analysis of medical records, we have been able
to follow women through subsequent pregnancies following
diagnosis of CHI and formulate a well-characterized cohort of a
rare condition. However, we recognize that women who decided
to become pregnant or became pregnant could differ from all
women who have CHI. The demographic characteristics of our
sample were similar to those from other case series (5, 14),
suggesting that this potential selection bias had not significantly
altered the nature of the sample.

In previous investigations, the rate of recurrence of CHI
and accompanying outcome in treated pregnancies has been
relatively well-documented, though there is a paucity of evidence
regarding improvement in lesion severity. For the majority of
pregnancies we included, detail of lesion severity was available
in placental pathology reports, allowing any change to be related
to an individual’s index case. To our knowledge, this is the
first time such an approach has been taken in a case series
of treated pregnancies following CHI. Here, it was shown
that although overall recurrence of CHI in participants treated
with immunomodulatory treatment did not differ significantly
compared to those treated without, the severity of lesions was
greatly reduced. This indicates that inclusion of disease severity as
an outcome in future studies on CHI may provide better insight
into treatment effect rather than simple recurrence rate alone.

Due to the retrospective nature of this study, there were
certain variables for which data was not available within medical
records. For instance, many women whose index case of
CHI occurred less recently had not received screening for all
autoantibodies as this was a more recent practice. Additionally,
the range of antibodies tested was limited, which may explain
the low incidence of autoantibodies in this cohort in comparison
to studies which looked more specifically at antibody status
and have reported incidences between 29 and 58% (9). Since
this suggestion of an autoimmune component to CHI, it has
become standard practice within our center to offer women an
antibody screen following referral. In future, this will allow better

characterization of any possible role pre-existing antibodies may
have within CHI and may inform immunosuppressive treatment
if underlying conditions are present.

Several subsequent pregnancies included were without an
accompanying placental histopathology report as a direct result
of having not been sent for examination. In all these cases,
all respective pregnancies had resulted in a livebirth. This is
suggestive that there may have been a bias toward reporting
pathology only in pregnancies resulting in poor outcome. In
addition, pathologists were informed of patient’s medical history
which may have influenced diagnosis. In response to decreased
rates of pathological examination in subsequent pregnancies,
the importance of histopathological examination following a
history of CHI is becoming increasingly recognized amongst
midwives and clinicians within our center. Consequently,
placental histopathology is now a routine requirement and is
anticipated to improve sample size for prospective studies.

Clinical Context
Though the specific effects of prednisolone and
hydroxychloroquine could not be individually determined
here, our data is suggestive that inclusion of at least one of these
medications in the treatment of CHI can significantly reduce
the severity of macrophage infiltration into the intervillous
space. Further to this, a reduction in CHI severity increased the
likelihood of a live birth. This is in line with previous evidence
that pregnancies where CHI is severe or diffuse in the placenta
are more strongly associated with poor outcome (15). Pregnancy
outcomes in CHI and severity following hydroxychloroquine
use have not been well-documented previously, although a
single study stated that four out of six pregnancies where it was
included in treatment regimen resulted in a liveborn infant (9).
Prednisolone has also in several case reports been associated
with improved pregnancy outcome and reduced severity of
both CHI and fibrin deposition compared to treatment with
aspirin or heparin alone (2, 10, 16). Within our cohort, there
was no significant difference in fibrin deposition between index
and subsequent pregnancies, and the majority did not have an
increase in fibrin noted in their pathology report. This is perhaps
unsurprising as fibrin deposition has been classified previously as
an accompanying feature which may or may not occur alongside
CHI (1).

Whilst the exact cause of pathology in CHI is unknown,
current evidence suggests that it is driven by excessive maternal
inflammation. Inflammatory features characterized so far include
the presence of partner-directed T lymphocytes and antibodies
(17) and deposition of complement in the placenta (18).
Our observation that administration of prednisolone and
hydroxychloroquine aimed at suppressing the maternal immune
response reduces CHI severity is therefore consistent with this
hypothesis. The specific mechanism of hydroxychloroquine and
prednisolone’s anti-inflammatory effects in CHI are unknown,
though in mouse and in vitro models of antiphospholipid
syndrome, it has been suggested that hydroxychloroquine is able
to reduce complement activation and antibody binding to the
syncytiotrophoblast (19). In addition, hydroxychloroquine does
not appear to have negative effects on placental explants and
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increases release of anti-inflammatory cytokine interleukin-10
(19). As complement deposition and excessive inflammation is
characteristic of CHI, further investigation into the mechanisms
of immunomodulatory therapy in the condition is warranted.

Evidence of CHI as an alloimmune condition has also
provided rationale for the use of other immunomodulatory and
immunosuppressive routes of treatment, including intravenous
immunoglobulin (IVIG) therapy, tumor necrosis factor
(TNF) antagonists, and tacrolimus (20). In a case report by
Abdulghani et al. (13), IVIG was used following the failure
of prednisolone to produce successful outcome in a previous
pregnancy, and resulted in two subsequent healthy pregnancies.
Histopathological examination of both placentas revealed that
CHI had not recurred in either case. Similarly, use of TNF
antagonist adalimumab was reported in the pregnancy of a
woman with recurrent intervillositis and has been proposed as
a possible agent in the prevention of recurrent miscarriage (21).
Though these case reports provide anecdotal evidence hinting at
the benefits of these agents, there is still a lack of larger studies to
justify their use and as such much controversy remains.

Despite the lack of comparative studies where the efficacy
of immunomodulatory medication in treating CHI has been
specifically investigated, a livebirth rate of 66.7% in 21 women
receiving various combinations of aspirin, heparin, prednisolone
and hydroxychloroquine has previously been reported by
Mekinian et al. (9). Conversely, in the only systematic review
of intervention in CHI to date, treatment was suggested to
correlate with worse outcome, with a reported livebirth rate of
30.8% (3). Here, livebirth rate with inclusion of one or both
of hydroxychloroquine and prednisolone was markedly higher
than both studies at 86.2%. Importantly, the systematic review
did not include any studies wherein hydroxychloroquine was
administered, and treatment regimen was less consistent than
that used within this case series, both of which may be factors
in the differences observed. As in the aforementioned studies,
differences in livebirth rates within this cohort were not proven
to be significantly different between treatment groups, likely due
to limited sample size considering that data did show a trend
toward statistical significance. Given that the only systematic
review is now a decade old, it is probable that an updated
study of the literature is required to better characterize treatment
combinations and their effect on pregnancy outcome.

In subsequent pregnancies, gestational age at delivery,
fetal growth, and rates of preterm birth improved greatly,
though these effects could not be significantly attributed to
immunomodulatory treatment. It is possible that this is due
to limited numbers, or an effect of treatment using LMWH
and aspirin. Adverse outcomes may also have been reduced
as a consequence of increased fetal monitoring following
specialist care after previous pregnancy loss. As there were
insufficient numbers of untreated women and all participants had
attended the specialist clinic, it was not possible to distinguish
whether these outcomes were a result of intervention or
treatment. Increased fetal monitoring is unable to influence
fetal growth, but delivery via Cesarean section showed a trend
toward increasing across subsequent pregnancies despite lacking
statistical significance. Other centers have reported low levels of
spontaneous labor in cases of CHI and early delivery of a liveborn

infant has been detailed in a case report following observations of
fetal growth plateau (9, 10). Therefore, it is possible that electing
for early delivery may have had a beneficial effect in select cases.

Recurrence rates of CHI in subsequent pregnancies vary
widely between studies and have been reported between 25
and 100% (1, 3, 7). Within this cohort, recurrence of CHI was
41.9%, though the majority of pregnancies were treated which
in 20 placentas reduced severity, some to the point where CHI
was absent. In agreement with observations made by other
groups, recurrence of CHI was not always associated with adverse
outcome (9, 22). Bos et al. in their systematic review stated
that incidence and recurrence of CHI may vary due to differing
inclusion and exclusion criteria across studies (1). A controversial
criterion noted was the exclusion of cases with chronic villitis
or villitis of unknown etiology alongside CHI. As concurrent
CHI and chronic villitis lesions have been reported in 25–47% of
placentas (15, 23), those with combined lesions were not excluded
here as they represented a similar and considerable proportion
of cases. Of particular interest was the observation that the
incidence of chronic villitis did not differ across pregnancies
and therefore seemed unaffected by intervention within the
participant group studied. In addition, though chronic villitis
is itself associated with FGR (24), outcomes of pregnancies
with concurrent CHI and chronic villitis were not significantly
different, suggesting that chronic villitis in the presence of CHI
may not have been a strong factor in adverse outcome.

CONCLUSION

The data from this retrospective study suggest that including at
least one of hydroxychloroquine or prednisolone in treatment
regimen of pregnancies following diagnosis of CHI is effective
at reducing placental lesion severity. In turn, decreased severity
of CHI improves the likelihood of livebirth in subsequent
pregnancies. From this, we propose that a standardized
treatment protocol including aspirin, heparin, prednisolone and
hydroxychloroquine may prove beneficial in the management
of CHI. Studies into the efficacy of both hydroxychloroquine
and prednisolone as well as other immunomodulatory agents
used within the condition is extremely limited, and feasibility of
randomized controlled trials in affected women is low given their
poor obstetric history. To overcome this challenge, collaboration
between centers specializing in the management of CHI is
required to increase sample sizes to allow sufficient evaluation of
treatment regimen.
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The immune tolerance microenvironment is crucial for the establishment and maintenance
of pregnancy at the maternal-fetal interface. The maternal-fetal interface is a complex
system containing various cells, including lymphocytes, decidual stromal cells, and
trophoblasts. Macrophages are the second-largest leukocytes at the maternal-fetal
interface, which has been demonstrated to play essential roles in remodeling spiral
arteries, maintaining maternal-fetal immune tolerance, and regulating trophoblast’s
biological behaviors. Many researchers, including us, have conducted a series of
studies on the crosstalk between macrophages and trophoblasts at the maternal-fetal
interface: on the one hand, macrophages can affect the invasion and migration of
trophoblasts; on the other hand, trophoblasts can regulate macrophage polarization
and influence the state of the maternal-fetal immune microenvironment. In this review, we
systemically introduce the functions of macrophages and trophoblasts and the cell-cell
interaction between them for the establishment and maintenance of pregnancy. Advances
in this area will further accelerate the basic research and clinical translation of
reproductive medicine.

Keywords: maternal-fetal interface, trophoblast, macrophage, pregnancy, immune tolerance
INTRODUCTION

The establishment and maintenance of normal pregnancy is a complex process involving multiple
cells and various molecules. Among them, the precise regulation at the maternal-fetal interface plays
a pivotal role. The maternal-fetal interface comprises decidual immune cells, stromal cells, and
trophoblasts, characterized by maintaining the defense against possible pathogens and immune
tolerance to the allogeneic fetus (1). Increasing evidence demonstrates that interaction among these
cellular components can influence the maternal-fetal interactive dialogue, thereby participating in
org October 2021 | Volume 12 | Article 758281116
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the regulation of the pregnancy program (1). Therefore,
exploring the cell-cell crosstalk at the maternal-fetal interface
will help us further understand pregnancy’s physiological and
pathological processes.

During early pregnancy, 30-40% of the decidual cells are
leukocytes, including macrophages, natural killer (NK) cells, B
cells, T cells, and dendritic cells (2). Macrophages, as antigen-
presenting cells, comprise 20-30% of the leukocytes at the
maternal-fetal interface (3), which participate in the complex
regulation at the maternal-fetal interface by regulating the secrete
cytokines, phagocytosis, and immune balance (4). Besides their
effects on vascular remodeling, macrophages are actively
associated with trophoblasts invasion and pregnancy
maintenance (5). Macrophages could be divided into classically
activated (M1) and alternatively activated (M2) subtypes based
on their cytokine production and function (5). The polarization
states of decidual macrophages undergo dynamic changes to
changing microenvironment at different gestational ages,
adjusting to the different stages of fetal development. It has
been demonstrated that aberrantly activated macrophages at the
maternal-fetal interface may be closely related to various
pregnancy complications, including miscarriage, preeclampsia,
preterm birth, fetal growth restriction, or demise (6–9).
Accumulating evidence indicates that the polarization of
macrophages is regulated by a variety of cytokines,
chemokines, sex hormones, and cell-cell interactions at the
maternal-fetal interface, among which trophoblasts exert
pivotal roles (4, 10, 11). Trophoblasts are also important
elements at the maternal-fetal interface, which invade the
maternal myometrium and direct contact with maternal
decidual stromal cells (12). Sufficient trophoblasts invasion
could facilitate maternal spiral artery remodeling and placental
blood flow, providing a favorable embryo implantation
environment (12). Previous studies showed that the maternal
microenvironment temporally and spatially controls trophoblast
invasion at the maternal-fetal interface, including arteries,
glands, decidual NK cells, macrophages and stromal cells (13).
Trophoblasts can respond to various mediators secreted by
polarized macrophages to regulate their biological behaviors (6,
14–16), while soluble cytokines produced by trophoblasts could
induce macrophages polarization (17–19), involving in the
regulation of normal pregnancy. Previously, our group
conducted a series of studies on the crosstalk between
macrophages and trophoblasts at the maternal-fetal interface:
on the one hand, trophoblasts can regulate the polarization of the
M2 macrophages by secreting IL-6 (20); on the other hand, M2
macrophages can promote the invasion and migration of
trophoblasts by secreting G-CSF, thereby regulating the
establishment and maintenance of normal pregnancy (21). In
addition, macrophages could also secrete exosomes and deliver
miRNAs to target and regulate the invasion and migration
capabilities of trophoblasts, thereby participating in the
occurrence of recurrent spontaneous abortion (RSA) (22).
Although, the understanding of the interaction between
trophoblasts and macrophages at the maternal-fetal interface is
still insufficient and need to be further explored.
Frontiers in Immunology | www.frontiersin.org 217
In the present review, we aimed to summarize the crosstalk
between macrophages and trophoblasts at the maternal-fetal
interface and the functions in normal pregnancy and
pregnancy complications, providing the latest progress in the
field and bringing more profound ideas to researches.
THE ROLE OF MACROPHAGES AT THE
MATERNAL-INTERFACE

Generally, macrophages are classified as M1 and M2 phenotypes
based on the different function and cytokine production, but in
fact, there is a full spectrum of macrophage between M1 and M2
(2). Therefore, macrophages are highly plastic and
heterogeneous, here we just focus on M1 and M2 as typical
subtypes to explore their functions. M1 could be induced by toll-
like receptor ligands, bacterial lipopolysaccharide (LPS) or other
cytokines (including TNF-a, IFN-g, and GM-CSF), which
produces reactive oxygen species and high level of IL-1b, IL-6,
IL-12 and IL-23 (3, 4). M2 can be polarized by cytokines like IL-
4, IL-13, IL-10, immune complexes, LPS and M-CSF, producing
high levels of TGF-b and IL-10. M2 plays important roles in
clearing apoptotic cells, tissue repair and remodeling (4–6). M2
can be further divided into four subtypes, including M2a, M2b,
M2c and M2d. M2a-Mj could be induced by IL-4 and IL-13,
which expresses high level of CD206, TGF-b, insulin-like growth
factor (IGF) and IL-1 receptor (IL-R) (7). M2b-Mj can be
induced by immune complexes plus LPS or IL-1b, which
expresses and secretes proinflammatory cytokine including
TNF-a, IL-6 and IL-1b, and anti-inflammatory cytokine IL-10
(8). By contrast, M2c-Mj is induced by IL-10 and releases high
levels of IL-10 and TGF-b, exerting the function of phagocytosis
of apoptotic cells (4). In addition, M2d-Mj, also known as
tumor-associated macrophages, can be induced by IL-6, or A2
adenosine receptor plus toll-like receptor ligands, mainly
characterized by high expression level of TGF-b, IL-10 and
vascular endothelial growth factor (VEGF), playing essential
roles in cancer metastasis and angiogenesis (9).

In the context of reproduction, macrophages are present in the
endometrium, decidua and placenta, which comprise 20-30% of
the leukocytes. Affected by estrogen and progesterone, the
number of macrophages fluctuates during the menstrual cycle
(10, 11). During the embryo implantation window, macrophages
exhibit M1 phenotype. As trophoblasts implant and invade the
endometrium, macrophages transform into a mixedM1/M2 type,
which lasts to the first trimester and the early stage of the second
trimester (12). At the second trimester, macrophages are
polarized to the M2 phenotype to prevent rejection of the fetus
by the maternal system and maintain fetal growth until delivery
(13). At the time of delivery, the macrophages appear to be M1
subtype (14). Although increasing evidence has demonstrated the
roles and distribution of decidual macrophages (DMs), the
classification and subtypes of DMs are still controversial. Based
on the expression level of CD11c and CD209, DMs are divided
into CD11clow and CD11chigh subgroups (15), or CD209− and
CD209high macrophages (16). Jiang et al. divided DMs into three
October 2021 | Volume 12 | Article 758281
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subtypes depending on the expression of CCR2 and CD11c,
inc lud ing CCR2−CD11c l ow , CCR2−CD11ch i g h and
CCR2+CD11chigh (17). Evidence has demonstrated that M2-Mj
dominates at the maternal-fetal interface, maintaining the
immune-suppressive environment toward the fetus (18).

Increasing studies demonstrate that macrophages play
essential roles in the establishment and maintenance of normal
pregnancy, including spiral artery remodel, apoptotic cell
phagocytosis and trophoblasts functions (19–21). The
polarization balance between M1-Mj and M2-Mj is
important for various processes of normal pregnancy.
Conversely, the dysregulated macrophages polarization is
associated with a variety of pregnancy complications, including
RSA, preeclampsia (PE), fetal growth restriction and preterm
labor (14, 22–25). The increased number of M1-Mj and the
decreased of M2-Mj at the maternal-interface is related with
RSA (23) and PE (19), accompanied by a decrease in anti-
inflammatory cytokines and an increase in pro-inflammatory
cytokines. In addition, DMs differentiated into M1-Mj is related
to spontaneous preterm labor (14). Animal experiments
demonstrate that induction of M1 macrophages polarization
increases embryo resorption (26), while suppressing M1
macrophages polarization alleviates the opposite effect (27).
Moreover, macrophages have high plasticity, and their
polarization and function are affected by the surrounding
environment (4). It has been reported that hormones,
chemokines, cytokines, growth factors, and the crosstalk
between macrophages and related cells are involved in the
regulation (28). In addition, there is growing evidence
confirming the microbiome colonization at the maternal-fetal
interface (29, 30). Compounds originating from the microbiome
might bind to aryl hydrocarbon receptor (AhR), which is widely
expressed in adaptive and innate immune cells including
macrophages (31). Indeed, AhR plays an important role in
regulating macrophage responsiveness and the expression of
AhR in macrophage is essential for homeostasis and
inflammatory responses (31, 32).
THE ROLE OF TROPHOBLASTS AT THE
MATERNAL-INTERFACE

In the human placenta, there are three trophoblast subpopulations:
the cytotrophoblasts (CTBs), syncytiotrophoblasts (STBs) and
extravillous cytotrophoblasts (EVTs) (33). After embryo
implantation, the outermost layer of the blastocysts transforms
into mononuclear CTBs. Proliferative CTBs make up the primary
villi, then the primary villi further differentiates into secondary
mesenchymal villi and mature tertiary villi. Cell fusion of villous
CTBs generates STBs, which plays important roles in transport of
oxygen and nutrients, production of pregnancy hormones and
clearance of fetal waste products (34). STBs of the floating villi
represent the transport units of the human placenta, while
anchoring villi transforms into another trophoblast type, namely
EVTs (35). EVTs are migratory and invasive trophoblasts, which
can migrate into decidual lymphatics, veins and glands,
Frontiers in Immunology | www.frontiersin.org 318
participating in placental embedment and fetal development
(36–38). Defects in spiral artery remodeling, and failure in the
interactions of EVTs with uterine vessels might lead to pregnancy
complications, as lower numbers of EVTs in lymphatic and venous
vessels is found in RSA (37). Invasive EVTs remodel the maternal
spiral arteries, ensuring an adequate maternal blood supply for
normal fetal growth and development. The process reduces
maternal blood pressure and flow velocity, meeting the increased
uteroplacental perfusion required by the developing fetus (39). The
arteries remain narrow at the openings, and blood enters the
intervillous space at a higher velocity, which leads to damaged villi
structure and impaired placental function (40). Trophoblast
invasion is temporally and spatially controlled by the maternal
uterus environment, including arteries, glands, decidual NK cells,
macrophages and stromal cells. Insufficient EVTs invasion has
been reported to be related with pregnancy complications
including RSA, PE, stillbirth and fetal intrauterine growth
restriction (41–44), while excessive invasion also might lead to
pathological condition such as placenta accrete (45). In addition,
trophoblasts serve as a member of innate immune system at the
maternal-fetal interface, as trophoblasts could recognize and
respond to viral and bacterial products (46), and trophoblasts
might integrate microbial-derived signals via alternative pathways
mediating the response to TLRs or epigenetic modifications (47,
48). Therefore, exploring the factors affecting trophoblasts
functions is of great significance for further understanding of the
normal pregnancy process and the pathogenesis of
pregnancy complications.
CROSSTALK BETWEEN TROPHOBLASTS
AND MACROPHAGES AT THE
MATERNAL-FETAL INTERFACE

In this section, we summarized the interaction between
trophoblasts and macrophages, and the role in the
establishment and maintenance of normal pregnancy and
pathological pregnancy (Figure 1).

The Effect of Macrophages on
Trophoblasts Functions
Precise regulation of the proliferation, apoptosis, migration and
invasion of trophoblasts are essential for the establishment and
maintenance of pregnancy. In local microenvironment,
abundant DMs are observed at the implantation site and the
invasive front of EVTs (49). Thence, paracrine activity of
macrophages exerts an important role in biological function of
trophoblasts (15). Results from rhesus monkey indicated that the
growth and differentiation of embryonic trophoblasts were
regulated by macrophages (50). Here, we will elaborate on the
effect of macrophages on proliferation, apoptosis, migration and
invasion of trophoblasts in recent years.

Proliferation and Apoptosis
Trophoblast apoptosis may induce inflammatory events that
might initiate trophoblasts dysfunction, leading to pregnancy
October 2021 | Volume 12 | Article 758281
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complications (23, 51). Macrophages with different polarization
statues have different effects on the motility and tube formation
of trophoblasts: M1 macrophage exerted an inhibitory role, while
M2 macrophages had the opposite effect (52). The Fas/FasL
system is one of the major apoptotic pathways in tissues and
cells. Results from our and others’ group demonstrated that
macrophages could induce trophoblasts apoptosis via FasL (23,
53). In addition, IL-33, as a member of the IL-1 family, has been
demonstrated to promote the proliferation of cell column
trophoblasts , v i l lous cytotrophoblasts and primary
trophoblasts, which was mediated by PI3K/AKT and MAPK/
ERK signaling (54). Moreover, previous report also showed that
macrophages could promote trophoblasts proliferation by
secreting Wnt5a via p42/44 MAPK pathway (55). Meanwhile,
decidual cells stimulated with pro-inflammatory cytokines
including TNF-a and IL-1b significantly strengthened the
promotion effect of macrophage-induced caspase-dependent
trophoblasts apoptosis via GM-CSF and M-CSF (56).

Invasion and Migration
The regulatory effects of macrophages on the invasion and
migration of trophoblasts are depend on their polarization
states. Renaud et al. demonstrated that nonactivated
macrophages had no effect on trophoblasts invasion, while
macrophages activated by LPS inhibited the ability of
Frontiers in Immunology | www.frontiersin.org 419
trophoblasts to invade through extracellular matrix in vitro
(57), and the effect could be reversed by IL-10 (58). In
addition, M1 macrophage-derived TNF-a reduced the
expression of stathmin-1 in trophoblasts, regulating the
proliferation and invasion ability, via E-cadherin/b-catenin
pathway (44). TGF-b is a soluble mediator produced by M2
macrophages, and our recent research shows that TGF-b
secreted by M2 macrophage could induce trophoblast
migration and invasion (59). Human leukocyte antigen G5
(HLA-G5) has been reported to play essential roles in immune
tolerance during normal pregnancy. HLA-G5 is not expressed in
the DMs, while secreted HLA-G5 could be detected in the
exosomes of primary mononuclear cytotrophoblast cells and
placental explants of first trimester (60). It has been confirmed
that trophoblasts-derived HLA-G5 could difference monocytes
into M2-Mj, which in turn promotes the invasion ability of
trophoblasts via secreting CXCL1 (61). Glycodelin-A is a
glycoprotein abundantly present in the decidua, playing an
important role in immune cell regulation at the maternal-fetal
interface (62). Glycodelin-A could induce the differentiation of
monocytes towards DMs-like phenotype by binding to Siglec-7,
which promotes trophoblast invasion via the production of
insulin-like growth factor-binding protein 1 (IGFBP-1) (63), a
regulator of trophoblast functions and angiogenesis during
pregnancy (64). Medroxyprogesterone is widely used for the
FIGURE 1 | Crosstalk between macrophage and trophoblast mediated by cytokines and chemokines at the maternal-fetal interface. Cytokines and chemokines
secreted by M2 macrophages (IL-33, CXCL1, IGFBP1, G-CSF, TGF-b, Wnt5a) regulate the proliferation, apoptosis, invasion and migration of trophoblast via PI3K/
AKT/Erk1/2, MAPK/ERK and p42/44 MAPK signal pathways. Trophoblast- derived secretory factors (TGF-b, RANKL, CXCL16, IL-34, hyaluronan, M-CSF, IL-10,
PD-L1, IL-6) drive M2 macrophage polarization in turn. Soluble molecules secreted by M1 macrophages (GM-CSF, M-CSF, FasL, TNF-a, Stathmin-1) influence the
tube formation, proliferation, apoptosis, migration and motility of trophoblast. IL, interleukin; CXCL, chemokine (C-X-C motif) ligand; IGFBP1, insulin-like growth
factor-binding protein-1; G-CSF, granulocyte colony stimulating factor; TGF-b, transforming growth factor b; RANKL, receptor activator of NF-kB ligand; M-CSF,
macrophage colony stimulating factor; PD-L1, programmed cell death 1 ligand 1; GM-CSF, granulocyte-macrophage colony stimulating factor; FasL, factor
associated suicide ligand; TNF-a, tumor necrosis factor a.
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treatment of endometrium cancer, abnormal uterine bleeding
and secondary amenorrhea (65). Recently, it has been proved
that medroxyprogesterone could drive monocyte differentiation
toward M2 macrophages via ERK phosphorylation, which
promoted the invasion activity of trophoblasts and the
decidualization of endometrial stromal cells (66). Granulocyte
colony-stimulating factor (G-CSF) is secreted by multiple cells
including macrophages (67, 68) and placental villous
trophoblasts (69). Increasing evidence demonstrates the
therapeutic effect of G-CSF in RSA, repeated implantation
failure, luteinized unruptured follicle syndrome and women
with thin endometrium (70–72). Previously, by using a co-
cultured model, our study showed that trophoblasts-derived
IL-6 promoted M2 macrophage polarization (73), which in
turn induced the epithelial-mesenchymal transition of
trophoblasts, thereby promoting migration and invasion
though secreting G-CSF to activate PI3K/AKT/Erk1/2 signaling
pathway (68).

The Effect of Trophoblasts on
Macrophages Polarization
Macrophage polarization is a complex process and plastic to the
environment surrounding or in contact with them, which is
involved in multiple factors including cytokines, chemokines,
growth factors, etc. Among which, cell-cell interaction exerts a
vital role. DMs and EVTs are accumulated at the implantation
site, and factors secreted by trophoblasts play important roles in
regulating the differentiation and function of macrophages.
However, the factors involved in this process has not been
elucidated. In this part, we mainly focus on the effect of
trophoblasts on the differentiation and function of macrophages.

Trophoblast debris have been reported to modulate the
expression of cytokines in macrophages, upregulating the
expression of programmed death-1 ligand 1 (PD-L1),
indoleamine 2,3-dioxygenase (IDO), and anti-inflammatory
cytokines including IL-1Ra, IL-6, and IL-10, while reducing the
expression of costimulatory molecules (B7H3, CD40, CD80 and
CD86), MHC-II molecules, IL-8 receptors, inter-cellular
adhesion molecule 1 (ICAM-1), monocyte chemoattractant
protein-1 (MCP-1), and pro-inflammatory cytokines including
IL-8, IL-1b, and IL-12p70 (74). Aldo et al. reported that
trophoblast-derived TGF-b could induce monocyte
differentiation into CD14+/CD16+ macrophages, accompanied
by high secretion levels of IL-1b, IL-10, and interferon-inducible
protein-10 (IP-10), and increased phagocytosis capacity (75). By
secreting IL-10 and M-CSF, trophoblasts could induce M2
macrophages polarization, sharing the phenotype of
CD163+CD206+CD209+ and producing high level of CCL18
and IL-10 (76). IL-34 is a second ligand for the M-CSF
receptor, which is involved in the maintenance and
development of other macrophage subsets, such as osteoclasts
(77) and Langerhans cells (78). IL-34 is produced by both
decidual stromal cells and trophoblasts, which could polarize
monocytes into M2 macrophages with the similar cytokine
secretion pattern with DMs (79). Recently, our group has
demonstrated that trophoblasts-derived IL-6 could induce M2
Frontiers in Immunology | www.frontiersin.org 520
macrophages polarization by activating STAT3 signal pathway,
with high expression of CD206, CCL18, IL-10 and TGF-b (73).
In addition, CXCL16 derived from trophoblasts differenced
monocytes into M2 macrophages by binding to CXCR6, which
exhibited decreased IL-15 production, facilitating the
inactivation of NK cells and restricting the cytotoxicity of NK
cells (80).

Moreover, it has been demonstrated that PD-1/PD-L1
pathway exerts an important role in regulation of immune cell
homeostasis, especially macrophage polarization (26) and T cells
activation (81). PD-L1 was reported to be expressed in the
trophoblasts of normal placenta, and decreased expression of
PD-L1 was confirmed in pregnancy complications such as RSA
(26). PD-L1 expression/secretion of trophoblasts could be
promoted by IFN-b, inducing PD-1/PD-L1-mediated M2
macrophage polarization (82). Similar to PD-L1, trophoblast-
derived HLA-G5 could drive M2 macrophages polarization
manifested by increased IDO 1 and IL-6 expression (61). In
addition to cytokines and chemokines, the regulatory roles of
other factors have been reported. Hyaluronan (HA) is an
unbranched polymer and widely present in the extracellular
matrix of mammalian tissues. Decreased expression of HA was
detected in villi of miscarriage patients (83). Wang et al.
demonstrated that HA derived from trophoblasts could induce
M2 macrophages polarization by interacting with CD44 via
PI3K/AKT-STAT3/STAT-6 pathway (84). It has been indicated
that HA are divided into four subtypes depending on the
molecular weight, high molecular weight HA, medium
molecular weight HA, low molecular weight HA and HA
oligomers (85). HA with different molecular weight might have
different effects on macrophage polarization, low molecular
weight HA drives M1 macrophage polarization featured with
increased expression of CD80, iNOS2, TNF-a, NO and IL-12b,
while high molecular weight HA induces M2 macrophage
polarization charactered by increased expression of Arg1,
MRC1, IL-10 and enhanced arginase activity (86, 87). As
mentioned above, AhR is expressed in macrophages and plays
an important role in regulating macrophage responsiveness (31,
32). Indeed, the expression of AhR in trophoblasts has been
confirmed in 2018 (88). Therefore, AhR might play a role in the
pregnancy program via regulating the crosstalk between
trophoblasts and macrophages. What’s more, lower expression
of placental AhR was found in unexplained RSA women, and the
activation of AhR might impair the proliferation and migration
of trophoblasts (89).

Receptor activator of NF-kB ligand (RANKL) and its tumor
necrosis factor (TNF)-family receptor RANK exert important
roles in lymph node formation, bone remodeling, thymic
microenvironment establishment, and mammary gland
development during pregnancy. RANKL derived from
trophoblasts could drive macrophage polarization to M2
subtype via activating AKT/STAT6-Jmjd3/IRF4 signaling
pathway, and decreased RANKL in trophoblasts and RANK on
DMs was observed in patients suffered from miscarriage (90). By
using knockout mice, the authors further demonstrated that
RANKL−/− mice displayed macrophage dysfunction and
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increased fetal loss, while adoptive transfer of RANK+

macrophages could relieve the fetal loss induced by
macrophage depletion (90).

Altogether, results from the above studies confirm the role of
trophoblasts on M2 macrophage polarization, which were based
on trophoblasts from healthy pregnancy women or trophoblast
cell lines. However, it is not known whether these roles were
maintained in a pathological condition, as trophoblast
dysfunction was related to pregnancy complications such as
unexplained RSA. A previous study from an ex vivo model
demonstrated that trophoblasts from unexplained RSA could
promote an M2-like phenotype, indicating that trophoblasts
from unexplained RSA had similar functional and proteomic
properties with trophoblasts from healthy women (91). Cluster
of differentiation 74 (CD74) was a high-affinity binding protein
for the inflammatory cytokine macrophage migration inhibitory
factor, which was released by trophoblasts to regulate monocyte
activity (92). Przybyl et al. demonstrated that the adhesion of
macrophages lacking CD74 to trophoblasts was decreased,
exhibiting the pro-inflammatory phenotype when co-cultured
with trophoblasts (24).

THE ROLE OF EXTRACELLULAR
VESICLES IN CROSSTALK BETWEEN
MACROPHAGES AND TROPHOBLASTS
AT THE MATERNAL-FETAL INTERFACE

In addition to soluble factors, extracellular vesicles (EVs) are also
demonstrated to be another important medium in
communication network at the maternal-fetal interface in
recent years (93). EVs, including microvesicles, exosomes and
apoptotic bodies, are intricately involved in cell-cell
communication, which are released by various types of cells,
Frontiers in Immunology | www.frontiersin.org 621
including macrophages and trophoblasts. EVs contain abundant
molecules like lipids, proteins, DNA, mRNAs, long non-coding
RNAs (LncRNA) and miRNAs, which are delivered to target
cells (94). EVs could be detected in multiple biofluids including
milk, urine, blood, saliva and amniotic fluid (95). EVs
concentration in circulation is increased in pregnant women,
with 5-folds higher than non-pregnant women (96), which could
be detected in maternal plasma at 6 weeks of gestational age (97).
Trophoblasts-released EVs are taken up by cells of maternal
vascular and immune systems, regulating the maternal
physiological system to adapt to the pregnancy process (93).
Placental EVs has been proven to exert an important role in
maintaining maternal-fetal immune tolerance via repression of
modulatory signals in the maternal immune system and
suppression of natural killer cells and T-lymphocyte activation
(98). The release of EVs by EVTs has been confirmed as HLA-G+

EVs were detected in the maternal circulation during pregnancy
(99). In this section, we mainly summarized the latest progress
about the role of EVs in crosstalk between macrophages and
trophoblasts at the maternal-fetal interface (Figure 2).

In fact, little is known about EVs-mediated crosstalk between
macrophages and trophoblasts up to now. Atay et al. firstly
reported that trophoblast-derived exosomes could recruit and
educate monocytes to produce G-CSF, granulocyte/monocyte
colony-stimulating factor (GM-CSF), IL-1b, IL-6, TNF-a and
Serpin-E1, in a cell-contact-independent manner, which were
necessary for embryo implantation, stromal remodeling and
angiogenesis (100). These authors further addressed the
mechanism that IL-1b induction by exosome-associated
fibronectin (101). EVs released by macrophages in turn
modulate trophoblast’s function. Holder et al. reported that
macrophages-derived exosomes were internalized by human
placenta in a time- and dose-dependent manner, via clathrin-
dependent endocytosis, inducing the release of proinflammatory
FIGURE 2 | Crosstalk between macrophage and trophoblast mediated by extracellular vesicles at the maternal-fetal interface. Macrophage-derived extracellular
vesicles affect the expression of TRAF6 and IDO in trophoblast by delivering miR-146a-5p, miR-146b-5p and miR-153-3p, thereby affecting their invasion and
migration capabilities, participating in the pathological process of RSA. TRAF6, TNF receptor associated factor 6; IDO, indoleamine 2, 3-dioxygenase.
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cytokines, including IL-6, IL-8 and IL-10 (102). EVs exert
biological functions mainly through the biologically molecules
they conduct. For example, EVs released from DMs could deliver
miR-153-3p to target IDO, inhibiting trophoblasts proliferation
and migration via STAT3 pathway and contributing to
occurrence of unexplained RSA (103). Recently, our group
reported that EVs derived from M1-Mj could deliver miR-
146a-5p and miR-146b-5p to target TNF receptor associated
factor 6 (TRAF6), suppressing trophoblast migration and
invasion and contributing to the development of RSA (104).
However, more evidence is needed to confirm the role of EVs in
the establishment and maintenance of pregnancy.
CONCLUSIONS AND PERSPECTIVES

Taken together, current evidence suggests that trophoblasts and
macrophages can establish extensive connections at the
maternal-fetal interface and thus participate in regulating the
physiological and pathological processes of pregnancy. Polarized
macrophages can influence the biological behavior (including
proliferation, apoptosis, invasion and migration) through the
secretion of various cytokines and chemokines. Reciprocally,
trophoblasts can also regulate the polarization state of
macrophages through a variety of mechanisms, thus affecting
the establishment and maintenance of immune tolerance
microenvironment at the maternal-fetal interface.

In spite of this, the interaction between trophoblasts and
macrophages still needs further study: 1) As above presented, the
crosstalk reported for now between trophoblasts and
macrophages are mainly mediated by cytokines and
chemokines. EVs, as an emerging intercellular communication
medium, have been gradually proven to exert role in mediating
the mutual communication between cells. However, the role and
potential mechanisms of EVs in the crosstalk between
macrophages and trophoblasts at the maternal-fetal interface is
Frontiers in Immunology | www.frontiersin.org 722
rarely studied, which is an emerging field that needs to be
explored urgently. 2) What’ more, in addition to macrophages,
there are also immune cells including T cells, NK cells and
dendritic cells at the maternal-fetal interface, which also play
important roles in regulating the biological behavior of
trophoblasts. Then, whether other cells may also participate in
the interaction between macrophages and trophoblasts, thereby
establishing three-cell or multi-cell communication, and then
participating in the establishment and maintenance of
pregnancy, is also worth exploring in future research. 3)
Additionally, as most of the current researches are based on
cell lines, transforming the interaction of macrophages and
trophoblasts into clinical research is also a direction
worth studying.
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Regulatory T Cells in Pregnancy
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Review and Meta-Analysis
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Athina Efthymiou5, Nicoleta Mureanu5, Kathryn V. Dalrymple5, Cristiano Scottà6,
Giovanna Lombardi6, Rachel M. Tribe5, Kypros H. Nicolaides5 and Panicos Shangaris5,6*

1 University of Aberdeen School of Medicine and Dentistry, University of Aberdeen, Aberdeen, United Kingdom,
2 Undergraduate Medical School, University of Glasgow, Glasgow, United Kingdom, 3 Barts and The London School of
Medicine and Dentistry, Queen Mary University of London, London, United Kingdom, 4 College of Medicine and Veterinary
Science, The University of Edinburgh, Edinburgh, United Kingdom, 5 Department of Women and Children’s Health, School of
Life Course Sciences, Faculty of Life Sciences and Medicine King’s College London, London, United Kingdom, 6 School of
Immunology & Microbial Sciences, Faculty of Life Sciences & Medicine, King’s College London, London, United Kingdom

Background: Several studies report the role of Regulatory T-cells (Tregs) in the
pathophysiology of pregnancy adverse outcomes.

Objective: The aim of this systematic review and meta-analysis was to determine
whether there is an association between regulatory T cell levels and pregnancy adverse
outcomes (PAOs), including pre-eclampsia and preterm birth (PTB).

Method: Literature searches were conducted in PubMed/MEDLINE, Embase, and
Cochrane CENTRAL databases. Inclusion criteria were original articles (clinical trials,
case-control studies and cohort studies) comparing Tregs, sampled from the decidua or
maternal blood, in healthy pregnant women versus women with pre-eclampsia or PTB.
The outcome was standardised mean difference (SMD) in Treg numbers. The tau-squared
(Tau²), inconsistency index (I²), and chi-squared (c²) test quantified heterogeneity among
different studies. Analyses were performed in RevMan software V.5.4.0 for Mac using a
random-effects model with outcome data reported with 95% confidence intervals (CI).
This study was prospectively registered with PROSPERO (CRD42020205469). PRISMA
guidelines were followed.

Results: From 4,085 unique studies identified, 36 were included in qualitative synthesis,
and 34 were included in quantitative synthesis (meta-analysis). In total, there were 1,783
participants in these studies: healthy controls=964, pre-eclampsia=759, PTB=60. Thirty-
two studies compared Tregs in healthy pregnant women and women with pre-eclampsia,
and 30 of these sampled Tregs from peripheral blood showing significantly higher Treg
numbers in healthy pregnancies (SMD; 1.46; 95% CI, 1.03–1.88; I²=92%). Four studies
sampled Tregs from the maternal decidua showing higher Tregs in healthy pregnancies
(SMD, 0.76; 95% CI, -0.13–1.65; I²=84%). No difference was found in the number of
Tregs between early versus late pre-eclampsia (SMD,-1.17; 95% CI, -2.79–0.44; I²=94%).
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For PTB, two studies compared Tregs sampled from the peripheral blood with a tendency
for higher Tregs in healthy pregnancies but this did not reach significance (SMD, 2.18;
95% CI, -1.34–5.70; I²=96%). Subcohort analysis using Treg analysis (flow cytometry vs.
qPCR vs. immunofluorescence tissue staining) showed similar associations.

Conclusion: Lower Tregs in pregnancy, sampled from the maternal peripheral blood, are
associated with pre-eclampsia. There is a need for further studies to confirm a relationship
between low Tregs and PTB. As the precise mechanisms by which Tregs may mediate
pre-eclampsia and PTB remain unclear, further fundamental research is necessary to
elucidate the underlying processes and highlight the causative link.

Systematic Review Registration: PROSPERO, identifier CRD42020205469.
Keywords: regulatory T cells (Tregs), pregnancy, high blood pressure (hypertension), pre-eclampsia, pre-term birth
(PTB), pregnancy adverse outcomes (PAO)
INTRODUCTION

Preterm Birth
Preterm birth (PTB) is defined by the World Health Organization
(WHO) as birth prior to 37 weeks of gestation (1), further subdivided
into extreme, very and moderate-to-late preterm occurring prior to
28 weeks, 28 to 32 weeks, and 32 to 37 weeks respectively. PTB has
become the leading cause of perinatal morbidity and mortality in
developed countries (2) and despite an overall decline in perinatal
mortality, preterm infants face increased short-term morbidity and
long-term neurodevelopmental, respiratory, and gastrointestinal
complications (2).

The complex heterogeneity of PTB is due to its varying
aetiology and pathogenesis, which result in idiopathic
premature activation of the labour process, with or without
pathological insults (2). Approximately 50% of PTBs are due to
preterm labour (PTL), uterine contractions before 37 weeks’
gestation that may or may not progress to delivery (i.e., PTB),
with intact membranes or preterm premature rupture of
membranes (PPROM, 25%) (3). Up to 40% of these cases are
due to intrauterine infection. Other causes include inflammation,
vascular disease, uterine overdistension, placental abruption or
hormonal disruptions (4–6). 25% involve induced labours or
caesarean deliveries as a result of maternal or fetal indications
(7). Due to effects on placental blood supply and intrauterine
growth, pre-eclampsia is a prime example of such an indication,
accounting for up to 20% of PTBs (8).

Pre-eclampsia
Pre-eclampsia affects 3-5% of pregnancies, with incidence
increasing due to a higher prevalence of risk factors including
maternal obesity, older maternal age and diabetes mellitus (9).
Pre-eclampsia is diagnosed in the presence of hypertension after
20 weeks’ gestation accompanied by maternal acute kidney
injury, liver dysfunction, neurological symptoms, haemolysis or
thrombocytopenia, or fetal growth restriction (10). Further risk
factors include first pregnancy, hypertensive disease in previous
pregnancies and co-morbidities including autoimmune and
renal disease. Proposed pathways of pre-eclampsia suggest
org 227
immunological factors of genetic and environmental origin are
involved in the pathogenesis (11).

Early and late-onset pre-eclampsia, defined as onset before 34
weeks of gestation and at or after 34 weeks respectively. These are
important to differentiate as different pathogenic mechanisms
and outcomes are implicated – whilst shallow trophoblast
invasion is common in early onset type (12), exaggerated
inflammatory responses may play a role in the development of
late-onset disease (12). Furthermore, aspirin treatment prevents
early onset pre-eclampsia but not late onset disease (13). Thus, it
is important to compare Treg numbers between these subtypes
as they may represent different disease entities (12).

Clinical diagnosis requires proteinuria, new-onset
hypertension or signs of end-organ damage. The American
College of Obstetricians and Gynaecologists (ACOG) (14)
suggest diagnosis in the presence of proteinuria and new-onset
hypertension, or new-onset hypertension with thrombocytopenia,
renal insufficiency, impaired liver function or pulmonary oedema.
Classification of severe disease involves severe hypertension
(systolic BP ≥ 160mmHg, diastolic BP ≥ 110mmHg or both) or
signs of end-organ damage.

Tregs in Pregnancy
Regulatory T-cells (Tregs) are a specialised subset of
immunosuppressive cells defined by the expression of lineage-
defining transcription factors FOXP3, CD25 and low or absent
CD127 expression (15), subdivided into thymic/natural Tregs
(nTregs) and peripherally induced Tregs (iTregs), which are
thought to control autoimmune responses and mucosal
immunity, respectively (16). Immunosuppressive function is
primarily exerted by direct cell-cell interactions with the target
cell, consumption of interleukin-2 (IL-2) and the release of anti-
inflammatory molecules14. In addition to ensuring tolerance to
self and non-inherited antigens (17), Tregs are essential in
inducing transplantation tolerance (18–20).

During pregnancy, Tregs prevent rejection of the semi-
allogeneic fetus by the maternal immune system (21, 22).
Decidual Tregs, including nTregs and iTregs (23), create a
tolerogenic microenvironment through the production of
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soluble factors such as IL-10 (22). In healthy pregnancies, great
diversity in Treg populations exists in both peripheral blood and
at the maternal-fetal interface (22). High levels of
CD25hiFOXP3+ Tregs are found in decidual tissues21 and both
FOXP3+ and FOXP3- Tregs are increased in the peripheral
blood of pregnant women (22). The composition of fetal cells
and maternal immune cells changes throughout gestation (22).
T-cell frequencies increase during gestation, with local and
systemic Treg expansion reaching its maximum in the 2nd

trimester (21). As labour progresses, the proportions of
decidual Tregs once again decreases (24).

In PAO, maternal Tregs are altered (16). Treg maldistribution
or functional impairment has been reported in implantation
failure, miscarriage and pre-eclampsia (21, 22, 25, 26). In
primary unexplained infertility, expression of FOXP3 mRNA is
decreased in the uterine endometrium (27). In pre-eclampsia,
Treg percentages are lower than in healthy pregnancies (28–30)
and associated with spiral artery adaptation and defective
maternal blood flow to the placenta (30). A reduction of
decidual CD4+CD25HI FOXP3+ and HELIOS+ Tregs is
observed in miscarriages (21–23, 31).

Impaired peripheral Treg signalling has also been found (22).
Signalling pathways implicated in modulating T-cell function
during pregnancy include the IL-2–dependent STAT5ab
signalling pathways (32), the PD1-PDL1 pathway (23) and the
TIM-3 pathway (24). Fetal Tregs are also implicated (33),
however, this systematic review and meta-analysis focuses on
maternal Tregs only.

Objective
Through this systematic review and meta-analysis, we aimed
to determine whether there is an association between
regulatory T cell levels and PAOs, including pre-eclampsia
and preterm birth.
2 MATERIALS AND METHODS

Design
This study was conducted in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines (34). The review was prospectively
registered with PROSPERO (CRD42020205469).

Outcomes
Primary outcome was standardised mean difference (SMD) in
Treg numbers between healthy pregnant women and women
with pre-eclampsia or PTB. The measures used to identify these
differences include Tregs expressing CD4+/CD25+/CD127low
or CD4+/CD125+/FOXP3+ sampled from the peripheral blood
or maternal decidua.

Eligibility Criteria
Eligible for inclusion were original articles including clinical
trials, case-control studies and cohort studies that examined
Frontiers in Immunology | www.frontiersin.org 328
the association between maternal Tregs in human pregnancy,
sampled from the decidua or maternal blood, and the onset of
pre-eclampsia and PTB. Studies were selected that compared
these maternal co-morbidities with healthy age-matched
pregnant individuals as control. No restrictions were made
regarding population characteristics, such as age, ethnicity or
setting. Studies examining fetal Tregs and studies that did not
sample Tregs from the maternal blood or decidua were excluded.
Duplicate studies were excluded from total counts.

Information Sources and Search Strategy
Three reviewers (SG, KSR and MP) searched PubMed/
MEDLINE, Embase and Cochrane CENTRAL for eligible
articles published between August 1st, 2010 and August 1st,
2020 using search terms specific for ‘maternal’ OR ‘fetal’
‘regulatory T-cells’ AND ‘pregnancy’, ‘pre-eclampsia’, ‘preterm
birth’, OR ‘miscarriage’ (Appendix 1). Results were restricted by
article type (see Appendix 1 for detailed search strategies),
language (English), and species (Human).

Selection Process
For each article, title, abstract and full-text screening was
performed independently by one of three reviewers (SG, KSR
and MP). Screening results were reviewed by a senior author in
the study (PS). Discrepancies were resolved through discussion
in which a senior author was consulted (PS).

Data Collection Process and Data Items
For each article, data was extracted independently by one of four
reviewers (SG, KSR, MP, ASVC) using a predefined data
extraction form. Results were reviewed by a senior author in
the study (PS). From each study, information was extracted
regarding study design, location, population, participant
demographics, baseline characteristics, details of intervention
and control, interventions and attrition rate. Miscellaneous
information, e.g. method of delivery, antenatal steroid use was
also recorded.

Quality Assessment
A modified version (35) of the Newcastle–Ottawa Scale (NOS)
(36) (Supplementary Table 4) was used to assess methodological
quality of included studies. Studies were judged based on
selection, comparability and outcome, with a maximum of 3, 2
and 2 stars, respectively, equating to a total score ranging from
zero (worst) to 7 (best). ≥ 6 stars indicated high quality, 4–5
moderate quality and a high risk of bias and <4 indicated a very
high risk of bias. Quality assessment was undertaken
independently by two reviewers (KSR and MP), and inter-rater
reliability was assessed.

Statistical Analysis
We estimated the SMD in Treg numbers, sampled from the
decidua and peripheral blood, of healthy pregnant women versus
pregnant women with pre-eclampsia or PTB along with 95%
confidence intervals (CI) under a random-effects (RE) model
using Review Manager Version 5.4 (V.5.4.0) for Mac.
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We used the tau-squared (Tau2), inconsistency index (I2), and
chi-squared (c²) test to quantify heterogeneity among different
studies. Heterogeneity as defined by I2 was considered to be
minor if 0% to 40%, moderate if 30% to 60%, substantial if 50%
to 90% and considerable if 75% to 100%. The percent
heterogeneity was interpreted in the context of the magnitude
of the effect size and the strength of evidence surrounding the
heterogeneity (37). Potential publication bias was tested using
the rank correlation test of funnel plot asymmetry [Begg’s test
(38) and Egger’s test (39)].
RESULTS

Search Results
Figure 1 outlines the study selection process following PRISMA
guidelines (40). The initial search identified 4,085 unique articles.
55 articles underwent full-text screening, with 36 studies
included in qualitative synthesis and 34 in quantitative
synthesis (meta-analysis). Treg populations between healthy
pregnant women and pregnant women with pre-eclampsia was
compared in 32 studies, 30 of which sampled Tregs from
maternal peripheral blood (Supplementray Table 1). Four
studies sample Tregs from maternal decidua (Supplementary
Table 2), whilst an additional two studies compared Tregs,
sampled from the peripheral blood, between healthy pregnant
women and pregnant women who underwent PTL and PTB
(Supplementary Table 3).
Characteristics of Studies Included in the
Meta-Analysis (Quantitative Synthesis)
Supplementary Tables 1–3 feature the characteristics of
included articles. Included studies were published between
2009 and 2019. Total sample sizes (including cases and
controls) ranged from 20 to 108 pregnant subjects. Studies
spanned 5 continents (Asia=19, Australia=1, Europe=9, North
America=3 and South America=2), 12 countries (Australia=1,
Bosnia and Herzegovina=1, Brazil=2, China=13, Czech
Republic=1, Germany=1, Hungary=4, Iran=5, Japan=1,
Mexico=1, Poland=2 and USA=2) and represented 1,783
participants (healthy controls=964, pre-eclampsia=759,
PTB=60) of African American, Asian, Black, Caucasian,
Hispanic, Latin and Persian ethnicity/race. The mean and
median ages of women across studies ranged between 26.0 and
35.5 years. Treg analysis was typically performed in the second
and third trimester of gestation. Most studies used flow
cytometry (n=28) as the method of Treg analysis, while few
reports using qPCR (n=5) and immunofluorescence tissue
staining (n=1). Six studies considered and reported BMI
measurements between cases and controls as an important
confounder, and six studies considered and reported smoking
status. All studies identified gestational age at the time of Treg
analysis as a confounder, and 24 out of 34 studies (71%)
considered gestational age at delivery. Birth weight was
Frontiers in Immunology | www.frontiersin.org 429
reported in 24 out of 34 studies (71%). A selection of different
Treg markers were used in each study to identify Treg
populations with CD4+, CD25+, FOXP3+ as well as CD4+,
CD25+, CD127low being the most common Treg marker
combinations (Supplementary Tables 1–3). Gestational age at
delivery is missing from 20 studies (Supplementary Table 1).
Use of corticosteroids is not mentioned in 26 studies
(Supplementary Tables 1–3).
Meta-Analysis Findings (Quantitative Synthesis)
Lower Number of Tregs in Peripheral Blood
in the Peripheral Blood of Women Who
Develop Pre-Eclampsia
30 studies were included in analysis exploring the association of
pre-eclampsia and Treg populations in the peripheral blood.
Twenty-six studies used flow cytometry to analyse Tregs
populations (41–64) and four used qPCR (65–68). We
analysed these two groups separately and combined them
(Figure 2). In the qPCR group, the patients were matched for
ethnicity and age group (Asian, <30 years old). The SMD of
Treg numbers in the peripheral blood of healthy pregnant
women compared to pregnant women with pre-eclampsia
was 2.82 (95% CI, 0.81–4.83; I2 = 96%; 4 studies), with
healthy women reporting significantly higher Treg numbers
in two studies and non-significant difference in two
studies (Figure 2.1.2).

The overall SMD of Treg numbers in the peripheral blood of
healthy pregnant women (using flow cytometry and qpcr)
compared to pregnant women with pre-eclampsia was 1.46
(95% CI, 1.03–1.88; I2 = 92%; 30 studies), with healthy women
reporting significantly higher Treg numbers overall (Figure 2).
We performed subgroup analysis based on their ethnic
background and age. Testing for subgroup differences did
not reveal any significant results (P=0.35, I2 = 10.7%)
(Figure 2.1.2, 2.1.3, 2.1.4, 2.1.5, 2.1.6). In addition changing
the method of analysis from SMD to Mean Difference (MD)
showed a MD of 2.49 (95% CI, 1.41-3.57; I2 = 100%; 30 studies,
data not shown). Testing for subgroup differences using MD
did not show any significant results (P=0.14, I2-41.9%, data not
shown). In addition, we also performed subgroup analysis
based on the year of publication. We divided the studies to
the ones published before (n=10) and after 2015 (n=20).
Testing for subgroups differences based on the year of
publication did not show any significant results (P=0.66, I2 =

0%, data not shown).
Tregs in the Decidua of Women With Pre-Eclampsia
and Healthy Women
Four studies were included in the analysis to determine
association of pre-eclampsia and Treg populations in the
maternal decidua. Two (69, 70) used qPCR to analyse Treg
populations, one (71) used immunofluorescence tissue staining
and one used flow cytometry (43). We analysed these three
subgroups separately and further analysis combined all four
October 2021 | Volume 12 | Article 737862
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studies (Figure 3). For the qPCR group (69, 70), the SMD in Treg
numbers in the decidua of healthy pregnant women compared to
pregnant women with pre-eclampsia was 1.15 (95% CI, 0.61–
1.68; I2 = 0%; 2 studies), with healthy pregnant women reporting
Frontiers in Immunology | www.frontiersin.org 530
significantly higher Treg numbers in both studies (Figure 3.1.1).
The immunofluorescence tissue staining study (71) also reported
significantly higher Tregs in healthy pregnant women (SMD,
1.27; 95% CI, 0.52–2.02) (Figure 3.1.2). Flow cytometry (43)
FIGURE 1 | PRISMA flowchart of study selection.
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showed no significant difference in Treg numbers between
healthy pregnancies and women with pre-eclampsia (SMD,
-0.45; 95% CI, -1.06–0.16) (Figure 3.1.3). Analysing qPCR,
immunofluorescence tissue staining and flow cytometry studies
together, the SMD of Treg numbers in the decidua of healthy
pregnant women compared to pregnant women with pre-
eclampsia was 0.76 (95% CI, -0.13–1.65; I2 = 84%; 4 studies),
with healthy women reporting higher Treg numbers in 3 studies
(65, 70, 71) and non-significant difference in 1 study (43). This
Frontiers in Immunology | www.frontiersin.org 631
result should be interpreted with caution as the 95% CI crosses
the null value.

The Number of Tregs inWomenWith Early Pre-Eclampsia
Are Similar to the Ones in Late Pre-Eclampsia
We identified studies, n=3 (44, 63, 68), which reported the
number of Tregs separately in early versus late pre-eclampsia.

The SMD in Treg numbers in the peripheral blood of
pregnant women with late pre-eclampsia compared to
FIGURE 2 | Standardized mean difference of T regulatory cell numbers in the peripheral blood of healthy pregnant women and women with pre-eclampsia, in
subgroups according to ethnicity, age and method of analysis. CI, confidence interval; SD, standard deviation; Std. Mean Difference, standardised mean difference;
IV, inverse variance.
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pregnant women with early pre-eclampsia was -1.17 [95% CI,
-2.79–0.44; I2 = 94%; 3 studies (44, 63, 68)], a non-significant
difference with the 95% CI crossing the null value (Figure 4).

The Number of Tregs in Women Who Develop PTL
and Had PTB Are Similar to Healthy Women
Only two studies (72, 73) reporting the association of PTB and
Tregs in peripheral blood were included in the analysis. Both
studies measured Tregs with flow cytometry. The SMD of Treg
numbers in the peripheral blood of healthy pregnant women
compared to pregnant women who underwent PTB was 2.18
(95% CI, -1.34–5.70; I2 = 96%; 2 studies), with healthy pregnant
women reporting higher Treg numbers overall in one study (72)
and a non-significant difference in the second study (73)
(Figure 5). However, the 95% CI crosses the null value.

Heterogeneity of the Studies
Heterogeneity was considerable in all meta-analyses, the 95%
prediction intervals for individual studies crossing the null value
(Figures 2–5). I2 was 92% and 84% for the 30 and 4 respective
Frontiers in Immunology | www.frontiersin.org 732
studies investigating pre-eclampsia by sampling Tregs from
maternal peripheral blood and decidua, respectively. Similarly,
the I2 was 96% for the two studies investigating PTB by sampling
Tregs from maternal peripheral blood. Where I2 could be
estimated within subgroup analyses, age, ethnicity, year of
publication and by the method of Treg analysis (flow
cytometry vs. qPCR vs. immunofluorescence tissue staining), it
remained considerable for all except the qPCR subgroup analysis
of 2 studies (65, 70) investigating pre-eclampsia by sampling
Tregs from the maternal decidua (I2 = 0%) - 95% prediction
intervals of neither of these studies crossed the null value
(Figure 3.1.1). In the flow cytometry, ethnicity Caucasian, age
>30 subgroup, of 6 studies (41, 52, 53, 56, 62, 63) the
heterogeneity was relatively lower that the rest of the
subgroups (I2 = 74%) with only one study (63) crossing the
null value. Heterogeneity should be considered as a confounder
when interpreting the significance of results, particularly in
relation to the analysis of pre-eclampsia studies sampling Tregs
from the maternal decidua (Figure 3) and PTB studies sampling
Tregs from the maternal peripheral blood (Figure 5) as the 95%
FIGURE 4 | Standardized mean difference of T regulatory cell numbers in the maternal blood of women with early and late pre-eclampsia. CI, confidence interval;
SD, standard deviation; Std. Mean Difference, standardised mean difference; IV, inverse variance.
FIGURE 3 | Standardized mean difference of T regulatory cell numbers in the decidua of healthy pregnant women and women with pre-eclampsia. CI, confidence
interval; SD, standard deviation; Std. Mean Difference, standardised mean difference; IV, inverse variance.
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CI crossed the null value in the end outcome of these analyses.
This was not true for the analysis of pre-eclampsia studies
sampling Tregs from the maternal peripheral blood (Figure 2).

Publication Bias
A funnel plot was used to graphically evaluate articles for
publication bias. This was tested using the rank correlation test
of funnel plot asymmetry [Begg’s test (38) and Egger’s test (39)].
SMD values were plotted against standard error (SE). Data from
the 30 studies seemed to be roughly symmetrically distributed in
an inverted funnel-shaped area (Figure 6).

Quality Assessment
The overall quality rating of the studies included in the meta-
analysis was moderate, representing a high risk of bias. NOS
scores ranged between 3–6 with a median score of 4 out of 7
(Supplementray Table 5). Quality ratings were impaired by poor
population representativeness of the exposed cohort (due to
hospital-based sampling), and inadequate follow up (<1 month
Frontiers in Immunology | www.frontiersin.org 833
after labour). Comparability was limited in several studies that
did not adjust for all confounding variables (age, race, smoking
and interpregnancy interval). The IRR was 100% regarding the
assessment of ‘selection’ and ‘outcomes’ criteria; however, there
were inter-rater discrepancies in the assessment of
‘comparability’ in 13 out of 36 studies (IRR=64%).
DISCUSSION

Findings
Our meta-analysis suggests that lower Treg cell numbers may be
a potential independent risk factor for PAO, including pre-
eclampsia and potentially PTL. Overall, healthy pregnant
women have significantly higher Treg numbers than pregnant
women with pre-eclampsia, evident by an SMD of 1.46 (95% CI,
1.03–1.88; I2 = 92%; 30 studies) when sampling Tregs from the
peripheral blood. In studies sampling Tregs from the maternal
decidua, healthy pregnant women had higher, but non-
FIGURE 6 | Funnel plot for studies looking at the number of Tregs in the maternal blood included in the subgroup meta-analysis (n=30). SE, standard error; SMD,
standardised mean difference.
FIGURE 5 | Standardized mean difference of T regulatory cell numbers in the peripheral blood of healthy pregnant women and women who underwent preterm birth
(PTB). PTB, preterm birth; CI, confidence interval; SD, standard deviation; Std. Mean Difference, standardised mean difference; IV, inverse variance.
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significantly higher Treg numbers compared to women with pre-
eclampsia, evident by an SMD of 0.76 (95% CI, -0.13–1.65; I2 =
84%; 4 studies). This might be due to poor phenotyping of the
decidual tissue. Healthy pregnant women also have a non-
significant numerically higher Treg numbers compared to
pregnant women who undergo PTL, with an SMD of 2.18
(95% CI, -1.34–5.70; I2 = 96%; 2 studies) when sampling Tregs
from the peripheral blood. Similar trends are observed in
subcohort analysis when studies are grouped by the method of
Treg analysis.

This is supported by previous research by Han et al (74) and
Schober et al (75) who found an association between impaired
Treg function and pre-eclampsia (74) and PTL (75). Han et al.
(74), using high-dimensional mass cytometry immunoassay,
suggests that specific aspects of peripheral immune system
dynamics may be disrupted in preeclamptic pregnancies.
Furthermore, Schober et al. (75), using flow cytometry, found
that the suppressive activity of CD4+CD127low+/-CD25+-Treg
cells was strongly diminished in PTL women and, to a lesser
extent, in spontaneously term labouring women compared to
term non-labouring women. This reduction in suppressive
activity was due to Treg-cell deficiency but not due to CD4+-
responder T (Tresp) cell resistance, with CD4+-T cells
significantly reduced in term and preterm labouring women
(75). There is a need for additional research, using tightly
phenotyped PTL groups, before confirming any relationship
and methods used by Han et al. and Schober et al. may
be worthwhile.
Strengths
We identified and screened over 4,000 unique articles, the meta-
analysis therefore including participants across five continents of
different ethnicity, adding to the representability and
generalizability of findings. We found similar results, in terms
of Treg associations with healthy and adverse pregnancy
outcomes, across studies that sampled Tregs from different
sites (maternal decidua and maternal peripheral blood) as well
as studies using other methods of Treg analysis (flow cytometry,
qPCR and immunofluorescence tissue staining), increasing
robustness of findings. Performance of subcohort analysis by
age, ethnicity, year of publication, site of sampling and method of
Treg analysis further supports the strength of association across
different research conditions. Most studies attempted to adjust
for confounding variables.
Limitations
Participant numbers were limited, especially for the PTB cohort
(1739 pregnant women including 944 healthy controls, 735 pre-
eclampsia, 60 PTB). Furthermore, each separate study had a
small number of patients in each group. Indeed, only two studies
investigating PTB were included in quantitative analysis; both
sampling Tregs from maternal peripheral blood, none sampling
decidua. In pre-eclampsia, only four studies tested Tregs from
the maternal decidua, utilising three different methods of Treg
analysis, with the flow cytometry study producing opposing
Frontiers in Immunology | www.frontiersin.org 934
findings to studies utilising qPCR or immunofluorescence
tissue staining. Antenatal corticosteroids have been shown to
alter T cell trafficking and cytokine production (76), yet use of
corticosteroids prior to blood sampling was omitted in most
studies (supplementary data). Additionally, whilst Treg cells are
classified into naïve and effector Tregs, which express weak and
powerful immunoregulation respectively, we did not
discriminate between the two. Comparing Treg populations in
early onset versus late onset pre-eclampsia is also important
given the distinct underlying pathogenic processes (44, 63, 68,
77). In our cohort only 3 studies reported separately the Treg
numbers in early versus late pre-eclampsia. In addition a
subgroup analysis based on BMI would have been ideal since
there is evidence the BMI alters the number of Tregs in obese
individuals (78). Unfortunately only 7 studies reported BMI in
their results, which was between 22-28 and no subgroup analysis
could have been done (Supplementary Tables 1–3).

Methodological quality of studies was low to moderate.
Nevertheless, all studies were included in the analysis
regardless of quality assessment, none excluded based on high
risk of bias. It may have been prudent to repeat the analysis,
excluding studies with low NOS quality rating. Equally, meta-
analyses could have been repeated after excluding studies with
high heterogeneity (I2) in which the 95% prediction intervals
crossed the null value (Figs. 2-5). Overall, there was considerable
heterogeneity across analyses. Indeed, this limited the
significance of results in three of the meta-analyses, specifically
for pre-eclampsia studies sampling Tregs from the maternal
decidua and PTB studies sampling Tregs from the maternal
peripheral blood as well as in the early versus late comparison
(Figure 4). Assessing relative risk (RR) or odds ratio (OR) in
addition to SMD may have demonstrated a stronger level of
association to support outcomes.

Clinical Significance
Future research could investigate the potential of monitoring
Treg numbers in peripheral blood of pregnant women as a
possible biomarker to assess the risk of PAO, stratifying
patients with high-risk pregnancies. Future preclinical and
clinical models could investigate strategies to increase Treg
numbers in pregnant women as a candidate therapeutic
approach. Both of these suggestions, however, remain at a
hypothesis stage and require further systematic evaluation.
CONCLUSION

This meta-analysis suggests an association between lower T-regulatory
cell numbers and risk for pre-eclampsia and potentially for PTL (28,
29). Importantly, correlation does not imply causation and possibility of
an underlying mechanism causing both low Treg numbers and pre-
eclampsia and PTLmust be considered. As the precise mechanisms by
which Tregs may mediate pre-eclampsia and PTL remain unclear,
further research is necessary to elucidate the underlying processes and
highlight the causative link.
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APPENDIX 1 SEARCH TERMS

1. PubMed
Theme 1: Maternal T Cells in Pregnancy

• ((maternal) OR (mother)) AND ((regulatory T cells) OR
(Tregs)) AND (pregnancy)

Theme 2: Fetal T Cells in Pregnancy

• ((Fetal) OR (Fetal)) AND ((Regulatory T Cells) OR (Tregs)
OR (Regulatory T Lymphocyte)) AND (Pregnancy)

Theme 3: Adverse Outcomes

• ((Preeclampsia) OR (preterm birth) OR (miscarriage)) AND
((Regulatory T cells) OR (Tregs) OR (Regulatory T
lymphocyte)) AND (pregnancy)
2. Embase
Theme 1: Maternal T Cells in Pregnancy

• ((maternal OR mother) AND ‘regulatory t lymphocytes’ OR
‘regulatory t cells ’ OR ‘tregs ’/exp OR tregs) AND
(‘pregnancy’/exp OR pregnancy)

Theme 2: Fetal T Cells in Pregnancy
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• ((((Fetal OR Fetal) AND ‘Regulatory T Cells’ OR Tregs OR
Regulatory T Lymphocyte) AND Pregnancy))

Theme 3: Adverse Outcomes

• ((preeclampsia) OR ‘preterm birth’ OR ‘preterm labor’ AND
‘tregs’) AND (‘pregnancy’)
3. Cochrane
Theme 1: Maternal T Cells in Pregnancy

• (maternal):ti,ab,kw OR (mother):ti,ab,kw AND (Tregs):ti,ab,
kw OR (T regulatory lymphocytes):ti,ab,kw OR (T regulatory
cells):ti,ab,kw AND (pregnancy):ti,ab,kw

Theme 2: Fetal T Cells in Pregnancy

• (Fetal):ti,ab,kw OR (Fetal):ti,ab,kw AND (Tregs):ti,ab,kw OR
(Regulatory T Cel ls) : t i ,ab ,kw OR (Regulatory T
Lymphocytes):ti,ab,kw AND (Pregnancy):ti,ab,kw

Theme 3: Adverse Outcomes

• (preeclampsia):ti,ab,kw OR (preterm birth):ti,ab,kw OR
(miscarriage):ti,ab,kw AND (Tregs):ti,ab,kw OR (regulatory
T lymphocyte):ti,ab,kw OR (regulatory T cells):ti,ab,kw AND
(pregnancy):ti,ab,kw
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Acute Atherosis Lesions at the Fetal-
Maternal Border: Current Knowledge
and Implications for Maternal
Cardiovascular Health
Daniel Pitz Jacobsen1*, Heidi Elisabeth Fjeldstad1,2, Guro Mørk Johnsen1,
Ingrid Knutsdotter Fosheim1,2, Kjartan Moe1,2,3, Patji Alnæs-Katjavivi 1, Ralf Dechend4,5,
Meryam Sugulle1,2 and Anne Cathrine Staff1,2

1 Division of Obstetrics and Gynaecology, Oslo University Hospital, Oslo, Norway, 2 Institute for Clinical Medicine, Faculty of
Medicine, University of Oslo, Oslo, Norway, 3 Department of Obstetrics and Gynaecology, Bærum Hospital, Vestre Viken HF,
Bærum, Norway, 4 Experimental and Clinical Research Center, A Cooperation of Charité-Universitätsmedizin Berlin and Max-
Delbruck Center for Molecular Medicine, Berlin, Germany, 5 Department of Cardiology and Nephrology, HELIOS-Klinikum,
Berlin, Germany

Decidua basalis, the endometrium of pregnancy, is an important interface between maternal
and fetal tissues, made up of both maternal and fetal cells. Acute atherosis is a uteroplacental
spiral artery lesion. These patchy arterial wall lesions containing foam cells are predominantly
found in the decidua basalis, at the tips of the maternal arteries, where they feed into the
placental intervillous space. Acute atherosis is prevalent in preeclampsia and other obstetric
syndromes such as fetal growth restriction. Causal factors and effects of acute atherosis
remain uncertain. This is in part because decidua basalis is challenging to sample
systematically and in large amounts following delivery. We summarize our decidua basalis
vacuum suction method, which facilitates tissue-based studies of acute atherosis. We also
describe our evidence-based research definition of acute atherosis. Here, we
comprehensively review the existing literature on acute atherosis, its underlying
mechanisms and possible short- and long-term effects. We propose that multiple
pathways leading to decidual vascular inflammation may promote acute atherosis
formation, with or without poor spiral artery remodeling and/or preeclampsia. These include
maternal alloreactivity, ischemia-reperfusion injury, preexisting systemic inflammation, and
microbial infection. The concept of acute atherosis as an inflammatory lesion is not novel. The
lesions themselves have an inflammatory phenotype and resemble other arterial lesions of
more extensively studied etiology. We discuss findings of concurrently dysregulated proteins
involved in immune regulation and cardiovascular function in women with acute atherosis. We
also propose a novel hypothesis linking cellular fetal microchimerism, which is prevalent in
women with preeclampsia, with acute atherosis in pregnancy and future cardiovascular and
neurovascular disease. Finally, womenwith a history of preeclampsia have an increased risk of
premature cardiovascular disease. We review whether presence of acute atherosis may
identify women at especially high risk for premature cardiovascular disease.

Keywords: acute atherosis, inflammation, decidua basalis, preeclampsia, tolerance, cardiovascular disease,
placenta, microchimerism
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INTRODUCTION

Arterial lesions specific to the spiral arteries at the fetal-maternal
border were first reported in 1945 (1). These lesions were later
termed acute atherosis, described as lipid-laden foam cells within
the intima, surrounded by fibrinoid necrosis and perivascular
immune cell infiltrate (2, 3). Acute atherosis is associated with
lower birthweight (4) and lower placental weight (5), and some
studies show that acute atherosis may be correlated with an
antiangiogenic profile (6, 7), all three of which are indicators of
placental dysfunction. Moreover, the well documented high
concomitance of acute atherosis and preeclampsia and other
obstetric syndromes suggests shared underlying mechanisms
(8–25).

Causal factors and effects of acute atherosis during pregnancy,
as well as the long-term effects on maternal cardiovascular
health, remain uncertain. There are several constraints on
studying the acute atherosis lesions histologically. Systematic
sampling of the decidua in large amounts following delivery is
quite difficult, and a uniform, evidence-based research definition
of acute atherosis lesions is historically lacking. As discussed
below, both issues have been addressed by us (22, 26). However,
even when these constraints are overcome, only a subset of the
decidua can realistically be evaluated in any morphological tissue
study, thus one can only with certainty determine the presence of
acute atherosis, and never the definitive absence.

Acute Atherosis Sampling Methodology
The ideal method for studying the impact of decidual acute
atherosis on placental function requires specimens of a
challenging nature; there are today only some very rare
hysterectomy specimens of severely preeclamptic women with
the placenta still in situ (27). In one such published case report,
acute atherosis of spiral arteries with severe narrowing of the
vascular lumen were associated with substantial infarcted areas
in the overlying parts of the placenta (28). Moreover, in this case
the lesions could be traced as deeply as the inner myometrium,
implying that the severity of the placental defects may be related
to the depth of the lesions. It is also noteworthy in this study that
remodeling of the placental bed spiral arteries, including the
myometrial segments, was absolutely normal in a few invaded
spiral arteries at the very center of the placental bed. This
suggests that non-invaded, more laterally situated vessels run a
higher risk of developing acute atherosis, again highlighting the
need for uniform sampling of relevant tissues for the study of
acute atherosis, preferably of the whole placental bed.

Several methods have been employed for sampling decidua
basalis for research purposes. These include placental bed
biopsies (29), biopsies from the basal plate of delivered
placentas (30), and our method of vacuum suctioning the
placental bed (31). Of these sampling methods, placental bed
punch or knife biopsy is the most invasive, but has the advantage
of providing myometrium, which is needed if the goal is to study
spiral artery remodeling or other features of this tissue (32).
Biopsies from delivered placentas is the least invasive sampling
method, and will yield moderate samples of decidua basalis
Frontiers in Immunology | www.frontiersin.org 240
tissue. However, if the goal is to study decidua basalis alone,
our vacuum suction technique is the superior method (32–34).

The vacuum suction technique is performed during caeserean
section, after delivery of the placenta, by applying vacuum
suction to the uterine wall. This method has the advantages of
an unbiased sampling and a large tissue yield. It is also time
efficient and without danger to maternal health (34). One
drawback is that tissue orientation is lost due to suctioning.
Still, the vacuum suction method provides tissue applicable for
acute atherosis research. We showed that higher rates of acute
atherosis detection was achieved using vacuum suction samples,
as compared to routinely sampled basal surface placental tissue
and fetal membrane roll biopsies from the same pregnancies
(33). The rate of decidual acute atherosis is thus likely
underestimated in most studies, and we recommend using the
vacuum suction technique if the goal is to study the lesions
independent of tissue orientation. Our large Oslo Pregnancy
Biobank, consisting of decidual tissue collected during elective
cesarean section, along with placental tissue biopsies, fetal
(umbilical artery as well as umbilical vein) and maternal blood
samples, amniotic fluid, and maternal muscle and fat tissue
biopsies, has enabled multiple studies comparing the presence
of decidual acute atherosis and dysregulated features of other
anatomical compartments (20–26, 31, 33, 35–41).

Nonuniformity in Acute Atherosis
Definitions
Historically, a uniform definition of acute atherosis has been
lacking. This may have led to discrepancies in reported rates of
acute atherosis across pregnancy groups. In addition, differences
in patient populations studied as well as in tissue collection and
evaluation methodology (e.g. antibody selection) may have
contributed. Moreover, clear definitions of perivascular
infiltrate (PVI) and fibrinoid necrosis have been lacking. We
set out to address these issues by attempting to establish an
evidence-based research definition of acute atherosis (22). After
examining 278 decidua basalis samples, we observed that
perivascular leukocyte infiltrates and increased fibrinoid did
not always correlate with adjacent foam cell lesions. Instead,
we concluded that these are features of the decidual pathology of
preeclampsia, while CD68+ foam cells are an essential aspect of
acute atherosis (Figure 1). Thus, we proposed that acute
atherosis should be diagnosed solely by the presence of foam
cell lesions, defined as two or more intramural, adjacent,
vacuolated CD68+ cells. Nonetheless, throughout this review,
we will include studies with other acute atherosis diagnosis
criteria as well.
ACUTE ATHEROSIS ETIOLOGY

Hertig, who first described acute atherosis, proposed that vessel
damage followed by lipophage infiltration is what initiates acute
atherosis lesion development (1). Endothelial injury has long been
suspected as integral to decidual lesion development by others as
well (42). However, the lack of an association between acute
December 2021 | Volume 12 | Article 791606
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atherosis and the severity and duration of hypertension, or
antihypertensive treatment, implies that hemodynamic forces
alone are not adequate for lesion development (43). Similar to the
heterogeneity of preeclampsia, acute atherosis is likely a
multifactorial pathology with several pathways leading to an
adverse uterovascular phenotype endpoint. We now have access
to 75 years of research into the nature of the histological lesions
known as acute atherosis, but have not finished elucidating the
complexity of its etiological andmechanistic molecular constituents.

One such potential constituent, however, may be endothelin-
1 (ET-1) (44). ET-1 is a highly potent vasoconstrictor (45). It is
upregulated by mechanical stretch (46) and hypoxia (47), and
plasma ET-1 is elevated in preeclampsia and gestational
hypertension (48, 49). It exerts its effects by binding G-protein
Frontiers in Immunology | www.frontiersin.org 341
coupled receptors on vascular smooth muscle cells and
endothelial cells (50), a byproduct of which may be
intracellular lipid accumulation (51, 52). Thus, ET-1 may be a
common trigger for lipid accumulation within endothelial cells
in acute atherosis and in hepatocytes in the associated rare
disease, acute fatty liver of pregnancy (44).

Another vasoconstrictor of interest is angiotensin II, which
may play a role in the pathogenesis of atherosclerosis (53). We
have postulated a role in acute atherosis for activating antibodies
against the angiotensin II type 1 receptor (AA-AT1), after
demonstrating a clear association between AA-AT1 and
preeclampsia (54–56). Based on our cesarean delivery
population, we were unable to demonstrate any association
between AA-AT1 and acute atherosis (21). However, angiotensin
FIGURE 1 | Staining of serial FFPE sections of decidua basalis tissue to identify spiral arteries. Slides are stained with (from left to right) Hematoxylin + Eosin (H + E),
desmin and Periodic acid–Schiff (PAS), cytokeratin 7 (CK7) and PAS, CD68 + PAS and Martius Scarlet Blue (MSB). Representative images of (A) spiral artery from a
normotensive control with complete physiological transformation, characterized by presence of CK7-positive trophoblasts and intramural fibrinoid (bright purple upon
PAS staining, white arrowhead) in the vessel wall, and complete absence of intramural smooth muscle cells (no desmin stain). (B) Spiral artery from a preeclampsia
patient with partial physiological transformation characterized by intramural fibrinoid, trophoblasts and areas with traces of mural smooth muscle cells (desmin-
positive). (C) Spiral artery with acute atherosis from same sample as in (B), lacking bright purple fibrinoid and CK7-positive trophoblasts in the vessel wall. Traces of
intramural smooth muscle cells (desmin positive) are seen. Fibrinoid necrosis is visible as a grey-pink material in the vessel wall (asterisk), which stains red upon MSB
staining (asterisk). Erythrocytes in the lumen of the AA artery stains red-brown upon MSB staining. Intramural CD68-positive foam cells are present (black
arrowhead). (D) Spiral artery from a preeclampsia patient with almost complete physiological transformation – evident by the lack of desmin-positive smooth muscle
cells and the presence of CK7-positive trophoblasts – yet acute atherosis lesion is present (asterisk; fibrinoid necrosis, black arrowhead; foam cells, white arrowhead;
purple physiological fibrinoid). Inset; higher power inset of foam cells. Reprinted from Fosheim et al. (35), with permission from the journal Placenta.
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II is known to work synergistically with ET-1 (57), and studying
both of these vasoconstrictor systems simultaneously would shed
more light on the possible involvement of G-protein cascades in
acute atherosis development.

The regulator of G protein signaling 2 (RGS2) likely has
implications for ET-1 and AA-AT1 signaling (58). Interestingly,
we have observed an association between acute atherosis and a
genotype associated with lower RGS2 expression (38). If G-
protein cascades indeed cause intracellular lipid accumulation,
as proposed by Coffey (44), we would expect early acute atherosis
lesions to contain lipid-laden endothelial or vascular muscle
cells. Accordingly, arterial lesions containing vacuolated
endothelial cells and myofibroblasts have been observed in
first-trimester curetted endometrium samples from therapeutic
and spontaneous abortions (59, 60). A higher incidence of such
lesions was observed in primigravida as compared to
multigravida (60). Primigravidity is associated with an
increased risk of preeclampsia (36, 61), often considered due to
excessive inflammation, although evidence is lacking (62).
Whether these lesions are precursors to full-blown acute
atherosis, and whether lipid accumulation within endothelial
cells and myofibroblasts is indeed the insult that catalyzes
intramural immune cell infiltration, remains to be investigated.

Acute atherosis shares morphological features with early
atherosclerotic lesions, which is recognized as an inflammatory
disease of the arterial walls (63). Both lesions present with
increased numbers of intimal macrophages, lipid-laden foam
cells, lipoprotein(a) throughout the vessel walls and extracellular
droplets of lipid as well as similar expression of intracellular
lipid-handling proteins (41, 64–67). Moreover, both acute
atherosis and atherosclerosis are associated with preeclampsia
and other states of systemic inflammation (68, 69).

However, there are several differences between acute atherosis
and atherosclerosis. Firstly, vessel caliber differs enormously.
Atherosclerosis is found in major arteries with a thick intimal
layer, and the vessels are supplied with oxygen and nutrients
from the vasa vasorum (70). Notably, the vasa vasorum may be
instrumental as a source of lipids in the development of
atherosclerosis (71–73). Spiral arteries are much smaller and
do not have an external blood supply. Preeclampsia is associated
with elevated lipid content in decidua basalis tissue, which may
act as a source of lipid compounds for lesion development (26).
Moreover, acute atherosis is not associated with plasma lipid
contents, further indicating a local rather than a systemic excess
of lipids (23). Secondly, research into the molecular composition
of acute atherosis versus atherosclerosis reveals several
dissimilarities. For instance, we have observed no LOX-1
positive endothelial cells or foam cells within the lesions of
spiral arteries (41), while this lipid scavenger receptor is a key
contributor to atherosclerotic development (74). Finally,
endothelial activation is important in atherosclerosis (75),
whereas evidence is conflicting with regards to endothelial
status in acute atherosis. Although one study reported
endothelial and interstitial extravillous trophoblast ICAM-1
expression in placentas with acute atherosis (76), we were
unable to detect any ICAM-1 expression within the acute
Frontiers in Immunology | www.frontiersin.org 442
atherosis lesions (35). Moreover, the endothelial lining of the
artery wall is often destroyed in acute atherosis and there is
evidence of leakage of fibrin-like material from the circulation
into the vessel walls (35, 42, 77). Accordingly, in a study of
women with preeclampsia, we demonstrated elevated levels of
thrombomodulin – a marker of endothelial dysfunction (78) or
damage (79) – in those who had concomitant acute
atherosis (39).

Acute atherosis is not found outside of the uterus (80). The
lesions are focal and patchy, mainly localized downstream in the
circulation, at the tips of the decidua basalis spiral arteries.
The major remodeling problems occur upstream in the
myometrium (67, 80). Yet, there is a link between acute
atherosis formation and poor remodeling, as lesions are
commonly found downstream of inadequately remodeled
spiral arteries (77). The fully remodeled decidual segment of
the spiral artery may be considered as being somewhat “naked”
and is then likely more at risk for attacks both from the inside (by
luminal, circulating factors) as well as from the outside (by
components in the surrounding decidual tissue) in addition to
being especially exposed to ischemia-reperfusion injury due to
turbulent blood flow. Specifically, we postulate that these areas
are especially exposed to local inflammatory signaling molecules.
This may be compounded by their unique local environment
close to the semi-allogenic fetal cells and the resulting
inflammatory changes, potentially explaining why this
uteroplacental location seems to be a prerequisite for the
development of these particular atherosis lesions.

Inflammation does indeed appear to be clearly linked to acute
atherosis development. Spiral arteries affected by acute atherosis
contain huge deposits of IgM, as well as smaller amounts of IgG
and IgA within the arterial wall. In addition to immunoglobulins,
complement component 3 (C3) is often observed within acute
atherosis lesions (81–86). In addition, early immunohistochemistry
studies of the leukocyte infiltrate demonstrated T lymphocytes in
acute atherosis (87). We later expanded on these findings,
demonstrating increased concentrations of CD3+, CD8+ and
CD3+CD8- intramural T cells in the walls of spiral arteries with
acute atherosis compared to arteries from samples without acute
atherosis (37). Higher numbers of CD3+ and CD3+CD8- T cells
were also observed in the surrounding perivascular space.
Furthermore, a study by Gill and colleagues conducting flow
cytometry of basal plate samples demonstrated higher numbers
of M1-macrophages in acute atherosis, displaying a pro-
inflammatory phenotype (88). Fluorescence staining revealed
M1-macrophage localization within vessel walls of spiral arteries
affected by acute atherosis. Interestingly, a recent study from India
showed that the incidence of acute atherosis – after exclusion of
placental associated syndromes like fetal growth restriction,
pregnancy hypertension and diabetes – was significantly higher
in asymptomatic or mildly symptomatic SARS-CoV-2 positive
pregnant women as compared to SARS-CoV-2 negative pregnant
women (89). Finally, another support of acute atherosis
representing an inflammatory lesion is its resemblance to
systemic vasculitis, a general term applied to inflammation of
vessel walls that progresses to fibrinoid necrosis (90, 91).
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MANY ROADS TO DECIDUAL
INFLAMMATION

We hypothesize that several mechanisms may trigger acute
atherosis. Our hypothesis places inflammation at the center of
lesion and as the final common pathway converged upon by
these different triggers (69). We believe these mechanisms may
Frontiers in Immunology | www.frontiersin.org 543
act individually or in concert to produce acute atherosis, as
illustrated in Figure 2.

Maternal Alloreactivity
Human pregnancy is a dynamic balancing act for the maternal
immune system. The fetal allograft must peacefully coexist with
the maternal immune and cardiovascular systems, whilst the
FIGURE 2 | Acute atherosis presence across the several forms of placental syndrome forms. Acute atherosis has been found in several forms of placental syndromes,
many of these associated with spiral artery remodeling deficiencies, including early-onset preeclampsia (PE) (illustrated on the left side of the Figure). This figure also
illustrates our concepts of how acute atherosis may be present also in late forms of preeclampsia (illustrated on the right side of the Figure), or indeed in any other
forms of placental dysfunction without spiral artery remodeling defects. Preplacentation factors impacts the early and ensuing placentation processes, and includes
both fetal-maternal tolerization processes as well as endometrial health (92). In this model, acute atherosis is seen as a consequence of any form of placental dysfunction
and its underlying mechanisms (69). The triggers include both the uteroplacental malperfusion pathway secondary to spiral artery remodeling problems (as in early-onset
preeclampsia) as well as the late-onset preeclampsia forms with other causes of placental malperfusion and syncytiotrophoblast stress (92, 93). Furthermore, this model
also proposes that acute atherosis itself may represent a risk factor for placental dysfunction and preeclampsia. This is in line with acute atherosis developing very
early in women with excessive vascular inflammation, such as in systemic lupus erythematosus, who also have a high risk for developing early-onset preeclampsia,
severe fetal growth restriction and intrauterine death, all severe clinical aspects of placental dysfunction. The line from the tolerization box to acute atherosis illustrate
how HLA-C/KIR interactions and alterations in level of immune-dampening molecules such as sHLA-G could contribute to lesion promotion at the maternal-fetal
interface, as discussed in this review. The maternal factors promoting the clinical forms of preeclampsia (e.g. early- and late-onset) as well as atherosis development
include cardiovascular, inflammatory and metabolic factors. Also, any form of clinical preeclampsia, with excessive circulation of proinflammatory factors and
hypertension may add to the risk for atherosis development, although hypertension in itself is not a mandatory requirement.
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mother and fetus simultaneously remain protected against
microbial infections. Under any other circumstances, immune
cells would quickly target genetically foreign tissue. However, a
cascade of immune-modulating molecules acting throughout
pregnancy enable the conceptus to evade rejection until
parturition. The innate immune system is strengthened, while
adaptive immunity is weakened (94). Serial blood samples
collected at different time points during pregnancy have
revealed precise timing of particular immunological changes
(95). Aghaeepour and colleagues suggest deviations from this
“immune clock of human pregnancy” could indicate pregnancy-
related pathologies.

The fetus inherits half of its genetic material from the mother,
and the other half from the father. Given the extremely high
variability in major histocompatibility complex (MHC) genetics,
it is unlikely that the paternally inherited fetal MHC alleles are
identical to the maternally inherited fetal MHC alleles. Fetal
trophoblasts circumvent this obstacle and avoid rejection by local
maternal immune cells by not expressing most classical MHC
class I or class II surface molecules (96). They do, however,
express human leukocyte antigen (HLA) C and the non-classical
MHC molecules HLA-G, HLA-E and HLA-F (96–98). HLA-C
and HLA-G attenuate immune activation by binding to killer
immunoglobulin like receptors (KIR), which are abundantly
expressed on maternally derived immune cells (99, 100). KIR
activation prevents cytotoxicity by alloreactive T-cells (101), and
may induce apoptosis of activated T-cells and NK cells (102,
103). Invading extravillous trophoblasts rely on these KIR/HLA-
interactions to avoid immune cell attacks. In fact, there is a
positive correlation between the amount of surface HLA-G
expression and the depth of trophoblast invasion into the
decidua (104).

Several factors may influence these tolerogenic pathways. As
HLA-C is the only polymorphic histocompatibility antigen
expressed by fetal cells at the fetal-maternal interface, paternal
HLA-C genotype is particularly important. In fact, HLA-C
mismatched pregnancies are characterized by a higher
percentage of activated maternal T-cells (105). Moreover, the
combination of fetal HLA-C and maternal killer immunoglobulin
like receptor (KIR) genotypes may greatly predispose
pregnancies to preeclampsia (106). We have expanded on this
finding by showing that the combination of fetal HLA-C2 with
the maternal KIR-B haplotype was significantly associated with
acute atherosis in preeclampsia (25).

Similarly, inadequate induction of tolerance by HLA-G is
detrimental to pregnancy health (107). Membrane bound HLA-
G expression is lower on trophoblasts from preeclamptic
placentas (108, 109). Circulating soluble HLA-G (sHLA-G) is
also lower in preeclampsia throughout all trimesters, compared
to pregnancies that remain normotensive (110). We have shown
that maternal sHLA-G inversely correlates with the level of
placental dysfunction, the latter evaluated by maternal levels of
the antiangiogenic factor sFlt-1, or by the sFlt-1/PlGF ratio (36),
and that fetal polymorphisms in the 3’UTR region of HLA-G are
associated with presence of acute atherosis in preeclampsia (24).
Our hypothesis is that these polymorphisms lead to altered HLA-
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G expression in the decidua basalis, affecting local fetal-maternal
immune tolerance and in turn promoting development of acute
atherosis. Failure to establish fetal-maternal tolerance may also
influence trophoblast invasion into the decidua. These
extravillous trophoblasts are involved in the plugging and
remodeling of uteroplacental spiral arteries in early
pregnancy (80).

Ischemia-Reperfusion Injury
The first 10 weeks of pregnancy, the spiral arteries extending
from the placenta to the endometrial surface of the decidua are
effectively plugged, and the fetus exists in a state of physiological
hypoxia (111, 112). At the end of the first trimester, the maternal
vessels of the decidua open up and the placenta is submerged in
maternal blood (111). This marks a dramatic shift in the
fetoplacental exposure to the maternal cardiovascular and system.

Throughout pregnancy, uteroplacental blood flow increases,
reaching up to 750 ml/minute at term, about 25% of maternal
cardiac output (113). At the same time, the approximate 5-fold
increase in diameter of the terminal coils of fully remodeled spiral
arteries dramatically slows down the speed of the blood entering
the intervillous space (111). Failure of proper spiral artery
remodeling results in downstream placental malperfusion. The
retention of smooth muscle within the arterial wall likely causes
ischemia-reperfusion injury (114), and not impaired flow volume
nor uteroplacental hypoperfusion. In addition, we argue that
placental malperfusion may not be exclusively secondary to
failure of spiral artery remodeling. Failed remodeling may be
considered an “external” cause of placental malperfusion and is
typically seen in early-onset preeclampsia. Late-onset preeclampsia
affects a greater rate of women than the early-onset form, and spiral
artery remodeling is rarely affected. In this setting, malperfusion
may be caused by two “internal” pathways. In the one pathway,
placental senescence causes a syncytiotrophoblast stress response as
the pregnancy progresses towards term and thereafter. The other
pathway occurs with particularly large placentas, such as in
multiple gestations, in which compression leads to placental
congestion and thereby malperfusion (93, 115). The ensuing
disturbances in calcium-homeostasis may cause endoplasmic
reticulum stress and initiate the unfolded protein response,
ultimately leading to cell death (116, 117). Moreover, intracellular
buildup of reactive oxygen species induces upregulation and
secretion of the proinflammatory cytokines TNF and IL-1b (118,
119). ER stress and oxidative stress in placental tissues are both
features of preeclampsia (31, 117, 120), and may also play a role in
the strongly associated acute atherosis lesion development.

High pressure and turbulent blood flow may also damage the
endothelial lining of the terminal coils of spiral arteries, as well as
syncytiotrophoblasts coating placental villi. Analysis of
hemodynamic forces on vascular endothelial cells has shown
that disturbed blood flow and continuous low grade shear stress
acting on the arterial wall may promote atherogenesis (121). This
is in line with the increased incidence of atherosclerotic lesions at
arterial branch points or sections with high curvature (122, 123).
Endothelial cells possess surface molecules capable of detecting
shear stress and inducing gene transcription through the Ras-
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MAP kinase signaling pathway (124). Among several changes in
gene expression is a transient upregulation of the monocyte
chemotactic protein 1 (MCP-1) (125). Overexpression of MCP-1
attracts macrophages and may induce infiltration into vessel
walls (126). Interestingly, endothelial MCP-1 is upregulated in
preeclampsia (127, 128), possibly due to atherogenic blood flow,
and could possibly be involved in CD68+ cell recruitment to the
sites of lesion development (129, 130).

Ferroptosis is a recently discovered mode of iron-dependent
cell death (131, 132). Lipoxygenases and other enzymes may
induce ferroptosis in a controlled manner (133). In addition, and
more relevant to the topic at hand, ferroptosis may occur due to
iron dysregulation and free-radical chain reactions, leading to
hydroxyl and peroxyl radicals (133). Recently, ferroptosis has
gained attention as a possible target against ischemia-reperfusion
injury (134–136). Thus, ferroptosis may play a role in early-onset
preeclampsia following incomplete spiral artery remodeling.
Interestingly, huge amounts of iron have been observed in
atherosclerotic lesions (137), and lipid peroxidation is known
to play a significant role in atherogenesis (138). Moreover,
animal experiments have shown alleviation of atherosclerosis
through inhibition of ferroptosis (139). However, the role of
iron-dependent cell death due to ischemia-reperfusion in acute
atherosis development remains to be investigated.

Preexisting Systemic Inflammation
Systemic inflammation is associated with many chronic diseases,
such as obesity, diabetes mellitus and cardiovascular disease, as
reviewed in (140–142). Considering that even normal pregnancy
is associated with elevated systemic inflammation (143), one
would expect heightened baseline inflammation to be associated
with higher rates of obstetric complications linked to the
maternal immune system. This is indeed what is observed.
Obesity, diabetes mellitus and high blood pressure are all
substantial risk factors for miscarriage (144–146), preeclampsia
(92, 147) and fetal neurodevelopmental disorders (148–150). In
line with the effects of other chronic inflammatory conditions on
pregnancy, pregnant women with autoimmune disease
experience higher rates of hypertensive disorders of pregnancy,
intrauterine growth restriction, preterm delivery and autism
spectrum disorder in their offspring (151–154). Interestingly,
autoimmune disorders are also commonly observed in
association with acute atherosis (155, 156). In fact, lesions have
been observed as early as the first trimester in women with
systemic lupus erythematosus (157).

Microbial Infection
Many tissues first thought to be sterile have been shown to
harbor dormant bacteria. This includes blood (158, 159), seminal
fluid (160) and possibly the placenta (161) – although this latter
claim is disputed (162). The source of these bacteria may be the
gut (163), the oral cavity (164) or the urinary tract (165). The
iron dysregulation and dormant microbes hypothesis proposes
these bacteria may be resuscitated from dormancy by free iron
and manifest a diverse range of chronic inflammatory diseases
previously thought to not possess infectious properties such as
preeclampsia and atherosclerotic disease (166). Viable bacteria
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release lipopolysaccharide (LPS) or lipoteichoic acid (LTA). This
initiates a cascade of immune responses, including a dramatic
upregulation of many circulating cytokines and other acute
phase signaling molecules like serum amyloid A1 (SAA1) and
C-reactive protein (167, 168). As extensively reviewed by Kell
and Kenny, there are several lines of evidence pointing towards
microbial contribution in the development of preeclampsia
(169). There is high co-occurrence between bacterial infections
and preeclampsia. Examples include Chlamydia pneumoniae
(170, 171) and Helicobacter pylori (172). Several biomarkers
associated with preeclampsia have also been linked to
microbial infections, including sFlt-1/PlGF ratio (173, 174) and
SAA1 (167). In support of the concept that preeclampsia
development has a microbial component, is the virtual absence
of preeclampsia in pregnancies with Toxoplasma gondii infection
treated with anti-microbial medication (spiramycin) (175). Kell
and others have also argued for the existence of a microbial
component in atherosclerosis with quite compelling evidence
(159, 166, 176). Patients with chronic bacterial infections are
substantially more at risk for atherosclerosis (177, 178), and LPS
is regularly used to generate animal models of the disease (179,
180). Moreover, atherosclerotic plaques contain bacterial DNA
(181, 182) and elevated levels of iron (180), adding credence to
the iron dysregulation and dormant microbes hypothesis. The
similarities to atherosclerosis have led others to speculate that an
infectious trigger underlies the development of acute atherosis as
well (183, 184). However, this matter remains unsettled.
A NEW HYPOTHESIS LINKING CELLULAR
FETAL MICROCHIMERISM WITH ACUTE
ATHEROSIS IN PREGNANCY AND
FUTURE CARDIOVASCULAR AND
NEUROVASCULAR DISEASE

Cellular fetal microchimerism (cFMC) arises when cells of fetal
origin are transferred to maternal blood and tissues during
pregnancy (185). These cells are known to possess stem cell-
like properties, capable of differentiating into endothelial cells,
smooth muscle cells and even leukocytes (186, 187). During
pregnancy, a lot of fetal material leaks into maternal circulation.
While cell free fetal DNA and other debris is rapidly cleared
following delivery (188) and likely completely absent from
maternal systems postpartum, cFMC may persist for decades.
In fact, fetal cells have been observed in maternal circulation up
to 27 years postpartum, indicating that these cells may inhabit
maternal systems throughout life (189). Restorative as well as
detrimental effects have been attributed to cFMC, possibly tied to
fetal-maternal histocompatibility (185). Of particular interest in
the context of this review is the apparent detrimental effect of
cFMC on autoimmunity (190, 191). The trigger has been
proposed to be a maternal alloimmune response towards fetal
cells expressing foreign HLA surface peptides (191). By far the
majority of patients diagnosed with autoimmune disorders are
women (192), which could partly be due to the acquisition of
fetal cells during pregnancy.
December 2021 | Volume 12 | Article 791606

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Pitz Jacobsen et al. Decidual Inflammation in Acute Atherosis
In comparison to healthy pregnancies, circulating fetal
microchimeric cells are more prevalent in pregnancies
complicated by preeclampsia (193, 194) or severe fetal growth
restriction combined with impaired placental perfusion (195).
If this is due to increased cell transfer, reduced clearance or
reduced migration from maternal blood into maternal tissues is
unclear (185, 196). We hypothesize that when the placenta is
dysfunctional, fetal cells leak more freely across into maternal
blood and subsequently other tissues. These cells may then inhabit
maternal vessels, in the presence or absence of endothelial
damage, and induce a maternal anti-fetal immune response
towards the vascular endothelium. This could explain the
association between male cFMC and an increased cardiovascular
mortality hazard ratio (197). However, this last observation was
based on a total of only 5 cardiovascular deaths. A recent study on
a much larger cohort found that male-origin microchimerism was
associated with reduced risk of ischemic heart disease as well as no
association between microchimerism and ischemic stroke (198).

Microchimerism is not unique to pregnancy. Low levels of
donor cells may be acquired following solid organ transplantation
(199). The presence of such microchimerism has been linked to
graft acceptance (200) as well as graft rejection (201). As with
autoimmune diseases and cFMC, the effect of donor
microchimerism may depend on how well the host tolerates the
graft. Interestingly, vascular lesions have been observed in arteries
surrounding transplanted organs following kidney transplant
rejection (202), after liver transplantation (203) and after heart
transplantation (204). These lesions are characterized by large
amounts of lipids, IgM and C3 (205), and thus bear striking
resemblance to acute atherosis.

Our novel hypothesis states that placental dysfunction leads to
augmented cFMC. If persistent in the circulation or alternatively
engrafted in maternal endothelium, these semi-allogenic cells could
cause further inflammation, particularly in vessel walls, and initiate
development of inflammatory arterial lesions such as acute
atherosis. As cFMC persist decades after pregnancy, there may be
a role for these cells in the pathogenesis of chronic cardiovascular
and neurovascular disease in the long term as well. We believe this
hypothesis merits further testing in translational clinical studies.
CLINICAL TRANSLATION

During Pregnancy
Acute atherosis is associated with arterial thrombosis, placental
infarction and perinatal death (22, 28, 30, 206, 207). This has led
researchers to propose aspirin as a possible treatment for acute
atherosis (208). Aspirin is an effective prophylactic treatment
against thrombosis (209). Outside of pregnancy, aspirin is
widely used for primary and secondary prevention of
atherosclerotic CVD (210). Daily low-dose aspirin started during
the first trimester has shown a substantially reduced risk of
preeclampsia in women at high risk (211–213). Whether this
effect is related to a reduced tendency of blood clot formation, and
how this may relate to acute atherosis, remains to be investigated.

Acute atherosis lesions may also effectively reduce the
diameter of uteroplacental spiral arteries, causing aberrant
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blood flow (69, 111). The evidence of this latter claim is,
however, conflicting. Supporting this, an early study of only 6
cases showed a trend between acute atherosis and high uterine
artery pulsatility index, which could reflect obstructed spiral
artery blood flow (214). Furthermore, another research group
showed that acute atherosis is associated with a higher incidence
of placental lesions characteristic of maternal vascular
hypoperfusion (215). Placental lesions are also associated with
abnormal uterine velocimetry measurements among women
with intrauterine fetal growth restriction (216). In contrast to
these findings, one study found no association between uterine
artery pulsatility index and acute atherosis (217). The reasons for
these discrepant findings may be that the spiral arteries are not
visualized directly by Doppler studies, but rather indirectly by
studying the blood flow of the larger uterine arteries (214, 216–
218). Uterine and spiral arteries differ much in structure, size and
function. Uterine artery ultrasonography has historically been
viewed as a reflection of spiral artery remodeling (219), but
recent studies indicate that the radial arteries, as well as the
maternal vascular system, may have a larger impact on uterine
artery waveforms than the spiral arteries (218). Doppler
ultrasonography is hence unlikely a reliable tool for diagnosing
uteroplacental acute atherosis.

Postpartum: Targeting the Women at
Highest Risk of Premature Cardiovascular
Disease?
We have put forth the hypothesis that women with concomitant
preeclampsia and acute atherosis are at especially high risk for
developing atherosclerosis and premature cardiovascular disease
(130). If pregnancy is a physiological stress test (220, 221), then
preeclampsia is an unmasking of compromised maternal
cardiovascular health. Time and time again preeclampsia has
been linked to future maternal cardiovascular disease in one
form or another (222–230). The severity of preeclampsia also
correlates with ischemic heart disease incidence rate (231).
Moreover, fetal manifestations of placental dysfunction, such
as intrauterine growth restriction, further add to maternal risk of
cardiovascular disease (232). Abnormal placentation also
associates with infertility or subfertility, both of which are
associated with poor long-term cardiovascular health (233,
234). As described above, acute atherosis may disturb placental
perfusion (69, 111), and is associated with low birth weight (4)
and low placental weight (5). Acute atherosis may thus play a
role in producing and/or exacerbating maternal and fetal
symptoms of placental dysfunction, associated with high
cardiovascular disease risk.

There are striking similarities between acute atherosis and
atherosclerosis, indicative of shared pathophysiology. We know
that preeclampsia is associated with a substantial atherosclerotic
load (235). Compared to normotensive women and women with
gestational hypertension, women with preeclampsia have higher
carotid intima-media thickness (CIMT) (236, 237) – increasingly
used as a surrogate marker for preclinical atherosclerosis (238).
In some studies, these differences remained evident up to 18
months postpartum (236, 237). However, other studies with
longer follow-up did not corroborate these findings (239, 240).
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Notably, one study unexpectedly reported thinner CIMT 7 Years
postpartum in women with preeclampsia compared to controls
(241). Instead, they found increased intima thickness as well as
intima-media ratio in cases versus control. The authors suggest
that these measures are preferable to the conventional CIMT for
assessing cardiovascular disease risk in women with a history of
preeclampsia. As lesions of the placental bed manifest during a
shorter time span compared to atherosclerosis (possibly due to
the proximity to the foreign fetus and the excessive inflammation
of pregnancy), acute atherosis may possibly be used as an
indicator of women with excessive atherosclerotic load (130).

Several studies have examined the link between decidual
lesions and subsequent cardiovascular health. Two retrospective
cohort studies by the same research group have revealed long-term
cardiovascular consequences of decidual vasculopathy (242, 243).
Decidual vasculopathy was in these studies defined by vascular
fibrinoid necrosis and lipid-filled foam cells in the vascular wall,
thus sharing some of the features traditionally used for acute
atherosis (244). The first study examined cardiovascular
parameters 2-74 months postpartum in women whose index
pregnancies were complicated by preeclampsia. Women with
concomitant decidual vasculopathy and preeclampsia had higher
diastolic blood pressure, lower left ventricular stroke volume and
higher total peripheral vascular resistance as compared to women
with only preeclampsia (243). Decidual vasculopathy did,
however, not correlate with circulating lipids or thrombophilia
postpartum. The second study demonstrated a higher prevalence
of chronic hypertension several years postpartum in women who
had concomitant decidual vasculopathy and preeclampsia,
compared to women who only had preeclampsia. These results
remained significant after correcting for chronic hypertension
before index pregnancy (242).

A small study comprising only 3 cases of acute atherosis
showed higher levels of triglycerides and low-density lipoprotein
in these women on the first day postpartum as compared to
women without acute atherosis (245). Our group conducted a
larger study where we also measured triglycerides and
cholesterols (among other circulating biomarkers) the day of
cesarean section. We observed no differences in circulating
cardiovascular biomarkers between women with acute
atherosis and women without. However, when restricting the
analyses to women of advanced maternal age (age 36-44) we
observed significantly elevated low-density lipoprotein and ApoB
in women with acute atherosis (20). These studies highlight the
potential use of acute atherosis in targeting women at
particularly high risk of cardiovascular disease – a concept
promoted by us and others previously (246, 247). Utilizing the
more readily detected maternal vascular malperfusion lesions of
the placenta has also been suggested (248), although some claim
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cardiovascular disease risk should be linked with atherosclerotic
lesions of the uteroplacental artery instead of decidual basal
artery or placental lesions (249).
FUTURE RESEARCH OPPORTUNITIES

As outlined above, there is substantial evidence backing up the
concept of acute atherosis as a pregnancy-specific inflammatory
arterial lesion. However, many uncertainties regarding acute
atherosis remain. Firstly, the risk factors and triggers that
initiate lesion development have not been fully elucidated,
though there seems to be a consensus among researchers that
endothelial damage is part of it. Damage could stem from
ischemia-reperfusion injury, infections or excessive activation
of G-protein cascades, to name a few. Further research into the
molecular constituents of acute atherosis – in particular early
lesion stages – could shed some light on this issue. Secondly,
there are many candidates for drivers of inflammation and lesion
development following endothelial insult. Further knowledge of
which pathways play a substantial role could guide the
development of prophylactic treatments of obstetric syndromes
tightly associated with acute atherosis. This includes our
suggestion of testing whether the use of anti-atherogenic
statins during severe preeclampsia or fetal growth restriction,
such as in women with systemic lupus, may ameliorate acute
atherosis, improve uteroplacental perfusion and enhance
pregnancy outcome (69). Thirdly, the long-lasting implications
of pregnancy affected by acute atherosis on maternal health need
further research. There is a clear lack of studies with hard
endpoints to show if acute atherosis, as we have proposed, can
be used to identify women at substantial risk for premature
cardiovascular disease and death.
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Maintaining the homeostasis of the decidual immune microenvironment at the maternal-
fetal interface is essential for reproductive success. Dendritic cells (DCs) are the
professional antigen-presenting cells and dominate this balance of immunogenicity and
tolerance. Progesterone (P4) is highlighted as the “hormone of pregnancy” in most
eutherian mammals because of its regulatory role in immune-endocrine behavior during
pregnancy. Recent studies have shown that P4 is associated with the differentiation and
function of DCs, however, the underlying mechanisms remain unidentified. In addition,
while progress in the field of immunometabolism has highlighted the intimate connections
between the metabolism phenotype and the immunogenic or tolerogenic fate of DCs,
whether P4 can affect DCs metabolism and thus exert a functional manipulation has not
yet been explored. In this study, we acquired human peripheral blood monocyte-derived
DCs and conducted RNA sequencing (RNA-seq) on immature DCs (iDCs), P4-treated
DCs (pDCs), and mature DCs (mDCs), aiming to comprehensively assess the effects of P4
on DCs. Our results showed pDCs performed a distinct differentially expressed genes
(DEGs) profile compared with iDCs or mDCs. Further functional enrichment and weighted
gene co-expression network (WGCNA) analysis found that these DEGs were related not
only to the cellular components but also to the significant metabolic activities, including
mitochondrial oxidative phosphorylation (OXPHOS) and fatty acid metabolism. In addition,
these changes may be involved in the activation of various signaling pathways of PI3K/
Akt/mTOR, AMPK/PGC1-a, and PPAR-g. In summary, our work suggested that P4
induced profound metabolic alterations of mitochondrial OXPHOS and fatty acid
metabolism in DCs. Our findings may provide new insights into the role of P4 in DCs.
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INTRODUCTION

Pregnancy is a complex and highly coordinated event.
Immunologically, the embryo is a semi‐allograft that resides in an
immune-competent mother, however, the distinct tolerable
microenvironment at the maternal interface provides a guarantee
for a successful pregnancy. The underlying mechanisms of
maternal-fetal tolerance are multiple including the change of
immune cells populations, induction of regulatory T cells, and the
shift of Th1 pro-inflammatory to Th2 anti-inflammatory cytokine
responses (1, 2). These alternations are sophisticatedly orchestrated
under the immune-endocrine interactions. In particular, the female
steroid hormone−progesterone (P4), is considered to occupy an
important regulatory position in mediating immune response and
maintaining pregnancy in humans (3).

P4 is mainly produced by the corpus luteum of the ovary in
the menstrual cycle, and this function is subsequently taken over
by the placenta after 8 weeks in pregnancy (4, 5). P4 is regarded
as the “hormone of pregnancy” and its serum levels undergo a
profound change ranging from 10-9 M to 10-6 M during
pregnancy (6). P4 directly regulates gene transcription by
binding specific receptors (7). Many studies have reported that
P4 is widely involved in endometrial spiral artery remodeling,
trophoblast cells adhesion, proliferation, and stromal cells
decidualization (8, 9). In addition, studies have emphasized P4
as a communication bridge of endocrine-immune to mediate
maternal tolerance to the fetus via acting on a series of decidual
immune cells, including natural killer cells, T cells, and dendritic
cells (DCs) (10–13). Remarkably, the effect of P4 on DCs has
gained great attention because of its plastic talent in inducing
antigen-specific immunity or tolerance at the maternal-
fetal interface.

DCs are originally described as the most potent antigen-
presenting cell, and play a central role in both innate and
adaptive immunity, despite their small proportions. DCs are
divided into two different developmental stages: immature DCs
(iDCs) and mature DCs (mDCs) (14). iDCs are usually found to
have a limited migratory and T cell priming capacity and serve as
“surveillance police” to induce immune tolerance, whereas
mDCs exhibit an exceptional ability for antigen presentation
and T cell activation and therefore triggers a strong immune
response (15). Moreover, iDCs can differentiate toward
immunogenic mDCs when activated by various antigens in
vivo or typical toll-like receptor (TLR) agonists such as
lipopolysaccharide (LPS) in vitro (16). DCs are not only
positively regulated for their maturation as described above,
but also negatively responded to signals that prevent their
activation, such as dexamethasone and vitamin D (17, 18).
Recently, some studies reported that P4 can suppress the
production of pro-inflammatory cytokines TNF-a and IL-1b,
and reduce CD40 and CD80 expression in DCs (19–21). These
studies emphasized that DCs were highly responsive to P4 and
can be modified in terms of their activities and functions.
However, the number of studies on this topic is still limited,
and the underlying mechanism remains poorly understood.

Immunometabolism, an emerging field that explores how
metabolism affects immune cell functions, has been well
Frontiers in Immunology | www.frontiersin.org 256
understood in the last decade (22, 23). Numerous studies have
revealed that DCs performed preferred metabolism pathways in
activated or resting status (24–26). Moreover, metabolism can also
directly determine the immunogenicity or tolerability of DCs (27,
28). Interestingly, a recent study demonstrated that P4 can activate
hypoxia-inducible factor 1a (HIF-1a) and c-Myc signal to
maintain aerobic glycolysis and decidualization in decidualized
cells (29). Therefore, it is reasonable to speculate that the
metabolism phenotype of DCs may be regulated by P4. In this
study, we aimed to determine the metabolic changes and key
modules genes underlying human peripheral blood monocyte-
derived DCs treated with P4 (pDCs) by RNA sequencing (RNA-
seq) and weighted gene co-expression network analysis
(WGCNA). Functional enrichment analysis was further applied
to help in identifying the most important candidate genes involved
in metabolism for quantitative real-time polymerase chain
reaction (qRT-PCR) and immunoblot validation.
MATERIALS & METHODS

In Vitro Generation and Treatment of
Human DCs
This study was approved by the Institutional Review Board of
Reproductive Research Ethics Committees of Shenzhen
Zhongshan Urology Hospital (Approval number: SZZSECHU-
2020005). Informed consent was obtained following the
Declaration of Helsinki. A protocol for the generation of
human peripheral blood monocyte-derived DCs was based on
previous research with some minor modifications (30). In brief,
human monocytes were isolated from peripheral blood
mononuclear cells (PBMCs) of healthy women volunteers by
density centrifugation at 300 g for 10 minutes (Ficoll–Paque, GE
Healthcare) and were purified by CD14 MicroBeads (Miltenyi
Biotec, Bergisch Gladbach, Germany, purity >95%) according to
the manufacturer’s instructions. Then the cells were cultured in
24-well plates (Corning, China) with RPMI 1640 (Gibco, USA),
supplemented with 10% FBS (Gibco, USA), 100 U/ml penicillin,
and 100mg/ml streptomycin placed in an incubator under 5%
CO2 at 37°C. 10 ng/mL recombinant human IL-4 (R&D Systems)
and 20 ng/mL recombinant human granulocyte-macrophage
colony-stimulating factor (GM-CSF) (R&D Systems) were also
added to induce the differentiation of the cells. Refreshment of
the culture medium and cytokines was performed on day 2. To
obtain P4-induced DCs, cells were treated on day 4 with 10-8 M
P4 (Sigma-Aldrich). Then cells were either treated with 1mg/mL
LPS (Sigma-Aldrich) on day 5 or left untreated. On day 7,
immature, mature, and P4-treated DCs were photographed
with a High Content Analysis System (Operetta CLS,
PerkinElmer) before being harvested for further experiments.
The whole process was displayed in Figure 1A.

RNA Collection and Sequencing
Total RNA was isolated using RNA Purification Kit (Thermo
Fisher) following the instructions of the manufacturer, and the
purity and integrity were checked using the NanoPhotometer®

spectrophotometer (IMPLEN, CA, USA) and RNA Nano 6000
December 2021 | Volume 12 | Article 806110

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Zhang et al. Progesterone Regulates DC Metabolism
Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies,
CA, USA), respectively. Subsequently, a total amount of 3 µg
RNA was used for the RNA sample preparations. First-strand
and second-strand cDNA were synthesized according to the
manufacturer of M-MuLV Reverse Transcriptase (RNase H–),
and DNA Polymerase I and RNase H. cDNA fragments of
250∼300 bp in length were selected and purified with the
AMPure XP system (Beckman Coulter, Beverly, MA, USA).
Then 3 µl USER Enzyme (NEB, USA) was used with cDNA at
37°C for 15 min followed by 5 min at 95°C before PCR and
products were purified with AMPure XP system. Library quality
was assessed on the Agilent Bioanalyzer 2100 system. The
clustering of the index-coded samples was performed on a
cBot Cluster Generation System using TruSeq PE Cluster Kit
v3-cBot-HS (Illumia) according to the manufacturer’s
instructions. After cluster generation, the library preparations
were sequenced on an Illumina Hiseq platform, and 125 bp/150
bp paired-end reads were generated. RNA-seq data have been
deposited to NCBI’s Sequence Read Archive with accession
number PRJNA777391 (available at: https://www.ncbi.nlm.nih.
gov/sra/). Finally, the overall workflow of data analysis was
shown in Figure 1B.

Differentially Expressed Genes
(DEGs) Analysis
The DESeq2 R package (1.16.1) was applied to perform DEGs
analysis among iDCs, pDCs, and mDCs. The P-value was
adjusted using Benjamini and Hochberg’s approach for
controlling the false discovery rate. Genes with an adjusted
P-value of <0.05 were assigned as differentially expressed. The
Venn diagram was drawn by using the online Venn diagrams
tool (https://bioinfogp.cnb.csic.es/tools/venny/index.html) and
volcano plots were represented with the R packages (1.16.1).

Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes
(KEGG) Enrichment Analysis
GO and KEGG enrichment analysis of DEGs were implemented
by the cluster profile R package. The GO terms consist of the
following three parts: biological process (BP), cell component
Frontiers in Immunology | www.frontiersin.org 357
(CC), and molecular function (MF). GO and KEGG terms with a
corrected P-value of less than 0.05 were considered significantly
enriched by DEGs.

WGCNA Analysis
WGCNA is a method for analyzing gene expression patterns of
multiple samples, which can cluster genes with similar
expression patterns and analyze the relationship between
modules and specific traits or phenotypes. The genes with
median absolute deviation (MAD) ≤ 0.01 were filtered, and the
soft-power threshold of b = 13 was selected. WGCNA analysis
was performed in R with the WGCNA package. The further GO
and KEGG enrichment was performed using Metascape.

RNA Collection and qRT-PCR Analysis
Total RNA was acquired as above described. 500 ng total RNA
was used to synthesize cDNA using the PrimeScript™ RT
Reagent Kit with gDNA Eraser (Takara, Japan) with the Bio-
Rad system. Synthesized cDNA was carried for qRT-PCR in a 10
ml reaction using Luna® Universal qPCR Master Mix (New
England Biolabs) with primers specific to the genes. The
reaction was performed in the QuantStudio 5 Real-Time PCR
system (Applied Biosystems), following the manufacturer’s
instructions. The 2−DD Ct method was determined to calculate
and quantify the gene expression. All mRNA levels were
normalized to b-actin. Primers were designed with computer
assistance based on GeneBank, and the sequences were listed
in Table 1.

Immunoblot Analysis
Cells were harvested and lysed with radioimmunoprecipitation
(RIPA; Beyotime, Shanghai, China) lysis buffer, and the lysates
were centrifuged at 4°C 12000g for 15 min to collect the
supernatant. The BCA assay kit (Beyotime, Shanghai, China),
was used to quantify protein concentrations. An automated Wes
Capillary System (Protein Simple, San Jose, CA, 12-230 kDa kit
cat. SM-W004) was used to detect the proteins levels of oxidative
phosphorylation (OXPHOS) according to the manufacturer’s
protocol. Total protein loading was 0.75 mg/ml. Antibody signals
were determined to be saturated at 1:50 for Total OXPHOS
A B

FIGURE 1 | Illustration of the study design framework and RNA-seq analysis flow.
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Human WB Antibody Cocktail (Abcam, ab110411) and 1:200
for vinculin antibody (Abcam, ab129002). Immunoblot analysis
was executed using the Compass for Simple Western Program
(Protein Simple).

Statistical Analysis
Continuous data with normal distribution were presented as the
mean ± standard error of mean (SEM), and analyzed by analysis
of variance (ANOVA) using SPSS 22.0 (IBM SPSS, USA).
Continuous variables without normal distribution were
presented as median and interquartile range and were analyzed
by Kruskal-Wallis test, pairwise comparison. All P-values
were two-tailed and significance was set as * P-value <0.05, **
P-value <0.01. All experiments were independently repeated at
least three times.
RESULTS

Morphological Characterization of iDCs,
pDCs, and mDCs
To investigate the alterations of human DCs exposed to P4, the
morphological features of iDCs, pDCs, and mDCs were observed
and photographed on day 7. Compared to the round-shaped
iDCs, the mDCs showed more small dendrites, as previously
reported (30). pDCs presented a completely different
morphological feature from mDCs. These cells became larger
with spindle-shaped dendrites (Figure 2). Moreover, all DCs
appeared to be a typical characterization of the cell colony.
Frontiers in Immunology | www.frontiersin.org 458
The result showed that DCs developed a distinct morphological
change after P4 treatment.

DEGs Identification of iDCs, pDCs,
and mDCs
To investigate the effects of P4 on DCs, 5 samples in the iDCs,
pDCs, and mDCs group were selected for gene sequencing,
respectively. Genes with an adjusted P-value <0.05 were
categorized as differentially expressed. The overall distribution
of DEGs was shown in a Venn diagram (Figure 3A). After
normalization, P4 induced 846 genes alterations, with 314
upregulated genes and 532 downregulated genes compared
with iDCs (Figure 3B). Comparatively, pDCs showed a total of
7289 DEGs, which contain 3054 upregulated and 4235
downregulated genes versus mDCs (Figure 3C). We also
detected 6978 differential genes between iDCs and mDCs, with
3740 upregulated and 3238 downregulated genes (Figure 3D).
These results revealed that P4-treated DCs behaved a distinct
gene expression profile, especially when compared with mDCs.

GO and KEGG Enrichment Analysis
To recognize the feature and function of these DEGs in detail, we
conducted GO and KEGG enrichment analysis by the cluster
Profiler R package, in which gene length bias was corrected. GO
terms with a corrected P-value of less than 0.05 were considered
to be significantly enriched. Based on this screening criterion, we
identified the most significant GO annotation, which consists of
biological process (BP), cell composition (CC), and molecular
function (MF). Compared to iDCs, DEGs in pDCs were mainly
enriched in the regulation of cellular components size,
TABLE 1 | Human forward and reverse primers for validation by qRT-PCR.

Primers Forward primer (5′-3′) Reverse primer (5′-3′)

MPC1 ATTTGCCTACAAGGTACAGCC AGTCATCTCGTGTTTGATAAGCC
SDHC TAGGTTCAAACCGTCCTCTGT GAGAGACCCCTGCACTCAAAG
SDHB TGAATAAGTGCGGACCTATGGTGTTG GAGCCACAGATGCCTTCTCTACAAG
UQCRQ CGCGAGTTTGGGAATCTGAC TAGTGAAGACGTGCGGATAGG
ATP5A ATGACGACTTATCCAAACAGGC CGGGAGTGTAGGTAGAACACAT
COX II CCATCCCTACGCATCCTTTAC GTTTGCTCCACAGATTTCAGAG
NDUFB8 ACAGGAACCGTGTGGATACAT CCCCACCCAGCACATGAAT
FASN TCGTGGGCTACAGCATGGT GCCCTCTGAAGTCGAAGAAGAA
ACACA CATCAAATGCATCAGCAGAGACT CTGCGTCATATGGATGATGGAAT
HADHA AAATTGACAGCGTATGCCATGA GCTTTCGCACTTTTTCTTCCACT
HADHB CTGTCCAGACCAAAACGAAGAA CGATGCAACAAACCCGTAAGC
CPT2 CTGGAGCCAGAAGTGTTCCAC AGGCACAAAGCGTATGAGTCT
CPT1 TCCAGTTGGCTTATCGTGGTG TCCAGAGTCCGATTGATTTTTGC
PI3K AAGAAGCAAGCAGCTGAG CTACAGAGCAGGCATAG
AKT GCCTTTGCCGATCCGC GCCGTAGCCGTTGTCG
mTOR ATGACGAGACCCAGGCTAA GCCAGTCCTCTACAATACGC
HIF-1a GAAAGCGCAAGTCTTCAAAG TGGGTAGGAGATGGAGATGC
AMPK GGCACGCCATACCCTTGAT TCTTCCTTCGTACACGCAAATAA
PGC1-a TCTGAGTCTGTATGGAGTGACAT CCAAGTCGTTCACATCTAGTTCA
PPAR-g CGGTGACTTATCCTGTGGTCC CCGCAGATTCTACATTCGATGTT
b-actin TCGTGCGTGACATTAAGGAG GTCAGGCAGCTCGTAGCTCT
Decemb
MPC1, mitochondrial pyruvate carrier 1; SDHB, succinate dehydrogenase complex iron sulfur subunit B; SDHC, succinate dehydrogenase subunit C; UQCRQ, ubiquinol-cytochrome c
reductase complex III subunit VII; ATP5A, ATP synthase F1 subunit alpha; COX II, cytochrome c oxidase subunit II; NDUFB8, NADH ubiquinone oxidoreductase subunit B8; FASN, fatty
acid synthase; ACACA, acetyl-CoA carboxylase-1; HADHA, hydroxyacyl-CoA dehydrogenase trifunctional multienzyme complex subunit alpha; HADHB, hydroxyacyl-CoA dehydrogenase
trifunctional multienzyme complex subunit beta; CPT2, carnitine palmitoyltransferase II; CPT1, carnitine palmitoyltransferase I; PI3K, phosphoinositide-3-kinase; AKT, protein kinase B;
mTOR, mammalian target of rapamycin; HIF-1a, hypoxia-inducible factor 1a; AMPK, Adenosine 5-monophosphate-activated protein kinase; PPAR-g, peroxisome proliferator activated
receptor gamma; PGC1-a, PPAR-g coactivator 1 alpha; qRT-PCR, quantitative real-time polymerase chain reaction.
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cytoskeleton organization, actin-based cell projection
(Figure 4A). When compared with mDCs, pDCs showed a
significant gene enrichment associated with metabolic
behaviors, including OXPHOS, mitochondrial protein
complex, mitochondrial respiratory chain, and NADH
dehydrogenase activity (Figure 4B). These GO terms were also
illustrated as dot plots, with the gene ratio denoted by size, and
the significance denoted by color (Figures 4C, D). The detailed
gene information of the top 10 GO annotations was also
displayed in Table 2. To further investigate the potential
pathway involved in these DEGs, we also selected the top 20
of KEGG enrichment results. We found that pDCs were
mainly enriched in the regulation of actin cytoskeleton,
phosphoinositide-3-kinase (PI3K)/protein kinase B (Akt)
signaling, and glycerophospholipid metabolism compared with
iDCs (Figure 4E). Interestingly, when compared with mDCs,
pDCs presented significant enrichment involved in metabolic
activities, including OXPHOS, citrate cycle, fatty acid elongation,
and biosynthesis of unsaturated fatty acids (Figure 4F). We also
listed the detailed gene information related to these metabolic
pathways in Table 3. In addition, we observed several canonical
metabolism‐related signaling, including the peroxisome
proliferator activated receptor (PPAR) signaling, mammalian
target of rapamycin (mTOR) signaling, HIF-1a signaling, and
adenosine 5-monophosphate-activated protein kinase (AMPK)
Frontiers in Immunology | www.frontiersin.org 559
signaling although the P-values were slightly above the 0.05
significance threshold (Table S1). Collectively, these data implied
that compared with iDCs or mDCs, the DEGs of pDCs were
associated with the cellular cytoskeleton and cellular metabolic
events including OXPHOS and fatty acid metabolism.

WGCNA Analysis
To further explore the changes that DCs respond to P4, we also
conducted aWGCNA analysis. A scale-free co-expression network
was constructed with a soft threshold of 13 (Figure 5A). Genes in
the same module had similar expression patterns in different
samples, and modules were distinguished by different colors. A
total of 26 modules were generated, of which the blue, red, and
green-yellow modules showed the highest correlation and were
selected for furtheranalysis (Figures5B,C).Ourenrichment results
showed thatGOannotations in the redmodule weremainly related
to fatty acidmetabolism, lipidbiosyntheticprocess, acetyl-CoA, and
C-acyltransferase activity. The blue and green-yellowmoduleswere
enriched inmitochondrial biology, oxidoreductase activity, and the
generation of cellular metabolites and energy (Figure 5D).
Moreover, KEGG analysis of these three modules exhibited
enrichment in metabolic activities, such as fatty acid elongation
or oxidation (Figure 5E). These data suggested that P4 treatment
induced the fatty acid metabolism and mitochondrial alterations
of DCs.
A

B

FIGURE 2 | Schematic diagram of DCs treatments and representative morphological pictures. (A) Schematic diagram of DCs treatments. (B) Representative
monolayer cells pictures of iDC, pDC, and mDC on day 7. Magnification, x20; x40. Scale bar = 20 mm. P4, progesterone; LPS, lipopolysaccharide; iDC, immature
DC; pDC, P4-treated DC; mDC, mature DC.
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Validation of qRT-PCR and Immunoblot
To validate the RNA-seq data, we selected 20 genes related to the
metabolism of all DEGs to perform qRT-PCR. Our results showed
that the genes of mitochondrial complexes II-V (succinate
dehydrogenase complex iron sulfur subunit B, SDHB; succinate
dehydrogenase complex subunit C, SDHC; ubiquinol-cytochrome
C reductase complex III subunit VII, UQCRQ; cytochrome c
oxidase subunit II, COX II, and ATP synthase F1 subunit alpha,
ATP5A) were highly expressed in pDCs compared with mDCs,
though no significant differences were detected in complex I−
NADH ubiquinone oxidoreductase subunit B8 (NDUFB8)
(Figure 6A). These complexes are important components of the
electron transport chain and the oxygen-coupled ATP synthesis in
the mitochondrial OXPHOS process. Our data showed that the
mRNA levels of mitochondrial pyruvate carrier 1 (MPC1) were
upregulated in pDCs compared with mDCs, which is a key factor
for mitochondrial pyruvate carrier and sequent OXPHOS
(Figure 6A). We also demonstrated significantly increased
protein levels of OXPHOS complexes in pDCs compared with
mDCs (Figures 6B, C). Additionally, we found that hydroxyacyl-
Frontiers in Immunology | www.frontiersin.org 660
CoA dehydrogenase trifunctional multienzyme complex subunit
beta (HADHB), carnitine palmitoyltransferase I (CPT1), and II
(CPT2), which are necessary for fatty acid oxidation (FAO), and
acetyl-CoA carboxylase alpha (ACACA) and fatty acid synthase
(FASN), which are involved in the fatty acid synthesis (FAS), were
also increased in mRNA levels in pDCs compared with mDCs
(Figure 6A). Moreover, we observed upregulated mRNA
expression of AMPK, PPAR-g coactivator 1 alpha (PGC1-a),
PI3K, Akt, mTOR, and PPAR-g in pDCs compared with mDCs,
whereas the expression of HIF-1a had no change (Figure 6A).
Taken together, these findings suggested DCs present a distinct
phenotype following P4 treatment with general trends in
association with enhanced OXPHOS and fatty metabolic activities.
DISCUSSION

P4 has long been considered as the master hormone of
pregnancy. In recent years, P4 is put forward as a potential
medium for regulating the maternal immune system in vivo and
A B

DC

FIGURE 3 | DEGs analysis. (A) Venn diagram of DEGs (pDC vs. iDC, pDC vs. mDC, and mDC vs. iDC). (B–D) Volcano map of DEGs (pDC vs. iDC; pDC vs. mDC,
and mDC vs. iDC, respectively). Red dots indicated upregulated DEGs, green dots indicated downregulated DEGs, and blue dots indicated genes that were not
differentially expressed. DEGs, differentially expressed genes; iDC, immature DC; pDC, P4-treated DC; mDC, mature DC.
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for maintaining maternal-fetal immune tolerance (13, 31, 32).
These effects are achieved through interaction with a series of
decidual immune cells, such as T cells, natural killer cells,
macrophages, and DCs. Although some profound findings
demonstrated the influence of P4 on lymphocytes, there are
limited studies exploring the effects of P4 on DCs functions, and
the mechanism underlying these effects (19, 33–35). DCs
perform an extraordinary capacity to balance immunogenicity
and tolerance for providing a protected environment during
normal pregnancy. Therefore, it is interesting to explore the role
of P4 on DCs. In the present study, we obtained an information-
Frontiers in Immunology | www.frontiersin.org 761
rich gene expression profile of human DCs treated with P4 by
RNA-seq. Further analysis showed that P4 dramatically altered
the expression of key genes and pathways involved in the
metabolism of DCs, which may be a promising manipulator in
modulating DCs tolerance. This current study provided the first
evidence that P4 regulated the metabolism of DCs and helped to
further improve our understanding of the effect of P4 on DCs.

In this study, we firstly analyzed the treatment and the
corresponding gene data of DCs and found pDCs behaved a
significant different DEGs profile from that of iDCs or mDCs.
Compared to iDCs, the GO enrichment analysis in pDCs
A B

D

E F

C

FIGURE 4 | GO and KEGG enrichment analysis. (A, B) Bars diagram of GO enrichment analysis (pDC vs. iDC and pDC vs. mDC, respectively). The X-axis denoted
detailed annotation classes of GO ontologies by different colors and the Y-axis denoted the percentage of genes. (C, D) Dots diagram of GO enrichment (pDC vs.
iDC and pDC vs. mDC, respectively). (E, F) Dots diagram of KEGG enrichment (pDC vs. iDC and pDC vs. mDC, respectively). The X-axis indicated the proportion of
DEGs annotated to GO or KEGG terms to all GO or KEGG annotated DEGs and the Y-axis represented detailed classification of GO or KEGG. Size and color of
dots represented the percentage of genes and significance level of adjusted P-value, respectively. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and
Genomes; BP, biological process; CC, cellular component; MF, molecular function; DEGs, differentially expressed genes; iDC, immature DC; pDC, P4-treated DC;
mDC, mature DC.
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TABLE 2 | Top 10 enriched GO terms.

Category Description p-value Gene name

CC Mitochondrial inner membrane 1.1E-13 ATP5MF/UQCR10/NDUFA2/COX5B/ATP5PB
HADHB/UQCRC2/MPC1/UQCR11/HADHA
COX18/SDHD/CPT2/MPC2/SDHB

BP Oxidative phosphorylation 1.8E-13 NDUFB5/UQCR10/NDUFA2/COX5B/ATP5PB
NDUFA1/UQCRC2/COX7C/NDUFB6/UQCRQ
UQCRC1/COX6C/NDUFB9/COX5A/CYC1

CC Inner mitochondrial membrane protein complex 4.3E-13 ATP5MF/UQCRFS1/NDUFA4/NDUFB2/UQCR10
NDUFA2/COX5B/ATP5PB/NDUFA1/UQCRC2
NDUFB6/UQCRQ/SDHC/ATP5F1B/ATP5MD

CC Respiratory chain 4.3E-13 NDUFS4/SDHC/UQCR11/NDUFS5/NDUFS6
NDUFA3/NDUFB8/MTCO2/NDUFB10/NDUFV1
NDUFA10/NDUFS8/SDHAF4/COX7A1/SDHB

CC Respiratory chain complex 4.4E-12 NDUFB5/UQCR10/COX7C/NDUFA8/COX8A
NDUFA9/NDUFAB1/COX4I1/COX7B/NDUFS3
NDUFA5/SDHD/NDUFA12/SDHB/UQCRHL

CC Mitochondrial protein complex 5E-12 UQCR10/NDUFA2/COX5B/ATP5PB/NDUFA1
TIMM13/UQCRC2/COXII/COX7C/NDUFS4
SDHC/ATP5F1B/ATP5MD/ATP5MPL/HADHA

BP ATP metabolic process 1.1E-10 UQCRQ/NDUFB3/ATP5F1A/SLC25A33/UQCRH
ENPP1/COX6B1/SDHC/COX4I1/LDHA
ATP5PF/PKM/HK3/COX5A/HIF1A

BP Mitochondrial ATP synthesis coupled electron transport 1.1E-10 COX4I1/COX7B/NDUFS3/NDUFA5/SDHD
MT-ND4L/COX6C/SDHAF2/NDUFB8/MT-ND5
NDUFB7/CCNB1/CDK1/NDUFB1/NDUFC1

BP Generation of precursor metabolites and energy 1.9E-10 COX8A/NDUFA9/ATP5ME/SDHD/DDIT4
ATP5F1C/MDH2/NUP35/COA6/HIF1A
AOC2/DHA1/GPD1/PFKFB1/HK2

BP Electron transport chain 4.7E-10 UQCRC2/COX7C/SDHD/AKR7A2/TSTA3
GPD2/NDUFB11/NDUFC2/TXNRD2/HSD17B6
COX7A2L/UGDH/COX7A1/HAAO/NDUFAF1
Frontiers in Immunology
 | www.frontiersin.org 862
GO, Gene Ontology; BP, biological process; CC, cellular component; MF, molecular function.
TABLE 3 | Most significant KEGG metabolism pathways.

Terms Description p-value Gene name

hsa00190 Oxidative phosphorylation 5.2E-38 ATP5MF/UQCRFS1/NDUFA4/NDUFB2/ATP5MC1/NDUFV3
NDUFB5/UQCR10/NDUFA2/COX5B/ATP5PB/NDUFA1
UQCRC2/COX7C/NDUFA8/ATP5MC3/COX8A/NDUFA9
ATP5ME/UQCRB/ATP5F1D/NDUFB6/UQCRQ/NDUFB3
ATP5F1A/UQCRC1/PPA2/COX7A2/UQCRH/COX6B1
NDUFS7/NDUFS4/SDHC/ATP5F1B/ATP6V1F/UQCR11
NDUFS5/NDUFAB1/ATP6V1D/COX4I1/COX7B/ATP5MG
MTATP8/NDUFS3/ATP5MC2/NDUFA5/ATP6V0E1/SDHD
ATP5F1C/ATP5F1E/MTND4L/COX6C/NDUFB9/COX17
ATP5PF/NDUFB4/COX5A/CYC1/ATP6V0D1/NDUFS6
NDUFA3/NDUFB8/MTND5/NDUFB7/NDUFB1/NDUFC1
MTCO2/NDUFB10/NDUFV1/ATP6V1G1/NDUFA10
NDUFS8/MTCO1/NDUFS1/ATP6V0A1/NDUFB11
NDUFC2/ATP6V0B/ATP6V1B2/COX7A2L/COX7A1
ATP5PD/ATP6V1E1/ATP6V1A/NDUFA12/SDHB
UQCRHL/NDUFA6/ATP5PO/COX6A1

hsa00020 Citrate cycle 2.82E-06 IDH1/PC/MDH1/PDHB/SDHC/IDH3G/SUCLG1
SDHD/MDH2/FH/ACO2/PDHA1/IDH2/SUCLG2
SUCLA2/SDHB/IDH3B

hsa01040 Biosynthesis of unsaturated fatty acids 6.81E-05 SCD/FADS2/ACOT7/FADS1/HADHA/TECR
ELOVL5/ACAA1/ACOT1/ACOT4/ACOX1
HSD17B12/ACOT2/HACD1

hsa00062 Fatty acid elongation 0.00472 ECHS1/ACAA2/HADHB/ACOT7/PPT1/HADHA
ABHD17A/TECR/ELOVL5/ACOT1/ACOT4/HSD17B12
ACOT2/HACD1
KEGG, Kyoto Encyclopedia of Genes and Genomes.
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revealed enriched terms related to cellular components and
cytoskeleton. Interestingly, the mitochondria were identified as
the core of GO cellular component terms in pDCs, such as
mitochondrial protein complex, mitochondrial inner membrane,
mitochondrial respiratory chain, and electron transfer activity
compared with mDCs. The mitochondrial respiratory chain, also
known as the mitochondrial electron transport chain, consists of
five enzyme complexes (complexes I-V) situated in the inner
mitochondrial membrane that couple oxidat ion to
phosphorylation, and provide ATP. KEGG analysis also
showed that DEGs in pDCs were primarily concentrated in the
OXPHOS process and fatty acid metabolism. These data
suggested that P4 induced obvious changes in gene
Frontiers in Immunology | www.frontiersin.org 963
transcription levels that point to mitochondrial metabolism of
DCs. Our qRT-PCR validation demonstrated that P4
upregulated the mRNA levels of mitochondrial complexes II-V
(SDHB, SDHC, UQCRQ, ATP5A, COX II) in DCs. We also
further confirmed increased protein levels of OXPHOS
complexes, including SDHB, COX II, and ATP5A. In addition,
we found upregulated mRNA levels of MPC1, which is essential
for mitochondrial pyruvate transport and subsequent OXPHOS
process. These findings together indicated that human DCs
initiated early OXPHOS metabolic pathways at the mRNA and
protein levels after exposure to P4. According toWGCNA results
and literature research, we also selected genes related to FAO
(CPT1, CPT2, HADHB) and FAS (FASN, ACACA) for
A

B

D E

C

FIGURE 5 | WGCNA analysis. (A) Determination of soft-threshold power. (B) Cluster dendrogram of genes. (C) Expression pattern of the genes and eigengenes
in the blue, red, and green-yellow modules. (D) GO enrichment results for genes in blue, red, and green-yellow modules. (E) KEGG enrichment results for genes
in blue, red, and green-yellow modules. GO, Gene Ontology; KEGG, Kyoto encyclopedia of genes and genomes; iDC, immature DC; pDC, P4-treated DC; mDC,
mature DC.
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validation, and the results showed that these genes were
significantly upregulated in pDCs compared with mDCs. In
detail, FAO involves two key steps of fatty acid transfer and b-
oxidation. Both CPT1 and CPT2 are crucial to transfer activated
long-chain fatty acids into mitochondria while HADHB acts in
the subsequent b-oxidation process as one of the mitochondrial
thiolates. In summary, our study identified profound
mitochondrial and fatty metabolic alterations in human DCs
regulated by P4.
Frontiers in Immunology | www.frontiersin.org 1064
It has long been acknowledged that the activation and function
of immune cells correlate with, and are supported by alterations in
their metabolic pathways (22, 23). Phenomena accompanying
immunological responses involve changes in gene expression
that are thermodynamically demanding, requiring fast metabolic
adaptations, which is known as immunometabolism.
Accumulating evidence has indicated that the metabolic
programming of immune cells is an important determinant of
their function (36, 37). DCs were reported to undergo metabolic
A

B

C

FIGURE 6 | Validation of qRT-PCR and immunoblot. (A) Expression of genes associated with OXPHOS, FAO, and FAS using qRT-PCR. All values were normalized
against the mRNA expression level of b-actin. (B, C) Protein levels and quantification of OXPHOS. qRT-PCR, quantitative real-time polymerase chain reaction;
OXPHOS, oxidative phosphorylation; FAO, fatty acid oxidation; FAS, fatty acid synthesis; iDC, immature DC; pDC, P4-treated DC; mDC, mature DC. *P < 0.05, **P <
0.01, ***P < 0.001.
December 2021 | Volume 12 | Article 806110

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Zhang et al. Progesterone Regulates DC Metabolism
reprogramming in response to multiple environmental factors. To
date, the metabolic features of immunogenic DCs have become
more well characterized. Krawczyk et al. demonstrated that TLR
agonists stimulated a profound metabolic transition to aerobic
glycolysis in mouse DCs. This metabolic switch depended on the
PI3K/Akt pathway, was antagonized by the AMPK, and was
important for DCs maturation and function (38). Induction of
DCs glycolysis was also essential for the anabolic demands that
underpinned the production of membranes needed for expansion
of the endoplasmic reticulum and Golgi to accommodate the
stimulation via TLR agonists (39). Several studies have reported
metabolic characteristics of tolerogenic DCs despite the limitations
of the available research. Proteomic analysis of humanDCs treated
with vitamin D and dexamethasone, two well-known
immunosuppressive agents that induced tolerogenic DCs,
revealed increased expression of genes associated with
mitochondrial metabolism and OXPHOS (17, 30). Malinarich
et al. confirmed similar results that human tolerogenic DCs
displayed a markedly augmented catabolic pathway, related to
high oxidative phosphorylation and fatty acid metabolism levels
(40). Another recent study showed that tolerogenic effects of
vitamin D on DCs also involved FAS (18). Thus, a current
generally accepted opinion shows that increased OXPHOS and
FAO are tightly associated with the tolerogenic function of DCs
(25, 28, 41, 42). The above findings emphasize that the activation
and function of DCs are dictated by the type of metabolism these
cells commit to. In our current study, P4-treated DCs performed
high OXPHOS and fatty acid metabolism capacities. This may
provide promising information that P4 may be another potential
tolerogenic medium that coordinates the metabolism and immune
tolerogenic function in DCs during pregnancy. These observations
also point to a mechanism for rapid genome-wide reprogramming
by modulation of underlying cellular metabolism during DC
differentiation. Our findings may contribute to the identification
of P4 as newmetabolic targets for manipulating DC function. This
knowledge may be used in the rational design of strategies to
improve the immunogenicity or tolerogenic of DCs in clinically
relevant settings.

Additionally, we also tentatively demonstrated that P4
upregulated mRNA levels of PI3K, Akt, mTOR, AMPK,
PGC1-a, and PPAR-g in DCs. The mTOR and its upstream
PI3K/Akt have been well known as metabolism‐related
regulation signaling pathways in DCs (24). AMPK is a central
regulator of catabolic metabolism and has been shown to activate
the PGC-1a, which promotes mitochondrial biogenesis to
increase mitochondrial OXPHOS (43). PPAR-g, a sensor for
fatty acids, was recently confirmed to be involved in the
functional regulation of human DCs (27). Taken together,
these data suggested that the above metabolic effects in pDCs
may be mediated by these signaling pathways, however, further
studies are needed to clarify the mechanism.

In summary, our current study revealed a comprehensive
RNA-seq analysis and identified some critical molecules and
pathways related to metabolism between P4 and DCs. Our
results provided the first evidence that P4-treated DCs had a
defined metabolic phenotype characterized by a prominent
Frontiers in Immunology | www.frontiersin.org 1165
mitochondrial OXPHOS and high fatty acid metabolic
phenotype. These data may provide a novel insight into the
role of P4 in DCs.
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Menéndez I, Quintanilla-Martinez L,
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Human Leucocyte Antigen G and
Murine Qa-2 Are Critical for Myeloid
Derived Suppressor Cell Expansion
and Activation and for Successful
Pregnancy Outcome
Stefanie Dietz1, Julian Schwarz1, Ana Velic2, Irene González-Menéndez3,
Leticia Quintanilla-Martinez3, Nicolas Casadei4, Alexander Marmé5, Christian F. Poets1,
Christian Gille1,6† and Natascha Köstlin-Gille1,6*†

1 Department of Neonatology, Tuebingen University Children’s Hospital, Tuebingen, Germany, 2 Interfaculty Institute for Cell
Biology, Proteome Center Tuebingen (PCT), University of Tuebingen, Tübingen, Germany, 3 Department of Pathology,
University of Tuebingen, Tübingen, Germany, 4 Next Generation Sequencing (NGS) Competence Center Tuebingen (NCCT),
Tuebingen, Germany; Institute of Medical Genetics and Applied Genomics, University of Tuebingen, Tuebingen, Germany,
5 Gynecology and Obstetrics Practice, Am Lustnauer Tor, Tuebingen, Germany, 6 Department of Neonatology, Heidelberg
University Children’s Hospital, Heidelberg, Germany

During pregnancy, maternal immune system has to balance tightly between protection
against pathogens and tolerance towards a semi-allogeneic organism. Dysfunction of this
immune adaptation can lead to severe complications such as pregnancy loss, preeclampsia
or fetal growth restriction. In the present study we analyzed the impact of the murine MHC
class Ib molecule Qa-2 on pregnancy outcome in vivo. We demonstrate that lack of Qa-2
led to intrauterine growth restriction and increased abortion rates especially in late
pregnancy accompanied by a disturbed trophoblast invasion and altered spiral artery
remodeling as well as protein aggregation in trophoblast cells indicating a preeclampsia-like
phenotype. Furthermore, lack of Qa-2 caused imbalanced immunological adaptation to
pregnancy with altered immune cell and especially T-cell homeostasis, reduced Treg
numbers and decreased accumulation and functional activation of myeloid-derived
suppressor cells. Lastly, we show that application of sHLA-G reduced abortion rates in
Qa-2 deficient mice by inducing MDSC. Our results highlight the importance of an
interaction between HLA-G and MDSC for pregnancy success and the therapeutic
potential of HLA-G for treatment of immunological pregnancy complications.

Keywords: HLA-G, Qa-2, pregnancy, myeloid-derived suppressor cells, abortion, preeclampsia
INTRODUCTION

Premature termination of pregnancy either by abortion or by preterm delivery is the most important
pregnancy complication. About 15% of clinically recognized pregnancies miscarry, however total
reproductive losses are closer to 50% (1). Preterm birth, defined as birth before 37 weeks of gestation,
affects 5% to 18% of successful pregnancies (2). Besides chromosomal or anatomic anomalies and
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endocrinological disorders, immunological factors play an important
role in pathogenesis of abortions and preterm delivery (2). During
pregnancy, there is a close contact between maternal immune cells
and fetal cells. Thus, the maternal immune system has to balance
tightly between protection against pathogens and tolerance towards
the semi-allogeneic fetus. Dysfunction of the immune adaptation to
pregnancy can lead to severe complications such as pregnancy loss,
preeclampsia, preterm birth or fetal growth restriction. The
mechanisms facilitating maternal-fetal tolerance are only
incompletely understood and therapeutic options are limited.

The major histocompatibility class Ib (MHC Ib) molecule human
leucocyte antigen G (HLA-G) is a non-classicalMHC Imolecule with
low allelic variation and a restricted peptide repertoire which was first
described by Geraghty et al. in 1987 (3, 4). Under physiological
conditions, HLA-G is mainly expressed by trophoblast cells at the
maternal-fetal interface (5) and can be secreted in a soluble form
(soluble HLA-G, sHLAG) to the circulation (4). In vitro studies show
that HLA-G shapes the maternal immune system towards tolerance
by modulating function of antigen-presenting cells (APCs) (6) and
inhibition of T-cell activity (7) and natural killer cell (NK-cell)
cytotoxicity (8). During an uncomplicated pregnancy, levels of
sHLA-G first increase and then decrease until the third trimester.
Undetectable sHLA-G levels or variation in the course of sHLA-G
levels seem to be related with gestational complications such as
pregnancy loss and preeclampsia (9, 10). However, so far there
have been no in-vivo studies that clearly demonstrate a beneficial
role of HLA-G for pregnancy success.

Qa-2 is a murine non-classical MHC-Ibmolecule which controls
the rate of preimplantation embryonic cleavage division and
subsequent embryo survival. It is the product of the
preimplantation embryo development (Ped) gene (11) and
encoded by four genes, Q6, Q7, Q8 and Q9, of which only Q7
and Q9 are transcribed in mouse embryos (12, 13). Embryos
expressing Q7 or Q9 or both show the Ped fast phenotype with
high embryo cleavage rates, while mouse strains that have a deletion
of both genes do not express Qa-2 protein and show the Ped slow
phenotype with slowed preimplantation embryo development and
survival (12, 14). Due to various similarities between human HLA-
G and murine Qa-2, such as their occurrence as membrane-bound
and soluble forms and profound immunoregulatory properties of
both molecules, Qa-2 has been considered a possible candidate for a
murine HLA-G correlate (11, 15–17). Functional characteristics of
HLA-G and Qa-2 are very similar during pregnancy; both HLA-G
and Qa-2 are expressed by preimplantation embryos and seem to
play an important role for early embryo survival and fetal growth
(18–21). However interestingly, also women with deletion of HLA-
G and mice completely lacking Qa-2 can give birth to healthy
offspring, suggesting that HLA-G and Qa-2 are not necessary for
reproductive success but reduce it when absent (13).

The pioneer work by Carol Warner and colleagues originally
characterized the Ped gene and its product Qa-2 more than 30 years
ago (22, 23) and already showed that mice not expressing the Qa-2
antigen (Qa-2-) have smaller litters, lighter fetuses and a shorter
duration of gestation than Qa-2 expressing animals (20, 24).
Furthermore, they showed that Qa-2- animals develop increased
systolic blood pressure when they get older (25). However, until
Frontiers in Immunology | www.frontiersin.org 269
now, mechanisms mediating the protective role of Qa-2 during
reproduction and especially the impact of Qa-2 on immune
regulation during pregnancy are marginally understood.

Myeloid derived suppressor cells (MDSC) are myeloid cells with
various immune suppressive properties. Theymainly consist of two
subtypes named granulocytic MDSC (GR-MDSC) with phenotypic
characteristics of neutrophils and monocytic MDSC (MO-MDSC)
with phenotypic similarities to monocytes. In mice, GR-MDSC are
defined as CD11b+/Ly6G+/Ly6Clo and MO-MDSC as CD11b+/
Ly6G-/Ly6Chi cells (26). Primarily, MDSC accumulation has been
described under tumor conditions where they suppress immune
responses against tumor cells, thereby leading to disease
progression (27). Later, MDSC have been shown to accumulate
under various other pathologies like infection, trauma,
autoimmune disease, obesity and transplantation (28). In recent
years, however, there is increasing evidence that MDSC also play a
physiological role during pregnancy by modulating maternal
immune responses and protecting the fetus from rejection (29–
33). Accumulation and activation of MDSC are driven by various
factors (26). Recently, we demonstrated that HLA-G induced and
activated GR-MDSC in vitro (34). Furthermore, it could be shown
by us and others that the transcription factor hypoxia-inducible
factor 1a (HIF-1a) plays a role for MDSC function during
pregnancy and cancer (31, 35).

In the present study, we investigated the in-vivo role of HLA-G
and Qa-2 for pregnancy success. Most inbred strains of mice, such as
C57BL/6, carry all four genes encoding for Qa-2 (Q6/Q7/Q8/Q9) on
each allelic chromosome, making a total of eight Qa-2 encoding
genes and thus express the Qa-2 antigen widely in adult and
embryonic tissues (12, 36). But there are also a few strains that are
missing all eight genes, defining a null allele leading to lack of Qa-2
(13). We used such a murine model lacking the Qa-2 antigen (Qa-2
negative, Qa2-, B6.K1) (37) and could show that Qa-2 deficiency led
to intrauterine growth restriction and increased abortion rates with
profound changes in uterine spiral artery remodeling and
trophoblast invasion as well as trophoblast morphology, indicating
a preeclampsia-like phenotype. Immunological adaptation to
pregnancy was imbalanced with altered immune cell and especially
T-cell homeostasis and reduced Treg numbers in Qa-2- mice. Most
impressively, there was a lack of MDSC accumulation and reduced
functional activation of MDSC. We further showed that expression
of Qa-2 on MDSC was regulated by the pregnancy hormone
estrogen via the transcription factor HIF-1a. By application of
sHLA-G to Qa-2- mice we could reduce their increased abortion
rate, an effect that was abrogated by simultaneous MDSC-depletion.
Conversely, adoptive transfer of in vitro generated MDSC also
resulted in a reduced abortion rate in Qa-2- animals. Our results
highlight the therapeutic potential of HLA-G for treatment of
immunological pregnancy complications.
METHODS

Study Approval
All experiments were approved by the ethics committee of
Tuebingen University (682/2016BO1) for human studies or the
January 2022 | Volume 12 | Article 787468
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regional council Tuebingen (K05/19M, K09/19M, K09/18G,
K02/19G, K05/20G and K08/20G) for animal studies.

Mice
B6.K1 (B6.Cg-H2b3/FlaCmwJ, Qa-2-), HIF-1aflox (B6.129-
Hif1atm3Rsjo/J) mice and LysMcre (B6.129P2-Lyz2tm1(cre)Ifo/J) mice
were obtained from The Jackson Laboratory (Bar Harbour, Maine,
USA). C57BL/6J (WT) mice, CBA/J and DBA/2J mice were
obtained from Charles River (Sulzfeld, Germany). HIF-1aflox mice
and LysMcremice were crossed to get animals with deletion of HIF-
1a in myeloid cells (HIF-1aflox/LysMcre, HIF-KO). The B6.K1 or
Qa-2- mouse strain was developed in the 1976 by Dr. Lorraine
Flaherty. It is originated spontaneously through intercross and
backcross of the congenic strains B6.A-H2-T18a (B6-Tlaa) and
B6.AK-H2k (37). All animals were maintained under pathogen-
free conditions in the research animal facility of Tuebingen
University, Tuebingen, Germany. All experimental animal
procedures were conducted according to German federal and
state regulations.

Syngeneic matings of Qa-2-, HIF-KO and WT mice and
allogeneic matings of CBA/J females with DBA/2J males were set
up at 8-12 weeks of age. Male and femalemice were mated 1:2 in the
afternoon and plug control was carried out the next morning.
Gestational ages were determined by visualizing of the presence of a
vaginal plug (E0.5 = embryonic day).

Lack of Qa-2 expression in Qa-2- mice was verified by flow
cytometric analysis of blood leucocytes (Supplementary Figure 1A).

Abortion rates were determined by visual inspection of fetal-
placental units and defined as ratio of resorbing units to the total
number of implantation sites. Resorbing units were either dark,
small and necrotic or pale, small and without visible fetus inside
the amniotic cavity.

Fetal weight was determined by weighing of E18.5 fetuses
immediately after removal from the amniotic cavity.

sHLA-G Application, MDSC-Depletion and
Adoptive MDSC Transfer
Biotinylated HLA-G1 monomers bound to the peptide
KGPPAALTL were kindly provided by Jianhong Cao, Fred
Hutchinson Cancer Research Center, Seattle, USA. HLA-G1
tetramers were produced by binding to streptavidin (Biolegend,
San Diego, USA).

To test the effect of sHLA-G on pregnancy outcome in Qa2-

mice, pregnant mice were injected intravenously at E10.5 and
E14.5 with 1 µg/g body weight HLA-G1 tetramers in 100 µl PBS
or with 100 µl PBS alone (control).

For depletion of MDSC, pregnant Qa-2- mice were injected
intravenously at E10.5 and E14.5 with 250µg/mouse Ly6G-
antibody (BioXCell, Lebanon, USA) in 100µl dilution buffer
(BioXCell) simultaneously with the HLA-G application.

For adoptive MDSC transfer, MDSC were in vitro generated
from bone marrow cells. Bone marrow cells were collected from
femora, tibiae and humeri of WT mice by rinsing with PBS. BM-
cells were than cultivated for four days with 100ng/ml G-CSF
and 2,5ng/ml GM-CSF (PeproTech, Hamburg, Germany). After
four days MDSC were enriched by removing non-adherent cells
Frontiers in Immunology | www.frontiersin.org 370
and detaching adherent cells containing MDSC by Trypsin/
EDTA. By this method a purity of >92% can be achieved.
Pregnant Qa-2- mice were injected intravenously at E10.5 and
E14.5 with 4x106 in vitro generated MDSC in 100µl PBS or with
PBS alone (control).

To test the effect of sHLA-G on pregnancy outcome in abortion-
prone DBA/2J-mated CBA/J mice, plug-positive mice were injected
intravenously with 1 µg/g body weight sHLA-G tetramers in 100 µl
PBS or with PBS alone (control) at E0.5, E3.5, E6.5 and E9.5.

Determination of Mouse Estrous Cycle
For identification of the mouse estrous cycle stage, female C57BL/6J
mice were anesthetized with 1.5% isoflurane (CP-Pharma,
Burgdorf, Germany). Blood was obtained by puncture of the
retroorbital vein plexus or the tail vein and vaginal swabs were
collected according to an established protocol (38). A cotton tipped
swab (Applimed, Châtel-Saint-Denis, Switzerland) wetted with
room-temperature physiological saline was inserted vaginally,
gently turned, and then removed. The procedure was repeated
twice for four consecutive days with 28 days in between.

The vaginal cells were transferred to a glass slide by rolling the
swab over the slide. The slide was air dried, stained with
hematoxylin-eosin (HE, Merck GmbH, Darmstadt, Germany)
and viewed at 10x magnification under bright field illumination.
The cycle stage was determined based on the presence or absence
of leucocytes, cornified epithelial cells and nucleated epithelial
cells according to (38).

Patients
The local ethics committee approved this study (682/2016BO1) and
all women gave written informed consent. From August to October
2019 peripheral blood from pregnant women (aged 18-43 years,
gestational age 10 – 36 weeks of gestation) was collected during
routine blood sampling. Patients suffering from severe pregnancy
complications (severe infection, preterm rupture of membranes,
preterm labour, preeclampsia/eclampsia), chronic diseases
(autoimmune diseases, malignancies, chronic infections) or
receiving immune-suppressive therapy were excluded.

Mouse Tissue Collection and Single
Cell Preparations
Non-pregnant and pregnant mice at gestational age E10.5 or E18.5
were euthanized by CO2 inhalation. Blood (0.5-1 ml) was collected
immediately after death by intracardial puncture and placed into
EDTA-tubes. Blood plasma was collected after centrifugation of
whole blood at 400 rpm. Red blood cells were removed from whole
blood by ammonium chloride lysis. Spleens were removed and
tissue was pushed through a 100 µm filter (Greiner bio-one,
Frickenhausen, Germany) using a syringe plunger. Red blood cells
of the spleen were also removed by ammonium chloride lysis and
the resulting cell suspension was again passed through a 40 mm filter
(Greiner bio-one, Frickenhausen, Germany). Uterine horns were
removed in toto. Fetuses and the fetal part of the placenta were
dissected from uteri; blood vessels were removed. Uteri were placed
into PBS, cut into 1 mm pieces and pushed through a 40 µm filter.
Placentas were pushed through a 100 µm filter using a syringe
plunger. Red blood cells were removed by ammonium chloride lysis
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and the resulting cell suspension was then passed again through a 40
µm filter. All cell suspensions were then adjusted to 1-4x106 cells/ml
in PBS or medium.

Cell Isolation and Culture
Human peripheral blood mononuclear cells (PBMC) were
prepared from EDTA blood samples by Ficoll density gradient
centrifugation (lymphocyte separation medium, Biochrom,
Berlin, Germany).

To isolate GR-MDSC from murine splenocytes, cells were
labeled with Gr-1 Biotin-Antibody and isolated over Streptavidin
microbeads followed by a second isolation step using Ly6G
Biotin-Antibody and Anti-Biotin microbeads (modified
protocol of MDSC Isolation Kit mouse, Miltenyi, Bergisch-
Gladbach, Germany). Purity of GR-MDSC after separation was
>90%, as determined by flow cytometry.

For isolation of CD4+ T-cells from murine splenocytes, cells
were labeled with T cell Biotin-Antibody Cocktail followed by two
consecutive Anti-Biotin magnetic bead separation steps (Miltenyi)
according to the manufacturer´s instructions. Purity of CD4+ T-
cells after separation was >90%, as determined by flow cytometry.

In vitro generation of murine MDSC was performed according
to previously established protocols (31, 39). For in vitro generation
of MDSC, non-pregnant WT and Qa-2- mice were euthanized and
femora and tibia removed. Bone marrow was collected by flushing
the bones with PBS using a syringe and a 25G needle. Bone marrow
cells were then washed twice, adjusted to 5x105 cells/ml and
cultured for 72 h at 37°C in Dulbecco´s modified eagle medium
(DMEM, Thermo Fisher Scientific, Waltham, USA), supplemented
with 10% fetal calf serum (FCS, Biochrom, Berlin, Germany) and
1% penicillin/streptomycin (P/S, Biochrom, Berlin, Germany)
supplemented with 100 ng/ml recombinant murine granulocyte
colony-stimulating factor (G-CSF, Peprotech, Hamburg, Germany)
and 2,5 ng/ml recombinant murine granulocyte-macrophage
colony-stimulating factor (GM-CSF, Peprotech, Hamburg,
Germany). After 72 h of culture, non-adherent cells were
removed and adherent MDSC were detached using 0.5% trypsin/
EDTA (Biochrom, Berlin, Germany) and a cell scraper. Purity of Gr
1+/CD11b+ MDSC was >90%, as determined by flow cytometry.

For induction of Tregs by MDSC, in vitro generated MDSC
from WT and Qa-2- mice were co-cultured with freshly isolated
murine CD4+ T-cells at a ratio of 2:1 (500 000 T-cells and 250
000 MDSC) in RPMI 1640 with 10% FCS and 1% P/S in 24-well
plates at 37°C and 5% CO2. After 3 days of culture, cells were
harvested and intracellular Foxp3 staining was performed. CD4+

T-cells cultured without MDSC served as control.
For analysis of the effect of anoxia, bacterial stimulation or

stimulation with estrogen on Qa-2 expression on MDSC,
splenocytes from pregnant WT animals or pregnant HIF-KO
animals at E10.5 were isolated and cultured overnight in DMEM
with 10% FCS and 1% P/S in 24-well plates at 37°C and 5% CO2.
The next day, cells were stimulated for four hours either with anoxia
by placing them into a hermetically sealed chamber with anaerobic
gas generating sachets (Anaerogen 2.5l, Thermo Fisher Scientific,
Waltham, USA), with E. coli at a MOI of 1:50, or with estrogen at
concentrations of 1 nM, 10 nM and 100 nM (Merck GmbH,
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Darmstadt, Germany). After four hours, cells were harvested and
extracellular staining was performed.

Bacterial Culture
E. coli DH5a, an encapsulated K12 laboratory strain was grown
in Lennox-Lysogeny-Broth (LB)-medium (Invitrogen, Carlsbad,
USA) until early logarithmic growth, resuspended in phosphate
buffered saline (PBS, Biochrom, Berlin, Germany) and
used immediately.

T-Cell Suppression Assay
Freshly isolated CD4+ splenocytes were stained with
carboxyfluorescein-succinimidyl ester (CFSE, Invitrogen, Carlsbad,
USA) according to the manufacturer´s instructions. Cells were
suspended in RPMI 1640 media containing 1% P/S and 10% FCS.
CFSE-labelled CD4+ T-cells (2x105) suspended in 100µl media were
stimulated with 2x105 mouse T-Activator CD3/CD28 Dynabeads
(Thermo Fisher Scientific, Waltham, USA) and 50 ng recombinant
murine Interleukin-2 (rmIL-2, R&D Systems, Minneapolis, USA)
under addition of ß Mercaptoethanol (Merck, Darmstadt,
Germany) at a concentration of 50mM. MDSC isolated from
spleens of pregnant WT and Qa-2- animals at E10.5 also
suspended in RPMI 1640 containing 1% P/S and 10% FCS were
added in different ratios (1:2, 1:4 and 1:8). After 3 days of culture,
CD4+ T-cell proliferation was determined by flow cytometry using
the CFSE dye dilution. Proliferation index, defined as the ratio of
CD4+ T-cell proliferation after addition of MDSC and CD4+ T-cell
proliferation without MDSC, was determined. CD4+ T-cell
proliferation without MDSC was set to a fixed value of 1.

Flow Cytometry
Human GR-MDSC were characterized as CD66b+/CD14-/HLA-
DRlow/- cells, according to previously established protocols for
characterization of human MDSC (17). Antibodies used for
extracellular staining of human cells were anti-CD66b-FITC
(clone G10F, concentration 1 µl/1x105 cells), anti-HLA-G-PE
(clone MEM-G/9, concentration 3µl/1x105 cells), anti-HLA-DR-
PerCP-Cy5.5 (clone REA805, concentration 0.1 µl/1x105 cells) and
CD14-APC (clone MjP9, concentration 1 µl/1x105 cells)
[purchased from BD biosciences, Heidelberg, Germany (CD66b
and CD14), Miltenyi (HLA-DR) and Exbio, Vestec, Czech Republic
(HLA-G)].

For extracellular staining of mouse cells, freshly isolated cells
were washed in FACS buffer and fluorescent-conjugated
extracellular antibodies were added. Antibodies were purchased
from BD Biosciences [CD3 FITC (145-2C11), CD3 PE (17A2),
CD4 APC (RM4-5), CD8a APC-H7 (53-6.7), CD8 PE (53-6.7),
CD11b Alexa (M1/70), CD19 PE (1D3), CD25 BB515 (PC61),
CD44 BB700 (IM7), CD45 BV510 (30-F11), CD45 PerCp (30-
F11), CD62L BV421 (MEL-14), CD183 BB700 (CXCR3-173),
CD196 BV421 (CCR6), FSV700 Alexa Fluor700, NK1.1 APC
(PK136), Gr-1 FITC (RB6-8C5), Gr-1 PerCp (RB6-8C5), Ly-6C
FITC (AL-21), Ly-6G PE (1A8)] and Miltenyi [Qa2
PE (REA523)].

For immune cell quantification, cells were pre-gated to CD45.
Among CD45+ cells, cell types were identified as follows: T-cells
CD3+, T-Helper cells CD3+/CD4+, cytotoxic T-cells CD3+/CD8+,
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B-cells CD3-/CD19+, NK-cells CD3-/NK1.1+, MDSC CD11b+/
Gr-1+, MO-MDSC CD11b+/Ly6C+/Ly6G-, GR MDSC CD11b+/
Ly6Clow/Ly6G+ and monocytes CD11b+/Gr-1-.

For quantification of T-cell subsets cells were pre-gated to
CD45, CD3 and CD4 or CD8. Among CD45+/CD3+/CD4+ cells,
cell types were identified as follows: naïve T-helper cells CD44-/
CD62L+, effector memory T-helper cells CD44+/CD62L-, central
memory T-helper cells CD44+/CD62L+, T-helper 1 cells
CXCR3+/CCR6-, T-helper 2 cells CXCR3-/CCR6-, T-helper 17
cells CXCR3-/CCR6+, Treg CD25

+. Among CD45+/CD3+/CD8+

cells, cell types were identified as follows: naïve cytotoxic T cells
CD44-/CD62L+, effector memory cytotoxic T cells CD44+/
CD62L-, central memory cytotoxic T cells CD44+/CD62L+.

For intracellular staining of Foxp3 cells were extracellular
stained with CD4 and CD25 for 30 minutes at 4°C and then
incubated in Foxp3 Fixation/Permeabilization working solution
(Thermo Fisher Scientific, Waltham, USA) for 60 minutes at
room temperature and protected from light. Cells were washed
in 1x Permeabilization buffer (Thermo Fisher Scientific) and
stained with Foxp3 antibody in 1x permeabilization buffer for 30
minutes at room temperature.

Data acquisition was performed with a FACScalibur or LSR II
flow cytometer (BD Bioscience) and analyzed via FlowJo V10
(FlowJo, LLC, Ashland, Oregon, USA).

RNA Isolation and Transcriptome Analyses
For transcriptome analyses of whole uterine lysates, uteri of
pregnant WT and Qa 2- mice at E18.5 were collected, snap-
frozen in liquid nitrogen and stored at -80°C until RNA isolation.
For RNA isolation, frozen tissue (20-30 mg) was shredded using
micro pestles (Sigma Aldrich, St.Louis, USA) and liquid nitrogen to
obtain powder. RLT buffer was added and the solution was
centrifuged at 8000 rcf. RNA isolation was then performed using
the RNeasy Mini Kit (Qiagen, Hilden, Germany).

RNA quality was determined by measuring 260/280 and 230/
260 absorbance ratio on a spectrophotometer (Nanodrop ND-1000;
Peqlab, Erlangen, Germany), RNA concentration was determined
using the Qubit Fluorometric Quantitation and RNA Broad-Range
Assay (Thermo Fisher Scientific) and RNA Integrity Number RIN
using the Fragment Analyzer 5300 and the Fragment Analyzer
RNA kit (Agilent Technologies, Santa Clara, USA). For library
preparation, mRNA fraction was enriched using polyA capture
from 200 ng of total RNA using the NEB Next Poly(A) mRNA
Magnetic Isolation Module (New England Biolabs, Frankfurt,
Germany). Next, mRNA libraries were prepared using the NEB
Next Ultra II Directional RNA Library Prep Kit for Illumina (New
England Biolabs) according to the manufacturer’s instructions.
Library molarity was determined by measuring the library size
(approximately 400 bp) using the Fragment Analyzer 5300 and the
Fragment Analyzer DNA HS NGS fragment kit (Agilent
Technologies, Santa Clara, USA) and the library concentration
(>0.5 ng/µl) using Qubit Fluorometric Quantitation and dsDNA
High sensitivity assay (Thermo Fisher Scientific). In the first
experiment, libraries were denaturated according to the
manufacturer’s instructions, diluted to 270 pM and sequenced as
paired-end 100 bp reads on an Illumina NovaSeq 6000 (Illumina)
with a sequencing depth >25 million clusters per sample.
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Read quality of RNA-seq data in fastq files was assessed using
ngs-bits (v.2020_06) to identify sequencing cycles with low
average quality, adaptor contamination, or repetitive sequences
from PCR amplification. Raw expression values were available
for 55.421 genes in 4 samples. Raw gene expression was filtered
by demanding a minimum expression value of 1 cpm (counts per
million) in at least 2 samples. Filtered data contained expression
values for 17.210 genes. Data analysis was performed using the
STRING database (40).

Protein Isolation and Proteome Analyses
For proteome analyses, single cell suspensions were prepared from
placentas of pregnant WT and Qa2- animals at E18.5. Cells were
lysed by adding lysis buffer [5% 1M Tris/HCl pH 7,4, 2% 5M NaCl,
1% Triton X 100, 1% PMSF, 4% protease inhibitor cocktail (Sigma-
Aldrich, St. Louis, USA)] on ice followed by snap-freezing in liquid
nitrogen. Ten micrograms of each sample were digested in solution
with trypsin as described in (41). After desalting using C18 stage
tips, extracted peptides were separated on an Easy-nLC 1200 system
coupled to a Q Exactive HFX mass spectrometer (Thermo Fisher
Scientific) as described in (42) with slight modifications: The
peptide mixtures were separated using a 90 minutes segmented
gradient from to 10-33-50-90% of HPLC solvent B (80% acetonitrile
in 0.1% formic acid) in HPLC solvent A (0.1% formic acid) at a flow
rate of 200 nl/min. The 12 most intense precursor ions were
sequentially fragmented in each scan cycle using higher energy
collisional dissociation (HCD) fragmentation. Acquired MS spectra
were processed with MaxQuant software package version 1.6.7.0
with integrated Andromeda search engine. Database search was
performed against a target-decoy Mus musculus database obtained
fromUniprot, containing 63.686 protein entries and 286 commonly
observed contaminants. Peptide, protein and modification site
identifications were reported at a false discovery rate (FDR) of
0.01, estimated by the target/decoy approach. The LFQ (Label-Free
Quantification) algorithm was enabled, as well as match between
runs and LFQ protein intensities were used for relative protein
quantification. Data analysis was performed using the STRING v11
database (40).

Immunohistochemistry
The mouse placentas at E18.5 were fixed in 4.5% formaldehyde
(Sigma Aldrich) and paraffin embedded (max. 48 hours). The
samples were infiltrated with paraffin wax in a tissue processor
(Leica, Wetzlar, Germany). 3-5 µm thick sections were cut with a
sledge microtome (Leica, Wetzlar, Germany) and stained with
hematoxylin-eosin (H&E), Periodic acid-Schiff (PAS) and PAS
diastase (Merck GmbH, Darmstadt, Germany). Slides were
analyzed using an Axioskop 2 plus Zeiss microscope (Zeiss,
Oberkochen, Germany) equipped with a Jenoptik ProgRes C10
(Laser Optik System, Jena, Germany) plus camera and software. To
quantify the placental phenotype the slides were further evaluated
using a histo score with 0 (no aggregates), 1 (intermediate phenotype)
and 2 (prominent aggregates) (Supplementary Figure 5).

For analysis of spiral artery remodeling at E10.5, uterine arteries
were ligated by dental floss and the uterus was removed, placed on a
polystyrene piece, fixed in 4.5% formaldehyde (Sigma Aldrich) and
paraffin embedded as described in (43). 3-5 µm thick sections were
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stained with H&E and the slides were scanned with the Ventana
DP200 (Roche, Basel, Switzerland). Placentas from all animals were
analyzed at the midsagittal point, given by the presence of the
chorioallantoic attachment. The total vessel and luminal areas of the
spiral arteries were measured in the central 2/4 of the decidua basalis
(43). The 5 spiral arteries with the largest and roundest lumen in
three consecutive sections (50um between sections) were used for
analysis and the mean was calculated.

Statistical Analysis
Statistical analysis was done using GraphPad Prism 5.0
(GraphPad Software, La Jolla, CA). Data were analyzed for
Gaussian distribution using D`Agostino and Pearson omnibus
normality test. Unpaired and normally distributed data were
analyzed using the unpaired t-test, unpaired and not normally
distributed data were evaluated using the Mann-Whitney test.
Paired and normally distributed data were analyzed using the
paired t-test and paired and not normally distributed data were
analyzed using the Wilcoxon matched pairs signed rank test. A
p-value <0.05 was considered as statistically significant.
RESULTS

Qa-2 Deficiency in Mice Leads to Adverse
Pregnancy Outcome
To evaluate the impact of Qa-2 on pregnancy outcome, we
analyzed mice lacking the Qa-2 antigen (Qa-2-, B6.K1).
Compared to WT mice, we found significantly smaller litter
sizes in Qa-2- animals (Figure 1A). At mid-pregnancy (E10.5),
Qa-2- mice had similar numbers of intact fetuses compared to
WT mice (Supplementary Figure 1B) and slightly increased
abortion rates (Supplementary Figures 1C, D). At E18.5, lack of
Qa-2 led to an abortion rate of 17% in comparison to 5% in WT
animals (Figures 1B, C) and to an intrauterine growth
restriction (IUGR) in surviving fetuses (Figures 1D, E).

Since IUGR and late abortions are often a sign of a disturbed
blood supply to the fetus, we next analyzed uteri of Qa-2- and WT
fetuses histologically. To assess spiral artery remodeling, which is a
crucial step in hemodynamic adaptation to pregnancy taking place
between E8.5 and E12.5 (43), we analyzed uteri at E10.5. Here, we
found profound changes between Qa2- and WT animals; in Qa-2-

animals we found large areas within the decidua with unorganized
trophoblast distribution, while in WT animals, trophoblasts proper
organized around the vessels, pointing to an abnormal trophoblast-
migration in Qa-2- mice (Figure 1F). In addition, spiral arteries of
Qa-2- animals had thicker vessel walls than that of WT mice, while
luminal areas did not differ (Figures 1G–I). Corresponding to that,
we found upregulation of genes encoding for proteins involved in
“circulatory system development” in WT uteri in comparison to
Qa-2- uteri in transcriptome analyses of whole uterine lysates
(Supplementary Figure 2).

We further analyzed placenta histology of E18.5 old WT and
Qa-2- fetuses; placentas from both genotypes showed similar cross-
section areas (Figure 1J); however, while placentas from WT
animals showed long and thin villi with proper morphology,
placentas from Qa-2- animals showed irregular and short villi and
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abnormal vacuolization of the trophoblast and numerous
eosinophilic aggregates. On a scale of 0 (no aggregates) to 2
(prominent aggregates) (Supplementary Figure 3), the phenotype
of WT placentas was 0.2 ± 0.4 while that of Qa-2- placentas was
1.4 ± 1.0 (Figures 1K, L). These aggregates were still present in
PAS-diastase staining, indicating that they were not glycogen
(Figure 1M). Proteome analyses of placenta lysates from WT and
Qa-2- animals showed strong enrichment in proteins involved in
protein metabolism processes (GO:0019538), especially in
translation (GO:0006412), proteolysis (GO:0006508),
phosphorylation (GO:0016310) and dephosphorylation
(GO:0006470) (Supplementary Figure 4) in Qa-2- placentas (184
of 655 proteins only detected in Qa-2-), suggesting dysfunctional
protein storage in trophoblasts of these animals. On the whole, Qa-2
deficiency led to increased abortions rates in late pregnancy and to
disturbed placental vascularization.

Qa-2 Deficiency Leads to an Altered
Immune Cell Composition
During Pregnancy
Since it is known that HLA-G plays an important role in immune
regulation during pregnancy (44), we next analyzed immune cell
populations in spleens and uteri of Qa-2- and WT mice.
Figure 2A shows gating strategy for immune cell populations.
Myeloid cells increased and B-cells decreased in WT spleens and
uteri at E18.5 compared to non-pregnant controls while in Qa-2-

animals myeloid cells remained unchanged and splenic B-cells
even increased. Splenic and uterine T-cell numbers did not
change in WT mice during pregnancy but decreased in spleens
and increased in uteri of pregnant Qa-2- mice compared to non-
pregnant controls. NK-cells decreased in uteri of both WT and
Qa-2- animals during pregnancy (Figure 2B and Supplementary
Figure 5). No differences were observed in placental immune cell
composition between Qa-2- and WT placentas (Supplementary
Figures 6A–E).

We next investigated whether there were any differences in T-
cell subpopulations between pregnant WT and Qa-2- animals at
E18.5. Gating strategy for T-cell subpopulations is depicted in
Figure 2A, and phenotyping strategy is depicted in Supplementary
Figure 7. No differences were found in percentages of T-helper
cells and cytotoxic T-cells between pregnant WT and Qa-2-

animals (Figures 2C, G). Qa-2- animals had higher numbers of
effector memory CD4+ and CD8+ T-cells and lower numbers of
central memory CD4+ and naïve CD8+ T-cells (Figures 2D–F, H–J).
Furthermore, Qa-2- animals had significantly less Treg- and more
Th17-cells, while there were no differences in numbers of Th1- and
Th2-cells (Figures 2K–P). Decreased numbers of Tregs in Qa-2-

animals were confirmed by intracellular staining of FoxP3
(Figures 2Q, R).

Qa-2 Deficiency Leads to Impaired
Accumulation and Function of
Myeloid Derived Suppressor Cells
During Pregnancy
Since MDSC are critical for maintaining immune tolerance during
pregnancy, we investigated whether there were differences inMDSC
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FIGURE 1 | Phenotype of Qa-2- mice during pregnancy. Wildtype (WT) and Qa-2 deficient mice (Qa2-) were term-bred and the day when a vaginal plug was
detected was defined as day E0.5. Mice delivered spontaneously and litter size was determined (A) or mice were euthanized at E18.5 and uteri containing feto-
placental units were removed and inspected (B–E). Total implantation sides and resorbing units were counted and fetuses were weighed. (A) Litter size of
spontaneous delivered WT (n=23) and Qa2- mice (n=30). (B) Representative uteri containing feto placental units from WT and Qa-2- mice at gestational day E18.5.
Arrows show resorbing units. (C) Abortion rate (percentage of resorbed fetuses per litter) of WT (n=39) and Qa-2- mice (n=28) at E18.5. (D) Representative WT and
Qa-2- fetuses at E18.5. (E) Weight of WT (n=29) and Qa-2- fetuses (n=35) at E18.5. (F–I) Mice were euthanized at E10.5, uterine arteries were ligated and spiral
arteries were analyzed. (F) Representative images of H&E stained WT and Qa-2- uteri showing cross-section areas of placenta and decidua in different
magnifications. The green line shows an area with unorganized trophoblast distribution within the Qa-2- decidua. (G) Representative images of H&E stained WT
and Qa-2- uteri showing quantification of spiral artery wall and luminal area. (H) Luminal area of spiral arteries from WT (n=5) and Qa-2- animals (n=5). (I) Vessel
wall area of spiral arteries from WT and Qa-2- animals. (J–M) Mice were euthanized at E18.5 and placentas were analyzed. (J) Representative images of H&E
stained cross-section areas of WT and Qa-2-placentas. (K) Representative images of H&E stained chorionic villi from WT and Qa-2- placentas showing abnormal
vacuoles with eosinophilic aggregates in trophoblasts of Qa-2- animals (arrow). (L) Grade of eosinophilic aggregation in trophoblasts of WT and Qa-2- animals.
(M) Representative images of PAS and PAS-diastase stained chorionic villi from a Qa-2- placenta showing aggregates still present in PAS-diastase staining. Each
symbol represents an individual mother (A, C, L)/fetus (E)/measurement (H+I) and the mean is indicated. ****p < 0.0001; **p < 0.01; *p < 0.05; ns, not significant.
Mann-Whitney test (A, C, L) or unpaired t-test (E, H, I).
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FIGURE 2 | Immune cell composition in WT and Qa-2 deficient animals. Wildtype (WT) and Qa-2 deficient mice (Qa2-) were term-bred and the day when a vaginal
plug was detected was defined as day E0.5. Spleen cells were analyzed by flow cytometry. (A) Gating strategy for gating immune cell subpopulations. (B) Proportions
of the different cell types in spleens and uteri of non-pregnant (np) and E18.5 pregnant (E18.5) WT (upper diagrams, n=14-17 for np and n=16 for E18.5) and Qa-2-

animals (lower diagrams, n=16-21 for npand n=12-13 for E18.5). (C–J) Percentages of all T-helper cells (C), naïve T-helper cells (D), effector memory T-helper cells
(E), central memory T-helper cells (F), all cytotoxic T-cells (G), naïve cytotoxic T-cells (H), effector memory cytotoxic T-cells (I) and central memory cytotoxic T-cells
(J) from all spleen leucocytes in WT (n=10-14) and Qa-2- animals (n=11-15). (K) Representative pseudocolor plots for CXCR3 versus CCR6 showing the populations
of T-helper 1 cells (lower right quadrant), T-helper 2 cells (lower left quadrant) and T-helper 17 cells (upper left quadrant) in spleen leucocytes. Cells were pre-gated on
CD45, CD3 and CD4. (L) Representative pseudocolor plots for CD4 versus CD25 showing the population of Treg cells in spleen leucocytes in the upper right quadrant.
Cells were pre-gated on CD45 and CD3. (M-P) Percentages of all T-helper 1 cells (M), T-helper 2 cells (N), Treg cells (O) and T-helper 17 cells (P) from all spleen
leucocytes in WT (n=10-14) and Qa-2- animals (n=11-15). (Q) Representative pseudocolor plots for Foxp3 versus CD25 showing the population of Foxp3+ Treg cells in
spleen leucocytes in the upper right quadrant. Cells were pre-gated on CD45, CD3 and CD4. (R) Percentages of Foxp3 Treg cells from all spleen leucocytes in WT
(n=6) and Qa-2- animals (n=7). Each symbol represents an individual animal and the mean is indicated. Light grey bars represent WT animals and dark grey bars
represent Qa-2- animals. ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; ns, not significant. Mann-Whitney test.
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accumulation and function between WT and Qa-2- animals. We
observed a strong increase in total splenic MDSC, as well as in
splenic GR-MDSC and MO-MDSC between non-pregnant WT
animals and WT animals at E18.5. In Qa-2- animals however, there
was only a marginal increase in total splenic MDSC at E18.5, while
neither GR-MDSC nor MO-MDSC numbers increased
(Figures 3A–D). Correspondingly, we found strongly increased
numbers of uterine MDSC in WT animals at E18.5 in comparison
to non-pregnant controls, but not in Qa-2- animals (Figures 3E, F).
Interestingly, transcriptome analyses of whole uterine lysates also
showed upregulation of genes encoding for proteins involved in
“immune system processes” and among that especially in cytokine/
chemokine signaling, myeloid cell differentiation, apoptosis
regulation, leucocyte migration and lymphocyte activation in WT
uteri in comparison to Qa-2- uteri (Supplementary Figure 2).

We further analyzed the functional capacity of MDSC from
WT and Qa-2- animals and found a decreased capacity to induce
Tregs in vitro (Figures 3G, H) and a slightly but not significantly
reduced capacity of Qa-2- MDSC to inhibit T-cell proliferation in
comparison to WT MDSC (Figures 3I, J).

Expression of Qa-2 on MDSC Is Regulated
by Estrogen via HIF-1a
As Qa-2- MDSC had reduced functional capacity, we next asked
how Qa-2- expression may be regulated. Flow cytometric
analyses of Qa-2 expression on MDSC and T-cells revealed
that in non-pregnant WT mice between 10% and 60% of
MDSC and all T-cells expressed Qa-2, however Qa-2
expression on MDSC (MFI mean 33.8 ± 25.8) was much lower
than on T-cells (MFI 241.7 ± 137.4); pregnancy increased the
expression of Qa-2 on both MDSC and T-cells (Figures 4A–C).
The same effect could be observed for HLA-G-expression on
human MDSC (Figures 4D, E). To get hints on a potential
hormonal regulation of Qa-2 expression on immune cells, we
analyzed blood of female mice during the menstrual cycle and
found increased Qa-2 expression onMDSC during proestrus and
estrus, the phases with higher estrogen levels (23), than during
metestrus and diestrus (Figures 4F, G). To further evaluate the
effect of estrogen on Qa-2 expression on MDSC, we next
stimulated spleen cells of WT mice with increasing
concentrations of estrogen and showed that Qa-2 expression
on MDSC increased upon estrogen stimulation in a
concentration dependent manner, while Qa-2 expression on T-
cells did not change (Figures 4H–J). Recent data showed that
expression of HLA-G on tumor cells can be regulated by the
transcription factor hypoxia-inducible factor 1a (HIF-1a) (45,
46) and that HIF-1a regulates MDSC function during murine
pregnancy (31). We thus assumed that expression of Qa-2 on
MDSC may be regulated by HIF-1a and stimulated spleen cells
of WT mice with classic (anoxia) and alternative (Escherichia
coli, E. coli) stimuli of HIF-1a. We found that both anoxia and E.
coli stimulation led to an increased expression of Qa-2 on MDSC
(Figures 4K–M), but not on T-cells (Figures 4N, O).
Correspondingly, MDSC isolated from pregnant mice with
targeted deletion of HIF-1a in myeloid cells (HIF-KO)
expressed lower levels of Qa-2 than MDSC isolated from WT
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mice (Figures 4P, Q). Stimulation of myeloid HIF-KO MDSC
with estrogen did not result in an upregulation of Qa-2
expression (Figure 4R). Taken together, our results show that
expression of Qa-2 on MDSC is regulated by estrogen via
HIF-1a.

Application of sHLA-G Improves
Pregnancy Outcome via MDSC
Lastly, we asked whether we could restore pregnancy success in
Qa-2- animals by application of sHLA-G. Pregnant Qa-2- mice
received either 1µg/g bodyweight sHLA-G or PBS at E10.5 and
E14.5. Application of sHLA-G led to a pronounced reduction in
the abortion rate of Qa-2- animals (Figure 5A), accompanied
by a partial restoration of normal trophoblast morphology
(Figure 5B). Furthermore, it marginally increased splenic
MDSC, but strongly increased uterine MDSC (Figures 5C–E).
Simultaneous depletion of MDSC with sHLA-G application
reversed the pregnancy-protective effect of sHLA-G (Figure 5F).
Conversely, adoptive transfer of in vitro generated MDSC also
resulted in a reduced abortion rate in Qa-2- animals (Figure 5G).
To confirm the beneficial effect of sHLA-G on pregnancy outcome
in another model, we treated abortion-prone DBA/2J-mated CBA/
J mice (suffering from early abortions) with sHLA-G or PBS.
Correspondingly, in this model, application of sHLA-G
significantly reduced abortion rates (Figures 5H, I).
DISCUSSION

Our data show that the murine MHC-Ib molecule Qa-2 is
relevant for pregnancy success and protects from late
pregnancy loss by regulating immune adaptation to pregnancy
in terms of modulating T-cell homeostasis and promoting
MDSC accumulation. We further show that expression of Qa-2
on MDSC is relevant for their functionality and regulated by
estrogen viaHIF-1a. Lastly, we show that application of sHLA-G
to abortion-prone Qa-2- mice decreases abortion rates via
induction of MDSC. Adoptive transfer of in vitro generated
MDSC had the same effect as HLA-G application.

It has been shown for a long time that HLA-G is highly
expressed during pregnancy especially by trophoblast cells (3)
mediating various immune-modulatory effects in vitro (4–6).
Furthermore, alterations of HLA-G expression during pregnancy
are associated with adverse pregnancy outcome such as
preeclampsia (47–50). Until now, however, little in vivo
evidence for a pregnancy-preserving role of HLA-G exists.
Since Qa-2 is the most similar murine MHC-Ib molecule to
human HLA-G described so far, we used Qa-2 deficient mice
to evaluate the in vivo role of Qa-2 and HLA-G for
pregnancy outcome.

Our first result of smaller litter sizes and growth restriction
in surviving fetuses in Qa-2- animals in comparison to WT
animals confirms previous studies also describing smaller
litters and smaller offspring in Qa-2- animals (20, 25) and
studies in humans showing an association of HLA-G gene
polymorphisms and birth weight (21). In murine studies,
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FIGURE 3 | Decreased accumulation and function of MDSC in Qa-2 deficient mice. Wildtype (WT) and Qa-2 deficient mice (Qa2-) were term-bred and the day when
a vaginal plug was detected was defined as day E0.5. Mice were euthanized at E18.5 and spleens and uteri were collected. Non-pregnant animals served as
controls. Tissues were homogenized and filtered to obtain single cell suspensions and cells were analyzed by flow cytometry. (A) Representative pseudocolor plots
for Gr-1 versus CD11b showing the population of MDSC in spleen leucocytes in the upper right quadrant. Cells were pre-gated on CD45. (B–D) Percentages of all
MDSC (B), GR-MDSC (C) and MO-MDSC (D) from all spleen leucocytes in non-pregnant animals (np, n=17 for WT and n=21 for Qa-2-) and pregnant animals at
E18.5 (n=16 for WT and n=13 for Qa-2-). Light grey graphs represent WT animals and dark grey graphs represent Qa-2- animals. (E) Representative pseudocolor
plots for Gr-1 versus CD11b showing the population of MDSC in uterus leucocytes in the upper right quadrant. Cells were pre-gated on CD45. (F) Percentages of
MDSC from all uterus leucocytes in non-pregnant animals (np, n=12 for WT and n=20 for Qa-2-) and pregnant animals at E18.5 (n=16 for WT and n=13 for Qa-2-).
Light grey graph represents WT animals and dark grey graph represents Qa-2- animals. Each symbol represents an individual animal and the mean is indicated.
****p < 0.0001; ***p < 0.001; *p < 0.05; ns, not significant. Mann-Whitney test. MDSC were in vitro generated from bone marrow cells (G+H) or isolated by magnetic
activated cell sorting from E18.5 pregnant WT and Qa-2- mice (I+J) and added to MACS isolated splenic CD4+ T-cells from WT mice. (G) Representative pseudocolor
plots for Foxp3 versus CD25 showing the population of Foxp3+ Treg cells after four days of co-culture with MDSC generated from WT and Qa-2- mice in a 2:1 (T-cells:
MDSC) ratio in the upper right quadrant. Cells were pre-gated on CD45, CD3 and CD4. (H) Percentages of Foxp3+ Treg cells of all CD4

+ T-cells without addition of
MDSC, with addition of MDSC generated from WT mice and with addition of MDSC generated from Qa-2- mice (n=10). Each symbol represents an individual animal and
the mean is indicated. Bars represent pooled data from 6-7 independent experiments. (I) Representative histogram plots showing proliferation of CFSE-stained and anti-
CD3/CD28 stimulated T-cells without addition of MDSC and with addition of MDSC generated from WT and Qa-2- mice in a 2:1 (T-cells: MDSC) ratio. (J) Inhibitory effect
of MDSC from WT mice (white bars) and Qa-2- mice (black bars) on proliferation of CD4+ T-cells in different ratios (T-cells:MDSC) (n=6-7). Dashed line shows proliferation
of target CD4+ T-cells without addition of MDSC. Proliferation index was determined as ratio of T-cell proliferation with and without addition of MDSC. **p < 0.001; ns,
not significant. Wilcoxon matched pairs signed rank test (H) and Mann-Whitney test (J).
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FIGURE 4 | Expression of Qa-2 on MDSC is regulated by estrogen via HIF-1a. (A) Representative pseudocolor plots for Gr-1 versus Qa-2 from splenocytes from
non-pregnant (np) and pregnant (p) wildtype (WT) animals showing the percentage of Qa-2 expressing MDSC in the upper right quadrant. Cells were pre-gated on
CD45 and CD11b. (B) Percentages of Qa-2 expressing MDSC from all spleen MDSC from non-pregnant (n=13) and pregnant WT mice (n=13). (C) MFI for Qa-2 on
spleen T-cells from non-pregnant (n=23) and pregnant WT mice (n=14). (D) Representative pseudocolor plots for CD66b versus HLA-G from PBMC from non-
pregnant (np) and pregnant (p) women showing the percentage of HLA-G expressing MDSC in the upper right quadrant. (E) Percentages of HLA-G expressing
MDSC from all MDSC in the peripheral blood of non-pregnant (n=18) and pregnant women (n=21). (F) Representative images of H&E stained vaginal swabs from the
four different phases of the mouse estrus cycle. (G) Percentages of Qa-2 expressing cells from all blood CD11b+/Gr-1+ cells in proestrus & estrus (n=14) and
metestrus & diestrus (n=17). (H) Representative pseudocolor plots for Gr-1 versus Qa-2 from splenocytes from WT mice without stimulation (ctrl) and with
stimulation with 100nM estrogen showing the percentage of Qa-2 expressing MDSC in the upper right quadrant. Cells were pre-gated on CD45 and CD11b.
(I) Percentages of Qa-2 expressing MDSC from all spleen MDSC from WT mice without stimulation and with stimulation with estrogen in rising concentrations (n=7).
(J) MFI for Qa-2 on spleen T-cells from wildtype mice without stimulation and with stimulation with estrogen in rising concentrations (n=5). (K) Representative
pseudocolor plots for Gr-1 versus Qa-2 from splenocytes from wildtype (WT) mice cultured under normoxia (ctrl) or anoxia for 4 h showing the percentage of Qa-2
expressing MDSC in the upper right quadrant. Cells were pre-gated on CD45 and CD11b. (L) Percentages of Qa-2 expressing MDSC from all spleen MDSC from
WT mice cultured under normoxia or anoxia (n=5). (M) Percentages of Qa-2 expressing MDSC from all spleen MDSC from WT mice without stimulation or with
stimulation with (E) coli (n=5). (N) MFI of Qa-2 on spleen T-cells from WT mice cultured under normoxia or anoxia (n=5). (O) MFI of Qa-2 on spleen T-cells from
wildtype mice without stimulation or with stimulation with (E) coli (n=5). (P) Representative pseudocolor plots for Gr-1 versus Qa-2 from splenocytes from pregnant
WT animals and pregnant animals with targeted deletion of HIF-1a in myeloid cells (HIF-KO) showing the percentage of Qa-2 expressing MDSC in the upper right
quadrant. Cells were pre-gated on CD45 and CD11b. (Q) Percentages of Qa-2 expressing MDSC from all spleen MDSC from WT mice (n=5) and from HIF-KO mice
(n=5). (R) Percentages of Qa-2 expressing MDSC from all spleen MDSC from HIF-KO mice without stimulation and with stimulation with estrogen in rising
concentrations (n=5). Each symbol represents an individual animal/women and the mean is indicated. ****p < 0.0001; **p < 0.01; *p < 0.05; ns, not significant.
Mann-Whitney test (B, C, E, G, Q) and Wilcoxon matched-pairs signed rank test (I, J, L–O, R).
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expression of Qa-2 on the fetal side was found to be
advantageous for survival, leading to a higher embryonic
cleavage rate (20, 51, 52). Correspondingly, HLA-G expression
in early embryos seems to be important for obtainment of
pregnancy (18, 19) and maternal expression and haplotype of
HLA-G may predict success of in vitro fertilization (53).
Additionally, we now show increased rates of pregnancy loss in
Qa-2- animals especially during late pregnancy accompanied by
Frontiers in Immunology | www.frontiersin.org 1279
profound changes in maternal adaptation to pregnancy in
comparison to WT mice, demonstrating that Qa-2 not only
plays a local role in fetal tissue but is also systemically needed in
the maternal organism to facilitate a successful pregnancy.

In pregnant Qa-2- animals we found an unorganized
trophoblast invasion and altered spiral artery morphology with
thicker vessel in comparison to WT animals. Remodeling of
uterine spiral arteries driven by invasion of trophoblast cells to
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FIGURE 5 | sHLA-G improves pregnancy outcome. (A–F)Qa-2 deficient mice (Qa2-) were term-bred and the day when a vaginal plug was detected was defined as day E0.5.
At E10.5 and E14.5 mice received either PBS, 1µg/g bodyweight sHLA-G or 1µg/g bodyweight sHLA-G and anti-Ly6G-antibody. (A) Abortion rate (percentage of resorbed
fetuses per litter) of Qa-2- mice after application of PBS (ctrl, n=6) or sHLA-G (n=6) at E18.5. (B) Representative images of H&E stained chorionic villi Qa-2- animals that received
sHLA-G. (C) Percentages of MDSC in spleens of pregnant Qa-2- animals after application of PBS (ctrl, n=6) or sHLA-G (n=6) at E18.5. (D) Representative pseudocolor plots for
Gr-1 versus CD11b showing the population of MDSC in uterus leucocytes of Qa-2- mice after application of PBS or sHLA-G in the upper right quadrant. Cells were pre-gated
on CD45. (E) Percentages of MDSC in uteri of pregnant Qa-2- animals after application of PBS (ctrl, n=6) or sHLA-G (n=6) at E18.5. (F) Abortion rate of Qa-2 deficient mice after
application of PBS (ctrl, n=7) or sHLA-G and anti-Ly6G-antibody (n=4) at E18.5. (G+H) Female CBA/J mice were term-bred with male DBA/2J mice and the day when a vaginal
plug was detected was defined as day E0.5. At E0.5, E3.5, E6.5 and E9.5 mice received either PBS or 1µg/g bodyweight sHLA-G. (G) Abortion rate of Qa-2 deficient mice after
application of PBS (ctrl, n=5) or MDSC (n=5) at E18.5. (H+I) Female CBA/J mice were term-bred with male DBA/2J mice and the day when a vaginal plug was detected was
defined as day E0.5. At E0.5, E3.5, E6.5 and E9.5 mice received either PBS or 1ug/g bodyweight sHLA-G. (H) Representative uteri containing fetal-placental units from PBS
(ctrl, n=7) and sHLA-G treated mice (n=5) at gestational day E10.5. Arrows show resorbed fetuses. (I) Abortion rate of CBA/J mice after application of PBS (ctrl, n=7) or sHLA-G
(n=5) at E10.5. Each symbol represents an individual animal and the mean is indicated. *p < 0.05; ns, not significant. Mann-Whitney test.
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the maternal decidua is one of the critical steps in maternal
adaptation to pregnancy as it permits normal placental perfusion
and fetal growth and development (54). Inadequate trophoblast
invasion and spiral artery remodeling results in placental
hypoxia and may lead to development of preeclampsia and
fetal growth restriction (55). It should be mentioned at this
point that the structure of human and murine placentas and thus
also the localisation of HLA-G and Qa2 differ. HLA-G is
expressed by extravillous trophoblast cells, which migrate into
the maternal decidua, whereas Qa-2, which is expressed by
trophoblast giant cells, is found more locally at the boundary
layer between decidua and labyrinth (56, 57).

In Qa-2- placentas, we observed profound changes in
trophoblast morphology in comparison to WT placentas with
cytoplasmic storage of eosinophilic aggregates and enrichment of
proteins involved in protein metabolism. Interestingly, it has
been shown that during preeclampsia, misfolded proteins
accumulate in urine, serum and placenta similar to the protein
accumulation observed in neurodegenerative disorders like
Alzheimer´s disease (58–60). Our findings of an altered
trophoblast invasion and spiral artery remodeling, pathological
protein storage in placenta, fetal growth restriction and late
abortions may suggest the development of a preeclampsia-like
phenotype in Qa-2- mice. This assumption is supported by
recent data from others showing that injection of an anti-Qa-2
antibody led to preeclampsia symptoms in mice that could be
abrogated by simultaneous injection of recombinant VEGF (61).
It also corresponds to human data showing that an altered
pattern of HLA-G expression on trophoblast cells is associated
with preeclampsia (47, 50).

We further found significant differences in immunological
adaptation to pregnancy between WT and Qa-2- animals. In
pregnant Qa-2- mice but not in pregnant WT mice we found an
increase in splenic T-cells in comparison to non-pregnant
controls – an effect that may be associated with pregnancy loss
(62). Analysis of T-cell subpopulations showed differences in
numbers of effector memory T-cells, Tregs and Th17 cells
between pregnant WT and Qa-2- animals. The CD44+/CD62L-
effector memory CD4+ and CD8+ T-cell subsets were increased
in pregnant Qa-2- mice, while naïve CD8+ and central memory
CD4+ T-cells were decreased. This points towards a higher
activation status of T-cells in Qa-2- mice. A recent study
showed that effector/activated T-cells led to adverse pregnancy
outcome, i.e. preterm birth (63). Furthermore, patients with
preeclampsia downregulate CD62L on T-cells (64).

Balance between Th1 and Th2 cells did not differ betweenWT
and Qa-2- animals, while Tregs decreased and Th17 cells
increased in pregnant Qa-2- in comparison to pregnant WT
mice. This effect corresponds to the T-helper cell changes
described in patients with preeclampsia (65). Studies in mice
showed that expansion of Tregs was relevant for healthy
pregnancy and that adoptive transfer of Tregs protected from
abortions (66, 67).

Both, systemically and locally in the uterus, we observed a
strong increase in MDSC in WT but not in Qa-2- mice. The
accumulation of MDSC and its relevance for successful
Frontiers in Immunology | www.frontiersin.org 1380
pregnancy has been described previously in different mouse
models [reviewed in (68)]. However, all these studies focused
on early- to mid-gestation (31–33). Our present results now
illustrate that MDSC accumulation also seems to be relevant for
pregnancy success in later stages of pregnancy. Interestingly,
Ostrand-Rosenberg et al. showed that a single depletion of
MDSC at E8.5 did not affect pregnancy outcome (32).
However, since antibody-mediated MDSC depletion lasts only
three days (69), one injection at E8.5 may be insufficient to
examine the role of MDSC during late pregnancy. In
correspondence to the increased accumulation of MDSC in
uteri of WT mice we observed an upregulation of genes
involved in myeloid differentiation, leucocyte migration and
chemotaxis in transcriptome analyses of WT whole uterine
lysates in comparison to Qa-2- animals. Corresponding to that,
we previously showed that sHLA-G in vitro led to a quantitative
and functional induction of MDSC (34). We thus assume that a
combination of direct and indirect effects of Qa-2 attract MDSC
to the pregnant uterus in vivo.

The exact mechanism by which Qa-2 interacts with MDSC
during pregnancy remains unclear. There are two candidates for
Qa-2 receptors on immune cells, the paired immunoglobulin-
like inhibitory receptor (PIR-B) on myeloid cells and B-cells,
which have been shown to interact with MHC class I (70)
molecules and HLA-G (71, 72) and Ly49C on NK-cells (73).
However, for both, clear evidence for a functional interaction
with Qa-2 is lacking. MDSC from pregnant WT animals
expressed PIR-B (data not shown) and therefore may be able
to bind Qa-2/HLA-G. However, we did not go further into detail
of this interaction for example by simultaneous blocking PIR-B
and application of HLA-G.

Since the main effector function of MDSC is an inhibition of
T-cell activation, one could hypothesize that increased activation
of T-cells in Qa-2- animals results from a decreased MDSC
influence. However, contrary to our results, MDSC have been
shown to downregulate CD62L on T-cells (32, 74). As Qa-2 is
also highly expressed on T-cells, the lack of Qa-2 itself may lead
to differences in T-cell activation between WT and Qa-2- mice
overlapping the effect of MDSC.

A crosstalk between Tregs and MDSC has been described
extensively under tumor conditions (reviewed in (75)). Kang
et al. described an induction of Tregs by MDSC via production of
TGF-b in vivo during pregnancy (76), while we showed in vitro
that fetal human MDSC as well as exosomes released by MDSC
from pregnant women were able to induce Tregs (77, 78). We now
demonstrate that induction of Tregs by MDSC was reduced in
absence of Qa-2 on MDSC. This is in line with two studies
showing an induction of Tregs by mesenchymal stem cells (MSCs)
via HLA-G (79). Treg induction by MDSC may explain the
decreased numbers of Tregs in pregnant Qa-2- mice. Although
the differences we measured in our functional assay are not huge,
together with the lower Treg levels in pregnant Qa-2- mice, we
consider this effect to be biologically relevant.

Due to the observed functional differences between WT and
Qa-2- MDSC, we asked whether Qa-2 contributes to the
functional activation of MDSC during pregnancy. Although
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the main source of Qa-2 during pregnancy is embryonic tissue, it
is known that Qa-2 is also expressed on immune cells (36). We
found an obvious, albeit low, expression of Qa-2/HLA-G also on
MDSC. Furthermore, we found that MDSC isolated from
pregnant individuals (mice and women) expressed higher
levels of Qa-2, respectively HLA-G, than MDSC from
non-pregnant individuals and that Qa-2 expression on MDSC,
but not on T-cells, could be stimulated by the pregnancy
hormone estrogen. Immunomodulatory effects of estrogens
have been repeatedly described, e.g. an expansion of Tregs

and a modulation of Th-cell cytokine expression (80, 81).
Furthermore, it could be shown that estrogen mediates
expansion and functional activation of MDSC (82, 83). However,
upregulation of Qa-2 expression on MDSC by estrogen is a yet
unknown mechanism.

We further showed that the effect of estrogen on Qa-2
expression on MDSC during pregnancy was mediated through
HIF-1a. This is in line with results from other groups showing
that estrogen can activate HIF-1a (84) and that activation of
HIF-1a stimulated HLA-G-expression in cancer cells (45, 46).
We recently showed that expression of HIF-1a was relevant for
MDSC accumulation and function during pregnancy and that
targeted deletion of HIF-1a in myeloid cells (myeloid HIF-KO)
led to pregnancy failure in terms of abortions (31). Our new
results suggest that an impaired expression of Qa-2 on MDSC
may at least partially be responsible for the adverse pregnancy
outcome in myeloid HIF-KO mice.

Lastly, we aimed to investigate the therapeutic effect of sHLA-
G on pregnancy outcome. We showed that application of sHLA-
G reduced the abortion rate in Qa-2- animals, restored placental
morphology and induced uterine MDSC accumulation.
Simultaneous antibody-mediated depletion of MDSC nullified
the protective effect of sHLA-G while adoptive transfer of in vitro
generated MDSC protected from abortions as well as HLA-G
application. Interestingly, the protective effect of sHLA-G on
abortion rate was also observed in a mouse model with early
abortions (CBA/J x DBA/2J mating model) pointing towards
positive effects not only during late but also during early
gestation. The fact that CBA/J mice also lack Qa-2 expression
may explain their good response to HLA-G. Previous studies in
mice showed protective effects of HLA-G on transplant rejection
(71, 85) and collagen-induced arthritis (86); furthermore, sHLA-
G was shown to allow tumor evasion from immunosurveillance
(72, 87), with some of these effects being mediated by an
expansion of MDSC (72, 87, 88). These results together with
those reported here suggest that a mutual support of HLA-G and
MDSC helps to protect allografts from immune rejection and
that this interaction is helpful whenever tolerance is needed to
survive (pregnancy, organ transplantation), but detrimental in
case of tumor growth. Further studies are needed to work out the
exact mechanisms behind this effect at different stages of
pregnancy. As we aimed to demonstrate an in vivo protective
effect of HLA-G on murine pregnancy outcome that could be
transferred to human pregnancy, we did not include the
application of recombinant Qa-2 in our experimental settings.
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One limitation of our study is that we used a syngeneic
mating model. Since allo antigens play an important role for
immunological pregnancy complications and especially for
preeclampsia it may be worth to investigate allogeneic
pregnancy. However, in our case, allogeneic mating would
have led to expression of Qa-2 by the fetuses making it
impossible to investigate the effect of a total lack of Qa-2.
Another limitation is that HLA-G is not endogenously
expressed in mice. Thus, we used mice lacking Qa-2, the only
homologue-candidate for HLA-G yet known, for analyzing its
impact on pregnancy outcome. However, although HLA-G is a
human MHC I molecule, it binds to the murine paired
immunoglobulin-like inhibitory receptor (PIR-B) and mediates
tolerogenic effects in mice making it possible to analyze its effects
in-vivo (71, 72). As we observed relevant pregnancy losses in our
model in the second half of pregnancy, we started HLA-G
application only on day E10.5. Earlier HLA-G administration
could have an additional positive effect, as it could possibly
already influence the spiral artery remodeling in the uterus at
earlier timepoints. Another point worth mentioning is that, in
contrast to previous studies with Qa-2 mice (B6.K1) (24, 25), we
did not use B6.K2 as a control strain, but normal C57BL6/J mice.
To our best knowledge and the knowledge of the supplier, the
only difference between B6.K2 and C57BL6/J is that B6.K1 and
B6.K2 models were developed in parallel and B6.K2 mice might
differ from C57BL6/J mice in the substrain. However this does
not influence the haplotype, which is H2b4 for both B6.K2 and
C57BL6/J (carrying the allels Kb, Db, Qa 2a(hi) and Tlab) and thus
should not influence pregnancy outcome.

In conclusion, we here describe the impact of Qa-2 on
maternal phenotype and immune adaptation during
pregnancy, providing evidence that Qa-2 may prevent the
development of preeclampsia and abortions by promoting
MDSC accumulation and functional activation. We further
show for the first time in-vivo that application of sHLA-G
improves pregnancy outcome via MDSC induction. These
results give reason to hope that synthetic sHLA-G may find a
place in the prevention of immunological pregnancy
complications like abortions and preeclampsia.
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Background: Preeclampsia is a serious complication of pregnancy that threatens the

safety of the fetus and mother. We assessed the relationship between systolic blood

pressure (SBP) in the early pregnancy stage (12 weeks) in patients with preeclampsia

and the development of severe eclampsia and birth weight.

Methods: Patients were categorized based on the quartiles of the prenatal first SBP

level. Logistic regression analysis was performed to assess whether prenatal first SBP

was a risk factor for low birth weight and severe preeclampsia. The area under the

receiver-operating characteristic curve (AUC) of sensitivity and specificity were used to

predict the risk of low birth weight and severe preeclampsia.

Results: A total of 333 patients with preeclampsia were enrolled. There were 162

(48.6%) patients with severe preeclampsia and 270 (81.08%) cesareans. Group I patients

with a prenatal first SBP≤ 119 mmHg prenatal had a higher birth weight. Multiple logistic

regression analysis showed that serum creatinine (p = 0.025), prenatal first SBP (p =

0.029), S-preeclampsia (p = 0.003), gestational age (p < 0.001), total cholesterol (TC)

(p < 0.001), and low-density lipoprotein (LDL) (p < 0.001) were independent risk factors

for low birth weight. Multiple logistic regression analysis showed that prenatal first SBP

(p = 0.003), TC (p = 0.002), and B-type natriuretic peptide (BNP) (p < 0.001) were

independent risk factors for severe preeclampsia. Compared with Group I (SBP ≤ 119

mmHg), the incidence of low birth weight for patients in groups III (131 ≤ SBP ≤ 138

mmHg) and IV (SBP ≥ 139 mmHg) was significantly higher. Even after correcting for age,

gestational age, and biochemical indices, the difference remained statistically significant.

The risk of diagnosed severe preeclampsia for patients in Groups IV (SBP ≥ 139 mmHg),

III (131 ≤ SBP ≤ 138 mmHg), and II (120 ≤ SBP ≤ 130 mmHg) was significantly higher

than that in Group I (SBP ≤ 119 mmHg). The AUC of the prenatal first SBP for predicting

low birth weight and severe preeclampsia was 0.676 (95% CI 0.618–0.733, p < 0.001)

and 0.727 (95% CI 0.673–0.781, p < 0.001), respectively, in patients with preeclampsia.

Conclusions: Prenatal first SBP was associated with birth weight and severe

preeclampsia. Higher prenatal first SBP in patients with preeclampsia can predict low

birth weight and severe preeclampsia.

Keywords: preeclampsia, severe preeclampsia, birth weight, systolic blood pressure, prenatal
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INTRODUCTION

Preeclampsia is a serious complication of pregnancy that
threatens the safety of the fetus and mother. Preeclampsia and
eclampsia, which vary greatly from region to region, cause
approximately 50,000 maternal deaths worldwide every year (1).
Although the application of magnesium sulfate has reduced the
incidence rate of eclampsia (2), it remains an important reason
for the threat of maternal life safety. Preeclampsia is mainly
characterized by new hypertension and proteinuria and can
develop into multiple organ damage, such as visceral, renal, and
cerebrovascular damage. Its risk factors mainly include whether
the mother has complications, such as chronic kidney disease,
hypertension, obesity, familial preeclampsia, previous eclampsia,
or fetal intrauterine growth restriction.

Blood pressure is an important indicator for the diagnosis
of preeclampsia. Blood pressure higher than 160/110 mmHg
is characteristic of the diagnosis of severe preeclampsia (3).
Currently, the mechanism of preeclampsia is unclear. Placental
ischemia may be one of the important mechanisms leading
to preeclampsia, which may occur in the early stages of
pregnancy. Hypoxia and energy demands are unbalanced during
early pregnancy (4). Studies have reported that a decrease
in vasodilation function, circulating nitrous oxide (NO), and
an increased cholesterol level are important evidence that
endothelial cell injury may precede preeclampsia (5). Currently,
there is no relevant report on the relationship between changes in
blood pressure in the early stage of pregnancy and the prognosis
of patients with preeclampsia. Therefore, this study observed the
systolic blood pressure (SBP) at early pregnancy (12 weeks) in
patients with preeclampsia and defined the relationship between
the SBP level and the development of severe eclampsia and
birth weight.

METHODS

Patients
This study protocol was approved by the ethics committee
of the First Affiliated Hospital of Fujian Medical University.
All patients provided written informed consent to participate
in this study. Patient inclusion criteria included providing
written informed consent, aged >18 years, and diagnosed
with preeclampsia between June 2015 and July 2021. Patients
with infection, trauma, mental illness, hypertension, connective
tissue disease, kidney disease, nervous system diseases, multiple
pregnancies, congenital anomalies, preterm premature rupture
of membrane, diabetes, and those who needed antibiotics,
corticosteroids, or immunosuppressive agents within a month
were excluded. Of the 362 patients, six were excluded due
to connective tissue disease and use of corticosteroids or
immunosuppressive agents, eight due to infection or antibiotic
use within a month, nine due to chronic kidney disease, and
six due to hypertension. Finally, a total of 333 individuals
were included.

Clinical data were recorded, including the history of the
disease, concomitant disease (kidney disease and hypertension),
medications, prenatal first blood pressure, prenatal blood

pressure, laboratory data, and delivery model. The primary
endpoints were birth weight and severe preeclampsia. Severe
preeclampsia was defined by any of the findings of severe
features based on the American College of Obstetricians and
Gynecologists (ACOG) 2013 criteria: blood pressure ≥ 160/110
mmHg (on two occasions at least 4 h apart), thrombocytopenia
(platelet count <100,000/µl), progressive renal insufficiency
(serum creatinine ≥ 1.1 mg/dl or doubling serum creatinine
in the absence of other renal diseases), new-onset cerebral or
visual disturbances, and pulmonary edema (3). Prenatal first
blood pressure will be tested at 12 weeks of gestational age. Birth
weight < 2,500 g was classified as low birth weight and ≥ 2500 g
as normal.

Laboratory Tests
Blood samples were collected before the delivery. Blood
biochemical indices, including average values of calcium
(Ca2+), phosphate(P3+), total cholesterol (TC), triglyceride
(TG), low-density lipoprotein (LDL) cholesterol, high-density
lipoprotein (HDL) cholesterol, albumin (Alb), hemoglobin
(Hb), B-type natriuretic peptide (BNP), fibrinogen, uric acid
(UA), and lactate dehydrogenase (LDH) were measured in
all patients.

Statistical Analysis
The Kolmogorov–Smirnov test was used to estimate the
Gaussian distribution of the data, and p > 0.05 indicated a
normal distribution. Normally distributed measurement data
are represented as mean ± SD, and the Bonferroni test was
used for pairwise comparisons among groups. Measurement
data that were not normally distributed are represented as
median and quartile, and the Mann–Whitney U-test was used
for comparisons between groups. We categorized patients based
on the quartiles of the prenatal first SBP levels within our study
population. Comparisons between groups for quantitative data
were conducted using the chi-square test or Fisher’s exact test.
Categorical variables are expressed as numbers (or percentages).
A logistic regression analysis was performed to assess whether
prenatal first SBP was a risk factor for low birth weight and
severe preeclampsia. The area under the receiver-operating
characteristic (ROC) curve (AUC) of sensitivity and specificity
was used to predict the risk of low birth weight and severe
preeclampsia. Statistical significance was set at p < 0.05. SPSS
15.0 (SPSS Inc., Chicago, IL, USA) was used for all statistical
analyses and figures.

RESULTS

Clinical Manifestations and Biochemical
Tests
Among the 333 patients with preeclampsia, the mean age
was 32.00 ± 5.03 years, and the median birth weight was
2,800.00 (2,100.00, 3,500.00) g. There were 162 (48.6%) cases
of severe preeclampsia and 270 (81.08%) cesarean sections.
Based on the quartiles of prenatal first SBP, the patients were
divided into four groups: group I had a prenatal first SBP ≤

119mmHg renatal f; group II had a prenatal first SBP between
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120–130 mmHg, group III had a prenatal first SBP between
131 and 138 mmHg, and group IV had a prenatal first SBP
≥ 139mmHg prenatal. Table 1 shows that the birth weight
in groups III and IV was significantly lower than that in
group I (p < 0.001). The values of Hb, Scr, ACR, and 24 h
protein urine were higher in Groups III and IV than that in
Group I. Intravenous antihypertensive drugs were used more
frequently in groups III and IV. There were no significant
differences in LDL, HDL, fibrinogen, and BNP levels between
the groups.

Analysis of Risk Factors for Low Birth
Weight and Severe Preeclampsia
Univariate analysis showed that prenatal first SBP was correlated
with low birth weight. Multiple logistic regression analysis

showed that serum creatinine (hazard ratio [HR] = 0.380, 95%
CI 0.163–0.884, p = 0.025), prenatal first SBP (HR = 2.652, 95%
CI 1.107–6.357, p = 0.029), S-preeclampsia (HR = 4.123, 95%
CI 1.620–10.493, p = 0.003), gestational age (HR = 0.043, 95%
CI 0.017–0.110, p < 0.001), TC (HR = 0.093, 95% CI 0.026–
0.329, p < 0.001), and LDL (HR = 22.816, 95% CI 6.208–88.859,
p < 0.001) were independent risk factors for low birth weight
(Table 2).

Univariate analysis showed that the first prenatal SBP
was correlated with severe preeclampsia. Multinomial logistic
regression analysis showed that prenatal first SBP (HR = 3.490,
95% CI 1.539–7.915, p= 0.003), TC (HR= 3.582, 95% CI 1.599–
8.020, p = 0.002), BNP (HR = 9.167, 95% CI 3.737–22.486,
p < 0.001) were independent risk factors for severe preeclampsia
(Table 3).

TABLE 1 | Basic patient demographic characteristics and laboratory data by quartiles of prenatal first systolic blood pressure (SBP) in patients with preeclampsia.

All I

≤ 119 mmHg

II

120–130 mmHg

III

131–138 mmHg

IV

≥ 139 mmHg

General condition

Number (n,%) 333 (100) 84 (25.23) 87 (26.11) 84 (25.23) 78 (23.43)

Age (years, x ± s) 32.00 ± 5.03 30.14 ± 4.27 30.76 ± 4.56 32.96 ± 4.56** 34.35 ± 5.64**

Gestational age (w) 37.57

(34.29, 39.14)

38.57

(38.14, 39.68)

38.29

(36.14, 39.71)

36.36

(30.46, 38.82)**

34.71

(30.14, 37.57)**

Cesarean (n, %) 270 (81.08) 57 (67.9) 75 (86.21)** 66 (78.57) 72 (92.3)**

Birth weight [g,M(1/4,3/4)] 2800.00

(2100.00, 3500.00)

3175.00

(2755.00, 3760.00)

3000.00

(2400.00, 3600.00)

2500.00

(1290.00, 3175.00)**

2050.00

(1120.00, 2850.00)**

S-preeclampsia (n,%) 162 (48.6) 15 (17.9) 45 (51.7)** 51 (60.7)** 51 (65.4)**

Lab tests

Hb (g/l, x ± s) 122.58 ± 15.27 118.92 ± 13.89 119.62 ± 17.24 128.21 ± 10.95** 123.77 ± 16.57*

Scr (mmol/l, x ± s) 54.19 ± 14.67 49.85 ± 11.54 53.32 ± 15.22 55.38 ± 12.89* 58.10 ± 17.42**

UA (mmol/l, x ± s) 317.40 ± 82.22 374.38 ± 82.81 421.83 ± 74.48** 422.33 ± 85.78** 377.40 ± 84.23

ACR [g/mg,M(1/4,3/4)] 1240.76

(153, 334.14)

453.00

(67.87, 2733.13)

1133.85**

(334.47, 1900.10)

1315.36**

(101.67–3776.35)

2649.73**

(309.96, 4322.81)

24 h protein urine [g/d,M(1/4,3/4)] 1.33

(0.47, 4.03)

0.68

(0.41, 1.82)

1.34**

(0.42, 1.83)

1.52**

(0.53, 2.84)

4.24**

(0.58, 6.50)

Alb (g/l, x ± s) 30.45 ± 4.20 31.70 ± 2.95 31.44 ± 3.43 29.73 ± 5.55** 28.87 ± 3.71**

TG (mmol/l, x ± s) 3.25 ± 1.32 3.83 ± 1.98 2.76 ± 1.08** 3.15 ± 0.95* 3.51 ± 1.28

TC (mmol/l, x ± s) 5.94 ± 1.5 6.06 ± 1.76 5.37 ± 1.07* 6.06 ± 1.49 6.26 ± 1.60

LDL (mmol/l, x ± s) 3.33 ± 1.22 3.5 ± 1.44 2.99 ± 0.92 3.45 ± 1.21 3.39 ± 1.31

HDL (mmol/l, x ± s) 1.86 ± 0.43 1.75 ± 0.34 1.88 ± 0.48 1.84 ± 0.49 1.93 ± 0.35

Ca (mmol/l, x ± s) 2.03 ± 0.24 2.09 ± 0.25 2.01 ± 0.23* 2.03 ± 0.24 1.98 ± 0.21**

Fib (g/l, x ± s) 4.65 ± 0.83 4.51 ± 0.77 4.31 ± 0.85 4.29 ± 1.12 4.65 ± 0.83

BNP [pg/ml,M(1/4,3/4)] 54.15

(22.43, 92.19)

56.00

(21.00, 80.00)

64.43

(44.99, 129.93)

32.65

(19.33, 98.01)

48.03

(19.00, 74.78)

LDH (U/L, x ± s) 311.64 ± 156.38 256.46 ± 102.19 327.21 ± 151.16** 318.46 ± 169.26** 346.35 ± 181.42**

GPT (U/L, M1/4,3/4) 17.00

(12.00, 28.00)

16.00

(15.00, 30.00)

16.00

(11.00, 30.00)

21.00

(11.00, 27.25)

15.00

(12.00, 20.00)

Antihypertensive

β-blocker (n, %) 201 (60.4) 21 (25) 48 (55.2)** 60 (71.4)** 72 (92.3)**

Intravenous (n, %) 42 (12.6) 0 (0) 3 (3.4) 21 (25)** 18 (23.1)**

CCB (n, %) 144 (43.2) 21 (25) 33 (37.8) 42 (50)** 48 (61.5)**

*Compared with Group I p < 0.05; **compared with group I p < 0.001; Hb, hemoglobin; Alb, serum albumin; Scr, serum creatinine; UA, uric acid; GPT, glutamic pyruvic transaminase;

TG, triglyceride; TC, total cholesterol; LDL, low density lipoprotein; HDL, high density lipoprotein; Ca, calcium; BNP, B-type natriuretic peptide; S-preeclampsia, severe preeclampsia;

ACR, albumin creatinine ratio; Fib, fibrinogen; LDH, lactate dehydrogenase; Intravenous, intravenous drug application; CCB, calcium blocker.
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TABLE 2 | Logistic regression analysis risk factors for low birth weight in patients with preeclampsia.

Univariate analysis Multi variate analysis

HR P HR P

Age (32 years-old) 3.048 (0.538–17.271) 0.208

Hb (123 g/l) 2.693 (0.504–14.395) 0.247

Scr (54.88 umol/l) 0.198 (0.033–0.970) 0.002 0.380 (0.163–0.884) 0.025

UA (391 umol/l) 0.154 (0.017–1.423) 0.099

Alb (30.2 g/l) 0.029 (0.002–0.382) 0.007

TG (3.41 mmol/l) 0.046 (0.006–0.383) 0.004

TC (6.07 mmol/l) 0.037 (0.004–0.329) 0.003 0.093 (0.026–0.329) <0.001

LDL (3.35 mmol/l) 37.766 (4.890–291.664) <0.001 22.816 (6.208–83.859) <0.001

HDL (1.89 mmol/l) 6.803 (0.961–48.177) 0.055

Ca (1.92 mmol/l) 5.442 (0.939–31.518) 0.059

Fibrinogen (4.4 g/l) 0.161 (0.025–1.023) 0.530

BNP (54.3 pg/ml) 1.690 (0.365–7.823) 0.502

24 h protein urine (1.66 g/d) 0.972 (0.298–3.167) 0.962

Prenatal first SBP (130 mmHg) 5.793 (1.556–21.562) 0.009 2.652 (1.107, 6.357) 0.029

S–preeclampsia 2.400 (1.570–12.608) 0.005 4.123 (1.620–10.493) 0.003

Gestational age (35.7 weeks) 0.038 (0.028–0.243) <0.001 0.043 (0.017–0.110) <0.001

HR, hazard ratio; Hb, hemoglobin; Alb, serum albumin; Scr, serum creatinine; UA, uric acid; TG, triglyceride; TC, total cholesterol; LDL, low density lipoprotein; HDL, high density

lipoprotein; Ca, calcium; BNP, B-type natriuretic peptide; and S-preeclampsia, severe preeclampsia.

TABLE 3 | Logistic regression analysis risk factors for severe preeclampsia in patients with preeclampsia.

Univariate analysis Multi variate analysis

HR P HR P

Age (32 years-old) 8.273 (2.204–31.057) 0.002

Hb (123 g/l) 0.159 (0.042–0.598) 0.007

Scr (54.88 umol/l) 0.11.932 (0.555–6.722) 1.932

UA (391 umol/l) 0.173 (0.047–0.642) 0.009

Alb (30.2 g/l) 2.487 (0.645–9.585) 0.186

TG (3.41 mmol/l) 1.084 (0.328–3.580) 0.895

TC (6.07 mmol/l) 5.674 (1.849–17.407) 0.002 3.582 (1.599–8.020) 0.002

LDL (3.35 mmol/l) 0.698 (0.128–3.809) 0.678

HDL (1.89 mmol/l) 0.381 (0.078–1.874) 0.381

Ca (1.92 mmol/l) 1.944 (0.601–6.287) 0.267

Fibrinogen (4.4 g/l) 1.221 (0.342–5.223) 0.329

BNP (54.3 pg/ml) 53.297 (8.836–321.485) <0.001 9.167 (3.737–22.486) <0.001

24 h protein urine (1.66 g/d) 4.097 (1.700–9.876) 0.002

Prenatal first SBP (130 mmHg) 10.542 (2.705–41.090) 0.001 3.490 (1.539–7.915) 0.003

Birth weight 1.148 (0.304–4.337) 0.839

Gestational age (35.7 weeks) 3.715 (0.835–16.520) 0.085

HR, hazard ratio; Hb, hemoglobin; Alb, serum albumin; Scr, serum creatinine; UA, uric acid; TG, triglyceride; TC, cholesterol; LDL, low density lipoprotein; HDL, high density lipoprotein;

Ca, calcium; and BNP, B–type natriuretic peptide.

Relationship Between Prenatal First SBP
and Low Fetal Weight, Severe
Preeclampsia
Compared with patients in group I (≤ 119mmHg), the risk of low
birth weight for patients in group III (120–130mmHg) and IV (≥
139 mmHg) were significantly higher. After correcting for age,
gestational age, and biochemical indices, the difference remained

statistically significant. For patients in group IV (≥ 139mmHg

statistic), the risk of low birth weight significantly increased by

271.8% compared with that in Group I (≤ 119mmHg hat in Gr)

(p < 0.001) (Table 4).
Among the patients who were diagnosed with severe

preeclampsia, the risk of severe preeclampsia diagnosed in

Group IV (≥ 139 mmHg), III (120–130 mmHg), and II
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TABLE 4 | Association of prenatal first SBP and low birth weight.

I

≤ 119 mmHg

II

120–130 mmHg

III

131–138 mmHg

IV

≥ 139 mmHg

n with low birth weight/total 18/84 39/87 45/84 48/78

Unadjusted 1 1.970

(1.058–3.669)

P = 0.033

2.436

(1.301–4.561)

P = 0.005

5.730

(2.908–11.291)

P < 0.001

Fully adjusteda 1 2.604

(1.160, 2.805)

P = 0.107

2.534

(1.309–4.905)

P = 0.006

3.718

(1.779–7.771)

P < 0.001

aAdjusted for age, Hb, Scr, Alb, TC, LDL, 24 h protein urine, and gestational age.

TABLE 5 | Association of prenatal first SBP and severe preeclampsia.

I

≤ 119 mmHg

II

120–130 mmHg

III

131–138 mmHg

IV

≥ 139 mmHg

n with s–preeclampsia /total 15/84 45/87 51/84 51/78

Unadjusted 1 4.929

(2.45, 9.915)

P < 0.001

7.109

(3.497–14.454)

P < 0.001

8.689

(4.197, 17.987)

P < 0.001

Fully adjusteda 1 5.978

(2.133, 16.765)

P = 0.001

6.125

(2.514, 14.919)

P < 0.001

5.109

(1.971, 13.503)

P < 0.001

aAdjusted for age, Hb, Scr, Alb, TC, LDL, 24 h protein urine, and gestational age.

(120–130 mmHg) was significantly higher than that in Group I
(≤ 119 mmHg); this difference remained statistically significant
even after correcting for all potential confounding factors
(Table 5).

ROC Analysis Prenatal First SBP Predicting
Low Birth Weight and Severe Preeclampsia
The AUC for the first prenatal SBP to predict low birth weight
and severe preeclampsia was 0.676 (95% CI 0.618–0.733, p <

0.001) and 0.727 (95% CI 0.673–0.781, p< 0.001), respectively, in
patients with preeclampsia, which showed that prenatal first SBP
had a high accuracy for predicting low birth weight and severe
preeclampsia. A cut-off value of 121.5 and 123 mmHg yielded
good sensitivity and specificity for predicting low birth weight
(88 and 60.7%, respectively) and severe preeclampsia (88.9 and
52.6%, respectively) (Figures 1, 2).

DISCUSSION

Preeclampsia and eclampsia seriously threaten the safety of
pregnant mothers and fetuses. The incidence rate of hypertensive
disorders in pregnancy, such as preeclampsia and eclampsia,
pregnancy with hypertension, and chronic hypertension, is 5.5%
(6). Patients with preeclampsia or eclampsia have a 3–25-fold
increased risk of serious complications during pregnancy, such
as pulmonary edema, disseminated intravascular coagulation,
placental abruption, preterm birth, and aspiration pneumonia.
Preeclampsia risk factors include family history, genetic
susceptibility, maternal smoking, pregnancy, maternal age, in

vitro fertilization, and maternal physical conditions, such as
hypertension, diabetes, chronic kidney disease, and obesity.

The ACOG divides gestational hypertension into four
categories: preeclampsia and eclampsia, chronic hypertension,
chronic hypertension combined with preeclampsia, and
gestational hypertension. In this study, patients with
preeclampsia had no history of chronic hypertension before
pregnancy, and their blood pressure was monitored and recorded
at the first follow-up of prenatal examination at 12 weeks. At 12
weeks, even if the blood pressure was within the normal range,
the proportion of patients with severe preeclampsia and low
birth weight was significantly higher in the SBP ≥ 120 mmHg
group than in the SBP ≤ 119 mmHg group. The risk of low
birth weight was 2.604–3.718 times and severe preeclampsia
was 5.109–6.125 times. These abnormalities in women with
preeclampsia suggest that the mechanisms that contribute to
placental ischemia are set into motion very early in pregnancy.
Thus, the concept of defective placentation and failure to
transform uterine spiral arteries has emerged to be central to the
pathogenesis of preeclampsia (7, 8).

Endothelial dysfunction may be an important cause of high
blood pressure. Studies have shown that the imbalance of
circulating angiogenic factors plays an important role in the
etiology of maternal syndrome (9–11). High levels of anti-
angiogenic factor soluble fms-like tyrosine kinase1 (sFLT1)
produced in the placenta and released into the maternal
circulation led to the dysfunction of maternal endothelial cells,
leading to preeclampsia (12–16). sFLT1 is a soluble splice variant
of the membrane-bound receptor vascular endothelial growth
factor receptor 1 (VEGFR1) that binds to the proangiogenic
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FIGURE 1 | The role of prenatal first systolic blood pressure (SBP) in

predicting low birth weight. The receiver operating characteristic (ROC) curve

illustrates prenatal first SBP. Areas under the curves (AUCs) are 0.676 (95% CI

0.618–0.733, p < 0.001) for the prenatal first SBP. A cut-off valuable of 121.5

mmHg yielded good sensitivity and specificity. The sensitivity and specificity

are 88 and 60.7%, respectively.

proteins VEGF and placental growth factor (PIGF) and mediates
angiogenic signaling via cell surface receptors (10, 17). Patients
with higher levels of sFLT1 may have more serious diseases
and worse clinical prognoses (15, 18–20). NO is an effective
vasodilator that mediates the effects of PIGF and VEGF in vitro
(21–23). The circulating NO level of women with preeclampsia
decreases may be relatively insufficient in the early stages of
pregnancy (24–26). Hypertension in patients with preeclampsia
is not mediated by the renin-angiotensin-aldosterone system.
However, it may be mediated by antiangiogenic factors and
agonistic autoantibodies that bind to the angiotensin II type 1
receptor (AT1-AAs) (21, 27). This antibody may exist in women
with early preeclampsia (28), leading to an increased risk of
cardiovascular events in preeclampsia, thus progressing to severe
preeclampsia. In animal experiments, AT1-AAs in pregnant mice
can upregulate sFLT1 and induce fetal growth restriction (29).
In this study, among the patients with preeclampsia in the early
stage of pregnancy, the birth weight in the group with an SBP ≥

131 mmHg was significantly lower than that in the group with an
SBP≤ 119 mmHg, and AT1-AAs may appear in the early stage of
pregnancy and lead to fetal growth retardation. Therefore, in the
early stage of pregnancy in patients with preeclampsia, even if the
blood pressure of the patient is within the normal range, patients
with lower SBP have a higher birth weight, longer gestational
weeks, and lower probability of severe preeclampsia.

Gestational age is closely related to birth weight. A study
shows that patients with preeclampsia can predict birth weight
and heavily influence perinatal survival. With the advancing
gestational age, the different impacts on birth weight between
patients with preeclampsia and healthy pregnant women become

FIGURE 2 | The role of prenatal first SBP in predicting severe preeclampsia.

The ROC curve illustrates prenatal first SBP. AUCs are 0.727 (95% CI

0.673–0.781, p < 0.001) for the prenatal first SBP. A cut-off valuable of 123.0

mmHg yielded good sensitivity and specificity. The sensitivity and specificity

are 88.9 and 52.6%, respectively.

small (30). In this study, gestational age in patients with
preeclampsia was close to the birth age. Logistic regression
analysis showed that gestational age was an independent risk
factor for low birth weight. In addition, we found that SBP in
the early stages of pregnancy has a relationship with gestational
age. The lower the systolic blood pressure in the early-stage
pregnancy, the longer the gestational age they have. Therefore,
monitoring the blood pressure in the early stages of pregnancy
may predict the gestational age and low birth weight in patients
with preeclampsia.

This study has some limitations. First, because AT1-AAs can
upregulate the sFLT1 gene and induce maternal endothelial cell
damage and fetal growth retardation, the levels of AT1-AAs
and sFLT1 were not detected in the early stage of pregnancy to
further prove the relationship between SBP and preeclampsia.
Second, the population included in this study was patients with
preeclampsia, and there were no healthy mothers as controls. It
is not clear whether SBP in the early stages of pregnancy can
predict adverse outcomes, such as preeclampsia. Finally, this was
a retrospective observational study. The corrected confounding
factors were limited to the current recognized andmeasured data.
Therefore, we need to follow up with these patients to observe
whether SBP in early pregnancy can predict maternal prognosis
and complications.

In conclusion, high SBP in the early stages of pregnancy in
patients with preeclampsia is closely related to the occurrence of
severe preeclampsia and low birth weight. Even after adjusting
for risk factors, SBP in the early stage of pregnancy is an
independent risk factor for predicting the occurrence of severe
preeclampsia and low birth weight. Closely monitoring pregnant
women with high SBP in early pregnancy may reduce the
incidence of severe preeclampsia, reduce the incidence of
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newborns with low birth weight, and improve the survival rate
of newborns.
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CD39/CD73 Dysregulation of
Adenosine Metabolism Increases
Decidual Natural Killer Cell
Cytotoxicity: Implications in
Unexplained Recurrent
Spontaneous Abortion
Jianan Zhu1,2,3†, Guangmin Song1,2,3†, Xiaobo Zhou1,2, Ting-Li Han4, Xinyang Yu1,2,
Hao Chen1,2,3, Toby Mansell5, Boris Novakovic5, Philip N. Baker6, Richard D. Cannon7,
Richard Saffery5, Chang Chen8* and Hua Zhang1,2*

1 Department of Obstetrics and Gynecology, The First Affiliated Hospital of Chongqing Medical University, Chongqing, China,
2 Canada–China–New Zealand Joint Laboratory of Maternal and Fetal Medicine, Chongqing Medical University, Chongqing,
China, 3 The Chongqing Key Laboratory of Translational Medicine in Major Metabolic Diseases, The First Affiliated Hospital of
Chongqing Medical University, Chongqing, China, 4 Department of Obstetrics and Gynaecology, The Second Affiliated
Hospital of Chongqing Medical University, Chongqing, China, 5 Molecular Immunity, Murdoch Children’s Research Institute
and Department of Paediatrics, University of Melbourne, Melbourne, VIC, Australia, 6 College of Medicine, Biological Sciences
and Psychology, University of Leicester, Leicester, United Kingdom, 7 Department of Oral Sciences, Sir John Walsh
Research Institute, Faculty of Dentistry, University of Otago, Dunedin, New Zealand, 8 Institute of Life Sciences, Chongqing
Medical University, Chongqing, China

Unexplained recurrent spontaneous abortion (URSA) is believed to be associated with
impaired immunosuppression at the maternal-fetal interface, but the detailed molecular
mechanism remains unclear. The ATP-adenosine metabolic pathway regulated by CD39/
CD73 has recently been recognized to be important in immunosuppression. This study
aimed to investigate the regulation of decidual natural killer (dNK) cells and fetal extravillous
trophoblast (EVT) cells by CD39 and CD73 in URSA, as well as the possible regulatory
mechanism of CD39/CD73 via the TGF-b-mTOR-HIF-1a pathway using clinical samples
and cell models. Fewer CD39+ and CD73+ cells were found in the URSA decidual and
villous tissue, respectively. Inhibition of CD39 on dNK cells transformed the cells to an
activated state with increased toxicity and decreased apoptosis, and changed their
cytokine secretion, leading to impaired invasion and proliferation of the co-cultured HTR8/
SVneo cells. Similarly, inhibition of CD73 on HTR8/SVneo cells decreased the adenosine
concentration in the cell culture media, increased the proportion of CD107a+ dNK cells,
and decreased the invasion and proliferation capabilities of the HTR8/SVneo cells. In
addition, transforming growth factor-b (TGF-b) triggered phosphorylation of mammalian
org February 2022 | Volume 13 | Article 813218193
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target of rapamycin (mTOR) and Smad2/Smad3, which subsequently activated hypoxia-
inducible factor-1a (HIF-1a) to induce the CD73 expression on the HTR8/SVneo cells. In
summary, reduced numbers of CD39+ and CD73+ cells at the maternal-fetal interface,
which may be due to downregulated TGF-b-mTOR-HIF-1a pathway, results in reduced
ATP-adenosine metabolism and increased dNK cytotoxicity, and potentially contributes to
URSA occurrences.
Keywords: URSA, dNK, CD39, CD73, adenosine, TGF-b
INTRODUCTION

Unexplained recurrent spontaneous abortion (URSA) is defined
as two or more consecutive spontaneous abortions (1, 2). The
mechanism remains unclear, but is thought to be associated with
immune intolerance. During early pregnancy in humans, the
fetal extravillous trophoblast (EVT) cells invade into decidua and
remodel the uterine spiral arteries (3). Decidua consists of
epithelial cells and immune cells. Successful pregnancy requires
a unique immune tolerant environment where delicate and
complex crosstalk between the fetal-derived EVT cells and the
maternal-derived decidual cells takes place (4).

Natural killer (NK) cells, a population of innate lymphoid
cells, can lyse cancer cells and virus-infected cells. They play an
important role in controlling the adaptive immune response by
producing pro-inflammatory and anti-inflammatory cytokines
(5, 6). Decidual natural killer (dNK) cells are a special type of NK
cells, which constitutes 70% of immune cells in the decidua (7).
The other 30% include macrophages, dendritic cells, and T cells
(8). dNK cells are different from peripheral blood NK (pNK)
cells, in that they are identified as CD56brightCD16-, while the
pNK cells are mainly (95%) CD56dimCD16+ (7). The origin of
dNK cells remains uncertain, but it is possible that they are from
a group of minor agranular CD56brightCD16- NK cells in the
blood, which migrate into the uterus and transform (8). The role
of dNK cells in the adaptive immune response, particularly the
production of proinflammatory and anti-inflammatory
cytokines, has been characterized (5, 6). It has been reported
that dNK cells exhibit lower cytotoxicity, but higher secretion
potential, than pNK cells in physiological settings (9–11). The
dNK cells express a variety of surface receptors, such as NKp44
(CD336), NKp30 (CD337) and NKG2D (CD314) (1, 2). When
these receptors are activated, an array of cytokines and growth
factors that regulate the immune tolerance and angiogenesis at
the maternal-fetal interface are produced, including GM-CSF,
TNF-a, IFN-g, IL-10, IL-8, IL-2, interferon-inducible protein-10
(IP-10), hepatocyte growth factor (HGF), PLGF, CCL-3, CCL-4
and several vascular endothelial growth factor (VEGF) family
members (2, 9).
urrent spontaneous abortion; dNK,
lood natural killer; EVT, extravillous
actor-b; mTOR, mammalian target of
tor-1a.
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Adenosine and its phosphates ADP and ATP mediate several
functions such as inflammation via binding to purine receptors
on cell surfaces (12). Extracellular ATP and ADP concentrations
are regulated by CD39 (NTPDase1) and CD73. CD39 is
expressed on the extracellular surface of endothelial cells,
particularly in human vascular and placental trophoblastic
tissues (13). It is also expressed on the surface of certain
immune cells such as neutrophils, monocytes, natural killer
cells, and some subsets of T and B lymphocytes, where it
inactivates nucleotides (12). CD39 hydrolyses ATP and ADP
to produce AMP, and the membrane-bound ecto-5’-nucleotidase
CD73 further hydrolyses AMP to produce adenosine (14, 15).
Extracellular adenosine regulates the immune function of T
lymphocytes (16–18), B lymphocytes (19–21) and NK cells
(21–24) via binding to four different G protein–coupled
purinergic receptors A1, A2A, A2B and A3. Thus, CD39 and
CD73 can change pro-inflammatory immune cells driven by
ATP to anti-inflammatory ones induced by adenosine (25). It has
been demonstrated that CD39 and CD73 can mediate the growth
and metastasis of tumor cells (24, 26–31). The adenosine effect
mediated by CD39 and CD73 is considered one of the most
important immunosuppressive regulatory pathways in the tumor
microenvironment. Upregulated CD39/CD73 has been reported
in a large number of solid cancer studies, and displays correlation
with poor prognosis (32–35). Studies have shown that tumor
cells and Treg cells co-express CD73 and CD39 and produce
extracellular adenosine (36, 37). However, the effects of CD39
and CD73 on dNK and EVT cells, which are the main immune
cells at the maternal-fetal interface maintaining immune
tolerance, and the key cells for the remodeling of spiral
arteries, respectively, have been seldom studied.

TGF-b is abundantly expressed in theendometriumandpromotes
its decidualization (38). It regulates the immunosuppression and
immunoactivation balance via acting on type I (TbRI) and type
II (TbRII) receptors that phosphorylate the downstream signal
transducers Smad2 and Smad3 (39, 40). It also regulates the
homeostasis of NK cells and inhibits their cytokine production
and cytolytic activity (41, 42). TGF-b facilitates the transition of
CD16+ pNK cells to CD16- cells and inhibits the development
and differentiation of human NK cells (43). It also transforms
pNK cells into noncytotoxic and proangiogenic NK cells, a cell
type similar to dNK cells, with the presence of hypoxia and a
demethylating agent (34). In tumors, TGF-b signaling has been
found to induce the generation of CD39/CD73 myeloid cells
(44). However, dNK cells exist in a different microenvironment
February 2022 | Volume 13 | Article 813218
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from pNK cells and exhibit a different phenotype, and it remains
unknown whether TGF-b regulates CD39 and CD73 expression
on dNK and EVT cells, respectively, at the maternal-
fetal interface.

This study aimed to investigate the role of CD39/CD73 in the
crosstalk between dNK and EVT cells at the maternal-fetal
interface, and its relationship with URSA. We first measured
CD39 and CD73 levels at the maternal-fetal interface of URSA
and normal tissues, and then investigated the impact of CD39 and
CD73 on the adenosine production and functions of dNK and
EVT (or HTR8/SVneo) cells. Furthermore, the impact of TGF-b
on the CD73 expression in HTR8/SVneo cells was explored to find
a possible cause for the CD39/CD73 imbalance.
MATERIALS AND METHODS

Clinical Sample Collection
Fresh decidual and villous samples were obtained at the First
Affiliated Hospital of Chongqing Medical University from
women with voluntary terminations of pregnancy (n = 30) or
unexplained recurrent spontaneous abortions (URSA, n = 12).
Abortions with genetic abnormalities detected by chorionic villus
sampling or anatomical examination were excluded. Before the
operation, informed consent from each participant was obtained.
The study conformed to the Ethical Review Methods for
Biomedical Research involving Humans adopted by the
National Health Commission of the People’s Republic of
China. All the samples (Table S1) were put in ice-cold
phosphate buffer saline (PBS) in sterile containers after
collection, and immediately transferred to the laboratory.

Cell Lines
The human trophoblast HTR-8/SVneo cell line was purchased
from the American Type Culture Collection (ATCC, USA), and
cultured in Gibco™ RPMI 1640 medium (Thermo Fisher
Scientific, USA) with L-glutamine, 10% fetal bovine serum
(FBS, PAN-Biotech, Germany) and 1% penicillin-streptomycin.
The K562 cells were purchased from the National Infrastructure
of Cell Line Resource of China and cultured in the same medium.
All the cells were grown in standard culture conditions (37°C
and 5% CO2 in humidified air).

Cell Preparation and Purification
The decidual tissue was first washed thoroughly with cold PBS,
cut into pieces of about 1–3 mm, and digested by gentle shaking
with 0.1% collagenase type IV (Catalog#: C5138, Millipore
Sigma, USA) and 0.01% DNase I (Catalog#: 10104159001,
Millipore Sigma, USA) for 1 h at 37°C. Afterwards, the
mixture was sequentially filtered through nylon meshes of
decreasing pore sizes (100, 200 and 400 mesh). The decidual
mononuclear cells in the final filtrate were then concentrated by
density gradient centrifugation (1000g, 20 min) with ficoll
(Catalog#: 17144002, GE Healthcare, Sweden). After
centrifugation, the mononuclear cells were collected, washed,
and counted. The dNK cells from the decidual mononuclear cells
Frontiers in Immunology | www.frontiersin.org 395
were enriched using the human CD56+CD16- NK Cell Isolation
Kit (Catalog#: 130-092-661, Miltenyi Biotec, Germany)
according to the manufacturer’s instructions. The isolated dNK
cells were cultured in RPMI 1640 medium containing
recombinant human IL-15 (10 ng/mL, Catalog#:I8648, Sigma),
and then immediately underwent various analyses such as
flow cytometry.

Flow Cytometry Assays
The dNK cells were cultured in 6-well plates (5 × 105 cells/well) for
24 hours. The mononuclear cells were resuspended in staining
buffer, and then immediately stained with a range of monoclonal
antibodies, namely anti-CD56 TULY56 FITC (Catalog#: 11-0566-
42, eBioscience, USA), anti-CD16 PE (Catalog#: 12-0168-42,
eBioscience, USA), anti-CD39 APC (Catalog#: 17-0399-41,
eBioscience, USA), anti-CD107 APC H4A3 (Catalog#: 560664,
BD Pharmingen, USA), anti-CD314 PE (Catalog#: 557940, BD
Pharmingen, USA), anti-CD336 PE (Catalog#: 558563,
BD Pharmingen, USA), anti-CD337 PE (Catalog#: 558407, BD
Pharmingen, USA), anti-CD73 PE (Catalog#: 550257, BD
Pharmingen, USA), anti-Annexin V FITC (Catalog#: 556419,
BD Pharmingen, USA), anti-DAPI (Catalog#: 564907, BD
Pharmingen, USA) and anti-CD45 APCCY7 (Catalog#: 348805,
BD Pharmingen, USA). After incubation at room temperature for
30 min, the cells were then washed and resuspended in PBS for
flow cytometry analysis (CytoFLEX, eBioscience, USA). The
strategy for multidimensional flow cytometry analysis is shown
in the Supplementary Material, Figure S1.

ELISA
The concentrations of ATP (Catalog#: 14432H1, MEIMIAN)
and adenosine (Catalog#: 1913H1, MEIMIAN) in the culture
medium were determined with enzyme-linked immunosorbent
assay (ELISA) Kits. The dNK cells were cultured in 24-well plates
(2×105 cells/well) for 24 hours. The culture medium was
collected and centrifuged, and the supernatant was stored at –
80°C until assayed according to the manufacturer’s protocols.

Luminex Assay
The isolated dNK cells were cultured in 24-well plates (2×105

cells/well) for 24 hours, and the medium was collected. A
Luminex X200 System (Luminex, USA) was used to measure
the cytokine levels in the medium. The cytokines TNF-a, IL-10,
IL-4, IL-6, IL-8, IP-10, IL-5, IL-13, IFN-g, IL-17, IL-1, IL-27,
HGF, GM-CSF and Galectin-1were determined using human
luminex discovery assays (LXSAHM-15). The concentrations
were calculated based on the mean fluorescent intensity (MFI).
Standard curves were generated for reference cytokines and used
to calculate cytokine concentrations in the medium.

Western Blot
The proteins in the villous and decidual tissues as well as the
cultured cells were extracted using the RIPA lysis buffer
(Catalog#: P0013B, Beyotime Biotechnology, China) with
PMSF (Catalog#: ST506, 1mM, Beyotime Biotechnology,
China). After separation with 10% SDS-PAGE, the proteins
were transferred to a PVDF membrane. The membranes were
February 2022 | Volume 13 | Article 813218
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blocked with TBST (TBS+Tween) containing 5% skimmed milk
powder for 1 hour, and then incubated with the corresponding
primary rabbit polyclonal antibodies in Primary Antibody
Dilution Buffer (Catalog#: P0256, Beyotime Biotechnology,
China) at 4°C overnight. The antibodies were CD39 (1:1000,
Catalog#: ab223842, Abcam, UK), CD73 (1:1000, Catalog#:
ab175396, Abcam, UK), TGF-b (1:2000, Catalog#: ab27969,
Abcam, UK), Phospho-mTOR (1:1000, Catalog#: 5536, Cell
Signaling Technology, USA), Phospho-Smad2 (1:1000,
Catalog#: 3108, Cell Signaling Technology, USA), Phospho-
Smad3 (1:1000, Catalog#: 9520, Cell Signaling Technology,
USA), HIF-1a (1:1000, Catalog#: 36169, Cell Signaling
Technology, USA) and b-actin (1:5000, Catalog#: GB11001,
Servicebio, China). Then, the membranes were washed and
incubated with HRP-conjugated secondary rabbit antibodies
(1:10,000; Proteintech) at room temperature for 2 hours. Band
signals were visualized and analyzed with enhanced
chemiluminescent reagent (Millipore Sigma) and a Vilber
Fusion image system (Fusion FX5 Spectra, France).

RT-PCR
Total RNA was extracted from HTR8/SVneo cells using
Invitrogen™ TRIzol reagent (Thermo Fisher Scientific, USA)
according to the manufacturer’s instructions. cDNA was
synthesized using Roche Reverse Transcription Kit (Catalog#:
07912455001, Roche), and qPCR was performed using the
SYBR Premix Ex Taq (TaKaRa Biomedical Technology, China)
with a LightCycler™ 96 instrument (Roche, Switzerland).
GAPDH was used as the internal gene control. Its primer pair
was: forward: 5′CAGGAGGCATTGCTGATGAT3′, reverse: 5′
GAAGGCTGGGGCTCATTTT3′. The primer pairs of the tested
genes were as follows: CD73 forward: 5′ACCAGCGAGGACTC
CAGCAAG3′, reverse: 5′AGCAGCAGCACGTTGGGTTC3′,
HIF-1a forward: 5′ATCAGACACCTAGTCCTTCCGATGG3′,
reverse: 5′GTGGTAGTGGTGGCATTAGCAGTAG3′.

Immunohistochemistry
The villous and decidual tissues were first cut into 4 mm-thick
slices. Immunohistochemical staining was then performed
according to standard procedures (45). Primary antibodies for
TGF-b (1:200, Catalog#: ab27969, Abcam), cytokeratin 7 (1:200,
Catalog#: ET1609-62, HUABIO), CD39(1:200, Catalog#:
ab223842, Abcam), CD73 (1:200, Catalog#: ab175396, Abcam),
or NCAM (1:200, Catalog#: ET1702-43, HUABIO) was added
and incubated overnight. The antibodies were quantified with
3,3’-diaminobenzidine (DAB) staining (ZSGB Biotech, China).
ImageJ software was used to measure the average optical density
(AOD) of positive signal in each view field.

Cell Invasion Assay
Transwell™ inserts (8 µm) containing polycarbonate
membranes (Catalog#: 3428, Corning Incorporated, USA) were
coated with an 8× dilution of Matrigel (Catalog#: 356234,
Corning Incorporated, USA). HTR8/SVneo cells (5×104) were
seeded into the upper chamber with serum‐free culture medium
and the isolated dNK cells (1×105) were placed in the lower
chamber with culture medium supplemented with 10% FBS, and
Frontiers in Immunology | www.frontiersin.org 496
incubated for 24 hours. The cells were stained with crystal violet
and observed with light microscopy (EVOS FL Auto Imaging
System, Thermo Fisher Scientific, USA). The invasion rate was
measured with the ImageJ software.

Cell Proliferation Assay and Measurement
of Mitochondrial Membrane Potential
Approximately 5×103 HTR8/SVneo cells and 1×104 isolated
dNK cells were co-cultured in the central part of each well in a
96-well plate for 24 hours. Then, the suspended dNK cells were
discarded and fresh culture medium was added. After 24-hour
incubation, 10 mL of CCK-8 solution was added into each well,
and the plates were incubated for another 2 hours. A microplate
reader (Thermo Fisher Scientific, USA) was used to measure the
absorbance at 450 nm of each well.

Mitochondrial membrane potential (DYm) is an important
parameter of mitochondrial function (46, 47). Loss of DYm is a
sign of early apoptosis, and hence was also measured in dNK
cells using the cationic probe JC-1 (Catalog#: C2006, Beyotime
Biotechnology, China) according to the manufacturer’s
instructions. In short, the isolated dNK cells were cultured in
12-well plates (2×105 cells/well) for 12 hours. Then the cells were
collected and incubated with JC-1 staining solution (5 mg/ml) at
37°C for 20 min. The cells were then washed twice with JC-1
staining buffer, and the fluorescence intensities of the
mitochondrial JC-1 monomers (lex=514 nm, lem=529 nm)
and aggregates (lex=585 nm, lem=590 nm) were measured
with a fluorescence microscope (EVOS FL Auto Imaging System,
Thermo Fisher Scientific, USA) and a flow cytometer
(CytoFLEX, eBioscience, USA), respectively. The DYm were
calculated as the fluorescence ratio of red (i.e., aggregate) to
green (i.e., monomer) signals.

Statistical Analysis
Statistical analysis was carried out with GraphPad Prism (version
8, GraphPad Software, USA). Comparisons between two groups
were performed using unpaired two-tailed t tests, and those
among three or more groups were using one-way analysis
of variance (ANOVA). All data are presented as mean ± SEM;
P < 0.05 was considered statistically significant.
RESULTS

Lower Levels of CD39 and CD73 Were
Found in URSA Patients
To assess the expression of CD39 and CD73 in normal pregnancy
and URSA patients, we performed immunohistochemical staining
analysis. It was found that CD39 was present in the dNK cells that
also express CD56, and CD73 was present in trophoblast cells that
also expressCK7 (Figures 1A andS2).The intensity valuesofCD39
in thedecidua and those ofCD73 in the villi fromtheURSApatients
were both significantly lower than those from normal pregnancies
(Figure 1A). Since there are multiple types of immune cells in the
decidual tissue expressing CD39, we further used multicolor flow
cytometry to measure the proportions of CD39+ dNK cells in the
February 2022 | Volume 13 | Article 813218
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decidua of normal pregnancies and URSA patients. The
proportions of CD39+ dNK cells in URSA were significantly
lower than those of normal specimens (Figure 1B). Western blot
analysis also showed that the levels of CD73 in villous tissues of
URSA patients were significantly lower than those of normal
pregnancies (Figure 1C).
Impacts of CD39/CD73 on the
Extracellular Levels of ATP and Adenosine
We first isolated dNK cells from the decidual tissue of normal
pregnant women and URSA patients, and cultured them in vitro
for 24 hours. The concentrations of ATP and adenosine in the
media were determined using ELISA. The concentration of ATP
was found to be significantly higher, while that of adenosine was
significantly lower in the URSA medium, indicating a hampered
Frontiers in Immunology | www.frontiersin.org 597
metabolism from ATP to adenosine, which was catalyzed by
CD39 on dNK cells from the URSA patients (Figure 2A).

We then further analyzed whether the abovementioned
effects were related to CD39 of the dNK cells by adding the
CD39 inhibitor ARL67156 into the media of dNK cells from
normal pregnancies. Isolated dNK cells were cultured in the
absence or presence of the CD39 inhibitor for 24 hours. Results
showed the CD39 inhibitor increased the concentration of ATP
and decreased that of adenosine (Figure 2B).

Additionally, we investigated the CD39/CD73 regulation on
ATP and adenosine production at the maternal-fetal interface by
co-culturing dNK and HTR8/SVneo cells, with or without
ARL67156 and the CD73 inhibitor APCP. In this co-culture
system, both individual and combinational addition of
ARL67156 and APCP significantly attenuated adenosine
production and increased ATP concentration (Figure 2C).
A

B

C

FIGURE 1 | Expression of CD39 and CD73 in normal pregnancy and URSA patients. (A) Immunohistochemical staining of CD39 in decidual tissues and CD73 in
villous tissues in normal pregnancies (n=3) and URSA patients (n=3). (B) Percentages of CD39+ dNK cells in the decidual tissues of normal pregnant women (n=6)
and URSA patients (n=6). (C) Western blot analyses of CD73 in the villous tissue of normal pregnant women (n=3) and URSA patients (n=3). Results are shown as
mean ± SEM, *P < 0.05, ****P < 0.0001 by two-tailed t tests. AOD, average optical density.
February 2022 | Volume 13 | Article 813218
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Impacts of CD39/CD73 on the Apoptosis
and Mitochondrial Function of Activated
dNK Cells
We investigated the effect of CD39 on dNK cell apoptosis by
culturing the activated dNK cells with or without the CD39
inhibitor ARL67156 for 12 or 18 hours, followed by staining with
Annexin V and DAPI. The percentages of Annexin V+ DAPI+

dNK cells cultured with CD39 inhibitors were found to be lower
than those untreated (Figure 3). This indicates that CD39
promotes apoptosis of dNK cells. We further investigated the
Frontiers in Immunology | www.frontiersin.org 698
effect of CD39 on DYm of the dNK cells, the loss of which is an
indicator of dNK apoptosis. It was observed that the JC-1 red/
green ratio was higher in dNK cells treated with CD39 inhibitors,
suggesting reduced DYm caused by CD39.

Impacts of CD39/CD73 on Cytokine
Secretion by dNK Cells
We first evaluated whether the cytokine secretions of dNK cells
from normal pregnant women and those from URSA patients
were different. The dNK cells isolated from the decidual tissues
A

B

C

FIGURE 2 | Production of ATP and adenosine in dNK cells. (A) dNK cells were isolated from decidual tissues of normal pregnant women (n=4) and URSA patients
(n=4), and then cultured in a 24-well plate (2 × 105 cells/well) for 24 hours. The concentrations of ATP and adenosine in the media were measured using ELISA
(mean ± SEM, ****P < 0.0001, two-tailed t tests). (B) Freshly prepared dNK cells (n=10) were isolated from healthy decidua and incubated in the absence or
presence of CD39 inhibitor (ARL67156) in a 24-well plate (2 × 105 cells/well) for 24 hours. The concentrations of ATP and adenosine in the media were measured
using ELISA (mean ± SEM, **P < 0.01, ****P < 0.0001, two-tailed t tests). (C) dNK cells isolated from healthy decidua (n=4) were co-cultured with HTR-8/SVneo cells
(dNK cells:HTR-8/SVneo cells = 2:1) and incubated in the absence or presence of the CD39 inhibitor ARL67156 and/or the CD73 inhibitor APCP in a 24-well plate
(2 × 105 cells/well) for 24h. The concentrations of ATP and adenosine in the media were measured using ELISA (mean ± SEM, ns, statistically not significant, **P <
0.01, ***P < 0.001 compared with the untreated group, one-way ANOVA and post hoc tests).
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https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Zhu et al. CD39/CD73 Mediated Immune Tolerance
A

B

C

D

FIGURE 3 | The effect of CD39/CD73 inhibiting on the apoptosis and mitochondrial membrane potential (DYm) of dNK cells. dNK cells were isolated from
healthy decidua of first-trimester pregnancies (n = 3), incubated in the absence or presence of the CD39 inhibitor ARL67156 for 12 hours (A) or 18 hours (B),
and then double stained with Annexin V and DAPI (mean ± SEM, ***P < 0.001, two-tailed t tests). (C) Microscope images taken from the JC-1 monomer fluorescence
channel (green) and aggregate fluorescence channel (red) of dNK cells (n=5) with and without incubation with ARL67156 for 12 h. The monomeric JC-1 form was excited
using a 525 nm laser, observed at an emission wavelengths of 514~529 nm, and is shown in green. The aggregate form was excited using a 566 nm laser, observed at
585~590 nm, and is shown in red. (D) Flow cytometry-based JC-1 assay as a measure of changes in mitochondrial membrane potential in dNK cells (n=5) induced by
the CD39 inhibitor. The upper left quadrant indicates the cells with more JC-1 as aggregates with red fluorescence (i.e., normal DYm), the lower right quadrant indicates
the cells with more JC-1 as monomers with green fluorescence (i.e. low DYm). (mean ± SEM, *P < 0.05 compared with the untreated group).
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of both donor groups were cultured for 24 hours, and then the
cytokine concentrations in the culture media were determined
using a multiplex cytokine assay. The dNK cells from URSA
patients secreted significantly higher amounts of GM-CSF, IL-1,
IL-5 and IL-10, with a trend of more IL-13, but lower levels of IL-
8 and IP-10, and a trend of less HGF, IFN-g, IL-6, IL-17 and IL-
27 than dNK cells from the normal group. There was no
difference in the secretion of IL-4 and TNF-a between the two
groups (Figure 4A).

Next, we isolated dNK cells from normal pregnancies, and
cultured them in the absence or presence of the CD39 inhibitors
ARL67156. The cytokines in the culture media were then
analyzed. The results showed that dNK cells cultured with the
CD39 inhibitor secreted significantly more IL-10, IL-4, GM-CSF,
galectin-1 and IL-13, with a trend of more IL-5 than the
untreated group. The secretion of TNF-a, HGF and IL-1,
however, was suppressed in cells treated with the CD39
inhibitor, and IL-6, IL-8, IL-17 and IL-27 displayed a trend of
decreased secretion. Little or no effect on the secretion of IP-10,
IL-8 and IFN-g was observed (Figure 4B).

Furthermore, we explored the influences of CD39 and CD73
on cytokine secretion in the co-culture system. Interestingly, co-
cultivation of dNK and HTR-8/SVneo cells in the presence of
only the CD39 inhibitor or both the CD39 and CD73 inhibitors
decreased the secretion of IL-6, IL-8 and IL-4, but the CD73
inhibitor alone did not significantly affect the secretion of these
cytokines. The secretion of GM-CSF and galectin-1 was
significantly reduced only in the presence of both the CD39
and CD73 inhibitors. There was no significant difference in the
secretion of TNF-a, IL-10, IP-10, HGF, IL-5, IL-13, IL-17, IFN-g,
IL-1 or IL-27 when the co-culture system was treated with either
the CD39 or CD73 inhibitor (Figure 4C).

Impacts of CD39/CD73 on the Cytotoxicity
of Activated dNK Cells
We then investigated the effect of CD39 on the expression of
dNK cell receptors. The expression of NKG2D, NKp30 and
NKp44 on dNK cells isolated from normal pregnancies in the
presence or absence of CD39 inhibitor for 24 hours was
measured with flow cytometry. Increased expression of
NKG2D, NKp30 and NKp44 in the dNK cells treated with the
CD39 inhibitor was observed (Figures 5A–C).

Furthermore, flow cytometry was used to evaluate the
CD107a (lysosomal associated membrane protein-1, LAMP-1)
expression that reflects the cytotoxic degranulation ability of the
dNK cells. The percentage of the activated dNK cells expressing
CD107a was as low as 6.60% in the absence of other cells.
However, after adding the NK-sensitive K562 cells, this
percentage increased significantly to 15.1%. The percentage of
CD107a+ dNK cells further increased to 28.7% when the CD39
inhibitor was added (Figures 5D, E), which indicated that CD39
reduces degranulation of the dNK cells.

Additionally, the expressions of CD107a on dNK cells co-
cultured with the HTR-8/SVneo cells, in the presence or absence
of the CD39 and/or CD73 inhibitor was investigated.
Interestingly, the percentage of CD107a+ dNK cells decreased
Frontiers in Immunology | www.frontiersin.org 8100
significantly to 2.83% when co-cultured with the HTR-8/SVneo
cells, a result opposite to co-cultivation with the K562 cells.
However, the percentage of dNK cells expressing CD107a in the
co-culture system increased to approximately 5% in the presence
A

B

C

FIGURE 4 | The effect of CD39/CD73 inhibiting on the cytokine secretion of dNK
cells. (A) dNK cells were isolated from decidual tissues of normal pregnant women
(n=4) and URSA patients (n=4), and cultured in a 24-well plate (2 × 105 cells/well)
for 24 hours. The cytokine concentrations in the media were determined using
Luminex assay (mean ± SEM, ns, statistically not significant, *P < 0.05, ***P <
0.001, two-tailed t tests). (B) Cytokine concentrations in the media of dNK cells
(n=5) cultured in the absence or presence of the CD39 inhibitor ARL67156 in 24-
well plates for 24 hours (mean ± SEM, ns, statistically not significant, *P < 0.05,
**P < 0.01, two-tailed t tests). (C) Cytokine concentrations in the media at 24 hours
of co-culture of dNK and HTR-8/SVneo cells (n=3) (mean ± SEM, ns, statistically
not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 compared with
the untreated group, one-way ANOVA and post hoc tests).
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FIGURE 5 | The cytotoxicity of dNK cells was regulated by CD39/CD73 enzyme activity. (A–C) Freshly isolated dNK cells from healthy donors were incubated in the
absence or presence of the CD39 inhibitor ARL67156 for 24 hours, and then stained for the surface expression of the cytotoxicity markers NKG2D (A), NKp30 (B)
and NKp44 (C). All experiments were performed in triplicate (mean ± SEM, *P < 0.05, **P < 0.01 by two-tailed t tests). (D, E) Effects of CD39 on the degranulation
of activated dNK cells from healthy donors. To quantify degranulation, the surface expression of CD107a was measured after activation of isolated dNK cells were
incubated with or without (W/O) the NK-susceptible target cell line (K562 cells) in the absence or presence of the CD39 inhibitor ARL67156 for 24 hours (mean ±
SEM, **P < 0.01 compared with the untreated group, one-way ANOVA and post hoc tests). (F, G) dNK cells isolated from healthy donors co-cultured with HTR-8/
SVneo cells (dNK : HTR-8/SVneo cells = 2:1) in the absence or presence of the CD39 inhibitor ARL67156 and/or CD73 inhibitor APCP for 24 hours. The percentage
of dNK cells expressing CD107a was used as the indicator of degranulation (mean ± SEM, *P < 0.05, **P < 0.01, one-way ANOVA and post hoc tests).
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of the CD39 or CD73 inhibitor, and returned to the original
value of about 6% when both CD39 and CD73 inhibitors were
added (Figures 5F, G). These results indicated that HTR-8/
SVneo cells suppress the degranulation of dNK cells, and this
suppression is associated with CD39 and CD73.

Impacts of CD39/CD73 on the Invasion
and Proliferation of HTR8/SVneo Cells
To evaluate changes in the invasion and proliferation abilities of the
HTR8/SVneo cells, isolated dNK cells from normal pregnancies
were co-cultured with HTR8/SVneo cells in the absence or
presence of the CD39 inhibitor for 24 hours, and the matrigel
transwell assay and CCK-8 assay were performed, respectively. It
was found that the invasion of the HTR8/SVneo cells in the groups
with CD39 or/and CD73 inhibitor was significantly less than that
of the untreated group (Figures 6A, B). Compared with the
untreated group, cell proliferation rates also fell in the CD39 or
CD73 inhibitor groups, and the decrease was even more in the
group exposed to both inhibitors (Figure 6C).

TGF-b Induces the Expression of CD73 on
HTR-8/SVneo Cells via the mTOR-HIF-1a
Pathway
We then explored the potential mechanism for the CD73
downregulation in URSA. Compared with the samples from
Frontiers in Immunology | www.frontiersin.org 10102
normal pregnancies, the level of TGF-b in the decidual and
villous tissues was significantly lower in the URSA pregnancies,
as revealed by immunohistochemical staining (Figure 7A).
Western blots showed the same result - the level of TGF-b in
the villous tissue of URSA patients was significantly lower than
that in tissues from normal pregnancies (Figure 7B).

To study whether and how TGF-b induces the expression of
CD73 on the HTR-8/SVneo cells, we measured the levels
of pmTOR (Figures 7C, D), the rapid phosphorylation
products of downstream mTOR effectors pSmad2 and pSmad3
(Figures 7E, F), as well as CD73 (Figures 7K–N) in the HTR-8/
SVneo cells after rhTGF-b treatment, and found increased
expression of all the receptors and effectors. Moreover, these
increases could be diminished by the addition of Smad2/3
inhibitor S525334, suggesting a TGF-b-mTOR signaling
pathway in the HTR-8/SVneo cells.

We further analyzed the activation of HIF-1a, since it has
been shown that CD73 is a direct target of HIF-1a (48). The
hypoxia mimetic CoCl2 was used to increase the level of HIF-1a
in the HTR-8/SVneo cells (Figure 7G). TGF-b enhanced HIF-1a
expression in the HTR-8/SVneo cells in the presence of CoCl2
(Figures 7H, I). However, this TGF-b-induced HIF-1a
expression was reduced by the addition of rapamycin. In
addition, CoCl2 treatment enhanced the CD73 expression,
which was abrogated by the HIF-1a inhibitor MeoE2
February 2022 | Volume 13 | Article 813218
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FIGURE 6 | The change of invasion and proliferation of HTR8/SVneo cells after inhibiting CD39 and CD73. Representative photos (A) and data (B) for the matrigel
transwell assay of normal dNK cells from healthy donors co-cultured with the HTR-8/SVneo cells (dNK: HTR-8/SVneo cells = 2:1) in the absence or presence of the
CD39 inhibitor ARL67156 and/or the CD73 inhibitor APCP. n = 3 for each group (mean ± SEM, **P < 0.01 compared with the untreated group, one-way ANOVA
and post hoc tests). (C) The OD values of the HTR-8/SVneo cells in the CCK-8 assay, showing their proliferation capacities (mean ± SEM, *P < 0.05, **P < 0.01
compared with the untreated group, one-way ANOVA and post hoc tests).
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FIGURE 7 | TGF-b induces the expression of CD73 on HTR-8/SVneo cells via mTOR-HIF-1a. (A) Immunohistochemical staining and villous tissues from normal and
URSA pregnancies. Results are shown as mean ± SEM, n = 3 (*P < 0.05, **P < 0.01, two-tailed t tests). (B) Western blot analysis of TGF-b in the villous tissues from
normal and URSA pregnancies. Results are shown as mean ± SEM, n = 3 (**P < 0.01, two-tailed t tests). (C, D) Western blot analysis of mTOR and pmTOR in HTR-
8/SVneo cells cultured with or without rhTGF-b (10 ng/mL) and the Smad2/3 inhibitor S525334. (E, F) Western blot analysis of Smad2/3 and pSmad2 and pSmad3
in HTR-8/SVneo cells cultured with or without rhTGF-b (10 ng/mL) and the Smad2/3 inhibitor S525334. (G) Relative mRNA levels of HIF-1a in the HTR-8/SVneo
cells cultured with or without CoCl2 (100 mM). (H, I) HTR-8/SVneo cells were treated with or without rapamycin (10 nM) for 1 hour, and then stimulated with rhTGF-b
(10 ng/mL) (or vehicle) and CoCl2 (100 mM) for 12 hours. The whole cell lysate was analyzed for HIF-1a by Western blot. (J) HTR-8/SVneo cells were cultured with
or without CoCl2 (100 mM) and the HIF-1a inhibitor MeoE2 (10 mM) for 24 hours. Relative mRNA levels of CD73 were measured by RT-PCR. (K, L) HTR-8/SVneo
cells were treated with the mTOR inhibitor rapamycin (10 nM) for 1 hour and then with rhTGF-b (10 ng/mL) or vehicle for 24 hours. The whole cell lysate was
analyzed for CD73 by Western blot. (M, N) The percentages of CD73+ HTR-8/SVneo cells from the abovementioned experiment were further analyzed with flow
cytometry. Means of three different experiments ± SEM are shown (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, two-tailed t tests or one-way ANOVA and
post hoc tests).
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(Figure 7J). When the mTOR pathway in the HTR-8/SVneo cells
was suppressed by rapamycin, the TGF-b-mediated expression
of CD73 also decreased (Figures 7K, L). This observation was
confirmed with flow cytometry analyses (Figures 7M, N). Thus,
our data indicated that TGF-b may induce CD73 expression in
the HTR-8/SVneo cells via the mTOR-HIF-1a pathway.
DISCUSSION

In this study, we found marked decrease levels of CD39 and
CD73 in the tissue from URSA patients compared with that from
normal pregnancies. The decreases in CD39 and CD73 resulted
in increased toxicity, decreased apoptosis, altered cytokine
secretion of the dNK cells, as well as impaired invasion and
proliferation of the co-cultured HTR8/SVneo cells, and may be
caused by downregulated TGF-b-mTOR-HIF-1a pathway. To
the best of our knowledge, this is the first study on CD39/CD73
at the maternal-fetal interface in URSA (Figure 8).

Three subgroups of dNK cells have been described, namely
dNK1, dNK2 and dNK3 cells. All the three subgroups express
CD49 and CD9. However, dNK1 cells also express CD39,
CYP26A1 and B4GALNT1, dNK2 cells express ANXA1 and
ITGB2, and dNK3 cells express CD160, KLRB1 and CD103,
respectively. Studies have found that dNK1 cells contain more
cytoplasmic granules than dNK2 and dNK3 cells. Also, dNK1
cells are more active in glycolytic metabolism and KIR gene
expression, and produce higher levels of LILRB1 and cytoplasmic
granule protein. This suggests a more critical crosstalk between
the dNK1 and EVT cells (8). It could be speculated that CD39 on
the surface of dNK1 may play a key role in communicating
with EVT.
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Both extracellular ATP and adenosine can induce apoptosis.
ATP possibly induces apoptosis via activation of P2X7R (49, 50),
while adenosine triggers apoptosis via A2A receptors. The
potency of ATP and adenosine in induction of apoptosis may
be different for different cells, depending on the receptors on the
cell surfaces (51). For example, Wang, et al. found extracellular
adenosine induces apoptosis of HGC-27 cells more strongly than
ATP (52). In our study, A2A is present on dNK cells and hence
the apoptosis may be triggered by adenosine rather than ATP.
Extracellular cAMP may also be hydrolyzed to adenosine (53).
However, no significant difference between cAMP concentration
was observed between the groups (Figure S3), and hence the
cAMP-adenosine pathway may not be involved in URSA.
Therefore, it is likely that CD39 increases the level of
intracellular adenosine and acts on A2A receptors, resulting in
the increase of mitochondrial membrane potential and apoptosis
of dNK cells.

The cytokine analyses showed that the dNK cells from URSA
patients, which had lower levels of CD39, secreted higher levels
of IL-10 than dNK cells from normal pregnancies. Samudra et al.
have also shown that the production of IL-10 leads to
miscarriage, which may be inhibited by CD39 (54). When
CD39 was inhibited, dNK cells increased the production of IL-
10 in vitro, suggesting a phenotypic shift to activated dNK cells
(55). IL-10 is known as an anti-inflammatory cytokine and, in
the majority of studies, CD39 is positively associated with IL-10
excretion (i.e. CD39 blockage reduces IL-10 levels). However,
our study and the study by Samudra et al. (54) showed the
opposite phenomenon, namely a negative association between
CD39 and IL-10. This may be because that both studies
investigated miscarriage associated with the maternal-fetal
interface. Considering that NK cell-derived IL-10 is critical in
February 2022 | Volume 13 | Article 813218
FIGURE 8 | Regulation of dNK cells and EVT cells by CD39 and CD73. CD39 and CD73 hydrolyze ATP to adenosine changed dNK cells cytotoxicity, apoptosis,
cytokine production, and impaired invasion of EVT cells. TGF-b induces the expression of CD73 on the EVT cells via mTOR-HIF-1a pathway.
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the DC-NK cell crosstalk (56), and that dNK cells exhibit lower
cytotoxicity but higher secretion potential, it is possible that the
regulatory mechanism for IL-10 secretion in dNK cells at the
maternal-fetal interface is different from other cells, although this
hypothesis requires further investigation. In vitro and in vivo
studies have both shown that IL-8 and IP-10 regulate trophoblast
invasion (57). We found the secretion of IL-8 was significantly
reduced after inhibiting CD39 in the co-culture system, but the
secretion of IP-10 was not affected by either CD39 or CD73
inhibition, suggesting the regulation of IP-10 may not rely on
CD39 or CD73. The secretion of IFN-g by dNK cells transforms
spiral arteries from arterioles that are constricted, muscular, and
vasoactive to vein-like structures with dilated thin-walls (58), but
our data showed that CD39 has no regulatory effect on IFN-g
secretion by dNK cells. HGF promotes the trophoblast cells
incorporation into the walls of endothelial tubes, indicating a role
in the differentiation of trophoblast intravascular and the
remodeling of vascular during pregnancy. HGF derived from
dNK cells is likely to act as a paracrine factor of the decidua,
guiding the differentiation of trophoblast cells along the invasion
pathway (59). As expected, inhibition of CD39 reduced HGF
secretion. In addition, our data showed that CD39 inhibitors
reduced the invasion and proliferation of the HTR-8/SVneo cells
(Figure 6). Taken together, the cytokine data suggest that CD39+

dNK may promote the production of IL-8 and HGF to support
the continuous invasion of EVT and the transformation of
uterine spiral arteries.

Generally, dNK cells display lower cytotoxicity and higher
cytokine secretion than pNK cells, which prevents immune attack
of the fetal cells (7). Previous studies have shown that NKP30,
NKP44 andNKG2Dcan increase the cytotoxicity of circulatingNK
cells via binding to related ligands (60, 61). Our results showed
reduced expression ofNKP30,NKP44 andNKG2D inCD39+ dNK
cells. It was likely that the loss of CD39 may transform dNK cells
into a highly toxic state by promoting the expression of cytotoxicity
receptors. In the co-cultivation experiments, the combined effects of
CD39 and CD73 inhibited the cytotoxicity of dNK cells.
Interestingly, HTR8/SVneo cells also showed the ability to
suppress dNK cytotoxicity in vitro. Studies have shown that
exogenous TGF-b can stimulate the expression of CD39 and
CD73 in T cells and dendritic cells (62, 63). In this study, we
found the villous tissues of URSA patients displayed lower level of
TGF-b compared with the normal pregnancies. In the subsequent
in vitro experiments, we found that TGF-b stimulated the CD73
expression in the HTR-8/SVneo cells. After adding exogenous
TGF-b into the culture system, pSmad2, pSmad3 and pmTOR
signals increased simultaneously in the HTR-8/SVneo cells. This
observation indicated a link between Smad signaling and mTOR
activation in the HTR-8/SVneo cells. We also found that the
Smad2/3 inhibitor SB525334 inhibited TGF-b-induced
phosphorylation of mTOR, which suggested that this
phosphorylation was Smad2/3-dependent. In addition, we proved
that the activation of HIF-1a induced by exogenous TGF-b is
mTOR-dependent, and is essential for the induction ofCD73under
normoxic conditions. On the contrary, mTOR activity is not
required in hypoxia-induced HIF-1a activation. These results
Frontiers in Immunology | www.frontiersin.org 13105
indicate that the TGF-b-mTOR-HIF-1a pathway has important
significance in regulating immune tolerance viaCD73. In addition,
we found that the decidual tissue of URSA patients showed lower
level of TGF-b, so it was possible that TGF-b may regulate the
expression of CD39 in dNK cells in the same way.

Some limitations exist in this study. Firstly, although we
found extracellular adenosine activated the dNK cells, which
receptor the adenosine activated was uncertain. Among the four
types of purinergic receptors (A1, A2A, A2B and A3), A2A is the
one highly expressed on lymphocytes, and the immune
regulation of NK cells by adenosine via the purinergic receptor
A2A has been extensively reported (24, 64–66). In addition,
activation of A2B receptors requires a high concentration of
adenosine, which is not common in physiological conditions
(67). The cAMP/protein kinase A (PKA)/cAMP response
element binding protein (CREB) signaling pathway is
positively regulated by adenosine acting on A2A receptor (53,
68–70). We believe the effects of adenosine on the dNK cells were
also A2A-dependent. It was possible that CD39 increases the
level of intracellular cAMP by increasing the level of extracellular
adenosine and acting on A2A receptor, resulting in the
subsequent effects of dNK cells. Secondly, although we
observed reduced level of TGF- b in URSA, neither the source
or the cause was revealed. The decidual tissue is rich in TGF-b
(71), which may be excreted by many cell types including
decidual stromal cells (72), NK cells (41, 73), and trophoblasts
(74). This study focused on the regulatory pathway from TGF-b
to adenosine, and hence the upstream and downstream
mechanism may be investigated in future studies. Thirdly, only
limited quantities of decidual tissue was obtained due to practical
reasons, hence limiting the numbers of replicates for certain
analyses. Fourthly, although HTR8/SVneo cells are often used as
substitutes for EVT, they cannot fully represent EVTs under
physiological conditions. Lastly, animal studies were not
conducted in this study due to lack of an ideal model, although
the clinical samples and the isolated dNK cells co-cultured with
HTR8/SVneo cells provided sufficient evidence to support the
major findings of this study.

The pathway found in this study may be an important
immunoregulatory mechanism that causes URSA, and provides
a potential new therapeutic target for the prevention of URSA.
However, the cause for the downregulated TGF-b in URSA and
the detailed signaling pathways within dNK cells in response to
extracellular adenosine require future exploration.
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Chronic inflammatory placental disorders are a group of rare but devastating gestational
syndromes associated with adverse pregnancy outcome. This review focuses on three
related conditions: villitis of unknown etiology (VUE), chronic histiocytic intervillositis (CHI)
and massive perivillous fibrin deposition (MPFD). The hallmark of these disorders is
infiltration of the placental architecture by maternal immune cells and disruption of the
intervillous space, where gas exchange between the mother and fetus occurs. Currently,
they can only be detected through histopathological examination of the placenta after a
pregnancy has ended. All three are associated with a significant risk of recurrence in
subsequent pregnancies. Villitis of unknown etiology is characterised by a destructive
infiltrate of maternal CD8+ T lymphocytes invading into the chorionic villi, combined with
activation of fetal villous macrophages. The diagnosis can only be made when an
infectious aetiology has been excluded. VUE becomes more common as pregnancy
progresses and is frequently seen with normal pregnancy outcome. However, severe
early-onset villitis is usually associated with fetal growth restriction and recurrent
pregnancy loss. Chronic histiocytic intervillositis is characterised by excessive
accumulation of maternal CD68+ histiocytes in the intervillous space. It is associated
with a wide spectrum of adverse pregnancy outcomes including high rates of first-
trimester miscarriage, severe fetal growth restriction and late intrauterine fetal death.
Intervillous histiocytes can also accumulate due to infection, including SARS-CoV-2,
although this infection-induced intervillositis does not appear to recur. As with VUE, the
diagnosis of CHI requires exclusion of an infectious cause. Women with recurrent CHI and
their families are predisposed to autoimmune diseases, suggesting CHI may have an
alloimmune pathology. This observation has driven attempts to prevent CHI with a wide
range of maternal immunosuppression. Massive perivillous fibrin deposition is diagnosed
when >25% of the intervillous space is occupied by fibrin, and is associated with fetal
org April 2022 | Volume 13 | Article 8250751109
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growth restriction and late intrauterine fetal death. Although not an inflammatory disorder
per se, MPFD is frequently seen in association with both VUE and CHI. This review
summarises current understanding of the prevalence, diagnostic features, clinical
consequences, immune pathology and potential prophylaxis against recurrence in
these three chronic inflammatory placental syndromes.
Keywords: chronic placental inflammation, villitis of unknown etiology, chronic histiocytic intervillositis, massive
perivillous fibrin deposition, CD8+ T lymphocytes, allograft rejection, fetal growth restriction, stillbirth
INTRODUCTION

Miscarriage, preterm birth, fetal growth restriction and stillbirth
are complex multifactorial disorders that carry immense medical,
psychological and economic impact (1–3). There are national
and global imperatives to reduce their frequency (4, 5). Although
almost half of intrauterine fetal deaths remain unexplained (6), a
significant proportion (approximately one-third) are attributed
to placental disorders detectable at routine histopathological
examination (7). Within this category are the three conditions
that form the subject of this review: villitis of unknown etiology
(VUE), chronic histiocytic intervillositis (CHI) and massive
perivillous fibrin deposition (MPFD). They are distinguished
from other chronic inflammatory lesions of the placenta, such as
chronic deciduitis and chronic chorioamnionitis, by their
striking associations with adverse obstetric outcomes and
recurrent pregnancy loss (8). It is their recurrent nature that
makes them particularly important for patients and clinicians,
despite their relative rarity. VUE affects 5-15% of placentas (9),
CHI 0.2% (10), and MPFD 0.5% (11). The underlying disease
mechanisms are poorly understood and there are no biomarkers
or treatment protocols that can reliably predict or prevent
recurrence in a subsequent pregnancy (12, 13).
org 2110
Table 1 summarises the definitions, diagnostic criteria,
grading systems and pregnancy outcomes for each of these
disorders. It should be emphasised that these are not
universally applied; some studies discussed in this review use
different or unspecified definitions, and there is no universal
consensus on diagnostic criteria.

Figure 1 shows the characteristic histological appearances of
VUE, CHI and MPFD.
PLACENTAL INFLAMMATION IN HEALTHY
AND PATHOLOGICAL PREGNANCY

Maternal Tolerance of the
Semi-Allogeneic Fetus
Healthy term pregnancy requires maternal immunological
tolerance of the semi-allogeneic fetus. This state is established
rapidly in the decidua, where maternal innate immune cells
[including macrophages, dendritic cells, natural killer cells and T
cells (40–42)] are in direct contact with fetal extravillous
trophoblast (EVT). The invading EVT infiltrates through the
decidua into the myometrium, driving maternal recognition of
April 2022 | Volume 13 | Article 825075
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TABLE 1 | Definitions, diagnostic criteria, severity grading and key obstetric outcomes for three chronic inflammatory placental disorders associated with recurrence
risk: villitis of unknown etiology (VUE), chronic histiocytic intervillositis (CHI) and massive perivillous fibrin deposition (MPFD).

Villitis of unknown etiology (VUE) Chronic histiocytic intervillositis (CHI) Massive perivillous fibrin deposition (MPFD

Definition Infiltration of maternal CD8+ T lymphocytes into the
chorionic villi, with proliferation of activated fetal
macrophages (Hofbauer cells) (9, 14, 15)

Presence of a CD68+ maternal histiocytic infiltrate
in the intervillous space, accompanied by varying
degrees of fibrin deposition (16–18)

>25% of the intervillous space occupied by
fibrin, leading to villous engulfment, atrophy
and sclerosis (12, 19–21)

Diagnostic
criteria

1. Villous infiltrate as above;
2. Absence of an infectious cause (9)

1. 80% of intervillous immune cells are CD68+
histiocytes;
2. ≥5% of the intervillous space occupied by the
infiltrate;
3. Absence of clinical or histopathological signs of
infection (22)

As above

Grading of
lesion
extent/
severity

Low-grade: involvement of <10 villi per focus
High-grade: involvement of ≥10 villi per focus (9)

Low-grade: 5-50% of the intervillous space
occupied by histiocytes and/or histiocyte-
associated fibrin
High-grade: ≥50% of the intervillous space
occupied by histiocytes and/or histiocyte-
associated fibrin (10, 23, 24)

Classic (severe): ≥3mm fibrin encasing the
basal villi of the entire maternal surface
Transmural (moderate): extending from the
maternal surface towards the fetal surface and
surrounding ≥50% of villi on ≥1 slide
Borderline (mild): as with transmural, but only
25-50% villi affected (19)

Pregnancy
outcome

Live birth in >90%; has also been associated with
recurrent pregnancy loss in small series (25–27)
Fetal growth restriction in 23-66% (25, 28–30)

Live birth: 55%
Stillbirth: 38%
Fetal growth restriction: 72% (22)

Live birth: 83-85%
Stillbirth: 15-17% (11)
Fetal growth restriction: wide range reported;
precise risk uncertain (11, 31, 32)

Recurrence 15-55% (27, 33, 34) 25-100% (22, 35–37) 10-80% (11, 19, 21, 31, 38, 39)
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fetal antigens. Successful implantation depends on an
inflammatory milieu, which is established through production
of pro-inflammatory cytokines by the decidual immune system
(43, 44). Once implantation has occurred, the balance shifts.
Immune crosstalk mediated by human leukocyte antigen (HLA)-
G, which is expressed on the EVT (45), induces expansion of
Foxp3+ regulatory T cells (T-regs) and tolerogenic macrophage
and dendritic cell subsets. Anti-inflammatory cytokines such as
IL-10 predominate and cytotoxic effector T cells are suppressed
(46). This tolerogenic environment is maintained throughout the
second and third trimesters under the influence of hormones,
cytokines and soluble mediators (44).

At term gestation, an abrupt return to the pro-inflammatory
state triggers the onset of labour. Circulating maternal
neutrophils and macrophages are recruited to the decidua
through chemotaxis and infiltrate the chorio-amniotic
membranes, stimulating myometrial contraction and
membrane rupture (47–49). Aberrant activation of this
pathway in early gestation can lead to spontaneous preterm
labour (49).

Placental Histopathology in
Normal Pregnancy
The defining histological features of VUE, CHI and MPFD can
all be found, to varying extents, in healthy pregnancy with
Frontiers in Immunology | www.frontiersin.org April 2022 | Volume 13 | Article 8250753111
normal fetal growth. Chronic villitis has been reported in up to
33% of term placentas, yet the vast majority have a normal
clinical outcome (25, 50). Its prevalence increases with advancing
gestational age. This suggests that as tolerance declines near
term, there may be a loss of the regulatory mechanisms that
protect the villi from infiltration by maternal T-effector cells (9).
Similarly, the presence of maternal CD68+ histiocytes occupying
up to 5% of the intervillous space can be associated with normal
outcome (22, 51). Foci of fibrin deposition are found in all
placentas, increasing with advancing gestational age, and
perivillous fibrin deposition is a physiological response to
trophoblast injury (19, 20, 52). Whether VUE, CHI and MPFD
represent exaggerated versions of physiological responses, or
distinct disease entities, remains unclear.

Determining the true prevalence of these features in normal
pregnancies is difficult. It requires a prospective approach, access
to specialist perinatal pathology services, and precise, objective
case definitions. Retrospective studies of placentas sent to
histopathology for clinical indications are influenced by
selection bias and will invariably overestimate their
frequency (53).

Two studies have attempted to overcome this challenge. In a
prospective, unselected analysis of 1,153 women delivering at 34-
43 weeks’ gestation, VUE, CHI and MPFD were detected in 35/
935 (3.7%), 2/935 (0.2%) and 2/935 (0.2%), respectively, of
A B

DC

FIGURE 1 | Typical histological appearances of villitis of unknown etiology (VUE), chronic histiocytic intervillositis (CHI) and massive perivillous fibrin deposition
(MPFD). (A) Haematoxylin & eosin stain of a slide showing normal placenta at 35 weeks’ gestation, with normal chorionic villi (arrows) and maternal erythrocytes in
the intervillous space (circled). (B) Haematoxylin & eosin stain demonstrating VUE. There is an excess of stromal T lymphocytes, villous agglutination (circled) and loss
of trophoblast integrity (arrow). (C) Chronic histiocytic intervillositis. Immunohistochemistry demonstrates presence of CD68+ maternal histiocytes (brown) in the
intervillous space. (D) Massive perivillous fibrin deposition (MPFD), with >95% of the intervillous space obliterated by fibrin. There is also villous agglutination and loss
of nuclear integrity. (A,B), x10. (C), x2. (D), x4.
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pregnancies with normal obstetric and perinatal outcomes (53).
The strengths of this study include its prospective design and the
fact that the reporting pathologists were completely blinded to
clinical outcomes. However, the small numbers of cases of
chronic inflammatory conditions detected, the lack of any
histological grading and the inclusion of preterm deliveries
limit its generalisability (53).

In another study of 946 placentas from term deliveries of non-
growth-restricted infants (birthweight 10-90th centile), 283/946
(30%) had a chronic inflammatory lesion and 176/946 (19%) had
VUE. However, the majority of these were mild, whereas only 11/
927 (1.2%) had high-grade VUE (54). The disparities in rates of
VUE between the two studies probably reflect (1): The fact that
the second study, which reports significantly higher prevalence,
includes only term deliveries; and (2) Inconsistent definition and
severity classification of VUE – the first study does not state its
case definition for VUE. It is possible that only high-grade
lesions were reported, which would make its prevalence (35/
935, 3.7%) comparable to that reported in the second study (11/
927, 1.2%) (53, 54).

These studies prove that chronic placental inflammation can
occur in healthy pregnancy. They also highlight the uncertainties
generated by lack of universal diagnostic criteria and severity
grading systems. The key question is how to define the transition
from physiology to pathology, and the mechanism by which this
is provoked.

Chronic Placental Inflammation and
Autoimmune Disease
VUE, CHI and MPFD have been reported in conjunction with
several immune-mediated diseases, including systemic lupus
erythematosus (SLE), Sjögren’s syndrome and autoimmune
thyroid disease (12, 35, 55, 56). In particular, they are
associated with 2 other disorders with significant implications
for pregnancy outcome: obstetric antiphospholipid syndrome
(APS) and fetal-neonatal alloimmune thrombocytopenia (F-
NAIT). Salafia et al. studied a cohort of 13 women with
recurrent pregnancy loss due to APS and found VUE in 4/13
(31%) and MPFD in 6/13 (46%) of their placentas (57). In
another retrospective series of 38 CHI pregnancies in 12
women, 4/12 (33%) affected women had APS (58). The over-
Frontiers in Immunology | www.frontiersin.org 4112
representation of VUE and CHI in F-NAIT, a rare disorder
affecting 1 in 1,000 live births (59), is especially pronounced. In
one multi-centre case-control study, VUE and CHI were
detected in 10/27 (37%) and 11/27 (41%) of F-NAIT placentas,
respectively (60).

Ant iphosphol ipid syndrome, in which maternal
autoantibodies are associated with thrombosis and recurrent
pregnancy loss, accounts for up to 25% of recurrent
miscarriage (61). It is also strongly associated with fetal growth
restriction (FGR), pre-eclampsia and stillbirth (62). APS is
diagnosed according to international consensus criteria,
summarised in Table 2 (63).

Despite the clear association between APS and adverse
pregnancy outcome, these criteria encompass a wide range of
clinical phenotypes and the mechanism by which pregnancy loss
occurs remains controversial. Early and late pregnancy loss have
different aetiologies, reflecting the major adaptations in decidual
immunity and utero-placental circulation that occur as
pregnancy progresses. Two key mechanisms identified in
APS are:

1. Autoantibody-driven thrombosis of the utero-placental
circulation: levels of annexin-V, a potent anticoagulant, are
significantly reduced in placental villous tissue from women
with APS. Exposure of cultured trophoblast and endothelial
cells to antiphospholipid antibodies leads to decreased
annexin-V expression and accelerated thrombosis (64).

2. Complement-mediated pregnancy loss: in mice injected with
human antiphospholipid antibodies, administration of a C3
convertase inhibitor (which blocks classical complement
activation) protects offspring from FGR and intrauterine
death (65). In women with antiphospholipid antibodies,
complement activation in the first trimester is predictive of
adverse pregnancy outcome (including FGR and stillbirth)
(66). Deposition of the complement degradation product C4d
is a hallmark of antibody-mediated rejection in solid organ
transplants (67–69). It is generated through activation of the
classical complement pathway in response to specific
antibody-antigen binding. C4d deposition is significantly
more common in p lacentas f rom women wi th
antiphospholipid antibodies than those without (70).
TABLE 2 | Updated international consensus classification criteria for the diagnosis of antiphospholipid syndrome (APS). APS is diagnosed when at least 1 clinical
criterion and at least 1 laboratory criterion are met (63).

Clinical
criteria

Vascular thrombosis One or more episode(s) of arterial, venous or small vessel thrombosis
Pregnancy morbidity a) One or more unexplained death(s) of a morphologically normal fetus at

≥10 weeks’ gestation; or
b) One or more preterm birth(s) of a morphologically normal baby <34
weeks’ gestation due to severe pre-eclampsia, eclampsia or placental
insufficiency; or
c) Three or more consecutive spontaneous miscarriages before 10 weeks’
gestation (in the absence of an anatomical, hormonal or chromosomal
cause)

Laboratory
criteria

Any of the following present on two or more occasions, 12 weeks apart:
1. Lupus anticoagulant
2. Anti-cardiolipin antibody
3. Anti-beta-2-glycoprotein-1 antibody
April 2022 | Volume 13 | Article 825075
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APS provides an attractive paradigm for investigating an
immunological aetiology in VUE, CHI and MPFD, given that
all four disorders cause recurrent pregnancy loss. C4d deposition
is also seen in VUE (71), CHI (72) and MPFD (73). However,
there are several caveats to this comparison. Firstly, the
pregnancy losses associated with VUE, CHI and MPFD usually
occur in the second and third trimester, whereas APS primarily
causes early first-trimester miscarriage (74). Secondly, although
they overlap, the majority of women with VUE, CHI and MPFD
do not have APS (56). Thirdly, C4d deposition is not specific to
these conditions and has also been identified in unexplained
recurrent miscarriage (75). Finally, there are clearly additional
mechanistic factors involved given that neither anti-thrombotic
therapy (low-molecular weight heparin) (76) nor non-specific
immune suppression (hydroxychloroquine) can completely
alleviate the risk of obstetric complications in APS (77).

Discordance of VUE, CHI and MPFD has been reported in
dizygotic twin pregnancies (78–80). This suggests that fetal
genetics contribute to the pathogenesis, with a specific feto-
placental antigen stimulating maternal immune “rejection” of
the placenta, rather than a general failure of tolerance at the
decidua. However, other evidence implies that the primary
problem is maternal, particularly in the case of CHI. Firstly,
CHI carries a recurrence rate of up to 100% and worsens in
successive pregnancies (36, 81–83). Secondly, when women with
recurrent pregnancy loss due to CHI undergo IVF with their own
oocyte and their partner’s sperm, followed by implantation into a
surrogate, CHI does not recur (84). The true underlying
mechanism may therefore incorporate a double hit of both
fetal immunogenetics and inappropriate maternal immune
reactivity: perhaps a feto-placental antigen expressed in the
first pregnancy “primes” a mother with a pre-existing
propensity towards autoimmune disease to reject all
subsequent pregnancies.

Chronic Placental Inflammation
and Infection
Placental villitis is evident in response to various infections (85).
In the absence of proven infection, VUE should be considered
(86). While unidentified infections could be responsible for what
we currently term VUE, this seems unlikely given that infectious
villitis and VUE differ in both histological and clinical
parameters. Table 3 summarises the key differences between
infectious villitis and VUE.
Frontiers in Immunology | www.frontiersin.org 5113
Similarly, the term “CHI” is used interchangeably with
“chronic intervillositis of unknown etiology” (CIUE), defined
by Bos et al. as an infiltrate of CD68+ mononuclear cells
occupying ≥5% of the intervillous space “in the absence of
clinical or histopathological signs of infection” (22). This is
what distinguishes CHI from the many infectious causes of
intervillositis – for example, Plasmodium falciparum (87),
cytomegalovirus (88), dengue virus (89), Zika virus (90),
parvovirus B19 (16), SARS-CoV-2 (91), Chlamydia psittaci
(92) and Listeria monocytogenes (12, 55, 93, 94).

The association of all three conditions with SARS-CoV-2 has
provided the opportunity to study rates of VUE, CHI and MPFD
in thousands of infected placentas. This is in stark contrast to the
handful of case reports describing their occurrence in certain
infections prior to the COVID-19 pandemic. A systematic review
of placental pathology in 1,008 pregnant women with SARS-
CoV-2 infection identified chronic inflammatory pathology
(including chronic villitis) in 26% and increased perivillous
fibrin in 33% (95). Pregnancy outcomes were not reported in
this study, meaning that the clinical consequences of this chronic
inflammation are unclear (95). However, large cohort studies
and meta-analyses have shown that SARS-CoV-2 infection in
pregnancy is associated with significantly higher rates of preterm
birth, stillbirth, perinatal and neonatal morbidity and mortality
(96–99).

More specifically, a combination of CD68+ histiocytic
intervillositis with chronic villitis, perivillous fibrin deposition
and trophoblast necrosis has been described in case reports and
small series of placental SARS-CoV-2 (91, 100–102). One group
studied 39 placentas from SARS-CoV-2-positive mothers and
found that all four that stained positive for the virus also had
CHI, MPFD, chronic villitis and an unusual CD20+ B cell
component in the intervillous infiltrate. This pattern was seen
irrespective of severity of maternal symptoms and correlated
with fetal distress (103). Figure 2 demonstrates coexistent CHI
and SARS-CoV-2 infection.

High SARS-CoV-2 viral loads in the placenta are
unsurprising given that it enters host cells using the
angiotensin-converting enzyme 2 (ACE-2), which is highly
expressed in the decidua and trophoblast (104). But why would
SARS-CoV-2 trigger intervillositis? Infection with other single-
stranded RNA viruses such as dengue virus and SARS-CoV-1 is
also associated with chronic intervillositis, but the mechanism by
which this occurs is unknown (89, 105). It is uncertain whether
TABLE 3 | Comparison of clinical and histological features in infectious villitis and villitis of unknown etiology (VUE) (9).

Infectious villitis VUE

Prevalence 0.1-0.4% 5-15%
Histological features Diffuse distribution

Histiocytic villitis
Presence of villous plasma cells
Haemosiderin deposition
Viral inclusion bodies

Focal or patchy distribution
Lymphohistiocytic villitis
Absence of plasma cells
Absence of haemosiderin
Absence of viral inclusion bodies

Symptomatic maternal infection during pregnancy Common Rare
Association with maternal autoimmune disease Rare Common
Recurrence Rare Common
April 202
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the accumulation of maternal histiocytes in the intervillous
space, adjacent to the SARS-CoV-2 nucleocapsid-positive
syncytiotrophoblast, represents a specific response to that
particular virus or a non-specific component of the maternal
immune response to intra-placental infection.

The detection of this new viral aetiology for villitis and
intervillositis highlights the critical importance of accurately
excluding an infectious cause when making the diagnosis of
VUE or CHI. This remains a conflicted area. One study showed
no evidence of increased receptor specificity for common viral
epitopes in T cells isolated from VUE placentas, concluding that
VUE is more likely to represent a primary allograft rejection
response (106). However, another group used viral nucleic acid
enrichment combined with metagenomic sequencing to
investigate occult viral infection in 20 placentas diagnosed with
VUE, and detected at least 1 virus in 65% of them, compared to
35% of control placentas without chronic inflammatory lesions
(107). Whatever the pathophysiology of infection-associated
villitis or intervillositis, thorough placental examination and/or
maternal serology should be used to rule out infection, as the
infection-associated cases do not appear to recur.

In the absence of an infectious cause, attention should focus
on an immune-mediated pathophysiology. Parallels with
transplant immunology have led some groups to describe
VUE, CHI and MPFD as analogous to maternal “rejection” of
the fetal semi-allograft (13, 72, 83, 108, 109). However, unlike
solid organ allografts, serial sampling of the placenta during
pregnancy is impossible given the associated risks to both mother
and fetus. The diagnosis of VUE, CHI or MPFD therefore rests
entirely on placental histology from a single, postnatal timepoint.
This makes it particularly difficult to elucidate the sequence of
events that culminates in villitis, histiocytic infiltration of the
intervillous space or deposition of perivillous fibrin.

Insights From Animal Studies
The inherent challenges of studying the human placenta in “real
time” have prompted the use of alternative strategies, such as primary
trophoblast cultures and commercially available cell lines (110–112).
Frontiers in Immunology | www.frontiersin.org 6114
However, these have their own limitations: primary cytotrophoblast
cells typically fail to replicate long-term in culture and cell line
expression profiles diverge significantly from the trophoblast tissues
they are intended to mimic (110, 112, 113).

As a result, animal studies have proved essential in building our
understanding of human placental function and disease. There is
enormous inter-species structural diversity in the placenta. Rodent,
rabbit, primate and human placentas are classified as haemochorial,
in which maternal blood is in direct contact with fetal-origin
trophoblast (114). Of this category, mice have obvious practical
advantages for laboratory work (they are small, with short gestation
periods and large litter sizes) and have become the most widely used.
Murine models of alloimmune disorders have provided valuable
insights into pathogenesis and treatment, demonstrating that the
neonatal Fc receptor (FcRn) is necessary for transport of maternal
IgG into the fetal compartment in F-NAIT (115) and that activation
of the classical complement pathway correlates with fetal death in
APS (116).

Although they share haemochorial placentation, other critical
discrepancies between murine and human placental
development and immunology compromise the translational
value of mouse models (117). The most important difference is
in their capacity for trophoblast invasion. Successful human
placentation depends on deep infiltration of the outer
myometrium by migrating extravillous trophoblasts, which
remodel maternal spiral arteries into dilated, low-pressure
vessels to maximise placental blood flow. Inadequate invasion
and remodelling leads to fetal growth restriction, pre-eclampsia
and fetal death (118). Decidual natural killer (dNK) cells, which
are the most abundant maternal leukocyte population at the time
of implantation, play an essential role in orchestrating this
invasion, through expression of killer cell immunoglobulin-like
receptors (KIR) that interact directly with non-classical HLA on
invading EVT (119–121). However, murine NK cells do not
express KIR and trophoblast invasion is far more superficial,
limited to the decidua basalis (117).

In female mice, pre-conception exposure to paternal antigen
in seminal fluid stimulates a specific effector CD8+ T-cell
A B

FIGURE 2 | Coexistence of chronic histiocytic intervillositis (CHI) with SARS-CoV-2 infection in a placenta from a late miscarriage at 20 weeks’ gestation.
(A) Immunohistochemical staining demonstrates CD68+ histiocytes (brown) in the intervillous space. (B) Positive expression of SARS-CoV-2 nucleocapsid protein
(brown) by immunohistochemistry within the syncytiotrophoblast membrane of the same placenta. (A), x20. (B), x4.
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response (122). However, this response is transient: if the mouse
subsequently becomes pregnant with an embryo that expresses
the same antigen, these specific T-cell populations undergo
clonal deletion to maintain tolerance to the developing fetus
(123). By contrast, in humans, fetal-specific T cells are detectable
several years after delivery (83, 124, 125). This persistence of
anti-fetal T cells could account for the recurrence and worsening
clinical severity observed in CHI and VUE, but murine models
could not support investigation of this hypothesis.

Non-human primates share greater parallels with humans in
terms of the structure and immunology of the maternal-fetal
interface (126). The rhesus macaque has been particularly well
studied (127–129). Although they do not exhibit trophoblast
invasion to the same degree as humans (126), rhesus macaques
express non-classical HLA-G homologs (130), possess a large
population of dNK cells (131) and can develop pre-eclampsia
(132, 133). Their clinical and histological response to certain viral
infections in pregnancy is closely correlated with that seen in
humans (134). Rhesus macaques infected with Zika virus during
pregnancy show high rates of fetal loss with histiocytic
intervillositis and massive perivillous fibrin deposition on
placental histology (90, 135–137). Although idiopathic chronic
placental inflammation has never been documented in primates,
studying infection-associated CHI/MPFD in these models could
reveal new insights into the underlying mechanisms involved.

Despite their potential, the ethical, logistic and financial
restrictions on availability and maintenance of female rhesus
macaques have limited translation of these shared features into
reliable models of human placental disease (114).

The recent development of epithelial trophoblast organoids,
which recapitulate the 3-dimensional villous architecture, HLA
expression profiles and endocrine functions of the human
placenta, could transform the study of placental development
and disease (138). As with the other models described, the
current organoids have intrinsic limitations in terms of their
translatability to in vivo placental function in general and to
chronic inflammatory placental conditions in particular. They
are derived from first-trimester placental tissue [whereas the
majority of VUE- and CHI-related pregnancy loss occurs in the
third trimester (9, 22)], lack vascularisation, and develop without
the influence of the decidual and fetal immune systems (139).
Development of third-trimester placental organoids has so far
proved impossible (140), but would represent a vital step towards
the elusive in vitro model of the term human placenta in health
and disease.

The following sections will summarise evidence for an
immunological aetiology in VUE, CHI and MPFD and highlight
current challenges in the efforts to understand how these conditions
cause recurrent adverse pregnancy outcome.
VILLITIS OF UNKNOWN ETIOLOGY (VUE)

VUE: Definition, Prevalence, and Diagnosis
As mentioned above, VUE is evident in 5-15% of third-trimester
placentas, with increasing frequency towards term (9, 141, 142).
Frontiers in Immunology | www.frontiersin.org 7115
A maternal lymphohistiocytic infiltrate consisting primarily of
CD8+ cytotoxic T cells invades the villous stroma, causing
destructive inflammation that can lead to villous sclerosis and
necrosis. In severe cases the villous inflammation can progress to
“obliterative fetal vasculopathy”, in which complete luminal
occlusion of fetal stem villi leads to avascular villi and fetal
hypoxia (143). There is also expansion of activated fetal
macrophages (Hofbauer cells) within the villi (9, 12, 14, 15).
VUE is classified according to the spatial pattern of villous
involvement: distal, proximal or basal villi. It can be high-
grade (>10 contiguous villi affected in more than one section)
or low-grade (≤10 villi affected in any single focus) (9, 144). Key
factors that distinguish it from infectious villitis include its non-
uniform patchy distribution within the placental parenchyma
and the absence of neutrophils and viral inclusions (9, 86,
145, 146).

VUE: Clinical Implications and
Recurrence Risk
The majority of pregnancies affected by VUE end in live birth:
73/78 (94%) from a study in 2016, in which the average
gestational age at birth was 36.7 weeks (25). However, it has
been associated with recurrent pregnancy loss in small series and
clinical severity appears to increase with recurrence (26, 27, 33).
When VUE is associated with adverse outcome, the principal
feature is fetal growth restriction, which occurs in up to two-
thirds of cases (25, 28–30). VUE has also been associated with
perinatal mortality, necrotising enterocolitis and abnormal
neurodevelopmental outcome (143, 147, 148). The risk of
recurrent VUE ranges from 17-54% (27, 33, 34) in individual
studies but is generally quoted as 10-15% in expert review articles
(9, 12).

Estimating the recurrence rate of VUE is challenging. The
primary issue is that its incidence is very difficult to precisely
determine: general (as opposed to specialist perinatal)
pathologists commonly under-diagnose VUE (149) and its
focal distribution means that insufficiently thorough placental
sampling will lead to missed cases (12). Altemani et al.
demonstrated that six blocks are required to detect 85-95% of
cases of VUE, while using four blocks could lead to over 30% of
cases being missed (150). Even if adequate sampling is
performed, there is significant inter-observer variability even
among experienced pathologists (151). These diagnostic
difficulties are compounded by the small numbers and
retrospective design in the majority of available studies.
Attempts to determine recurrence rate can only be truly
accurate if every subsequent pregnancy of each affected woman
is studied, which is logistically unfeasible.

Two small cohorts have reported recurrence rates of 10/59
(17%) (33) and 7/19 (37%) (27). However, a much larger study
designed specifically to investigate recurrence risk in VUE found
a rate of 102/190 (54%) among 883 women who had had two
placentas submitted for histological analysis during the study
period (34). The significantly higher rate identified in this study
likely reflects selection bias: only singleton live births in which
there was a clinical indication for placental histology (e.g. FGR,
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severe pre-eclampsia, placental abruption) were included. As the
authors point out, low-grade VUE that occurs with normal
pregnancy outcome may be less likely to recur; and these
placentas would not have been included in the cohort (34).

The extent to which VUE causes FGR is, like its recurrence
risk, difficult to ascertain. The high prevalence of VUE in term
placentas with normal pregnancy outcome (54) suggests it could
represent a physiological process that develops as tolerance
wanes. However, VUE is consistently over-represented in
cohorts of growth-restricted infants, implying a potential
contribution to pathology (28, 152–154). Becroft et al. detected
VUE in 88/509 (17%) placentas from infants with birthweight
<10th centile vs. 62/529 (12%) placentas from appropriately-
grown infants (145). This raises an important question: how
could this common histological observation cause adverse
outcome in a small minority, and account for high proportions
of FGR? Some of this effect can be attributed to the grade of VUE:
studies using methodology that only detects severe VUE are
likely to report higher incidences of adverse outcomes. This is
consistent with evidence that higher-grade VUE is more strongly
associated with FGR and stillbirth than low-grade VUE (27).

Severe CHI and MPFD can lead to complete obliteration of the
intervillous space through accumulation of CD68+ histiocytes and/
or fibrin, respectively. It is easy to perceive how this leads to fetal
hypoxia, growth restriction anddemise (20, 55).However, the same
cannot be said forVUE. Even in themost severe high-grade lesions,
it is very rare for more than 10% of the chorionic villi to be affected
(9). It seems surprising that involvement of such a small fraction of
the placental parenchyma could compromise fetal growth (145). It
may therefore be the fetal inflammatory response, rather than the
percentage of the placental parenchyma infiltrated by maternal
immune cells, that determines clinical outcome.

This hypothesis is supported by the discovery of elevated
CXCL10 levels in fetal plasma in 22 pregnancies affected by VUE
compared to 22 normal termpregnancies (108). IncreasedCXCL10
is a hallmark of rejection in renal and cardiac allografts (155–157).
These findings reinforce the theory that VUE represents maternal
rejection of the placenta, but larger studies are required.

Although more common at term, VUE has also been detected
in preterm placentas (27, 29, 34). This could represent either
accelerated decline of maternal tolerance, or a specific “rejection”
event, but has not been specifically studied. Detailed
comparisons of term and preterm VUE using advanced
techniques such as placental transcriptomics may help to
overcome the gaps in our knowledge.

Once we can distinguish physiological VUE at term from
pathological preterm VUE with fetal growth restriction, we
should be able to determine risk of recurrence more accurately.
Until then, the broad estimates quoted above will remain
frustrating for clinicians and patients alike. They highlight how
little we know about VUE and the ways in which this common
lesion can occasionally account for severe obstetric complications.

VUE: Evidence for an Immune Aetiology
Current hypotheses around the pathogenesis of chronic
inflammation in VUE are divided into 2 categories: firstly, a
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response to an as yet unidentified infection; and secondly, a
primary immunological mechanism analogous to allograft
rejection (158). The latter theory will be the focus of this
section. Evidence is summarised in Figure 3.

Linear C4d deposition has been detected on the
syncytiotrophoblast of VUE placentas, but was absent in
healthy placentas and those infected with cytomegalovirus (71,
161). The fact that VUE is significantly more common in donor-
oocyte pregnancies (where the fetus is completely allogeneic)
compared with own-oocyte IVF pregnancies lends support to the
humoral rejection hypothesis (162). However, the placental
alloantigen to which the mother raises an antibody, triggering
complement activation, is unknown.

The HLA system on the semi-allogeneic placenta is a possible
target, just as circulating anti-HLA antibodies are a major risk
factor for graft rejection in transplant recipients (163). Villous
trophoblast typically lacks HLA class II expression, but VUE
placentas demonstrate abnormal upregulation of HLA class II
molecules (158, 164). A group in Michigan found a significantly
higher frequency of maternal anti-fetal-HLA seropositivity in
pregnancies affected by VUE compared to those without: anti-
HLA class I antibodies were present in 39/53 (74%) vs. 74/227
(33%), and anti-HLA class II antibodies were present in 23/53
(43%) vs. 29/227 (13%). The same findings were observed for
chronic chorioamnionitis, which, like VUE, involves maternal
cellular infiltration of fetal tissues – in this case, the chorio-
amniotic membranes, rather than the placental parenchyma (165).

As well as humoral mechanisms, the possibility of cellular-
mediated rejection has been explored. Kim et al. demonstrated
significant upregulation of chemokines and chemokine receptors
in 20 VUE placentas, compared to controls (108). The
transcriptomic signature they identified is similar to that found
in rejected allografts (166–168). These findings were
corroborated in a larger study by the same group (169) and
also in a report by Enninga et al., who found that 38% of the
differentially expressed genes in VUE placentas as compared to
normal gestational-age-matched control placentas mapped to
allograft rejection pathways and that CXCL10 was the most
strongly upregulated gene (158). The observation of increased T-
regs in VUE infiltrates vs. normal placentas could indicate a
compensatory attempt to suppress inflammation and restore the
tolerogenic state (170).

Inappropriate T cell trafficking is another potential
contributing mechanism in the pathogenesis of VUE. In
healthy pregnancy, physiological suppression of intercellular
adhesion molecule-1 (ICAM-1) expression helps to maintain
tolerance towards the fetus (171). In VUE, however, ICAM-1 is
upregulated on the syncytiotrophoblast, promoting transfer of
maternal lymphocytes into the villi (159).

Defects in tolerogenic immune checkpoint signalling
pathways may also have a role. Programmed death ligand-1
(PD-L1), a major suppressor of cytotoxic T cells that is pivotal in
tumour immune evasion (172) and may be a key player in fetal
tolerance (173), is expressed on the trophoblast in normal
pregnancy (174) and circulates in maternal blood (175). Shahi
et al. found that PD-L1 expression was significantly reduced in
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VUE placentas compared to both normal and CMV-infected
placentas, suggesting a loss of tolerance unique to non-infectious
villitis that may play a critical role in the disease process of
VUE (160).
CHRONIC HISTIOCYTIC
INTERVILLOSITIS (CHI)

CHI: Definition, Prevalence, and Diagnosis
CHI is defined as a CD68+ maternal histiocytic infiltrate
occupying ≥5% of the intervillous space (22). This is
accompanied by a small population of CD4+ and CD8+ T
cells, varying degrees of perivillous fibrin deposition, villous
agglutination and trophoblast necrosis (94, 176–178).

CHI is much less common than VUE. A large Canadian series
analysed almost 30,000 placentas and reported a prevalence of
0.17% (10). However, CHI and VUE frequently coexist (179): in
the first account of CHI published by Labarrere & Mullen in
1987, it was described as an “extreme variant” of VUE (17).
Nowak et al., who reported outcomes from 76 cases of combined
CHI-VUE, suggested that CHI might represent either a
precursor lesion or a more aggressive variant of VUE (25).
Although Labarrere later described phenotypic similarities in
the cellular infiltrates (180), current consensus is that they
represent two distinct syndromes, with the chronic
inflammation of CHI confined to the intervillous space rather
than infiltrating into the villi (13).

In 2018, Bos et al. proposed diagnostic criteria for CHI as
follows: ≥5% of the intervillous space occupied by a mononuclear
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cell infiltrate, of which ≥80% are CD68+, in the absence of
clinical or histopathological signs of infection (22). These have
been widely adopted since and recently adapted to produce a
grading system for lesion severity that correlated with overall
perinatal survival in a cohort of 122 cases (181). Concurrent
MPFD has been omitted from these criteria as grading of MPFD
intensity is highly subjective and evidence regarding its
correlation with clinical outcomes is conflicting (23, 55, 181,
182). Its reported incidence alongside CHI varies widely, from
16% (55) to 100% (176). In a recent large series, 51/111 (46%) of
CHI cases were associated with MPFD (56).

CHI: Clinical Implications and
Recurrence Risk
Unlike VUE, CHI is consistently associated with all forms of
adverse pregnancy outcome (22, 25, 56). In a systematic review of
350 CHI pregnancies in 291 women, the live birth rate was just
135/246 (55%) overall. Fetal growth restriction affected 63/88
(72%), first-trimester miscarriage 62/256 (24%) and stillbirth 59/
155 (38%) (22). Another series of 122 cases reported that 18/122
(15%) ended in medical termination due to severe FGR. In this
cohort, 38/70 (54%) of live births were delivered preterm (from
24 to 36 + 6 weeks’ gestation) (35).

The risk of recurrent CHI is high. However, reports of the
exact recurrence rate vary from 25-100% in large, well-
phenotyped cohorts (10, 22, 35–37, 94, 181, 183, 184). These
disparities result from multiple factors (1): the rarity of the lesion
and its variable appearance in different trimesters (2); the fact
that some studies have excluded first-trimester miscarriages (3);
under-diagnosis of CHI due to lack of familiarity even among
specialist perinatal pathologists (4); the lack (until recently) of
A B
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FIGURE 3 | Schematic demonstrating potential pathological pathways leading to villitis of unknown etiology (VUE) (9, 86, 107, 108, 159, 160). (A) Formation of
immune complexes at the syncytiotrophoblast leads to complement activation and C4d deposition. (B) Undiagnosed infection is responsible for the chronic
inflammation. (C) The fetal response to maternal infiltration of the villi includes elevated plasma levels of the T cell chemokine CXCL10, a hallmark of solid organ
allograft rejection (8). (D) Excessive intercellular adhesion molecule-1 (ICAM-1) expression on the syncytiotrophoblast in VUE promotes infiltration of maternal T cells
(159); programmed death ligand-1 (PD-L1), which suppresses cytotoxic T cell activity, is downregulated in VUE (160). Created with BioRender.com.
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consensus diagnostic criteria (5); the influence of selection bias in
small case series of adverse outcomes; and (6) the recent
observation that CHI secondary to infection, in particular
SARS-CoV-2, does not seem to recur (12, 22, 56, 82, 185).

CHI: Evidence for an Immune Aetiology
Investigations into a potential immune aetiology for CHI largely
mirror those conducted in VUE. C4d deposition on the
syncytiotrophoblast is emerging as a consistent feature of CHI.
The percentage of villi that stain positive for C4d is significantly
higher in CHI placentas than in normal controls (182) and in
VUE (72). The authors hypothesise that complement fixation
localised to the microvillous border could represent a maternal
humoral response to a paternally inherited placental alloantigen.
This could induce expression of pro-inflammatory cytokines that
recruit maternal macrophages into the intervillous space (72).
However, placental C4d deposition is also evident in other
autoimmune conditions such as SLE and APS, which can
coexist with CHI (116). While the presence of C4d reinforces
the theory that CHI results from humoral immune rejection, it
does not of course identify the causative placental antigen.
Benachi et al. confirmed diffuse villous staining for C4d in
recurrent CHI and also noted focal deposition of the C5b-9
membrane attack complex, suggesting localised complement
activation (83). Figure 4 shows C4d deposition in CHI.

In parallel with VUE, one study showed increased frequency
of partner-specific anti-HLA antibodies in women with CHI (3/
4, 75%) compared to controls (0/7) (84). However, the numbers
studied were very small (only 4 affected women). Moreover,
formation of anti-partner-HLA antibodies is also seen in normal
pregnancy and is a physiological maternal response to peri-
conceptional exposure to paternal antigens (13, 186) and term
birth (187).

An important and detailed immunophenotypic analysis of
two women who had healthy full-term first pregnancies each
followed by two subsequent pregnancies with histologically and
clinically worsening CHI supports the theory that CHI is driven
by an alloimmune mechanism. In both cases, anti-HLA
antibodies that showed specific reactivity for epitopes
harboured by all 3 fetuses were isolated. The authors
concluded that the first pregnancy constitutes a sensitising
event that establishes broad humoral reactivity against HLA-
eplet-mismatched siblings (83). Although small, this study
provides evidence of alloimmune sensitisation in CHI. A
larger-scale study would be required to validate these findings.

Freitag et al. used placental transcriptomics to analyse
inflammation- and angiogenesis-associated gene expression in
5 CHI placentas, 4 VUE placentas and 7 normal control
placentas. Compared to controls, the CHI group showed
significantly higher levels of transforming growth factor beta
receptor 1 (TGFBR1) and matrix metallopeptidase-9 (MMP-9)
(178). Although there is evidence that macrophage trafficking
depends on MMP-9 (188), it is impossible to conclude from such
a small cohort that MMP-9 overexpression drives histiocyte
accumulation in CHI.

ICAM-1 expression is markedly higher in CHI than both
VUE and control placentas (189). However, ICAM-1 promotes
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adhesion and transmigration of maternal cells into fetal tissues –
for its expression to be higher in CHI, where maternal cells
remain confined to the intervillous space, than in VUE, where
maternal cells infiltrate and destroy the villi, therefore seems
counter-intuitive. It is likely that increased ICAM-1 expression is
sufficient to arrest maternal cells in the intervillous space, but
whether or not they then invade across the syncytiotrophoblast
barrier into fetal tissues depends on the cellular composition and
properties of the infiltrate itself.

Differential expression of two other cell surface proteins in
CHI has recently been reported. Firstly, there was a significant
reduction in the percentage of villi staining positive for CD39 in
22 CHI placentas compared to 20 healthy controls (45% vs. 95%)
(182). CD39 is a key contributor to T-reg-mediated tolerance
and is expressed at lower levels in a wide range of autoimmune
diseases (190). In this study, the extent to which CD39 was
downregulated correlated directly with clinical outcome, with
greater reductions in the subgroup of those with CHI who had
FGR or intrauterine death. However, the usual caveat of poor
quantification of protein expression when ascertained through
immunostaining alone should be applied here (182).

Secondly, Clark et al. showed a significant reduction in
CD200 expression intensity on villous trophoblast from a
single CHI placenta compared to a healthy term control (191).
CD200 is an anti-inflammatory immune checkpoint molecule
that inhibits macrophage proliferation and promotes T-reg
polarisation through interaction with its receptor, CD200R.
CD200-/- knockout mice develop expansion of activated
macrophage populations and increased susceptibility to
autoimmunity (192, 193). However, there are a number of
caveats to the study demonstrating reduced CD200 in CHI:
firstly, its size (n=1); secondly, CD200R expression was also
reduced; and thirdly, these reductions were only seen in villous
trophoblast but not in the intervillous infiltrate (191). Although a
mechanism of CD200 depletion appears consistent with the
pathophysiology of CHI, this result should therefore be
interpreted with caution.

The aggressive clinical phenotype of CHI is at odds with the
characteristics of the histiocytic infiltrate. The maternal CD68+
macrophages that occupy the intervillous space overexpress
CD163, indicating polarisation towards the anti-inflammatory
M2 phenotype associated with matrix remodelling and tissue
repair (194). This is consistent with the lack of fetal tissue
infiltration, but inconsistent with the severity of the adverse
obstetric outcomes in CHI. It is possible that the intervillous
infiltrate is a consequence of an as yet undiscovered immune
pathology, rather than the primary driver of disease.
MASSIVE PERIVILLOUS FIBRIN
DEPOSITION (MPFD)

MPFD: Definition, Prevalence,
and Diagnosis
The term MPFD describes a pathological process in which >25%
of the intervillous space is occupied by fibrin. The fibrin forms a
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lattice that suffocates the chorionic villi and impairs feto-
maternal gas exchange. This is accompanied by foci of
degenerative trophoblastic injury (20, 21). It can be categorised
as classic, transmural or borderline according to the site and
extent of deposition (see Table 1) (19).

In isolation, MPFD is uncommon. The largest published
cohort found MPFD in 190/39,215 (0.48%) of placentas sent
for histopathology (11) and the incidence is approximately 0.28
cases per 1,000 live births (21). As with VUE and CHI,
estimations of prevalence are fraught with inaccuracy because
of selection bias: histopathological examination of the placenta is
not routine and is only conducted when adverse perinatal
outcomes occur. Despite this uncertainty, it is clear that the
frequency of MPFD varies with gestational age. Recent data
demonstrate higher rates in first-trimester miscarriages: 2.7%
(15/562) (73).

MPFD often overlaps with VUE/CHI rather than occurring as
an isolated lesion, and how this influences clinical outcomes is
difficult to ascertain. One study examined 318 first-trimester
miscarriage specimens with normal karyotype and identified
isolated CHI in 14/318 (4.4%), isolated MPFD in 17/318
(5.3%) and a combination of chronic inflammation with
MPFD in 60/318 (19%) (195).

MPFD: Clinical Implications and
Recurrence Risk
The reported risk of fetal death in MPFD ranges from 15-80%
(11, 21, 31, 32, 109, 196). In general, studies quoting higher rates
are smaller: 24/60 (40%) and 4/10 (80%) (31, 109). Studies
analysing >50 cases quote lower rates that are likely to be more
reliable: 32/190 (17%) (11) and 11/71 (15%) (32). This broad
range is unhelpful for clinicians and makes it difficult to counsel
patients appropriately. As with VUE and CHI, several factors
contribute to this challenging ambiguity: small studies,
subjectivity of reporting, a lack of consensus on diagnostic
Frontiers in Immunology | www.frontiersin.org 11119
criteria and terminology, and failure to distinguish infectious
vs. idiopathic cases.

MPFD is also associated with high rates of prematurity (26-
58%) (11, 21, 31, 32) and fetal growth restriction (53-88%) (31,
32, 38, 197). It is independently associated with overall severe
adverse neonatal outcome (198) and, in preterm infants,
significantly higher rates of neurodevelopmental impairment at
24 months than in gestational age-matched cases without MPFD
(197). Pregnancy outcomes appear to be worse with higher
degrees of fibrin deposition. Intrauterine death, preterm birth
and birthweight <3rd centile for gestational age were all
significantly more common in a study comparing 39 cases of
severe transmural MPFD to 32 cases of borderline MPFD and
142 controls (32).

The reported risk of recurrence in MPFD is highly variable
and ranges from 12-78% (11, 19, 21, 31, 38, 39). As with VUE
and CHI these statistics are of uncertain accuracy given the
subjectivity of the diagnosis, the failure to consistently send
placentas from subsequent pregnancies for histology and the
exclusion of miscarriages from some studies (19, 21, 32).

MPFD: Aetiology
Theories about the aetiology of MPFD extend more broadly than
those for VUE and CHI. As stated above, small amounts of fibrin
deposition are a physiological finding in term placentas and
reflect activation of the maternal coagulation cascade in response
to turbulent intervillous blood flow (20, 199). However, the shift
from physiological to pathological fibrin deposition that defines
MPFD can arise in response to a large number of different
insults. These include infection, maternal autoantibodies that
provoke local complement activation, maternal thrombophilia,
or direct cytotoxicity (which arises from excessive proliferation
of extravillous trophoblast, leading to overproduction of major
basic protein) (20, 200). All these sources of trophoblast injury
could lead to localised inflammation, stasis within the
FIGURE 4 | Chronic histiocytic intervillositis (CHI). Dual staining demonstrates aggregates of CD68+ histiocytes in the intervillous space (pink) and linear deposition
of C4d along the microvillous border (brown) in a case requiring delivery by emergency Caesarean section for severe fetal growth restriction with abnormal umbilical
artery Dopplers at 24 weeks’ gestation. Histology also showed extensive perivillous fibrin deposition.
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intervillous space, excessive activation of the coagulation
pathway, and development of MPFD either in isolation or
accompanied by VUE and/or CHI (80, 199, 201).

Accumulation of damaged and degenerating trophoblast
exposes the basement membrane to the intervillous blood. This
activates the coagulation system and leads to synthesis of
fibrinoid extracellular matrix, which occludes the intervillous
space (20, 21). As well as a specific response to trophoblast
injury, MPFD could also represent the terminal phase of a
secondary response to progressive trophoblast damage
resulting from severe destructive villitis or intervillositis, since
they often occur together (195). These theories are appealing
given the frequent coexistence of the 3 disorders in question.
However, the “snapshot” nature of placental pathology makes
the temporal relationship between the lesions difficult
to establish.

Determining the source of trophoblast injury is fundamental
to the understanding of MPFD. In maternal infection,
haematogenous spread brings pathogens into the intervillous
space where they can cause direct trophoblast damage. MPFD
has been reported in conjunction with enteroviruses,
cytomegalovirus, SARS-CoV-2 and syphilis (100, 202–205). In
one of these reports, a patient who had an intrauterine death at
36 weeks’ gestation with MPFD (>80% of the intervillous space
occupied) and Coxsackievirus A16 infection of the placenta went
on to have an uneventful pregnancy 15 months later, though the
placenta was not sent for histology (205). Perhaps
unsurprisingly, infection-associated MPFD does not appear to
recur (202, 205). It is the cause and management of recurrent
cases in the absence of infection that pose the greatest challenge
for clinicians.

Gogia et al. found a high prevalence of maternal
thrombophilia in cases of MPFD, particularly protein S
deficiency, which was present in a total of 9/26 (35%) of
women tested 3 months after the pregnancy had ended. They
speculated that this might promote dysfunctional activation of
the coagulation system in the intervillous space (206). However,
this was not replicated in a larger study in which none of the 71
women affected by MPFD had a thrombophilia (though the type
being tested for was not specified) (32).

In parallel with their work on VUE, the Michigan group have
demonstrated significantly increased rates of C4d deposition,
maternal anti-fetal-HLA class I seropositivity and upregulation
of the T cell chemokine CXCL10 in maternal plasma in women
affected byMPFD, albeit in small numbers (73, 109, 207). In their
2013 study, they compared levels of plasma CXCL10 in serial
antenatal samples taken every 2-4 weeks from women
subsequently found to have MPFD (n=10) and controls who
delivered a healthy term infant with normal placental histology
(n=175). They demonstrated a longitudinal rise in plasma
CXCL10 with advancing gestational age in women with
MPFD. In contrast, CXCL10 levels declined steadily from 16
weeks’ gestation in controls and were significantly lower than in
women with MPFD by 20 weeks’ gestation. This led the authors
to speculate that CXCL10 could constitute an antenatal predictor
for the development of MPFD (109). Although this finding holds
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some potential given the current lack of a reliable antenatal
biomarker for MPFD, systemic elevation of a T cell chemokine
cannot explain the fact that the pathology is limited to the
intervillous compartment.

The prevalence of autoimmune disease in MPFD has not been
well quantified. MPFD has been reported in conjunction with SLE
and APS (32, 73, 199). This is consistent with an antiphospholipid
antibody-induced decrease in trophoblast expression of the
anticoagulant annexin-V, promoting a hyper-coagulable state
within the placenta that could lead to excessive fibrin deposition
(64). However, the most consistent association of MPFD is with
polymyositis (201, 208–210). Autoantibodies, particularly anti-Jo-
1, are detectable in the majority of cases of polymyositis and it is
associated with adverse pregnancy outcome (201, 209). Skeletal
muscle and placental syncytiotrophoblast both possess the
unusual ability to form syncytia. It is possible that a shared
antigen triggers T cell-mediated attack on both tissues
simultaneously, accounting for the apparent association between
polymyositis and MPFD (210).
IMMUNOSUPPRESSION TO PREVENT
RECURRENT ADVERSE
PREGNANCY OUTCOME

There is very little evidence available around optimal treatment
approaches for prevention of recurrent adverse pregnancy
outcomes due to chronic inflammatory placental disorders.
The suspected alloimmune contribution to the pathogenesis of
CHI and VUE has prompted case reports and small series
describing variable clinical benefit in response to prednisolone,
hydroxychloroquine, tacrolimus, intravenous immunoglobulin
and adalimumab (10, 37, 73, 82, 184, 211–214). However, drug
combinations and dosing regimens are highly variable and
results are conflicting.

Early small studies of heterogeneous combinations of
thromboprophylaxis and immunosuppression showed no
reduction in adverse pregnancy outcomes (37). However, more
organised and rational immunosuppressive regimens have
shown promise.

A prospective study in 2015 reported on 24 patients with
previous CHI who underwent subsequent pregnancies treated
with various combinations of aspirin, LMWH, prednisolone and
hydroxychloroquine. The live birth rate for the treated pregnancies
was 16/24 (67%) overall, a significant rise from24/76 (32%) in their
previous pregnancies. The authors drew attention to the fact that 4/
6 women receiving hydroxychloroquine had a live birth (184).
However, larger and more recent studies are less confident in
endorsing treatment: a French cohort of 122 cases found no
evidence for benefit from aspirin (n=18), LMWH (n=7) or
prednisolone (n=6) in comparison to the 90 untreated cases – but
again, doses were not specified (56). Despite the lack of conclusive
evidence, some authors now advocate routine consideration of
immunosuppression (10) while others propose enhanced
obstetric surveillance alone (56). These small-scale contradictory
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reports have created considerable dilemmas for both patients
and providers.

The largest cohort of women with previous CHI treated in 1-2
subsequent pregnancies is 39, with 27/39 (69%) receiving
prednisolone and/or hydroxychloroquine. This combination
significantly reduced histological severity of CHI: in the index
pregnancy, 11/28 (39%) cases were mild, 11/28 (39%) were
moderate and 6/28 (21%) were severe; whereas in subsequent
pregnancies treated with prednisolone and/or hydroxychloroquine,
CHI was absent in 18/30 (60%) and only severe in 2/30 (7%). It also
translated into a non-significant trend towards higher rates of live
birth in the prednisolone and/or hydroxychloroquine group,
compared with those who received non-immunomodulatory
treatment: 25/29 (86%) vs. 8/13 (62%), p=0.11 (179).
CHALLENGES AND LIMITATIONS

Clinical studies that have examined the treatment of chronic
inflammatory placental disorders have obvious limitations. They
use small numbers, lack randomisation and include
heterogeneous pat ient groups with poorly defined
histopathology. This reflects the lack of research into the
conditions and the tendency to rely on low-quality studies.
Additional caveats in the primary literature about VUE, CHI
and MPFD include:

1) Proven significant inter-observer variability in the diagnosis of
the three placental disorders in question (12, 23, 151, 181,
215);

2) Discrepancies in the definitions used for adverse clinical
outcomes: there is no consensus in the data on what
constitutes “early” or “late” miscarriage, whether FGR is
defined as estimated fetal weight below the 3rd or 10th

percentile for gestational age, and the method used to
calculate these centiles;

3) The absence of clear, validated consensus criteria for
stratification of lesion severity and the strength of its
correlation with clinical outcome (10, 22, 23, 181);

4) The confounding effect of aspirin and low-molecular weight
heparin, which are frequently recommended in women with
recurrent adverse pregnancy outcome irrespective of the cause, in
determining the role of maternal immunosuppression (5, 216);

5) The extent to which general improvements in obstetric care
have influenced clinical outcomes: the UK stillbirth rate has
fallen from 5.5 per 1,000 total births in 1985, when many of
the early series describing VUE/CHI/MPFD were published, to
3.8per1,000 total births in2019(217).Theglobal stillbirth rate is
estimated to have fallen by 35% since 2000 (218).Alongside this,
increased obstetric surveillance and various forms of treatment
forwomenwithVUE,CHIandMPFDhavebecome thenorm in
several countries and it is difficult to ascertain which of these, if
any, lead to improved outcome (179).

The availability and utilisation of perinatal pathology is
another major challenge. VUE, CHI and MPFD are difficult to
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diagnose. Despite some limited evidence for an association with
antenatal biochemical [raised serum alkaline phosphatase (35,
56), low PAPP-A (181)] and ultrasonographic [abnormal
umbilical artery Doppler, oligohydramnios (56, 185)]
biomarkers, these are non-specific and placental histopathology
remains the only reliable method for diagnosis. But even in
women with recurrent disease, specimens are still not reliably
sent for histopathology. In the cohort of 56 CHI cases described
by Simula et al. in 2020, there were 36 subsequent pregnancies
but less than half (14/36) had placental analysis to assess for
recurrent CHI (10). Availability of specialist perinatal pathology
services is subject to financial constraints and regional
disparities, exacerbated by the recent COVID-19 pandemic.
Many obstetric units use their own local eligibility criteria,
with variable adherence (179, 219, 220). This makes accurate
quantification of recurrence risk and patient counselling
extremely challenging.

Affected patients are well-informed, highly motivated,
increasingly seek immunosuppressive therapy and are unlikely
to find the prospect of an untreated pregnancy acceptable.
Ensuring appropriate referral for histopathological analysis of
the placenta is therefore paramount if we are to narrow the
spectrum of reported recurrence rates and understand treatment
efficacy in these conditions. We consider placental pathology
essential for all women with a history of CHI, VUE, MPFD and/
or SARS-CoV-2 infection in pregnancy, as it is for all cases of
fetal growth restriction or demise.
CURRENT RESEARCH GAPS

Several unanswered questions remain in our knowledge of
these conditions:

1. The histological features of VUE, CHI and MPFD can all be
seen in normal pregnancy. Do the three conditions simply
represent exaggerated forms of normal responses to
advancing gestational age or to placental injury? Where
along the continuum do we designate pathology, and what
triggers the transition from physiology to disease?

2. Are there different clinical phenotypes of VUE/CHI/MPFD in
infection-associated compared with immune-associated cases?

3. Do VUE, CHI and MPFD represent manifestations of
maternal “rejection” of the feto-placental unit? If yes, are
they antibody- or T-cell-mediated, what determines which
disorder develops, and how does the fetal inflammatory
response contribute to disease?

4. Exclusion of an infectious aetiology is essential to determine
whether or not VUE, CHI andMPFD are likely to recur. How
reliable is our screening for placental infection? How might
new techniques help to exclude occult infection?

5. What is the mechanism underlying recurrent disease? Do
women become sensitised against a specific placental antigen
in a first pregnancy, or does recurrence arise due to non-specific
cross-reactivity with antigens encountered during infection or
exposure to a chromosomally abnormal pregnancy?
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6. Is massive perivillous fibrin deposition a “final common
pathway” in a non-specific response to trophoblast damage
that obscures the initial pathology as it accumulates?

7. What is the role of maternal immunosuppression in
preventing recurrence of VUE, CHI and MPFD? Which are
the most effective drug regimens, and how should these be
integrated with obstetric surveillance in a subsequent
pregnancy?
CONCLUSION

The three placental disorders discussed in this article are strongly
associated with recurrent adverse perinatal outcomes but remain
incompletely understood and difficult to treat. Accumulating
evidence in favour of an alloimmune “fetal rejection” aetiology
and an increasing recognition of their clinical implications are
likely to prompt wider experimentation with immunosuppressive
therapy, but caution is essential until the pathogenesis of these
syndromes is firmly established. Physiological gestational immune
modulation already predisposes pregnant women to
disproportionately severe clinical consequences of infection with
SARS-CoV-2, among others (96). Systemic maternal
immunosuppression in pregnancy should therefore only be
initiated after careful consideration.

Given their rarity and severity, there is a clear imperative for
international collaboration and application of novel scientific
techniques in the investigation of exactly how CHI, VUE and
MPFD cause adverse pregnancy outcome and how this might be
prevented. A prospective registry of women diagnosed with these
conditions would provide a highly valuable resource to
determine whether and how their subsequent pregnancies are
affected. We are in the process of establishing a multicentre
network of clinicians and scientists interested in chronic
inflammatory placental disorders in order to achieve this goal.
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The recent discovery of their association with SARS-CoV-2
has given these neglected disorders new prominence in the
obstetric community and in the medical literature. There is an
opportunity to capitalise on this momentum, address the gaps in
our knowledge and collaborate on larger, prospective studies that
will elucidate the underlying mechanisms of disease.
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Patients with recurrent pregnancy loss (RPL) account for approximately 1%-5% of women
aiming to achieve childbirth. Although studies have shown that RPL is associated with
fai lure of endometrial decidualization, placental dysfunction, and immune
microenvironment disorder at the maternal-fetal interface, the exact pathogenesis
remains unknown. With the development of high-throughput technology, more studies
have focused on the genomics, transcriptomics, proteomics and metabolomics of RPL,
and new gene mutations and new biomarkers of RPL have been discovered, providing an
opportunity to explore the pathogenesis of RPL from different biological processes.
Bioinformatics analyses of these differentially expressed genes, proteins and
metabolites also reflect the biological pathways involved in RPL, laying a foundation for
further research. In this review, we summarize the findings of omics studies investigating
decidual tissue, villous tissue and blood from patients with RPL and identify some possible
limitations of current studies.

Keywords: omics, villus, decidua, blood, recurrent pregnancy loss
INTRODUCTION

Recurrent pregnancy loss (RPL), defined as two or more consecutive clinically recognized
spontaneous pregnancy losses before 20 weeks of gestation and includes embryonic or fetal loss,
is a frequently occurring human infertility-related disease that affects 1-5% of parturients (1).
Various factors have been proven to cause the occurrence and development of RPL, including
chromosomal abnormalities, genital tract anomalies, immunological diseases, endocrine diseases,
antiphospholipid syndrome, thrombophilic disorders and pathogen infections (2). Approximately
40-50% of cases remain unexplained, and the molecular mechanisms have not been fully explored.
These cases are defined as unexplained recurrent pregnancy loss (URPL) (3). Although the
diagnosis of RPL is relatively clear, the lack of standardized definitions, the uncertainties of its
pathogenesis and the variable clinical manifestations still hamper progress in the treatment and
prevention of RPL (4).
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Omics studies generate a large amount of information
concerning the biomarkers, molecular mechanisms and
biological pathways involved in complex diseases (5). More
recently, due to advances in the development and optimization
of high-throughput techniques, numerous studies have applied
omics approaches to the study of RPL (6–8). In this review, we
summarize the results of omics-based studies conducted using
human samples (decidua, villus, and blood) to explain the
pathophysiological processes of RPL. The keywords in the
included references were omics, omics technology, genomics,
epigenomics, transcriptomics, proteomics, metabolomics,
recurrent miscarriage, recurrent pregnancy loss, trophoblast,
villi, decidua, and blood. We also attempted to perform an
integrative analysis of omics data to obtain a global depiction
of the complex relationships within and between different
biological layers in RPL.
OVERVIEW OF OMICS

Omics technologies, including genomics, epigenomics,
transcriptomics, proteomics (9, 10) and metabolomics (11),
provide a holistic and integrative approach toward the study of
biological systems (12). Through genomics technology, we can
collectively characterize and quantitatively analyze all genes of an
organism and then study the structure, function, location, and
editing of the genome and their impact on the organism. In
genomics, genotype arrays and next-generation sequencing are
mostly used to obtain copy number variations, single nucleotide
variations and small insertions or deletions (13, 14). Epigenomics
refers to the study of all epigenetic modifications at the genome
level, and epigenetic modifications are heritable. The most pivotal
epigenetic modifications are DNA methylation, histone
modifications and nucleosome remodeling. The current
epigenetic studies investigating RPL mainly focus on DNA
methylation (15). The main methods of DNA methylation
analyses are bisulfite sequencing, array or bead hybridization,
pyrosequencing, methylation-specific polymerase chain reaction
(PCR), high -performance liquid chromatography-ultraviolet,
and mass spectrometry (MS)-based approaches (16). The
transcriptomics approach, including microarrays, bulk RNA
sequencing (RNA-seq) and single-cell RNA-seq (scRNA-seq), is
often used to study gene expression and regulation. Qualitative
and quantitative information concerning mRNA and noncoding
RNA is available due to these approaches (17). Proteomics is the
systematic and holistic study of the types, structures and functions
of proteins expressed in cells or tissues. Proteomics methods
mainly include protein microarray, gel-based approaches [two-
dimensional polyacrylamide gel electrophoresis (2-DE)], MS-
based approaches (18), X-ray crystallography, nuclear magnetic
resonance spectroscopy, SOMAmer-based technology, and
quantitative techniques, including isotope-coded affinity tag
labeling, stable isotope labeling with amino acids in cell culture
and isobaric tags for relative and absolute quantitation (iTRAQ)
(19, 20). However, most proteomics studies investigating RPL
were performed using 2D-DIGE or quantitative techniques, such
Frontiers in Immunology | www.frontiersin.org 2130
as iTRAQ combined with MS-based approaches. Metabolomics
usually identifies and quantifies metabolites, such as amino acids,
lipids, sugars and hormones, via nuclear magnetic resonance, gas
chromatography-mass spectrometry and liquid chromatography-
mass spectrometry. By exploring the relative relationship between
metabolites and physiopathological changes, it is possible to find
biomarkers for the diagnosis of disease. By studying and
integrating data obtained using different omics approaches,
knowledge of the underlying molecular interactions and
associated longitudinal effects may be discovered and
understood more deeply (21). In some studies investigating
RPL, omics technologies were used in combination with
bioinformatics analyses, and key genes and molecular pathways
affecting RPL were identified. Upregulated or downregulated
genes have been found to participate in a variety of biological
processes important for embryonic/fetal development and fertility
(22–24).
ESTABLISHMENT AND MAINTENANCE OF
EARLY PREGNANCY

A normal pregnancy starts with the successful implantation of a
promising embryo into the receptive endometrium (25). In
preparation for implantation, the endometrium undergoes
remodeling, which is regulated by estrogen and progesterone.
During this timepoint, the endometrial epithelium becomes
permissive to the adhesion of embryonic trophectoderm cells
(the outer cells of the blastocyst), and then, the embryo
implants into the uterus (26). After embryo implantation, the
endometrium is gradually decidualized under the stimulation
of ovar ian hormones and other inducing fac tors .
Decidualization is the differentiation of endometrial stromal
cells into secretory decidual stromal cells. This process involves
balancing pro- and anti- inflammatory cytokines (27, 28),
angiogenesis, and uterine spiral artery remodeling (29).
Meanwhile, the aggregation of immune cells (including
uterine natural killer cells, macrophages, T cells, and
dendritic cells) in the endometrium is involved in regulating
the microenvironment that sustains pregnancy (30, 31).
Placenta formation is the key process responsible for
maintaining the growth and development of the embryo. During
this process, the trophectoderm cells of the blastocyst differentiate
into the extravillous trophoblast and the villous trophoblast
(comprising the cytotrophoblast and syncytiotrophoblast), which
form the major cell lineages of the placenta. Cytotrophoblasts can
further differentiate into invasive extravillous trophoblasts (32). The
proliferation and invasion of extravillous trophoblast cells into the
decidua and the uterine myometrium are necessary for uterine
spiral artery remodeling and establishing maternal-fetal circulation
(33). The villous trophoblast contacts the maternal blood directly,
which affects the material exchange among the mother, placenta
and fetus (34). Extravillous trophoblast invasion and placental
development are also controlled by decidualization. The
establishment and maintenance of early pregnancy are
represented in Figure 1.
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OMICS STUDIES INVESTIGATING THE
ESTABLISHMENT AND MAINTENANCE OF
EARLY PREGNANCY

During early pregnancy, extravillous trophoblasts move upstream
along the arterial wall and migrate to, invade, and replace vascular
smooth muscle cells and endothelial cells, thereby remodeling the
uterine spiral arteries (35). Several cytokines produced by the
placenta, such as vascular endothelial growth factor-A (VEGF-A),
insulin-like growth factor, Krüppel-like factor 17, atrial natriuretic
peptide may play important roles in the formation of the maternal-
fetal vasculature (35, 36). Amin et al. found that the heterozygous
genotype GA was significantly associated with the overexpression
and underexpression of VEGF mRNA, while the homozygous
variant genotype AA only decreased the VEGF mRNA levels in
RPL patients by genotyping and quantitative real-time PCR (qRT–
PCR-PCR) (37). Another similar study indicated that the 3’-
untranslated region of VEGF resulted in susceptibility to RPL in
Korean women (38). A recent study applying RNA sequencing of
spontaneously hypertensive stroke-prone rats (SHRSP) found that
the gene expression pattern of pregnant SHRSP uterine arteries was
Frontiers in Immunology | www.frontiersin.org 3131
dominated by increased reactive oxygen species and downstream
effectors of the renin-angiotensin-aldosterone system. The disrupted
pathway involved may contribute to adverse vascular remodeling
and the resultant placental ischemia and systemic vascular
dysfunction (39). Uterine spiral artery remodeling is essential for
promoting blood flow to the placenta and fetal development, and
omics could help us better understand this process.

Successful decidualization is necessary for a normal pregnancy.
By using DNA microarray and cytological verification, Lucas et al.
demonstrated that in RPL, the loss of an epigenetic signature was
related to the reduced expression of endometrial HMGB2
[associated with replicative senescence of human fibroblasts (40)],
and then perturbed decidualization (41). Recently, scRNA-seq data
of highly proliferative mesenchymal cells (hPMCs) in the midluteal
human endometrium indicated that hPMC depletion was relevant
to RPL. Vascular transmigration- and decidualization -related
genes, including interleukin 1 receptor like 1 (42) and prolactin,
were highly expressed in hPMC (43). hPMCs play an integral role in
decidualization in pregnancy (44). A proteomic analysis also
confirmed that decidualization in RPL patients differed from that
in normal pregnant women. Dhaenens et al. identified 1416
FIGURE 1 | Establishment and Maintenance of Early Pregnancy. EEC, Endometrial Epithelial; Cell ESC, Endometrial Stromal Cell; DSC, Decidual Stromal Cell; CTB,
Cytotrophoblast; STB, Syncytiotrophoblast; EVT, Extravillous Trophoblast; MF, Macrophages; Mo, Monocyte; NK, Natural Killer Cell; EC, Endothelial Cell; RBC, Red
Blood Cell.
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differentially expressed proteins (DEPs), revealing the higher
expression of serotransferrin in RPL samples compared with
those in normal fertile samples (45). Another study by Harden
et al. showed significant differences in endometrial metabolic
profiles between decidualized and nondecidualized endometrium,
which may be essential for successful embryo implantation (46).

The imbalance of immune tolerance at the maternal-fetal
interface is an important factor for the occurrence of RPL (47).
The immunologic events occurring at the maternal-fetal interface in
early pregnancy are extremely complex and involve numerous
immune cells and molecules with immunoregulatory properties
(47). A genome-wide transcriptome profiling of splenic B cells in
pregnant and nonpregnant mice found revealed 625 upregulated
and 511 downregulated transcripts in B cells from pregnant mice
compared with nonpregnant mice, suggesting that B cells acquire a
state of hypo-responsiveness during gestation (48). Researchers
performing single-cell transcriptomic profiling of decidual tissue
revealed a dramatic difference in immune cell subsets andmolecular
properties in RPL cases (49). In RPL patients, a decidual NK (dNK)
subset that supports embryonic growth was diminished in
proportion, while the ratio of another dNK subset with cytotoxic
and immune-active signatures (such as pro-inflammatory
CD56+CD16+ dNK subset) was significantly increased (50). Chen
et al. found that a subpopulation of CSF1+CD59+ KIR-expressing
Frontiers in Immunology | www.frontiersin.org 4132
dNK cells was decreased in URPL decidua (51). Treg cells constitute
another important immune cell type at the maternal-fetal interface,
and the transcriptional and protein expression profiles of
endometrial Tregs in RPL differ from those in normal pregnant
women (52).

During early pregnancy, the changes in different genes, RNAs,
proteins and metabolites associated with vascular remodeling, the
abnormal expression of decidualized genes and phenotypic changes
in various uterine immune cells all increase the possibility of the
occurrence of RPL by affecting embryo implantation and blastocyst
development (Figure 2). Although the pathogenesis of RPL is
known to some extent, specific diagnostic biomarkers and
candidate regulatory targets of RPL have not yet been identified.
Thus, researchers have conducted various omics studies using
decidual tissue, villi tissue, and blood from patients with RPL.
OMICS STUDIES OF DECIDUA IN
RECURRENT PREGNANCY LOSS

It is of great significance to study the growth, degradation and
functional regulation of maternal decidual tissue to clarify the
mechanism of embryo implantation and fertility regulation.
FIGURE 2 | The application of omics techniques in recurrent miscarriage. Ovals of different colors represent different omics studies. VEGF, vascular endothelial
growth factor; HMGB, high mobility group box; IL1RL1, interleukin 1 receptor-like 1; PRL, prolactin; ISG15, interferon stimulated gene 15; SPINK1, serine peptidase
inhibitor Kazal-type 1; CREB5, cAMP responsive element binding protein5; CAPS, calcyphsine; PRDM1, positive regulatory domain 1; YY1, yin and yang 1
transcription factor; NDUFB3, NADH dehydrogenase (ubiquinone) 1 beta subcomplex 3; E2F, one transcription factor family; IL1, interleukin 1; IL8, IL1, interleukin 1;
CD56+CD16+dNK/CSF1+CD59+dNK, transcriptomics via single cell sequencing; TRAIL, TNF-related apoptosis-inducing ligand; lnc-SLC4A1-1, solute carrier family
4, anion exchanger, member 1; DEFB1, defensin beta 1; Succ, succinate; CALU, calumenin; F2, coagulation factor II.
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Epigenomics has verified that RPL is associated with abnormal
DNA modification in decidual cells. In an animal model, the
abnormal methylation of the decidua has been demonstrated to
be associated with pregnancy failure (53). Li et al. conducted a
genome-wide screening of DNAmethylation in decidual samples
from women with RPL (54). The findings showed that the
differentially methylated genes (PRDM16, HLA-E, HLA-G, and
ISG15) were closely related to embryonic development (55–57).
QRT-PCR verification showed that the mRNA expression levels
of ISG15,HLA-E, andHLA-G were increased in RPL. Li et al. also
verified the upregulated expression of ISG15 in RPL by utilizing
RNA-seq technology, and these authors found that ISG15 was
involved in the type I interferon signaling pathway by Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analyses (54). CREB5 regulates cell
growth, proliferation, differentiation and the cell cycle and
belongs to the cAMP response element (CRE)-binding protein
family (58). The upregulation of CREB5 has been shown to
promote the invasion of tumor cells (59). Yu et al. conducted an
analysis of DNA methylation and gene expression, and found
that hypomethylation in the GREB5 promoter regions
upregulated the mRNA and protein expression levels of CREB5
in RPL (60). These authors further proved that CREB5 increased
migration and apoptosis in the HTR8-S/Vneo (human chorionic
trophoblast ce l l l ine in vi tro) and JEG-3 (human
choriocarcinoma cell) cell lines and prolonged the cell cycle
(61). Some studies have shown that CREB5 expression and
methylation are related to the plasma interleukin-6 levels.
Moreover, reduced CREB5 expression in monocytes could
cause immunosuppression by increasing the tumor necrosis
factor alpha (TNF-a) levels and decreasing the interleukin-10
levels in plasma (62, 63). However, the immune regulation of
CREB5 at the maternal-fetal interface and its contribution to RPL
require further verification.

The upregulation of matrix metallopeptidase 26 and the
serine peptidase inhibitor Kazal-type 1 (64) are crucial for
trophoblastic invasion by regulating the degradation of the
extracellular matrix (65). Furthermore, Krieg et al. found that
all genes in the interleukin-1 pathway (downregulated) and
interleukin-8 pathway (upregulated) were differentially
expressed (64), suggesting that the dysregulation of genes
related to immunity might contribute to RPL. Transcriptomic
data also suggest that the alteration of noncoding RNA (ncRNA)
expression profiles in the decidua is related to RPL. NcRNAs
refer to RNAs that do not have the potential to encode proteins,
including microRNAs (miRNAs), long noncoding RNAs
(lncRNAs) and circular RNAs (circRNAs). NcRNAs have
complex types and functions that regulate cell activity by
controlling gene expression, transcription, and translation
processes (66). In the decidua of RPL patients, GO and KEGG
pathway analyses suggest that differentially expressed miRNAs
are involved in the ErbB signaling pathway and p53 signaling
pathway. LncRNAs are involved in the peroxisome proliferator-
activated receptor pathway. These signaling pathways participate
in the progression of RPL (67, 68). However, the function of
ncRNAs in decidual cells has not been further verified.
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Transcriptomics data have shown the abnormal expression of
genes related to embryo invasion, implantation, and
development, and immune responses of decidual cells. RPL
may be the result of the coregulation of these differentially
expressed genes (DEGs). Unfortunately, the regulatory
mechanisms of most genes or regulatory factors have not been
further explored. In addition, the function of some DEGs in the
decidua was further verified in HTR8-S/Vneo and JEG-3 cell
lines rather than decidual cells, which is less rigorous.

Proteomics studies investigating decidua also revealed
numerous DEPs and pathways involved in the pathogenesis of
RPL. The complex I subunit NDUFB3 was involved in
mitochondrial respiratory chain function (69), which was
significantly increased in the decidua of RPL. The
overexpression of NDUFB3 induced oxidative stress and
apoptosis in decidual stromal cells by participating in the
process of oxidative phosphorylation and affecting
mitochondrial function (70). Xiong et al. suggested that 50
DEPs in the decidua were important for embryonic
development and revealed that angiotensinogen (AGT) was the
most important upstream regulator (71). A proteomic analysis
suggested changes in protein levels related to decidual cell
growth and embryonic development in decidual tissue of RPL
patients, identified more biomarkers of RPL, and helped us better
understand the pathogenesis of RPL.

Metabolomics provides an opportunity to study the metabolic
state of tissues. Metabolic abnormalities in the decidua could
result in immune dysfunction and nutritional disorders, leading
to pregnancy complications, including RPL. A recent study
found differentially expressed metabolites, including lipids,
amino acids and organic acids, in the decidua of RPL (72),
indicatingabnormalities in glucose, lipid and amino acid
metabolism in decidual cells. Metabolomics studies of RPL
decidua are currently limited. However, differentially expressed
metabolites in patients with RPL and subsequent functional
analyses could be helpful for identifying biomarkers of RPL.
Omics studies investigating decidual tissue in RPL are shown
in Table 1.
OMICS STUDIES OF VILLUS IN
RECURRENT PREGNANCY LOSS

Placental trophoblast cells can promote embryo implantation,
uterine spiral artery remodeling and placentation via their
proliferation, invasion, and migration. Furthermore, these cells
secrete numerous active substances to regulate maternal-fetal
interactions to ensure the normal growth and development of the
embryo and fetus (17). It is important to understand the changes
in trophoblast cell function in RPL to explain its pathogenesis.
Whole-exome sequencing of villi indicate that different
pathogenic genes played a vital role in RPL. For example, one
patient was found to have compound heterozygous mutations in
dynein cytoplasmic 2 heavy chain 1, while another patient
exhibited compound heterozygous variants in arachidonate 15-
lipoxygenase (74). Mutations in these genes may be individually
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or jointly involved in the occurrence of RPL by affecting
inflammation, the oxidative stress response and angiogenesis
(75, 76) at the maternal-fetal interface.,

Changes in DNA methylation affect the levels of gene
expression. Positive regulatory domain 1 (PRDM1) is a
transcription inhibitor that plays a role in embryonic
development (95). In RPL, hypomethylation near the
transcription start site of PRDM1 can upregulate the
expression of PRDM1, leading to increased apoptosis and
migration of trophoblast cells (78). PRDM1 hypomethylation
plays a regulatory role by recruiting transcription factors, such as
Forkhead boxA1 and GATA binding protein 2, and then
regulating the differentiation and development of trophoblast
cells (96). Another study found that in placental villus tissue of
RPL patients, the b-defensinb1 gene involved in the innate
immune response had decreased methylation at the promoter
region (77, 97).

Transcriptomics is widely used in the study of villi tissue of
RPL. RNA sequencing results showed that Yin Yang 1 (YY1)
mRNA expression was reduced in the trophoblasts of RPL (83).
YY1 is a transcription factor involved in embryogenesis. YY1 can
enhance the invasion and proliferation of trophoblasts by
directly binding the promoter region of the matrix
metalloproteinase 2 gene, which is involved in extracellular
matrix remodeling during trophoblast invasion (83, 98, 99).
The mRNA expression levels of placental TNF-related
apoptosis-inducing ligand and S100 calcium binding protein
A8 were confirmed to be elevated in RPL (84). Both genes are
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associated with cell apoptosis and the immune response (100,
101), and their increased expression levels indicate fetal rejection
and abnormalities in trophoblasts. Another study found that
most of DEGs in trophoblastic cells of RPL could bind the
transcription Factor E2F (82). E2F plays an important role in
maintaining trophoblastic cell function and placental
development, and the absence of E2F causes disruption in the
placental transcriptional network and leads to fetal death (102).
Other studies have focused on the role of ncRNAs in RPL, and
the differentially expressed ncRNAs participate in biological
pathways, including immunity, apoptosis and hormonal
regulation (79, 80). Huang et al. identified increased lnc-
SLC4A1-1 expression in URPL patients, which activated
interleukin-8 (IL-8), and then exacerbated the inflammatory
response of trophoblastic cells by enhancing the release of
TNF-a and IL-1b (81).Transcriptome studies have revealed
that the altered expression of genes or regulatory factors was
associated with trophoblast proliferation, invasion, migration,
and apoptosis, resulting in placental dysfunction and embryo
failure to survive. In addition, the function of trophoblasts
during pregnancy is affected by the immune response at the
maternal-fetal interface. DEGs involved in the balance between
pro- and anti-inflammatory responses also contribute to the
development of RPL.

Recently, researchers have attempted to use proteomics
technology to screen proteins associated with RPL in villous
tissue. Compared with the normal condition, numerous DEPs in
RPL, including AGT, mitogen-activated protein kinase14
TABLE 1 | Omics studies on decidual tissue of recurrent pregnancy loss patients and controls.

Reference(s) Cell model Omics strategy Gestational age Samples size Main findings

Li et al., 2020 (54) Decidua- Epigenomics (DNA methylation chip) 6 to 12 weeks RM vs NP 15 vs
15

↑ ISG15, ABR, HLA-E, HLA-G

Yu et al., 2018 (60) Decidua Epigenomics(DNA methylation chip) 7.715 ± 0.572
weeks

RPL vs NP 20 vs
20

↑ CREB5, RBM24, IRF4, DPYSL4

Wang et al., 2016
(67)

Decidua and
villus

Transcriptomics (Small RNA deep-
sequencing)

8.33 ± 1.80
weeks

RM vs NP 18 vs
15

↑ In decidua: hsa-mir-516a-5p, -517a-3p, -519a-
3p and -519d
↑ In villus: hsa-mir-100 and -146a-5p
↓ In villus: hsa-mir-1 and -372

Li et al., 2021 (73) Decidua Transcriptomics (RNA sequencing) 28 to 82 days RPL vs NP 15 vs
12

↑ IFI27, ISG15, MX1, TNFRSF21

Krieg et al., 2012
(64)

Decidua Transcriptomics (RNA sequencing) 7 to 11 weeks RPL vs NP 10 vs
6

↑ MMP-26, SPINK1, IL8, IL17, SCGB2A1, HLA-
DRB5
↓ ZNF

Huang et al., 2021
(68)

Decidua Transcriptomics (RNA sequencing) First trimester URPL vs NP 50
vs 50

↑ Lnc-CES1-1

Dhaenens et al.,
2019 (45)

Decidua Proteomics (LC-HDMS) 6 to 12 weeks RPL vs NP 3 vs
4

↓ TF

Yin et al., 2021 (70) Decidua Proteomics (iTRAQ technology, LC-
MS/MS)

57.25 ± 9.16
days

RPL vs NP 6 vs
6

↑ COX-2, NDUFB3

Wang et al., 2021
(72)

Decidua Metabolomics (LC-ESI-MS/MS
system)

63.83 ± 7.09
days

RPL vs NP 23 vs
30

↑ l-citrulline, SM
↓ NAAGA, CAR, PC, PE, PS, PG, LPC, LPE
RM, recurrent miscarriage; RPL, recurrent pregnancy loss; URPL, unexplained recurrent pregnancy loss; TA, elective terminations; NP, normal pregnancy; PI, primary infertility; ABR,
activator of RhoGEF and GTPase; HLA-E, major histocompatibility complex, class I, E; HLA-G, major histocompatibility complex, class I, G; RBM24, RNA binding motif protein 24; IRF4,
interferon regulatory factor 4; DPYSL4, dihydropyrimidinase like 4; IFI27, interferon alpha inducible protein 27; MX1, myxovirus resistance 1; TNFRSF21, tumor necrosis factor receptor
superfamily, member 21; MMP-26, matrix metallopeptidase 26; SCGB2A1, secretoglobin family 2A member 1; HLA-DRB5, major histocompatibility complex, class II, DR beta 5; RPS25,
40S ribosomal protein S25; ACADVL, very long-chain specific acyl-CoA dehydrogenase; TF, serotransferrin; COX2, cytochrome c oxidase subunit 1; SM, sphingomyelin; NAAGA, N-
acetylaspartylglutamic acid; CAR, carnitine; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS, phosphatidylserine; PG, phosphatidylglycerol; LPC, lysophosphatidylcholine;
LPE, lysophosphatidylethanolamine.
↑, upregulation; ↓, downregulation.
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(MAPK14) and Prothrombin (F2), were associated with early
embryonic development (85). Among these proteins, AGT
belongs to the renin-angiotensin system, MAPK14 participates
in MAPK pathways, and defects in F2 lead to susceptibility to
thrombosis. All these biological pathways play a role in RPL
(103–105). Proteins related to regulating the function of
endothelial cells and coagulation, including calumenin (CALU)
and enolase 1 (ENO1), were also differentially expressed in villi
(86). Defects in CALU promote coagulation and thrombosis, and
a lack of ENO1 renders the placenta intolerant to hypoxia,
eventually resulting in RPL (106, 107).

Research concerning the metabolomics of villous tissue in
RPL is limited. A recent study showed that low succinate
accumulation in villi participated in the occurrence of RPL by
reducing the invasion and migration of trophoblastic cells (87).
Omics of the villi of RPL patients indicated new biomarkers for
the diagnosis and treatment of RPL; however, further research is
needed to reveal how these differential molecules work and how
they are regulated. Omics studies investigating villous tissue in
RPL are shown in Table 2.
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OMICS STUDIES OF BLOOD IN
RECURRENT PREGNANCY LOSS

To explore the mechanism of RPL, researchers have conducted
omics studies using maternal blood from RPL patients to find
disease-causing genes and biomarkers of RPL. Genomics data
show that a homozygous frameshift mutation in calcyphosine
(CAPS) might be the potential pathogenesis of RPL (90). CAPS
encodes a Ca2+-binding protein and is involved in the crosstalk
between Ca2+ signaling and cAMP-protein kinase A pathways,
which is crucial for embryo implantation and pregnancy
maintenance (108, 109). Another molecule associated with
embryo adhesion, trophinin, has also been found to be
mutated in RPL. Functional defects in trophinin led to failed
implantation and eventually evolved into RPL (110, 111).
Genomics is a good way to identify potential targets or
biomarkers for the diagnosis and treatment of RPL. These
mutated genes are involved in various pathways, including cell
adhesion between trophoblasts and the endometrium, embryo
implantation, angiogenesis, and extracellular matrix remodeling.
TABLE 2 | Omics studies on villous tissue of recurrent pregnancy loss patients and controls.

Reference(s) Cell
model

Omics strategy Gestational
age

Samples
size

Main findings

Qiao et al.,
2016 (74)

Villus Genomics (Whole exome sequencing) First trimester RPL vs NP 7
vs 2

Compound heterozygous mutations in DYNC2H1 and
ALOX15

Hanna et al.,
2013 (77)

Villus Epigenomics(DNA methylation chip) 9.5 ± 2.4
weeks

RM vs TA 33
vs 16

↑ CYP1A2, AXL, H19/IGF2, ICR1
↓DEFB1 (marginally)

Du et al., 2019
(78)

Villus Epigenomics, Transcriptomics (DNA
methylation chip, RNA sequencing)

7.826 ±
0.630 weeks

RPL vs NP
27 vs 25

↑ PRDM1

Wang et al.,
2016 (79)

Villus Transcriptomics (lncRNA array) 3 to 6 weeks RPL vs NP 5
vs 5

↑ SCARNA9, DIO3OS, H2AZ2-DT, RP11-379F4.4
↓ PRINS, BMP1, TCL6, CTA833B7.2, RPINS

Tang et al.,
2015 (80)

Villus Transcriptomics (miRNA microarray) 3 to 6 weeks RPL vs NP
15 vs 15

↑ MiR-149-3p, miR-4417, miR-4497 and miR-3651
↓ MiR-181d, miR-29b-1-5p, miR-24-1-5p

Huang et al.,
2018 (81)

Villus Transcriptomics (RNA sequencing) 9.83 ± 1.25
weeks

URPL vs NP
50 vs 50

↑ Lnc-ERGIC1-4, lnc-MRPS30-5, lnc-RCAN1-1, lnc-
SLC4A1-1, lnc-TMEM135-8, lnc-CES1-1
↓ Lnc-FGGY-4, lncPBK-2, lnc-SOX4-1, lncAC106873.4.1-8

Sõber et al.,
2016 (82)

Villus Transcriptomics (RNA sequencing) 44 to 67
days

RPL vs NP 2
vs 8

↑ ATF4, C3, PHLDA2, GPX4, ICAM1, SLC16A2
↓ HIST1H1B, HIST1H4A

Tian et al.,
2016 (83)

Villus Transcriptomics (mRNA microarray) 6 to 12
weeks

RPL vs NP
31 vs 36

↑ CDC20, CTSF, CCR7, NUF2
↓ IGFBP1, YY1, FGF7, CCNA2

Rull et al.,
2012 (84)

Villus Transcriptomics (RNA microarray) 67.7 ± 6.6
days

RPL vs NP
13 vs 23

↑ S100A8, TRAIL

Pan et al.,
2017 (85)

Villus Proteomics (iTRAQ labeling, LC-ESI-MS/MS) 6 to 10
weeks

RPL vs NP 4
vs 4

↑ AGT, APOC1, SLC1A3, GOLT1B, PRELP
↓ REEP6, DNTTIP2, NOLC1, SEC11C, SRSF3

Gharesi et al.,
2014 (86)

Villus Proteomics (2D-PAGE, MALDI TOF/TOF
technique)

14.8 ± 2.6
weeks

RPL vs NP 5
vs 5

↓ CALU andENO1
↑CTSD, TUBB, TUBA1, GST, PHB, ACTB

Wang et al.,
2021 (87)

Decidua
and villus

Metabolomics (Nuclear magnetic resonance) First trimester RPL vs NP
30 vs 30

↓ Succinate
↑ SDHB
DYNC2H1, dynein cytoplasmic 2 heavy chain 1; ALOX15, arachidonate 15-lipoxygenase; CYP1A2, cytochrome P450 family 1 subfamily A member 2; AXL, receptor tyrosine kinase, H19,
imprinted maternally expressed transcript; IGF2, insulin like growth factor 2; DEFB1, defensin beta 1; SCARNA9, small Cajal body-specific RNA 9; DIO3OS, opposite strand upstream
RNA; PRINS, psoriasis associated non-protein coding RNA induced by stress; BMP1, bone morphogenetic protein 1; TCL6, T cell leukemia/lymphoma 6; PRINS, psoriasis associated
non-protein coding RNA induced by stress; ATF4, activating transcription factor 4; C3, component 3, PHLDA2, pleckstrin homology like domain family A member 2; GPX4, glutathione
peroxidase 4; ICAM1, intercellular adhesion molecule 1; SLC16A2, solute carrier family 16 member 2; HIST1H, H1.5 linker histone, cluster member; HIST1H4A, H4 clustered histone 1;
CDC20, cell division cycle 20; CTSF, cathepsin F; CCR7, C-C motif chemokine receptor 7; NUF2, NUF2 component of NDC80 kinetochore complex; IGFBP1, insulin like growth factor
binding protein 1; FGF7, fibroblast growth factor 7; CCNA2, cyclin A2; S100A8, S100 calcium binding protein A8; APOC1, apolipoprotein C1; SLC1A3, solute carrier family 1 member 3;
GOLT1B,golgi transport 1B; PRELP, proline and arginine rich end leucine rich repeat protein; REEP6, receptor accessory protein 6; DNTTIP2, deoxynucleotidyltransferase terminal
interacting protein 2; NOLC1, nucleolar and coiled-body phosphoprotein 1; SEC11C, homolog C, signal peptidase complex subunit; SRSF3, serine and arginine rich splicing factor 3;
CTSD, cathepsin D; TUBB, tubulin beta; TUBA1, tubulin alpha 1; GST, glutathione S-transferas; PHB, prohibitin; ACTB, actin beta; SDHB, succinate dehydrogenase B.
↑, upregulation; ↓, downregulation.
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However, the extent to which these genes play a role in RPL has
not been further verified.

The study of epigenomics in the maternal blood of RPL
females is limited. Only one study showed that the
methylenetetrahydrofolate reductase (MTHFR) gene was
specifically hypermethylated in RPL (91). MTHFR is a
thrombophilic marker involved in global DNA methylation.
The methy l a t i on o f the MTHFR gene a l t e r s the
transmethylation cycle and leads to other gene methylation
abnormalities, ultimately contributing to the development of
RPL (112).

Using a proteomics approach, researchers have found that
DEPs, including CD45, pregnancy-specific glycoprotein 1, and
peroxiredoxin-2, act as predictive and diagnostic biomarkers of
RPL (92). These proteins affect the invasiveness of trophoblastic
cells through the Fc gamma R-mediated phagocytosis pathway,
and the regulation of reactive species oxygen. Furthermore,
proteins, such as insulin-like growth factor-binding protein-
related protein 1, dickkopf-related protein 3 and angiopoietin-
2, are significantly decreased in RPL, but the mechanism by
which these proteins contribute to RPL is unclear (93).

The study of metabolomics in patients with RPL is limited.
The only data available show that the levels of metabolites related
to the tricarboxylic acid cycle and phenylalanine metabolism in
RPL females significantly differ from those in normal controls.
Lactic acid was increased, while 5-methoxytryptamine was lower
in RPL patients (94). Testing metabolomics in blood provides
new clues for the understanding of disease. The dysfunction of
glucose, lipid and amino acid metabolism in RPL can be revealed
by comparing the metabolic profiles of blood in RPL with those
in normal pregnant women. This disorder might cause
dysfunction of the uterus and placenta and further inhibit the
growth and development of the embryo. Additionally, analyzing
biomarkers in blood could to some extent reflect the condition of
the decidua and villi of females and provide a new perspective for
Frontiers in Immunology | www.frontiersin.org 8136
explaining the abnormal function of trophoblasts and decidual
cells in RPL patients. Omics studies investigating blood in RPL
are shown in Table 3.

In this review, we attempted to show the common genes,
proteins and metabolites by integrating and analyzing data from
references (Table 4). However, due to the limited research
available and the incomplete data provided in some references,
the results we obtained are not optimistic. The commonly altered
genes and proteins shown in Table 4 were derived from the
results of two or more studies.
ADVANTAGES AND LIMITATIONS OF
OMICS STUDIES OF RECURRENT
PREGNANCY LOSS

With the development of high-throughput technology, different
omics technologies have been continuously improved, providing
a new perspective for the mechanistic study of RPL. The
genomics technique accurately identifies the disease-causing
genes of RPL and discovers the types of defective genes.
Epigenomics studies do not change the DNA sequence but
allow us to understand the mechanism of RPL from the
perspective of gene modification. Transcriptomics suggests the
regulatory mechanism of RPL-related RNA. Proteomics and
metabolomics provide new biomarkers and analyze the
biological pathways, in which these molecules participate. By
combining these omics findings, we infer that most differentially
expressed molecules associated with RPL are involved in the
processes of decidualization, embryo implantation, trophoblast
cell differentiation, invasion and apoptosis, placental
development, fetal development, the immune response, and
coagulation. Omics research investigating RPL is an emerging
field, and there are still some shortcomings in the related
TABLE 3 | Omics studies on blood of recurrent pregnancy loss patients and controls.

Reference(s) Cell model Omics strategy Gestational
age

Samples size Results

Quintero et al., 2017
(88)

Blood
leucocytes

Genomics (Whole exome
sequencing)

Before 20
weeks

RPL: 49 Mutations in MMP10 and FGA

Maddirevula et al.,
2020 (89)

Blood Genomics (Whole exome
sequencing)

First trimester RPL vs PI 61
vs 14

Homozygous variant in CCDC68, CBX3, CENPH, PABPC1L,
PIF1, PLK1, and REXO4

Pan et al., 2018 (90) Blood Genomics (Whole exome
sequencing)

First trimester RPL vs NP 5
vs 5

The homozygous mutation in CAPS

Mishra et al., 2019
(91)

Blood Epigenomics (DNA methylation
chip)

Before 24
weeks

RPL vs NP 28
vs 39

↑ MTHFR

Cui et al., 2019 (92) Blood Proteomics (iTRAQ technology,
LC-MS/MS)

55.80 ± 5.85
days

RPL vs NP 30
vs 30

↓ B4DTF1, PSBG-1
↑ B4DF70

Wu et al., 2017 (93) Blood Proteomics (Antibody array
assay)

First trimester RPL vs NP 60
vs 20

↓ IGFBP-rp1/IGFBP-7, Dkk3, ANGPT2

Li et al., 2018 (94) Blood Metabolomics (GC-MS, LC-MS) Less than 10
weeks

RPL vs NP 50
vs 51

↑ Lactic acid
↓ 5-methoxytryptamine
MMP-10, matrix metallopeptidase 10; FGA, fibrinogen alpha chain; CCDC68, coiled-coil domain containing 68; CBX3, chromobox 3; CENPH, centromere protein H; PABPC1L, poly(A)
binding protein cytoplasmic 1 like; PIF1, 5’-to-3’ DNA helicase; PLK1, polo like kinase 1; REXO4, REX4 homolog, 3’-5’ exonuclease; B4DTF1, highly similar to Pregnancy-specific beta-1-
glycoprotein 9; PSBG-1, pregnancy-specific beta-1-glycoprotein 1; B4DF70, highly similar to peroxiredoxin-2; IGFBP 7, insulin-like growth factor-binding protein 7; Dkk3, dickkopf-related
protein 3; ANGPT2, angiopoietin-2.
↑, upregulation; ↓, downregulation.
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research. First, the sample sizes in most studies are small, the
reproducibility of the data is poor, and it cannot be ruled out that
these experimental results are caused by individual differences.
Therefore, further studies with a larger sample size are needed to
support the current results. Second, most studies were only
performed with omics combined with a bioinformatics
analysis. The results only show the potential pathways or
regulation modules in which these molecules participate. To
illustrate the specific mechanisms of these molecules in RPL,
more basic research is needed. Third, most current studies were
conducted at the single-omics level, and few studies integrated
multiomics to verify the pathogenesis of RPL. Subsequent studies
should perform multiple omics tests in patients with RPL,
integrate information from different omics, and delve deeper
into the pathogenesis of RPL. Finally, no studies performed
proteomics in RPL to determine the posttranslational
modifications of proteins, such as phosphorylation,
ubiquitination, acetylation, and glycosylation, which can verify
the biological processes more precisely. In addition, isotope
labeling in differential metabolites can be used in a metabolic
flux analysis to better understand the dynamics of metabolic
systems in RPL. In summary, there is still a long way to go for
research investigating the etiology, treatment and prevention of
RPL based on high-throughput omics.
CONCLUSION

The pathogenesis of RPL is complex, and related to hormonal,
environmental, and genetic factors. Furthermore, the causes of
approximately 50% of RPL cases are unknown, and its incidence
Frontiers in Immunology | www.frontiersin.org 9137
rate is increasing. Although assisted reproductive technology can
be used to promote the pregnancy rate, the success rate is not
very satisfactory. RPL patients are often under tremendous
physical and psychological pressure. Therefore, in future
studies, it is indispensable to comprehensively analyze the
pathogenesis of RPL from different biochemical and
biophysical processes. As omics investigates pathomechanisms
from multiple dimensions, such as DNA, RNA, proteins, and
metabolites, we hope that multiomics could provide more clues
regarding the diagnosis and treatment of PRL.
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