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Abstract: Monocytes\macrophages regulate angiogenesis via cytokine production and contact
interactions with endothelial cells (ECs). The biological effects of macrophage-derived
microvesicles (MVs) are studied using cell lines, such as monocytic leukemia THP-1 cell line. The
effect of MVs produced by THP-1 cells on EC phenotype and functions remain understudied. In this
research, we studied the effect of MVs produced by THP-1 cells on the phenotype, proliferation,
migration, and vascular formation of EA.Hy926 ECs. MVs produced by THP-1 cells express CD54,
CD18, CDl11a, CDI11b, CD29, CD120a, CD120b, VEGFR1, VEGFR2, CD105, CD119, TGFR2 on
the surface and contain ERK1/2, pERK1/2 Akt, FGF10, endothelin-2. The transfer of an intracellular
protein labeled with a fluorescent dye from MVs produced by THP-1 cells to EA.Hy926 ECs was
established. It was found that MVs derived from THP-1 cells inhibit EC proliferation. In high
concentrations, MVs reduce EC migration, increase the length but decrease the number of vessels
formed by ECs, promoting the development of non-branching angiogenesis. On the contrary, in low
concentrations, MVs increase EC migration, reduce the length, and increase the number of vessels
formed by ECs, promoting the development of branching angiogenesis. Thus, the fundamental
possibility of the influence of MVs produced by THP-1 cells on the processes of angiogenesis has
been established. Proteins found in the MVs composition may be responsible for the observed effects
of MVs on ECs.
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1. Introduction

Monocytes\macrophages are actively involved in the angiogenesis regulation [1-3]. They
regulate the growth and remodeling of blood and lymphatic vessels in different ways. Macrophages
can inhibit angiogenesis by triggering apoptosis in ECs and phagocytizing the resulting cellular
detritus. This is characteristic of classically activated macrophages (M1). Alternatively, activated
macrophages stimulate angiogenesis by producing angiogenic factors such as VEGF-A, VEGF-C, as
well as participating in the selection of the leading cell of the growing vessel [4]. Macrophages are
involved in the control of angiogenesis at all stages via the production of cytokines and other
substances. They secrete angiogenin and human angiogenic factor (h-AF), which stimulate EC
migration [5—7]. Macrophages secrete vasoactive substances such as VEGF and prostaglandins that
increase vascular permeability. Macrophages produce VEGF, bFGF, PDGF, IGF, IL-8, IL-6, and
FGF10 cytokines that control EC proliferation and migration [6,8]. IFNy, TNFa, and TGFf have the
opposite effect on the proliferation and migration of ECs [6]. Macrophages are actively involved in
both degradation and synthesis of extracellular matrix (ECM) components, which are the most
important participant in angiogenesis. Macrophages are the sources for two types of
proteases—metalloproteinases (MMPs): MMP2, MMP9 [9], and serine proteases: urokinase-type
plasminogen activator (uPA) and its inhibitor (PAI). These enzymes control ECM degradation and
release of matrix-related growth factors [10].

Monocytes and macrophages [11], along with many other cells, such as ECs, epithelial cells,
nerve cells, tumor cells of various origins, stem cells, cells of the immune system, are producers of
MVs. MVs are relatively new objects of biological research, and therefore in the literature, this
group of extracellular vesicles is denoted by various terms: shedding vesicles, shedding bodies,
ectosomes, MVs [12], and exovesicles [13]. The diameter of M Vs varies between studies in the range
of 100-1000 nm [14]. They form everywhere on the plasma membrane, budding out into
the extracellular space. Proteins and nucleic acids are believed to enter MVs by targeted
transport [12,14,15]. Unlike exosomes, the molecular composition of MVs is less well understood, but
it is known that depending on the type of producing cells, MVs can be enriched with matrix
metalloproteinases [16—18], glycoproteins such as GPIb, GPIIb-Illa, P-selectin [19-21], and integrins
such as Mac-1 [19,22]. The protein profile of MVs is believed to be highly dependent on the type of
source cells. It was found that depending on the type of macrophage activation, the characteristics of
the produced MVs can vary [23].

The biological effects of macrophage-derived MVs are studied using cell lines, such as THP-1
cell line. The use of cell lines is justified by the fact that it is extremely difficult to isolate MVs
derived from a certain cell population from biological fluids. One of the areas of research on MVs
composition is the identification of microRNAs in MV fractions obtained from both cell cultures and
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peripheral blood. For example, it was shown that MVs derived from monocytic leukemia THP-1
cells contain miRNA-150, and thereby contribute to an increase in the EC transmigration activity. In
addition to miRNA-150, the following microRNAs were found in MVs produced by THP-1 cells:
miRNA-20a, miRNA-21, miRNA-23a, miRNA-26b, miRNA-27b, miRNA-30d, miRNA-25,
miRNA-29d, miRNA-146a, miRNA-181b, miRNA-221, miRNA-320 [24]. The content of some
microRNAs in MVs increased, when cells were exposed to LPS, hydrogen peroxide, and
oleic/palmitic acids [24,25]. It is believed that microRNAs are selectively packed into MVs, and the
vesicular microRNA profile may differ from cellular microRNAs [26]. It was found that MVs
derived from THP-1 cells contain Argonaute 2 protein, which is required for microRNA activity [24].
Activation of THP-1 cells with LPS resulted in MV production, which induced expression of
adhesion receptors by ECs [27]. Yet, possible influence of MVs derived from unstimulated THP-1
cells on cell phenotype and functions needs to be defined more precisely.

Thus, macrophages are widely represented in the human body and serve as a source of a wide
range of biologically active molecules, in particular, cytokines and growth factors, microRNAs.
Macrophages are involved in a number of physiological processes, including the regulation of
angiogenesis. Monocytes\macrophages produce MVs containing a variety of substances. Currently,
the protein component and functions of MVs produced by monocytes\macrophages are poorly
understood. In this research, we studied the effect of MVs produced by monocytic leukemia THP-1
cells on the phenotype, proliferation, migration, and vascular formation of EA.Hy926 ECs.

2. Materials and methods
2.1. Cells

THP-1 cell line was obtained from the ATCC (USA). The cell culture was kept in the
suspension form at a concentration of 0.7-1 x 10° cells/mL in a complete RPMI 1640 medium
with 10% fetal calf serum (FCS) (Sigma, USA).

EA.Hy926 ECs were provided by Dr. Edgel (University of North Carolina, NC, USA).
The main characteristics of these cells are typical for ECs [28-30]. The cells were cultured as
previously reported [31]. Cell viability was checked using Trypan blue solution and comprised an
average 96%. All experiments involving cell culturing were performed under the same incubation
conditions (humid environment, 37 °C, 5% COx).

2.2. Microvesicle separation

Before the experiments, FCS was frozen while stored and then thawed and inactivated by the
standard protocol (heating to 56 °C). The heating of FCS might lead to the destruction of MVs,
which are possibly present in the media. All solutions (including culture media and FCS)
for isolating MVs and experimenting on them were filtered through a 0.2 pum pore size
filter (Corning, Germany) before the experiments [32]. THP-1 cells were cultured in flasks in
DMEM/F-12 supplemented with 10% FCS, 2 mM L-glutamine, 100 U/mL penicillin, and 100 pg/mL
streptomycin (Sigma, USA) if else not specified. Further in the article, cells cultured under these
conditions are defined as unstimulated. The day before MV separation, the medium was completely
replaced with fresh culture medium filtered through a 0.2 pm pore size filter. THP-1 cells were
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diluted to a concentration of 1 x 10%/mL. Cell viability was assessed the day after culture initiation.
We centrifuged the culture media obtained from flasks at 200 g (22 °C) for 10 min allowing cell
removal. Currently, due to the absence of a single standard method for the separation of MVs,
various approaches to obtain MV fractions with different purity and enrichment levels are used [33,34].
To separate MVs, we used previously reported differential centrifugation method [35,36]. Briefly,
supernatants containing MVs were centrifuged at 500, 9900 and 19800 g. The supernatant was then
discarded, and the pellet was resuspended in Hanks’ solution without Ca** and Mg?".

2.3. Laser correlation analysis
As we previously reported, to control the size of the isolated MVs we used the laser correlation

spectrometer (Zetasizer NanoZS, Malvern Instruments, UK) [37]. The experiments were repeated
five times. The size of the MVs produced by THP-1 cells was in the range of 169—400 nm (Figure 1).
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Figure 1. Laser correlation analysis of microvesicles produced by THP-1 cells. MV:
microvesicles; MV(THP) min: minimum size of microvesicles produced by THP-1 cells;
MV(THP) mean: the average size of microvesicles produced by THP-1 cells;
MV(THP) max: maximum size of microvesicles produced by THP-1 cells. Statistical
analysis was performed using descriptive statistics.

The peak of the MV quantity distribution was 200 nm. These data complied with previous
works [32,36,38,39], which ascertained the size of MVs.

2.4. Analysis of total protein content
The total protein concentration in the cell and MV lysates was determined by the Bradford
method [40] using a NanoDrop One spectrophotometer (Thermo Scientific, MA, USA). After

culturing for 24 h (as described above), the total protein amount in MVs produced by source THP-1
cells was 0.15 £ 0.036 ng/10°. The obtained data allowed us to calculate the protein load
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of microchips for gel electrophoresis. Based on the total protein amount in MV probes of
unstimulated THP-1 cells, we prepared the dilutions of MVs in culture media for further experiments:
3.276 ng/100 pL, 1.638 pug/100 pL, 0.819 ng/100 puL and 0.410 pg/100 pL.

2.5. Phenotypic characteristics of THP-1 cells including MVs

For phenotype evaluation, THP-1 cells were centrifuged for 10 min at 200 g, then cells were
diluted to a concentration of 1 x 10° cells per 300 pL of Hanks’ solution. MVs isolated from 30 mL
of THP-1 cell culture medium were diluted in 1 mL of Hanks’ solution containing 0.35% BSA
(Sigma, USA). The 100 puL of MV suspension was used for phenotype analysis. THP-1 cells and
their MVs were labeled with monoclonal antibodies against CD11a PE-Cy7 clone HI111 (BD, USA),
CD11b PerCP clone 238446 (RD, USA), CDl1l1c Alexa Fluor 700 clone ICRF 3.9 (RD, USA), CD18
PE clone 212701 (RD, USA), CD29 PE clone P5D2 (RD, USA), CD54 adhesion molecules FITC
clone BBIG-I1 (11C81) (RD, USA); CD119 (IFNyR) FITC clone 92101 (RD, USA), CDI120a
(TNFaR1) Alexa Fluor 488 clone 16803 (RD, USA), CD120b (TNFaR2) Alexa Fluor 700 clone
22235 (RD, USA), VEGF-R1 PE clone 49560 (RD, USA), VEGF-R2 PerCP clone 89106 (RD,
USA), VEGF-R3 APC clone 54733 (RD, USA), TGFBR2 cytokine receptors (RD, USA) Alexa Fluor
700, clone 25508 (RD, USA); HLA-DR phenotypic marker APC-H7 clone L243 (BD, USA) and
CD105 APC clone 166707 (RD, USA) according to the manufacturer’s instructions. The antibodies
were combined into tree panels that we used from MV treatment. Each panel was used to treat
100 pL of MV suspension or 1 x 10° cells in 300 pL of Hanks’ solution. The gating strategy used can
be found in Figures S1 and S2. The experiments were repeated four times. The receptor expression
was assessed using unstimulated THP-1 cells and MVs. Isotype controls (BD and RD, USA) and
additionally cells and MVs not treated with antibodies were used. Flow cytometry was conducted
using BD FACS Canto II flow cytometer as shown previously [41], which allows detecting particles
greater than 0.2 pm in size. To adjust the device, we used additional protocols for cleaning the
flowing liquid and sample washing buffers as well as calibration particles of 0.1, 0.2, 0.5 and 1.0 pm
(Invitrogen, USA) in size according to the device manufacturer’s instructions.

2.6. Evaluation of the effect of MVs derived from THP-1 cells on the proliferative activity of
EA.Hy926 ECs

The method was reported previously by us [42]. Briefly, ECs were seeded into 96-well
flat-bottom plate. After 24 hours, the medium was replaced with dilutions of MVs derived from
unstimulated THP-1 cells prepared using the ECs medium containing 2.5% FCS (3.276 png/100 pL,
1.638 ng/100 pL, 0.819 pug/100 pL and 0.410 pg/100 pL). After 24 hours, ECs were next stained
with 0.2% crystal violet solution as reported previously [43]. Optical density was measured using
Microplate Reader (Thermo Labsystems), and converted to the cell number. Changes in cell
proliferation were assessed by comparing changes in sample optical density and the cell number with
that of the ECs incubated in MV-free culture medium containing 2.5% FCS. When culturing ECs
with 10% FCS (positive control), stimulation of ECs proliferative activity (17671 (13637, 34043)
cells/well) was observed, compared with ECs culturing in medium with 2.5% FCS (10022 (9990,
10513) cells/well, p < 0.001). Experiments were carried out three times with each MV concentration
analyzed in four replicates.
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2.7. Evaluation of the effect of MVs derived from THP-1 cells on the migration of EA.Hy926 ECs

The method was reported previously by us [42]. Briefly, ECs were cultured for 24 hours in
96-well flat-bottom plate. The monolayer was then disrupted by partial cell scraping, the width of the
obtained line was photographed (Figure 2).

Figure 2. Migration of EA.Hy926 cells. Stained with crystal violet, X100. (a) Initial
width of the disrupted monolayer (migration surface) line. (b) Migration after incubation
in medium containing 2.5% FCS for 24 hours. (¢) Migration after incubation in medium
containing 10% FCS for 24 hours.

Then, the medium was replaced with dilutions of MVs derived from THP-1 cells prepared using
the EC medium containing 2.5% FCS (3.276 ng/100 pL, 1.638 ug/100 pL, 0.819 ug/100 pL and
0.410 pg/100 pL). After 24 hours, ECs were incubated with 100 pL of crystal violet solution (0.2%,
Sigma-Aldrich Chem. Co., USA), washed and dried. Three fields of view were photographed in each
well. Data analysis was performed using MarkMigration (Russia) software [44], which considers the
residual area of the disrupted monolayer line after migration. Experiments determining EC migratory
activity in the presence of MVs were performed three times. Each MV concentration was analyzed
four times. Median area of the initial line after monolayer scraping was 0.88 mm? (interquartile
range (IQR), 0.88-0.89). No cells in the disrupted monolayer zone were detected. We noted an
increase in the number (579 (504, 635), p < 0.001) of migrated ECs and a decrease in the area (0.2
(0.14, 0.25), p < 0.01) mm? of the disrupted monolayer line after cell migration in the presence
of 2.5% FCS. An increase in the FCS concentration in cell culture medium to 10% (positive control)
caused an increase in the number of migrated ECs (657 (588, 762), p < 0.01) and a decrease in the
residual area of the disrupted monolayer line after cell migration (0.12 (0.83, 0.18), p < 0.001) mm?.
Thus, in the experimental model, EA.Hy926 cells responded to a higher FCS concentration with
increased migratory activity, which is consistent with the results described previously [45,46]. This
allows the evaluation of changes in cell migratory activity in the presence of MVs derived from
THP-1 cells.

2.8. Evaluation of the effect of MVs produced by THP-1 cells on the ability of ECs to form vessels
Wells of a 96-well plate were pretreated with the Matrigel Growth Factors Reduced matrix (BD,

USA) as we reported earlier [47]. Matrigel is a mixture of extracellular matrix proteins, and also
contains minor levels of cytokines (TGFB, EGF, IGF, bFGF, and PA) [48]. Then, EA.Hy926 ECs
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were added to the wells (150000 cells/mL in 200 pL of culture medium). MVs derived from
THP-1 cells at different concentrations in 100 puL of culture medium were added to some of the
wells (3.276 pg/100 pL, 1.638 ug/100 pL, 0.819 pg/100 pL and 0.410 ug/100 pL). The ECs
culturing with 2.5% FCS determined baseline parameters. For use as positive controls, ECs were
cultured with 20 ng/mL bFGF (RD, USA) or with 10% FCS that was free of MVs. The cells were
then incubated for 24 hours. The experiments were performed four times with three replicates for
each MV concentration. Data were recorded in all experiments using the AxioObserver.Z1
microscope (Zeiss, Germany) and the Axiovision image analysis software (Zeiss, Germany). In each
well, one field of view was taken into consideration, in which length (in micrometers (um)) and
number of vessels were estimated using the ImagePro software.

2.9. Evaluation of the fluorescent tag transfer from MVs derived from THP-1 cells to EA.Hy926 ECs

We used the method described earlier [42]. Briefly, ECs were seeded into a 96-well plate
(3.5 x 10* cells/well in 100 pL of medium) and cultured for 24 hours. To stain intracellular protein,
THP-1 cells were treated with a carboxyfluorescein diacetate succinimidyl ester (CFSE, Sigma, USA)
solution at concentration of 5 uM (n = 5) for use as positive controls. Some THP-1 cells were left
unstimulated. Unstimulated and stained THP-1 cells were then cultured in 75 cm? flasks (BD, USA)
in 40 mL of complete RPMI1640 for 24 hours. The cell concentration was 1 x 10%mL. MVs were
then isolated (as described above), added to ECs (3.276 ug of total protein in 100 pL of medium),
and incubated for 24 hours. ECs were washed three times with Versene solution and removed from
the plate surface. Then, ECs were resuspended twice in Hanks’ solution without Ca?>" and Mg?*, and
centrifuged at 200 g for 10 min. Fluorescent CFSE inclusions in ECs were evaluated using the FACS
Canto II flow cytometer (Becton Dickinson, USA). The experiments were repeated five times.

2.10.  Evaluation of the effect of MVs derived from THP-1 cells on the phenotype of EA.Hy926
ECs

The detailed method was described earlier [42]. Briefly, MVs derived from THP-1 cells
were added to ECs at a total protein concentration of 3.276 ug in 100 pL of medium (in three
repetitions). Unstimulated ECs were used as controls. ECs incubated with phorbol 12-myristate
13-acetate (10 ng/mL, Sigma, USA) were used as positive controls. The next day, ECs were washed,
removed from the plate with Versene solution and stained with 7-AAD dye (Biolegend, USA). Cell
death was assessed using the BD FACS Canto II flow cytometer by 7-AAD inclusion, as
described [49,50]. The median pool of nonviable ECs after culturing with MVs derived from THP-1
cells was 8.9% (IQR 4.5-9.5). Viability experiments were repeated four times. After incubation with
MVs, ECs were treated with monoclonal antibodies against CD45 PerCP clone 2D1, CD54 APC
clone HAS58, CD29 PE clone MAR4, CDI11a FITC clone HI111, CD11b PE clone ICRF44, and
CD18 APC clone 6.7 (Becton Dickinson, USA), as well as with isotypic antibodies. Antibody
selection was based on phenotyping results of THP-1 cells and their MVs. The fluorescence was
analysed using the BD FACS Canto II cytometer. Analysis of the receptor expression in ECs was
repeated four times.
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2.11.  Western blot analysis

Unstimulated THP-1 cells and their MVs were washed with cooled phosphate buffer (0.01 M
PBS, pH 7.4) and then lysed in RIPA buffer 50 mM Tris-HCI, pH 8.1, Triton X-100 (1%), sodium
deoxycholate (0.5%), sodium dodecyl sulfate (0.1%), sodium chloride (150 mM), and
ethylenediaminetetraacetic acid (EDTA) (1 mM) containing a protease and phosphatase inhibitor
mixture (Sigma, USA) with intermittent shaking for 30 min. Cell debris was removed by
centrifugation (16000 g, 4 °C, 10 min). Proteins were normalized for cells and their MVs by 20 pg
total protein per assay. Then they were separated by their molecular weight as we previously
reported [42]. The proteins were then incubated with primary monoclonal antibodies to
Erk1/2 (p44/42 MAPK (Erkl1/2), rabbit Ab, 1:1000, Cell Signaling, MA, USA), Phospho-Erk1/2
(phospho-p44/42 MAPK) ((Thr202/Tyr204) (20G11), rabbit Ab, 1:1000, Cell Signaling, USA), Akt
(Akt (pan)), (C67E7), rabbit Ab, 1:1000, Cell Signaling, MA, USA), Phospho-Akt ((Serd73)
(193H12), rabbit Ab, 1:1000, Cell Signaling, MA, USA) or TGF-§ (TGF-beta rabbit Ab 1:1000, Cell
Signaling, MA, USA) at 4 °C for one night on MR-12 Rocker-Shaker (BioSan, Latvia). After
reaction with an appropriate secondary antibody (1:1000; Cell Signaling Technology, MA, USA),
signals were visualised on ChemiDoc™ Touch Gel Imaging System (Bio-Rad Laboratories, USA)
using enhanced chemiluminescence (ECL) with ECL reagents (Bio-Rad Laboratories, USA). The
results were evaluated using Imagelab software (Bio-Rad Laboratories, USA). Based on existing
recommendations [51], the intensity of the bands of investigated proteins detected by the Western
blotting was normalized by the total protein content in the sample, which was recorded with a
gel using stain-free technology (Bio-Rad Laboratories, USA). Samples of three independent
experiments (n = 3) were analysed to determine each protein.

2.12.  Evaluation of protein profiles of THP-1 cell lysates and their MVs

The procedure was conducted as previously reported [42]. Briefly, the sediments containing cells
and MVs were stored at —80 °C until assay. The cell membranes were disrupted with five freeze-thaw
cycles and mechanical disruption, and the obtained lysates were then centrifuged (16000 g, 4 °C,
10 min). The obtained supernatants were discarded, and the sediment was dried at room temperature.
Next, the dry residue was dissolved in a minimal amount of 0.1 M sodium bicarbonate (Sigma).
After determining the total protein amount (as described in Section 2.4), the concentrations of
obtained protein solutions were aligned, focusing on the lowest value of the measured
protein amount. Purified proteins in obtained solutions were then separated in Agilent 2100
bioanalyzer (Agilent Technologies, USA). All experiments were repeated six times independently.

2.13.  One-dimensional gel electrophoresis and trypsinolysis of THP-1-derived MV lysate

MV proteins were fractionated in a 10% polyacrylamide gel under Laemmli denaturing
conditions at a load of 42 pg total protein. After electrophoretic separation of proteins, they
were visualized by Coomassie G250 staining, then the bands on a gel corresponding to the
protein bands were cut out in a number of 35 pieces. Next, the strips were crushed and washed three
times to remove the dye and sodium dodecyl sulfate with a solution of 50% acetonitrile in 30 mM
Tris (pH 8.2) for 15 min at room temperature. After removing the solution, the gel pieces washed
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from the dye were dehydrated in 100% acetonitrile. Then, after removing acetonitrile, the samples
were dried for 40 min at 4 °C. Bovine trypsin solution (20 ng/mL; Promega, United States) was
added to the dried samples and incubated for 1 hour on ice until the gel was completely rehydrated.
After that, the excess trypsin was removed. 50 pL of 30 mM Tris (pH 8.2) were added to the samples
and incubated for 16—18 hours at 37 °C. Tryptic peptide mixture was extracted three times from the
gel with a 50% aqueous acetonitrile solution containing 0.1% formic acid (Sigma-Aldrich Chem. Co.,
USA) in an ultrasonic bath for 20 min. The peptides in the resulting solution were dried at 4 °C and
frozen at —80 °C until further analysis.

2.14.  MALDI-TOF mass spectrometry analysis of tryptic peptide mixtures

After one-dimensional gel electrophoresis and subsequent sample preparation, the dried tryptic
peptides were dissolved in 50 pL of a 50% aqueous solution of acetonitrile containing 0.1%
trifluoroacetic acid (Sigma-Aldrich Chem. Co., USA), and stirred until complete dissolution. The
solutions were applied to metal plates for MALDI-TOF mass spectrometry analysis as we previously
reported [42]. Mass spectra of the tryptic peptides were obtained using the Axima Resonance
MALDI-TOF mass spectrometer (Shimadzu/Kratos Analytical Ltd., UK). Protein identification was
undertaken relative to the SwissProt and NCBI databases using taxonomic constraints for the Homo
sapiens species, the Mascot software (www.matrixscience.com) and the peptide fingerprinting
method. A parallel search was performed using a database of inverted and random (decoy) amino
acid sequences. After peptide identification, the correspondence between an identified protein and its
actual position on a gel was checked.

Statistical analysis was performed in Statistica 10 software. We used the nonparametric
Mann—Whitney U test. Data were presented as a median (upper quartile, lower quartile). Results of
western blot analysis and enzyme activity assessment were presented as a mean + standard error of
the mean (SEM) within at least three independent experiments. T-test for independent samples was
used to analyze the experimental results. The value p < 0.05 was considered statistically significant.

3. Results
3.1. Phenotypic characteristics of THP-1 cells including MV

We found that THP-1 cells carry on their surface CD54 [52,53], CDI18 [53], CD11b [52],
CDl11a [53,54], CD29 adhesion molecules, CD120a (TNFaR1) [55], CD120b (TNFaR2) [56],
VEGFRI1 [57], CD105 [58], CD119 (IFNyR1) [59], TGFR2 [60] cytokine receptors, HLA-DRA [61]
major histocompatibility complex (Figure 3). Expression of VEGF-R2 [57], CDllc [62], and
VEGF-R3 [63] by THP-1 cells was very low. Our findings are consistent with published data
(references are indicated above next to each receptor). Analysis of the expression of cell surface
molecules on MVs produced by THP-1 cells showed that they expressed CD54, CD18, CDl1la
(Figure 3), CDI11b, CD29 adhesion molecules, CD120a, VEGFR1, VEGFR2, CD105, CDI119,
TGFR2 cytokine receptors, as well as HLA-DR molecule.
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Figure 3. Comparison of phenotypic profiles of THP-1 cells and their MVs. (a) relative
number; (b) mean fluorescence intensity (MFI) of the studied markers. Statistical
analysis was performed using the non-parametric Mann—Whitney U test.

3.2. Evaluation of the fluorescent tag transfer from MVs derived from THP-1 cells to EA.Hy926 ECs

We established that EA.Hy926 ECs that were incubated with MVs derived from THP-1 cells
and pretreated with CFSE solution, included fluorescent CFSE (Figure 4).
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Figure 4. Changes in the fluorescence intensity of ECs after culturing with MVs derived
from THP-1 cells stained with CFSE: (a) fluorescence intensity plot, (b) box plot of
CFSE MFI. EC unst: fluorescence of unstimulated ECs; EC + MV (unst): fluorescence
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of ECs after incubation with MVs derived from unstimulated THP-1 cells; EC + MV
(CFSE): fluorescence of ECs after incubation with MVs derived from THP-1 cells
stained with CFSE. Statistical significance: ***p < 0.001—difference compared with the
autofluorescence level; ###p < 0.001—difference compared with the fluorescence level
of cells cultured with MVs derived from unstained THP-1 cells. Statistical analysis was
performed using the non-parametric Mann—Whitney U test. Data were presented as a
median (upper quartile, lower quartile).

3.3. Effect of MVs derived from THP-1 cells on the phenotype of EA.Hy926 ECs
Culturing of ECs with MVs derived from THP-1 cells did not affect the constitutive expression

of CD29 and CD54 (Figure 5). After ECs culturing with MVs derived from THP-1 cells, CD45,
CDl11a, CDI11b, and CD18 receptors were not transferred to ECs.
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Figure 5. Expression of Receptors by ECs after Culturing with (EC + MV (THP-1)) and
without (EC) MVs Derived from THP-1 Cells: (a) relative number of cells, (b) MFI of
CD54 and CD29. Statistical analysis was performed using the nonparametric
Mann-Whitney U test. Data were presented as a median (upper quartile, lower quartile).

3.4. Proliferative activity of EA.Hy926 ECs in the presence of MVs produced by THP-1 cells
Culturing of ECs with MVs with a total protein content of 3.276 pg/100 uL, 1.368 pg/100 pL,

and 0.819 pg/100 pL showed a decrease in EC proliferation compared with EC culturing in a
medium without MVs (Figure 6).
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Figure 6. Effect of MVs derived from THP-1 cells on the proliferation of EA.Hy926 ECs.
*#p < 0.01; ***p < 0.001—difference compared with cells incubated without MV (2.5%
FCS). Statistical analysis was performed using the non-parametric Mann—Whitney U test.
Data were presented as a median (upper quartile, lower quartile).

3.5. Migratory activity of EA.Hy926 ECs in the presence of MVs produced by THP-1 cells

ECs cultured with MVs derived from THP-1 cells (total protein content 3.276 pug/100 pL)
decreased the migratory activity due to a lower number of migrated ECs compared with ECs cultured
without MVs (Figure 7). ECs cultured with MVs derived from THP-1 cells (total protein content
3.276 pg/100 pL and 0.410 ug/100 pL) increased the migratory activity due to an increased number
of migrated ECs and in parallel due to a decreased residual area after cell migration to the disrupted
monolayer zone (Figure 7).
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Figure 7. Effect of MVs derived from THP-1 cells on the migratory activity of EA.Hy926
ECs. (a) number of cells that migrated to the disrupted monolayer zone; (b) residual area
after migration of cells to the disrupted monolayer zone. ***p < 0.001—difference
compared with cells incubated without MVs (2.5% FCS); ###p < 0.001, #ip <
0.01—difference compared with a lower concentration under the same conditions.
Statistical analysis was performed using the nonparametric Mann—Whitney U test. Data
were presented as a median (upper quartile, lower quartile).

3.6. Vascular formation of EA.Hy926 ECs in the presence of MVs produced by THP-1 cells

In the presence of bFGF, as well as in the presence of 10% FCS, the length of vessels was
greater compared to ECs culturing with 2.5% FCS. Culturing of ECs with bFGF lowered the number
of vessels, compared to ECs culturing with 2.5% FCS, while culturing in a medium supplemented
with 10% FCS did not change their number (Figures 8 and 9). MVs derived from THP-1 cells, at a
concentration of 3.276 pg per 100 pL increased the length, and at a concentration of 1.638 pg per
100 pL, on the contrary, decreased the length of vessels, as compared with ECs culturing
with 2.5% FCS. The length of vessels formed by ECs in the presence of MVs at a concentration of
1.638 pg per 100 pL was also shorter compared to the length in the presence of MVs at a
concentration of 3.276 pg per 100 pL. The number of vessels in the presence of MVs at a
concentration of 3.276 pg per 100 uL. was lower, and in the presence of MVs at a concentration of
1.638 ug per 100 puL was higher compared to ECs culturing with 2.5% FCS.
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Figure 8. Effect of MVs derived from THP-1 cells on the formation of vessels by
EA.Hy926 ECs: (a) the quantity of vessels, (b) the length of vessels. **p < 0.05, ***p <
0.001—difference compared with cells incubated without MVs (2.5% FCS); #p < 0.05,
#itp < 0.001—difference compared with a lower concentration under the same
conditions. Statistical analysis was performed using the non-parametric Mann—Whitney
U test. Data were presented as a median (upper quartile, lower quartile). The length was
measured in micrometers (Lm).

Figure 9. Microscopic photos of vessels formed by ECs under different conditions. (a) in
the presence of 2.5% FCS (baseline); (b) in the presence of 20 ng/ml FGF; (¢) in the
presence of 10% FCS; (d) in the presence of MVs derived from THP-1 cells (0.410 pg of
total protein in 100 uL. of medium). Phase contrast, x100.

3.7. Evaluation of protein profiles of THP-1 cell lysates and their MVs
Protein extraction from lysates with microelectrophoresis revealed that 17 and 5 major (>3% of

the total intensity) protein groups were released in THP-1 cells and in their MVs, respectively
(Figure 10, Table 1). The group with a mean molecular weight of 60.5 + 0.27 kDa is common for
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cells (4.4 £ 0.46%) and their MVs (62.0 + 2.85%). The groups with the following masses
also predominated in cells: 42.7 = 0.28 kDa (22.6 = 2.25%); 12.8 = 0.09 kDa (11.3 + 1.41%);
11.9 + 0.04 kDa (7.2 + 0.85%); 28.4 £ 0.19 kDa (6.6 = 0.27%) and 66.6 + 0.45 kDa (6.8 £+ 0.62%).
Protein groups with masses of 98.0+1.03 kDa (12.1 + 0.87%) and 84.7 + 0.17 kDa (6.9 + 0.44%)
predominated in MVs. Thus, protein profiles of THP-1 cells and their MVs differed: cells contained
a greater variety of proteins than MVs did, while proteins with a higher molecular weight

predominated in MVs compared to that in THP-1 cells.
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Figure 10. Electrophoregrams of THP-1 cell lysates and their MVs.

Table 1. Major components of the protein profile of THP-1 cells and their MVs (M + m,

n = 5-6; 700 pg of total protein amount per ml of lysate).

No. Molecular weight, kDa Pool, %
Cells,n=6 1 11.2+0.05 4.1+0.31
2 11.9+0.04 7.2+0.85
3 12.8 +0.09 11.3+1.41
4 14.5 £0.06 5.6+0.36
5 18.1 +0.01 5.0+ 0.46
6 20.1 £0.07 39+0.18
7 23.0+0.18 3.5+0.23
8 249+0.14 42+0.53
9 28.4+0.19 6.6+027
10 34.4+0.20 5.6+0.67
11 42.7+0.28 22.6+2.25
12 50.7 +0.27 3.6+0.18
13 54.7 +0.07 5.1+0.77
14 57.0 £ 0.35 45+1.74
15 59.9+0.33 4.4+0.46
16 66.6 + 0.45 6.8 £0.62
17 83.2+0.31 3.6+0.46
MVs,n=5 1 61.1+0.45 62.0+£2.85
2 84.7+0.17 6.9+0.44
3 98.0+1.03 12.1 +0.87
4 120.7 £ 0.67 5.8+£2.02
5 138.2+0.68 6.6 +1.83
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3.8. MALDI-TOF mass spectrometry analysis

It was shown that apart from other proteins identified, MVs derived from THP-1 cells
presumably contained fibroblast growth factor (fibroblast growth factor 10, encoded by the FGF10
gene; SwissProt entry 015520, MW 23.4 kDa, pl 9.61, 7 tryptic peptides, overlapping 9% of the
amino acid sequence of the protein) and endothelin precursor (endothelin-2 isoform 2 preproprotein,
encoded by the EDN2 gene; NCBI entry NP_001289198, MW 16.5 kDa, pl 10.19, 7 tryptic peptides,
overlapping 11% of the amino acid sequence of the protein). These two proteins were recognized as
associated with angiogenesis. The other proteins identified included cytoskeleton proteins, protein
biosynthesis enzymes, energy metabolism enzymes, etc.

3.9. Western blot analysis

THP-1 cells and their MVs contained ERK1/2, Akt, and TGFp. Regarding the total protein in
MVs and THP-1 cells, respectively, the total ERK1/2 kinase content in MB was 6.4 times less than
its content in THP-1 cells. However, it was shown that a significant amount of phosphorylated form
of ERK1/2 (pERK1/2) was present in MVs produced by THP-1 cells, compared to THP-1 cells. It
was shown that MVs contained protein kinase Akt in the amount comparable to that in THP-1 cells,
while there were no endogenous levels of Akt phosphorylated by Ser473 revealed (Figure 11).
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Figure 11. Comparative analysis of protein content in THP-1 cells and their MVs by
immunoblotting. (a) content of ERK1/2, Akt and TGF in THP-1 cells and their MVs.
(b) content of phosphorylated forms of ERK1/2 (pERK1/2) and Akt (pAkt) kinases in
THP-1 cells and their MVs. Western blot data were normalized by the total protein, and
the content of the investigated proteins in MVs was calculated in relation to their content
in THP-1 cells (n = 3). (¢) representative immunoblots showing the content of common
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Erk1/2 and Akt kinases and their phosphorylated forms (pERK1/2 and pAkt), as well as
latent TGFP in lysates (20 pg) of THP-1 cells and their MVs. THP MVs-1, THP cells-2.
*#%*p < 0.001—difference between the protein content in MVs and its content in THP-1
cells. Statistical analysis was performed using the parametric T-test. Data were presented
as a mean + standard error of the mean (SEM).

4. Discussion

The interaction of monocytes\macrophages with ECs determines the course of many biological
processes, such as inflammation, angiogenesis, carcinogenesis, atherogenesis [64—67]. The
possibility of interaction of these cells using MVs is of particular interest. Therefore, we attempted to
describe this interaction. Monocytic leukemia THP-1 cells were selected as source cells of MVs, and
EA.Hy926 ECs were selected as target cells.

Comparison of the phenotype of monocyte leukemia THP-1 cells and their MVs indicated a
coincidence of profiles of the molecules they express (Figure 3). The presence of CD54, CDI18,
CDll1a, CD11b, and CD29 adhesion receptors on the MVs surface may determine their further
interaction with target cells [68—70].

Due to the expression of ligands for these molecules [71], ECs can be targets for MVs derived
from monocytes/macrophages. The presence of CD120a (TNFaR1), CD120b (TNFaR2), VEGFRI1,
VEGFR2, CD105, CD119 (IFNyR1), TGFR2 receptors on MVs derived from THP-1 cells can be a
trap for the corresponding cytokines similar to soluble receptors capable of binding cytokines and
canceling their effect on target cells [72]. On the other hand, being part of MV membrane, these
receptors may be shed from monocytes/macrophages, thus decreasing the sensitivity of cells to the
corresponding cytokines.

Currently, there are literature data describing several potential ways for MVs to interact with
target cells: simple membrane fusion, clathrin- and caveolae-mediated endocytosis, lipid
raft-dependent endocytosis, phagocytosis, micropinocytosis, destruction of MVs near target cells
followed by the effect of the contents on target cells via surface receptors [12,73—75]. The pathway
of MVs internalization in target cells depends largely on which proteins and glycoproteins are
expressed both on MVs themselves and on recipient cells [76]. We established the transfer of an
intracellular protein labeled with a fluorescent dye from MVs produced by THP-1 cells to EA.Hy926
ECs (Figure 4). This coincides with previously obtained data on the protein transfer by MVs derived
from natural killer cells to ECs [42]. Despite this, we were not able to detect the transfer of CD45,
CDll1a, CDI11b, and CD18 receptors to the endothelium by MVs derived from THP-1 cells. In a
similar model, the transfer of CD45 receptors by MVs derived from natural killer cells to ECs was
previously established [42]. In the case of MVs produced by THP-1 cells, the absence of transfer of
surface receptors to the endothelium can be explained by their low concentration on the MVs
membrane or by differences in the uptake mechanisms of MVs derived from
monocytes\macrophages and natural killer cells by ECs, which requires additional study. Surface
receptor transfer from MVs towards target cells can also be influenced by presence or absence of
activation triggers for MV source cells. For example, THP-1 cells cultured in the presence of LPS
produced MVs, which influenced adhesion receptor expression by ECs [27]. The amount of CD54+
MVs obtained from LPS-stimulated monocytes differed from MVs of unstimulated cells [77].
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Further experiments are needed to explore the impact of inducers on MV receptor transfer to
recipient cells.

We established the fundamental possibility of the influence of MVs produced by THP-1 cells on
the processes of angiogenesis. Thus, MV derived from THP-1 cells inhibited ECs proliferation. In
high concentrations, MVs reduced ECs migration, increased the length but decreased the number of
vessels, promoting the development of non-branching angiogenesis. On the contrary, in low
concentrations, MVs increased ECs migration, reduced the length, and increased the number of
vessels, promoting the development of branching angiogenesis. This opposite effect of different MV
concentrations on the type of angiogenesis may be associated with several factors. On the one hand,
an increased number of MVs with VEGFR1 and VEGFR2 receptors may promote binding of
VEGEF [78] from the medium, which is produced by ECs themselves [79]. A decreased concentration
of free VEGF can help reduce the vascular branching [80,81]. An increased content of MVs carrying
CD105 on their surface can affect ECs in the same way as the secretory form of this receptor,
sCD105 (Endoglin), does. In the literature, we found no data on the difference in effects of these
forms of CD105 on ECs.

However, Endoglin was found to dose-dependently inhibit EC migration and the branching
pathway of angiogenesis [82]. Using Western Blot Analysis, we established the presence of TGFf in
MVs produced by THP-1 cells. With an increased MV content, the probability of TGF destruction
near target cells also increased. In our model, this may contribute to a local increase in the TGFf
content near ECs. Previously, TGFp was found to inhibit EC proliferation and migration [83],
promote vascular stabilization, inhibit vascular branching in the absence of VEGF [84], and suppress
FGF signaling in ECs. On the other hand, in our model, a decreased number of MVs derived from
THP-1 cells may reduce VEGF binding, reduce the effect of Endoglin and change the effect of TGFf
on ECs, and bring to the fore the effect of substances contained in MVs.

Comparison of proteomic profiles of THP-1 cells and their MVs showed a significant difference
in their proteomic profiles. Using Western Blot Analysis, we established the presence of ERK1/2 and
its phosphorylated form (pERK1/2), unphosphorylated Akt, in MVs produced by THP-1 cells. Using
MALDI-TOF mass spectrometry, we found that MVs derived from THP-1 cells contained fibroblast
growth factor 10 (FGF10) and endothelin precursor (ET)-2 (endothelin-2 isoform 2 preprotein).

Endothelin-2 found in MVs produced by THP-1 cells, as well as ET-1, acted on ECs via ETa
and ETs receptors [85]. Activation of these receptors stimulated endothelium NO synthase-mediated
NO production by ECs as well as prostacyclin synthesis [86]. ET-1 has been shown to directly
promote tumor angiogenesis by inducing EC survival, proliferation, and invasion in an
ETsR-dependent manner [87]. In this context, monocytes\macrophages, due to the production of
MVs with ET, can act as regulators of physiological and pathological angiogenesis [87].

Previously, FGF10 was found to enhance the stimulating effect of VEGF on EC
proliferation [88]. In lung development, FGF10 enhances airway branching via ERK1/2 and
mTORCI1 [89]. The receptors for FGF10 are FGFR1b and FGFR2b [90], which are expressed on
ECs [91,92]. It is possible that FGF10 is able [93] to stimulate branching angiogenesis by acting on
ECs via these receptors in the same way as bFGF [94]. Despite the fact that FGF10 and bFGF can
affect ECs via the same receptors, no direct evidence has been found in the literature in favor of the
effect of FGF10 on branching angiogenesis. FGF signals through the RAS-MAPK and
PI3K-AKT-GSK3p signaling pathways. FGF10 signaling through FGFR2b to SRC induce F-actin
binding protein phosphorylation as well as cortactin phosphorylation, which participates in
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endocytosis and clathrin-dependent internalization [95]. FGF10 signaling stimulates the polarization
of FGFR2b to the leading edge for the regulation of cellular migration [95]. A triple membrane
signaling pathway has been described, in which stimulation of FGFR2b or VEGFR2 receptor
tyrosine kinases activates ADAM17 followed by HB-EGF release, EGFR activation, and ERK1/2
activation. The result of this signal is stimulation of EC migration [91]. Thus, the observed effects of
migration, stimulation, and activation of branching angiogenesis in the presence of small numbers of
MVs may be the result of a predominant effect of FGF10 and pERK1/2 localized in MVs on ECs.
Despite the presence of TGF in MV and its ability to inhibit branching angiogenesis in the absence
of VEGF [84], its ability to stimulate this type of angiogenesis has been established in certain cases.
It was found that TGFf stimulated vascular branching in the conditioned medium of glial cells [96].
Low extracellular TGFp levels also promote EC proliferation and migration and new blood vessel
formation [84]. High TGFp concentrations induce EC differentiation, tube formation reduction, and
impaired invasion in artificial matrix. Previously it was shown that TGFf similarly to VEGF is able
to induce angiogenesis and that VEGF can be a target for TGFp [84]. TGFp is known to crosstalk
between different signaling pathways and to promote expression of other factors that affect
angiogenesis, e.g., VEGF [97], FGF [98]. In this context, a decrease in the concentration of MVs in
the EC microenvironment may lead to a decrease in the release of TGFp, which, under conditions of
a decreased VEGF deprivation by VEGFR receptors on MVs and in the presence of FGF10, may
stimulate branching angiogenesis.

5. Conclusions

Thus, MVs derived from monocytes\macrophages have the ability to regulate angiogenesis, i.e.,
affect proliferation, migration, determine the method of vascular formation, and stimulate branching
or non-branching angiogenesis. MVs produced by THP-1 cells are able to interact with ECs and
transfer protein into them due to the receptor expression on the membrane. CD105, TGFf, pERK1/2,
FGF10, and preproprotein endothelin-2, which are potentially capable of changing the behavior of
ECs in the manner we discovered, and correcting angiogenesis, were found in the composition of
MVs derived from THP-1 cells.
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