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Abstract: Mesenchymal stem cells (MSCs) have emerged as a potent therapeutic tool for the treatment
of a number of pathologies, including immune pathologies. However, unwelcome effects of MSCs on
blood coagulation have been reported, motivating us to explore the thrombotic properties of human
MSCs from the umbilical cord. We revealed strong procoagulant effects of MSCs on human blood
and platelet-free plasma using rotational thromboelastometry and thrombodynamic tests. A similar
potentiation of clotting was demonstrated for MSC-derived extracellular vesicles (EVs). To offer
approaches to avoid unwanted effects, we studied the impact of a heparin supplement on MSC
procoagulative properties. However, MSCs still retained procoagulant activity toward blood from
children receiving a therapeutic dose of unfractionated heparin. An analysis of the mechanisms
responsible for the procoagulant effect of MSCs/EVs revealed the presence of tissue factor and other
proteins involved in coagulation-associated pathways. Also, we found that some MSCs and EVs were
positive for annexin V, which implies the presence of phosphatidylserine on their surfaces, which can
potentiate clot formation. Thus, we revealed procoagulant activity of MSCs/EVs associated with the
presence of phosphatidylserine and tissue factor, which requires further analysis to avoid adverse
effects of MSC therapy in patients with a risk of thrombosis.
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1. Introduction

Mesenchymal stem cells (MSCs) have emerged as a potent therapeutic tool in reparative cell
technologies with a high capacity to modulate immune responses associated with their minimal
immunogenicity [1]. These specific immunomodulatory effects of MSCs could be beneficial for the
treatment of sepsis and other inflammatory diseases [2]. It is believed that these and other therapeutic
effects of MSCs are realized through paracrine mechanisms, accompanied by their well-determined
production of extracellular vesicles (EVs) [3], which promote similar immunomodulatory potential as
the MSCs themselves [4–6]. Both autologous and allogeneic human MSCs are currently being broadly
tested in about 500 clinical trials worldwide, and severe side effects have been rarely observed [7].
One of the few identified complications is the risk of therapy-induced thrombosis, reported in several
patients [8–11]. A recent clinical trial revealed that intravenous infusion of allogeneic adipose-derived
MSCs exerted mixed pro- and anti-inflammatory as well as procoagulant effects during human
endotoxemia [12]. Procoagulant activity was also observed for other types of transplanted cells, such
as pancreatic islets and hepatocytes [13,14]. It was found that procoagulant activity could be linked to
tissue factor (TF) expression [8,13–16]. Notably, long-lasting MSC culturing leads to a remarkably high
expression of TF on the cells’ surface, which could increase the risk of clot formation [8,17]. In addition
to TF, there is another procoagulation factor, phosphatidylserine, which, after transitioning from the
inner to the outer leaflet of the cell membrane, creates a platform to build up the thrombin-activating
complex [18]. It can also be assumed that EVs isolated from MSC-conditioned medium can contain TF
and/or external phosphatidylserine and therefore affect blood hemostasis as well.

Today, at least two methods for attenuating the procoagulant potency of MSCs have been proposed.
The first approach is direct blocking of TF moiety on the MSC surface using specific antibodies, but this
protocol seems difficult to implement in clinical applications [8,19]. The second approach proposes the
use of anticoagulation therapy, such as heparin, to target soluble blood coagulation factors. In this
context, clinical protocols imply concomitant administration of MSCs and heparin [17,19]. This protocol
of MSC transplantation with simultaneous anticoagulant treatment has demonstrated efficacy in animal
models; however, it raises a number of serious issues for further translation into clinical practice, since
it has significant limitations. We must admit that among the potential objects of MSC therapy, there are
many patients with a complicated coagulopathic history. For example, this category of patients includes
pregnant women with pathologies [20,21] and newborns with congenital sepsis [22]. Although cell
therapy could be very useful for such patients [23,24], interventions that cause changes in coagulatory
function could lead to dramatic circumstances for this cohort. Also, it remains unclear whether heparin
binds to the MSC surface or to soluble blood coagulation factors, and what heparin dose would be
effective for the attenuation of procoagulant activity of MSCs without adverse systemic effects on
hemostasis. Although the use of EVs appears to be an alternative to the therapeutic use of MSCs, there
is no evidence for the absence of an effect of the vesicles on coagulation. Therefore, elucidating the
mechanisms and factors affecting MSC and EV coagulation properties might be very important in
further applications of stem cell technologies, particularly in inflammation-associated pathologies,
since it is well known that inflammation leads to the activation of blood coagulation [25].

The aim of the present study was to determine whether MSCs from umbilical cord and
MSC-derived EVs display procoagulant activity and to find a possible correlation of such activity with
procoagulant proteins. Moreover, we investigated how procoagulant activity could be modulated
using different protocols of cell treatment.

2. Materials and Methods

2.1. Primary Culture of MSC

Fresh human umbilical cords were obtained from healthy women 25 to 30 years old (n = 6) who
delivered healthy full-term infants by cesarean section at the V.I. Kulakov National Medical Research
Center for Obstetrics, Gynecology, and Perinatology. These women had no history of infectious diseases
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or pregnancy complications and were confirmed to be negative for hepatitis B virus (HBV), human
immunodeficiency virus (HIV), and syphilis. The research was carried out according to the World
Medical Association Declaration of Helsinki and with the permission of the local ethics committee of
V.I. Kulakov National Medical Research Center of Obstetrics, Gynecology, and Perinatology (Protocol
No. 1 from 29 January 2015), and informed consent was obtained from all subjects.

Umbilical cords obtained after birth were washed in phosphate-buffered saline (PBS) (Paneco,
Moscow, Russia) several times. After blood vessels were removed, the umbilical cords were minced
into 1 cm3 fragments and subsequently homogenized into 1–2 mm3 pieces. The cells were cultivated
in Dulbecco’s Modified Eagle Medium (DMEM)/F12 (Paneco, Moscow, Russia) (1:1) containing 7%
fetal bovine serum (Biosera, Nuaille, France) supplemented with penicillin (100 IU/mL), streptomycin
(100 µg/mL) (Gibco, NY, USA), and 2 mM L-glutamine (Paneco, Moscow, Russia) and incubated in a
humidified atmosphere with 5% CO2 at 37 ◦C. The incubation medium was refreshed every 3–4 days
to remove nonadherent cells. Cell growth and morphology were monitored daily under an inverted
microscope. MSCs at the third passage were used in the experiments. The cells were trypsinized,
centrifuged (1600× g for 3 min), resuspended in 10 µL of PBS, and used immediately. The cell viability
was assessed by trypan blue exclusion (generally >95%). MSCs used in our study were positive for
mesenchymal stem cell markers (CD73, CD90, CD105) and negative for hematopoietic cell markers
(CD14, CD20, CD45, CD34) (Supplementary Figure S1).

2.2. Isolation of Extracellular Vesicles by Differential Centrifugation

Differential centrifugation was used for isolation of EVs from conditioned medium as described
previously [26]. Supernatants were collected from conditioned medium of MSC cultures of passage 3
at 80–90% confluence (~10 × 106 cells) 24 h after being refreshed with medium (DMEM/F12 containing
7% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin).
Prior to use, the culture medium was centrifuged at 108,000× g for 1.5 h to avoid possible contamination
with EVs aroused from FBS, then supernatant was harvested, filtered using a bottle-top vacuum filter
system with a pore size of 0.22 µm (Falcon, Corning, NY, USA), and used for further experiments
as vesicle-free culture medium. Conditioned medium (50 mL) from confluent cultures was collected
and processed using serial centrifugations to remove cells and debris (400× g for 10 min followed
by 10,000× g at 4 ◦C for 30 min). Supernatant was used for EV isolation by ultracentrifugation at
108,000× g for 1.5 h at 4 ◦C by an Avanti JXN-30 high-speed centrifuge (Beckman Coulter Inc., Fullerton,
CA, USA) with further pellet washing with phosphate buffered saline (PBS) followed by another spin
at 108,000× g for 1.5 h to minimize protein contamination. The final EV pellet was resuspended in
10 µL of filtered PBS. Vesicle samples were stored at −80 ◦C. Resuspended pellet from nonconditioned
culture medium passed through all centrifugations was used as an additional control sample (blank
EV) to ensure that the observed effects were caused by EVs from MSCs and not by an unavoidable
admixture of adventitious nanoparticles.

2.3. Blood Sampling

The procedure of blood collection was carried out according to the World Medical Association
Declaration of Helsinki and with the permission of the local ethics committee of V.I. Kulakov National
Medical Research Center of Obstetrics, Gynecology, and Perinatology (Protocol No. 1 from 4 February
2016), and informed consent was obtained from blood donors’ or newborns’ legal representatives.

Blood samples were collected from 6 healthy donors aged 28–38 years old. Donors did not receive
any medication for 2 weeks prior to the investigation.

To assess whether heparin treatment in vivo reduces the procoagulant activity of MSCs in human
blood, we used the blood of term newborn infants (n = 7) with a high risk of thrombosis. Patients
received unfractionated heparin sodium salt at the dose of 5 U/h/kg intravenously. In routine blood
sampling through a peripheral catheter to monitor the concentration of heparin in the blood (anti-Xa
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assay), part of the blood was used to analyze the procoagulant effects of MSCs in vitro. The blood
samples were collected 0.5–1 h after heparin administration.

Blood was drawn into vacuum tubes (Monovette, Sarstedt, Germany) with 106 mM sodium citrate
buffer (pH 5.5) at a 9:1 blood:anticoagulant volume ratio. The blood was obtained during fasting and
the analysis was performed within 30 min. Whole blood was used for rotational thromboelastometry.
Part of the blood sample was centrifuged at 1600× g for 16 min to obtain platelet-poor plasma.
This plasma was repeatedly processed by centrifugation at 10,000× g for 5 min to obtain platelet-free
plasma (PFP), which was used for thrombodynamics and anti-Xa assay.

2.4. Rotational Thromboelastometry (ROTEM)

Measurements were performed on a ROTEM® delta analyzer (Pentapharm, Munich, Germany),
which assessed the kinetics and quality of clot formation and clot lysis in real time. Within 30 min after
taking a blood sample, a nonactivated rotational thromboelastometric (NATEM) test was performed.
In brief, 10 µL of PBS, EVs, or suspended cells were added to 1 mL of whole blood. Final cell
concentrations were 5 × 103, 1 × 104, and 5 × 104 cells/mL, and the final EV concentration was
4.3 × 1010 vesicles/mL. Then, 300 µL of the sample was transferred to a prewarmed (37 ◦C) ROTEM
mini-cup, followed by supplementation with 20 µL of 0.2 M CaCl2. Parameters assessed were the
clotting time (CT), clot formation time (CFT), maximum clot firmness (MCF), and α-angle. CT was
defined as the period of time from the start of analysis until the start of clot formation, normally
until a 2 mm amplitude was reached. Clot formation time was classified as the period until a 20 mm
amplitude was reached. The α-angle was defined as the angle between the center line and a tangent to
the curve through the 2 mm amplitude point, which was at the end of the CT. MCF was defined as the
maximal amplitude in the trace, which reflects the absolute strength of the fibrin and platelet clot.

2.5. Thrombodynamics Assay

Thrombodynamics (TD) assay was performed using the Thrombodynamics Analyzer (HemaCore
LLC, Moscow, Russia) according to the previously described protocol [27]. This assay is based on
videomicroscopic observation of fibrin clot propagation in a nonstirred layer of plasma activated by
immobilized tissue factor. PFP obtained from 1 mL of whole blood was mixed with either cells (5 × 103,
1 × 104, or 5 × 104 cells) or EVs (4.3 × 1010, 4.3 × 109, or 4.3 × 108 vesicles) or an equal volume of PBS.
The sample (120 µL of the mixture) was recalcified and placed into the experimental chamber, where
the activator for clotting initiation was also placed, and incubated at 37 ◦C. Fibrin clot formation was
detected by imaging light scattering for 30 min (see videos in Supplementary Materials). The following
parameters of clot growth were determined based on clotting profiles, calculated by the instrument
software: Spontaneous clot formation time, the time required to fill 5% of the analyzed cuvette area
with spontaneous clots; and total clot formation time, the time required to fill 100% of the analyzed
cuvette area with clots.

2.6. Anti-Xa Assay

The assay for quantitative determination of heparin activity (anti-Xa assay) was performed
with a Sysmex CA-1500 (Sysmex Corporation, Chuo-Ku, Kobe, Japan) automatic coagulometer and
Berichrom® heparin reagent (Siemens Healthcare Diagnostics, Newark, DE, USA). The detection was
performed using a kinetic test and the increase in absorbance at 405 nm was recorded. The quantity of
unbound Xa was calculated using a calibration curve.

2.7. Transmission Electron Microscopy

A 10 µL drop of EVs in PBS was applied to nitrocellulose carbon-coated PELCO® Cu grids (Ted
Pella Inc., Redding, CA, USA) and incubated for 1 min. Liquid was removed by touching the paper
edge. A 10 µL drop of 2% uranyl acetate was immediately applied to the grid, followed by 15 s
incubation and drop removal by touching the paper edge. Samples were examined at 80 kV with a
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JEM-1011 transmission electron microscope (JEOL, Akishima, Japan) equipped with an Orius™ SC1000
W camera (Gatan Inc., Pleasanton, CA, USA).

2.8. Nanoparticle Tracking Analysis

Particle size distributions and number concentrations of isolated EVs were measured with
nanoparticle tracking analysis (NTA) using a Nanosight LM10 HS unit (NanoSight Ltd., Amesbury, UK).
The instrument contains a 405 nm 65 mW laser unit with no temperature control and high-sensitivity
electron multiplying charge-coupled device (EMCCD) Andor Luca camera. All measurements were
performed according to the recommendations of the ASTM E2834-12 standard [28]. Briefly, samples
were diluted by particle-free PBS up to a final concentration of around 1.5 × 108 particles/mL. Videos
of particle Brownian motion were recorded at room temperature with passive temperature readout and
the following camera setups optimized for EVs: Camera shutter 850, camera gain 450, lower threshold
715, and higher threshold 10,725. The videos were processed with Nanoparticle Tracking Analysis
analytical software version 2.3 build 0033 (NanoSight Ltd., Amesbury, UK) with a detection threshold
of 9 multi. At least 12 individual videos, each 60 s, with a total of at least 5000 tracks were recorded
and processed. Data from multiple videos were joined together to obtain a particle size histogram and
the mean total concentration corrected for dilution factor.

2.9. Proteomic Analysis of MSCs and EVs

To avoid contamination of MSCs and EVs with proteins derived from FBS, we additionally
washed the sample with PBS, followed by centrifugation. Aliquots (100 µL) of EV suspensions (n = 3)
were mixed with 20 µL 5 × radioimmunoprecipitation assay buffer (RIPA) lysis buffer containing
250 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.4, 750 mM NaCl, 0.25%
SDS, 1.25% sodium deoxycholate, and 2.5% Nonidet P-40, and kept for 30 min at +4 ◦C. MSCs (n = 3)
were mixed with 1× RIPA in a ratio of 1:10. Samples were sonicated and centrifuged at 15,000× g
for 10 min. The total protein concentration of each sample was measured using the Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). Proteins from supernatant were
precipitated with ice-cold acetone, dissolved in UA solution (8 M urea, 50 mM Tris-HCl, pH 8.5)
reduced with DTT 100 mM, and processed according to the filter aided sample preparation (FASP)
protocol as described in [29]. The mixture was transferred to a Microcon-10 kDa centrifugal filter
unit (MRCF0R010, Millipore, Billerica, MA, USA) and centrifuged at 14,000× g for 15 min. Cysteine
residues were alkylated by adding 100 µL of UA solution containing 50 mM iodoacetamide to the
filter unit, followed by incubation in darkness for 30 min at room temperature. After centrifugation
at 14,000× g for 10 min, 100 µL of UA solution was added to the filter unit and centrifuged again.
This UA washing step was repeated twice, and the filter unit was then washed with 100 µL of 50 mM
NH4HCO3 twice. Next, protein digestion was carried out by adding 40 µL of 50 mM NH4HCO3

solution containing sequencing-grade trypsin (enzyme-to-protein ratio 1:50) in the filter unit and
incubating at 37 ◦C for 16 h. Digested peptides were eluted by adding 50 µL of ddH2O and collected
by centrifugation at 14,000× g for 15 min as a filtrate, and this step was repeated twice.

Tryptic peptide mixtures were separated on a nano-ESI-HPLC Agilent 1100 system (Agilent
Technologies, Santa Clara, CA, USA) using a self-packed capillary column (fused-silica PicoTip emitters,
id 75 mm, length 12 cm, nominal tip id 15 mm, filled with Reprosil-Pur Basic C18, 3 mm, 100 A;
Dr. Maisch HPLC GmbH, Ammerbuch-Entringen, Germany). The separation was carried out by a
120 min gradient (H2O/acetonitrile (ACN) containing 0.1% formic acid (FA)) from 3% to 50% of ACN
at a flow rate of 300 nL/min. Mass spectrometry (MS) analysis was carried out by 7 T LTQ-FT Ultra
(Thermo Electron, Bremen, Germany) using a nanospray ion source (positive high voltage, 2.1 kV) [30].

Raw MS files were processed with MaxQuant software (version 1.1.1.2) against the SwissProt
database 22 with the following parameters: Initial mass tolerance for full MS scans, 7 ppm (parts
per million) and 0.5 Da for MS/MS; minimum peptide length for identification, 7 amino acids;
match between runs option; 2 or more peptides for protein identification with at least 1 peptide
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unique for the protein group; fixed modification, carbamidomethylation of cysteines; variable
modifications, N-terminal acetylation and methionine oxidation; false discovery rate for proteins
and peptides less than 0.01. Label-free analysis was performed using the Perseus software package
for protein quantitation. After matrix uploading, reverse proteins and proteins identified only by site
were excluded.

Gene Ontology (GO) term enrichment was performed using Perseus software with the
SwissProt database.

2.10. Flow Cytometry Analysis of Phosphatidylserine Exposure on MSC and EV Fractions

MSC and EV fractions were characterized using a FACS Aria SORP cell sorter equipped with
405 and 355, 488, 561, and 640 nm lasers (BD Biosciences, San José, CA, USA). Staining of MSCs was
performed with fluorescein isothiocyanate (FITC)-conjugated annexin V (Sigma-Aldrich, St. Louis,
MO, USA) as a marker for phosphatidylserine. Staining of MSC-derived EVs was performed with
FITC-annexin V in combination with a PKH26 dye (Sigma-Aldrich, St. Louis, MO, USA) as a marker
for lipid membranes. Non-stained MSCs/EVs and single-stained EVs with PHK26 were used as
controls. Specimens were sampled for 3 min at a flow rate of 30 µL per min and data were analyzed
using Flowing Software (Turku Centre for Biotechnology, Turku, Finland). Since phosphatidylserine is
believed to be a marker of apoptotic cells, we analyzed MSCs after serum deprivation for 24 h as a
positive control for apoptosis.

2.11. Western Blotting

Samples of cell lysates or EVs were loaded on 15% Tris-glycine polyacrylamide gels (10 µg
protein per lane). After electrophoresis, gels were blotted onto polyvinylidene difluoride (PVDF)
membranes (Amersham Pharmacia Biotech, Amersham, UK). Membranes were blocked with 5%
nonfat milk in PBS/0.1% Tween-20 and subsequently incubated with primary mouse antibodies to
human TF (PAA524Hu01, 1:1000; Cloud-Clone Corp., Houston, TX, USA) and β-actin (A1978, 1:2000;
Sigma-Aldrich, St. Louis, MO, USA). β-actin was used as the loading control. Membranes were
processed with secondary antibodies conjugated with horseradish peroxidase 1:10,000 (Imtek, Moscow,
Russia). Detection was performed by a ChemiDoc™ MP imaging system (Bio-Rad, Hercules, CA,
USA) with a WesternBright™ Enhanced Chemiluminescence kit (Advansta, Menlo Park, CA, USA).

2.12. Modulation of MSC Procoagulant Activity by Heparin and Annexin V

For modulation of procoagulant activity by heparin, cells were suspended in PBS containing 5%
albumin and unfractionated heparin sodium salt at a concentration of 5, 10, or 50 U/mL (Belpharm,
Minsk, Belarus) for 10 min. At the end of incubation, cells were centrifuged at 1600× g for 3 min,
washed in PBS 1 or 3 times to remove residual heparin, and the pellet was resuspended in 10 µL of
PBS. The resultant cell suspensions were then added to blood or plasma obtained from 1 mL of blood.
The heparin dose was chosen based on the circulating blood volume according to a 70 kg weight.

An attempt was made to reduce procoagulant activity by masking the phosphatidylserine exposed
on MSCs and EVs. MSCs (5 × 103 cells) or EVs (4.3 × 108 particles) were suspended in 90 µL of annexin
V-binding buffer, supplemented with 10 mL of annexin V-FITC reagent, and incubated for 30 min.
After incubation, cells or EV suspensions were added to 1 mL of whole blood.

2.13. Statistical Analysis

Statistical analysis was performed using Statistica 7.0 for Windows (StatSoft Inc., Palo Alto, CA,
USA). Values are given as mean ± standard error of the mean (SEM). Variance homogeneity was
assessed by Levene’s test. Data were compared using Student’s t test when 2 groups were compared
and parametric analysis of variance (ANOVA) when more than 2 groups were compared. Differences
were considered significant at p ≤ 0.05. Welch’s t-test with Bonferroni correction was applied to
identify significantly changed proteins in the groups studied (p-value < 0.05). Hierarchical clustering of
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the resulting proteins was performed on logarithmized intensities. Heat map analysis was performed
for hierarchical clustering of rows and columns to produce a visual representation of the clustered
matrix. In this study, Euclidean distance was used for the average clustering method.

3. Results

3.1. Procoagulant Properties of MSCs against Human Blood

To evaluate the procoagulant properties of human MSCs, we performed NATEM using citrated
whole human blood and MSCs. Whole blood samples mixed with MSCs (final concentration 5 × 103,
1 × 104, and 5 × 104 cells/mL) mimicked the in vivo administration procedure. Thromboelastometry
diagrams showed dose-dependent hypercoagulation compared to blood without cells (Figure 1A).
Thromboelastogram analysis revealed that 5 × 104 cells/mL dramatically promoted blood clotting
since CT was decreased 2.3 times, from 696 ± 51 to 304 ± 58 s (Figure 1B, p < 0.05), and CFT was
decreased 1.8 times, from 350 ± 66 to 194 ± 47 s (Figure 1C, p < 0.05). Moreover, the α-angle (which
measures the rate of fibrin buildup and cross-linking, hence assesses the rate of clot formation, i.e.,
thrombin burst) rose from 38 ± 10 to 60 ± 13◦ compared with control samples (Figure 1E, p < 0.05).
Another thromboelastogram parameter, MCF (Figure 1D), did not demonstrate significant changes
after MSC addition.

Next, we studied whether MSCs also possess coagulation properties against platelet-free plasma
by using a thrombodynamics assay. This is a method that visually detects fibrin clot growth induced
by immobilized TF in a thin layer of unstirred plasma. It represents a more physiologic model of
processes occurring in the vessels than conventional clotting assays, as it includes diffusion processes
that take place in blood capillaries. In the PFP of healthy donors (control group), the clotting process
was initiated on the plate where TF was immobilized and proceeded gradually from this zone to the
bottom of the cuvette without any appearance of spontaneous clotting (Figure 2A, Supplementary
Video S1). The addition of MSCs to PFP resulted in spontaneous clots appearing across the entire
volume of the cuvette at 2 ± 0.1 s of the experiment for an MSC concentration of 5 × 104 cells/mL and
at 35 ± 2 s for 5 × 103 MSC/mL (Figure 2A,B). This shows that the rate and quantity of spontaneous
clotting were dependent on the cell dose: The higher the MSC density, the faster the clots appeared.
Furthermore, we determined the total clot formation time by analyzing 30 min time-lapse videos from
the Thrombodynamics Analyzer to evaluate the coagulation process in plasma initiated by MSCs. In
the control group, the clot occupied no more than 5% of the cuvette volume and was located near
the plate with TF (Figure 2C). The addition of MSCs led to clot formation across the entire volume of
the cuvette, and the total clot formation time was 5 min for groups with 5 × 103 and 1 × 104 MSCs
per mL, while a higher MSC density (5 × 104 cells/mL) decreased this time to 3 min (Figure 2C,D).
This indicates that MSCs have a significant procoagulant property against plasma as well as against
whole blood, and these effects are dose-dependent.
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Figure 1. Procoagulant properties of mesenchymal stem cells (MSCs) against human blood.
(A) Representative thromboelastometry diagram of dose-dependent effects of MSCs on blood
coagulation. (B) Clotting time, (C) clot formation time, (D) maximum clot firmness, and (E) α-angle
assayed by the nonactivated rotational thromboelastometric (NATEM) test. MSCs were resuspended
in 1 mL of freshly obtained blood at concentrations of 5 × 103, 1 × 104, and 5 × 104 cells per mL for
(A) and 5 × 104 cells per mL for (B–E), then 300 µL of the suspension was sampled for analysis. Data
reported as mean ± standard error. Blood from five donors was used, and each blood sample was
incubated with MSCs obtained from three different umbilical cord samples. * p < 0.05, Student’s t-test.
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Figure 2. Dose-dependent effect of MSCs on clotting induction in human platelet-free plasma
(PFP) using a thrombodynamics test. (A) Representative screenshots (at 72 s) of thrombodynamics
videos showing spontaneous clot appearance in PFP after the addition of different doses of MSC.
(B) Spontaneous clot formation time. (C) Representative screenshots at the end of assay (30 min)
showing the area occupied by a clot in a cuvette. (D) Total clot formation time in the full volume of
the cuvette. MSC aliquots of 5 × 103, 1 × 104, and 5 × 104 cells and 10 µL of PBS instead of cells
(“Without MSC” sample) were resuspended in human PFP obtained from 1 mL of freshly collected
blood, then 120 µL of the mixture was sampled for analysis. Note, in the control PFP, spontaneous clot
formation did not occur. Data reported as mean ± standard error of the mean (SEM) from at least five
experiments. Experiments used the blood from five donors and each blood sample was incubated with
MSCs obtained from three different umbilical cord samples. * p < 0.05, one-way ANOVA, followed by
Tukey’s post hoc analysis.

3.2. Effect of Extracellular Vesicles on Blood Coagulation

MSCs are known to release EVs, such as exosomes and microvesicles, and it is believed that
EVs are responsible for at least some of the therapeutic effect of MSCs in a variety of animal models
of pathology. Hence, MSC-derived EVs could be used as an alternative to MSC-based therapy in
regenerative medicine, so it is important to understand the impact on blood coagulation. To unravel
this issue, using NATEM and TD tests, we explored whether EVs could also have procoagulant activity,
like MSCs.

EVs derived from MSCs were characterized by nanoparticle tracking analysis (NTA), total protein
concentration, and transmission electron microscopy (TEM). According to NTA, EVs showed a broad
size distribution (Figure 3A), with 90% of the particles between 40 and 250 nm, which indicates
the presence of both exosomes and microvesicles. Independently cultured and isolated batches of
EVs showed only minor differences in the mean size (132–133 nm) and total particle concentration
(6.2–6.8 × 1011 particles/mL). Resuspended pellet from nonconditioned culture medium passed
through all centrifugations (blank EV) showed the presence of adventitious particles with a mean size
of 94 ± 5 nm and total concentration of (2.3 ± 0.2) × 1011 particles/mL. Thus, the EV preparations
contained around 0.43 × 1010 of MSC-derived EVs and 0.23 × 1010 of adventitious nanoparticles per
µg of total protein. TEM of EV preparations (Figure 3B) confirmed two types of particles. The majority
of objects showed a cup-shape morphology characteristic of EVs, with sizes ranging from 40 to 300 nm.
A minor fraction of the smaller objects (27–95 nm) had a smooth or angulated shape.
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Figure 3. Characteristics of the extracellular vesicle (EV) preparations from conditioned medium
after 24 h of MSC cultivation. (A) Particle size distributions of EV preparation and resuspended
pellet from nonconditioned culture medium passed through all centrifugations (blank EV).
(B) Transmission electron microscopy image of EV preparation. Arrows mark several smaller particles
of nonvesicular morphology.

The EV preparations at concentrations of 4.3 × 1010, 4.3 × 109, and 4.3 × 108 particles/mL
caused rapid, dose-dependent activation of blood coagulation when added to citrated whole blood
(Figure 4A), while the blank EV sample (ultrafuged pellet from nonconditioned medium) had no effect
(Supplementary Figure S2). According to the thromboelastograms, vesicles extremely reduced CT and
CFT by nine and four times for blood and plasma, respectively, and increased the α-angle compared to
the control samples (Figure 4B,C,E). Similar to MSC administration, we did not find any significant
changes of MCFs in samples after EV addition (Figure 4D). Further, we explored the effect of EVs
on the coagulation status using the thrombodynamics assay. The lag period of spontaneous clotting
decreased dramatically after the addition of EVs, to 0.1 s (Figure 4F,G, Supplementary Video S2). EVs
caused a clot to form across the entire volume of the cuvette during the first 15 s, whereas in a similar
sample without EVs, the clot occupied only 20 ± 0.3% of the volume at the endpoint of the test (30
min) (Figure 4F,H). These results indicated that MSC-derived EVs, similar to MSCs, had significant
procoagulant activity against whole blood and PFP.
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Figure 4. Procoagulant activity of MSC-derived extracellular vesicles in whole blood and platelet-free
plasma (PFP). EVs were obtained from conditioned medium of MSCs and added to blood or PFP.
Vesicle concentrations were 4.3 × 1010 (marked as vesicles), 4.3 × 109 (marked as 1:10), and 4.3 × 108

(marked as 1:100) particles per mL of blood. Data from the NATEM test (A–E) and thrombodynamics
(TD) assay (F–H). (A) Representative thromboelastometry diagram of dose-dependent effects of EVs
on blood coagulation. (B) Clotting time, (C) clot formation time, (D) maximum clot firmness, and
(E) alpha-angle assayed by the NATEM test. (F) Representative screenshots at 0.1 s and 30 min of
TD videos showing clotting formation in PFP after addition of EVs. (G) Lag period of spontaneous
clot formation and (H) clot area calculated in % from the full volume of the cuvette at the end of the
thrombodynamics test. Blood from five donors was used, and each blood sample was incubated with
MSCs obtained from three different umbilical cord samples. Data reported as mean ± standard error
of the mean (SEM). * p < 0.05, Student’s t-test.
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3.3. Elucidation of Mechanisms Involved in MSC- and EV-Induced Coagulation

We examined the mechanisms of the procoagulant effects of MSCs and MSC-derived EVs in blood and
plasma. A number of studies have demonstrated that the appearance of phosphatidylserine on the outer
surface of the cell membrane could be responsible for the induction of a coagulation cascade [18]. Flow
cytometry was used to assess the presence of phosphatidylserine-exposing cells and vesicles in MSC culture
and EV suspension, respectively. For the detection of EVs, we additionally loaded EVs with PKH26 dye and
revealed that among all PKH26-positive particles, about 3% were annexin V-positive (Figure 5A,B). The MSC
population showed that about 4% of cells were annexin V-positive (Figure 5C,D). Note, phosphatidylserine
exposure in native MSCs seems to not be associated with apoptosis, since apoptotic cells with annexin
V-positive staining appeared in areas with more intensive fluorescence (Figure 5E). To assess the contribution
of phosphatidylserine to the procoagulant effect of MSCs and EVs, we performed experiments masking
phosphatidylserine with annexin V. Preincubation of EVs and MSCs with annexin V increased CT by 25%
and 30%, respectively (Figure 5F–I). Moreover, we hypothesized that umbilical MSCs and their EVs could
express sufficient amounts of TF on their surface. The presence of TF was analyzed by Western blotting
of MSCs and EVs isolated from MSC-conditioned media. We found a significant amount of TF protein in
MSC, but not EV samples (Figure 5J).

Figure 5. Analysis of phosphatidylserine and tissue factor (TF) expression on MSC and EV surface and
the role of phosphatidylserine in procoagulation effects. Elucidation of the mechanisms of MSC-
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or EV-induced coagulation. MSC-derived EVs were analyzed by flow cytometry with (A) PKH26, a
lipid-staining dye, or (B) a combination of PKH26 and fluorescein isothiocyanate (FITC)-conjugated
annexin V. Flow cytometry analysis of phosphatidylserine exposure on the MSC surface using annexin
V-FITC: (C) unstained MSCs, (D) annexin V-FITC stained native MSCs, and (E) annexin V-FITC
stained MSCs after apoptosis induction. Effect of phosphatidylserine masking on blood coagulation:
preincubation of (F,H) EVs and (G,I) MSCs with annexin V to shield phosphatidylserine decreased
blood coagulation, as shown by thromboelastometry. (F,G) Representative thromboelastograms and
(H,I) calculated clotting time assayed with the NATEM test. MSCs and EVs were preincubated with
annexin V (see Methods), then resuspended in 1 mL of freshly obtained blood and analyzed by the
NATEM test. Experiments used blood from three donors and each blood sample was incubated with
MSCs from different umbilical cord samples. * p < 0.05, Student’s t-test. (J) Detection of TF on Western
blots of MSC and EV samples.

3.4. Analysis of Coagulation-Associated Proteins in MSCs and Extracellular Vesicles

Since blocking of phosphatidylserine only partially diminished coagulation induced by MSCs
or EVs, and TF was identified in MSCs only, we proposed additional mechanisms responsible
for procoagulant effects. Further, we elucidated the possible mechanisms by which MSCs and
MSC-derived EVs could exert procoagulant effects in blood and plasma. The proteomic profiles
of MSCs and MSC-derived EVs from six samples revealed 560 proteins (Supplementary Table S2) with
a 1% false discovery rate (searched against a decoy database). The mass spectrometry proteomics data
have been deposited in the ProteomeXchange Consortium via the PRIDE [31] partner repository with
the dataset identifier, PXD012768.

Whereas 84 proteins were common for cells and their EVs, 64 proteins were identified only in EVs
and 412 only in MSCs. Some EV protein levels substantially differed from those in MSCs: 27 protein
levels were significantly changed (p < 0.05) according to Welch’s t-test with Bonferroni correction for
semiquantitative data (Figure 6).

Figure 6. Hierarchical clustering based on label-free comparative analysis of protein expression levels
for MSCs and EVs.

Cells were cultured with 7% FBS, which could influence the proteomic results of MSCs and
EVs. To control potential contaminants, an additional search against the Bovine (Bos taurus)
and Contaminant databases was performed in MaxQuant software (Supplementary Table S3).
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The list of coagulation-associated proteins from Table 1 was compared with potential contaminants
(Supplementary Table S3) and showed no overlap.

Table 1. MSC and EV proteins associated with blood coagulation.

Gene Name UniProt ID Protein Name
Normalized Intensity

MSC EV

YWHAZ P63104 14-3-3 protein zeta/delta 1.3 × 104 2.2 × 105

ACTB P60709 Actin, cytoplasmic 1 9.9 × 106 8.4 × 107

ACTG1 P63261 Actin, cytoplasmic 2 9.9 × 106 5.1 × 107

A2MG P01023 Alpha-2-macroglobulin 6.9 × 106 0
ACTN1 P12814 Alpha-actinin-1 0 4.6 × 105

ANXA5 P08758 Annexin A5 0 4.9 × 105

CD59 P13987 CD59 glycoprotein 4.1 × 105 1.8 × 104

CD9 P21926 CD9 antigen 2.1 × 105 4.7 × 104

FA5 P12259 Coagulation factor V 7.2 × 104 0
CSRP1 P21291 Cysteine and glycine-rich protein 1 0 1.5 × 104

FLNA P21333 Filamin-A 0 3.7 × 106

GNB1 P62873 Guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit beta-1 1.4 × 104 2.9 × 103

HSPB1 P04792 Heat shock protein beta-1 0 2.1 × 105

HBB P68871 Hemoglobin subunit beta 3.0 × 105 0
HIST1H3A P68431 Histone H3.1 1.0 × 105 1.8 × 106

HIST2H3A Q71DI3 Histone H3.2 1.1 × 104 8.8 × 105

H3F3A P84243 Histone H3.3 1.6 × 104 4.4 × 105

MYL12A P19105 Myosin regulatory light chain 12A 0 3.2 × 105

MYH9 P35579 Myosin-9 2.0 × 105 4.9 × 106

THRB P00734 Prothrombin 7.8 × 105 0
TLN1 Q9Y490 Talin-1 1.5 × 104 1.3 × 105

VCL P18206 Vinculin 0 3.5 × 105

To investigate MSC and EV biological processes, molecular functions, and cellular components, an
enrichment analysis was performed using Perseus software. The Gene Ontology biological processes
(Supplementary Figure S3) significantly represented (p < 0.05) in the EV proteome involved the
following: cellular component organization (29%, including protein complex assembly, nucleosome
assembly, chromatin assembly or disassembly, protein polymerization): Platelet activation (6%), platelet
degranulation (4%), tissue migration (5%), phagocytosis (5%), mesenchyme morphogenesis (4%),
and mesenchyme development (5%). From a biological perspective, these proteins are functionally
involved in angiogenesis, blood coagulation, extracellular matrix remodeling, the inflammatory
response, and apoptosis. A similar pattern was observed in whole cells, although the total number
of detected proteins and gene ontology processes was higher (335 proteins with 289 unique ones),
and the signal pathways associated with coagulation were also presented: Platelet activation (10%),
platelet degranulation (7%), platelet aggregation (3%), blood coagulation (12%). The Gene Ontology
molecular functions (Supplementary Figure S4) enriched in the EV proteome were represented almost
exclusively by binding processes (52%), as well as in the MSC proteome (87%). Finally, the major Gene
Ontology cellular components (Supplementary Figure S5) were divided into two parts: Intracellular
origin (49%, membrane-bounded organelle, intracellular organelle, macromolecular complex, nucleus)
and extracellular origin (42%, mainly EVs). In total, we found 22 proteins associated with blood
clotting (identified as the blood coagulation category in Gene Ontology) and represented in either EVs
or MSCs or both proteomes (Table 1).

3.5. Procoagulant Activity of MSCs in Patients Undergoing Anticoagulant Therapy with Heparin

Next, our goal was to assess whether the presence of an anticoagulant, heparin, in the blood of
patients would affect the procoagulant effects of MSCs. Blood samples were collected from seven
newborn babies receiving heparin treatment due to pathologies of hemostasis. The therapeutic dose
of heparin was 5 U/h/kg for all patients. We performed a NATEM test using whole blood samples
(Figure 7) to evaluate the effect of MSCs on clotting. We found that MSCs promoted clot formation
in the whole blood of these patients in a similar manner to the blood of healthy donors (compare
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Figure 7A to Figure 1A). The addition of MSCs to whole blood at a dose of 5 × 104 cells/mL decreased
CT from 990 ± 108 to 252 ± 95 s and CFT from 522 ± 184 to 109 ± 21 s (Figure 7B,C) and increased
the α-angle by 53% (Figure 7E), whereas MCF did not change (Figure 7D). It should be noted that the
value of anti-Xa activity in all patients was 0.17 ± 0.02 U, which confirms the presence of heparin in
the blood.

Figure 7. Procoagulant effects of MSCs in the whole blood of patients treated with heparin.
(A) Representative thromboelastometry diagrams of clotting in whole blood from donors show a
change in the clot elasticity over time depending on the addition of MSC to the sample. (B) Clotting
time, (C) clot formation time, (D) maximum clot firmness, and (E) α-angle assayed by the NATEM test.
MSCs were resuspended in 1 mL of freshly obtained blood at a concentration of 5 × 104 cells per mL,
then 300 µL of the suspension was sampled for analysis. Blood from seven patients was used, and
each blood sample was incubated with MSCs from three different umbilical cord samples. * p < 0.05,
Student’s t-test.

3.6. Modulation of MSC Procoagulant Activity by Heparin

Since experiments with the blood from patients undergoing heparin therapy showed that heparin
in the blood in vivo did not prevent the procoagulant effect of MSCs, we tested the possibility of
blocking the procoagulant action of MSCs by treatment with heparin in vitro. We hypothesized that
pretreatment of MSCs with heparin could alleviate their procoagulant effect by blocking TF on the
cell surface. We pretreated MSCs with doses of unfractionated heparin from 1 to 50 U for 10 min,
followed by washing one or three times with PBS. MSCs were added to 1 mL of whole blood with a
subsequent NATEM test. Simultaneously, we evaluated the levels of free heparin in samples using an
anti-Xa activity test. We found that in MSC samples exposed to a single wash, clotting was completely
abrogated and anti-Xa activity for 50 U was 0.96 U, pointing to a high residual concentration of heparin
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(data not shown). In contrast, if MSCs were washed three times, their procoagulant property was
slightly attenuated (Figure 8A). After such MSC treatment with heparin, the CT increased by 16% and
the CFT by 11% according to the thromboelastogram (Figure 8B,C). In these samples, anti-Xa activity
was 0.04 U, indicating the absence of free heparin (Figure 8A).

Figure 8. Modulation of MSC procoagulant activity by heparin pretreatment in vitro.
(A) Representative diagram of thromboelastometry. (B) Clotting time and (C) clot formation time
assayed by the NATEM test. MSCs were pretreated with 50 U heparin for 10 min, followed by washing
three times in PBS. Further, MSCs were added to 1 mL of freshly obtained blood, reaching a final
concentration of 5 × 104 cells per mL, then 300 µL of the suspension was sampled for analysis.

4. Discussion

In this study, we showed that MSCs isolated from the Wharton jelly of postpartum umbilical cords
have innate procoagulant activity. In the last decade, the umbilical cord has become an increasingly
used source of MSCs for preclinical and clinical studies [32,33]; thus, the full spectrum of biological
properties of these cells should be explored, specifically the recently described procoagulatory effects.
Furthermore, MSC-derived EVs, which include exosomes and microvesicles, are being examined for
their application in MSC-based cell therapy [34,35]. However, there is not enough evidence for the
safety or evaluation of the potential risks of using EVs in clinical practice [36,37]. It is known that
EVs could carry on their surface the same receptors and proteins as parental cells, which has been
described for EVs from MSCs [38] or cancer cells [39,40]. Considering the detected effect of MSCs on
blood clotting, EV therapy could also have the same risk of thromboembolism as is known for MSC
therapy. Indeed, in our work, we demonstrate that EVs as well as parental MSCs possess procoagulant
properties in vitro, accelerating the clotting time and clot formation time and increasing the α-angle. It
is clearly seen by thrombodynamics assay that the addition of EVs and MSCs to platelet-free plasma
leads to the spontaneous formation of fibrin clots in a few seconds, followed by complete clot formation
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within a few minutes, whereas such spontaneous clotting was absent without added cells. While
procoagulant activity has not been previously reported for MSCs isolated from the umbilical cord,
our data are similar to previously obtained results on the procoagulant effects of MSCs from bone
marrow [17], adipose tissue [8], and placental decidua [41]. Moreover, we revealed that EVs isolated
from the MSC-conditioned medium also have procoagulant properties.

Note that in the field of cell technologies, the phenomenon of MSC procoagulant activity has
been mentioned only recently, whereas in oncology, the problem of procoagulant activity of tumor
cells and their EVs was known much earlier and a number of mechanisms have been proposed to
explain such observations (see review [42]). We believe that a number of these mechanisms may
have a similar nature to the procoagulant activity of MSCs. Tumor cells and tumor-derived vesicles
were shown to express TF which interacts with blood/plasma thus recruiting FVIIa, and leading to
the formation of the extrinsic tenase complex [43–46]. Another mechanism involves an exhibition of
procoagulant lipids, particularly phosphatidylserine, on the cell surface [47,48]. It has been described
that MSC-derived EVs can expose phosphatidylserine on their surface [49], which provides a catalytic
surface for the formation of the tenase (factors VIIIa, IXa, and X) and prothrombinase (factors Va,
Xa, and II) complexes of the coagulation cascade. Phosphatidylserine may additionally contribute
to the transformation of TF from its inactive, encrypted form into a biologically active state [18,50].
In this study, we showed that only a part of MSC and EV populations (3–4%) were annexin V-positive,
meaning that these objects had phosphatidylserine on their surface. Preincubation of MSCs or EVs
with annexin V before running the NATEM test showed a decreased clotting time by 25–30% vs. that
in untreated MSCs/EVs. Thus, our experiments confirmed phosphatidylserine involvement in the
procoagulant effects caused by MSCs and their EVs. However, since shielding phosphatidylserine with
annexin V resulted in abrogation of only part of the procoagulant effect, this provides evidence for some
alternative mechanisms activated by MSCs. In addition, using Western blot technique, we analyzed
MSCs and EVs for the presence of a tissue factor, which is another important coagulation element.
Tissue factor was revealed in MSCs but not in derived vesicles, which supports that MSC-induced
coagulation may be TF-mediated, but TF is not relevant to the procoagulant effect of EVs. Previous
investigations have documented the procoagulant activity of MSCs from different sources, associated
with the expression of TF [8,15–17,41,51]. Recently, Tripisciano and colleagues investigated the potential
of platelet- or monocyte-derived EVs to support thrombin generation and concluded that EVs support
the propagation of coagulation irrespective of the cell type via the exposure of phosphatidylserine,
while the expression of TF on EVs appears to be limited to pathological conditions [52]. Thus, the
authors suggest that in this case, the primary effector of the coagulatory cascade is phosphatidylserine
rather than TF.

During a search for potential procoagulant proteins, we performed a proteome analysis of
MSCs and EVs, which revealed a number of proteins associated with procoagulant activity, such
as coagulation factor V, prothrombin, myosin-9, histones, and CD9. It is well known that these
proteins could regulate coagulation through platelet-dependent mechanisms [53–56]. CD9 is one of
the most abundant membrane proteins of EV: It induces platelet activation [57], promotes platelet
aggregate stability, and enhances fibrinogen binding [58]. CD9-deficient mice show impairment
in blood coagulation, while CD9 knockout appears to prevent excessive thrombus growth, but
does not appear to play a critical role in primary hemostasis [59]. Notably, in our study, EVs
possess strong procoagulation activity in platelet-free plasma. It is remarkable that according to
our data, EVs contain annexin V, which is known for its anticoagulant properties [60] by binding with
phosphatidylserine [61,62], and thus we can speculate that the procoagulant properties of EVs depend
on a balance between the activities of pro- and anticoagulant proteins. However, the procoagulant
activity of EVs through platelet-dependent mechanisms should be taken into account in clinical practice,
particularly in patients with hemostasis abnormalities. Eirin et al. also found in MSC-derived EVs a
robust expression of proteins involved in blood coagulation, such as von Willebrand factor, coagulation
factor X, and plasma kallikrein, which may mediate the innate procoagulant activity of MSCs [63].
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Recently, it was reported that thrombin-dependent activation of platelet protease-activated receptor
(PAR) expressed on the MSC surface can also contribute to blood clotting [64] through fibronectin
production by MSCs. Thus, MSCs and EVs could have different patterns of procoagulant activity, and
the exact pathways of these effects remain to be explored.

When describing the mechanisms of the procoagulant effects of MSCs, it should be taken
into account that a number of confounding factors, such as the cell dose, passage number, and
viability, affect the triggering of the coagulation cascade by MSCs [8,15,65]. Our study demonstrates
dose-dependent effects of MSCs on blood clotting in vitro. We used cell concentrations from 5 × 103

to 5 × 104 cells/mL, which correspond to the most commonly used therapeutic doses in preclinical
and clinical practice [60]. The greatest procoagulant effect was observed at a dose of 5 × 104 cells/mL.
This is important for clinical use, as the therapeutic effects could be enhanced by increasing the number
of injected cells (up to 12 × 106 cells/kg) [66]. It means that with an increased therapeutic dose, the
risk of thrombosis potentially increases as well. Our choice of EV concentration was also based on
experimental animal studies that used 30–50 µg of total EV protein for the rat/mouse, which was
sufficient for the manifestation of therapeutic effects [67,68]. We added EVs containing 10 µg of total
protein (corresponding to ~1 × 107 cells) per 1 mL of whole blood and detected a significantly reduced
CT and CFT. Using the thrombodynamics assay, we found that the addition of vesicles caused a
decreased lag period of spontaneous clotting to about 0.1 s, which was 20 times shorter than that of
MSCs. This result shows that vesicles possess stronger procoagulant properties than MSCs themselves.

Another important factor determining the procoagulant activity of MSCs is the passage number.
In this study, we used MSCs and MSC-derived EVs only at the third passage as the most preferred
for the purpose of clinical use [69]. Several studies have shown that increasing the passages of MSC
cultivation from 3 to 12 correlates with an increased expression of TF [17,19].

It should be noted that in our experiments, intravenous transplantation of MSCs at a dose
of 12 × 106 cells per neonatal rat did not cause any animal deaths or signs of thromboembolism
(Supplementary Table S1). In contrast, the study by Tatsumi et al. described that within 24 h after the
injection of adipose-derived MSCs at a dose 5 × 106 cells/kg, the mortality rate of the mice was nearly
85%. Histological assessment of these mice revealed multiple fibrin clots formed in the right ventricle
and pulmonary arteries [8]. In the work of Liao et al., death of the animals during the first hour after
transplantation was only observed with very high doses, 8–12 × 107 cells/kg, in systemic infusion
of bone marrow-derived MSCs. Histological analysis showed marked microthrombus formation in
microvessels and arterioles of the lung, heart, liver, kidney, and spleen [17]. Thus, studies of the acute
adverse effects of MSCs used quite different cell dosages, which may be due to both the differences in
cell features and the animals used. It is also important to consider that the concentration of cells in
the body depends on the organ. It is well known that after systemic administration, most cells in the
first minutes are redistributed into the lungs due to the effect of the “vascular trap,” when MSCs get
stuck in the lung capillaries [70,71] and could cause pulmonary thrombosis [52]. Thus, the number of
MSCs in the lungs may exceed the concentration in other organs by several times, increasing the risk
of thromboembolism. Indeed, all clinical reports of the adverse effects of MSCs on hemostasis were
associated with the lungs [8,10,11].

It should be noted that we cannot exclude the possibility that the observed effects of the
procoagulant activity of MSCs represent an artifact of the in vitro system, which does not include,
for example, hemodynamics. A number of studies revealed no side effects or animal deaths from
thromboembolism during MSC-based therapy. On the other hand, the described rare clinical cases of
thromboembolism [8–11] associated with MSC transplantation require more detailed analysis. It can be
assumed that patients with hemostatic disorders represent a risk group who may develop side effects
associated with procoagulant MSC activity. In a recent clinical study, it was shown that transplantation
of MSCs at a dose of 1 × 106 or 4 × 106 cells/kg with simultaneous systemic administration of
lipopolysaccharides (2 ng/kg) resulted in a dose-dependent increase in the D-dimer level in the
blood [12].
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One approach to minimize the potential procoagulant side effect of MSCs is treatment with
heparin. We are the first to use the blood samples of patients receiving heparin to study the
procoagulant properties of MSCs. However, regardless of the presence of heparin (confirmed by
anti-Xa assay), procoagulant activity of MSCs was still observed in the blood. Thromboelastometry
parameters of heparin-treated patients were similar to those of healthy donors without heparin. Thus,
we can conclude that therapeutic doses of unfractionated heparin do not abolish the procoagulant
effects observed in vitro, and the use of heparin to abolish excessive procoagulant activity of MSCs
in clinical practice may not be efficient. However, a number of animal studies have shown the high
efficacy of heparin in preventing procoagulant activity of MSCs [8,17,51]. We assume that these
studies used very high doses of heparin unrelated to clinical practice. Indeed, in our work, after
the heparin treatment of MSCs, the presence of high anti-Xa activity and clotting was completely
abrogated, pointing to excessive amounts of free heparin. It is known that heparin can be absorbed
by the cell surface [72,73]; however, we were unable to confirm the efficiency of absorbed heparin in
preventing the procoagulant activity of MSCs. In our experiments, triple washing of cells from heparin
resulted in only slight increases in the CT and CFT. The fact that different proteins are involved in the
procoagulant effects of MSCs and EVs may explain the lack of effectiveness of heparin monotherapy.
Stephenne and colleagues demonstrated that only a combination of heparin and bivalirudin (direct
thrombin inhibitor) caused a decrease in MSC-induced clotting. The authors supposed that to control
the procoagulant activity of MSCs, a combination of anticoagulants would be needed [19].

5. Conclusions

We demonstrated that umbilical MSCs and extracellular vesicles derived from them have a
reasonably high procoagulant potential. Therapeutic doses of unfractionated heparin in patients’
blood (administered in vivo) do not abrogate the procoagulant properties of MSCs. In this regard, it
is necessary to unravel the molecular mechanisms of MSC-mediated coagulation in detail as well as
the ways to prevent these processes. Thus, it is necessary to establish exclusion criteria for patients
with a high risk of adverse effects of MSC therapy, which may be based on an analysis of hemostasis
parameters and some personalized tests on the compatibility of blood with transplanted MSCs.

Supplementary Materials: The following are available online: Figure S1. Phenotyping of MSC. Figure S2.
Influence on blood coagulation of a pellet from nonconditioned culture medium passed through all centrifugation
procedures (blank EV). Figure S3. Gene Ontology (GO) enrichment diagrams of MSC-derived extracellular vesicle
specific proteome: biological processes. Figure S4. Gene Ontology (GO) enrichment diagrams of MSC-derived
extracellular vesicle specific proteome: molecular functions. Figure S5. Gene Ontology (GO) enrichment diagrams
of MSC-derived extracellular vesicle specific proteome: cellular components. Table S1. Survival of pups after
intravenous administration of MSC. Table S2. Mass spectrometry proteomics data. Table S3. List of potential
contaminants. Video S1. Dose-dependent effect of MSC on clotting induction in human platelet-free plasma
using thrombodynamics test. Video S2. Effect of EVs on clotting induction in human platelet-free plasma using
thrombodynamics test.
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29. Wiśniewski, J.R.; Zougman, A.; Nagaraj, N.; Mann, M. Universal sample preparation method for proteome
analysis. Nat. Methods 2009, 6, 359–362. [CrossRef]

30. Kononikhin, A.S.; Starodubtseva, N.L.; Chagovets, V.V.; Ryndin, A.Y.; Burov, A.A.; Popov, I.A.; Bugrova, A.E.;
Dautov, R.A.; Tokareva, A.O.; Podurovskaya, Y.L.; et al. Exhaled breath condensate analysis from intubated
newborns by nano-HPLC coupled to high resolution MS. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci.
2017, 1047, 97–105. [CrossRef]

31. Perez-Riverol, Y.; Csordas, A.; Bai, J.; Bernal-Llinares, M.; Hewapathirana, S.; Kundu, D.J.; Inuganti, A.;
Griss, J.; Mayer, G.; Eisenacher, M.; et al. The PRIDE database and related tools and resources in 2019:
Improving support for quantification data. Nucleic Acids Res. 2019, 47, D442–D450. [CrossRef]

32. Davies, J.E.; Walker, J.T.; Keating, A. Concise Review: Wharton’s Jelly: The Rich, but Enigmatic, Source of
Mesenchymal Stromal Cells. Stem Cells Transl. Med. 2017, 6, 1620–1630. [CrossRef]

33. Kim, D.-W.; Staples, M.; Shinozuka, K.; Pantcheva, P.; Kang, S.-D.; Borlongan, C.V. Wharton’s jelly-derived
mesenchymal stem cells: Phenotypic characterization and optimizing their therapeutic potential for clinical
applications. Int. J. Mol. Sci. 2013, 14, 11692–11712. [CrossRef]

34. Phinney, D.G.; Pittenger, M.F. Concise Review: MSC-Derived Exosomes for Cell-Free Therapy. Stem Cells
2017, 35, 851–858. [CrossRef] [PubMed]

35. Roy, S.; Hochberg, F.H.; Jones, P.S. Extracellular vesicles: The growth as diagnostics and therapeutics; a
survey. J. Extracell. Vesicles 2018, 7, 1438720. [CrossRef] [PubMed]

36. György, B.; Hung, M.E.; Breakefield, X.O.; Leonard, J.N. Therapeutic applications of extracellular vesicles:
Clinical promise and open questions. Annu. Rev. Pharmacol. Toxicol. 2015, 55, 439–464. [CrossRef] [PubMed]

37. Maji, S.; Yan, I.K.; Parasramka, M.; Mohankumar, S.; Matsuda, A.; Patel, T. In vitro toxicology studies of
extracellular vesicles. J. Appl. Toxicol. 2017, 37, 310–318. [CrossRef] [PubMed]

38. Kim, H.-S.; Choi, D.-Y.; Yun, S.J.; Choi, S.-M.; Kang, J.W.; Jung, J.W.; Hwang, D.; Kim, K.P.; Kim, D.-W.
Proteomic analysis of microvesicles derived from human mesenchymal stem cells. J. Proteome Res. 2012, 11,
839–849. [CrossRef]

http://dx.doi.org/10.1371/journal.pone.0042819
http://dx.doi.org/10.18565/aig.2017.4.21-6
http://dx.doi.org/10.1155/2012/374047
http://www.ncbi.nlm.nih.gov/pubmed/22175023
http://dx.doi.org/10.1016/j.jpeds.2015.12.035
http://dx.doi.org/10.18565/aig.2018.7.5-11
http://dx.doi.org/10.1089/scd.2016.0329
http://dx.doi.org/10.1097/CCM.0b013e3181c98d21
http://www.ncbi.nlm.nih.gov/pubmed/20083910
http://dx.doi.org/10.3389/fimmu.2014.00525
http://www.ncbi.nlm.nih.gov/pubmed/25374572
http://dx.doi.org/10.1097/MBC.0b013e328352e90e
http://dx.doi.org/10.1038/nmeth.1322
http://dx.doi.org/10.1016/j.jchromb.2016.12.036
http://dx.doi.org/10.1093/nar/gky1106
http://dx.doi.org/10.1002/sctm.16-0492
http://dx.doi.org/10.3390/ijms140611692
http://dx.doi.org/10.1002/stem.2575
http://www.ncbi.nlm.nih.gov/pubmed/28294454
http://dx.doi.org/10.1080/20013078.2018.1438720
http://www.ncbi.nlm.nih.gov/pubmed/29511461
http://dx.doi.org/10.1146/annurev-pharmtox-010814-124630
http://www.ncbi.nlm.nih.gov/pubmed/25292428
http://dx.doi.org/10.1002/jat.3362
http://www.ncbi.nlm.nih.gov/pubmed/27435060
http://dx.doi.org/10.1021/pr200682z


Cells 2019, 8, 258 22 of 23

39. Garnier, D.; Magnus, N.; Lee, T.H.; Bentley, V.; Meehan, B.; Milsom, C.; Montermini, L.; Kislinger, T.; Rak, J.
Cancer cells induced to express mesenchymal phenotype release exosome-like extracellular vesicles carrying
tissue factor. J. Biol. Chem. 2012, 287, 43565–43572. [CrossRef]

40. Gardiner, C.; Harrison, P.; Belting, M.; Böing, A.; Campello, E.; Carter, B.S.; Collier, M.E.; Coumans, F.;
Ettelaie, C.; van Es, N.; et al. Extracellular vesicles, tissue factor, cancer and thrombosis—Discussion themes
of the ISEV 2014 Educational Day. J. Extracell. Vesicles 2015, 4, 26901. [CrossRef]

41. Moll, G.; Ignatowicz, L.; Catar, R.; Luecht, C.; Sadeghi, B.; Hamad, O.; Jungebluth, P.; Dragun, D.;
Schmidtchen, A.; Ringdén, O. Different Procoagulant Activity of Therapeutic Mesenchymal Stromal Cells
Derived from Bone Marrow and Placental Decidua. Stem Cells Dev. 2015, 24, 2269–2279. [CrossRef] [PubMed]

42. Falanga, A.; Marchetti, M.; Vignoli, A. Coagulation and cancer: Biological and clinical aspects. J. Thromb.
Haemost. 2013, 11, 223–233. [CrossRef] [PubMed]

43. Geddings, J.E.; Mackman, N. Tumor-derived tissue factor-positive microparticles and venous thrombosis in
cancer patients. Blood 2013, 122, 1873–1880. [CrossRef] [PubMed]

44. Hu, T.; Bach, R.R.; Horton, R.; Konigsberg, W.H.; Todd, M.B. Procoagulant activity in cancer cells is dependent
on tissue factor expression. Oncol. Res. 1994, 6, 321–327.

45. Dvorak, H.F.; Van DeWater, L.; Bitzer, A.M.; Dvorak, A.M.; Anderson, D.; Harvey, V.S.; Bach, R.; Davis, G.L.;
DeWolf, W.; Carvalho, A.C. Procoagulant activity associated with plasma membrane vesicles shed by
cultured tumor cells. Cancer Res. 1983, 43, 4434–4442. [PubMed]

46. Rao, L.V. Tissue factor as a tumor procoagulant. Cancer Metastasis Rev. 1992, 11, 249–266. [PubMed]
47. Sugimura, M.; Donato, R.; Kakkar, V.V.; Scully, M.F. Annexin V as a probe of the contribution of anionic

phospholipids to the procoagulant activity of tumour cell surfaces. Blood Coagul. Fibrinolysis 1994, 5, 365–373.
48. Zhao, L.; Bi, Y.; Kou, J.; Shi, J.; Piao, D. Phosphatidylserine exposing-platelets and microparticles promote

procoagulant activity in colon cancer patients. J. Exp. Clin. Cancer Res. 2016, 35, 54. [CrossRef] [PubMed]
49. Lai, R.C.; Lim, S.K. Membrane Lipids Define Small Extracellular Vesicle Subtypes Secreted by Mesenchymal

Stromal Cell. J. Lipid Res. 2018. [CrossRef] [PubMed]
50. van der Poll, T.; Herwald, H. The coagulation system and its function in early immune defense. Thromb.

Haemost. 2014, 112, 640–648. [CrossRef] [PubMed]
51. Gleeson, B.M.; Martin, K.; Ali, M.T.; Kumar, A.H.S.; Pillai, M.G.-K.; Kumar, S.P.G.; O’Sullivan, J.F.;

Whelan, D.; Stocca, A.; Khider, W.; et al. Bone Marrow-Derived Mesenchymal Stem Cells Have Innate
Procoagulant Activity and Cause Microvascular Obstruction Following Intracoronary Delivery: Amelioration
by Antithrombin Therapy. Stem Cells 2015, 33, 2726–2737. [CrossRef]

52. Tripisciano, C.; Weiss, R.; Eichhorn, T.; Spittler, A.; Heuser, T.; Fischer, M.B.; Weber, V. Different Potential of
Extracellular Vesicles to Support Thrombin Generation: Contributions of Phosphatidylserine, Tissue Factor,
and Cellular Origin. Sci. Rep. 2017, 7, 6522. [CrossRef] [PubMed]

53. Kapustin, A.N.; Schoppet, M.; Schurgers, L.J.; Reynolds, J.L.; McNair, R.; Heiss, A.; Jahnen-Dechent, W.;
Hackeng, T.M.; Schlieper, G.; Harrison, P.; et al. Prothrombin Loading of Vascular Smooth Muscle
Cell-Derived Exosomes Regulates Coagulation and Calcification. Arterioscler. Thromb. Vasc. Biol. 2017, 37,
e22–e32. [CrossRef] [PubMed]

54. Semeraro, F.; Ammollo, C.T.; Morrissey, J.H.; Dale, G.L.; Friese, P.; Esmon, N.L.; Esmon, C.T. Extracellular
histones promote thrombin generation through platelet-dependent mechanisms: Involvement of platelet
TLR2 and TLR4. Blood 2011, 118, 1952–1961. [CrossRef]

55. Deguchi, H.; Sinha, R.K.; Marchese, P.; Ruggeri, Z.M.; Zilberman-Rudenko, J.; McCarty, O.J.T.; Cohen, M.J.;
Griffin, J.H. Prothrombotic skeletal muscle myosin directly enhances prothrombin activation by binding
factors Xa and Va. Blood 2016, 128, 1870–1878. [CrossRef] [PubMed]

56. Tsai, J.-C.; Lin, Y.-W.; Huang, C.-Y.; Lin, C.-Y.; Tsai, Y.-T.; Shih, C.-M.; Lee, C.-Y.; Chen, Y.-H.; Li, C.-Y.;
Chang, N.-C.; et al. The role of calpain-myosin 9-Rab7b pathway in mediating the expression of Toll-like
receptor 4 in platelets: A novel mechanism involved in α-granules trafficking. PLoS ONE 2014, 9, e85833.
[CrossRef]

57. Griffith, L.; Slupsky, J.; Seehafer, J.; Boshkov, L.; Shaw, A.R. Platelet activation by immobilized monoclonal
antibody: Evidence for a CD9 proximal signal. Blood 1991, 78, 1753–1759. [PubMed]

58. Israels, S.J.; McMillan-Ward, E.M. Palmitoylation supports the association of tetraspanin CD63 with CD9
and integrin alphaIIbbeta3 in activated platelets. Thromb. Res. 2010, 125, 152–158. [CrossRef] [PubMed]

http://dx.doi.org/10.1074/jbc.M112.401760
http://dx.doi.org/10.3402/jev.v4.26901
http://dx.doi.org/10.1089/scd.2015.0120
http://www.ncbi.nlm.nih.gov/pubmed/26192403
http://dx.doi.org/10.1111/jth.12075
http://www.ncbi.nlm.nih.gov/pubmed/23279708
http://dx.doi.org/10.1182/blood-2013-04-460139
http://www.ncbi.nlm.nih.gov/pubmed/23798713
http://www.ncbi.nlm.nih.gov/pubmed/6347372
http://www.ncbi.nlm.nih.gov/pubmed/1423817
http://dx.doi.org/10.1186/s13046-016-0328-9
http://www.ncbi.nlm.nih.gov/pubmed/27015840
http://dx.doi.org/10.1194/jlr.R087411
http://www.ncbi.nlm.nih.gov/pubmed/30154233
http://dx.doi.org/10.1160/TH14-01-0053
http://www.ncbi.nlm.nih.gov/pubmed/24696161
http://dx.doi.org/10.1002/stem.2050
http://dx.doi.org/10.1038/s41598-017-03262-2
http://www.ncbi.nlm.nih.gov/pubmed/28747771
http://dx.doi.org/10.1161/ATVBAHA.116.308886
http://www.ncbi.nlm.nih.gov/pubmed/28104608
http://dx.doi.org/10.1182/blood-2011-03-343061
http://dx.doi.org/10.1182/blood-2016-03-707679
http://www.ncbi.nlm.nih.gov/pubmed/27421960
http://dx.doi.org/10.1371/journal.pone.0085833
http://www.ncbi.nlm.nih.gov/pubmed/1832992
http://dx.doi.org/10.1016/j.thromres.2009.07.005
http://www.ncbi.nlm.nih.gov/pubmed/19640571


Cells 2019, 8, 258 23 of 23

59. Mangin, P.H.; Kleitz, L.; Boucheix, C.; Gachet, C.; Lanza, F. CD9 negatively regulates integrin alphaIIbbeta3
activation and could thus prevent excessive platelet recruitment at sites of vascular injury. J. Thromb. Haemost.
2009, 7, 900–902. [CrossRef]

60. Reutelingsperger, C.P.; van Heerde, W.L. Annexin V, the regulator of phosphatidylserine-catalyzed
inflammation and coagulation during apoptosis. Cell. Mol. Life Sci. 1997, 53, 527–532. [CrossRef]

61. Tsuda, T.; Yoshimura, H.; Hamasaki, N. Effect of phosphatidylcholine, phosphatidylethanolamine and
lysophosphatidylcholine on the activated factor X-prothrombin system. Blood Coagul. Fibrinolysis 2006, 17,
465–469. [CrossRef]

62. Zwaal, R.F.; Comfurius, P.; van Deenen, L.L. Membrane asymmetry and blood coagulation. Nature 1977, 268,
358–360. [CrossRef] [PubMed]

63. Eirin, A.; Zhu, X.-Y.; Puranik, A.S.; Woollard, J.R.; Tang, H.; Dasari, S.; Lerman, A.; van Wijnen, A.J.;
Lerman, L.O. Comparative proteomic analysis of extracellular vesicles isolated from porcine adipose
tissue-derived mesenchymal stem/stromal cells. Sci. Rep. 2016, 6, 36120. [CrossRef] [PubMed]

64. Chen, J.; Ma, Y.; Wang, Z.; Wang, H.; Wang, L.; Xiao, F.; Wang, H.; Tan, J.; Guo, Z. Thrombin promotes
fibronectin secretion by bone marrow mesenchymal stem cells via the protease-activated receptor mediated
signalling pathways. Stem Cell Res. Ther. 2014, 5, 36. [CrossRef] [PubMed]

65. Shiratsuki, S.; Terai, S.; Murata, Y.; Takami, T.; Yamamoto, N.; Fujisawa, K.; Burganova, G.; Quintanilha, L.F.;
Sakaida, I. Enhanced survival of mice infused with bone marrow-derived as compared with adipose-derived
mesenchymal stem cells. Hepatol. Res. 2015, 45, 1353–1359. [CrossRef]

66. Galipeau, J.; Sensébé, L. Mesenchymal Stromal Cells: Clinical Challenges and Therapeutic Opportunities.
Cell Stem Cell 2018, 22, 824–833. [CrossRef] [PubMed]

67. Gatti, S.; Bruno, S.; Deregibus, M.C.; Sordi, A.; Cantaluppi, V.; Tetta, C.; Camussi, G. Microvesicles derived
from human adult mesenchymal stem cells protect against ischaemia-reperfusion-induced acute and chronic
kidney injury. Nephrol. Dial. Transplant. 2011, 26, 1474–1483. [CrossRef]

68. Bruno, S.; Grange, C.; Collino, F.; Deregibus, M.C.; Cantaluppi, V.; Biancone, L.; Tetta, C.; Camussi, G.
Microvesicles derived from mesenchymal stem cells enhance survival in a lethal model of acute kidney
injury. PLoS ONE 2012, 7, e33115. [CrossRef] [PubMed]

69. Choi, M.R.; Kim, H.Y.; Park, J.-Y.; Lee, T.Y.; Baik, C.S.; Chai, Y.G.; Jung, K.H.; Park, K.S.; Roh, W.; Kim, K.S.;
et al. Selection of optimal passage of bone marrow-derived mesenchymal stem cells for stem cell therapy in
patients with amyotrophic lateral sclerosis. Neurosci. Lett. 2010, 472, 94–98. [CrossRef]

70. Barbosa da Fonseca, L.M.; Gutfilen, B.; Rosado de Castro, P.H.; Battistella, V.; Goldenberg, R.C.S.;
Kasai-Brunswick, T.; Chagas, C.L.R.; Wajnberg, E.; Maiolino, A.; Salles Xavier, S.; et al. Migration and
homing of bone-marrow mononuclear cells in chronic ischemic stroke after intra-arterial injection. Exp.
Neurol. 2010, 221, 122–128. [CrossRef]

71. Silachev, D.N.; Kondakov, A.K.; Znamenskii, I.A.; Kurashvili, Y.B.; Abolenskaya, A.V.; Antipkin, N.R.;
Danilina, T.I.; Manskikh, V.N.; Gulyaev, M.V.; Pirogov, Y.A.; et al. The Use of Technetium-99m for Intravital
Tracing of Transplanted Multipotent Stromal Cells. Bull. Exp. Biol. Med. 2016, 162, 153–159. [CrossRef]

72. Hirsh, J.; Anand, S.S.; Halperin, J.L.; Fuster, V. American Heart Association Guide to anticoagulant therapy:
Heparin: A statement for healthcare professionals from the American Heart Association. Circulation 2001,
103, 2994–3018. [CrossRef]

73. Ling, L.; Camilleri, E.T.; Helledie, T.; Samsonraj, R.M.; Titmarsh, D.M.; Chua, R.J.; Dreesen, O.;
Dombrowski, C.; Rider, D.A.; Galindo, M.; et al. Effect of heparin on the biological properties and molecular
signature of human mesenchymal stem cells. Gene 2016, 576, 292–303. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/j.1538-7836.2009.03322.x
http://dx.doi.org/10.1007/s000180050067
http://dx.doi.org/10.1097/01.mbc.0000240919.72930.ee
http://dx.doi.org/10.1038/268358a0
http://www.ncbi.nlm.nih.gov/pubmed/887167
http://dx.doi.org/10.1038/srep36120
http://www.ncbi.nlm.nih.gov/pubmed/27786293
http://dx.doi.org/10.1186/scrt424
http://www.ncbi.nlm.nih.gov/pubmed/24636778
http://dx.doi.org/10.1111/hepr.12507
http://dx.doi.org/10.1016/j.stem.2018.05.004
http://www.ncbi.nlm.nih.gov/pubmed/29859173
http://dx.doi.org/10.1093/ndt/gfr015
http://dx.doi.org/10.1371/journal.pone.0033115
http://www.ncbi.nlm.nih.gov/pubmed/22431999
http://dx.doi.org/10.1016/j.neulet.2010.01.054
http://dx.doi.org/10.1016/j.expneurol.2009.10.010
http://dx.doi.org/10.1007/s10517-016-3565-1
http://dx.doi.org/10.1161/01.CIR.103.24.2994
http://dx.doi.org/10.1016/j.gene.2015.10.039
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Primary Culture of MSC 
	Isolation of Extracellular Vesicles by Differential Centrifugation 
	Blood Sampling 
	Rotational Thromboelastometry (ROTEM) 
	Thrombodynamics Assay 
	Anti-Xa Assay 
	Transmission Electron Microscopy 
	Nanoparticle Tracking Analysis 
	Proteomic Analysis of MSCs and EVs 
	Flow Cytometry Analysis of Phosphatidylserine Exposure on MSC and EV Fractions 
	Western Blotting 
	Modulation of MSC Procoagulant Activity by Heparin and Annexin V 
	Statistical Analysis 

	Results 
	Procoagulant Properties of MSCs against Human Blood 
	Effect of Extracellular Vesicles on Blood Coagulation 
	Elucidation of Mechanisms Involved in MSC- and EV-Induced Coagulation 
	Analysis of Coagulation-Associated Proteins in MSCs and Extracellular Vesicles 
	Procoagulant Activity of MSCs in Patients Undergoing Anticoagulant Therapy with Heparin 
	Modulation of MSC Procoagulant Activity by Heparin 

	Discussion 
	Conclusions 
	References

