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Abstract

Background: Circulating procoagulant extracellular vesicles (EVs) are increased in

diseases, such as cancer, sepsis, and COVID-19. EV tissue factor (TF) activity is asso-

ciated with disseminated intravascular coagulation in sepsis and venous thrombosis in

patients with pancreatic cancer and COVID-19. EVs are commonly isolated by

centrifugation at �20,000 g.

Objectives: In this study, we analyzed the TF activity of 2 EV populations enriched for

large and small EVs in patients with either sepsis, pancreatic cancer, or COVID-19.

Methods: EVs were isolated from plasma by sequential centrifugation at 20,000 g

(large EVs, LEVs) and then 100,000 g (small EVs, SEVs). We analyzed EVs from plasma

prepared from whole blood samples from healthy individuals with or without lipo-

polysaccharide (LPS) stimulation as well as EVs from plasma samples from patients with

either sepsis, pancreatic cancer, or COVID-19. TF-dependent (EV-TF activity) and TF-

independent factor Xa (FXa) generation of the EVs was measured.

Results: LPS increased EV-TF activity in LEVs but not SEVs. Similarly, in 2 patients with

sepsis who had EV-TF activity above the background of the assay we observed EV-TF

activity in LEVs but not SEVs. Patients with pancreatic cancer or COVID-19 had

circulating EV-TF activity in both LEVs and SEVs.

Conclusion: We recommend that EVs are isolated from plasma from patients by

centrifugation at 100,000 g rather than 20,000 g to obtain a more accurate measure of

levels of circulating EV-TF activity.
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Essentials

• Circulating extracellular vesicles (EV)-tissue factor (TF) activity is associated with thrombosis in different diseases.

• We measured TF activity of small (20K) and large (100K) EVs in different diseases.

• TF activity was present in small and large EVs in patients with pancreatic cancer and COVID-19.

• We recommend measuring TF activity of EVs isolated from plasma by centrifugation at 100,000 g.
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1 | INTRODUCTION

Levels of procoagulant extracellular vesicles (EVs) are increased in

diseases, such as cancer, sepsis, and COVID-19 [1–7]. The procoagu-

lant activity of blood-derived EVs is mainly due to the presence of the

transmembrane protein tissue factor (TF) and negatively-charged

phospholipids, such as phosphatidylserine (PS) [8–10]. TF-positive

EVs trigger the activation of coagulation whereas PS-positive EVs

amplify the coagulation cascade by facilitating assembly of coagulation

protease: cofactor complexes [11–14]. Activated cells, such as

monocytes, and cancer cells release TF-positive EVs into the circula-

tion [15,16]. Indeed, levels of circulating EV-TF activity are increased

in patients with cancer, bacterial and viral infections, and sepsis

[17,18]. Importantly, we and others have shown that EV-TF activity is

increased in patients with sepsis [19] and is associated with venous

thrombosis in patients with pancreatic cancer and COVID-19 [5,20].

EVs are commonly isolated from plasma by centrifugation. For

instance, 100-1000 nm EVs are isolated using centrifugation at 10,000-

20,000 g [18,21–26]. Smaller EVs in the range of 40 to 100 nm can be

isolated by centrifugation of plasma at high speeds (100,000-200,000 g)

[26]. A recent study characterized EVs isolated from plasma using

transmission electronic microscopy and found that the size of the EVs

isolated using centrifugation at 20,000 gwas 100 to 400nm,whereas the

size of the EVs isolated using centrifugation at 100,000 g was 30 to 100

nm [27]. Nanosight tracking analysis (NTA) also showed enrichment of

large and small EVs in the 20,000 g and 100,000 g populations, respec-

tively but therewasoverlap in the2populations using this technique [27].

In this study, we measured TF-dependent, and TF-independent

factor Xa (FXa) generation of EVs. EVs were isolated from plasma

samples by sequential centrifugation at 20,000 g and then 100,000 g

as described previously [27]. We used plasma prepared from whole

blood of healthy controls with or without lipopolysaccharide (LPS)

stimulation ex vivo as well as plasma from patients with either sepsis,

pancreatic cancer, or COVID-19. For simplicity, we will call the EVs

isolated by centrifuging at 20,000 g 20K or large EVs (LEVs) and those

isolated by centrifuging at 100,000 g 100K or small EVs (SEVs).
2 | METHODS

2.1 | Plasma preparation

Whole blood was collected from 6 healthy individuals (3 males, 3 fe-

males, age range: 22-50 years) who gave written consent according to
a protocol (14-2108) approved by the Institutional Review Board of

the University of North Carolina at Chapel Hill. Whole blood was

collected from the antecubital vein into sodium citrate tubes (BD, Cat.

no. 366560) with a 21G Safety-Lok Blood Collection Set (BD, Cat. no.

367281). The first 3 mL was discarded to prevent contamination with

TF from the vein wall. Platelet-free plasma (PFP) samples without EV-

TF activity were prepared from whole blood by centrifugation twice at

2500 g for 15 minutes at room temperature immediately after

collection [28]. PFP samples with EV-TF activity were prepared from

whole blood collected from healthy volunteers stimulated with LPS

(10 μg/mL, Sigma–Aldrich, Cat. no. L2630) for 5 hours at 37 ◦C. PFP
was prepared from LPS-treated whole blood as described above.

Whole blood was collected from 17 patients with sepsis. These

patients were as a subset of subjects enrolled in a previous study [19].

Enrollment criteria included age >18, SEPSIS -3 criteria, and intensive

care unit admission. Subjects were recruited under protocols

approved by the Institutional Review Board of the University of Utah

(IRB number 00102638). Written informed consent for study enroll-

ment in accordance with the Declaration of Helsinki was given by all

participants or their legal authorized representative. Blood was

centrifuged (150 g, 20 minutes) to generate platelet-rich plasma. This

plasma was then centrifuged (1500 g, 20 minutes) to produce platelet-

poor plasma (PPP) which was frozen and stored at −80 ◦C.
Whole bloodwas collected from10 patientswith pancreatic cancer

who provided written informed consent in accordance with the insti-

tutional review board of their hospital. Ambulatory patients with

pancreatic cancer were eligible if they were to be scheduled for

chemotherapy within 7 days or had started chemotherapy in the pre-

vious 3 months. The study was registered in ClinicalTrials.gov (identi-

fication number: NCT02095925) [29,30]. Blood was collected from the

antecubital vein or a peripheral catheter into sodium citrate tubes. PPP

was obtained by centrifuging blood at 1,560 g for 20 minutes at 20 ◦C.
Whole blood was collected from 12 patients with COVID-19 who

provided informed consent with a protocol approved by the Swedish

Ethical Review Board (COMMUNITY study [COVID-19 Biomarker

and Immunity] dnr 2020-01653) [6]. PPP was obtained by centrifuging

blood at 2000 g for 20 minutes at room temperature.
2.2 | Isolation of EVs

EVs were isolated from plasma using sequential centrifugation as

described [27]. Plasma (100 μL) was added to 1mL of HEPES buffer saline

with bovine serum albumin (HBSA, 137 mmol/L NaCl, 5.38 mmol/L KCl,

http://ClinicalTrials.gov


F I GUR E 1 Analysis of extracellular vesicles (EVs) from plasma. Plasma was prepared from the whole blood of 6 healthy donors with or

without lipopolysaccharide (LPS) stimulation. EVs were isolated from plasma by centrifugation at either 20,000 g (large EVs [LEVs]) or 100,000

g (small EVs [SEVs]). The size and number of EVs were determined using nanosight tracking analysis. The size distribution of LEVs and SEVs

isolated from unstimulated (A, C) and LPS-stimulated (B, D) plasma is shown for a representative sample (donor #2). The concentration of EVs in

the different samples is as follows: LEVs -LPS, 0.5 x 1010 particles/mL; LEVs +LPS, 2.4 x 1010 particles/mL; SEVs -LPS, 2.0 x 1011 particles/mL;
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5.55 mmol/L Glucose, 10 mmol/L HEPES, and 0.1% BSA, pH 7.4) and

centrifuged at 20,000 g for 15 minutes at 4 ◦C. The supernatant and the

pellet were separated. The pellet was washed with 1 mL of HBSA and

centrifugedagainat20,000g for15minutesat4 ◦Ctocollect theLEVs.The

supernatant was centrifuged at 100,000 g for 70 minutes at 4◦C to pellet

EVs thatwere resuspended in1mLofHBSAandcentrifugedagain topellet

the SEV. The LEV and SEV pellets were resuspended in 100 μL of HBSA.
2.3 | Nanoparticle tracking analysis

Nanoparticle tracking analysis was performed to measure the number

and size of the EVs. All samples were diluted to optimal conditions for

analysis (2.1 x 107-1.3 x 108 particles/mL) in 20 nm filtered Dulbecco's

phosphate-buffered saline (DPBS). Video recordings were made for a

period of 60 seconds each, with a measurement of 11 positions using

ZetaView software (version 8.05.12 SP2). The particle concentrations

were corrected for the dilution necessary for NTA analysis.
2.4 | EV-TF activity

EV procoagulant activity (EV-TF activity) was measured using our in-

house FXa generation assay with the use of a TF inhibitory antibody

(HTF-1, BD Biosciences, Cat no. 550252) or control antibody (IgG,

Sigma, Cat no. I5381) to differentiate TF-dependent from TF-

independent FXa activity as previously described [21,31].
2.5 | D-dimer

D-dimer levels were measured in samples from patients with

pancreatic cancer using INNOVANCE (Siemens Healthineers) and in

samples from patients with COVID-19 using an automated coagula-

tion analyzer (STACompact 3, Stago).
2.6 | Statistical analysis

Data are shown as EV FXa generation (pg/mL) for individual values. The

normal distribution and homoscedasticity of the results were analyzed.

The Mann–Whitney U-test was used. Correlation coefficients were

analyzed using Spearman’s coefficient. GraphPad Prism (version 9.0)

was employed for the analyses. Data were considered statistically sig-

nificant when P <.05, and results were expressed as mean ± SD.
3 | RESULTS

3.1 | Analysis of EVs

We analyzed the EVs isolated from PFP from whole blood from 6

healthy donors with or without LPS stimulation using NTA. The

number of SEVs was higher (2.5–4.2 fold) than the number of LEVs in

both unstimulated (LEVs 1.5 ± 1.1 x 1010 particles/mL, n = 6, mean ±
SD vs SEVs 6.4 ± 5.5 x 1011 particles/mL, n = 6, mean ± SD) and LPS-



F I GUR E 2 Procoagulant activity of extracellular vesicles (EVs) from plasma prepared from untreated and lipopolysaccharide (LPS)-treated

whole blood from healthy donors. Plasma was prepared from the whole blood of 6 healthy donors with or without LPS stimulation. EVs were

isolated from plasma by centrifugation at 20,000 g (large EVs [LEVs]) or 100,000 g (small EVs [SEVs]). Tissue factor (TF)-dependent (A, B) and

TF-independent (C, D) factor (F) Xa was measured in LEVs and SEVs.
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stimulated samples (LEVs 1.9 ± 0.6 x 1010 particles/mL, n = 6, mean ±
SD vs SEVs 4.9 ± 3.1 x 1011 particles/mL, n = 6, mean ± SD). LPS

stimulation did not significantly change the number of LEVs or SEVs

(see above).

The LEV population had a broader size distribution compared

with the SEV population (Figure 1). We used a cut of 200 nm to

compare the 2 populations. The LEV population had a higher number

of EVs that were larger than 200 nm compared with the SEV popu-

lation for both the unstimulated (LEVs 16 ± 11%, n = 6, mean ± SD vs

SEVs 4 ± 2%, n = 6, mean ± SD, P <.002) and LPS-stimulated (LEVs

21 ± 6%, n = 6, mean ± SD vs SEVs 5 ± 1%, n = 6, mean ± SD, P <.002)

samples. However, there was a significant overlap in the size of the

EVs in the LEV and SEV populations when analyzed by NTA, which is

consistent with a recent study [27]. Interestingly, there was no asso-

ciation between the number of particles in a sample and the procoa-

gulant activity of the EVs (data not shown).
3.1 | Procoagulant activity of EVs isolated from

plasma of healthy donors with or without LPS

stimulation

We first analyzed the procoagulant activity of LEVs and SEVs from

PFP prepared from whole blood from 6 healthy donors with or
without LPS stimulation. We and others have shown that LPS in-

creases levels of EV-TF activity in LEVs [10,23,32–34]. In this study,

LPS increased EV-TF activity in all 6 donors in the LEVs but not in the

SEVs (Figure 2A, B). The range of EV-TF activity in LEVs in different

donors was 0.7-1.5 pg/mL (Figure 2A). This is consistent with the

heterogeneity in LPS induction of TF expression in monocytes be-

tween different donors [10,33,35]. We observed higher levels of

TF-independent FXa generation in SEVs compared to LEVs

(Figure 2C, D). LPS slightly increased TF-independent FXa activity of

LEVs but not TF-independent FXa activity of SEVs (Figure 2C, D).
3.2 | Procoagulant activity of EVs from patients

with sepsis

We analyzed the procoagulant activity of EVs isolated from PPP from

17 patients with sepsis. Clinical characteristics of the patients are

shown in Table 1. Only patients #16 and #17 had a level of EV-TF

activity in LEVs that was above the background of the assay (0.50

pg/mL) (Figure 3A) [10]. This is consistent with another study in which

we observed 4 of 35 patients with sepsis having detectable EV-TF

activity [19]. Interestingly, neither of these 2 patients had increased

levels of EV-TF activity in the SEVs (Figure 3B). Two other patients

(#11 and #13) had EV-TF activity in SEVs that was above the



T AB L E 1 Demographic, clinical, routine laboratory, and plasma
biomarkers of patients with sepsis.

Clinical characteristics Patients with sepsis (n = 17)

Sex (male/female) (9/8)

Age (y) 57 ± 34.5

Survival (%) 86

Diabetes (%) 10

Hypertension (%) 42

Mechanical ventilation (%) 10

SOFA 9.0 ± 3.8

Duration of ICU stay (d) 3.7 ± 8.5

Duration of hospital stay (d) 6.5 ± 6.0

WBC count (x109/L) 14.5 ± 7.83

Platelet Count (x109/L) 188.5± 126.3

Results are presented as median ± IQR for continuous variables and

number for categorical variables.

BMI, body mass index; ICU, intensive care unit; SOFA, sequential organ

failure assessment; WBC, white blood cell.

TA B L E 2 Demographic, clinical, routine laboratory, and plasma
biomarkers of patients with pancreatic cancer.

Clinical characteristics Patients with pancreatic cancer (n = 10)

Sex (male/female) (6/4)

Age (y) 62 ± 15

Stage

III 1

IV 9

D-dimer (ng/mL) 1100 ± 5400

Results are presented as median ± IQR for continuous variables and

number for categorical variables.
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background of the assay (Figure 3B). A few patients with sepsis had

elevated levels of TF-independent FXa activity in both the LEVs and

the SEVs (Figure 3C, D).
F I GUR E 3 Procoagulant activity of extracellular vesicles (EVs) from pla

with sepsis. EVs were isolated from plasma by centrifugation at 20,000 g (l

dependent (A, B) and TF-independent (C, D) factor (F) Xa was measured i
3.3 | Procoagulant activity of EVs from patients

with pancreatic cancer

We analyzed the procoagulant activity of EVs isolated from PPP from

10 patients with pancreatic cancer. We selected patients with a range

of EV-TF activity in LEVs based on results observed in a previous

study [29]. The clinical characteristics of the patients are shown in

Table 2. Patients #5-10 had levels of EV-TF activity in the LEVs that

were above the background of the assay (Figure 4A). Interestingly,

patients #5 to #10 also had high levels of EV-TF activity in the SEVs

(Figure 4B). The level of EV-TF activity in the SEVs in the 6 positive

patients was higher than the level of EV-TF activity in the LEVs

(Figure 4A, B). In general, patients #5 to #10 had higher levels of TF-

independent FXa generation in LEVs and SEVs compared with patients
sma from patients with sepsis. We analyzed plasma from 17 patients

arge EVs [LEVs]) or 100,000 g (small EVs [SEVs]). Tissue factor (TF)-

n LEVs and SEVs.



F I GUR E 4 Procoagulant activity of extracellular vesicles (EVs) from plasma from patients with pancreatic cancer. We analyzed plasma from

10 patients with pancreatic cancer. EVs were isolated from plasma by centrifugation at 20,000 g (large EVs [LEVs]) or 100,000 g (small EVs

[SEVs]). Tissue factor (TF)-dependent (A, B) and TF-independent (C, D) factor (F) Xa was measured in LEVs and SEVs.
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#1 to #4, who had a lower level of EV-TF activity (Figure 4C, D). Some

of the patients with pancreatic cancer had higher levels of TF-

independent FXa generation in the SEVs compared to the LEVs

(Figure 4C, D). There was a moderate correlation between the levels

of total EV-TF activity (20K + 100K) with levels of D-dimer (r = 0.709,

P =.03) in patients with pancreatic cancer.
TA B L E 3 Demographic, clinical, routine laboratory, and plasma
biomarkers of patients with COVID-19.

Clinical characteristics Patients with COVID-19 (n = 12)

Sex (male/female) (10/2)

Age (y) 64 ± 32

Oxygen requirement (L/min) 1.0 ± 8.0

Ventilation

No support 3

Cannula 7

Nasal high flow 1

Intubation 1

Duration of hospitalization (d) 4 ± 5

WBC count (x109/L) 6.0 ± 2.9

D-dimer (ng/mL) 1604 ± 2296

Results are presented as median ± IQR for continuous variables and

number for categorical variables.

WBC, white blood cell.
3.4 | Procoagulant activity of EVs from patients

with COVID-19

We analyzed samples from 12 patients with COVID-19. We

selected patients with a range of EV-TF activity in LEVs based on

results from a previous study [6]. The clinical characteristics of the

patients are shown in Table 3. Patients (#7-12) had levels of EV-TF

activity in the LEVs that was above the background of the assay

(Figure 5A). Five of the 6 of these patients had elevated levels of

EV-TF activity in the SEVs (Figure 5B). Four of the 6 patients also

had higher levels of TF-independent FXa generation in LEVs

(Figure 5C). All 6 of the patients (#7-12) have high levels of TF-

independent FXa generation in SEVs compared with the patients

(#1-6) that had low levels of EV-TF activity in the LEVs (Figure 5D).

There was a moderate correlation between the levels of total EV-TF

activity (20K + 100K) with levels of D-dimer (r = 0.683, P =.02) in

patients with COVID-19.
4 | DISCUSSION

Procoagulant EVs are released into the circulation in a variety of

diseases and likely contribute to the pathologic activation of coagu-

lation. Most studies to date have focused on measuring the



F I GUR E 5 Procoagulant activity of extracellular vesicles (EVs) from plasma from patients with COVID-19. We analyzed plasma from 12

COVID-19 patients. EVs were isolated from plasma by centrifugation at 20,000 g (large EVs [LEVs]) or 100,000 g (small EVs [SEVs]). Tissue

factor (TF)-dependent (A, B) and TF-independent (C, D) factor (F) Xa was measured in LEVs and SEVs.
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procoagulant activity of EVs isolated by centrifugation of plasma at

20,000 g [10,23,32–34]. In this study, we used NTA to analyze EVs

isolated from plasma using centrifugation at either 20,000 g (LEVs) or

100,000 g (SEVs). As expected, the SEV population was smaller than

the LEV population. In addition, there were higher numbers of SEVs

compared to LEVs. Interestingly, the number of particles was not

associated with the procoagulant activity of the EVs, which suggested

that a mixture of PS+ and PS- EVs was present in the LEV and SEV

populations.

LPS stimulation of whole blood from healthy donors increased

levels of EV-TF activity in LEVs but not in SEVs. This is consistent with

our previous study, in which we showed that the level of TF activity in

EVs isolated from plasma from LPS-stimulated whole blood by

centrifugation at 20,000 g was similar to that observed in EVs isolated

by centrifugation at 100,000 g [10]. Similarly, 2 patients with sepsis

had increased levels of EV-TF activity in LEVs but not in the SEVs.

We have shown that elevated levels of EV-TF activity in LEVs are

associated with venous thromboembolism in patients with pancreatic

cancer [21,36,37]. In this study, we found that patients with pancreatic

cancer with high levels of EV-TF activity in LEVs also had high levels of

EV-TF activity in SEVs. Interestingly, levels of EV-TF activity in the

SEVs were higher than the levels of EV-TF activity in the LEVs. There

was a moderate correlation between levels of total EV-TF activity

(20K + 100K) and levels of D-dimer in the patients with pancreatic

cancer. Some patients with pancreatic cancer who have high levels of
EV-TF activity also had higher levels of TF-independent FXa genera-

tion in LEVs and SEVs.

We and others have shown that levels of EV-TF activity in LEVs

are increased in COVID-19 patients and are associated with throm-

bosis [5,19,38]. Here, we found that patients with high levels of EV-TF

activity in LEVs also had high levels of EV-TF activity in SEVs. Acti-

vated monocytes have been shown to express TF in COVID-19 pa-

tients and are the likely source of TF+ EVs [39,40]. There was a

moderate correlation between levels of total EV-TF activity (20K +
100K) and levels of D-dimer in the patients with COVID-19. Some

patients with COVID-19 with high levels of EV-TF activity also had

high levels of TF-independent FXa generation in LEVs and SEVs.

The data from patients with either pancreatic cancer or COVID-

19 indicate that isolation of EVs by centrifugation at 100,000 g

would give a more accurate measure of the total amount of EV-TF

activity in each patient rather than isolation of EVs by centrifuga-

tion at 20,000 g.

An important consideration when measuring TF activity of EVs is

that FVIIa can cleave FX to FXa on a membrane surface independently

of TF [41]. Indeed, it has been shown that the concentration of FVIIa is

linearly correlated to TF-independent FXa generation [42]. The com-

mercial Human Tissue Factor Chromogenic Assay Sense Activity Kit

(AssayPro) claims to measure TF activity in EVs. This assay is like our

in-house FXa generation assay but does not include an anti-TF anti-

body. Therefore, this assay cannot distinguish between TF-dependent
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and TF-independent FXa generation of EVs and can only measure

total FXa generation. A recent study sponsored by the Vascular

Biology Scientific and Standardization Committee of the International

Society on Haemostasis and Thrombosis assessed the ability of 14

functional FXa generation assays to measure TF activity in EVs iso-

lated from plasma (Bonifay et al., presented at the Scientific and

Standardization Committee Meeting of International Society on

Thrombosis and Haemostasis 2022 Congress). Of these 14 assays, 6

used an anti-TF antibody to inhibit TF procoagulant activity, 3 used an

anti-TF antibody to capture the EVs and 5 did not use an antibody.

Assays that used an anti-TF antibody to inhibit TF-dependent

procoagulant activity were superior to those that did not.

Recently, Krishnamachary et al. [27] used the Human Tissue Factor

Chromogenic Assay Sense Activity Kit to measure FXa generation of

LEVs and SEVs from plasma obtained from patients with moderate and

severe COVID-19. As described above, this assay measures total FXa

generation rather than TF activity. Krishnamachary et al. [27] showed

that FXa generation of LEVs and SEVs was elevated in patients with

severe COVID-19 compared with that of EVs from healthy donors. In

addition, both types of EVs had similar levels of FXa generation.

The main sources of EVs in plasma are platelets and megakar-

yocytes [8,13,43]. In this study, we did not determine the cellular

origin of PS and EVs. However, we speculate that the majority of these

EVs are derived from platelets and megakaryocytes. Interestingly, we

found that TF-independent FXa activity in our in-house assay strongly

correlates with PS equivalents measured using the Zymuphen MP-

activity kit (Hyphen BioMed) [44]. This suggested that this TF-

independent FXa generation is mainly due to PS.

The study has a few limitations. The number of patients with

either sepsis, pancreatic cancer, or COVID-19 is small. PPP from the 3

groups of patients was prepared using slightly different centrifugation

speeds and therefore we cannot compare the absolute numbers of EV-

TF activity and TF-independent FXa generation between the groups.

We did not collect race/ethnicity data of the healthy controls and

patients used in this study. We do not believe that this impacts the

conclusions of the study.

In conclusion, measurement of the procoagulant activity of EVs

isolated using centrifugation at 100,000 g gives a more comprehen-

sive picture of the levels of procoagulant EVs in patients with different

diseases than measurement of the procoagulant activity of EVs iso-

lated using centrifugation at 20,000 g. Future efforts should attempt

to standardize the measurement of the procoagulant activity of EVs in

plasma.
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