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Highlights 

• Macrophages and Hofbauer cells are significantly downregulated in the placenta of 

preeclamptic patients. 

• The majority of macrophages locally in the placenta are M2-polarized.  

• PD1 is significantly downregulated on maternal macrophages of the decidua and on Hofbauer 

cells in the placenta of preeclamptic patients.  

• PD-L1 is significantly downregulated on maternal macrophages of the decidua in the placenta 

of preeclamptic patients. 
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Abstract 

Preeclampsia is a pregnancy-specific disease which is characterized by abnormal placentation, 

endothelial dysfunction, systemic inflammation and disruption of the immune system. The goal of this 

study was to characterize the PD-1/PD-L1 system, an important immune checkpoint system, on 

macrophages and Hofbauer cells (HBC) in the placenta of preeclamptic patients. The expression of the 

macrophage markers CD68 and CD163 as well as the proteins PD1 and PD-L1 in the placenta of 

preeclamptic patients was examined by immunohistochemistry and immunofluorescence in 

comparison to the placenta of healthy pregnancies. The numbers of CD68-positive and CD163-

positive macrophages were significantly downregulated in the decidua (p = 0.021 and p = 0.043) and 

in the chorionic villi (p < 0.001 and p < 0.001) of preeclamptic patients. The majority of macrophages 

in the decidua and the chorionic villi were identified to be CD163-positive, indicating a predominantly 

M2-polarisation. The expression of PD1 on maternal macrophages of the decidua (p < 0.001) and on 

Hofbauer cells (p < 0.001) was shown to be significantly lower in preeclampsia. Looking at the protein 

PD-L1 the expression was proven to be downregulated on maternal macrophages in the decidua of 

preeclamptic patients (p = 0.043). This difference was only caused by a downregulation of PD-L1 

expression in male offspring (p = 0.004) while there was no difference in female offspring (p = 0.841). 

The variation of the immune checkpoint molecules PD1 and PD-L1 in preeclampsia might play an 

important role in the development of inflammation seen in preeclamptic patients. It might thereby be 

an important target in the therapy of preeclampsia.  
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1. Introduction 

Preeclampsia (PE), defined as the new onset of hypertension in pregnancy after 20 weeks of gestation 

accompanied with proteinuria and/or another organ disfunction, is one of the most severe 
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complications of pregnancy. It affects 5% to 7% of pregnancies worldwide and is the main cause for 

high maternal and fetal morbidity and mortality. Literature distinguishes between two types of 

preeclampsia: Early-onset and late-onset preeclampsia. The former is defined as preeclampsia 

occurring before 34 weeks, the latter as preeclampsia after 34 weeks of gestation (Tranquilli et al., 

2013; Valensise et al., 2008). The only effective treatment is the delivery of fetus and placenta, which 

remains a challenge in practice considering possible maternal and fetal complications of early 

delivery. Women affected by preeclampsia during pregnancy have an increased risk for developing 

cardiovascular diseases e.g. hypertension or ischemic heart disease in later life, which also highlights 

the importance and impact of this disease (Rana et al., 2019; Sukmanee and Liabsuetrakul, 2022; Vest 

and Cho, 2012; Xu et al., 2022). The exact etiology and pathogenesis of preeclampsia is still unknown 

and under current research. It is proven to be multifactorial and the placenta with its abnormal 

placentation by defective trophoblast invasion and elevated levels of antiangiogenic factors seem to 

play a central role (Rambaldi et al., 2019; Yeh et al., 2013).  

Pregnancy leads to a big challenge for the maternal immune system because the semi-allogenic fetus 

has to be accepted and supported within the mother throughout the gestational period (Ander et al., 

2019). The decidua, the maternal part of the placenta, normally upholds the immunological tolerance 

between mother and fetus. In preeclampsia it has been proven to become a site of inflammation and 

thereby plays an important role in the development of the disease (Vishnyakova et al., 2021). Not only 

in the decidua but also systemically the immune system in preeclampsia was proven to be upregulated 

into a pro-inflammatory state with for example a reduction of regulatory T-cells and anti-inflammatory 

cytokines and an incretion of CD4(+) T-cells and pro-inflammatory cytokines (Aggarwal et al., 2019; 

Harmon et al., 2016).  

An important effector of local immunity in the placenta are macrophages, the second largest group of 

cells at the maternal-fetal-interface. These cells can either have pro-inflammatory and antimicrobial 

(M1-macrophage) or anti-inflammatory (M2-macrophage) functions depending on their polarization 

and activation status. During normal pregnancy the majority of macrophages are polarized as M2-

macrophages, leading to maintenance of maternal-fetal-tolerance (Yao et al., 2019). During 

preeclampsia the existing data is conflicting with studies showing increased numbers of macrophages 
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(Huang et al., 2010; Li et al., 2016; Reister et al., 2001) and other studies showing decreased numbers 

in preeclampsia (Bürk et al., 2001; Williams et al., 2009). Regarding the polarization status of 

macrophages studies have proven a decrease in M2-macrophages and an increase in M1-macrophages 

in the placenta of preeclamptic women (Tang et al., 2013; Yang et al., 2017; Yao et al., 2019). The 

number of Hofbauer cells, the fetal macrophages within the chorionic villi which are mostly M2 

phenotypes, has shown to be reduced in preeclampsia and might thereby contribute to inflammation 

due to the loss of feto-maternal tolerance (Reyes and Golos, 2018).  

Macrophages are not only important for local immunity, but they also play a crucial role in tumor 

biology. Tumor associated macrophages (TAM) can either promote or restrict tumor growth and 

metastatic spread (Larionova et al., 2020). Studies showed that an upregulation of CD68, a pan-

macrophage marker, and CD163, a M2-macrophage marker, inside the tumor can lead to tumor 

growth, invasion, progression and metastatic spread (Cencini et al., 2021; Larionova et al., 2020; Leisz 

et al., 2022; Yang et al., 2022). Because of the similarities of tumor biology and placenta biology, 

macrophages may also play an important role in placentation in normal pregnancies and the 

pathogenesis of pregnancy diseases. Therefore, this specific macrophage marker combination was 

used in this study.  

Besides macrophages also immune checkpoint molecules like PD-1 and PD-L1 play an important role 

in maintaining immunological homeostasis and tolerance. Upon activation with its ligand, they 

negatively regulate effector immune cells like for example T-cells and thereby prevent dangerous 

immune attacks. With these mechanisms immune checkpoint molecules take part in immune 

regulation in infections, autoimmunity and tumor growth (Sharpe and Pauken, 2018). In addition, they 

play an important role in reproductive immunology and pregnancy (Mittelberger et al., 2022; 

Mohamed Khosroshahi et al., 2021). Investigations about the role of these immune checkpoint 

molecules in normal pregnancy and in the pathophysiology of preeclampsia are emerging suggesting 

multiple variations in preeclampsia compared to normal healthy pregnancy. Most of the research 

however focuses on peripheral blood immune cells. Little is known about the expression of the 

molecules in the placenta and thereby in the maternal-fetal-interspace (Mittelberger et al., 2022).  
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In order to investigate the variances in the polarization of macrophages as well as in the expression of 

the immune checkpoint molecules PD1 and PD-L1 this study was designed analyzing the placenta of 

40 patients with preeclampsia and 40 healthy patients using immunohistochemistry and 

immunofluorescence staining.  

 

2. Materials and Methods  

2.1  Study subjects 

This study was approved by the ethics committee of the Ludwig-Maximilian-University (LMU) 

Munich, Germany in July 2021. The placental tissue of 40 patients with preeclampsia (20 female 

offspring, 20 male offspring), who delivered by cesarean section in the University Hospital Augsburg 

in the years 2016-2020 were obtained and retrospectively included into the study after written 

informed consent. Patients with delivery after 30+0 pregnancy weeks that fulfilled the diagnostic 

criteria of preeclampsia were eligible for participation. Patients with HELLP-syndrome (hemolysis, 

elevated liver enzymes and low platelet count) or fetal growth restriction (FGR) were not excluded 

from the study. As a control group placental tissue of 40 healthy patients (20 female offspring, 20 

male offspring) who delivered by cesarean section in the years 2018-2021 were obtained and also 

retrospectively included into the study after written informed consent. The control group was matched 

to the preeclampsia group in pregnancy week, fetal sex, and age of the mother +/- 5 years.  In order to 

rule out confounders, healthy patients who fulfilled the following criteria were excluded from the 

study: fetal growth restriction, multiple pregnancy, gestational diabetes, overweight with a body mass 

index (BMI) > 30 kg/m², fertility treatment, signs for systemic inflammation in the blood, placentation 

disorders like placenta accreta/percreta/increta.  

The placentas were preserved in buffered 4% formalin immediately after delivery. The samples were 

then dissected from the central part of the placenta in the institute for pathology in the University 

Hospital Augsburg, containing decidua, extravillious and villious trophoblasts. After fixation in 

buffered formalin the samples were then embedded in paraffin and cut with a sliding microtome to 2-

3 μm slices.  
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The clinical details of the study population are shown in Table 1 (separated by time of onset) and 

Table 2 (separated by fetal sex).  

Confounder analysis was done for all significant different clinical characteristics between the two 

groups by the linear regression model. The results can be seen in the supplementary table 1.  

 

Table 1: Clinical details of the study population separated by time of onset 

 Preeclampsia 

(n=40) 

Control  

(n=40) 

p-value 

Early onset (n = 18) Late onset (n = 22) 

Maternal age at delivery, 

years 

32.18 ± 4.96 32.57 ± 4.91 p = 0.718 

32.33 ± 4.19 32.05 ± 5.61 - p = 0.858 

BMI 29.34 ± 7.12 23.54 ± 3.31 p < 0.001 

30.42 ± 7.89 28.46 ± 6.47 - p = 0.393 

Gravidity 1.40 ± 0.73 2.03 ± 1.03 p = 0.001 

1.44 ± 0.78 1.36 ± 0.73 - p = 0.798 

Parity 1.30 ± 0.65 1.68 ± 0.80 p = 0.007 

1.33 ± 0.69 1.27 ± 0.63 - p = 0.840 

Gestational age at 

delivery 

35.00 ± 2.06 35.00 ± 2.18 p = 0.957 

33.22 ± 1.48 36.45 ± 1.10 - p < 0.001 

Fetal birthweight, g 2089.73 ± 594.66 2362.50 ± 538.03 p = 0.021 

1677.44 ± 417.34 2427.05 ± 500.83 - p < 0.001 

Birth percentile 24.67 ± 23.22 45.68 ± 22.05 p < 0.001 

26.11 ± 20.93 23.43 ± 25.46 - p = 0.426 

APGAR 10 minutes 9.55 ± 0.60 9.53 ± 0.68 p = 0.973 

9.67 ± 0.49 9.45 ± 0.67 - p = 0.427 

Umbilical artery pH 7.26 ± 0.07 7.29 ± 0.09 p < 0.001 

7.26 ± 0.04 7.25 ± 0.09 - p = 0.370 

Placental weight 384.70 ± 125.10 460.13 ± 122.89 p = 0.005 

308.56 ± 79.11 447.00 ± 122.32 - p < 0.001 

HELLP-Syndrome n = 9 n = 0 - 

Fetal growth restriction n = 5 n = 0 - 

 

Table 2: Clinical details of the study population separated by fetal sex 

 Preeclampsia 

(n = 40) 

Control  

(n = 40) 

p-value 

Preeclampsia female (n = 20) Control female (n = 20) 

Preeclampsia male (n = 20) Control male (n = 20) 

Maternal age at delivery, years 32.18 ± 4.96 32.57 ± 4.91 p = 0.718 

31.65 ± 4.84 31.45 ± 4.15 p = 0.889 

32.70 ± 5.15 33.70 ± 5.44 p = 0.554 
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BMI 29.34 ± 7.12 23.54 ± 3.31 p < 0.001 

31.56 ± 8.69 24.00 ± 3.18 p < 0.001 

27.10 ± 4.24 23.08 ± 3.46 p = 0.002 

Gravidity 1.40 ± 0.73 2.03 ± 1.03 p = 0.001 

1.40 ± 0.75 2.10 ± 1.17 p = 0.035 

1.40 ± 0.75 1.95 ± 0.89 p = 0.043 

Parity 1.30 ± 0.65 1.68 ± 0.80 p = 0.007 

1.30 ± 0.66 1.80 ± 0.83 p = 0.043 

1.30 ± 0.66 1.55 ± 0.76 p = 0.221 

Gestational age at delivery 35.00 ± 2.06 35.00 ± 2.18 p = 0.957 

34.95 ± 2.06 35.10 ± 2.20 p = 0.825 

35.05 ± 2.11 34.90 ± 2.22 p = 0.828 

Birthweight, g 2089.73 ± 594.66 2362.50 ± 538.03 p = 0.021 

2002.80 ± 526.17 2371.05 ± 570.56 p = 0.040 

2176.65 ± 658.10 2353.95 ± 518.15 p = 0.350 

Birth percentile 24.67 ± 23.22 45.68 ± 22.05 p < 0.001 

23.84 ± 22.93 48.70 ± 20.18 p < 0.001 

25.45 ± 24.06 42.65 ± 23.91 p = 0.010 

APGAR 10 minutes 9.55 ± 0.60 9.53 ± 0.68 p = 0.973 

9.60 ± 0.50 9.60 ± 0.75 p = 0.640 

9.50 ± 0.69 9.45 ± 0.61 p = 0.718 

Umbilical artery pH 7.26 ± 0.07 7.29 ± 0.09 p < 0.001 

7.26 ± 0.07 7.29 ± 0.10 p = 0.006 

7.25 ± 0.07 7.29 ± 0.07 p = 0.038 

Placental weight 384.70 ± 125.10 460.13 ± 122.89 p = 0.005 

380.75 ± 115.95 462.75 ± 109.74 p = 0.027 

388.65 ± 136.55 457.50 ± 137.62 p = 0.121 

 

 

2.2 Immunohistochemistry 

In preparation for immunohistochemistry, the paraffin sections had to be deparaffinized with 

Roticlear® and afterwards bathed in 100% ethanol. To stop the endogenous peroxidase activity, the 

samples were then incubated in 3% H2O2 in methanol for 20 minutes and rehydrated in alcohol 

gradient to distilled water. In the next step, the slices were put in a high-pressure cooker for 6 min 

using boiling sodium citrate buffer with pH 6.0 (for CD68 and CD163), EDTA buffer with pH 8.0 (for 

PD-1) and EDTA buffer pH 9.0 (for PD-L1) for antigen retrieval.  

After washing the slides in distilled aqua and PBS, they were treated for 5 min with a blocking 

solution (Reagent 1; ZytoChem Plus HRP Polymer System IgG kit (Mouse/Rabbit) by Zytomed) for 
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saturating electrostatic charges.  Then tissue sections were incubated for 16 hours at 4°C with the 

respective primary antibody (against CD68, CD163, PD-1, PD-L1). After washing the slides with 

phosphate-buffered saline (PBS), the ZytoChem Plus HRP Polymer System IgG kit (Mouse/Rabbit) 

(Zytomed, Berlin, Germany) and liquid DAB (Diaminobenzidin) + Substrate Chromogen System 

(Agilent Technologies, Santa Clara, USA) was used for visualization of the bound primary antibodies. 

The slices were counterstained with Mayer ’s acid hemalum for 2 min and stained blue for 5 min in 

tap water. In the following step the samples were dehydrated in an ascending series of alcohol, then 

treated with Roticlear® and cover slipped with RotiMount (Carl Roth, Germany).  

All antibodies which were used in this study are listed in Table 2. 

For the evaluation of the quantity of antigen-presenting macrophages and Hofbauer cells the number 

of cells was counted in three image sections at a magnification with a 40x lens. The total number of 

cells was then calculated by summing the three areas.  For the evaluation of the intensity and 

distribution patterns of the antigen expression of PD-1 and PD-L1 in the extravillous trophoblast and 

the syncytiotrophoblast the semiquantitative immunoreactive score of Remmele (IRS) was used.  The 

IRS is calculated by the multiplication of the grade of optical staining intensity (0 = none, 1 = weak, 

2 = moderate and 3 = strong staining) and the percentage of positive staining cells (also divided into 4 

categories: 0 = no staining, 1 = < 10% of the cells, 2 = 10–50% of the cells, 3 = 51–80% of the cells 

and 4 = more than 80% of the cells). The intensity, distribution pattern and counting of the 

immunochemical staining reaction were evaluated by two independent blinded observers. In 8 cases 

(n = 10%), the evaluation of the two observers differed. These cases were re-evaluated by both 

observers together. After the re-evaluation, both observers came to the same result. The concordance 

before the re-evaluation was 90%.   

 

Table 2: List of the used primary antibodies 

Antibody Isotype Clone Dilution Source 

Anti-CD68 Rabbit IgG Monoclonal; clone D4B9C 1:1000 Cell Signaling, USA 

Anti-CD163 Mouse IgG1 Monoclonal; clone OTI2G12 1:2000 Abcam, UK 

Anti-PD-1 Rabbit IgG Polyclonal 1:100 Sigma Aldrich, USA 
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Anti-PD-L1 Rabbit IgG Monoclonal; clone EPR19759 1:150 Abcam, UK 

 

2.3  Immunofluorescence 

The quadruple immunofluorescence staining allowed us to characterize specific antigens 

simultaneously. The same formalin-fixed and paraffin-embedded samples were placed in Roticlear® 

for 20 min for deparaffinization. Subsequently, the sections were panned in ethanol in order of 

descending concentrations (100%, 70%, 50%) and washed in distilled water. Unmasking of antigens 

was performed by a 5 min heat pretreatment in a pressure cooker with EDTA buffer, pH 9.0. After 

washing in distilled water and PBS for 4 min, incubation with immunofluorescence blocking buffer 

(Cell Signaling; Nr. 12411S) was performed to prevent unspecific staining. The solution was tipped 

off after 60 min and the primary antibodies were applied. CD68 was stained at a ratio of 1:3000 

together with CD163 at a ratio of 1:4000 in dilution medium (Agilent; Nr. S302281-2) to differentiate 

cells in a double staining procedure. Incubation was performed for 16 h at 4 °C. After washing in PBS, 

the experimental room was darkened and the mixed secondary antibodies were applied: Cy-5- 

conjugated Goat-Anti-Mouse IgG antibody at a ratio of 1:100 (Dianova, Hamburg, Germany, 115-

175-166) resulting in violet coloring and Cy-3- conjugated Goat-Anti-Rabbit IgG antibody at a ratio of 

1:500 (Dianova, Hamburg, Germany, 111-165-144) resulting in red coloring. After 30 min of 

incubation, the excess secondary antibodies were washed off in PBS. Now the samples were blocked 

with Fab Fragment Donkey Anti-Goat IgG antibody (Dianova, Hamburg, Germany, 705-007-003) at a 

ratio of 1:50 in dilution medium (Agilent; Nr. S302281-2) for 30 minutes in the dark and afterwards 

washed in PBS for 4 minutes. In the next step the third primary antibody PD1 at a ratio of 1:100 in 

dilution medium (Agilent; Nr. S302281-2) or PD-L1 in a ratio of 1:100 in dilution medium (Agilent; 

Nr. S302281-2) was applied and incubated for 16 h at 4 °C. After washing in PBS, the secondary 

antibody Alexa Fluor 488-conjugated-Anti-Rabit IgG (Thermo Fisher, Massachusetts, USW, Nr. A-

11008) in a ratio of 1:500 in dilution medium was applied and incubated for 30 minutes at room 

temperature in the dark, resulting in green coloring. The slides were once more washed in PBS for 4 

minutes. In the dark, the preparations dried at room temperature and were cover slipped with 
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Mounting medium for fluorescence with DAPI (4′,6-diamidino-2-phenylindole), which stains the cell 

nuclei as a blue light impression.  

The quadruple staining was evaluated and assessed using a fluorescence microscope (Keyence, Osaka, 

Japan).  

 

2.4  Statistical Analysis 

The statistical analysis was done using SPSS version 28. The data was first tested for normal 

distribution using the Kolmogorov-Smirnov test. For normal distributed data the t-test was used for 

comparing mean values. For data not following a normal distribution the Mann-Whitney U signed 

rank test was chosen to compare mean values. The comparison of mean values is illustrated by 

boxplots in which the boxes represent the range between the 25th and 75th percentile with a horizontal 

line at the median. The bars delineate the 5th and the 95th percentile. Dots represent outliers. 

Confounder analysis was performed by a Linear regression pathway for clinical data such as BMI, 

fetal weight and others. It was carried out to calculate the effect of clinical characteristics on 

macrophages/checkpoint molecules. Findings with p-values < 0.05 were considered significant.  

 

3. Results 

3.1  Downregulation of CD68 and CD163 in the decidua of preeclamptic placentas 

The number of CD68 (p = 0.021) and CD163 (p = 0,.43) positive macrophages in the decidua were 

both shown to be significantly downregulated in the placenta of preeclamptic patients compared to 

healthy subjects (Figure 1). The lower expression of CD163-positive maternal macrophages was 

mainly due to a downregulation in female offspring (p = 0.02) while there was no significant 

difference in male offspring (p = 0.364). Compared to control placentas, the downregulation of CD68-

positive and CD163-positive maternal macrophages was only seen in late-onset preeclampsia 

(p = 0.037 and p < 0.001) while there was no difference in early-onset preeclampsia (p = 0.148 and 

p = 0.801). This is illustrated in the boxplots in Figure 1G and 1H. The majority of maternal 
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macrophages in the decidua were identified as CD163 positive, both, in preeclamptic and healthy 

placentas. This is seen in Figure 3, parts A and B.  
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Figure 1: Representative slides of immunohistochemical staining for CD68 expression in the decidua of a preeclamptic 

patient (A) and healthy control (B) and for CD163 expression in the decidua of a preeclamptic patient (C) and healthy 

control (D). Pictures were taken with a 10x lens. The inserts represent a magnification with a 40x lens. Scale bars are 

200 µm. The black frame shows where the magnified inserts are taken from. The arrows mark the CD68- and CD163-positive 

macrophages. The significant downregulation of both macrophage markers in preeclampsia is illustrated in boxplots E and 

F. The downregulation of CD68-positive and CD163-positive macrophages only in late onset preeclampsia is illustrated in 

part G and H. .  

 

3.2 Downregulation of CD68 and CD163 in the chorionic villi of preeclamptic placentas 

The same difference in the expression of CD68 and CD163 was shown in Hofbauer cells within the 

chorionic villi. CD68 (p < 0.001) and CD163 (p < 0.001) were proven to be significantly 

downregulated in the chorionic villi of preeclamptic patients compared to healthy subjects without a 

sex-specific difference (Figure 2). No difference in the expression was seen between early onset and 

late onset preeclampsia. Exactly like in the decidua, the HBCs in both groups expressed more CD163 

compared to CD68 (seen in Figure 3, parts C and D).   
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Figure 2: Representative slides of immunohistochemical staining for CD68 expression in the chorionic villi with its HBCs in 

a preeclamptic patient (A) and healthy control (B) and for CD163 expression in the chorionic villi in a preeclamptic patient 

(C) and healthy control (D). Pictures were taken with a 10x lens. The inserts represent a magnification with a 40x lens. The 

black frame shows where the magnified inserts are taken from. Scale bars are 200 µm. The arrows mark the CD68- and 

CD163-positive HBCs. The significant downregulation of both macrophage markers in preeclampsia is illustrated in 

boxplots E and F. The comparison between early onset/late onset preeclampsia and the control group is shown in the 

boxplots G and H.  

 

 

 

Figure 3: The boxplots show the predominant expression of CD163 in maternal macrophages of the decidua in control 

placentas (A) and preeclampsia placentas (B) and the predominance of CD163 in HBCs of the chorionic villi in control 

placentas (C) and preeclampsia placentas (D). This indicates a M2-polarisation of most macrophages.  
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3.3  Downregulation of PD-1 in preeclamptic placentas 

The number of PD-1 positive macrophages were proven to be significantly downregulated both in the 

decidua (p < 0.001) and in the chorionic villi (p < 0.001) of preeclamptic patients. This is illustrated in 

Figure 4. The immuno-reactive score of PD-1 expression in the extravillious trophoblast (p < 0.001) 

and the syncytiotrophoblast (p < 0.001) were shown to be significantly lower in preeclampsia 

placentas compared to healthy placentas. Within the syncytiotrophoblast the downregulation was 

stronger in male offspring (p = 0.002) compared to female offspring (p = 0.192). This can be seen in 

the supplementary Table 2. Except for that, no other sex-specific differences or a difference between 

early and late onset preeclampsia was seen.  
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Figure 4: Representative slides of immunohistochemical staining for PD1 expression in the decidua of a preeclamptic patient 

(A) and healthy control (B) as well as the chorionic villi of a preeclamptic patient (C) and a healthy control (D). Pictures 

were taken with a 10x lens. The inserts represent a magnification with a 40x lens. The black frame shows where the 

magnified inserts are taken from.The arrows point to the PD1-positive macrophages and HBCs. Scale bars are 200 µm. The 

significant downregulation of PD1 in preeclampsia is illustrated in boxplots E and F. The comparison between early 

onset/late onset preeclampsia and the control group is shown in the boxplots G and H.  

 

3.4  Downregulation of PD-L1 on maternal macrophages in the decidua of preeclamptic placentas 

The immunohistochemical analysis of PD-L1 expression showed a significant downregulation of PD-

L1 positive maternal macrophages in the decidua of preeclamptic patients compared to healthy 

controls (p = 0.043, see Figure 5E). Looking at the different sex of the offspring this was only caused 

by a significant downregulation of PD-L1 expression in male preeclamptic placentas compared to 

male control placentas (p = 0.004). In contrast there was no difference in the PD-L1 expression in 

decidual macrophages in female offspring (p = 0.841). The comparison of PD-L1 positive 

macrophages within the preeclamptic group showed a significant lower expression in the male 

compared to the female preeclamptic placentas (p = 0.009). This is illustrated in Figure 5F. Comparing 

the PD-L1 expression on maternal macrophages between early onset/late onset preeclampsia and the 

control group showed a significant downregulation only in early onset preeclampsia (p = 0.005) while 
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there was no difference in late onset preeclampsia (p = 0.513). This can be seen in Figure 5G. No 

statistically significant difference between the two groups was found in the PD-L1 expression in 

Hofbauer cells, extravillious trophoblasts and syncytiotrophoblast.  
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Figure 5: Representative slides of immunohistochemical staining for PD-L1 expression in the decidua of preeclamptic 

patients (A male, B female) and healthy controls (C male, D female). Pictures were taken with a 10x lens. The inserts 

represent a magnification with a 40x lens. The black frame shows where the magnified inserts are taken from. Scale bars are 

200 µm. The arrows mark the PD-L1-positive macrophages. The significant downregulation of PD-L1 on maternal 

macrophages in preeclampsia is illustrated in boxplot E, with a sex-specific difference shown in boxplot F. The comparison 

between early onset/late onset preeclampsia and the control group is shown in the boxplots G.  

 

3.5  Quadruple Immunofluorescence Staining of PD1 and PD-L1 with CD68 and CD163 

Quadruple Immunofluorescence staining was used to simultaneously characterize the antigens PD1 

and PD-L1 together with the macrophage markers CD68 and CD163. Thereby the expression of PD1 

and PD-L1 on macrophages within the decidua and the chorionic villi was proven.  

The following figure 6 exemplarily shows the PD1 expression in the chorionic villi of a preeclamptic 

(parts A-D) and a control placenta (parts E-H). The expression of all three antigens in the same cell 

results in a yellow-orange coloring (parts D and H). The downregulation of PD1 on HBCs in 

preeclampsia can be seen in the arrow-marked areas.  
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Figure 6: Representative slides of quadruple immunofluorescence staining in the chorionic villi of a preeclamptic placenta 

(A-D) and a control placenta (E-H). Parts A and E show the immunofluorescence of CD68 (red), parts B and F the 
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immunofluorescence of CD163 (pink) and parts C and G the immunofluorescence of PD1 (green). In the parts D and H all 

three markers are shown together in one picture. The arrows mark the HBCs which are PD1 positive. Pictures were taken 

with a 10x lens. The inserts represent a magnification with a 40x lens with additional zoom. The white frame shows where the 

magnified pictures are taken from. Scale bars are 200 µm.  

 

Figure 7 exemplarily shows the PD-L1 expression in the decidua of a preeclamptic (parts A-D) and a 

control placenta (parts E-H). The expression of all three antigens in the same cell results in a yellow-

orange coloring (parts D and H). The downregulation of PD-L1 on the decidual macrophages in 

preeclampsia can be seen in the arrow-marked areas.  
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Figure7:  Representative slides of quadruple immunofluorescence staining in the decidua of a preeclamptic placenta (A-D) 

and a control placenta (E-H). Parts A and E show the immunofluorescence of CD68 (red), parts B and F the 
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immunofluorescence of CD163 (pink) and parts C and G the immunofluorescence of PD-L1 (green). In the parts D and H all 

three markers are shown together in one picture. The arrows mark the HBCs which are PD-L1 positive. Pictures were taken 

with a 10x lens. The inserts represent a magnification with a 40x lens with additional zoom. The white frame shows where the 

magnified pictures are taken from. Scale bars are 200 µm. 

 

4. Discussion 

Preeclampsia is a complex and heterogenous disease of pregnancy triggered by impaired placental 

development and maternal vascular instability. Several studies have proven a proinflammatory state of 

the immune system being one of the key players in the development of preeclampsia (Aggarwal et al., 

2019; Harmon et al., 2016; Rana et al., 2019; Vishnyakova et al., 2021; Yeh et al., 2013). The well 

matched and adjusted immune responses which are essential for formation and maintenance of a 

pregnancy and  upholding the maternal-fetal-tolerance are thereby disrupted (Mor and Cardenas, 

2010).  

Within this study, we investigated the status of the PD1/PD-L1 system, an important immune 

checkpoint regulatory system, on macrophages in the placenta of preeclamptic and control patients by 

immunohistochemistry and immunofluorescence staining. The macrophages were studied by staining 

for CD68 (pan-macrophage marker) and CD163 (M2-polarization).  

We observed a significant downregulation of both macrophage markers in the decidua and the 

chorionic villi in preeclampsia, revealing a decrease of macrophages. This matches part of the existing 

conflicting data of macrophages in preeclampsia with some studies showing an increased number 

(Huang et al., 2010; Li et al., 2016; Reister et al., 2001) and others showing a decreased number of 

macrophages (Bürk et al., 2001; Williams et al., 2009). In contrary to previous studies, demonstrating 

a reduction of M2-polarized macrophages and a predominance of M1-polrized macrophages in 

preeclampsia (Tang et al., 2013; Yang et al., 2017; Yao et al., 2019), our data showed an overall 

reduction of macrophages in preeclampsia and a  predominance of M2-polarization in both groups, the 

preeclamptic and control patients. Our results of reduced number of Hofbauer cells are in concordance 

with the results of the study described by Tang et al. (Tang et al., 2013). They also used gestational 
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week matched placentas as controls as we did and discovered a downregulation of HBCs in severe 

preeclampsia. The reduction of M2-polarized HBCs could lead to a reduction of anti-inflammatory 

and pro-angiogenic responses in the placenta and thereby promote pro-inflammation and anti-

angiogenesis seen in the PE-placenta (Rambaldi et al., 2019; Vishnyakova et al., 2021; Yeh et al., 

2013). While high expression of CD68 and CD163 is associated with tumor growth and invasion in 

tumor biology (Larionova et al., 2020; Leisz et al., 2022; Yang et al., 2022), the significant 

downregulation of both markers shown in this study could explain at least in part the defective 

trophoblast invasion seen in preeclampsia. The downregulation might thereby play a crucial role in the 

pathogenesis of preeclampsia. Further studies, also with additional macrophage markers, are needed to 

investigate this hypothesis. The reduced number of macrophages observed in this study could also lead 

to reduced phagocytosis and reduced scavenging of cytotrophoblast and syncytiotrophoblast affected 

by apoptosis in preeclampsia (Crocker et al., 2003; DiFederico et al., 1999; Ishihara et al., 2002). This 

could result in higher placental damage and thereby also affect the pathogenesis of the disease.   

The PD1 expression on decidual macrophages was shown to be significantly downregulated in 

preeclampsia, which is consistent with the study performed by Hu et al (Hu et al., 2022). In addition, 

our study also showed the downregulation of PD1 on Hofbauer cells within the chorionic villi. The 

activation of the PD1/PD-L1 system by PD-L1 binding to its receptor PD1 leads to an attenuation of 

the immune system amongst others through the inhibition of T-cell proliferation, the down-regulation 

of pro-inflammatory T-cell activity and a reduction of cytokine production (Chikuma, 2016; Francisco 

et al., 2010; Miko et al., 2019; Riley, 2009). A reduction of PD1 in preeclampsia could thereby lead to 

an amplification of the immune system leading to a pro-inflammatory state. Hofbauer cells are early 

local macrophages within the chorionic villi which migrate to other organs during fetal development. 

They are important for fetal immune defense and the feto-maternal tolerance. A pro-inflammation 

within HBCs could thereby lead to inflammation in other fetal organs causing end-organ dysfunction 

in the fetus.  We also saw a significant downregulation of the PD1 receptor on extravillious 

trophoblast and syncytiotrophoblast within the placenta of preeclamptic patients compared to healthy 

controls. This is consistent to previous data shown by Zhang et al. and might contribute to the 
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Treg/Th17 imbalance seen in preeclampsia leading to proinflammation (Mittelberger et al., 2022; 

Zhang et al., 2018).  

The protein PD-L1, the ligand of the immune checkpoint system, was shown to be significantly 

downregulated on maternal macrophages in the decidua of preeclamptic patients. This could again 

contribute to the pro-inflammatory state of the immune system seen in this disease, like illustrated 

above. Looking at the different sex of the offspring showed that this downregulation was only due to a 

decrease of the protein in male offspring while there was no variation seen in female offspring. Also, 

the comparison between the different sex within the preeclampsia group showed a significant lower 

PD-L1-expression on maternal macrophages in male offspring. Since many years it is well known that 

there is a male disadvantage in premature and low-birthweight neonates resulting in a higher mortality 

(Vu et al., 2018). The exact causes are still not fully understood. In preeclampsia many studies showed 

a higher rate of neonatal complications such as low birthweight, respiratory distress syndrome, 

hematological changes such as thrombocytopenia, necrotizing enterocolitis and bronchopulmonary 

dysplasia (Backes et al., 2011; Cetinkaya et al., 2012; Habli et al., 2007; Hansen et al., 2010; Kalagiri 

et al., 2015; Mouna et al., 2017; Soliman et al., 2020). Chun et al performed a population-based cohort 

study analyzing the long-term postnatal health of children delivered by preeclamptic mothers. The 

study showed a higher risk for endocrine, metabolic and nutritional diseases as well as diseases of the 

blood for children exposed to preeclampsia (Wu et al., 2009). All these studies unfortunately didn’t 

differ between the different sex of the offspring. The downregulation of PD-L1 on maternal 

macrophages in the placenta of preeclamptic patients with male offspring seen in our study could lead 

to more proinflammation and thereby to sex-specific complications in later life such as inflammatory 

diseases. Further studies are needed to investigate the sex-specific differences in morbidity and 

mortality in offspring of preeclamptic patients.  

Confounder analysis by calculation of linear regression was performed for each significantly different 

variable between the two study groups. The results in Table 1 (supplementary) show, that particularly 

the expression of CD68 and CD163 within the Hofbauer cells are affected by the clinical 

characteristics such as BMI, fetal weight, birth percentile and umbilical artery pH. The confounder 

results indicate a systemic influence of the gestational disease preeclampsia especially on fetal 



24 
 

macrophages (Hofbauer cells). Not only placental weight, but also BMI, fetal birthweight, birth 

percentile, umbilical artery pH, gravidity and parity seam to strongly influence the number of fetal 

Hofbauer cells within placental villi, which is an astonishing result. This needs further research and 

cannot be explained within this study. Questionable are programming interactions between mother and 

fetus and thereby an influence on later life diseases. It could also influence the fact that severity of 

preeclampsia is reduced with an increasing number of pregnancies within the same woman. The 

placental weight influences nearly all evaluations within the placenta. This is not surprising because 

the size and weight of the placenta has an impact on the number of cells and molecules that can be 

observed.  

Because 14 out of the 40 preeclampsia cases within this study are also affected by HELLP-syndrome 

or FGR it cannot be answered if these conditions during pregnancies have an impact on the given 

results. Real confounding is unlikely because they often go hand in hand with preeclampsia. Future 

studies are needed which investigate the macrophage markers and immune checkpoint molecules in 

HELLP-syndrome and FGR-cases.  

An important strength of our study is the selection of macrophage markers, especially CD68 and 

CD163, because of their importance in tumor biology. This study might thereby show new insights in 

the pathogenesis of preeclampsia. Another strength is the differentiation of the shown data between 

female and male offspring, which might point out to a difference in prognosis depending on the fetal 

sex. This needs to be investigated further.  

A limitation of the study is the significant difference in clinical data between the groups such as BMI. 

Residual confounding cannot be excluded. In future studies more markers regarding the polarization 

status of macrophages should be used in order to differ between differently polarized macrophages. In 

order to get more representative data, the numbers of counted image sections could be raised in future 

studies.  

In conclusion our results indicate that the downregulation of PD1 and PD-L1 on macrophages might 

contribute to the pro-inflammatory environment seen in preeclamptic patients. The reduced numbers 

of CD68- and CD163-positive macrophages might play a crucial role in the defective trophoblast 
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invasion. The immune checkpoint system and the macrophage expression could play an important role 

in the pathogenesis of preeclampsia and point out a new target in the therapy of this pregnancy specific 

disease.  

  



26 
 

References 

Aggarwal, R., Jain, A.K., Mittal, P., Kohli, M., Jawanjal, P., Rath, G., 2019. Association of pro- and 

anti-inflammatory cytokines in preeclampsia. J. Clin. Lab. Anal. 33, 1–10. 

https://doi.org/10.1002/jcla.22834 

Ander, S.E., Diamond, M.S., Coyne, C.B., 2019. Immune responses at the maternal-fetal interface. 

Sci. Immunol. 4. https://doi.org/10.1126/sciimmunol.aat6114 

Backes, C.H., Markham, K., Moorehead, P., Cordero, L., Nankervis, C.A., Giannone, P.J., 2011. 

Maternal preeclampsia and neonatal outcomes. J. Pregnancy 2011, 214365. 

https://doi.org/10.1155/2011/214365 

Bürk, M.R., Troeger, C., Brinkhaus, R., Holzgreve, W., Hahn, S., 2001. Severely reduced presence of 

tissue macrophages in the basal plate of pre-eclamptic placentae. Placenta 22, 309–316. 

https://doi.org/10.1053/plac.2001.0624 

Cencini, E., Fabbri, A., Sicuranza, A., Gozzetti, A., Bocchia, M., 2021. The role of tumor-associated 

macrophages in hematologic malignancies. Cancers (Basel). 13. 

https://doi.org/10.3390/cancers13143597 

Cetinkaya, M., Ozkan, H., Koksal, N., 2012. Maternal preeclampsia is associated with increased risk 

of necrotizing enterocolitis in preterm infants. Early Hum. Dev. 88, 893–898. 

https://doi.org/10.1016/j.earlhumdev.2012.07.004 

Chikuma, S., 2016. Basics of PD-1 in self-tolerance, infection, and cancer immunity. Int. J. Clin. 

Oncol. 21, 448–455. https://doi.org/10.1007/s10147-016-0958-0 

Crocker, I.P., Cooper, S., Ong, S.C., Baker, P.N., 2003. Differences in apoptotic susceptibility of 

cytotrophoblasts and syncytiotrophoblasts in normal pregnancy to those complicated with 

preeclampsia and intrauterine growth restriction. Am. J. Pathol. 162, 637–643. 

https://doi.org/10.1016/S0002-9440(10)63857-6 

DiFederico, E., Genbacev, O., Fisher, S.J., 1999. Preeclampsia is associated with widespread 



27 
 

apoptosis of placental cytotrophoblasts within the uterine wall. Am. J. Pathol. 155, 293–301. 

https://doi.org/10.1016/S0002-9440(10)65123-1 

Francisco, L.M., Sage, P.T., Sharpe, A.H., 2010. The PD-1 pathway in tolerance and autoimmunity. 

Immunol. Rev. 236, 219–242. https://doi.org/10.1111/j.1600-065X.2010.00923.x 

Habli, M., Levine, R.J., Qian, C., Sibai, B., 2007. Neonatal outcomes in pregnancies with 

preeclampsia or gestational hypertension and in normotensive pregnancies that delivered at 35, 

36, or 37 weeks of gestation. Am. J. Obstet. Gynecol. 197, 406.e1-406.e7. 

https://doi.org/10.1016/j.ajog.2007.06.059 

Hansen, A.R., Barnés, C.M., Folkman, J., McElrath, T.F., 2010. Maternal Preeclampsia Predicts the 

Development of Bronchopulmonary Dysplasia. J. Pediatr. 156, 532–536. 

https://doi.org/10.1016/j.jpeds.2009.10.018 

Harmon, A.C., Cornelius, D.C., Amaral, L.M., Faulkner, J.L., Cunningham, M.W., Wallace, K., 

Lamarca, B., 2016. The role of inflammation in the pathology of preeclampsia Preeclampsia: 

Hypertension During Pregnancy. Clin Sci 130, 409–419. 

https://doi.org/10.1042/CS20150702.The 

Hu, X.H., Li, Z.H., Muyayalo, K.P., Wang, L.L., Liu, C.Y., Mor, G., Liao, A.H., 2022. A newly 

intervention strategy in preeclampsia: Targeting PD-1/Tim-3 signaling pathways to modulate the 

polarization of decidual macrophages. FASEB J. 36, 1–18. 

https://doi.org/10.1096/fj.202101306R 

Huang, S.J., Zenclussen, A.C., Chen, C.P., Basar, M., Yang, H., Arcuri, F., Li, M., Kocamaz, E., 

Buchwalder, L., Rahman, M., Kayisli, U., Schatz, F., Toti, P., Lockwood, C.J., 2010. The 

implication of aberrant GM-CSF expression in decidual cells in the pathogenesis of 

preeclampsia. Am. J. Pathol. 177, 2472–2482. https://doi.org/10.2353/ajpath.2010.091247 

Ishihara, N., Matsuo, H., Murakoshi, H., 2002. Increased apoptosis in the syncytiotrophoblast in 

human term placentas complicated by either preeclampsia or intrauterine growth retardation. Am 

J Obs. Gynecol 186, 158–166. https://doi.org/10.1067/mob.2002.11917 



28 
 

Kalagiri, R., Choudhury, S., Carder, T., Govande, V., Beeram, M., Uddin, M., 2015. Neonatal 

Thrombocytopenia as a Consequence of Maternal Preeclampsia. Am. J. Perinatol. Reports 06, 

e42–e47. https://doi.org/10.1055/s-0035-1565923 

Larionova, I., Tuguzbaeva, G., Ponomaryova, A., Stakheyeva, M., Cherdyntseva, N., Pavlov, V., 

Choinzonov, E., Kzhyshkowska, J., 2020. Tumor-Associated Macrophages in Human Breast, 

Colorectal, Lung, Ovarian and Prostate Cancers. Front. Oncol. 10, 1–34. 

https://doi.org/10.3389/fonc.2020.566511 

Leisz, S., Klause, C.H., Vital Dos Santos, T., Haenel, P., Scheer, M., Simmermacher, S., Mawrin, C., 

Strauss, C., Scheller, C., Rampp, S., 2022. Vestibular Schwannoma Volume and Tumor Growth 

Correlates with Macrophage Marker Expression. Cancers (Basel). 14. 

https://doi.org/10.3390/cancers14184429 

Li, M., Piao, L., Chen, C.P., Wu, X., Yeh, C.C., Masch, R., Chang, C.C., Huang, S.J., 2016. 

Modulation of Decidual Macrophage Polarization by Macrophage Colony-Stimulating Factor 

Derived from First-Trimester Decidual Cells: Implication in Preeclampsia. Am. J. Pathol. 186, 

1258–1266. https://doi.org/10.1016/j.ajpath.2015.12.021 

Miko, E., Meggyes, M., Doba, K., Barakonyi, A., Szereday, L., 2019. Immune checkpoint molecules 

in reproductive immunology. Front. Immunol. 10. https://doi.org/10.3389/fimmu.2019.00846 

Mittelberger, J., Seefried, M., Franitza, M., Garrido, F., Ditsch, N., Jeschke, U., Dannecker, C., 2022. 

The Role of the Immune Checkpoint Molecules PD-1/PD-L1 and TIM-3/Gal-9 in the 

Pathogenesis of Preeclampsia— A Narrative Review. Med. 58, 1–12. 

https://doi.org/10.3390/medicina58020157 

Mohamed Khosroshahi, L., Parhizkar, F., Kachalaki, S., Aghebati-Maleki, A., Aghebati-Maleki, L., 

2021. Immune checkpoints and reproductive immunology: Pioneers in the future therapy of 

infertility related Disorders? Int. Immunopharmacol. 99, 107935. 

https://doi.org/10.1016/j.intimp.2021.107935 

Mor, G., Cardenas, I., 2010. The Immune System in Pregnancy: A Unique Complexity. Am. J. 



29 
 

Reprod. Immunol. 63, 425–433. https://doi.org/10.1111/j.1600-0897.2010.00836.x 

Mouna, K., Doddagowda, S.M., Junjegowda, K., Krishnamurthy, L., 2017. Changes in hematological 

parameters in newborns born to preeclamptic mothers - A case control study in a rural hospital. J. 

Clin. Diagnostic Res. 11, EC26–EC29. https://doi.org/10.7860/JCDR/2017/29137.10303 

Rambaldi, M.P., Weiner, E., Mecacci, F., Bar, J., Petraglia, F., 2019. Immunomodulation and 

preeclampsia. Best Pract. Res. Clin. Obstet. Gynaecol. 60, 87–96. 

https://doi.org/10.1016/j.bpobgyn.2019.06.005 

Rana, S., Lemoine, E., Granger, J., Karumanchi, S.A., 2019. Preeclampsia: Pathophysiology, 

Challenges, and Perspectives. Circ. Res. 124, 1094–1112. 

https://doi.org/10.1161/CIRCRESAHA.118.313276 

Reister, F., Frank, H.G., Kingdom, J.C.P., Heyl, W., Kaufmann, P., Rath, W., Huppertz, B., 2001. 

Macrophage-induced apoptosis limits endovascular trophoblast invasion in the uterine wall of 

preeclamptic women. Lab. Investig. 81, 1143–1152. https://doi.org/10.1038/labinvest.3780326 

Reyes, L., Golos, T.G., 2018. Hofbauer cells: Their role in healthy and complicated pregnancy. Front. 

Immunol. 9, 1–8. https://doi.org/10.3389/fimmu.2018.02628 

Riley, J.L., 2009. PD-1 signaling in primary T cells. Immunol. Rev. 229, 114–125. 

https://doi.org/10.1111/j.1600-065X.2009.00767.x.PD-1 

Sharpe, A.H., Pauken, K.E., 2018. The diverse functions of the PD1 inhibitory pathway. Nat. Rev. 

Immunol. 18, 153–167. https://doi.org/10.1038/nri.2017.108 

Soliman, Y., Alshaikh, B., Alawad, E., Akierman, A., Elsharkawy, A., Yusuf, K., 2020. Respiratory 

outcomes of late preterm infants of mothers with early and late onset preeclampsia. J. Perinatol. 

40, 39–45. https://doi.org/10.1038/s41372-019-0497-4 

Sukmanee, J., Liabsuetrakul, T., 2022. Risk of future cardiovascular diseases in different years 

postpartum after hypertensive disorders of pregnancy: A systematic review and meta-analysis. 

Medicine (Baltimore). 101, e29646. https://doi.org/10.1097/MD.0000000000029646 



30 
 

Tang, Z., Buhimschi, I.A., Buhimschi, C.S., Tadesse, S., Norwitz, E., Niven-Fairchild, T., Huang, 

S.T.J., Guller, S., 2013. Decreased levels of folate receptor-β and reduced numbers of fetal 

macrophages (hofbauer cells) in placentas from pregnancies with severe pre-eclampsia. Am. J. 

Reprod. Immunol. 70, 104–115. https://doi.org/10.1111/aji.12112 

Tranquilli, A.L., Brown, M.A., Zeeman, G.G., Dekker, G., Sibai, B.M., 2013. The definition of severe 

and early-onset preeclampsia. Statements from the International Society for the Study of 

Hypertension in Pregnancy (ISSHP). Pregnancy Hypertens. 3, 44–47. 

https://doi.org/10.1016/j.preghy.2012.11.001 

Valensise, H., Vasapollo, B., Gagliardi, G., Novelli, G.P., 2008. Early and Late preeclampsia: Two 

different maternal hemodynamic states in the latent phase of the disease. Hypertension 52, 873–

880. https://doi.org/10.1161/HYPERTENSIONAHA.108.117358 

Vest, A.R., Cho, L.S., 2012. Hypertension in Pregnancy. Cardiol. Clin. 30, 407–423. 

https://doi.org/10.1016/j.ccl.2012.04.005 

Vishnyakova, P., Poltavets, A., Nikitina, M., Muminova, K., Potapova, A., Vtorushina, V., Loginova, 

N., Midiber, K., Mikhaleva, L., Lokhonina, A., Khodzhaeva, Z., Pyregov, A., Elchaninov, A., 

Fatkhudinov, T., Sukhikh, G., 2021. Preeclampsia: inflammatory signature of decidual cells in 

early manifestation of disease. Placenta 104, 277–283. 

https://doi.org/10.1016/j.placenta.2021.01.011 

Vu, H.D., Dickinson, C., Kandasamy, Y., 2018. Sex Difference in Mortality for Premature and Low 

Birth Weight Neonates: A Systematic Review. Am. J. Perinatol. 35, 707–715. 

https://doi.org/10.1055/s-0037-1608876 

Williams, P.J., Bulmer, J.N., Searle, R.F., Innes, B.A., Robson, S.C., 2009. Altered decidual leucocyte 

populations in the placental bed in pre-eclampsia and foetal growth restriction: A comparison 

with late normal pregnancy. Reproduction 138, 177–184. https://doi.org/10.1530/REP-09-0007 

Wu, C.S., Nohr, E.A., Bech, B.H., Vestergaard, M., Catov, J.M., Olsen, J., 2009. Health of children 

born to mothers who had preeclampsia: a population-based cohort study. Am. J. Obstet. Gynecol. 



31 
 

201, 269.e1-269.e10. https://doi.org/10.1016/j.ajog.2009.06.060 

Xu, J., Li, T., Wang, Y., Xue, L., Miao, Z., Long, W., Xie, K., 2022. The Association Between 

Hypertensive Disorders in Pregnancy and the Risk of Developing Chronic Hypertension 9, 1–15. 

https://doi.org/10.3389/fcvm.2022.897771 

Yang, J., Tan, C.L., Long, D., Liang, Y., Zhou, L., Liu, X.B., Chen, Y.H., 2022. Analysis of 

invasiveness and tumor-associated macrophages infiltration in solid pseudopapillary tumors of 

pancreas. World J. Gastroenterol. 28, 5047–5057. https://doi.org/10.3748/wjg.v28.i34.5047 

Yang, S.W., Cho, E.H., Choi, S.Y., Lee, Y.K., Park, J.H., Kim, M.K., Park, J.Y., Choi, H.J., Lee, J.I., 

Ko, H.M., Park, S.H., Hwang, H.S., Kang, Y.S., 2017. DC-SIGN expression in Hofbauer cells 

may play an important role in immune tolerance in fetal chorionic villi during the development 

of preeclampsia. J. Reprod. Immunol. 124, 30–37. https://doi.org/10.1016/j.jri.2017.09.012 

Yao, Y., Xu, X.H., Jin, L., 2019. Macrophage polarization in physiological and pathological 

pregnancy. Front. Immunol. 10, 792. https://doi.org/10.3389/FIMMU.2019.00792/BIBTEX 

Yeh, C.C., Chao, K.C., Huang, S.J., 2013. Innate immunity, decidual cells, and preeclampsia. Reprod. 

Sci. 20, 339–353. https://doi.org/10.1177/1933719112450330 

Zhang, Y., Liu, Z., Tian, M., Hu, X., Wang, L., Ji, J., Liao, A., 2018. The altered PD-1/PD-L1 

pathway delivers the ‘one-two punch’ effects to promote the Treg/Th17 imbalance in pre-

eclampsia. Cell. Mol. Immunol. 15, 710–723. https://doi.org/10.1038/cmi.2017.70 

 

 


