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1. Introduction

The birth of a new life depends on the cooperation between two
different genomes. The continuous communication between the
developing embryo and the maternal immune system has essential
importance. One of the most dynamic form of intercellular
communication is mediated by extracellular vesicles (EV), which are
produced by living cells. EVs play an active role in the maturation of
germ cells, in embryo implantation, and probably in the formation
and maintenance of immune tolerance during pregnancy.
Classification of EVs can be done based on their size or biogenesis.
According to their size, three main subtypes are distinguishable:
small EVs (sEV), intermediate-sized EVs (iEV) and large EVs
(IEV). The structured multimolecular composition (proteins, nucleic
acids, lipids and carbohydrates) can influence the function of their
target cells.

Almost 40% of decidual cells are immune cells. The immune cell
composition of the decidua is tightly regulated, including the ratio
and kinetics of the different cell types found here. This is of crucial
significance for the establishment and maintenance of a successful
pregnancy: (1) the developing immune tolerance ensures a suitable
immune environment for the fetus and (2) at the same time the
immune system remains immune competitive, ensuring an effective
protection against pathogens. Regulatory T cells (Trg cells) play a
central role in immune tolerance. Trg cells act as key regulators at
the maternofetal interface, influencing the function of all immune
cells. Single cell transcriptomics analysis showed, that Ty cells
found at the maternofetal interface are differentiated in the decidua.
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Although peripheral Ty cell differentiation is not yet fully
understood, trophoblast cells may play a defining role in it. The
multinucleated syncytiotrophoblast cells are in direct contact with
the maternal blood. At the maternofetal interface the
syncytiotrophoblast cells are the main source of EVs. The main
target cells of trophoblast-derived iEVs are circulating T-cells. The
investigation of trophoblast-derived EV induced T-cell functions is
one of the main topics of the thesis.

Dysfunction of the maternal immune system can be detected in the
background of many pregnancy complications. Preeclampsia is a
progressive, systemic pregnancy-specific disorder, affecting around
3-7% of human pregnancies. The inadequate adaptation of the
maternal immune and cardiovascular system leads in the second half
of the pregnancy to a syndrome of new-onset hypertension,
proteinuria, or organ dysfunction during preeclampsia. Although the
immunological aspects of preeclampsia have been extensively
studied, its pathomechanism is not yet fully discovered. A
significantly higher number of M1 macrophages have been found in
preeclamptic placentas. M1 macrophages may contribute to the
development of an exaggerated inflammation and inhibit the motility
of trophoblast cells, negatively impacting trophoblast invasion, and
consequently spiral artery remodelling. Trophoblast-derived EVs
may influence the function of monocytes, which ultimately

contribute to the development of preeclampsia.



2. Objectives

Our objective was the investigation of the effects of EVs on the
development of maternal immune tolerance in in vitro and ex vivo
research settings.

Questions to answer, problems to be solved:

Analysis of trophoblast-derived EV induced effects by using an in
vitro model system, the BeWo trophoblastic cell line:

1. Do BeWo-derived EVs (BeWo EV) influence the function and
polarization of CD4* T cells?

2. Which molecular components of BeWo EVs are responsible for
the EV induced effects observed in CD4* T cells?

3. Does HSPE1 expression of BeWo EVs play a role in the observed
EV induced CD4* T cell function?

4. Does HSPE1 play a role in T cell heterogeneity?

Investigation of the effect of circulating EV pattern on immune
system in in vitro model system:

1. Detection of preeclampsia associated EVs based on cellular origin.
2. ldentification of target cells of preeclampsia associated EVs.

3. In vitro analysis of the effects of circulating EVs on monocytes.

4. Complex molecular characterization of the effects of EVs on

monocytes.



3. Methods

Biological samples

Peripheral venous blood was collected from 45 healthy non-pregnant
donors obtained from the Hungarian National Blood Transfusion
Service. Clinical samples: blood samples from both healthy and
preeclamptic third trimester pregnant women were obtained from the
Department of Obstetrics and Gynaecology at Semmelweis
University, Budapest, Hungary. Normotensive patients were age and
gestational age matched with no detectable proteinuria or history of
preeclampsia. Exclusion criteria were the presence of any chronic
disease or acute infection in either group. During the entire
investigation period, we followed the guidelines and regulations of
the Helsinki Declaration in 1975, and the experiments were approved
by the Hungarian Scientific and Research Ethics Committee; all
tested individuals signed an informed consent form.

Isolation of mononuclear cells

Mononuclear cells (PBMC) were isolated under sterile conditions
with gradient centrifugation (2 500 g; 20 minutes). The separated
cells were wished with phosphate buffered saline (PBS) and stored at
-80 °C degrees in fetal bovine serum containing 10% dimethyl
sulfoxide.

Separation of platelet free plasma

To separate the plasma blood samples were centrifuged at 800 g for
5 minutes. Platelet poor plasma (PPP) was obtained with
centrifugation of plasma samples at 2 500 g for 15 minutes at room
temperature. With a further centrifugation step (2 500 g; 15 minutes)



platelet free plasma (PFP) was isolated and stored at -80 °C degrees
until use.

Cell culture and establishment of gene knockout cell line

BeWo cells were cultured in Ham F12/K media containing 2 mM L-
glutamin, 10% HyClone® FBS, 5% glucose, 1 mM sodium
pyruvate, 1% of Gibco® MEM NEAA, 100 U/mL penicillin és 100
ug/mL streptomycin.

For the development of HSPE1 KO cell line, the HSPE1 was
knocked out in BeWo cells using the CRISPR/Cas9 genome editing
system. We used the Synthego CRISPR Design Tool to design
sgRNAs targeting the HSPE1 gene.

For transfection 1.8 x 10° BeWo cells, 100 pmol/uL sgRNA, 20
pmol Cas9-NLS, 19.6 pL transfection reagent (82%:18% ration SF
media transfection buffer) and 0.4 pg pMaxGFP (1pug/mL) plasmid
vector was used. BeWo cell suspension was transferred to the
nucleocuvette and cell line optimization protocol was run on
Nucleofector 4D-X. Transfection efficiency was verified at DNA
level by Sanger sequencing, at RNA level by gPCR and Synthego
ICE analysis was performed.

Culturing, sorting, and differentiation towards Treg cells of
human lymphocytes

Frozen PBMC samples were thawed and cultured in RPMI 1640 for
24 hours. Cells were centrifuged, resuspended in sorting buffer and
stained with anti-human CD4 antibody. CD4* cells were sorted with
SONY SH800S cell sorter. 5 x 10° CD4+ cells were cultured and
treated with 32 IU/mL recombinant human IL-2 and co-activated
with Dynabeads™ Human T-Activator beads. CD4* T cells were
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treated with recombinant human HSPE1 (rHSPE1) protein (1 pg/mL,
2.5 pg/mL, 10 pg/mL, 15 pg/mL), 1 x 108 GFP transfected BeWo
cell-derived iEVs, or 1 x 10° HSPE1 KO BeWo cell-derived iEVs
for Trgy differentiation. After 72 hours, the activation beads were
removed with magnetic columns and cells were washed and
resuspended in 100 pL autoMACS buffer and immunophenotyped.
To identify Trg cells we applied the following staining combination:
anti-human CD25-FITC, anti-human CD3-AF647, anti-human
CD127-PE/Cy7. The CD3*/CD25""™/CD127'%* Tq cells were
sorted under sterile condition for holomicroscopic analysis.
Extracellular vesicle isolation and characterization

For EV isolation we used two different methods: (1) differential
centrifugation, and (2) size exclusion chromatography. After
isolation, EVs were characterized according to the recommendations
of International Society for Study of Extracellular Vesicles. For
BeWo derived EV isolation we used 10 mL of cell supernatant of 2 x
108 BeWo cells. The different EV fraction isolation was performed
in 4 steps: 1) cell debris removal (800 g, 5 minutes), 2) apoptotic
body removal (2 000 g, 15 minutes), 3) iEV fraction enrichment (12
500 g, 20 minutes), 4) sEV fraction enrichment (100 000 g, 70
minutes).

EVs were isolated from 1 mL PFP plasma samples, which were
diluted with 1.5 mL of 0.2 um filtered PBS. Isolation of iEV, SEV
and EV-free fractions was performed as described for the BeWo-cell
supernatant. EV size distribution was assessed by dynamic light

scattering and high-resolution flow cytometry. Mass spectrometry



was used for the analysis of EV proteomics, and next generation
sequencing was applied for EV miRNA pattern identification.
EV-target cell identification and functional studies

Flow cytometry was used to immunophenotype cells and EVs, to
identify the target cells of EVs, to analyse the phagocytosis of EVs
and to detect the EV induced cell cycle.

EV induced cell migration was assessed with holomicroscope, EV
induced chemotaxis was determined with Neuroprobe assay and cell
adhesion was recorded with a real-time impedance-based method.
EV induced cytokine gene expression was evaluated with AB17900
gPCR.

Single cell transcriptomics analysis

Treg Cell, CD4™ T cell and 68K PBMC raw sequencing data was
downloaded from 10x Genomics online database. Python based
Scanpy 1.3.7 software was used for pre-processing and data analysis.
For data filtering and quality control the following parameters were
used: cell filter, gene filter and mitochondrial filter. Cells were
assigned in clusters with louvain algorythm (resolution = 0.8). For
data visualisation Uniform Manifold Approximation and Projection
(UMAP) dimension reduction method was used. Cell clusters were
annotated manually, by using top 50 highest gene expression in each
cluster and known markers from the literature.

Statistics

Two-sided Student’s unpaired t-test was used for normally
distributed data, and ANOVA analysis followed by Bonferroni
correction was applied for multiple parameter analysis. In the cases
of non-normal distribution data, Mann—Whitney U or Wilcoxon tests
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were used, while multiple parameter analysis was calculated by
ANOVA test followed by Kruskal-Wallis test. The level of
significance was set at p < 0.05.



4. Results

BeWo iEVs and rHSPEL1 induce Treg cell differentiation in vitro
BeWo iEVs induced the differentiation of CD4* T cells into Treg
cells. To interpret the molecular mechanism underlying Trg cell
differentiation mass spectrometry analysis of iEVs was performed.
We verified the presence of HSPE1 protein in EVs, which functions
in de novo protein folding (GO:0006458, p = 0.00072) and has the
capacity to activate T cells. We proved the presence of HSPE1l
protein, its topology and association with iEVs with flow cytometry.
We showed, that HSPE1 is found both in the membrane of iEVs and
also in the intravesicular lumen. To elucidate the role of HSPEL in
Trg cell differentiation we first investigated the role of the
recombinant human rHSPE1 protein. We demonstrated that
recombinant HSPE1 treatment induced Ty differentiation in a dose-
dependent manner after 72 h. Holomicroscopic studies confirmed
that differentiated CD25*/CD127'" Ty cells were viable.

HSPE1 expression and heterogeneity analysis of Treg cells

To examine the role of HSPE1 in the maintenance of Tg cells,
single cell transcriptomics analysis was applied. Analysis of Ty cell
sequencing data (10x Genomics repository) revealed 7 Trg cell
subtypes based on the global gene expression pattern. HSPE1
expression was detectable in all Trq Subgroups, however, the level of
expression was found to be different. We have also identified key
marker gene panels suitable for Trg cells clustering. Based on global

gene expression profile, we could identify 3 Twg cell subtypes in
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CD4* T cell data: naive, effector-activated and memory Trq cells.
From the 3 different cell subtypes only 2 cell clusters were
distinguishable, because based on the global gene expression pattern
naive and effector-activated Trg cells showed a significant overlap.
The CAPG gene showed in CD4* T cell data the highest expression
in Treg cells. In all 3 analysed sequencing data HSPE1 showed Treg
cell subtype dependent expression. Among T cell clusters memory T

cells and memory Treq cells showed the highest CAPG expression.

miRNome of BeWo EVs contributes to Treg cell differentiation

miRNA networks can play a significant part in immune tolerance
induction, including Ty cell differentiation. We detected immune
tolerance associated miRNAs in trophoblast-derived EVs: 1.) hsa-
miR-23b miRNA, which inhibits Th17 signalling pathway; 2.) hsa-
miR-146a and hsa-miR-155 miRNAs critical for Teg cell
differentiation; 3.) high expression of hsa-miR-22 and hsa-miR-221
miRNAS, known as important immune tolerance mediating miRNAs;
4.) every miRNA of the hsa-miR-17~92 polycistronic miRNA
cluster, which are key to antigen specific IL-10 producing Trg cell
differentiation. Furthermore, every miRNA of the C19MC
trophoblast-specific miRNA cluster was expressed both in iEV and

SEV fraction.

Identification of circulating preeclamptic EV pattern based on
cellular origin
We compared the circulating EV pattern of healthy and preeclamptic

pregnant women. Platelet-derived and trophoblast-derived EVs were
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detectable at the highest concentration in both groups, however the
activated platelet-derived EV number was significantly lower in
preeclamptic samples. Opposite of it, significantly higher amounts of

tissue factor expressing EVs was detected in preeclamptic samples.

Analysis of EV-target cell interaction

IEVs isolated from healthy and preeclamptic pregnant women’s
plasma bound to THP-1 monocytic cells. THP-1 cells phagocytosed
isolated EVs. Comparing the uptake of EVs isolated from
preeclamptic or control plasma samples, we found that phagocytosis

of preeclamptic EVs was significantly lower.

Analysis of EV induced cell migration

Both healthy and preeclamptic iEVs are chemoattractant for THP-1
cells. The chemotactic effects of iEVs differed: preeclamptic iEVs
induced significantly lower chemotactic activity of THP-1 cells.
Holomicroscopic analysis revealed, that both healthy and
preeclamptic iEVs stimulated THP-1 cell migration, and there was
no significant difference between their effects. Opposite of it,
preeclamptic iEVs induced significantly lower cell motility,

compared to iEVs isolated from healthy pregnant.

Investigation of EV induced cytokine gene expression
Both healthy and preeclamptic iEVs induced increased TNF mRNA
expression, but the impact of preeclamptic iEVs were significantly

higher. The increased TNF production was confirmed at protein level
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as well: we showed the intracellular and secreted TNF in the
supernatant of THP-1 cells.

To uncover the molecular background of iEV induced cytokine
expression and functional effects, we performed mass spectrometry
analysis of healthy and preeclamptic EVs. The complex interaction
map of healthy iEVs showed a chemoattractant, adhesion and
migration related protein pattern. In contrast with this, in
preeclamptic iEVs, we found less chemoattractant and cell migration
related proteins and more inflammation associated proteins.
Comparison of interprotein connections, weaker and fewer protein

interactions could be detected in preeclampsia associated EVs.
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5. Conclusions

* BeWo iEVs induce in vitro Treq cell differentiation.

» BeWo EVs have a protein network that activates immune cells and
plays a role in de novo protein folding, of which HSPE1 should be
highlighted.

» Recombinant HSPE1 and iEV-associated HSPE1 induce in vitro
Treg cell differentiation from human naive CD4* T cells.

« Based on single cells transcriptomics data, Treg cell subtypes can be
characterized by distinct expression of HSPE1.

« Single cell transcriptomics data reveal CAPG gene to be highly
expressed in memory T cells, which could be used as a marker for
memory Treg Cells.

» The miRNA pattern of BeWo EVs favours the development of
immune tolerance, mainly by inducing Trg cell differentiation.

« A different circulating EV pattern can be detected in preeclamptic
patient compared to healthy pregnant women.

+ Both preeclamptic and healthy pregnant plasma-derived iEVs bind
to monocytes.

» Binding of pregnancy associated iEVs to monocytes induces
phagocytosis, however, preeclampsia associated iEVs are less
phagocytosed by THP-1 cells.

 Preeclampsia associated iEVs decrease THP-1 cell matility and
increase their adhesion compared to healthy pregnant iEVs.

* Preeclampsia associated iEVs induce TNF and IL-6 production in
THP-1 cells.

» Preeclampsia associated iEVs contain altered cell migration,

adhesion and inflammatory protein network.
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