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Transfusion of autologous extracellular vesicles from stored red

blood cells does not affect coagulation in a model of human

endotoxemia

Anna L. Peters,1,2 Alexander P. J. Vlaar,1,2 Robin van Bruggen,4 Dirk de Korte,4,5

Joost C. M. Meijers,6,7 Rienk Nieuwland,3 and Nicole P. Juffermans1,2

BACKGROUND: Red blood cell (RBC) transfusion has

been related to thromboembolic events. Microvesicles in

the RBC product may support coagulation because they

have procoagulant effects in vitro. We investigated

whether transfusion of RBCs containing extracellular

vesicles promotes coagulation in human recipients. As

transfusion is mostly administered to ill patients, we used

a model of endotoxemia.

STUDY DESIGN AND METHODS: Eighteen healthy

volunteers were randomized to receive either saline or

fresh (2 days stored) or stored autologous (35 days

stored) RBC transfusion (Dutch Trial Register:

NTR4455). Two hours after infusion of

lipopolysaccharide (LPS, from Escherichia coli, 2 ng/kg

body weight), subjects received either saline or fresh or

stored RBCs. Blood was sampled every 2 hours up to

8 hours after LPS infusion. Vesicles were measured with

a flow cytometer (A50-Micro, Apogee Flow Systems).

RESULTS: LPS resulted in increased thrombin

generation compared to baseline. During storage, the

total number of extracellular vesicles increased from

1.4 3 108/mL (interquartile range [IQR], 8.3 3 107-1.9 3

108/mL) in the fresh product to 1.7 3 1010/mL (IQR, 7.9 3

109-2.3 3 1010/mL; p<0.01) in the stored product

(p< 0.001). Vesicles appeared to be mostly RBC derived.

CONCLUSION: After transfusion, extracellular vesicles

from stored RBC products, but not from fresh products,

could be detected in the circulation of healthy volunteers.

However, infusion of stored RBC extracellular vesicles

did not augment thrombin generation compared to

endotoxemic controls. Also, levels of D-dimer and

thrombin-antithrombin complex were unaffected. In

conclusion, transfusion of autologous RBCs containing

high levels of extracellular vesicles does not enhance

coagulation in human volunteers with endotoxemia.

B
lood transfusion has been related to adverse

events, including infections, pulmonary edema,

thromboembolic events, and acute coronary

syndrome, resulting in increased length of hos-

pital stay and mortality.1-4 Several randomized trials have

compared restrictive and liberal transfusion thresholds.

These studies suggest that a restrictive transfusion policy

results in a better outcome than a liberal transfusion pol-

icy, which supports the notion that transfusion can result

in serious complications.3,4

The pathophysiological mechanisms of the potential

harmful effects of transfusion are not fully understood.

Several observational studies have related red blood cell

(RBC) transfusion to increased incidence of venous

thromboembolism5-7 and stroke.8 RBC transfusion possi-

bly activates coagulation in the recipient. This hypothesis
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is supported by the observation that RBC transfusion

products promote thrombin generation in vitro.9-11 This

procoagulant effect may be mediated by microvesicles.

Extracellular vesicles (EVs), also known as micropar-

ticles or ectosomes,12 are phospholipid vesicles of less

than 1 mm. They are released by RBCs, platelets, white

blood cells (WBCs), or endothelial cells and are involved

in a broad spectrum of biological activities. The hemo-

static functions of EVs are thought to be mediated by the

presence of tissue factor (TF) and phosphatidylserine (PS)

on the surface of the microvesicles.13-15

RBC EVs accumulate during storage of transfusion

products and stimulate thrombin generation in vitro, an

effect that is related to storage duration.16,17 Endogenous

circulating RBC EVs in patients with sickle cell disease

also, at least partially, explain the procoagulant state char-

acteristic for sickle cell disease.18 It is currently unknown,

however, whether infusion of RBC EVs from a transfusion

product in humans activates coagulation.

In transfused trauma patients, higher levels of EVs

were associated with increased in vitro thrombin genera-

tion and lower activated partial thromboplastin times, as

well as with an increased chance of survival compared to

patients with lower levels of circulating EVs. Unfortu-

nately, this study could not discriminate between effects

from endogenous EVs or exogenous EVs from transfused

blood components.19

We therefore investigated whether transfusion of an

autologous RBC product containing EVs alters coagulation

in human recipients. Because transfusion is mostly

administered to sick patients, we used a model of endo-

toxemia to increase clinical relevance. We hypothesized

that transfusion products with high numbers of EVs would

result in activation of coagulation.

MATERIALS AND METHODS

All studies have been approved by the Academic Medical

Center Medical Ethical Committee and are in accordance

with the Declaration of Helsinki, including good clinical

practice and good manufacturing practice. All subjects

provided written informed consent as part of the informed

consent process before enrollment.

Endotoxemia model

We recruited 18 healthy male volunteers from 18 to 35

years old for an established model of low-grade endotoxe-

mia.20 Volunteers were screened at our hospital by our

research physician and had no medical abnormalities,

including a normal activated partial thromboplastin time

and normal platelet counts. After inclusion, subjects were

randomly allocated to one of three groups to receive

either one autologous unit of RBCs stored for 2 days (fresh

RBCs group; n 5 6), autologous transfusion of 1 unit of

RBCs stored for 35 days (stored RBCs group; n 5 6), or

sodium chloride (NaCl) 0.9% infusion as control (endo-

toxemic control group; n 5 6). The volunteers allocated to

the transfusion groups donated 1 unit of whole blood,

either 2 days or 35 days prior to the experiment at the

Dutch Blood Bank Sanquin. This unit was processed to 1

unit of RBCs according to Sanquin protocols: whole blood

(target volume, 500 mL) was collected in bottom-and-top

systems with 70 mL of citrate-phosphate-dextrose and

placed on butane-1,4-diol cooling plates until the follow-

ing morning (16-22 hr). The units were then centrifuged

(RC-12BP, Sorvall, Kendro; 4793 g, accumulated centrifu-

gal effect 9 3 107) and separated into an RBC unit, a unit

of plasma, and a buffy coat of 50 6 5 mL with a hematocrit

of 42 6 6% with use of a separator (CompoMat G5, Frese-

nius). Saline, adenine, glucose, and mannitol storage

medium (110 mL) was added to the RBC concentrate, and

the RBC product was leukoreduced by filtration, with

remaining WBCs below 1 3 106/U. The products were

cooled down to below 68C within 30 hours after collection

and then stored in polyvinylchloride-di-ethyl-hexyl-

phtalate containers at 2 to 68C for 2 or 35 days.

Volunteers were infused with 2 ng of Escherichia coli

lipopolysaccharide (LPS)/kg body weight intravenously in

1 minute (National Institutes of Health Clinical Center,

Bethesda, MD) followed by a flush of 10 mL of normal

saline (T 5 22). Two hours after infusion of LPS, the sub-

jects received either fresh RBCs, stored RBCs, or an equal

volume (around 280 mL) of NaCl 0.9% (T 5 0), depending

on group allocation.

Blood samples were collected in two tubes with

0.11M sodium citrate (Vacutainer, Becton Dickinson).

Samples were collected directly before infusion of LPS

and before infusion of the transfusion product and every 2

hours thereafter until 6 hours after transfusion (T 5 6). A

sterile take spike (Codan) was inserted into the RBC con-

tainer to collect 2 mL of RBC product in uncoated Vacu-

tainer tubes. Directly after sampling, the three tubes were

centrifuged (1500 3 g, 10 min, 208C) and plasma from one

sodium citrate tube was stored at 2808C until batch analy-

sis of thrombin generation, D-dimer, and thrombin-

antithrombin complex (TATc). Plasma from the other

sodium citrate tube and the supernatant of the RBC prod-

uct was collected and again centrifuged (1550 3 g, 20

min, 208C) and frozen until batch analysis of microvesicle

content.

EV enumeration and characterization by flow

cytometry

To avoid swarm detection, samples were measured at a

maximum event rate of 2000 events/sec.21 This event rate

was achieved by dilution of the cell-free supernatants of

fresh and stored RBC units (1-300–fold), and plasma sam-

ples (1-120–fold) before labeling. Thereafter, diluted
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sample (20 mL) was incubated for 60 minutes with anti-

bodies (2.5 mL) against CD235a (PE; Dako; 50 mg/mL) for

erythrocyte-derived EV, CD61 (PE; Becton Dickinson; 6.25

mg/mL) for platelet-derived EV, and CD45 (PE; Becton

Dickinson; 5 mg/mL) for WBC-derived EV. In addition, PS

exposure was studied by labeling EV with lactadherin–

fluorescein isothiocyanate (Haematologic Technologies,

Inc.; 41.5 mg/mL). PS functions as a marker for phagocyto-

sis in many physiological and pathological processes22

and is also often exposed on EVs where it most likely

binds coagulation factors, supporting coagulation.23 As

lactadherin binds to PS, PS exposure can be quantified by

measuring the number of lactadherin-binding microve-

sicles. After incubation, phosphate-buffered saline con-

taining 0.32% citrate (200 mL) was added, and samples

were measured on a flow cytometer (A50-Micro) for 1

minute at a flow rate of 4.5 mL/min, triggered on large-

angle light scatter and small-angle light scatter.

Coagulation parameters

Enzyme-linked immunosorbent assay was used to mea-

sure TATc (American Diagnostica GmbH) and multiplex

assay (Luminex, eBioscience) for quantification of D-

dimer. Both assays were performed according to the man-

ufacturer’s protocol. A calibrated automated thrombo-

gram was used to assess the generation of thrombin in

clotting plasma. We used a microtiter plate-reading fluo-

rometer (Fluoroskan Ascent, ThermoLab Systems) and

computer software (Thrombinoscope; Thrombinoscope

BV) according to previously published protocols.24,25

Coagulation was triggered by recalcification in the pres-

ence of 5 pM of recombinant humanTF (Innovin; Siemens

Healthcare Diagnostics), 4 mM of phospholipids for TF-

initiated thrombin generation or MP-reagent (Thrombi-

noscope) containing only phospholipids for microvesicle-

initiated thrombin generation, and 417 mM of fluorogenic

substrate Z-Gly-Gly-Arg-AMC (Bachem). Fluorescence

was monitored to calculate lag time, thrombin peak, and

the endogenous thrombin potential (ETP; equals the area

under the curve) using computer software (Thrombino-

scope). Data for ETP and peak thrombin were normalized

to pooled normal plasma.

Sample size calculation

We powered our study on data of thrombin-generating

potential of RBC EVs. In this study, RBC EVs from RBCs

stored for 2 days induced in vitro production of 6.7 nM of

thrombin (standard deviation [SD], 0.29 nM) and microve-

sicles from RBCs stored for 35 days 24.01 nM of thrombin

(SD, 0.36 nM).17 We reasoned that this effect would be less

outspoken and have increased variability in humans, and

thus powered our analysis on an increase in thrombin

generation of 25%, with an SD of 15%, an alpha of 0.05,

and beta of 0.8. To detect this effect in EV-dependent

thrombin generation, we needed a sample size of six vol-

unteers per group.

Statistical analysis

Statistical analyses were performed with computer soft-

ware (R version 3.1.2; R Development Core Team). Data

were inspected for normality and normal distributed data

expressed as mean 6 SD. For nonnormal data, the median

and interquartile range (IQR) were provided. Differences

between the fresh and stored RBCs were analyzed with the

t test or Mann-Whitney U test as appropriate. Differences

between groups were tested with Kruskal-Wallis or ANOVA

as appropriate. We used computer software (R version

3.1.2) and linear mixed-effects models using Eigen and S4

(lme4 package version 1.1-10; Bates, Maechler, & Bolker)

to perform a linear mixed-effects analysis of the relation-

ship between coagulation parameters or vesicle counts in

plasma and time after infusion of LPS. As fixed effects, we

entered the time factor and intervention group into the

models. As random effects, we used intercepts for subjects.

Visual inspection of residual plots did not reveal any obvi-

ous deviations from homoskedasticity or normality. p val-

ues were obtained by likelihood ratio tests of the full

model against the model without storage duration in days.

A p value of less than 0.05 was considered to indicate that

the measured parameters changed significantly over time.

RESULTS

Numbers of RBC-derived EVs increase during

storage

In the fresh RBC units, the total number of EVs was 1.4 3

108 (IQR, 8.3 3 107-1.9 3 108). RBC EVs accounted for

50% of total vesicle count, as indicated by a positive

CD235a staining, although smaller vesicles (<200 nm)

may have been missed with the Apogee flow cytometry

technique. Also, 50% of total vesicle count consisted of

PS-exposing vesicles, as indicated by a positive lactad-

herin staining. The cellular origin of PS-positive EVs was

not determined in this study.

During storage, the total vesicle count increased to

1.7 3 1010 (IQR, 7.9 3 109-2.3 3 1010; p< 0.01 compared

to the fresh product; Fig. 1). In the stored product, 97% of

the detected EVs were RBC derived. The number of PS-

exposing vesicles increased during storage (p< 0.005; Fig.

1). As the total number of vesicles also increased, the pro-

portion of PS-exposing vesicles decreased to 4.4% of total

vesicles RBC product. Both the fresh and stored RBC

products contained less than 1% of CD611 (platelet-

derived) and CD451 (WBC-derived) EVs (Fig. 1).

RBC-derived extracellular vesicles increase in recipients

of stored blood, but not after infusion of fresh blood

The experiment was started by infusion of LPS at T 5 22.

Endotoxemia resulted in an increase in platelet EVs
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(p< 0.0001) and WBC EVs (p< 0.0001), whereas PS-

expressing EVs remained stable during the time course.

LPS also did not affect counts of RBC vesicles (Fig. 2).

Two hours after LPS infusion, volunteers received

saline, fresh RBCs, or stored RBCs (T 5 0). We did not

observe changes in the levels of RBC EVs following trans-

fusion of fresh RBCs or infusion of saline. In contrast, the

number of RBC-derived EVs increased significantly in

recipients of stored RBCs, detected at 2 hours following

transfusion (T 5 2, p< 0.03). At 4 hours after transfusion

(T 5 4) of stored product, the number of RBC-derived EVs

decreased compared to T 5 2 hours after transfusion,

but was still increased compared to the other groups

(p< 0.04). At 6 hours after transfusion (T 5 6), the levels of

RBC EVs after transfusion of stored RBCs were again com-

parable with endotoxemic controls and those receiving

fresh blood (Fig. 2). Even though the absolute number of

PS-exposing vesicles increased during RBC storage, the

number of PS-exposing EVs did not change in plasma of

the volunteers following transfusion of either fresh or

stored RBCs (Fig. 2). Levels of platelet and WBC EVs were

also not influenced by transfusion of either fresh or stored

RBCs.

Transfusion of EV-containing blood does not

augment coagulation during endotoxemia

Endotoxemia resulted in an increase in thrombin genera-

tion, as indicated by an increase in endogenous thrombin

potential and thrombin peak in both TF-initiated and

EV-initiated calibrated automated thrombography in

endotoxemic control (Fig. 3). During endotoxemia, the

increase in EV-induced thrombin generation was more

pronounced compared to TF-initiated thrombin genera-

tion, which is in accordance with previously published

studies.13 We found no evidence that transfusion of fresh

or stored blood containing high levels of EVs further

increased thrombin generation (Figs. 3 and 4).

D-dimer increased significantly (p< 0.0001) during

endotoxemia, as found before,26,27 but transfusion of

stored blood did not further augment D-dimer levels com-

pared to fresh RBCs or endotoxemic control (p 5 0.51; Fig.

4). TATc did not increase during the experiment and did

not differ between groups (p 5 0.19; Fig. 4).

DISCUSSION

In this study we investigated whether transfusion of autol-

ogous blood containing high levels of EVs has procoagu-

lant effects in human volunteers with endotoxemia. We

found that 1) RBC EVs and PS-exposing EVs increase dur-

ing storage of RBC transfusion products; 2) endotoxemia

induces coagulation, including thrombin generation,

which is primarily dependent on circulating EVs; 3) after

autologous transfusion, EVs from stored RBC products,

but not from fresh products, can be detected in the circu-

lation of healthy volunteers and are cleared within hours

from the circulation; and 4) transfusion of autologous

RBC EVs stored for 35 days does not further augment

thrombin generation.

In our study, infusion of LPS increased the levels of

WBC and platelet EVs and induced EV-dependent hyper-

coagulability. This is in accordance with earlier stud-

ies.13,28 However, infusion of high numbers of RBC EVs

from stored RBC products did not augment thrombin

generation.

There are several possible explanations for the find-

ing: It is possible that a higher dose of vesicles is required

to alter coagulation than achieved in this study. Following

transfusion, the EVs from one transfusion product were

diluted in the circulation, after which vesicles from a 2.7-

mL blood sample were used for calibrated automated

thrombography. This is a lower amount than used in the

in vitro studies, which showed EV-dependent activation of

coagulation when vesicles from an entire unit were used

for automated thrombography.16,17 This resulted in much

higher vesicle concentrations in the in vitro studies. From

our study results, we cannot exclude that multiple transfu-

sion would result in hypercoagulability.

m
L

m
L

m
L

m
L

Fig. 1. RBC transfusion product vesicle determination. Deter-

mination and enumeration of RBC-, WBC-, platelet-, and

lactadherin-positive microvesicles in the transfusion prod-

ucts. Fresh: 2-day-stored RBCs; stored: 35-day-stored RBCs.

**p<0.01 with Mann-Whitney U test. Boxes represent IQR

with median. The upper and lower whisker extends to 1.5 *

IQR to 1.5 * IQR from the hinge.
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It is also possible that the effects of LPS infusion may

have masked effects of transfusion that would have been

detectable without LPS endotoxemia, as LPS induces

increase of procoagulant TF exposing EVs.29 Our results

also show that LPS infusion already results in an approxi-

mately twofold increase of thrombin generation, which

may have drowned out any effect of EV infusion (Fig. 3).

Another factor that may account for the differences

are the use of autologous blood instead of allogeneic

transfusion products. The studies that reported effects of

transfusion products on coagulation parameters used

allogeneic products,6,10,19 whereas studies that did not

report an effect, including our own, used autologous

products.30

It could also be hypothesized that the EVs that are

able to induce coagulation may have been removed from

the circulation before they were able to induce any harm-

ful effects. At 2 hours after transfusion, vesicle concentra-

tion was 100-fold lower in the circulation compared to the

RBC unit. Given that we infused 350 mL of RBC product

containing 120 mL of supernatant with EVs into a 70- to

80-kg adult, we had expected a 303 dilution of vesicle

count in plasma compared to the RBC product (a normal

adult has a circulating volume of 5-6 L with a hematocrit

of approximately 40%). This indicates that a substantial

number of vesicles were already removed from the circu-

lation at 2 hours following transfusion. Figure 2 illustrates

the rapid clearance of RBC EVs from the circulation. Peak

EV levels are 2 hours after transfusion in the stored RBCs

group, and the level of RBC EVs returns to baseline level 6

hours after transfusion.

In contrast, it is also possible that RBC EVs have lim-

ited in vivo biological effect in humans, even though in

vitro studies show a clear procoagulant effect.10,16,17,31,32

This is in line with a previous study in coronary artery

bypass patients who underwent retransfusion of pericar-

dial blood containing high levels of EVs. Although the

vesicles isolated from pericardial blood increased throm-

bin generation in vitro,31 infusion of these vesicles did not

have an in vivo effect on systemic coagulation.30 We feel

that dilution of the infused vesicles following transfusion

more closely resembles a relevant clinical situation than

does measuring effects of a whole blood unit. Also, our

results are in line with other studies that do not show that

EVs induce harmful effects after transfusion. Several

recent randomized trials investigated mortality and mor-

bidity in patients receiving RBC transfusions of standard

storage time, compared to fresh RBCs. Although vesicle

counts in the RBC products were not provided in these

studies, we can assume that the number of EVs was

Fig. 2. Plasma vesicle determination. Determination and enumeration of RBC-, WBC-, platelet-, and lactadherin-positive micro-

vesicles in plasma of healthy volunteers. At T 5 22 hours LPS was infused, at T 5 0 hours volunteers received either saline or an

autologous transfusion. Long bars indicate a change in vesicle number over time as tested with a linear mixed model. The short

bars indicate that levels differ between groups at the indicated time point after testing with Kruskal-Wallis. *p<0.05; **p<0.01,

****p<0.0001. Boxes represent IQR with median. The upper and lower whisker extends to 1.5 * IQR to 1.5 * IQR from the hinge.
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higher in the standard stored products than in the fresh

RBCs. Therefore, patients allocated to the standard arm

received more vesicles than those allocated to the fresh

arm. However, no difference in mortality or morbidity

was detected.33-35

Our study suffers from several limitations. The fact

that we used autologous blood limits the comparability to

clinical practice. As mentioned before, it cannot be

excluded that allogeneic factors interact with EVs in stored

RBCs, which could result in altered coagulation in

patients. However, the use of autologous blood allowed us

to investigate the isolated effect of vesicle accumulation

without confounding by allogeneic properties of the trans-

fusion products.

Our study is also limited by the time points at which

blood was sampled. Our results indicate that during the

first 2 hours after transfusion, a significant number of

vesicles have already been cleared from the circulation.

We were also not able to determine TATc and D-dimer at

T 5 2 and T 5 4. Although measurements at baseline and

at 6 hours following transfusion indicate that infusion of

RBC vesicles has no effect on coagulation in vivo, we may

have missed a coagulation peak at these time points.

Other limiting factors are that LPS infusion mimics a

hyperinflammatory state but is not equal to many disease

states encountered in clinical practice, including trauma

or surgery. However, by using LPS, our model cannot be

used as a model for the effect of transfusion on coagula-

tion in patients without inflammation, for example, a

patient who requires transfusion in acute esophageal vari-

ceal bleeding. The effect of infusion of EVs in these

patients remains a subject for further investigation.

Another limitation of our study is that it cannot be

excluded that a higher dose of EVs, for example, after multi-

ple transfusion or in products from “bad donors,”36 can

alter coagulation. Also, although the study was powered,

variability may have been too large to detect a difference,

which would be detected using a larger sample size. Finally,

our results may not apply to all situations, as production

protocols of transfusion products can influence the quality

Fig. 3. Calibrated automated thrombography. At T 5 22 hours LPS was infused, at T 5 0 hours volunteers received either saline

or an autologous transfusion. Blood was sampled at T 5 22, T 5 0, and T 5 6. The long bars indicate a change over time as tested

with a linear mixed model. There was no difference between groups. **p<0.01, ****p<0.0001. Boxes represent IQR with median.

The upper and lower whisker extends to 1.5 * IQR to 1.5 * IQR from the hinge.
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and number and compositions of microvesicles during

product storage.37,38 The products used in this study were

RBC filtered from top/bottom and suspended in NaCl, ade-

nine, glucose, and manitol, which is a different manufactur-

ing method, as used in the United States, for example.

In conclusion, we investigated whether transfusion of

1 unit of autologous blood containing high levels of EVs

activates coagulation in human volunteers exposed to

LPS. We found that RBC EVs increase during storage of

RBC transfusion products and that EVs from stored RBC

products, but not from fresh products, can be detected in

the circulation after transfusion. However, infusion of

stored RBC EVs of 1 unit of autologous blood does not

enhance coagulation.
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