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Immune cells are critically involved in placental development and functioning, and

inadequate regulation of the maternal immune system is associated with placental

pathology and pregnancy complications. This study aimed to explore numbers of

decidual immune cells in pregnancies complicated with fetal growth restriction (FGR)

and stillbirth (SB), and in placentas with histopathological lesions: maternal vascular

malperfusion (MVM), fetal vascular malperfusion (FVM), delayed villous maturation (DVM),

chorioamnionitis (CA), and villitis of unknown etiology (VUE). Placental tissue from FGR (n

= 250), SB (n = 64), and healthy pregnancies (n = 42) was included. Histopathological

lesions were classified according to criteria developed by the Amsterdam Placental

Workshop Group. Tissue slides were stained for CD68 (macrophages), CD206 (M2-like

macrophages), CD3 (T cells), FOXP3 [regulatory T (Treg) cells], and CD56 [natural killer

(NK) cells]. Cell numbers were analyzed in the decidua basalis using computerized

morphometry. The Mann-Whitney U-test and Kruskal Wallis test with the Dunn’s as

post-hoc test were used for statistical analysis. Numbers of CD68+ macrophages were

higher in FGR compared to healthy pregnancies (p < 0.001), accompanied by lower

CD206+/CD68+ ratios (p < 0.01). In addition, in FGR higher numbers of FOXP3+ Treg

cells were seen (p < 0.01) with elevated FOXP3+/CD3+ ratios (p < 0.01). Similarly, in SB

elevated FOXP3+ Treg cells were found (p < 0.05) with a higher FOXP3+/CD3+ ratio

(p < 0.01). Furthermore, a trend toward higher numbers of CD68+ macrophages was

found (p< 0.1) in SB. Numbers of CD3+ and FOXP3+ cells were higher in placentas with

VUE compared to placentas without lesions (p < 0.01 and p < 0.001), accompanied

by higher FOXP3+/CD3+ ratios (p < 0.01). Elevated numbers of macrophages with a

lower M2/total macrophage ratio in FGR suggest a role for a macrophage surplus in its

pathogenesis and could specifically indicate involvement of inflammatory macrophages.

Higher numbers of FOXP3+ Treg cells with higher Treg/total T cell ratios in VUE may
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be associated with impaired maternal-fetal tolerance and a compensatory response of

Treg cells. The abundant presence of placental lesions in the FGR and SB cohorts might

explain the increase of Treg/total T cell ratios in these groups. More functionality studies

of the observed altered immune cell subsets are needed.

Keywords: pregnancy, macrophage, regulatory T cell, natural killer cell, placental pathology, fetal growth

restriction, stillbirth

INTRODUCTION

Five to ten percent of pregnancies is complicated by fetal
growth restriction (FGR) (1). FGR is defined as a fetus that
is unable to reach its intrinsic growth potential (2). It is
associated with an increased risk of neonatal mortality and
morbidity (3, 4) and adverse long term effects, like impaired
neurodevelopment and cardiovascular, endocrine, and metabolic
diseases (5). Abnormal placentation leading to placental
insufficiency is the most common underlying pathophysiology
in FGR (6–8). Additionally, placental senescence is seen with
upregulation of pro-inflammatory cytokines, contributing to
placental inflammation and oxidative stress (8). FGR is thought
to be responsible for nearly one third of stillborn (SB)
infants (1, 5), however, a large part of intrauterine deaths
remains unexplained (9). Numbers of SB are large, with an
estimated 2.6 million cases in 2015 worldwide (10). Placental
pathology is a common finding in SB and FGR (11, 12).
The main placental lesions found in pregnancy complications
are classified as maternal vascular malperfusion (MVM),
fetal vascular malperfusion (FVM), delayed villous maturation
(DVM), chorioamnionitis (CA), and villitis of unknown etiology
(VUE) (13).

The role of the maternal immune system in pregnancy
complications has gained increasing attention, with specific
interest for the involvement of immune cell subsets in placental
development and functioning, and maternal-fetal tolerance. The
maternal immune system is subjected to paternal antigens
expressed by the fetus via direct contact between fetal trophoblast
cells, present in the villous tissue and spiral arteries, and maternal
blood (14). Moreover, transfer of fetal and/or placental cells and
DNA through the placental barrier into the maternal circulation
occurs throughout gestation, referred to as micro-chimerism
(15–18). This requires a state in which maternal immune cell
subsets cooperate to ensure a tolerogenic environment for the
developing fetus (19).

In healthy pregnancies, immune cells are balanced toward
an immunoregulatory phenotype. For example, macrophages
predominantly express an anti-inflammatory,M2-like phenotype
that is involved in tissue remodeling and homeostasis (20–24),
numbers of Treg cells participate in preserving maternal-fetal
tolerance (25–31), and numbers increase in response to fetal
alloantigen (32), and NK cells show a reduction of the cytotoxic
subset and an increase in NK cells with immunomodulatory
potential (33–36). Furthermore, macrophages and NK cells have
been attributed important roles in various aspects of placental
development, including trophoblast invasion, spiral artery (SA)

remodeling, and tissue regeneration and angiogenesis (37–
43). Moreover, exaggerated maternal immune responses can be
seen in combination with inflammatory histologically placental
lesions that are commonly found in pregnancy complications
(44, 45). Inadequate adaptation of the maternal immune system,
in particular at the maternal fetal interface, has been widely
described in adverse pregnancy outcomes like preeclampsia (29,
46–49), preterm birth (50–52), and spontaneous pregnancy loss
(28, 53, 54). However, little is known about possible immune
cell imbalances in FGR and SB. As placental malfunctioning is
thought to be a key factor in the cause or exacerbation of these
complications of pregnancy (6–8, 11, 12), it is likely that altered
immune cell balances are at play.

Obtaining more insight into the presence of decidual
macrophages, T cells, Treg cells, and NK cells in healthy
and complicated pregnancies provides a basis for better
understanding the role of these immune cells in the pathogenesis
of pregnancy complications. The present study therefore aims
to explore the number of decidual macrophages, the M2
macrophage subset, T cells, Treg cells, and NK cells in FGR and
SB, and associated types of placental lesions, MVM, FVM, DVM,
CA, and VUE, in order to generate hypotheses on immune cell
subsets involved in these pregnancy complications.

MATERIALS AND METHODS

Study Design
Study cases with placenta samples and histology reports of
three historical study cohorts were included. The DIGITAT
cohort (Disproportionate Intrauterine Growth Intervention At
Term) included women between 36 and 41 weeks of pregnancy
with a singleton with suspected FGR diagnosed by a small for
gestational age (SGA) fetus: a fetal abdominal circumference
below the 10th centile, estimated fetal weight below the 10th
centile or a decreased relative growth in the third trimester
(as judged by a clinician) though still above the 10th centile.
Exclusion criteria were a history of cesarean section (CS),
serious congenital defects, ruptured membranes, renal diseases,
diabetes mellitus, or a positive HIV serology (55). The ZOBAS
cohort (“Zinnig Onderzoek Bij Antepartum Sterfte,” transl.
Useful Examination in Antepartum Death) included all singleton
intrauterine fetal deaths diagnosed antepartum after 20 weeks
of gestation. SB was diagnosed if fetal heartbeat ceased before
labor. We included all women who gave birth from 36
weeks of gestation onwards. Exclusion criteria were pregnancy
terminations (for congenital malformations) and intrapartum
deaths (56). The NORMA cohort comes from a local study
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performed at the University Medical Center Groningen that
included healthy pregnancies. Fetuses with a birth weight above
the 10th centile and below the 90th centile were selected as
our control cohort. Women who gave birth from 36 weeks
onward were included, provided that their blood pressure was
within the normal range, their pregnancies were not complicated
by preeclampsia, and women did not use medication. In total,
samples of 250 FGR, 64 SB, and 42 healthy pregnancy cases could
be included. The hematoxylin eosin (HE) stained tissue slides
were re-analyzed and classified for placental histologic lesions by
a single perinatal pathologist blinded for clinical details according
to the latest international criteria developed by the Amsterdam
Placental Workshop Group (13).

Immunohistochemistry
After delivery, the placentas were fixed in formalin; one full-
thickness sample of normal-appearing parenchyma from within
the central two-thirds of the placental disc for each case was
taken, and embedded in paraffin. Biopsies were taken according
to the hospital sampling protocol as later described by the
Amsterdam Placental Workshop Group (13). Tissue sections of
3µm thickness were cut in consecutive slides where possible.
Primary antibodies used were CD68 (PGM1, Agilent Dako,
USA), CD206 (5C11, BioRad, USA), CD3 (2GV6, Ventana,
USA), FOXP3 (236A/E7, Abcam, USA), and CD56 (MRQ-42,
Ventana, USA). IHC was performed manually for CD206 and
FOXP3. Slides were deparaffinized with xylene and washed in
PBS. Antigen retrieval was performed with 10mM Tris/1mM
EDTA pH 9.0 solution in the microwave for 15min at 300 or
500 Watt, cooled down for 20min at room temperature and
washed with PBS for 5min. Blocking endogenous peroxidase was
done using 500 µl 30% H2O2 in 50ml PBS for 30min. Slides
were washed in PBS for 5min and incubated for 60min with
the primary antibody FOXP3 in a dilution of 1:100, or with
the primary antibody CD206 in a dilution of 1:800. Slides were
then again washed in PBS for 5min, followed by incubation with
the peroxidase-labeled rabbit-anti-mouse (RAMpo) secondary
antibody (Agilent Dako, USA) with 1% NHS in a dilution
of 1:100 for 30min and the tertiary peroxidase-labeled goat-
anti-rabbit (GARpo) antibody (Agilent Dako, USA) with 1%
NHS diluted 1:100 for 30min with an additional washing
step after each antibody incubation. Slides were incubated
for 10min in ultra 3,3′-diaminobenzidine-tetrahydrochloride
(DAB) peroxidase, diluted in 50ml PBS and 50 µl 30% H2O2.

After washing in demi water, hematoxylin counterstaining was
performed. Slides were dehydrated, dried and covered with
mounting medium and a cover slip. For CD68, CD3, and CD56,
IHC was performed with the Ventana Benchmark Ultra machine
with the Ultraview DAB Kit (Ventana, USA). Deparaffinizing the
slides and blocking of endogenous peroxidase is an automatized
process performed in the machine at 72◦. Antigen retrieval was
performed with a 10mM Tris/1mM EDTA pH 9.0 solution
52min for CD68 and 36min for CD3 and CD56. Slides were
incubated with the primary antibodies, 28min for CD68 and
32min for CD3 and CD56. CD68 was diluted to 1:100, CD3
and CD56 antibodies were delivered ready to use. For CD56,
an Amplification Kit (Ventana, USA) was used to increase the

signal intensity of the CD56 primary antibody. The Tissue-Tek
Prisma E2S machine was used to automatically perform the DAB
reaction, hematoxylin counterstaining, and dehydration of the
slides and application of a cover slip.

Slides were scanned with the Philips Intellisite Pathology
Solution Ultra-Fast scanner 1.6.1.1.12. In the scans for FOXP3,
the number of cells was manually counted due to the low number
of cells in each tissue slide. Digital analysis was performed
using Visiopharm version 2018.4. In order to create automatic
detection classifiers to count the number of cells, scans for CD68,
CD206, CD3, and CD56 were analyzed with QuPath version 0.1.2
(57). In short, distinct cell types (e.g., stromal cells, immune cells,
background staining) were manually labeled in decidual tissue
based on staining pattern and cell morphology.With this labeling
set as example, an automatic detection classifier was built and
applied on all tissue slides to count the immune cells of interest.
Separate classifiers were developed for each immune cell subset.
Detailed instructions can be found online (58).

An example of the detection classifier developed to analyze
CD68+ macrophages can be found in Supplementary Figure 1.
In both programs, all decidua basalis tissue in the tissue
section was encircled as region of interest. Availability of
viable decidual tissue, therefore size of the encircled area,
varied per section. Placental septa, decidua tissue overlying
large villous infarcts, areas consisting of fibrin without visible
trophoblast cells and decidualized endometrium stromal
cells and areas with hemorrhage were not included in the
encircled surface area. The encircling of the decidua and the
development of the detection classifier was performed by
two of the authors. As shown in Supplementary Figure 1,
the detection classifier distinguished three levels of color
intensity for each IHC stain. All positive stained cells
were analyzed as immune cells, regardless of the detected
intensity of staining. The decidual surface was given in
µm2 and the outcome calculated as number of cells/mm2

decidual tissue.

Statistical Analysis
IBM SPSS Statistics 23 was used for statistical analyses.
QQ-plots and the Shapiro-Wilk test were used to test the
normality of the distribution. The Chi-square test was used for
categorical data, the independent sample T-test for normally
distributed continuous data and the Mann-Whitney U-test
for not normally distributed continuous data. To compare
between multiple groups, the Chi-square test was used for
categorical data with pairwise Chi-square with Bonferroni
correction as a post-hoc test. The one-way ANOVA was
used for normally distributed data with Tukey’s HSD as
a post-hoc test. The Kruskal Wallis test was used for not
normally distributed data with the Dunn’s non-parametric
comparison as a post-hoc test. Similarity of distributions across
the patient groups was confirmed by visual inspection of
boxplots. Finally, to determine whether the associations between
immune cell subsets and patient groups (FGR, SB, healthy
controls, and placental lesion groups) were independent of
smoking status, we performed linear regression analyses. A p
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TABLE 1 | Patient characteristics of the FGR, SB, and control cohort.

Control (n = 42) FGR (n = 250) SB (n = 64)

Maternal age (years) 31.51 ± 4.83 29.39 ± 5.50 31.66 ± 4.84

Maternal BMI (kg/m2 ) – 23.66 ± 5.30 27.12 ± 5.50

Smoking during pregnancy 10 (23.8%) 100 (40%)* 18 (28.1%)

Parity

Nulli (0) 19 (45.2%) 152 (60.8%) 29 (43.8%)

Primi (1) 15 (35.7%) 60 (24%) 13 (20.3%)

Multi (2–4) 5 (19.0%) 35 (14%) 19 (28.1%)

Grande multi (>4) 0 (0%) 3 (1.2%) 3 (4.7%)

GA at birth (days) 278.45 ± 11.98 270.45 ± 9.83*** 275.33 ± 11.32***

Sex

Boy 23 (54.8%) 101 (40.4%) 32 (50%)

Girl 19 (45.2%) 147 (58.8%) 30 (46.9%)

Neonatal weight (grams) 3464.88 ±457.48 2296.42 ± 340.52*** 3169.52 ± 639.821***

Neonatal weight centile

<p3 0 (0%) 203 (81.2%)*** 12 (18.8%)***

p3–p5 0 (0%) 16 (6.4%) 6 (9.4%)

p5–p10 0 (0%) 15 (6.0%) 4 (6.3%)

>p10 42 (100%) 14 (5.6%) 40 (62.6%)

Placental weight (grams) 537.00 ± 97.14 360.71 ± 86,46*** 436.18 ± 113.49***

Patient characteristics are shown for the FGR (n = 250), SB (n = 64), and control (n = 42) cohorts. Continuous data is presented as mean + SD and compared between groups using

the one-way ANOVA with Tukey HSD as a post-hoc test. Categorical data is presented as number + percentage and compared using the Chi-square test with Bonferroni correction as

a post-hoc test. Significance presented as p-value compared to the control group. *Significant at p < 0.05. ***Significant at p < 0.001. FGR, fetal growth restriction; SB, stillbirth; GA,

gestational age.

< 0.05 was considered significant, a p < 0.1 was considered a
statistical trend.

Ethics
Approval of the Medical Ethical Evaluation Committee (METc)
has been obtained for the DIGITAT (Leiden University
medical Center, Leiden, the Netherlands: P04.210), and
ZOBAS (University Medical Center Groningen, Groningen,
the Netherlands: M02.00671). The present study has been
conducted in accordance with the METc recommendations. For
the NORMA study placental tissue was used according to the
code of conduct for responsible use following the guideline from
the Federation of Medical Scientific Associations with approval
of the METc.

RESULTS

Patient characteristics are presented in Table 1. No significant
differences were found for maternal age, fetal sex, and parity
between FGR and SB and healthy pregnancies. Gestational age
(GA) at birth, birth weight, and placental weight were lower in
the FGR group (p< 0.001, p< 0.001, and p< 0.001, respectively)
and SB group (p < 0.001, p < 0.001, and p < 0.001, respectively)
compared to the control group. More neonates from the FGR
and SB groups had a birth weight <p3 compared to the control
group (p < 0.001 and p < 0.001, respectively). The percentage
of women who smoke during pregnancy was higher in the FGR
group compared to control group (p < 0.05).

Immune Cell Subsets in Adverse
Pregnancy Outcomes
For each immune cell, we determined the number of cells
per mm2 decidual tissue and compared this between FGR
and healthy pregnancies, and SB and healthy pregnancies.
In addition, we determined the CD206+/CD68+ and
FOXP3+/CD3+ ratios.

Immune Cell Subsets in the FGR Cohort: Higher

Numbers of Macrophages With Lower M2/Total

Macrophage Ratios, and Higher FOXP3+/CD3+

Ratios
The number of CD68+ macrophages was significantly higher
in decidual tissue of FGR pregnancies compared to control
pregnancies (p < 0.001) and showed an increase of more than
50% in the FGR group. Although absolute numbers of CD206+

cells (M2-like macrophages) were comparable between the
FGR pregnancies and control pregnancies, the CD206+/CD68+

ratio was significantly lower in the FGR cohort compared
to controls (p < 0.01). In addition, numbers of FOXP3+

Treg cells were increased in FGR (p < 0.01) accompanied by
a higher FOXP3+/CD3+ T cell ratio (p < 0.01; Figures 1,
2A,B). Linear regression analysis and comparing the cohorts
with exclusion of all women who smoke in the FGR and
control cohort, showed that these findings were independent
of smoking status. Numbers of CD3+ T cells, and CD56+ NK
cells were comparable between FGR and healthy pregnancies
(Figure 2A).
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FIGURE 1 | IHC results of macrophages in FGR and controls. Presence of CD68+ macrophages and CD206+ M2 macrophages in FGR (n = 250) and controls (n =

42). 20x magnification. Arrows set as example of CD68+ and CD206+ cells, not all positive cells are indicated. FGR, fetal growth restriction.

Immune Cell Subsets in the SB Cohort: Higher

FOXP3+/CD3+ Ratios
Significantly higher numbers of FOXP3+ T cells were found in
SB compared to healthy pregnancies (p < 0.05), as well as a
higher FOXP3+ Treg/CD3+ ratio in SB compared to control (p
< 0.01). These findings were independent of smoking status in
the linear regression analysis, however, a significant difference
was not found after excluding all women that smoke from the
cohorts (Figures 3, 4A,B). Moreover, a trend was found for
higher numbers of CD68+ macrophages in SB compared to
healthy pregnancies (p < 0.1), however, the higher numbers
of CD68+ macrophages did not remain to be a trend after
correcting for smoking status. Numbers of CD56+ NK cells
and CD206+ M2-like macrophages were comparable in the SB
and healthy pregnancies (Figure 4A). Likewise, no differences in
CD206+ M2-like/CD68+ total macrophage ratio were found in
SB compared to healthy pregnancies (Figure 4B).

Immune Cell Subsets in Placental Lesions
In addition to adverse pregnancy outcomes, we studied the
numbers of immune cells in histopathologic placenta lesions.

Distribution of Placental Lesions in FGR, SB, and

Healthy Pregnancies
First, the prevalence of lesions was determined in each
cohort (Figure 5). Placental lesions were grouped into placentas
diagnosed with a single lesion (MVM, FVM, DVM, CA, or
VUE), a combination of multiple lesions (ML) and no lesions
(NL). Cases with DVM were only observed in the SB cohort.
The incidence of multiple lesions was highest in pregnancies
complicated with SB compared to FGR (p< 0.01) and the control
group (p < 0.05). In the FGR cohort, the multiple lesion group
was predominated by VUE which was present in 45 out of 70
multiple lesions cases (64%). In the SB cohort, the multiple
lesion group was predominated by CA present in 19 out of 24
multiple lesion cases (79%). The control cohort had only 4 cases
of multiple lesions, predominated by VUE in 3 out of 4 cases
(75%). Placentas without lesions were more frequently found in
the FGR and control cohort, compared to the SB cohort (p <

0.01) and (p < 0.01). VUE occurred more in the FGR compared
to SB cohort (p < 0.05), whereas placentas showing signs of CA
were mostly found in the control cohort and showed a significant
difference compared to the FGR cohort (p < 0.001).
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FIGURE 2 | Comparison of immune cell subsets and ratios between FGR and controls. (A) Number of cells/mm2 are shown for CD68+ macrophages, CD206+ M2

macrophages, CD3+ T cells, FOXP3+ Treg cells, and CD56+ NK cells and compared between the FGR (n = 250) and controls (n = 42) cohorts with the

Mann-Whitney U-test. Data presented as median + IQR. **p < 0.01, ***p < 0.001. (B) Ratios of number of cells/mm2 are shown for CD206+/CD68+ macrophages

and FOXP3+/CD3+ T cells and compared between FGR (n = 250) and controls (n = 42) with the Mann-Whitney U-test. Data presented as median + IQR. **p < 0.01.

FGR, fetal growth restriction.

Immune Cell Subsets in Placental Lesions in the FGR

Cohort: Higher Numbers of T and Treg Cells and

Higher Treg/T Cell Ratios in VUE
Due to the low number of cases in each lesion group within
the SB and control cohort, we decided to compare the immune
cell numbers between placental lesion groups in the FGR cohort
only. The number of decidual CD3+ T cells was significantly
higher in VUE and multiple lesions compared to no placental
lesions (p < 0.01 and p < 0.001, respectively). These higher
numbers of CD3+ T cells were accompanied by significantly
higher numbers of decidual FOXP3+ Treg cells in placentas
showing signs of VUE (p < 0.001) and multiple lesions (p
< 0.001) compared to placentas without lesions (Figures 6,
7A). To determine if the observed higher numbers of FOXP3+

Treg cells were related to the number of CD3+ T cells in the
decidua, we determined the FOXP3+/CD3+ ratio. Our results
show a significantly higher FOXP3+ Treg cell/CD3+ total T
cell ratio in VUE and the multiple lesion group compared to
no lesions (p < 0.01 and p < 0.05, respectively), which was
independent of smoking behavior. This could indicate not only
an absolute but also a relative increase in FOXP3+ Treg cells
(Figure 7B). Higher numbers of CD206+ M2-like macrophages
were observed in placentas with multiple lesions compared
to placentas with no lesions (p < 0.05), although this did
not result in differences in the CD206+ M2-like/CD68+ total
macrophage ratio (Figures 7A,B). We did not find differences in
numbers of CD56+ NK cells and CD68+ macrophages among
the lesion groups.

Since FOXP3+/CD3+ ratios were increased in both FGR,
SB, and the VUE and ML groups, we performed a sub analysis
in order to determine whether the presence of VUE and
multiple lesions could be responsible for the relative increase
of FOXP3+ Treg cells in FGR and SB. We excluded all cases

of VUE and multiple lesions from the FGR, SB and control
cohorts and the differences in FOXP3+/CD3+ ratios did not
remain significant.

DISCUSSION

The main finding of this study is that in FGR, decidual
macrophages appear to have a more inflammatory phenotype
compared to healthy pregnancies. Our findings are in accordance
with previous studies that found preeclampsia, spontaneous
pregnancy loss, and preterm birth to be associated with higher
numbers of total macrophages with increased expression of
an M1-like, pro-inflammatory macrophage phenotype (47, 50,
53, 54, 59–61). Moreover, a recent study found an increase of
placental macrophages in pregnancies in which the fetus showed
a decreased growth rate in the third trimester, accompanied by
elevated pro-inflammatory markers in the placenta and maternal
blood (62). The authors propose placental senescence as a
mechanism for placental dysfunction in FGR, underpinned by
the absence of elevated CD45+ leukocytes and clinical signs of
infection, as well as upregulation of DAMPs, associated with
oxidative stress, necrosis, and cellular injury. Similar results were
seen in a uric-acid induced placental inflammationmouse model,
were pups developed FGR and an increase of macrophages was
found in the placental junctional zone (63). Contrary to our
results, another study has reported lower numbers of CD14+

macrophages in the placental bed in FGR compared to healthy
pregnancies, although this did not reach a significant level
(49). These differences could be due to the use of different
markers and/or a different placenta sampling location. To our
knowledge, our study is the first to find increases of macrophages
in the decidual tissue, accompanied by altered subset balances.
Since placental insufficiency in FGR can arise at multiple

Frontiers in Immunology | www.frontiersin.org 6 August 2020 | Volume 11 | Article 1898

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


Bezemer et al. Complicated Pregnancy Outcomes and Immunity

FIGURE 3 | IHC results of T cells and Treg cells in SB and controls. Presence of CD3+ T cells and FOXP3+ Treg cells in SB (n = 64) and controls (n = 42). 20x

magnification. Arrows indicate all FOXP3+ cells. Arrows set as example for CD3+ T cells, not all positive cells are indicated. SB, stillbirth.

FIGURE 4 | Comparison of immune cell subsets and ratios between SB and controls. (A) Number of cells/mm2 are shown for CD68+ macrophages, CD206+ M2

macrophages, CD3+ T cells, FOXP3+ Treg cells and CD56+ NK cells and compared between the SB (n = 64) and controls (n = 42) cohorts with the Mann-Whitney

U-test. Data presented as median + IQR. #p < 0.1, *p < 0.05. (B) Ratios of number of cells/mm2 are shown for CD206+/CD68+ macrophages and FOXP3+/CD3+

T cells and compared between SB (n = 64) and controls (n = 42) with the Mann-Whitney U-test. Data presented as median + IQR. **p < 0.01. SB, stillbirth.
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FIGURE 5 | Distribution of placental lesions across the FGR, SB and control cohorts. Percentages of specific lesions, and comparison between the FGR (n = 250),

SB (n = 64), and control (n = 42) cohort with the Chi-square test. No cases of DVM as a single lesion were present in the FGR and control cohorts. No cases of MVM

as a single lesion were present in the control cohort. *p < 0.05, **p < 0.01, ***p < 0.001 (p-values adjusted using Bonferroni correction).

levels, ranging from early placental developmental defects in
trophoblast invasion and SA remodeling, to placental senescence
with inflammatory and hypoxic events throughout the course
of gestation (8), the question remains from which point in
pregnancy the altered macrophage balances originate and how
they contribute to the pathogenesis or exacerbation of FGR.
Furthermore, the finding that the altered macrophage balances
in the decidua appears maternal in origin is an interesting
finding in terms of preserving maternal-fetal tolerance and it
could be hypothesized that an exaggerated maternal immune
response to the fetal and placental tissue is involved. Our results
indicate that altered decidual macrophage balances could be
involved in FGR and mark the importance of more research
on this topic. We suggest performing functionality studies on
decidual macrophages and a broader characterization of their
phenotype at different time points in gestation to determine their
contribution to FGR.

Overall, the incidence of placental lesions was higher in
FGR and SB compared to the control group. Interestingly,
chorioamnionitis (CA) formed an exception and was found to be
more frequently present in placentas from healthy pregnancies,
a finding that can most likely be attributed to differences
in onset of labor. In the majority of the controls, delivery
occurred spontaneously in healthy pregnancies, whereas in the
pregnancies complicated by FGR and SB a majority of women
had induction of labor. It has earlier been shown that CA
is seen more often in pregnancies with spontaneous onset of
labor, compared to induction (64) and compared to cesarean
section (65). This finding has been explained by the physiological
inflammatory process that precedes spontaneous parturition,
associated with the presence of inflammatory markers in the
myometrium, cervix and chorioamniotic membranes (64). Also

in a sub analysis of the DIGITAT trial, CA was more frequently
present FGR pregnancies with spontaneous labor compared to
induction (66).

When examining the presence of immune cell subsets in
common placental lesions within the FGR cohort we showed
higher numbers of FOXP3+ Treg cells and CD3+ T cells, as
well as a relative increase in FOXP3+ Treg cells in cases of VUE
and multiple lesions. VUE is characterized by an inflammatory
infiltrate of Hoffbauer cells and maternal CD4+ and CD8+
T cells (67, 68) with irregular involvement of the chorionic
villi and areas of placental parenchyma that remain unaffected
(69). The etiology of VUE remains poorly understood. Since
not an infective organism can be identified, its cause has been
explained by either a non-diagnosed underlying infection or an
exaggerated maternal immune response to the paternal antigens
expressed on the fetal villous tissue (67–70). Interestingly,
placentas with VUE show upregulation of MHC class I and II
on fetal trophoblast, accompanied by an increase of chemokines
within the placenta and maternal and fetal circulation, indicating
a systemic inflammatory response in both mother and fetus. This
finding supports the hypothesis of a graft vs. host-like response
in VUE (71). VUE has been abundantly associated with FGR
(69, 70, 72–75). The reported incidence of histological findings
of VUE in FGR widely varies, which might be explained by
differences in diagnostic criteria. In our study, in which we used
the latest international criteria for classifying placental pathology
(13), we found VUE to be present in 18% of FGR cases compared
to 7% in healthy controls. The increase of Treg cells in VUE
at the inflammatory sites in the villous parenchyma, was first
shown by Katzman et al. They propose that Tregs infiltrate
these sites in order to regulate the immune responses that are
potentially harmful toward the fetus (76). As we studied the

Frontiers in Immunology | www.frontiersin.org 8 August 2020 | Volume 11 | Article 1898

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


Bezemer et al. Complicated Pregnancy Outcomes and Immunity

FIGURE 6 | IHC results of Treg cells and T cells in VUE and no lesions in the FGR cohort. Presence of CD3+ T cells and FOXP3+ Treg cells in VUE (n = 45) and no

lesion (n = 44) within the FGR cohort. 20x magnification. Arrows indicate all FOXP3+ cells. Arrows set as example for CD3+ T cells, not all positive cells are indicated.

FGR, fetal growth restriction; VUE, villitis of unknown etiology.

decidua, we were able to discover higher numbers of Treg cells
and T cells in the maternal compartment of the placenta in
VUE. We hypothesize that the decidual Treg cells increase in
the decidua in order to home toward the villi. The migration of
maternal Treg cells could therefore be seen as a mechanism of
rescuing the failed maternal-fetal tolerance, which complies with
the role of Treg cells in preventing maternal immune responses
toward the allogeneic fetus and placenta (27, 28). Earlier, it has
been shown that the CD3+ T cells infiltrating the fetal villous
tissue are indeed maternal in origin (44, 77). We propose similar
immunophenotyping and in situ hybridization studies with X
and Y chromosome probes in both the decidual tissue and
placental parenchyma to confirm if this also true for Treg cells.

Like in VUE, we found a relative increase in FOXP3+ Treg
cells in both FGR and SB, compared to healthy pregnancies. The
fact that this not correspond to a reduction in Treg cells that is
found in most pregnancy complications, might be attributed to
the high number of placental lesions within our study cohorts,
since we showed that our results did not remain significant after
excluding VUE and multiple lesions in the analysis. Moreover, it

could be explained by the fact that we studied the decidua at term.
A study in allogeneic mice showed that depletion of Tregs early
in pregnancy caused implantation failure and higher resorption
rates, while depletion later in pregnancy did not cause pregnancy
complications like FGR, hypertension, or proteinuria. It has been
suggested that Treg cells are particularly important in the early
phase of pregnancy, but not necessarily for the remainder of
pregnancy (28), which could explain why we do not find lower
FOXP3+ expression in our term decidual samples of FGR and SB
pregnancies. Notably, numbers of FOXP3+ cells are very low in
our study cohorts (on average 2–3 cells/mm2), likely explained
by the physiological decline in Treg cells as delivery approaches
(32). We suggest studying Treg cells in the first and second
trimester, for example in maternal blood or in placental tissue
after pregnancy terminations, to observe possible alterations in
Treg cells over the course of FGR and SB pregnancies.

Concerning decidual CD56+ NK cells, we did not find
differences between FGR and SB and healthy pregnancies.
Previously, lower levels of uterine NK cells have been found
in FGR (49) and this decline in NK cell levels in FGR
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FIGURE 7 | Comparison of immune cell subsets and ratios between placental lesions within the FGR cohort. (A) Numbers of cells/mm2 are shown for CD68+

macrophages, CD206+ M2 macrophages, CD3+ T cells, FOXP3+ Treg cells, and CD56+ NK cells and compared between placental lesions [MVM (n = 18), FVM (n =

17), CA (n = 27), VUE (n = 45), ML (n = 44), and NL (n = 44)] within the FGR cohort with the Kruskal Wallis test and pairwise Dunn’s non-parametric comparison test

as post-hoc test. Data presented as median + IQR. *p < 0.05, **p < 0.01, ***p < 0.001. (B) Ratios of number of cells/mm2 are shown for CD206+/CD68+

macrophages and FOXP3+/CD3+ T cells and compared between placental lesions within the FGR cohort with the Kruskal Wallis test and pairwise Dunn’s

non-parametric comparison test as post-hoc test. Data presented as median + IQR. *p < 0.05, **p < 0.01. MVM, maternal vascular malperfusion; FVM, fetal vascular

malperfusion; CA, chorioamnionitis; VUE, villitis of unknown etiology; ML, multiple lesions; NL, no lesions.

has been associated with impaired placental growth and
trophoblast invasion (78). Different methodological approaches
and inclusion criteria could explain why we could not confirm
these changes. Because our detection classifier is finetuned

for variations in the intensity of IHC and background stains
between tissue slides to prevent major differences in cell count,
the three levels of color intensity (as shown for macrophages
in Supplementary Figure 1) cannot be used to distinguish
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CD56bright from CD56−dim subsets. However, since these subsets
can, respectively, be attributed cytotoxic and immunoregulatory
characteristics (34), it would be interesting to determine if
decidual NK subset imbalances might be involved in FGR and SB.

Interestingly, we found an exceptionally high number of
women who smoked during pregnancy, 100 out of 250 (40%)
in the FGR cohort, 18 out of 64 (28.1%) in the SB cohort,
and 10 out of 42 (23.8%) in the control cohort. Smoking is
known to be a contributing factor to lower birth weights and to
SB (79), and is known to directly harm placental development
and vascularization (80). Alterations in immune cell balances in
women who smoke during pregnancy (>10 cigarettes per day)
have been observed in first trimester decidua and in peripheral
blood (81). In order to see whether our results on macrophages
and Treg cells in the FGR and SB cohort could be influenced
by women’s smoking behavior, we performed a linear regression
analysis, showing that our results on macrophages and Treg
cells in the FGR cohort and Treg cells in the SB cohort were
independent of smoking status. Additionally, we conducted a
sub-analysis in which we excluded all women who smoked from
the three cohorts. Our main finding, the higher numbers of
macrophages in FGR with a decrease of the anti-inflammatory
subset, again remained significant, indicating a strong association
between FGR and altered macrophage levels.

In the selected cases with available histopathologic data from
the DIGITAT (FGR) cohort, 203 out of 250 children were born
with a birth weight below the third centile (81.2%) compared to
the complete DIGITAT study (21.5%). There is a high probability
of inclusion bias with more severe cases included in this study, a
finding which can be explained by a tendency to only submit the
clinically severest cases for placental histopathologic analysis. On
the other hand, it is known that focusing on SGA (usually cut-
off <p10) in a study cohort of FGR provides an overestimation
of the fetuses that are truly growth restricted in that SGA
group (82). By using the worst cases (<p3) for our analysis
chances are low that the results are diluted by healthy SGA
fetuses. However, we strongly advocate to routinely perform
histopathologic examination of all suspected FGR pregnancies
to gain a better understanding of the pathophysiology and
immunology of this complication.

The hypotheses discussed in this study are strengthened by the
extensive number of placenta samples that were included from
large databases derived from the DIGITAT (FGR), ZOBAS (SB),
and NORMA (healthy pregnancies) studies. We have chosen
to adopt the predefined inclusion criteria from these studies,
except for the GA at birth in order to match pregnancy duration
between our cohorts. This could have compromised the use of a
narrower definition of FGR, SB, and healthy neonates, however,
we feel that this does not outweigh the benefits of analyzing
a large study cohort. By developing a detection classifier for
each immune cell subset, we have been able to count the
number of immune cells per surface area of decidual tissue in
a systematic manner reducing observer variability. As the use
of historic patient cohorts limits the availability of the tissue
samples, a selection of IHC markers had to be made. In order
to investigate a variety of immune cells, we have chosen to
use one IHC marker for each subset. No double staining was

performed for this study. Although these markers were carefully
selected, the use of one IHC marker for each subset does limit
the reliability of immune cell identification. In the DIGITAT,
ZOBAS, and NORMA cohorts, biopsies of the superficial part
of the decidua basalis were taken. For future research, it would
be interesting to investigate placental bed biopsies in order to
determine the localization of immune cells with respect to spiral
arteries. It must furthermore be mentioned that, as applies to
any IHC study, the observed decidual immune cell populations
could be the result of non-specific immune cell infiltration
that reflect a maternal immune response to mechanisms like
infarction, hypoxia, or inflammation. The tissue was cut in
consecutive slides were possible and it can therefore be assumed
that numbers of total macrophages and T cells were rather
equal so that CD206+/CD68+ and FOXP3+/CD3+ ratios could
be determined in our samples. Since only paraffin placental
tissue was available from our cohorts, no functionality tests
could be performed. Even though we consider this to be a
limitation of our study, we believe that this methodology does
not compromise our results, nor the aim of this study. Our
findings bring focus to specific immune cell subsets that are
likely involved in the pathogenesis of FGR, SB, and placental
lesions and clearly show immune cell imbalances in these
pregnancy complications. We urge for more in-depth research
with elaborate immunophenotyping and functionality studies to
better characterize these immune cell subsets.

CONCLUSION

FGR and SB are complex and multifactorial pregnancy
complications of which the immunologic background has
received little attention. Due to our historical databases
consisting of a large number of FGR and SB cases with
systematically classified data on placental histopathologic lesions,
this study is the first to analyze immune cell subsets in these
adverse pregnancy outcomes and placenta lesions on a large
scale. Our study indicates a role for macrophages in the
pathophysiology of FGR, with an additional relative decrease of
an anti-inflammatory macrophage subset in FGR. Additionally,
our findings point toward a relative increase of Treg cells in
VUE, FGR, and SB, possibly explained by a compensatory
response to rescue the failed maternal-fetal tolerance. These
insights highlight the importance of further investigating the
functional activity and subset balances of macrophages and
Treg cells in pregnancies complicated by FGR, SB, and
placental lesions.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Leiden University Medical Center, Leiden,

Frontiers in Immunology | www.frontiersin.org 11 August 2020 | Volume 11 | Article 1898

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


Bezemer et al. Complicated Pregnancy Outcomes and Immunity

the Netherlands: P04.210 University Medical Center
Groningen, Groningen, the Netherlands: M02.00671. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

RB designed the study, performed the experiments, analyzed
the data, and wrote the manuscript. MS designed the study,
performed the experiments, and edited and reviewed the
manuscript. AT, SS, and JE designed the study, reviewed, and
edited the manuscript. HG, SG, and JP designed the study,
reviewed and edited the manuscript, organized financial support,
and supervised the project. All authors approved the submitted
version of the manuscript.

FUNDING

This study was funded by the University Medical
Center Groningen.

ACKNOWLEDGMENTS

We are grateful for the technical support of M. Bulthuis and
H. Buikema and for the statistical support of F. Holvast.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2020.01898/full#supplementary-material

REFERENCES

1. Nardozza LMM, Caetano ACR, Zamarian ACP, Mazzola JB, Silva CP, Marçal

VMG, et al. Fetal growth restriction: current knowledge. Arch Gynecol Obstet.

(2017) 295:1061–77. doi: 10.1007/s00404-017-4341-9

2. Gordijn SJ, Beune IM, Thilaganathan B, Papageorghiou A, Baschat AA, Baker

PN, et al. Consensus definition of fetal growth restriction: a delphi procedure.

Ultrasound Obstet Gynecol. (2016) 48:333–9. doi: 10.1002/uog.15884

3. Chauhan SP, Beydoun H, Chang E, Sandlin AT, Dahlke JD, Igwe E, et al.

Prenatal detection of fetal growth restriction in newborns classified as small

for gestational age: correlates and risk of neonatal morbidity. Am J Perinatol.

(2014) 31:187–94. doi: 10.1055/s-0033-1343771

4. Aucott SW, Donohue PK, Northington FJ. Increased morbidity in

severe early intrauterine growth restriction. J Perinatol. (2004) 24:435–

40. doi: 10.1038/sj.jp.7211116

5. Audette MC, Kingdom JC. Screening for fetal growth restriction

and placental insufficiency. Semin Fetal Neonatal Med. (2018)

23:119–25. doi: 10.1016/j.siny.2017.11.004

6. Vedmedovska N, Rezeberga D, Teibe U, Melderis I, Donders GGG. Placental

pathology in fetal growth restriction. Eur J Obstet Gynecol Reprod Biol. (2011)

155:36–40. doi: 10.1016/j.ejogrb.2010.11.017

7. KovoM, Schreiber L, Ben-Haroush A, Cohen G,Weiner E, Golan A, et al. The

placental factor in early- and late-onset normotensive fetal growth restriction.

Placenta. (2013) 34:320–4. doi: 10.1016/j.placenta.2012.11.010

8. Sun C, Groom KM, Oyston C, Chamley LW, Clark AR, James JL. The

placenta in fetal growth restriction: what is going wrong? Placenta. (2020)

96:10–8. doi: 10.1016/j.placenta.2020.05.003

9. Frøen JF, Gardosi JO, Thurmann A, Francis A, Stray-Pedersen B. Restricted

fetal growth in sudden intrauterine unexplained death. Acta Obstet Gynecol

Scand. (2004) 83:801–7. doi: 10.1080/j.0001-6349.2004.00602.x

10. De Bernis L, Kinney M V., Stones W, Ten Hoope-Bender P, Vivio D, Leisher

SH, et al. Stillbirths: ending preventable deaths by 2030. Lancet. (2016)

387:703–16. doi: 10.1016/S0140-6736(15)00954-X

11. Ptacek I, Sebire NJ, Man JA, Brownbill P, Heazell AEP. Systematic review of

placental pathology reported in association with stillbirth. Placenta. (2014)

35:552–62. doi: 10.1016/j.placenta.2014.05.011

12. Man J, Hutchinson JC, Heazell AE, Ashworth M, Jeffrey I, Sebire NJ. Stillbirth

and intrauterine fetal death: role of routine histopathological placental

findings to determine cause of death. Ultrasound Obstet Gynecol. (2016)

48:579–84. doi: 10.1002/uog.16019

13. Khong TY, Mooney EE, Ariel I, Balmus NCM, Boyd TK, Brundler MA,

et al. Sampling and definitions of placental lesions amsterdam placental

workshop group consensus statement. Arch Pathol Lab Med. (2016) 140:698–

713. doi: 10.5858/arpa.2015-0225-CC

14. Blaschitz A, Hutter H, Dohr G. HLA class I protein expression in the human

placenta. Early Pregnancy. (2001) 5:67–9.

15. Lo YMD, Lau TK, Chan LYS, Leung TN, Chang AMZ. Quantitative analysis

of the bidirectional fetomaternal transfer of nucleated cells and plasma DNA.

Clin Chem. (2000) 46:1301–9. doi: 10.1093/clinchem/46.9.1301

16. Sunami R, Komuro M, Yuminamochi T, Hoshi K, Hirata S. Fetal cell

microchimerism develops through the migration of fetus-derived cells to

the maternal organs early after implantation. J Reprod Immunol. (2010)

84:117–23. doi: 10.1016/j.jri.2009.11.006

17. Loubière LS, Lambert NC, Flinn LJ, Erickson TD, Yan Z, Guthrie

KA, et al. Maternal microchimerism in healthy adults in lymphocytes,

monocyte/macrophages and NK cells. Lab Investig. (2006) 86:1185–

92. doi: 10.1038/labinvest.3700471

18. Rijnink EC, Penning ME, Wolterbeek R, Wilhelmus S, Zandbergen

M, van Duinen SG, et al. Tissue microchimerism is increased during

pregnancy: a human autopsy study. Mol Hum Reprod. (2015) 21:857–

64. doi: 10.1093/molehr/gav047

19. Munoz-Suano A, Hamilton AB, Betz AG. Gimme shelter -

the immune system during pregnancy. Immunol Rev. (2011)

241:20–38. doi: 10.1111/j.1600-065X.2011.01002.x

20. Gustafsson C, Mjösberg J, Matussek A, Geffers R, Matthiesen L, Berg

G, et al. Gene expression profiling of human decidual macrophages:

evidence for immunosuppressive phenotype. PLoS ONE. (2008) 3:1–

9. doi: 10.1371/journal.pone.0002078

21. Svensson J, Jenmalm MC, Matussek A, Geffers R, Berg G, Ernerudh J.

Macrophages at the fetal–maternal interface express markers of alternative

activation and are induced byM-CSF and IL-10. J Immunol. (2011) 187:3671–

82. doi: 10.4049/jimmunol.1100130

22. Heikkinen J, Möttönen M, Komi J, Alanen A, Lassila O. Phenotypic

characterization of human decidual macrophages. Clin Exp Immunol. (2003)

131:498–505. doi: 10.1046/j.1365-2249.2003.02092.x

23. Repnik U, Tilburgs T, Roelen DL, van der Mast BJ, Kanhai HHH,

Scherjon S, et al. Comparison of macrophage phenotype between decidua

basalis and decidua parietalis by flow cytometry. Placenta. (2008) 29:405–

12. doi: 10.1016/j.placenta.2008.02.004

24. Lidström C, Matthiesen L, Berg G, Sharma S, Ernerudh J, Ekerfelt C. Cytokine

secretion patterns of NK cells and macrophages in early human pregnancy

decidua and blood: implications for suppressor macrophages in decidua. Am

J Reprod Immunol. (2003) 50:444–52. doi: 10.1046/j.8755-8920.2003.00112.x

25. Heikkinen J, Möttönen M, Alanen A, Lassila O. Phenotypic characterization

of regulatory T cells in the human decidua. Clin Exp Immunol. (2004) 136:

373–8. doi: 10.1111/j.1365-2249.2004.02441.x

26. Arruvito L, Sanz M, Banham AH, Fainboim L. Expansion of CD4 + CD25 +

and FOXP3 + regulatory T cells during the follicular phase of the menstrual

cycle: implications for human reproduction. J Immunol. (2007) 178:2572–

8. doi: 10.4049/jimmunol.178.4.2572

27. Aluvihare VR, Kallikourdis M, Betz AG. Regulatory T cells mediate maternal

tolerance to the fetus. Nat Immunol. (2004) 5:266–71. doi: 10.1038/ni1037

Frontiers in Immunology | www.frontiersin.org 12 August 2020 | Volume 11 | Article 1898

https://www.frontiersin.org/articles/10.3389/fimmu.2020.01898/full#supplementary-material
https://doi.org/10.1007/s00404-017-4341-9
https://doi.org/10.1002/uog.15884
https://doi.org/10.1055/s-0033-1343771
https://doi.org/10.1038/sj.jp.7211116
https://doi.org/10.1016/j.siny.2017.11.004
https://doi.org/10.1016/j.ejogrb.2010.11.017
https://doi.org/10.1016/j.placenta.2012.11.010
https://doi.org/10.1016/j.placenta.2020.05.003
https://doi.org/10.1080/j.0001-6349.2004.00602.x
https://doi.org/10.1016/S0140-6736(15)00954-X
https://doi.org/10.1016/j.placenta.2014.05.011
https://doi.org/10.1002/uog.16019
https://doi.org/10.5858/arpa.2015-0225-CC
https://doi.org/10.1093/clinchem/46.9.1301
https://doi.org/10.1016/j.jri.2009.11.006
https://doi.org/10.1038/labinvest.3700471
https://doi.org/10.1093/molehr/gav047
https://doi.org/10.1111/j.1600-065X.2011.01002.x
https://doi.org/10.1371/journal.pone.0002078
https://doi.org/10.4049/jimmunol.1100130
https://doi.org/10.1046/j.1365-2249.2003.02092.x
https://doi.org/10.1016/j.placenta.2008.02.004
https://doi.org/10.1046/j.8755-8920.2003.00112.x
https://doi.org/10.1111/j.1365-2249.2004.02441.x
https://doi.org/10.4049/jimmunol.178.4.2572
https://doi.org/10.1038/ni1037
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Bezemer et al. Complicated Pregnancy Outcomes and Immunity

28. Shima T, Sasaki Y, ItohM,NakashimaA, Ishii N, Sugamura K, et al. Regulatory

T cells are necessary for implantation and maintenance of early pregnancy

but not late pregnancy in allogeneic mice. J Reprod Immunol. (2010) 85:121–

9. doi: 10.1016/j.jri.2010.02.006

29. Sasaki Y, Darmochwal-Kolarz D, Suzuki D, Sakai M, Ito M, Shima T,

et al. Proportion of peripheral blood and decidual CD4 + CD25 bright

regulatory T cells in pre-eclampsia. Clin Exp Immunol. (2007) 149:139–

45. doi: 10.1111/j.1365-2249.2007.03397.x

30. Kallikourdis M, Betz AG. Periodic accumulation of regulatory T cells in the

uterus: Preparation for the implantation of a semi-allogeneic fetus? PLoSONE.

(2007) 2:e382. doi: 10.1371/journal.pone.0000382

31. Somerset DA, Zheng Y, Kilby MD, Sansom DM, Drayson MT. Normal

human pregnancy is associated with an elevation in the immune suppressive

CD25 + CD4 + regulatory T-cell subset. Immunology. (2004) 112:38–

43. doi: 10.1111/j.1365-2567.2004.01869.x

32. Zhao J xian, Zeng Y ying, Liu Y. Fetal alloantigen is responsible for the

expansion of the CD4+CD25+regulatory T cell pool during pregnancy. J

Reprod Immunol. (2007) 75:71–81. doi: 10.1016/j.jri.2007.06.052

33. Cooper MA, Fehniger TA, Turner SC, Chen KS, Ghaheri BA,

Carson WE, et al. Human natural killer cells: a unique innate

immunoregulatory role for the CD56BRIGHT SUBSET. Blood. (2000)

96:3146–51. doi: 10.1182/blood.V97.10.3146

34. Koopman LA, Kopcow HD, Rybalov B, Boyson JE, Orange JS, Schatz

F, et al. Human decidual natural killer cells are a unique nk cell

subset with immunomodulatory potential. J Exp Med. (2003) 198:1201–

12. doi: 10.1084/jem.20030305

35. KopcowHD, Allan DSJ, Chen X, Rybalov B, AndzelmMM,Ge B, et al. Human

decidual NK cells form immature activating synapses and are not cytotoxic.

Proc Natl Acad Sci USA. (2005) 102:15563–8. doi: 10.1073/pnas.0507835102

36. Pitman H, Innes BA, Robson SC, Bulmer JN, Lash GE. Altered

expression of interleukin-6, interleukin-8 and their receptors in

decidua of women with sporadic miscarriage. Hum Reprod. (2013)

28:2075-86. doi: 10.1093/humrep/det233

37. Smith S, Dunk C, Aplin J, Harris L, Jones R. Evidence for immune

cell involvement in decidual spiral arteriole remodeling in early human

pregnancy. Am J Pathol. (2009) 174:1959–71. doi: 10.2353/ajpath.2009.080995

38. Helige C, Ahammer H, Moser G, Hammer A, Dohr G, Huppertz B,

et al. Distribution of decidual natural killer cells and macrophages in the

neighbourhood of the trophoblast invasion front: a quantitative evaluation.

Hum Reprod. (2014) 29:8–17. doi: 10.1093/humrep/det353

39. Lash GE. Expression of angiogenic growth factors by uterine

natural killer cells during early pregnancy. J Leukoc Biol. (2006)

80:572–80. doi: 10.1189/jlb.0406250

40. Hazan AD, Smith SD, Jones RL, Whittle W, Lye SJ, Dunk

CE. Vascular-leukocyte interactions: mechanisms of human

decidual spiral artery remodeling in vitro. Am J Pathol. (2010)

177:1017–30. doi: 10.2353/ajpath.2010.091105

41. Hanna J, Goldman-Wohl D, Hamani Y, Avraham I, Greenfield C,

Natanson-Yaron S, et al. Decidual NK cells regulate key developmental

processes at the human fetal-maternal interface. Nat Med. (2006) 12:1065–

74. doi: 10.1038/nm1452

42. Renaud SJ, Macdonald-Goodfellow SK, Graham CH. Coordinated regulation

of human trophoblast invasiveness by macrophages and interleukin 101. Biol

Reprod. (2007) 76:448–54. doi: 10.1095/biolreprod.106.055376

43. Sharma S, Godbole G, Modi D. Decidual control of trophoblast invasion. Am

J Reprod Immunol. (2016) 75:341–50. doi: 10.1111/aji.12466

44. Redline RW, Patterson P. Villitis of unknown etiology is associated with

major infiltration of fetal tissue by maternal inflammatory cells. Am J Pathol.

(1993) 143:473–9.

45. Redline RW, Faye-Petersen O, Heller D, Qureshi F, Savell V, Vogler

C. Amniotic infection syndrome: nosology and reproducibility

of placental reaction patterns. Pediatr Dev Pathol. (2003)

6:435–48. doi: 10.1007/s10024-003-7070-y

46. Darmochwal-Kolarz D, Saito S, Rolinski J, Tabarkiewicz J, Kolarz B,

Leszczynska-Gorzelak B, et al. Activated T lymphocytes in pre-eclampsia. Am

J Reprod Immunol. (2007) 58:39–45. doi: 10.1111/j.1600-0897.2007.00489.x

47. Reister F, Frank H-G, Kingdom JCP, Heyl W, Kaufmann P, Rath W, et al.

Macrophage-Induced apoptosis limits endovascular trophoblast invasion in

the uterine wall of preeclamptic women. Lab Investig. (2001) 81:1143–

52. doi: 10.1038/labinvest.3780326

48. Reister F, Frank HG, Heyl W, Kosanke G, Huppertz B, Schröder W, et al.

The distribution of macrophages in spiral arteries of the placental bed in

pre-eclampsia differs from that in healthy patients. Placenta. (1999) 20:229–

33. doi: 10.1053/plac.1998.0373

49. Williams PJ, Bulmer JN, Searle RF, Innes BA, Robson SC. Altered decidual

leucocyte populations in the placental bed in pre-eclampsia and foetal growth

restriction: a comparison with late normal pregnancy. Reproduction. (2009)

138:177–84. doi: 10.1530/REP-09-0007

50. Xu Y, Romero R, Miller D, Kadam L, Mial T, Plaszyo O, et al. An M1-like

macrophage polarization in decidual tissue during spontaneous preterm labor

that is attenuated by rosiglitazone treatment. J Immunol. (2016) 196:2476–

91. doi: 10.4049/jimmunol.1502055

51. Schober L, Radnai D, Schmitt E, Mahnke K, Sohn C, Steinborn A.

Term and preterm labor: decreased suppressive activity and changes in

composition of the regulatory T-cell pool. Immunol Cell Biol. (2012) 90:935–

44. doi: 10.1038/icb.2012.33

52. Gonzalez JM, Franzke CW, Yang F, Romero R, Girardi G. Complement

activation triggers metalloproteinases release inducing cervical

remodeling and preterm birth in mice. Am J Pathol. (2011)

179:838–49. doi: 10.1016/j.ajpath.2011.04.024

53. Wang WJ, Hao CF, De Lin Q. Dysregulation of macrophage activation by

decidual regulatory T cells in unexplained recurrent miscarriage patients. J

Reprod Immunol. (2011) 92:97–102. doi: 10.1016/j.jri.2011.08.004

54. Guenther S, Vrekoussis T, Heublein S, Bayer B, Anz D, Knabl J, et al. Decidual

macrophages are significantly increased in spontaneous miscarriages and

over-express FasL: a potential role for macrophages in trophoblast apoptosis.

Int J Mol Sci. (2012) 13:9069–80. doi: 10.3390/ijms13079069

55. Boers KE, Bijlenga D, Mol BWJ, LeCessie S, Birnie E, van Pampus MG, et al.

Disproportionate intrauterine growth intervention trial at term: DIGITAT.

BMC Pregnancy Childbirth. (2007) 7:12. doi: 10.1186/1471-2393-7-12

56. Korteweg FJ, Erwich JJHM, Holm JP, Ravisé JM, Van Der Meer J, Veeger

NJGM, et al. Diverse placental pathologies as the main causes of fetal

death. Obstet Gynecol. (2009) 114:809–17. doi: 10.1097/AOG.0b013e3181b

72ebe

57. Bankhead P, Loughrey MB, Fernández JA, Dombrowski Y, McArt DG, Dunne

PD, et al. QuPath: open source software for digital pathology image analysis.

Sci Rep. (2017) 7:1–7. doi: 10.1038/s41598-017-17204-5

58. Welcome to QuPath! Available online at: https://qupath.readthedocs.io/en/

latest/ (accessed April 13, 2020).

59. Tsao FY, Wu MY, Chang YL, Wu CT, Ho HN. M1 macrophages decrease in

the deciduae from normal pregnancies but not from spontaneous abortions

or unexplained recurrent spontaneous abortions. J Formos Med Assoc. (2018)

117:204–11. doi: 10.1016/j.jfma.2017.03.011

60. Li M, Piao L, Chen CP, Wu X, Yeh CC, Masch R, et al. Modulation of decidual

macrophage polarization by macrophage colony-stimulating factor derived

from first-trimester decidual cells: implication in preeclampsia. Am J Pathol

[Internet]. (2016) 186:1258–66. doi: 10.1016/j.ajpath.2015.12.021

61. Schonkeren D, Van Der Hoorn ML, Khedoe P, Swings G, Van Beelen E,

Claas F, et al. Differential distribution and phenotype of decidual macrophages

in preeclamptic versus control pregnancies. Am J Pathol. (2011) 178:709–

17. doi: 10.1016/j.ajpath.2010.10.011

62. Sharps MC, Baker BC, Guevera T, Bishof H, Jones RL, Greenwood SL,

et al. Increased placental macrophages and a pro-inflammatory profile

in placentas and maternal serum in infants with a decreased growth

rate in the third trimester of pregnancy. Am J Reprod Immunol. (2020)

84:e13267. doi: 10.1111/aji.13267

63. Brien M-E, Duval C, Palacios J, Boufaied I, Hudon-Thibeault A-

A, Nadeau-Vallée M, et al. Uric acid crystals induce placental

inflammation and alter trophoblast function via an IL-1–dependent

pathway: implications for fetal growth restriction. J Immunol. (2017)

198:443–51. doi: 10.4049/jimmunol.1601179

64. Park HS, Romero R, Lee SM, Park CW, Jun JK, Yoon BH. Histologic

chorioamnionitis is more common after spontaneous labor than after induced

labor at term. Placenta. (2010) 31:792–5. doi: 10.1016/j.placenta.2010.06.013

65. Torricelli M, Voltolini C, Conti N, Vellucci FL, Orlandini C, Bocchi C,

et al. Histologic chorioamnionitis at term: implications for the progress

Frontiers in Immunology | www.frontiersin.org 13 August 2020 | Volume 11 | Article 1898

https://doi.org/10.1016/j.jri.2010.02.006
https://doi.org/10.1111/j.1365-2249.2007.03397.x
https://doi.org/10.1371/journal.pone.0000382
https://doi.org/10.1111/j.1365-2567.2004.01869.x
https://doi.org/10.1016/j.jri.2007.06.052
https://doi.org/10.1182/blood.V97.10.3146
https://doi.org/10.1084/jem.20030305
https://doi.org/10.1073/pnas.0507835102
https://doi.org/10.1093/humrep/det233
https://doi.org/10.2353/ajpath.2009.080995
https://doi.org/10.1093/humrep/det353
https://doi.org/10.1189/jlb.0406250
https://doi.org/10.2353/ajpath.2010.091105
https://doi.org/10.1038/nm1452
https://doi.org/10.1095/biolreprod.106.055376
https://doi.org/10.1111/aji.12466
https://doi.org/10.1007/s10024-003-7070-y
https://doi.org/10.1111/j.1600-0897.2007.00489.x
https://doi.org/10.1038/labinvest.3780326
https://doi.org/10.1053/plac.1998.0373
https://doi.org/10.1530/REP-09-0007
https://doi.org/10.4049/jimmunol.1502055
https://doi.org/10.1038/icb.2012.33
https://doi.org/10.1016/j.ajpath.2011.04.024
https://doi.org/10.1016/j.jri.2011.08.004
https://doi.org/10.3390/ijms13079069
https://doi.org/10.1186/1471-2393-7-12
https://doi.org/10.1097/AOG.0b013e3181b72ebe
https://doi.org/10.1038/s41598-017-17204-5
https://qupath.readthedocs.io/en/latest/
https://qupath.readthedocs.io/en/latest/
https://doi.org/10.1016/j.jfma.2017.03.011
https://doi.org/10.1016/j.ajpath.2015.12.021
https://doi.org/10.1016/j.ajpath.2010.10.011
https://doi.org/10.1111/aji.13267
https://doi.org/10.4049/jimmunol.1601179
https://doi.org/10.1016/j.placenta.2010.06.013
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Bezemer et al. Complicated Pregnancy Outcomes and Immunity

of labor and neonatal wellbeing. J Matern Neonatal Med. (2013) 26:188–

92. doi: 10.3109/14767058.2012.722724

66. Feenstra ME, Schoots MH, Plösch T, Prins JR, Scherjon SA, Timmer A, et al.

More maternal vascular malperfusion and chorioamnionitis in placentas after

expectant management vs. immediate delivery in fetal growth restriction at

(near) term: a further analysis of the DIGITAT trial. Front Endocrinol. (2019)

10:238. doi: 10.3389/fendo.2019.00238

67. Kim JS, Romero R, Kim MR, Kim YM, Friel L, Espinoza J, et al. Involvement

of hofbauer cells and maternal T cells in villitis of unknown aetiology.

Histopathology. (2008) 52:457–64. doi: 10.1111/j.1365-2559.2008.02964.x

68. Brito H, Juliano P, Altemani C, Altemani A. Is the immunohistochemical

study of the inflammatory infiltrate helpful in distinguishing villitis of

unknown etiology from non-specific infection villitis? Placenta. (2005)

26:839–41. doi: 10.1016/j.placenta.2004.10.012

69. Redline RW. Villitis of unknown etiology: noninfectious

chronic villitis in the placenta. Hum Pathol. (2007) 38:1439–

46. doi: 10.1016/j.humpath.2007.05.025

70. Tamblyn JA, Lissauer DM, Powell R, Coxb P, Kilby MD. The immunological

basis of villitis of unknown etiology - review. Placenta. (2013) 34:846–

55. doi: 10.1016/j.placenta.2013.07.002

71. Kim MJ, Romero R, Kim CJ, Tarca AL, Chhauy S, LaJeunesse C, et al. Villitis

of unknown etiology is associated with a distinct pattern of chemokine up-

regulation in the feto-maternal and placental compartments: implications for

conjoint maternal allograft rejection and maternal anti-fetal graft-versus-host

disease. J Immunol. (2009) 182:3919–27. doi: 10.4049/jimmunol.0803834

72. Becroft DM, Thompson JM, Mitchell EA. Placental villitis of unknown

origin: epidemiologic associations. Am J Obstet Gynecol. (2005) 192:264–

71. doi: 10.1016/j.ajog.2004.06.062

73. Boog G. Chronic villitis of unknown etiology. Eur J Obstet Gynecol Reprod

Biol. (2008) 136:9–15. doi: 10.1016/j.ejogrb.2007.06.018

74. Althabe O, Labarrere C. Chronic villitis of unknown aetiology and

intrauterine growth-retarded infants of normal and low ponderal index.

Placenta. (1985) 6:369–73. doi: 10.1016/S0143-4004(85)80047-3

75. Kim C, Romero R, Chaemsaithong P, Kim J. Chronic inflammation of the

placenta: definition, classification, pathogenesis, and clinical significance. Am

J Obs Gynecol. (2015) 213:S53–69. doi: 10.1016/j.ajog.2015.08.041

76. Katzman PJ, Murphy SP, Oble DA. Immunohistochemical analysis reveals

an influx of regulatory t cells and focal trophoblastic stat-1 phosphorylation

in chronic villitis of unknown etiology. Pediatr Dev Pathol. (2011) 14:284–

93. doi: 10.2350/10-09-0910-OA.1

77. Myerson D, Parkin RK, Benirschke K, Tschetter CN, Hyde SR. The

pathogenesis of villitis of unknown etiology: analysis with a new

conjoint immunohistochemistry-in situ hybridization procedure to

identify specific maternal and fetal cells. Pediatr Dev Pathol. (2006)

9:257–65. doi: 10.2350/08-05-0103.1

78. Eide IP, Rolfseng T, Isaksen C V., Mecsei R, Roald B, Lydersen S, et al.

Serious foetal growth restriction is associated with reduced proportions

of natural killer cells in decidua basalis. Virchows Arch. (2006) 448:269–

76. doi: 10.1007/s00428-005-0107-z

79. de Haas JH. Parental smoking. Its effects on fetus and child health. Eur J Obstet

Gynecol Reprod Biol. (1975) 5:283–96. doi: 10.1016/0028-2243(75)90038-6

80. Pintican D, Poienar AA, Strilciuc S, Mihu D. Effects of maternal smoking

on human placental vascularization: A systematic review. Taiwan J Obstet

Gynecol. (2019) 58:454–9. Available from: doi: 10.1016/j.tjog.2019.05.004

81. Prins JR, Hylkema MN, Erwich JJHM, Huitema S, Dekkema GJ, Dijkstra

FE, et al. Smoking during pregnancy influences the maternal immune

response in mice and humans. Am J Obstet Gynecol. (2012) 207:76.e1–

14. doi: 10.1016/j.ajog.2012.04.017

82. Ganzevoort W, Thilaganathan B, Baschat A, Gordijn SJ. Point. Am J Obstet

Gynecol. (2019) 220:74–82. doi: 10.1016/j.ajog.2018.10.007

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Bezemer, Schoots, Timmer, Scherjon, Erwich, van Goor, Gordijn

and Prins. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 14 August 2020 | Volume 11 | Article 1898

https://doi.org/10.3109/14767058.2012.722724
https://doi.org/10.3389/fendo.2019.00238
https://doi.org/10.1111/j.1365-2559.2008.02964.x
https://doi.org/10.1016/j.placenta.2004.10.012
https://doi.org/10.1016/j.humpath.2007.05.025
https://doi.org/10.1016/j.placenta.2013.07.002
https://doi.org/10.4049/jimmunol.0803834
https://doi.org/10.1016/j.ajog.2004.06.062
https://doi.org/10.1016/j.ejogrb.2007.06.018
https://doi.org/10.1016/S0143-4004(85)80047-3
https://doi.org/10.1016/j.ajog.2015.08.041
https://doi.org/10.2350/10-09-0910-OA.1
https://doi.org/10.2350/08-05-0103.1
https://doi.org/10.1007/s00428-005-0107-z
https://doi.org/10.1016/0028-2243(75)90038-6
https://doi.org/10.1016/j.tjog.2019.05.004
https://doi.org/10.1016/j.ajog.2012.04.017
https://doi.org/10.1016/j.ajog.2018.10.007~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Altered Levels of Decidual Immune Cell Subsets in Fetal Growth Restriction, Stillbirth, and Placental Pathology
	Introduction
	Materials and Methods
	Study Design
	Immunohistochemistry
	Statistical Analysis
	Ethics

	Results
	Immune Cell Subsets in Adverse Pregnancy Outcomes
	Immune Cell Subsets in the FGR Cohort: Higher Numbers of Macrophages With Lower M2/Total Macrophage Ratios, and Higher FOXP3+/CD3+ Ratios
	Immune Cell Subsets in the SB Cohort: Higher FOXP3+/CD3+ Ratios

	Immune Cell Subsets in Placental Lesions
	Distribution of Placental Lesions in FGR, SB, and Healthy Pregnancies
	Immune Cell Subsets in Placental Lesions in the FGR Cohort: Higher Numbers of T and Treg Cells and Higher Treg/T Cell Ratios in VUE


	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


