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ABSTRACT

Preeclampsia is a severe gestational complication whose molecular pathogenesis remains poorly understood despite extensive re-
search. It is now recognized that both maternal and fetal cells contribute to disease progression. Notably, single-cell RNA sequenc-
ing of cord blood cells from preeclamptic pregnancies has not been previously investigated, and this became the focus of our study.
In this work, we performed flow cytometry, single-cell RNA sequencing and bioinformatics analysis of cord blood mononuclear
cells from preeclampsia and control groups. Bulk RNA-sequencing data of preeclamptic cord blood from open source was also
analysed. We observed a significant decrease in the expression of the CD3, CD8 and CD4 markers in cord blood mononuclear cells
in the preeclampsia group. Single-cell RNA sequencing revealed activation of iron- and heme-associated signalling pathways in
various cell types (nonclassical monocytes, naive CD4* and CD8* T cells, T-helpers 2, NX cells and naive CD4* regulatory T cells)
in cord blood during preeclampsia. Analysis of open-source bulk RNA-sequencing data confirmed our findings of activation of
heme-related signalling pathways in preeclamptic cord blood samples. These results may suggest the activation of compensatory
mechanisms, potentially mediated by the proangiogenic heme degradation products carbon monoxide and biliverdin. Additionally,
free heme may act as a proinflammatory damage-associated molecular pattern in preeclampsia. Further studies are needed to elu-
cidate the direct relationship between these mechanisms and placental heme metabolism.

1 | Introduction

Preeclampsia (PE) is a pregnancy-specific syndrome charac-
terized by high blood pressure with the signs of multiple organ
damage that usually occurs after 20 weeks of gestation and can
lead to serious complications for both mother and fetus. This

condition can present with a variety of clinical symptoms, in-
cluding hypertension, proteinuria, headaches, visual distur-
bances, swelling and upper abdominal pain. PE can lead to
severe complications such as eclampsia, placental abruption and
premature birth. PE develops in 8% of all pregnancies, and its ae-
tiology is not completely clear. Researchers have been studying
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PE for several decades and accumulated a large amount of data
on the mechanisms of this serious disease.

Single-cell RNA sequencing technique is becoming increasingly
available and, in the context of PE, has led to major advances
in understanding the differences between clinical subtypes of
PE and the signalling pathways disrupted in the placenta at
PE [1-5]. Paradoxically, there is still no data in the literature
about what changes occur at the level of single-cell transcrip-
tomics in preeclamptic umbilical cord blood cells. Although at-
tempts to study umbilical cord peripheral blood mononuclear
cells (PBMCs) have been made, the amount of data is limited.
It was shown that in PE, PBMCs expression of TLR4 was up-
regulated [6] while the levels of T-helpers 2 and Treg cells were
significantly diminished in PE [7]. In the works of Kwon et al.
and Gumina et al., a significant decrease in the level of endo-
thelial progenitor cells in cord blood in PE compared to the
control group was observed [8, 9]. Hwang and Maeng showed
that mesenchymal stem cells (MSCs) obtained from preeclamp-
tic umbilical cord were more senescent, less proliferative, had
lower telomerase activity and higher reactive oxygen species
production levels than MSCs from a control pregnancy [10].
The work of Pan and colleagues analysed the profile of exoso-
mal microRNA in PE [11]. In general, data on changes in PE
umbilical cord blood is limited to the determination of markers
of individual cells or analyses such as bulk RNA sequencing or
microarray.

The goal of our work was to demonstrate for the first time what
happens to the subpopulation cell composition and single cell
transcriptomics in umbilical cord blood from pregnant women
with PE compared to the control group.

2 | Material and Methods
2.1 | Ethics

All experiments with blood were conducted in accordance
with the Declaration of Helsinki, guidelines for Good Clinical
Practice and Commission of Biomedical Ethics at the Research
Center for Obstetrics, Gynaecology and Perinatology, Ministry
of Healthcare of the Russian Federation. All experimental
protocols were approved by the Commission of Biomedical
Ethics at the National Medical Research Center for Obstetrics,
Gynaecology and Perinatology of the Ministry of Healthcare
of the Russian Federation, Moscow (Ethic's committee ap-
proval protocol No. 5, 27 May 2021). All participants signed
informed consent in accordance with the Ethics Committee
requirements and Helsinki Declaration of the World Medical
Association.

2.2 | Collection of Cord Blood Cells

Umbilical cord blood samples were taken immediately after a
planned caesarean section for various clinical indications. The
control groups included women who underwent a caesarean
section due to the scar after the previous caesarean section,
symphysitis and a large size of the fetus. For the PE group, cae-
sarean section was associated with a worsening of the course

of PE, fetal growth restriction and the development of HELLP
syndrome. Umbilical cord blood was collected using a syringe
into a vacuum tube treated with ethylenediaminetetraacetic
acid (EDTA) (Sarstedt, Germany). The volume of collected blood
was assessed. The blood was diluted with autoMACS Rinsing
Solution (Miltenyi biotec, Germany) in a ratio of 1:1. All ma-
nipulations with blood in order to level the risk of contamina-
tion were performed under aseptic conditions in a laminar flow
hood. In addition, umbilical cord blood from patients with PE
was subjected to clinical laboratory analysis.

2.3 | Cord Blood PBMCs Isolation

The isolation of the blood mononuclear fraction was performed
using a density gradient of Lympholyte-H (Cedarlane, Canada)
solution as described previously [12]. Briefly, diluted 1:1 with au-
toMACS Rinsing solution, cord blood was gently layered onto an
equal volume of Lympholyte-H solution and then centrifuged at
400g for 15min without break at room temperature (RT). A layer
of mononuclear cells was carefully collected and washed twice
with 300g of autoMACS Rinsing Solution at 11°C for 15min.
Subsequently, the cell pellet was gently resuspended in 900 uL of
fetal bovine serum (FBS) (Capricorn Scientific, Germany). The
cell count and viability were determined by trypan blue using
a Luna-II cell counter (Logos Biosystems, Republic of Korea).
The cells were frozen in the presence of 10% dimethyl sulfoxide
(DMSO) (PanEco, Russia) in FBS via slow cooling. Long-term
storage was carried out in liquid nitrogen.

2.4 | Cell Viability Assessment

Sample preparation for single cell sequencing was performed by
thawing cell suspensions in warm water. After thawing, cell sus-
pensions were washed twice in DMEM media (PanEco, Russia)
with 10% FBS at 300g 10min, RT. Supernatant was discarded
and the pellet was resuspended in 1 mL of PBS without Ca?* and
Mg?* (PanEco, Russia). Cell counting and viability were accom-
plished with fluorescent dyes acridine orange and propidium
iodide (Logos Biosystems, Republic of Korea) on Fluorescence
Cell Counter LUNA-FL (Logos Biosystems, Republic of Korea).
Mean viability was 84.35% +1.34% for the control group and
79.3% % 1.84% for the PE group. After counting the samples with
highest viability were chosen and cells were diluted with PBS in
concentration 1000 cells/uL.

2.5 | Library Preparation and Sequencing
of scRNA

A volume of 8.3uL of single-cell suspension, calculated to
yield approximately 5000 target cells, was loaded onto the
Chromium X platform (10X Genomics, USA) for single-cell
emulsion generation. Single-cell RNA-seq libraries were pre-
pared using the Chromium Next GEM Single Cell 3’ Reagent
Kits v3.1 (10x Genomics, USA), according to the manufactur-
er's protocol. Library quality was assessed using the Qsep400
system (BiOptic Inc., China). The peak fragment size ranged
from 416 to 448 bp. Libraries were sequenced on the GenoLab
M platform (GeneMind, China), using paired-end sequencing
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with dual indexing under the following configuration: Read
1: 28cycles, i7 Index: 10cycles, i5 Index: 10cycles, Read 2:
90cycles.

2.6 | Processing and QC of scRNAseq Libraries

10x Genomics single-cell RNA-seq data were processed using
nf-core/scrnaseq 2.4.1 [13] with Cellranger as an aligner op-
tion [14]. Genome assembly GRCh38 was used as a reference.
Commands to launch scRNA-seq data analysis tools are pro-
vided in the Supporting Information S1. Intronic reads have
been included in the count matrix. SoupX package [15] was used
for estimation and removal of cell free mRNA contamination
and DoubletFinder—for doublets identification. Imputation was
performed using the scImpute method [16].

2.7 | Clustering and Cell Type Identification
of scRNAseq

Imputated data were analysed with Seurat toolkit [17]. We fil-
tered cells that had unique feature counts over 14,000 or less
than 500. The SCTransform method was used for normalization
and variance stabilization [18]. Batch-effect correction was per-
formed using Harmony [19]. Cells were labelled with Human
Primary Cell Atlas Data, Immune cell expression database
and Monaco immune database from celldex [20]. The results
were obtained using the equipment of the Shared Research
Facility «Shared Research Center of the Ivannikov Institute for
System Programming of the Russian Academy of Sciences (SRC
ISP RAS).

2.8 | Differential Expression, Enrichment,Cell-
Cell Communication and Open-source Bulk
RNA-sequencing Data Analysis

Differential expression analysis of single-cell RNA-seq data
was performed using Seurat. Results were visualized as volcano
graphics with Log, Fold Change and —log,, adjusted p-value
(FDR) axes. A fold change greater than 1.5 or less than —1.5
(0.58/—0.58 as log, Fold Change) was taken as a cutoff for sig-
nificantly differentially expressed genes. Categorization of genes
into molecular pathways based on enrichment analysis was per-
formed in Enrichr (https://maayanlab.cloud/Enrichr/) [21] and
Enrichr-KG programs [22], which also included KEGG database
[23]. For cell-cell communication analysis, the CellChat program
was used [24]. Bulk RNA-sequencing data of PE and control cord
PBMC samples were taken from open data (GSE154378) [25].
Processing of the open data was carried out using Nextflow nf-
core/rnaseq [26]. Quantitative outputs for individual genes ob-
tained with Salmon from multiple alignments generated using
STAR tool, were then used in the Hobotnica pipeline [27] to op-
timize the choice of tool for differential gene expression analysis.
The tool selection algorithm promoted Limma-Voom tool as the
fittest option; the results were filtered by a threshold of 0.1 for
adjusted p-values [26]. Quantitative outputs for individual genes
obtained with Salmon from multiple alignments generated using
STAR tool, were then used in the Hobotnica pipeline [27] to op-
timize the choice of tool for differential gene expression analysis.

The tool selection algorithm promoted Limma-Voom tool as the
fittest option; the results were filtered by a threshold of 0.1 for ad-
justed p-values.

2.9 | Flow Cytometry Analysis

Anti-human monoclonal antibodies from Miltenyi Biotec and
Beckman Coulter were incubated with cell suspensions at
a density of 0.1x10° in 100uL autoMACS Rinsing Solution
(Miltenyi Biotec, Germany) with 0.1% MACS BSA Stock
Solution (Miltenyi Biotec, Germany) according to fluorophores
compositions presented in Table S1 at 4°C for 10 min in the dark.
As a positive control for CD235a staining, whole blood-EDTA
of a healthy donor was diluted 100-fold in 0.1% MACS BSA
Stock Solution and incubated with antibodies according to the
same protocol. Following a 500g x 5min wash with autoMACS
Rinsing Solution, cells were resuspended in PBS before analysis
was carried out. All samples were analysed on an FACSCalibur
flow cytometer (Becton Dickinson, USA) simultaneously after
defrosting aliquots of PBMCs of all groups. At least 10,000
cells were collected for each sample. An unstained sample was
used as a control and for the mean of fluorescence intensity
(MFT) normalization. BD Calibrite 3-Colour Kit (#340486) and
BD Calibrite APC Beads (#340487) were used for the routine
calibration of the flow cytometer. Flow cytometry data were
either analysed on BD CellQuest (Becton Dickinson, USA)
or exported and analysed in FlowJo v10 Software (FlowJo
LLC, USA).

The main gating steps are shown in Figure S1. Briefly, logistic
gates were made for lymphocytes and monocytes. Monocyte sub-
populations were defined by CD14 and CD16 expression levels.
CD3 negative and positive populations were determined for lym-
phocytes. Among CD3 positive cells, cytotoxic T-lymphocytes
and T-helper cells were identified by CD8 and CD4 distribution,
respectively. B-lymphocyte and NK cell populations were de-
termined by the expression levels of CD19 and HLA-DR for the
former and by CD16 and CD56 expression for the latter among
CD3 negative cells.

2.10 | Statistical Analysis

The data are presented as mean + standard error mean or as me-
dian with interquartile range. The Shapiro-Wilk test was used
to estimate the normality of distributions. Data from two groups
were compared by Mann-Whitney test or t-test depending on
the distribution. All calculations were performed by Prism 7.0
software (GraphPad, USA). p-Value <0.05 and adjusted p-value
(FDR) <0.05 were considered significant that is, indicative for
differences in comparison to the control.

3 | Results

The main clinical characteristics of patients (n=8) and new-
borns are shown in Table 1.

It was noted that the values of systolic and diastolic blood pres-
sure, as well as the proteinuria indicator, were significantly
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TABLE1 | Patents’' demographic and clinical characteristics.

Characteristics Control PE
Number 4 4
Maternal age, years 32.5+2.6 33.97+1.3
Gestational age at 38.9+0.6 29.75+7.1*
delivery, weeks

Systolic blood pressure, 115.0£3.5 177.0 £14.5*
mm Hg

Diastolic blood pressure, 72.0£1.6 109.0 £14.1*
mm Hg

Proteinuria, g/L nd 2.6 +1.6%
Anaesthesia Epidural Epidural/narcosis

Newborn birthweight, g =~ 3392.5+404.9  1908.0£391.4*

Newborn gender (male/ 3/1 2/2
female)

Intrauterine growth 0 1
restriction, number of

cases

The total weight of 482.7+£104.7 263.0+51.3*

placenta after separation
of the umbilical cord and
amniotic membranes, g

*p <0.05 vs. control group.

higher in groups with PE than in the control group. We also ob-
served significant differences in gestational age, total weight of
the placenta after separation of the umbilical cord and amniotic
membranes and the newborn weight between the PE and con-
trol groups. All newborns from the PE group exhibited clinically
significant respiratory disturbances at birth, which required the
immediate transfer to the intensive care unit (Table S2). Analysis
of cord blood in the PE group revealed a slight decrease in pH
and an increase in Base Excess values. Additionally, two cases
showed low lactate levels, while one case had elevated lactate.

Next, we characterized T- and B-lymphocytes, NK cells, mono-
cytes, as well as pro- and anti-inflammatory markers on differ-
ent monocyte subpopulations of umbilical cord PBMCs using
flow cytometry (Figure 1).

Gating strategy for all cell populations is available in Supporting
Information (Figure S1). We did not obtain significant differences
in the level of cytotoxic T-lymphocytes (CD45+*CD3*CD8"), T-
helpers (CD45*CD3*CD4%), B-lymphocytes and NK cells in
the blood between the groups (Figure 1a). However, in the PE
group we obtained a significant decrease in the expression (ac-
cording to MFI) of the pan-T cell [28] marker CD3 (p =0.0286),
CD8 (p=0.0286) and CD4 (p=0.0336), which are co-receptor
molecules in MHC class I and II-restricted T cell activation re-
spectively [29] (Figure 1a). Among monocytes (Figure 1b-d), the
number of intermediate subpopulation (Figure 1d) was signifi-
cantly decreased in the PE group (p=0.0251) with no difference
in the other monocyte subpopulations.

Then, an in-depth analysis of monocyte subpopulations was
carried out: we assessed classical CD14*+CD16~, nonclassical
CD14-CD16%* and intermediate CD14**CD16" monocytes
with the expression of pro- (CD86, CX3CR1, CD80) and anti-
inflammatory (CD206, CD163) markers on them (Figure 1b-d,
Figure S2). A significant difference was found only in CD86%
nonclassical monocytes whose number was down-regulated in
the PE group (Figure 1c). A significant increase in the expression
level of CX3CR1 marker in classical and nonclassical monocytes
was found in the PE group according to the MFI (Figure S2).

Next, two samples from each group with the maximum viabil-
ity were subjected to single cell transcriptomic analysis. Quality
check parameters are presented in Table S3 and Figure S3. After
clustering and annotation with the Monaco immune database,
we obtained more than 20 cellular subpopulations as shown in
Figure 2a. When analysing the cell frequency, significantly more
non-switched memory B cells and plasmablasts were found in
case of PE (Figure 2b).

After clustering, pathway enrichment analysis was performed
for significantly up-regulated and down-regulated genes sepa-
rately. For classical monocytes, terms related to MHC class II
and ubiquitin protein ligase binding were among the most sig-
nificant activated signalling pathways, while NF-Kappa B and
TNF signalling pathways were among the suppressed ones
(Figure 2c). In nonclassical monocytes, it was possible to con-
duct an analysis only for the elevated genes (Figure 2d). Among
them, terms associated with cytoplasmic ribosomal protein,
mRNA processing, oxidative phosphorylation and translation
were activated. Another interesting finding was the activated
signalling pathway associated with heme synthesis. Later, this
pattern was also observed for a number of cells: naive CD4* T
cells, T-helpers 2, naive CD8* T cells, NK cells (Figure 3; left
panel) and naive CD4* regulatory T cells (Treg) (Figure S4a,b).
Signalling pathways associated with heme synthesis, porphyrin
metabolism and iron binding were dominant among the acti-
vated genes in these cells.

Regarding the down-regulated genes, terms associated with
IL-2 signalling, T cell receptor, CD28 costimulation were
detected for naive CD4+ T cells (Figure 3a right panel). For
T-helpers 2, T cell receptor signalling was also suppressed
as well as VEGF and EGF pathways (Figure 3b right panel).
Similar patterns were also observed in naive CD8" T cells: T
cell receptor signalling, cytokine (IL-6, IL-2, IL-8) and EGF
cascades were suppressed (Figure 3c right panel). NK cells
(Figure 3d right panel) and CD4* naive Treg (Figure S4c) had
suppressed pathways associated with protein synthesis and
translation.

In naive B cells, the terms associated with apoptosis and ubig-
uitination were activated, while the pathways associated with
proliferation, transcription and antigen presentation were sup-
pressed (Figure S5).

To examine what happens to cells for which heme synthe-
sis is a primary function, we also annotated the clusters using
the Human Primary Cell Atlas (Figure S6a). In the identified
erythroblast cluster, there were no heme-associated signalling
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FIGURE1 | Flowcytometrydata. Analysis of cell populations in umbilical cord PBMCs of control and PE groups. (a) T-lymphocytes (CD457CD3%),
cytotoxic T-lymphocytes (CD45+*CD3*CD8), T-helpers (CD457CD3+CD4%), with expression of CD4 and CD8 markers on them by estimation of
mean of fluorescence intensity (MFI), NK cells, B-lymphocytes are shown. (b) Assessment of the number of classical CD14**CD16~ monocytes and
the expression of pro- (CD86, CX3CR1, CD80) and anti-inflammatory markers (CD206, CD163) on them after gating. (c) Assessment of the number
of nonclassical CD14-CD16%* monocytes and the expression of pro- (CD86, CX3CR1, CD80) and anti-inflammatory markers (CD206, CD163) on
them after gating. (d) Assessment of the number of intermediate CD14**CD16* monocytes and the expression of pro- (CD86, CX3CR1, CD80) and
anti-inflammatory markers (CD206, CD163) on them after gating. *p <0.05 by one-tail ¢-test, **p <0.05 by two-tailed Mann-Whitney test.

pathways among the activated genes; however, there were cas-
cades associated with the cellular response to stress and stimuli
(Figure S6b,c).

The data obtained regarding heme-associated signalling
pathways inevitably raised the concern of possible sample
contamination with erythroid cells. However, filtering during
data processing should potentially eliminate erythroid con-
tamination. To verify the presence of erythroid cells, aliquots
of the samples that underwent single-cell sequencing were
stained for CD235a, also known as Glycophorin A, a sialo-
glycoprotein expressed on the membrane of mature erythro-
cytes and erythroid progenitor cells (Figure 4a). Diluted whole
blood-EDTA was used as a positive control. The presence of
CD235a-positive cells was no more than 3% in both groups
(Figure 4a).

To test our hypothesis about activation of heme and porphy-
rin associated signalling pathways in cord PBMCs during
PE, we also used open data of colleagues available in GEO—
GSE154378 [25]. We analysed bulk RNA-seq of all cord
blood cells and performed a similar enrichment analysis for
significantly up- and down-regulated genes (Figure 4b-d).
To our surprise, we found activation of a similar signalling
pathway in PE—Heme biosynthesis—among significantly
up-regulated genes (Figure 4c). Among the down-regulated
genes, pathways associated with interferon signalling were
predominant.

Then analysis of significantly expressed ligand-receptor inter-
actions in our single cell data was performed by the CellChat
instrument (Figure 4e).

The control group diagram shows a fairly uniform pattern of
interactions. The high number of interactions was observed
for monocytes, neutrophils, NK cells and Common Myeloid
Progenitors (CMPs). In the PE group, there is a higher density
of interactions among certain cell types, such as T cells, CMPs
and megakaryocyte-erythroid progenitors, with a prominent
interaction with hematopoietic stem cells (HSC) CD34*. Next,
we analysed such a parameter as weight/strength of interac-
tion, which is expressed in the line thickness and directly cor-
responds to the strength of the predicted interaction between
cell groups. In the control group, this parameter was most pro-
nounced between monocytes and neutrophils and the overall
interaction network appeared less dense than in PE. In PE,
the most likely interactions were predicted for granulocyte-
monocyte progenitors, monocytes and HSC CD34* interact-
ing with other cell types.

4 | Discussion

Proper interaction of the innate and adaptive immune compo-
nents influences both the development and course of pregnancy
pathologies, including PE. It is important to note that due to the
difficulty in obtaining biomaterial for research, PE is most stud-
ied from the fetal part of the placenta or by examining changes
in peripheral blood of the mother. Our study focused on the mo-
lecular signatures of different fetal blood subpopulations and
provides the first single-cell transcriptomics data for cord blood
in PE. Among the most important results, the following can
be highlighted: we showed that a number of cells (nonclassical
monocytes, naive CD4" T cells, T-helpers 2, naive CD8" T cells,
NK cells and naive CD4* Tregs) exhibit enrichment of signal-
ling pathways associated with heme and porphyrin production
or iron metabolism among upregulated genes. It is important to
note that this result is consistent with open-access bulk RNA-seq
data of PBMCs in PE. Additionally, in naive CD4*, CD8% T cells
and T-helper 2 cells suppression of genes associated with IL-2,
IL-6, IL-7 and VEGF/EGF signalling pathways was observed.
Ligand-receptor interactions data revealed the dominant role of
progenitor cells and HSC in intercellular communication in PE.

The first part of our work is devoted to flow cytometry analysis of
samples taken later in the single-cell RNA sequencing protocol.
One of the most important participants in the proper functioning
of adaptive immunity during pregnancy are the T-lymphocytes. In
the PE group, we observed a significant decrease in the expression
of CD3, CD8 and CD4 markers [30]. Loewendorfet al., in their work
on the study of the phenotype of innate and adaptive immune cells
from the cord blood after the birth of 25 children (PE =09, physi-
ological pregnancy=16), showed that the cord blood of children
born from mothers with PE has a low percentage of CD4" cells,
including FoxP3* Treg [31]. Early work by Darmochwal-Kolarz
et al. showed that the blood of newborns after maternal PE showed
a decreased percentage of T CD3*, CD4* and CD8*CD28* lym-
phocytes [32]. CD4 and CDS8 are coreceptors that are physically
associated with the T cell receptor (TCR) complex during T cell
activation while CD3 is an essential component of TCR [30]. CD4+
and CD8™ cells have historically been distinguished by the type
of antigens they recognize (as part of MHC class II or I molecules,
respectively). Thus, it can be assumed that low expression levels of
CD4 and CD8 markers on the surface of T cells are closely related
to low levels of CD3.

Also, flow cytometry revealed a significant increase in the
CX3CR1 expression in classical and nonclassical monocytes in the
PE. It is known that the CX3CR1 ligand, CX3CL1, is expressed
on endothelial cells and is involved in the underdevelopment of
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FIGURE 2 | Single cell transcriptomic data of umbilical cord PBMCs in control group and PE. (a) UMAP plot with clusters of PBMCs subsets af-
ter clustering, subclustering and cell type annotation in control and PE group. (b) Relative abundance of subsets in control and PE groups, *p <0.05
vs. control. (c) Volcano plot showing differentially expressed genes of classical monocytes in PE vs. control samples. Red and blue-coloured genes
are statistically significantly differentially expressed (FDR-adjusted p-value <0.05 or —log, (FDR)> 1.3). The top enriched terms for the significant
down- and up-regulated genes set are displayed based on enrichment score and the —log10(p-value), with the actual p-value shown next to each term
for classical monocytes. (d) Volcano plot showing differentially expressed genes of nonclassical monocytes in PE vs. control samples with enrichment
analysis of up-regulated genes in nonclassical monocytes. *Next to a p-value indicates the term also has a significant adjusted p-value.
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FIGURE 3 | Enrichment analysis of cell subpopulations transcriptomic data in PE vs. control group. (a) Volcano plot showing results of differen-

tially expressed genes of naive CD4* T cells in PE vs. control samples. Red and blue-coloured genes are statistically significantly differentially ex-
pressed (FDR-adjusted p-value <0.05 or —log,,(FDR)> 1.3). The top enriched terms for the significant up- (left) and down-regulated (right) gene set
are displayed based on enrichment score and the —log, (p-value), with the actual p-value shown next to each term. (b) Volcano plot showing results
of differentially expressed genes of T-helpers 2 cells in PE vs. control samples. Enrichment analysis of down- and up-regulated genes in T-helpers 2.
(c) Volcano plot showing results of differentially expressed genes of naive CD8* T cells in PE vs. control samples. Enrichment analysis of down- and
up-regulated genes in naive CD8* T cells. (d) Volcano plot showing results of differentially expressed genes of NX cells in PE vs. control samples.
Enrichment analysis of down- and up-regulated genes in NX cells. *Next to a p-value indicates the term also has a significant adjusted p-value.

the placental vascular network [33] and inflammation in PE [34].
We previously suggested that the high level of CX3CR1-positive
cells in the decidual membrane of preeclamptic placentas may
be due to monocyte colonization of the decidual part of the pla-
centa, associated with endothelial dysfunction and inflammation
[35]. Liu and colleagues contributed to the understanding of the
involvement of the CX3CL1/CX3CR1 axis in the pathogenesis
of PE. CX3CL1/CX3CR1 was shown to be involved in reduc-
ing VEGF expression levels in M1 macrophages and leading to

impaired HTR-8/SVneo migration via the FAK signalling pathway
[36]. An elevated level of CX3CR1 on monocytes likely indicate
inflammation or signs of CX3CL1 expression on the endothelium
of the fetus.

One of the most intriguing results was that a number of cells
showed increased expression of genes associated with iron- or
heme-related signalling pathways. The initial hypothesis upon ob-
taining these results was sample contamination with erythrocytes
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FIGURE 4 | Heme-associated pathways and cell-cell communications in cord PBMCs in PE vs. control group. (a) Flow cytometry data: repre-
sentative staining of samples from the control and PE groups for the erythrocyte marker CD235a. Gating was performed on the unstained sample.
Diluted whole blood-EDTA was used as a positive control. (b) Volcano plot showing results of bulk RNA-seq in PE vs. control PBMCs cord samples
from open data (GSE154378) [25]. Red-coloured genes are statistically significantly differentially expressed (p <0.05 or —log, p>1.3). (c) The top

enriched terms for the significant up-regulated genes of bulk-RNAseq from open data set are displayed based on enrichment score and the —log, (p-

value), with the actual p-value shown next to each term. (d) The top enriched terms for the significant down-regulated genes. () Results of significant

cell-cell communications in cord blood PBMCs of PE and control group performed in CellChat. Arrow represents a cell-cell interaction, pointing

from the sender cell type to the receiver cell type. In the upper panel, thickness is proportional to the number specific interaction. In the lower panel,

thickness of the line corresponds to the strength of the predicted interaction. Circle sizes are proportional to the number of cells in each cell group.

or erythroid cells. However, we believe this was not the case,
given the rigorous cell filtration performed and low percentage
of CD235a positive cells in samples. Additionally, supporting our
hypothesis is the absence of similar findings in existing literature
on scRNA sequencing of PBMCs or in clusters of erythroblast cells
in our data, as well as the concordance of our results with bulk
RNA-seq open data from colleagues [25]. Apparently, in PE, a syn-
chronized pattern of gene expression in several cell populations is
observed, aimed at heme synthesis.

Heme, as a prosthetic group, is a component of various proteins
and performs functions beyond oxygen transport in red blood
cells. Outside of red blood cells, heme serves as a component
of enzymes involved in metabolism, detoxification and elec-
tron transport in mitochondria [37]. Many enzymes that ca-
talyse oxidation-reduction reactions contain heme as a cofactor
[38]. According to literature data, free heme is considered as
a Damage-Associated Molecular Pattern (DAMP). It activates
proinflammatory signalling pathways via TLR4 [39] and the
inflammasome [40] and can also contribute to oxidative stress
[41]. Heme metabolism is of key importance for placental mor-
phogenesis and pregnancy development. This has been con-
firmed in both experimental and clinical studies.

Data on heme synthesis in the placenta and the role of this process
in the development of specific gestation pathologies is limited. In a
rat model, it was found that the gene encoding 8-aminolevulinate
synthase (ALAS-N), a mitochondrial enzyme that catalyses the
rate-limiting step in heme biosynthesis, is expressed in the tropho-
blast [42]. Moreover, during gestation, the level of its expression
increases. Upon induction of fetal hypoxia, its mRNA level in the
placenta of experimental animals rises, indicating that the expres-
sion of this gene depends on the level of oxygenation. These data
are consistent with our results; that is, activation of heme synthe-
sis pathways indicates hypoxic phenomena often observed in the
fetus during PE [43-45]. Many studies using transcriptome anal-
ysis have shown that in PE, the placenta is enriched in signalling
pathways associated with iron metabolism [46-48]. These findings
are partially confirmed by Western blot analysis. For example, an
increase in ceruloplasmin (a protein synthesized in the liver that
plays an important role in iron metabolism and copper transport)
level in the placenta has been demonstrated in PE [49]. However,
when studying the content of hepcidin and ferroportin, no signifi-
cant differences were found between PE and normal pregnancies,
probably due to higher variability in the levels of these proteins in
PE placenta compared to control [50].

At the same time, it is known that activation of enzymes involved
in iron transport and accumulation could lead to increased iron

concentration in the placenta, which in turn may induce ferro-
ptosis activation in the placenta and contribute to the develop-
ment of PE [51, 52].

One of the most studied aspects concerning heme and PE is heme
oxygenase (HO), which normally breaks down free heme but
this process is impaired in PE [53]. Immunohistochemical stud-
ies have shown that HOL1 is present in trophoblast cells through-
out the gestation period [54]. HO1 is known to break down heme
into CO, biliverdin and free iron. CO and bilirubin (a product of
biliverdin conversion) contribute to the angiogenic, vasodilatory,
anti-inflammatory and antioxidant properties of HO1, thereby
counteracting the development of the main signs of PE [55]. Some
clinical studies have reported reduced levels of HO1 and CO in
the placentas of women with PE [54]. Additionally, in vitro studies
have demonstrated that induction of HO1 leads to a decrease in the
level of the antiangiogenic factor SFLT-1. Conversely, in cases of
miscarriage during the first trimester, increased expression of the
HO1 gene has been observed in the placenta. Considering the cord
blood clinical data and respiratory issues of newborns, the poten-
tial synthesis of heme by cord PBMCs may be a compensatory re-
sponse to fetal hypoxia, although there is no direct data indicating
that hypoxia occurs. The role of heme-associated signalling path-
way activation in cord blood during PE remains to be elucidated.
However, the current results are consistent with heme- and iron-
associated alterations occurring in the fetus tissues (including the
placenta), according to published data.

The final part of our study investigated potential intercellular in-
teractions in cord blood using single-cell analysis. Our findings re-
vealed the activation of progenitor and stem cells, along with their
enhanced intercellular communication in the PE group. While
cord blood is traditionally recognized as a rich source of stem
cells, the functional role and effects of their interactions with other
blood cell populations remain poorly understood. According to the
literature, such interactions can reduce inflammation and carry
out immune reprogramming [56, 57]. Interestingly, PE is generally
characterized by either a decrease in the number of progenitor and
stem cells in cord blood or a reduction in their stemness and differ-
entiation potency [58, 59]. The observed enhancement in intercel-
lular communication may represent a compensatory mechanism
to mitigate these deficiencies.

5 | Conclusion
The present study demonstrates altered signalling pathways

associated with heme metabolism in cord PBMCs from pre-
eclamptic pregnancies. These data may indicate an induction
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of compensatory mechanisms potentially involving the pro-
angiogenic factors CO and biliverdin, which are generated
as heme degradation products. It is worth noting, moreover,
the role of free heme as a possible proinflammatory DAMP in
preeclampsia. Further investigation is required to establish a
direct link between these assumptions and placental heme me-
tabolism. Obvious limitations of the study include the small
sample size and different gestational ages in the PE and con-
trol groups.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Table S1: Fluorophores composi-
tions in flow cytometry. Figure S1: Gating strategy for flow cytometry
analysis. In the plot of forward vs. side light scatter, populations corre-
sponding to lymphocytes and monocytes were distinguished by gran-
ularity and size. In a plot of pan-leukocyte marker CD45 expression
versus side light scatter, populations corresponding to lymphocytes and
monocytes were selected. Logistic gates were created for lymphocytes
and monocytes. The subpopulations of monocytes were determined by
the expression levels of CD14 and CD16 (right panel of the figure). Pro-
and anti-inflammatory markers were then determined within each of
the subpopulations. Table S2: Clinical and laboratory characteristics
of newborns and cord blood from mothers with PE. Figure S2: Flow
cytometry data. Assessment the expression of pro- (CD86, CX3CR1,
CD80) and anti-inflammatory markers (CD206, CD163) by mean of
fluorescence intensity (MFI) on classical CD14**CD16~, nonclassical

CD14-CD16%* and intermediate CD14**CD16% monocytes after gat-
ing. *p<0.05 by one-tail t-test. Table S3: MultiQC results for each
sample. Figure S3: Characteristics of the samples: eclamps 1, 5: PMBC
from PE group; eclamps 3, 6: PMBC from control group. Figure S4:
Enrichment analysis of CD4* naive regulatory T cells (Treg) single cell
transcriptomic data in PE vs. control group. (a) Volcano plot showing
results PE vs. control samples. Red and blue-coloured genes are statisti-
cally significantly differentially expressed (FDR-adjusted p-value <0.05
or —log,(FDR)>1.3). (b) The top enriched terms for the significant up-
regulated genes set are displayed based on enrichment score and the
—log, (p-value), with the actual p-value shown next to each term. (c)
The top enriched terms for the significant down-regulated genes set are
displayed based on enrichment score and the —log, (p-value), with the
actual p-value shown next to each term. *Next to a p-value indicates
the term also has a significant adjusted p-value. Figure S5: Enrichment
analysis of naive B cells single cell transcriptomic data in PE vs. con-
trol group. (a) Volcano plot showing results PE vs. control samples. Red
and blue-coloured genes are statistically significantly differentially ex-
pressed (FDR-adjusted p-value <0.05 or —log, ,(FDR)>1.3). (b) The top
enriched terms for the significant up-regulated genes set are displayed
based on enrichment score and the —log, (p-value), with the actual p-
value shown next to each term. (c) The top enriched terms for the signif-
icant down-regulated genes set are displayed based on enrichment score
and the —log,(p-value), with the actual p-value shown next to each
term. *Next to a p-value indicates the term also has a significant adjusted
p-value. Figure S6: (a) UMAP plots with clusters of cord PBMC after
clustering, subclustering and cell type annotation in Human Primary
Cell Atlas in control and PE group. (b) Volcano plot showing results of
differentially expressed genes in erythroblast of PE vs. control samples.
Red and blue-coloured genes are statistically significantly differentially
expressed (FDR-adjusted p-value <0.05 or —log, (FDR)>1.3). (c) The
top enriched terms for the significant up-regulated genes set are dis-
played based enrichment score and on the —log, (p-value), with the ac-
tual p-value shown next to each term.
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