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Abstract
Coronavirus disease-2019 (COVID-19), caused by the novel severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2), has lead to a global pandemic with a ris-
ing toll in infections and deaths. Better understanding of its pathogenesis will greatly
improve the outcomes and treatment of affected patients. Here we compared the
inflammatory and cardiovascular disease-related protein cargo of circulating large
and small extracellular vesicles (EVs) from 84 hospitalized patients infected with
SARS-CoV-2 with different stages of disease severity. Our findings reveal signifi-
cant enrichment of proinflammatory, procoagulation, immunoregulatory and tissue-
remodelling protein signatures in EVs, which remarkably distinguished symptomatic
COVID-19 patients from uninfected controls with matched comorbidities and delin-
eated those with moderate disease from those who were critically ill. Specifically,
EN-RAGE, followed by TF and IL-18R1, showed the strongest correlation with dis-
ease severity and length of hospitalization. Importantly, EVs fromCOVID-19 patients
induced apoptosis of pulmonary microvascular endothelial cells in the order of dis-
ease severity. In conclusion, our findings support a role for EVs in the pathogenesis
of COVID-19 disease and underpin the development of EV-based approaches to pre-
dicting disease severity, determining need for patient hospitalization and identifying
new therapeutic targets.
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 INTRODUCTION

The coronavirus disease-2019 (COVID-19) caused by the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) (Dash-
board WCDC- 2020; Wu et al., 2020) is marked by endothelial dysfunction and dysregulated immune responses (Huertas et al.,
2020). Like the SARS-CoV pathogen that led to epidemics in 2002 and 2003, SARS-CoV-2 enters cells via binding of its spike pro-
tein to angiotensin converting enzyme 2 (ACE2) receptors. ACE2 receptors are abundantly present in pulmonary alveolar type II
and endothelial cells, thereby making the lungs and pulmonary vasculature susceptible to SARS-CoV-2-induced inflammation
and injury (Zhao et al., 2020). Further, alveolar capillary micro-thrombi and endothelial damage with evidence of intracellular
virus have been noted on post-mortem analysis of infected lungs (Ackermann et al., 2020).
While there is growing evidence that endothelial injury, vascular remodelling and coagulopathy are key consequences of

COVID-19 infection, it remains unclear how the virus induces these changes. Extracellular vesicles (EVs) carry proteins, cod-
ing and non-coding RNA, DNA fragments and lipids, which facilitate cross-talk between cells. The transfer of EV cargo plays a
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significant role in a number of diseases processes, including cardiovascular disease, pulmonary hypertension and various malig-
nancies (Jansen et al., 2017; Meldolesi, 2019). EVs can be released in response to thrombin, shear stress, complement activation
and inflammation, among other pathophysiologic triggers. Not only can EVs mediate disease through cellular cross-talk, but
their cargo can also serve as biomarkers of disease status. Sequential analysis of EV contents can provide snapshots of disease
progression over time (Urabe et al., 2020). In this study, we analysed alterations in plasma-derived EVs from patients infected
with SARS-CoV-2 to investigate the role(s) EVs may play in COVID-19 disease pathophysiology and to identify potential EV
biomarkers of COVID-19 disease severity and progression.

 MATERIALS ANDMETHODS

. Human samples and data collection

EDTA blood samples were collected from 84 hospitalized subjects 18 years of age or older with a confirmed diagnosis of SARS-
CoV-2 infection. All subjects were enrolled in the University of Kansas Health System’s (TUKHS) COVID-19 Biorepository and
each subject had fasting blood samples collected between 3 and 7AMat the time of enrolment according to institutional Infection
Prevention and Control guidelines. Plasma was isolated within 4 h of blood collection by centrifugation at 2000 g for 15 min at
4◦C and then immediately aliquoted and frozen at -80◦C until further use. The turbidity of plasma was monitored and in case of
haemolysis the information was noted and those samples were not used for EV isolation. Demographic information and clinical
data were collected and stored in a secure database. Vital signs, oxygen and life support needs and laboratory data were used to
calculate acute physiology and early warning scores for patients on lab draw days. Written informed consent for participation in
the Biorepository was obtained from all patients or their surrogates. This study and the COVID-19 Biorepository were approved
by the University of Kansas Medical Center Institutional Review Board.
A confirmed case of COVID-19 infection was defined as a patient with a positive SARS-CoV-2 nucleic acid by RT-PCR. All

but one patient tested positive on a nasopharyngeal swab. One patient was presumed positive based on symptoms and reactive
serology. Patients were classified by World Health Organization (WHO) Clinical Progression Scale score (Marshall et al., 2020).
Specifically, they were grouped by peak score during their hospitalization. Patients were considered asymptomatic if they had
a positive SARS-CoV-2 RT-PCR but no COVID-19 related respiratory symptoms and were hospitalized for another medical
reason (Asymptomatic group). These patients were tested for COVID-19 as part of a hospital-wide admission or pre-operative
mandate. The remaining patients were categorized as having moderate disease with no oxygen requirement (Moderate-No O2
group),moderate disease requiring supplemental oxygen by simple facemask or nasal prongs (Moderate-OnO2 group), or severe
disease requiring oxygen delivery by non-rebreather mask, non-invasive ventilation, or heated high flow nasal cannula at a min-
imum (Severe group). Several clinical laboratory parameters were checked every 1 to 3 days as part of centre-specific standard
care for hospitalized COVID-19-infected patients. These included white blood cell (WBC) count, lymphocyte count (as per-
centage of WBC count), creatinine, lactate dehydrogenase (LDH), ferritin, D-dimer and C-reactive protein (CRP). Plasma from
SARS-CoV-2-positive patients was compared with plasma from uninfected controls (UI-Control group, n = 15) with matched
epidemiological and clinical characteristics (individuals with diabetes, hypertension, etc.). These uninfected EDTA plasma sam-
ples obtained from the TUKHS Biospecimen Repository Core Facility (BRCF) were collected before the pandemic and stored
in cryovials in a -80◦C freezer. The non-fasting EDTA-blood was centrifuged at 1300 × g for 10 min at 4◦C within 4 h of col-
lection for plasma isolation. Similarly, a separate set of uninfected EDTA plasma samples from healthy volunteers without any
comorbidities, was collected before the COVID-19 pandemic (Healthy group, n = 6).

2.1.1 Isolation of EVs from plasma samples

The differential ultracentrifugation method with intermediate recovery and intermediate specificity according to MISEV 2018
(Thery et al., 2018) was used to isolate EVs. About 1 ml frozen aliquot of EDTA plasma (never undergone freeze-thaw cycle
before) was thawed at room temperature and centrifuged at 2500 g for 15 min at room temperature to obtain the platelet free
plasma (PFP). The PFP was then centrifuged at 20,000 g (Eppendorf, USA) for 15 min at 4◦C to isolate the 20K-pellet large
vesicles (LEVs). The 20K pellet was further washed with PBS and centrifuged again at 20,000 g for 15 min at 4◦C followed by
re-suspension in 200 μl of PBS (LEVs). After the first 20,000 g spin, the plasma supernatant was filtered through a 0.22 μm filter
and subjected to ultracentrifugation at 100,000 g for 70 min at 4◦C using a swinging bucket rotor (Thermo Scientific SureSpin
630 (17ml) Rotor, K Factor 268.0). The pellet was washed with PBS and centrifuged again at 100,000 g using the same rotor for 70
min at 4◦C and finally re-suspended in 500 μl of PBS to obtain small EV (SEV) preparation. In addition, EVs were isolated using
another intermediate recovery and intermediate specificitymethod. The size-exclusion chromatography (SEC) was performed in
small set of samples using qEV original 35 nm columns (Izon Science, Cambridge, MA). The supernatant obtained after removal
of 20K-pellet particles from 0.5 ml of PFP was loaded on the columns rinsed with 0.5 ml of 0.22 μm filtered PBS followed by
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collection of fractions according to the manufacturer instructions. The fractions were analysed by NanoSight and based on the
nanoparticle tracking analysis data four fractions from 7 to 10, rich in EVs were pooled and concentrated using Amicon Ultra-4
centrifugal filters (10 kDa, Millipore Sigma, USA) to a final volume of 500 μl.

2.1.2 EV characterization

Three different complementary methods were used for characterization of particles per MISEV 2018. ) Nanoparticle tracking
analysis: LEVs and SEVs were diluted in PBS (1:50) and gently vortexed before being introduced into the sample chamber using
a syringe pump. Three video recordings were made for a period of 60 sec each using Nanosight software (NTA 3.4 Build 3.4.003)
with settings as follows: detection threshold 6 and camera level 12, followed by manual focusing, which allows for optimum visu-
alization of the maximum number of EVs. The particle concentrations were corrected for the input volume of EV resuspension
and dilution necessary for NTA-reading. ) Transmission electron microscopy: A few microliters of LEVs and SEVs were sus-
pended in PBS, adsorbed on the carbon-coated copper grid by floatation for 20 min and washed with deionized water six times
followed by 1% uranyl acetate staining to enhance the contrast. For the IZON SEC samples, the sample was used directly without
any dilution and floatationwas performed for 2min followed by washing and staining. The images were acquired using transmis-
sion electronmicroscopy at 100KV emission (JEM-1400, Jeol, USA) and different size particles were quantitated using Image J. )
Western blot analysis: EVs isolated by both methods were lysed in RIPA lysis buffer system supplemented with 200 mM PMSF,
protease inhibitor cocktail and 100 mM sodium orthovanadate. The protein estimation was performed using the Pierce BCA
protein assay (ThermoScientific). About 20 μg of lysed LEVs or SEVs and 5 μg of SEC-SEVs were loaded in 10–12% resolving gel
and the transfer was performed using the Immobilon membrane. The primary antibodies against various EV markers, such as
transmembrane proteins: CD9, CD81, CD63, Integrin β1; cytosolic proteins: Flotillin-1, TSG101 Alix and negative controls: APOE
(lipoprotein marker) and GM130, were diluted in 5% blotting grade blocker in TBST and added on blots for overnight incuba-
tion at 4◦C. The secondary antibodies used were HRP conjugated goat anti-mouse IgG or goat anti-Rabbit IgG antibodies. The
blots were developed using the Piercing ECL WB substrate and Super signal West Femto (Thermo Scientific) upon the classic
autoradiography film (MidSci). The details of the reagents and antibody source/dilutions are listed in the Supplementary Table
1.

2.1.3 Uptake of labelled EVs by endothelial cells

The human pulmonary microvascular endothelial cells (HPMECs) (ScienCell, USA) were plated on coverslips in a 24-well plate
(2.5 × 104/well) in complete endothelial cell growth medium (ScienCell, USA). After 24 h, the cells were washed with serum-free
endothelial cell media, followed by treatment with and without 10μM of dynasore (MedChemExpress, USA) for 30 min and
the addition of 50 μg (approximately 3.8 × 104/cell) of PKH-67-labeled SEVs. PKH67 labelling was performed according to the
manufacturer’s instructions with minor modifications as described before (Xiao et al., 2014). To remove the unbound dye, the
labelled EV preparations were transferred to 300 kDa Vivaspin filters and centrifuged at 4000 g for 2 min at 4◦C followed by
washing three times with PBS. After 16 h of treatment with the PKH-67 labelled EVs, the cells were washed with PBS, fixed with
4% Formaldehyde in PBS and blocked with 1% BSA containing 0.2% Triton X in PBS. Next, the Alexa Fluor® 594 phalloidin
was added to the cells and incubated for 20 min. The cells were then washed three times with PBS, mounted with ProLong
Gold AntiFade Reagent with DAPI and imaged using a Nikon-80i microscope. Alternatively, SEVs labelled using ExoGlow-
Membrane™ EV Labeling Kit (System Biosciences, USA) were used to check the uptake of EVs by endothelial cell. Briefly, 2 μl
of labelling dye was diluted in the 12 μl of reaction buffer. To this, 50 μg of SEVs were added, mixed and incubated for 30 min
at room temperature. To remove the free unlabelled dye, 35 μl of ExoQuick-TC was added to the sample and incubated at 4◦C
for 30 min, followed by centrifugation at 10,000 rpm for 10 min. The EVs were re-suspended in PBS and added to the HPMECs
pre-treated with or without dynasore followed by visualization of EV uptake as described above.

2.1.4 Caspase 3/7 assay

For the apoptosis analysis HPMECs (3 × 103 cells/well) were plated on a 96-well plate (Corning USA). After 24 h, the complete
media was removed, and the cells were washed and then treated with 3 μg large or small EVs (, ranging from 2.5-4.6 × 104/cell)
across groups Supplementary Table 2) or equal number of LEVs/SEVs (3.3 × 104 EVs/cell) in serum-free endothelial cell media.
Twenty-four hours post-treatment, caspase 3/7 assay was performed using Cell Meter™ Caspase 3/7 activity assay kit according
to the manufacturer’s instructions (AAT Bioquest, USA). For apoptosis analyses of HPMECs in response to plasma treatment
in the presence and absence of EV uptake inhibitors, cells were pre-treated with heparin (Sigma Aldrich, USA) or dynasore



 of  KRISHNAMACHARY et al.

(MedChemExpress, USA) for 30 min followed by treatment with 3 μg protein equivalent of 50 times diluted plasma, followed by
caspase 3/7 assay as described above.

2.1.5 Annexin V imaging

Cells were plated on coverslips in a 24-well plate in complete endothelial cell growth medium (ScienCell, USA). After 24 h, the
cells were washed with serum-free endothelial cell media, followed by treatment with 10 μg of EVs. After 24 h treatment, cells
were washed with ice-cold PBS, followed by the addition of 20 μl of FITC-Annexin-V (Thermofisher Scientific, USA) for 15 min.
The stained cells were finally mounted ProLong Gold AntiFade Reagent with DAPI and imaged using a Nikon-80i microscope.

2.1.6 Proximity extension analysis (PEA)

LEVs and SEVs from different groups were lysed using the lysis buffer as previously described (Larssen et al., 2017). Fifty micro-
liters of the lysed sample at an equal concentration (1 μg/μl for LEVs or 0.5 μg/μl for SEVs) was added in a randomized order
to a 96-well PCR plate and sent to Olink Proteomics (Boston, USA) for the analysis. The LEV and SEV cargo was analysed
using the Olink Inflammatory and Cardiovascular II and III panels. PEA-based Olink platform is a multi-plex DNA-coupled
immunoassay-based targeted proteomic approach in which each target protein is detected by a pair of unique oligonucleotide-
labelled antibodies. When these oligonucleotide probes come in close proximity on binding to the protein, they polymerize to
form a target sequence that is later quantified by RT-PCR. Samples were randomly plated, and quality control of assay and indi-
vidual samples was monitored using four internal controls. The results were expressed as normalized protein expression (NPX)
expressed on a log2 scale, with a high NPX value indicating higher protein expression. Some of the NPX values in certain groups
were observed to be below the limit of detection (LOD) however based on Olink’s recommendation all the NPX data values were
used to identify statistically significant differences across groups. According to the company, ‘using data below LOD does not
generally increase false positives in statistical tests, and since LOD estimates are relatively conservative (3 standard deviations
away from the real lower level of quantification) there may still be useful signal below LOD. The data below LOD may have
a higher noise to signal ratio, and may not be quite as linear as the portion of the assay measurement curve above LOD, but
this shouldn’t substantively alter assay orderings when there is a meaningful biological difference. The likelihood of generating
spurious statistically significant differences is consequently quite low.’ The samples that failed technical criteria of the assay were
excluded.

2.1.7 Tissue factor activity assay

TF activity was measured using Human Tissue Factor (TF) Chromogenic AssaySense Activity Kit (AssayPro, USA) compatible
for EDTA plasma samples according to the manufacturer’s instructions. Briefly, 30 μl of LEVs - and SEVs were incubated with
human Factor VII and X for 30 min at 37◦C, followed by the addition of Factor Xa substrate and reading at 405 nm immediately
for background readings, which was then followed by incubation at 37◦C. Absorbance of chromophore product was measured
every 5 min for a total 35 min. TF activity was calculated from the change in absorbance using the standard curve generated by
the regression analysis of the four-parameter curve.

2.1.8 Immunocapturing of EVs

To examine whether some of the cytokine markers are on the surface of SEVs, EVs were captured using specific biotinylated
antibodies linked to streptavidin magnetic beads using EXOFLOW2-BASICA-SP kit (System Biosciences, USA). The magnetic
streptavidin Exo-Flow 2.0 beads were mixed with 1 μg of the biotin labelled anti-human CD218a (IL-18Rα), anti-human CD126
(IL-6Rα) or mouse IgG1 antibodies in 250 μl of blocking buffer and incubated at 4◦C for 1 h in a rotating rack. After washing
the magnetic beads to remove unbound antibodies, 250 μl of blocking buffer was again added to the beads and incubated at
room temperature for 30 min followed by washing and addition of 100 μg of SEVs containing blocking buffer and overnight
incubation at 4◦C in a rotating rack. The experiments were performed in duplicates, so that the captured EVs were subjected to
both Western blotting and flow cytometry. After washing, the beads were lysed using RIPA lysis buffer and loaded on the gel for
Western blot analysis of EV markers. For flow cytometry, the beads were washed and incubated in blocking buffer II provided
by the manufacturer for 1 h at room temperature with rotation. After washing, the beads were resuspended in 240 μl of EV stain
buffer and 10 μl of S/P green dye and placed in rotation for 1 h at room temperature followed by washing and analysis of beads
resuspended in 300 μl of PBS using BD LSR II flow cytometer.
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2.1.9 ELISA

Tissue Factor and EN-RAGE ELISAs (Abcam, USA) were performed on the EV protein extract according to the manufacturer’s
instructions.

2.1.10 Statistical analyses

The demographic and clinical characteristics for the disease status groups were summarized withmedian and interquartile range
for the continuous variables and with frequencies and percentages for categorical variables, Table 1. The differences in the con-
tinuous variables across the groups were assessed using analysis of variance (ANOVA) followed by post hoc comparisons using
Tukey’s test. Normality assumption of the data were examined by histogram and boxplots prior to performing the ANOVA anal-
yses. Log transformation was used for the outcomes not satisfying the normality assumption. The categorical outcomes across
the groups were assessed using Fisher exact test. Differences in the clinical variables between the genders were assessed using t-
tests orWilcoxon Rank Sum tests. The differences in the protein expressions among the five groups (Uninfected, Asymptomatic,
Moderate-No O2, Moderate-On O2, and Severe) were assessed using ANOVA analyses followed by pairwise post hoc compari-
son using Tukey’s test for each protein. Spearman’s correlation analyses were carried out to assess the relationship between each
protein with age, BMI, WBC count, LDH, ferritin, CRP, creatinine, D-dimer, absolute lymphocyte count, length of hospital-
ization (LH) and disease severity score for all symptomatic patients and then by separate groups. All correlation analyses with
length of hospitalization were carried with and without excluding the two extreme observations. Multiple testing adjustments
were carried out using Benjamini and Hochberg’s false discovery rate (FDR) method. The statistical analyses were carried out
using the statistical software R version 4.0.0 (Core Team, 2020) For the nanoparticle tracking analysis, cell-culture experiments,
TF activity assays and ELISAs, statistical analyses were carried out using Graph Pad Prism 9. One-way ANOVA was performed
among the groups followed by Bonferroni’s multiple comparison test. The differences in the NPX values or TF activity between
survived and deceased groups were assessed using unpaired t-test (Mann-Whitney test).

2.1.11 Data availability

We have submitted relevant details related to EV methodology to the EV-TRACK knowledgebase (EV-TRACK ID: EV210166)
(Van Deun et al., 2017).The NPX values of the PEA Olink analyses are provided as a Supplementary material.

 RESULTS

. Demographic and clinical characteristics

Of the 84 hospitalized patients with blood samples included in our analysis, 9 had no respiratory symptoms (Asymptomatic),
20 had moderate disease but were not hypoxic (Moderate-No O2), 20 had moderate disease and were hypoxic (Moderate-On
O2) and 35 had severe COVID-19 pneumonia (Severe) (Table 1). Although the median age of patients on oxygen support was
significantly higher compared to other groups (P = 0.0027), no difference was observed between patients in the Moderate-On
O2 and Severe groups. Median time from symptom onset to hospital admission was 6 days. Median time from symptom onset to
baseline lab draw was 10 days with no statistically significant differences across the groups. The median length of hospitalization
(LH) for the Moderate-No O2 group was 3 days compared to 17 days for the Severe group. The length of hospitalization for
two patients from the Severe group were 77 and 99 days; however, for the remaining patients, the range was 2 to 35 days. Fifty-
one percent of patients were males, and 27% of patients included in the study were identified as Hispanic. More than 50% of
patients met criteria for class I, II, or III obesity, and the difference in median BMI between groups was statistically significant
(P= 0.0022) with patients requiring oxygen support having a median BMI of 33. The most common comorbidities among these
patients were hypertension (42.4%), diabetesmellitus (type 1 or 2) (35.4%), dyslipidaemia (32.3%), and chronic renal insufficiency
(17.2%). There was a statistically significant difference (P = 0.0398) in the median number of diabetic patients across the groups
with more than 50% of patients in the Severe group having diabetes and only one patient in the Asymptomatic group being
diabetic. Interestingly, patients from the Moderate-No O2 and Severe groups had a higher percentage of diabetes (40% and
54.3%, respectively) compared to patients in the Moderate-On O2 group (25%). There were no significant gender differences
in comorbid conditions among the groups. Thirty-eight percent of patients infected with SARS-CoV-2 were current or former
smokers. Fifty-eight percent of infected patients had no history of tobacco, alcohol, or drug abuse. Of the 35 patients with severe
disease, 16 were mechanically ventilated and 11 died during hospitalization.
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TABLE  Demographics & characteristics of patients included in analysis

On Oxygen

Uninfected Asymptomatic
Moderate Disease:
Without Oxygen

Moderate Disease:
With Oxygen Severe Disease P-value

(n = ) (n = ) (n = ) (n = ) (n = )

Age (median, IQR)  (. – .) . (.-.) . (.-.) . (.-.) . (.-.) 0.0027

Sex (total, %) 0.9722

Male 7 (46.7%) 5 (55.6%) 9 (45.0%) 11 (55%) 18 (51.4%)

Female 8 (53.3%) 4 (44.4%) 11 (55.0%) 9 (45.0%) 17 (48.6%)

Race (total, %) 0.2039

Asian 0 (0%) 0 (0.0%) 1 (5.0%) 0 (0.0%) 0 (0.0%)

Black or African
American

5 (33.3%) 3 (33.3%) 5 (25.0%) 6 (27.3%) 5 (14.3%)

White 9 (60.0%) 6 (66.7%) 8 (40.0%) 8 (40.0%) 18 (51.4%)

Other 1 (6.7%) 0 (0.0%) 6 (30.0%) 6 (30.0%) 12 (34.3%)

Ethnicity (total, %) 0.0392

Hispanic 1 (6.7%) 0 (0.0%) 6 (30.0%) 6 (30.0%) 14 (40.0%)

Non-Hispanic 14 (93.3%) 9 (100.0%) 14 (70.0%) 14 (70.0%) 21 (60.0%)

BMI (median, IQR) . (.-.) . (.- .) . (.-.) . (.-.) . (.-.) 0.0022

BMI classification (total, %)

Below 18.5
(underweight)

0 (0.0%) 0 (0.0%) 1 (5.0%) 0 (0.0%) 0 (0.0%)

18.5 to 24.9 (normal) 6 (40.0%) 6 (66.7%) 4 (20.0%) 3 (15.0%) 4 (11.4%)

25.0 to 29.9 (overweight) 6 (40.0%) 0 (0.0%) 5 (25.0%) 4 (20.0%) 8 (22.9%)

30.0 to 34.9 (class I
obesity)

1 (6.7%) 0 (0.0%) 7 (35.0%) 4 (20.0%) 6 (17.1%)

35.0 to 39.9 (class II
obesity)

2 (13.3%) 1 (11.1%) 3 (15.0%) 4 (20.0%) 5 (14.3%)

40.0 + - (class III
obesity)

0 (0.0%) 2 (22.2%) 0 (0.0%) 5 (25.0%) 12 (34.3%)

Comorbidities (total, %)

HTN 4 (26.7%) 2 (22.2%) 8 (40.0%) 12 (60.0%) 18 (51.4%) 0.1737

Diabetes (type 1 or 2) 3 (20.0%) 1 (11.1%) 8 (40.0%) 5 (25.0%) 19 (54.3%) 0.0398

Coronary artery disease 1 (6.7%) 0 (0.0%) 1 (5.0%) 4 (20.0%) 4 (11.4%) 0.5425

Chronic renal
insufficiency

1 (6.7%) 2 (22.2%) 4 (20.0%) 6 (30.0%) 4 (11.4%) 0.3235

Hyperlipidaemia 5 (33.3%) 2 (22.2%) 5 (25.0%) 7 (35.0%) 14 (40.0%) 0.7886

Heart failure (systolic or
diastolic)

1 (6.7%) 1 (11.1%) 1 (5.0%) 2 (10.0%) 5 (14.3%) 0.8747

COPD 1 (6.7%) 2 (22.2%) 0 (0.0%) 1 (5.0%) 1 (2.9%) 0.1381

WHO Peak Score
(Median, IQR)

N/A  for all  for all  for all . (.-)

Mortality (total, %) N/A  (.%)  (.%)  (.%) . (.%)

Treatment

Antimicrobials 0 (0.0%) 5 (25.0%) 3 (15.0%) 8 (22.9%)

Steroids 3 (33.3%) 4 (20.0%) 8 (40.0%) 34 (97.1%)

Non-steroid immune
suppressants

0 (0.0%) 0 (0.0%) 1 (5.0%) 11 (31.4%)

(Continues)
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TABLE  (Continued)

On Oxygen

Uninfected Asymptomatic
Moderate Disease:
Without Oxygen

Moderate Disease:
With Oxygen Severe Disease P-value

(n = ) (n = ) (n = ) (n = ) (n = )

Anti-viral therapy 0 (0.0%) 0 (0.0%) 12 (60.0%) 32 (91.4%)

Convalescent plasma 1 (11.1%) 0 (0.0%) 10 (50.0%) 24 (68.6%)

Anticoagulant
(therapeutic only)**

2 (22.2%) 4 (20.0%) 2 (10.0%) 18 (51.4%)

Time from symptom
onset to hospital
admission (days)
(median, IQR)

N/A N/A . (.-.) . (.-.) . (.-.) 0.9319

Time from symptom
onset to first draw
(days) (median, IQR)

N/A N/A . (.-.) . (.-.) . (.-.) 0.1882

Length of
hospitalization
(days) (median, IQR)

N/A N/A . (. – .) . (. -.) . (.-.) 1.1e-8

Lab data (within  h of first draw) (median, IQR)

White blood cell count,
count x 1000/μl

7.7 (5.8-8.4) 5.8 (4.1-8.2) 5.7 (4.5-10.4) 10.0 (7.3-14.2) 0.0011

Lymphocytes,
percentage

27.5 (22.8-33.3) 23.5 (13.0-29.0) 20.0 (8.5-26.5) 9.0 (5.0-11.0) 1.6e-5

Creatinine, mg/dl 0.7 (0.7-0.9) 0.9 (0.6-1.2) 0.89 (0.7-1.2) 0.9 (0.8-1.3) 0.5724

Lactate dehydrogenase,
units/L

214.5 (170.5-287.0) 394.5 (335.0-470.2) 416.0 (347.0-551.0) 0.0005

Ferritin, ng/ml 365.0 (246.5-736.5) 416.0 (300.0-562.2) 515.0 (282.0-879.0) 0.5016

D-dimer, ng/ml 674.0 (418.5-951.5) 592.0 (425.0-676.0) 1388.0 (820.0-3885) 1.8e-4

C-reactive protein,
mg/dl

3.1 (2.1-6.9) 8.93 (5.4-15.2) 9.5 (2.8-18.3) 0.0307

Number of samples used for various assays

Nanoparticle Tracking
Analysis

15+6* 9 20 20 21

LEVs Olink Analysis (n) 6* 6 13 14 9

SEVs Olink Analysis (n) 15+ 6* 9 15 15 15

Apoptosis assay using
EVs (n)

15+5* 9 15 15 15

Apoptosis assay using
Plasma (n)

8 8

Tissue factor activity
assay (n)

15 15 19 35

EN-RAGE ELISA,
UC-SEVs

10 10 10 10

SEC-EVs: Nanoparticle
Tracking Analysis,
EN-RAGE ELISA, TF
ELISA, TF activity

5* 5 5 5

*Additional 6 un-infected samples from healthy volunteers were used.
**Patients received at least 24 hours of therapeutic anticoagulation during hospitalization. All patients not receiving therapeutic anticoagulation received an escalated dose of Enoxaparin
for venous thromboembolism prophylaxis.
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Among asymptomatic patients included in our analysis, reasons for hospitalization included post-operative Clostridium diffi-
cile infection, hyperemesis gravidarum, sickle cell pain crisis, acute variceal haemorrhage, heart failure exacerbation with newly
reduced left ventricular ejection fraction, post-operative pelvic abscess, gunshot wound, osteomyelitis and pathologic thoracic
compression fracture.
In terms of treatment, the accepted management of COVID-19-infected patients has evolved over the course of the pandemic.

For example, after publication of the results of the RECOVERY trial in theNew England Journal of Medicine in July 2020 (Group
et al., 2020), hypoxemic COVID-19-positive patients at TUKHS began to receive corticosteroids as standard of care. Patients
also have been enrolled in a variety of clinical trials designed to address the dysregulated immune and prothrombotic responses
seen in COVID-19 infection. Table 1 lists the treatments that patients received for at least 24 h of their hospitalization, including
antimicrobial therapy (including the anti-malarial agent, hydroxychloroquine); corticosteroids; nonsteroidal immune suppres-
sants; antiviral therapy; convalescent plasma; and/or therapeutic anticoagulation. Therapies administered as part of a clinical trial
were not included in this analysis. Importantly, all patients not receiving therapeutic anticoagulation received an escalated dose
of enoxaparin for venous thromboembolism (VTE) prophylaxis unless they had an absolute contraindication. Among patients in
the Severe group, 22.9% received antimicrobial therapy, 97.1% received corticosteroids, 31.4% received a non-steroidal immune
suppressant and 91.4% received antiviral therapy (remdesivir). Nearly 70% were treated with convalescent plasma, and approxi-
mately 50% received therapeutic anticoagulation, compared to only 10 to 20% of patients in other groups. Seventeen percent of
patients in the Severe group were on therapeutic anticoagulation prior to admission.
Regarding laboratory data collected from symptomatic COVID-19 patients within 24 h of baseline lab draw, median CRP

(P = 0.0307) and LDH (P = 0.0005) levels increased with progression of disease severity (Table 1). Median D-dimer levels were
significantly higher in patients in the Severe group compared to patients with moderate disease (P = 1.8 × 10−4). There also
was a significant difference in median WBC count in patients from the Severe group compared to those in the Moderate groups
(P = 0.0011) though WBC count values remained within the normal range. Patients in the Severe group had significant lym-
phopenia compared to patients in other groups (P = 1.6 × 10−5). However, no significant differences were observed in baseline
creatinine or ferritin levels among the groups.
As illustrated in Supplementary Figure 1, length of hospitalization (LoH) positively correlated with age LDH, D-dimer and

WBC count, but negatively correlated with lymphocyte count. These correlations and statistical significances remained similar
with (data not shown) and without including extreme LoH observations ; patients with 77 and 99 days of hospitalization. How-
ever, the statistical significance of the positive correlation of LoH with CRP was altered after excluding the extreme observations
(P = 0.03 including and P = 0.06 excluding the two outliers). No significant correlation was observed between length of hospi-
talization and BMI, creatinine or ferritin levels. As one would expect, length of hospitalization correlated with increasing disease
severity as defined by peak WHO Clinical Progression Scale score (R = 0.6839, P = 2.59 × 10−11). There were no significant
gender differences in age, BMI, or laboratory parameters, with the exception of ferritin levels, which were significantly higher in
males (P = 0.0025).

. Characterization of plasma-derived large and small EVs

Both large (20K-pellet) and small (100 K-pellet) EVs isolated from the plasma of all SARS-CoV-2-positive patients and healthy
uninfected controls were compared for total number and size using nanoparticle tracking analysis. An increase in total number
of LEVs was observed in the Moderate-No O2 and Severe groups compared to the other groups (Figure 1a, top panel). However,
an increase in SEVs was only observed in the Severe group when compared to other COVID-19-positive and -negative groups
(Figure 1a, bottom panel). The EV particle/protein ratio showed the same trend in total number of LEVs and SEVs across the
groups (Figure 1b). Although the nanoparticle analyses showed a similar distribution of particle size in both LEVs and SEVs
(Supplementary Figure 2A), TEM analysis (Figure 1d & 1e) indicated the presence of larger-size particles ranging from 100–
400 nm in size in the LEVs and a higher number of smaller-sized particles in the range of 30–100 nm in SEVs, as expected. The
TEM images showed an aggregation of particles in SEVs, which may have been counted as larger-size particles by nanoparticle
tracking analysis. Western blot analysis confirmed the presence of the well-characterized EV-linked tetraspanins, CD9, CD81
and CD63, in both LEVs and SEVs (Figure 1c). Interestingly, a decreased pattern of CD9 expression was observed in both LEVs
and SEVs from patients with Severe disease when compared to uninfected controls, though this needs to be confirmed in a
larger sample size. Other EV markers, such as Flotillin-1, Alix and TSG101, were also present in both LEVs and SEVs. Integrin
β1, commonly associated with microvesicles was observed in all four samples of LEVs. However, ApoE positivity suggested the
presence of lipoproteins in the EV preparation (Brennan et al., 2020), relatively more in LEVs compared to SEVs. The GM130,
another negative marker for EVs, was absent in both LEVs and SEVs (Supplementary Figure 2B).
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F IGURE  Characterization of extracellular vesicles isolated from plasma of COVID-19 infected and uninfected individuals. Extracellular vesicles (EVs)
were isolated from 1.0 ml of platelet free EDTA-plasma from Uninfected controls (n = 21), Asymptomatic (n = 9), Moderate-No O2 (n = 20), Moderate-On O2
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. Effect of plasma-derived EVs from COVID- patients on the pulmonary endothelium

We next tested the effect of plasma-derived 20K- and 100K-pellet EVs on the apoptosis of pulmonary endothelial cells. For this,
we first checked the uptake of EVs from COVID-19 patients by HPMECs in the presence and absence of the EV uptake inhibitor,
dynasore. Both PKH-67 as well as ExoGlow labelled EVs were taken up by HPMECs as shown in Figure 2a & 2b, while this
uptake was inhibited on pretreatment of cells with the dynasore. The addition of LEVs (equivalent to 3 μg of EV protein) from
the Severe group toHPMECs resulted in significantly increased caspase 3/7 activity when compared to the treatment of cells with
the same amount of EVs from the Healthy and Asymptomatic groups (P < 0.05). An increased trend in caspase 3/7 activity also
was observed in HPMECs treated with LEVs from the Moderate group when compared with HPMECs treated with LEVs from
the Healthy and Asymptomatic groups; however, this increase was not significant and was less than the increase observed in the
Severe group (Figure 2c, -left panel). The addition of 3 μg 100K-pellet SEVs to HPMECs also significantly increased caspase 3/7
activity in the Severe group when compared to all other groups (Figure 2c, -right panel). Furthermore, the comparison of adding
an equal number of LEVs or SEVs (3 × 104 EVs /cell) from various groups to the HPMECs also showed maximum increased
caspase 3/7 activity in the Severe group (Figure 2d). Augmentation of apoptosis by LEVs and SEVs was further confirmed by
FITC-Annexin-V staining as shown in Figure 2e.
We also determined the effect of plasma on endothelial apoptosis in the presence and absence of two EV uptake inhibitors:

heparin and dynasore (Figure 2f). Heparin inhibits the endocytosis of EVs by binding to heparan sulfate proteoglycans (Franzen
et al., 2014; Mrowczynski et al., 2018), while dynasore is known to inhibit clathrin- and caveolin-dependent endocytosis of EVs
(Chiba et al., 2018; Toribio et al., 2019). The addition of plasma samples derived from the Severe group resulted in significantly
increased caspase activity compared to the plasma from uninfected controls. COVID-19-negative control plasma from individ-
uals with and without comorbidities also resulted in some apoptosis when compared with untreated cells. However, the addition
of plasma samples to HPMECs pretreated with heparin (2.5 and 5 μg/ml) or dynasore (5 and 10 μM) significantly mitigated the
apoptosis mediated by plasma from both groups. This further confirms a role for circulating EVs in endothelial injury.

. Analysis of LEV and SEV protein cargo for inflammatory and cardiovascular biomarkers

The Olink platform that uses multi-plex DNA-coupled immunoassay-based targeted proteomic approach was used to detect the
inflammatory and cardiovascular related protein cargo in both LEVs and SEVs. Olink analysis was first performed on 20K-pellet
LEVs from five different groups (Healthy, n = 6; Asymptomatic, n = 6; Moderate-No O2, n = 13; Moderate-On O2, n = 14; and
Severe, n = 9). For the analysis of 100K-pellet SEVs we also included Uninfected (UI) controls (n = 15) with matched epidemio-
logical and clinical characteristics to identify COVID-19-related alterations in EVs (UI-controls, n= 15+6; Asymptomatic, n= 9;
Moderate-NoO2, n= 15;Moderate-OnO2, n= 15; and Severe, n= 15). Supplementary Figures 3A and 4A show theVenn diagram
of the number of statistically significant differentially altered proteins in LEVs and SEVs for each of theAsymptomatic,Moderate-
No O2, Moderate-On O2 and Severe subjects with respect to healthy/un-infected controls. The full list of altered inflammatory
and cardiovascular proteins in LEVs and SEVs from all groups are presented as heatmaps showing the pattern of protein presence
according to disease severity (Supplementary Figures 3B & 4B). The heatmap of differences in the protein cargo using statistical
significance of P< 0.001 for SEVs, shown in Figure 3a, highlights alterations in proinflammatory and prothrombotic markers, as
well as endothelial injury- and angiogenesis-related proteins, with increasing disease severity.
Volcano plots were created to show the significant differences in EV protein cargo in the pairwise post hoc comparisons. Pro-

teins with≥1.5- or 2-fold changes (P< 0.05 with and without FDR 0.05 cutoff) in SEVs are listed in Figure 3b and Supplementary
Figure 3C, while proteins in LEVs are listed in Supplementary Figure 4C. Given that the 20K-pellet LEV Olink analyses in sub-
jects with COVID-19 were compared with EV cargo from healthy volunteers without any comorbidities while the SEV analyses
included additional uninfected controls with matched comorbidities. The comparison of differences in EV protein cargo from
all symptomatic COVID-19 patients with the uninfected healthy controls in LEVs showed a higher number of proteins with a
greater than 2-fold difference (Supplementary Figure 4C). However, the comparison of EV protein cargo in SEVs between the
Severe andUI Control groups resulted in a higher number of up- and down-regulated proteins that passed the FDR cutoff of 0.05

(n = 20) and Severe (n = 21) group COVID-19 patients by centrifuging at 20,000 g for 15 min (20K pellet large EVs) followed by ultracentrifugation twice at
100,000 g for 70 min (100K pellet small EVs). a) Total large EVs (LEVs, top panel) and small EVs (SEVs, bottom panel) in each group based on nanoparticle
tracking analysis. Data represents number of EVs/ml of final EV suspension obtained from 1 ml of EDTA plasma. b) EV to protein ratio in each group
Uninfected Control (n = 20), Asymptomatic (n = 9), Moderate-No O2 (n = 15), Moderate-On O2 (n = 15), Severe (n = 15). c) Western blot analysis of EV
markers in LEVs and SEVs from un-infected controls (n = 2) and Severe COVID-19 (n = 2) patients. d-e) Representative images and particle size distribution
of LEVs (d) and SEVs (e) based on Transmission electron microscopy (TEM). Approximately 10–15 TEM images of LEVs and SEVs each were counted using
the Image J software. Box plots depicts median and IQR and whiskers represent minimum to maximum points. * P < 0.05, ** P < 0.01 vs UI-Control, #
P < 0.05 vs. Asymptomatic, @ P < 0.05, @@ P < 0.01 vs Moderate-On O2
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F IGURE  Circulating EVs from COVID-19 patients induce endothelial apoptosis in the order of disease severity. a-b) Uptake of PKH67 (green) (a) and
ExoGlow-Membrane (red) (b) labelled SEVs by HPMECs in the presence and absence of EV uptake inhibitor: dynasore (10 μM) After treating cells with 50 μg
of labelled SEVs for 16 h, cells were fixed and mounted with DAPI containing ProLong Gold Antifade reagent. Cells treated with PKH67 labelled EVs were
additionally stained with Alexa Fluor® 594 phalloidin to visualize actin filaments. Magnification 20X. c-d) Caspase 3/7 assay on HPMECs treated with LEVs
and SEVs from Uninfected Control (n = 20), Asymptomatic (n = 9), Moderate-No O2 (n = 15), Moderate-On O2 (n = 15), Severe (n = 15) group patient
followed by Caspase 3/7 assay after 24 h. HPMECs plated in 96 well plate were treated with either EVs equivalent to 3 μg protein (c) or equal number of EVs
(100 × 106 EVs) (d) per well. e) Representative images of Annexin-V staining of HPMECS treated with 10 μg of LEVs and SEVs. After 24 h of treatment, cells
were stained with FITC- Annexin V for 15 min, washed and mounted with DAPI containing ProLong Gold Antifade reagent. Magnification 20X. f) Apoptosis
analyses of HPEMCs after exposure to EDTA plasma from Uninfected Control (n = 8) and Severe COVID-19 patients (n = 8) in the presence and absence of
EV uptake inhibitors: Heparin (2.5 and 5 μg/ml) and Dynasore (5 and 10 μM). Cells were pretreated with inhibitors for 30 min followed by treatment with
plasma (equivalent to 3 μg protein). Caspase 3/7 assay was later performed after 24 h. * P < 0.05, ** P < 0.01, *** P < 0.001 vs UI-Control, # P < 0.01, vs.
Asymptomatic, & P < 0.01 vs Moderate-No O2. f) ** P < 0.01, *** P < 0.001 vs UI-Control and $ P < 0.001 vs Severe
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(Figure 3b). Among the proteins that were significantly altered in symptomatic patients when compared to uninfected controls,
several also were altered in Asymptomatic patients admitted to the hospital for other reasons. Some of these common proteins
included: follistatin (FS), human osteoclast-associated immunoglobulin-like receptor (hOSCAR), IL-27 and IL-6 receptor sub-
unit alpha (IL-RA) in the LEVs; and colony stimulating factor (CSF)-1, Chitinase-3-like protein 1 (CHI3L1) and IL-1 receptor
antagonist (IL-Ra) in SEVs. There also were lower levels of IL-17 receptor A (IL17RA), CD244, CXCL5 and PECAM1 in the SEVs
when compared with uninfected controls. Comparison of altered EV protein cargo in LEVs and SEVs from the Severe group to
EV-linked proteins from other COVID-19-positive groups (including the Asymptomatic group) showed upregulation of proteins
involved in coagulopathy, inflammation, endothelial injury and tissue remodelling in the Severe group.
Both LEVs and SEVs were noted to be enriched in proinflammatory cytokines, including IL-18 and IL-18R1, whose levels

correlated with increasing severity of disease in both sets of EVs (Figure 4 and Supplementary Figure 5). IL-18R1 levels clearly
differentiated patients with severe disease from others infected with COVID-19. In addition to IL-18R1, levels of another IL-1R
subfamily receptor, ST2 (IL-1RL1), were higher in SEVs from patients in the Severe group. Other significant findings included
higher levels of IL-6; the IL-6 inducer, Oncostatin-M (OSM); and IL-6 receptor subunit alpha (IL-6RA), as well as IL-8, IL-27 and
tumour necrosis factor (TNF)-receptor superfamily proteins in both sets of EVs. Levels of TNF-related apoptosis-inducing ligand
receptor 2 (TRAIL-R2), also known as Death Receptor 5, were significantly higher in both LEVs and SEVs from patients in the
Severe group compared to other COVID-19-positive patients. TNF receptor 1 (TNF-R1) levels also increased with the severity of
illness in both sets of EVs. In addition, TNF receptor superfamily member (TNFRSF) 13B and TNF ligand superfamily member
(TNFSF) 13B were noted to be higher in EVs from symptomatic COVID-19 patients. However, TNFRSF10A (also known as
TRAIL-R1 or DR4), TNFRSF10C (TRAIL-R3) and TNFSF14 were significantly upregulated in patients with Moderate-On O2
and/or Severe disease only in LEVs (Supplementary Figures 4C and 5). In parallel, TNF-related activation-induced cytokine
(TRANCE) was significantly down-regulated in LEVs from theModerate-On O2 and Severe groups compared to those from the
Asymptomatic group. Furthermore, elevated levels of chemokines, such as MCP-1, MCP-3, CXCL10 and CCL23 (MIP-3), were
also found in both LEVs and SEVs from the Moderate-On O2 and/or Severe groups, whereas increased levels of CXCL9 and
CXCL11 were seen only in SEVs. Interestingly, levels of IFN-γ were found to be higher in EVs from the plasma of patients in the
Moderate-On O2 group compared to other groups, while IFN-γ levels were significantly lower in both 20K- and SEVs from the
Severe group. In parallel, levels of IL-12B, a known inducer of IFN-γ production, were found to be lower in the Severe group
compared to the other COVID-19-positive groups.
EN-RAGE (extracellular newly identified receptor for advanced glycation end products binding protein), a proinflammatory

molecule mainly secreted by neutrophils or monocytes, was remarkably high in LEVs and SEVs from the Severe group com-
pared to all other groups (Figure 4 and Supplementary Figure 5). Also known as S100-A12 and calgranulin C, EN-RAGE acts as
a damage-associated molecular pattern (DAMP) protein that, on binding to either RAGE or TLR4 on endothelial cells or mono-
cytes, promotes expression of cellular adhesion molecules in addition to inducing a proinflammatory axis. Interestingly, RAGE
was also found to increase with severity of illness in both sets of EVs. Pentraxin-3 (PTX3), which is associated with proinflam-
mation and endothelial injury similar to classical pentraxin (CRP), was also significantly upregulated in SEVs in all symptomatic
COVID-19 patients with levels increasing with severity of illness.
It is important to note that circulating EVs are not only heterogeneous in size and cargo, but also in their cellular origin.

CD163, a macrophage activation marker, was present at significantly higher levels in both LEVs and SEVs from the Severe group
compared to those from the Moderate-On O2 group. The macrophage colony stimulating factor (CSF-1) was also significantly
elevated in the Moderate and Severe groups when compared to uninfected controls; however, this elevation was lower in EVs
from the Severe group compared to EVs from the Moderate-On O2 group (Figure 4 and Supplementary Figure 5). We observed
higher levels of granulocyte marker: carcinoembryonic antigen-related cell adhesion molecule (CEACAM) 8, also known as
CD66b, in LEVs from the Severe group but not in EVs from other COVID-19-positive patients. In addition, SEVs from the
Severe group contained increased levels of Lectin-like Oxidized LDL receptor 1 (LOX1) and myeloproxidases (MPOs), which
are mainly associated with neutrophils. Notably, SEVs from patients with severe disease also had significantly higher levels of
T-cell exhaustion markers, PDL-1 and Galectin- 9 (Gal 9), and lower levels of FMS-like tyrosine kinase 3 ligand (Flt3L), which
is known to promote the proliferation and differentiation of dendritic cells and activation of T-cells. Finally, levels of epithelial
cell adhesion molecule (Ep-CAM) and E-selectin (SELE) found exclusively in epithelial and endothelial cells, respectively, were

F IGURE  Proximity Extension Analysis (PEA) of circulating SEVs from COVID-19 patients. EDTA plasma from Uninfected-Control (n = 21),
Asymptomatic (n = 9), Moderate-No O2 (n = 15), Moderate-On O2 (n = 15), Severe (n = 15) group patients was used for the comparison of inflammatory and
cardiovascular related protein cargo in SEVs by employing Olink’s multiplex PEA platform. a) Heat map showing hierarchical clustering of significant
differences in EV protein cargo across the groups (P < 0.001). b) Volcano plots show pairwise post hoc comparisons of differences in EV protein cargo between
various groups. The plot was constructed using −log10 (P value) against the mean difference. The green dotted horizontal line represents P = 0.05. The proteins
with mean difference of either +/- 2 or +/-1.5 fold and significance of P = > 0.05 are listed. In all the plots, the up-regulated and down-regulated proteins with
FDR less than 0.05 are represented by red and blue diamond symbols, respectively whereas the upregulated and downregulated proteins with FDR greater than
0.05 are represented by red and blue circle symbol, respectively
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significantly higher in SEVs from patients with severe disease, albeit a less than 1.5-fold increase compared to the uninfected
controls.
Significant alterations were observed in a number of proteins directly or indirectly involved in thrombosis and coagulation

in both LEVs and SEVs from patients with COVID-19. EV-linked Tissue Factor (TF) was found to clearly differentiate patients
with severe disease from all other COVID-19-infected groups and was invariably ranked high across all pairwise-comparisons
in both LEVs and SEVs (Figure 4 and Supplementary Figure 5). In addition to TF, tissue plasminogen activator (t-PA) was also
increased in patients with moderate and severe disease but without any significant changes in plasminogen activator inhib-
iter (PAI). Alternatively, ADAMTS13 (also known as von Willebrand factor (vWF)-cleaving protease), which is an inhibitor of
thrombus formation, was found to be lower in LEVs from patients in the Severe group when compared to uninfected controls
(Supplementary Figure 5). Correspondingly, higher levels of vWF were noted in both LEVs and SEVs from patients on oxygen
support. Furthermore, we observed higher levels of urokinase-type plasminogen activator receptor (uPAR) in the SEVs from
patients on oxygen support but not in LEVs. Membrane-bound uPAR is known to promote fibrinolysis by activating uPA, while
increased levels of soluble uPAR promote thrombosis (Mahmood et al., 2018). Hepatocyte growth factor (HGF) and Chitinase-3-
like proteins 1 (CHI3L1) were also significantly increased in both LEVs and SEVs from patients in the Severe group compared to
those in the healthy groups. In addition to being markers of inflammation and angiogenesis, HGF is associated with thrombosis
and pulmonary embolism, while CHI3L1 is known to promote coagulation by inducing the expression of TF (Shan et al., 2018).
Prostasin (PRSS8), a serine protease that not only regulates the epithelial sodium channel but is also expressed in endothelial
and smooth muscle cells (Zhu et al., 2008), was identified as one of the most upregulated proteins in patients from the Severe
group when compared to the UI Control group in both sets of EVs (Figures 3b & 4; Supplementary Figures 4C& 5). Interestingly,
prostasin has recently been reported to directly or indirectly convert coagulation Factor VII to its active form (Khandekar et al.,
2020).
Levels of many other proteases involved in tissue remodelling, such as cathepsin L (CTSL1), cathepsin D (CTSD), carboxy

peptidases (CPA1 andCPB1) andmatrixmetalloproteinases (MMP9 andMMP3), were also elevated in EVs from infected patients
(Figure 4). Other angiogenesis-related proteins in addition to CH13L1, HGF and Gal9, such as growth differentiation factor 15
(GDF15), osteopontin (OPN) and fibroblast growth factor 21 (FGF21) were also noted to be increased in SEVs from COVID-19-
positive patients. Interestingly, we also observed a significant increase in ACE2 levels in SEVs from patients in the Moderate-No
O2 group compared to patients in the UI Control group as well as lower ACE2 levels in EVs from patients in both the Moderate-
OnO2 and Severe groups compared to patients in theModerate-NoO2 group. This same trendwas observed in LEVs, though not
significant. Levels of renin (REN), another important component of the renin-angiotensin-aldoserone (RAAS) system, showed
a higher trend in SEVs from patients with severe disease. The myocyte protein, myoglobin (MB) and adipokine leptin (LEP)
were among other important upregulated proteins in EVs from patients in the Severe and/orModerate groups, while lower levels
of α1-microglobulin/bikunin precursor (AMBP) and agouti related protein (AGRP) were seen in EVs from these same groups.
These proteins could potentially be biomarkers of the cardiovascular repercussions seen in COVID-19.

. Correlation of significantly altered EV-linked proteins with clinical parameters

For the analysis of the correlation of proteins with clinical lab parameters, we included only symptomatic patients due to lack
of complete clinical data for most asymptomatic patients. Correlation matrices shown in Figure 5a and Supplementary Figure
7A were generated by performing Spearman’s correlation analysis of the significantly altered proteins in the LEVs and SEVs by
age, BMI, LH, disease severity and clinical parameters. As mentioned in the statistical methods section, to avoid the effect of two
extreme observations in the LoH on correlation, two patients from the Severe group with 77 and 99 days of hospitalization stay
were excluded from the Spearman’s Rank correlation analysis. Nevertheless, excluding these observations did not alter the results
or conclusions obtained from the analyses when including all observations (data not shown). The right-inclined blue ellipses in
the correlogram represent the positive correlation while the left-inclined ellipses represent the negative correlation of some of
the selected proteins. The shape of the ellipse and intensity of the colour represents the strength of the correlation. Thinner
and darker ellipses represent higher correlation. The higher levels of IL-6, CXCL-10 and MCP-3 in LEVs from symptomatic
COVID-19-infected patients appeared to have the strongest correlation with LDH and CRP (Supplementary Figures 7D, E & G),
while levels of CTSL1, EN-RAGE, HGF, IL-18R1, TF and TRAIL-R2 showed significant positive correlation with LH and disease
severity in both LEVs and SEVs. Additionally, EN-RAGE, TF and TRAILR2 had a strong positive correlation with D-dimer,

F IGURE  Alterations in the selected inflammation, thrombosis and tissue remodelling related proteins in SEVs indicate COVID-19 disease severity.
SEVs from Uninfected-Control (n = 21), Asymptomatic (n = 9, WHO score 4), Moderate-No O2 (n = 15, WHO score 4), Moderate-On O2 (n = 15, WHO
score 5), Severe (n = 15, WHO score 6–10) were analysed using Olink inflammatory and Cardiovascular II and III panels. Box-whisker plots indicate
normalized protein expression (NPX) expressed in a log2 scale, Boxes span from quartile 1 and 3 with median showing in the middle and whiskers extend to 1.5
times the IQR from the box.* P < 0.05, ** P < 0.01, *** P < 0.001 vs. UI-control, # P < 0.05, ##p < 0.01, ###p < 0.001 vs. Asymptomatic, & P < 0.05, &&
P < 0.01, &&& P < 0.001 vs. Moderate-No O2, @ P < 0.05, @@ P < 0.01, @@@ P < 0.001 vs. Moderate-On O2
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while HGF and CTSL1 positively correlated with CRP along with all showing positive correlation with age, and LDH in SEVs.
Of these markers, EN-RAGE, followed by TF and IL-18R1, showed the highest correlation with disease severity and length of
hospitalization compared to other significantly altered proteins in SEV cargo. To state differently, this correlation was stronger
than the correlation of LDH, CRP, D-Dimer, or age (all of which are clinical or laboratory parameters often tracked during
hospitalization) with disease severity or length of hospitalization (Figure 5b). Furthermore, levels of EN-RAGE, TF and IL-18R1
in SEVs from baseline blood draws (collected, on average, 10 days from symptom onset) were significantly higher in patients who
died compared to those on supplemental oxygen (Moderate-On O2 and Severe groups) who survived (Figures 5c-h).

PD-L1, significantly upregulated in SEVs from critically ill patients, showed positive correlation with age, D-dimer, length of
hospitalization and disease severity. In addition to TF, most other EV-linked coagulopathy markers, including vWF, uPAR and
ADAMTS13, also correlated with D-dimer, length of hospitalization and age in both LEVs and SEVs. However, the strongest
correlation with D-dimer was observed with TRAIL-R2 in SEVs. Many other molecules in SEVs such as ST2, PRSS8, CD163,
IL-18R1, IL-6RA, RAGE, MB, MMP3 and MPO that showed a positive correlation with length of hospitalization did not show
any correlation with age. Leptin, MPO, PTX3 and tPA were the only proteins from these selected significantly altered EV sig-
natures that correlated with BMI. Finally, higher levels of most of EV-linked markers in both LEVs and SEVs were negatively
correlated with lymphocyte count and positively correlated withWBC count.WBC and lymphocyte counts showed the strongest
correlation with IL-18R1 and ST2, respectively, in SEVs from symptomatic COVID-19 patients (Figure 5a, Figure 5c and Supple-
mentary Figure 6C). Conversely, the lower levels of FIt3L and IL-12B in SEVs from patients with severe disease were negatively
correlated with WBC count, peak score and length of hospitalization but positively correlated with lymphopenia (Figure 5i and
Supplementary Figure 6H). The levels of Flt3L and IL-12B in SEVs could segregate patients on oxygen support who survived
from the patients on supplemental oxygen who later died (Figure 5j and Supplementary Figure 6P).

. Tissue factor activity analysis of LEVs and SEVs

TF has previously been reported to be associated with microparticles or larger vesicles in many studies (Bern, 2017; Nielsen et al.,
2018), but only a few groups have reported significant presence of TF in smaller vesicles or SEVs (Che et al., 2017). Therefore,
we proceeded to confirm our Olink findings by measuring the TF activity in both sets of plasma-derived EVs isolated from all
patients included in the Olink analyses, as well as an additional 20 patients with severe disease and 4 patients in theModerate-On
O2 group. As depicted in Figure 6a, TF activity in LEVs from patients in the Severe group was significantly increased compared
to TF activity in EVs from the UI Control group and patients with moderate COVID-19 disease. Similar to our Olink findings,
patients in the Severe group also showed increased TF activity in SEVs when compared with COVID-19-negative controls. Inter-
estingly, within the Severe group no significant differences in EV TF activity were observed in patients who later died of COVID-
19 complications compared to patients who survived (Figure 6b). Specifically, EV-TF activity levels weremarkedly higher in LEVs
from five patients (four survived and one died) who demonstrated clinical signs of a prothrombotic state with the development
of strokes, VTE, splenic infarct and/or vision changes (cotton wool spots on ophthalmologic exam) during their hospitalization.
The increased TF activity in LEVs showed higher positive correlation with disease severity and length of hospitalization than
SEVs (Figures 6c-d).

. Analyses of TF and EN-RAGE levels in EVs isolated by size-exclusion chromatography

We independently validated the findings of SEV-linked increased levels of TF and EN-RAGE in EVs isolated using IZON size
exclusion columns (SEC-EVs) from randomly selected samples (n = 5/group). As illustrated in Figure 7a, the particle number
started increasing from fraction 7, reaching amaximum in fraction 8 and then declined. TheWestern blot confirmed the presence
of EVmarkers, such as CD9, CD63, CD81 and TSG101, in these fractions (Figure 7b). Furthermore, the TEM analysis of EVs iso-

F IGURE  Correlation of significantly altered coagulation and inflammatory markers in SEVs from COVID-19 patients with their demographic and
clinical parameters. a) Correlogram generated from Spearman’s correlation analysis represents correlation of selected significantly altered EV-linked proteins
(NPX, Log2) with age, BMI, length of hospitalization (LH), disease severity (DS) based on WHO Clinical Progression Scale score, D-dimer (ng/ml), lactate
dehydrogenase (LDH, units/L), C-reactive protein (CRP, mg/dl) and lymphocytes (%) and WBC count (count x1000/μl) in symptomatic COVD-19 patients
(n = 45). Protein analytes are listed alphabetically with proteins that appeared at higher levels in SEVs from COVID-19 patients shown first. The right inclined
ellipse represents positive correlation and left inclined represents negative correlation. Slimmer and darker colour of ellipse represents stronger correlation
(*P < 0.05, ** P < 0.01, *** P < 0.001). b) Comparison of Spearman correlation of EV-linked proteins and clinical parameters with length of hospital stay and
Disease Severity. The bars representing correlation values are arranged in increasing order of p-values. The numbers on top or bottom of bars show absolute
correlation values. Individual spearman correlation plots of EN-RAGE (c), TF (e), IL-18R1 (g) and Flt3L (I) showing correlation with other established
parameters of COVID-19 outcomes. Comparison of EV linked levels of EN-RAGE (d), TF (f), IL-18R1 (h) and Flt3L (j) in patients on oxygen support who
survived (n = 24) with patients on oxygen support who died (n = 6) * P < 0.05, ** P < 0.01 vs Survived
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F IGURE  Tissue Factor activity in circulating EVs increases with increase in COVID-19 disease severity. a) Both LEVs and SEVs from Uninfected
Control (n = 15), Moderate-No O2 (n = 15), Moderate-On O2 (n = 19) and Severe (n = 35) groups were analysed for TF activity using AssaySense human
Tissue Factor (TF) chromogenic activity kit. b) Comparison of EV-TF activity between deceased and survived patients from the ‘Severe’ group with WHO
score ≥6 (n = 35). The square represents patients with a clinically evident pro-thrombotic state. c-d) Spearman’s correlation of TF activity linked to LEVs(c)
and SEVs (d) with length of hospitalization and disease severity of COVID-19 patients. For correlation two extreme length of hospitalization observations were
excluded. The triangle represents deceased patients

lated using the SEC columnmethod (Figure 7c) showed that themajority of EVs fall between 50–150 nm in size. The nanoparticle
tracking analysis of the pooled 7–10 fractions showed the same trends in EV number and size distribution (Figure 7d-e) in each
group as was observed for SEVs isolated by ultra-centrifugation from the corresponding samples (Figures 7f-g). Similar to the
SEVs isolated by ultracentrifugation method, SEC-EVs also showed significantly higher levels of TF, as well as higher functional
TF activity in the Severe group when compared to the other groups (Figures 7h-i). In addition, we performed an EN-RAGE
ELISA on the protein extract of SEVs isolated by both ultracentrifugation and SEC methods and found a significant increase in
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both sets of SEVs isolated from the Severe group compared to other symptomatic COVID-19 patients and un-infected controls
(Figure 7j- k). Finally, similar to Olink findings ELISA findings also showed significant differences in EN-RAGE levels between
the patients on supplemental oxygen who survived from those who died (Figure 7l).

 DISCUSSION

In this comprehensive study, we compared inflammatory and cardiovascular disease-related protein cargo of EVs from the plasma
of hospitalized COVID-19 patients with varying levels of disease severity. Our results reveal enrichment of proinflammatory, pro-
coagulation and tissue-remodellingmarkers in circulating EVs, distinguishing symptomatic COVID-19 patients fromuninfected
controls and delineating patients with moderate disease from the critically ill. Alterations in EV cargo correspond to enhanced
apoptosis of pulmonary vascular endothelial cells. Among all proteins analysed, EN-RAGE levels in SEVs showed the strongest
correlation with length of hospitalization and disease severity. Furthermore, significantly higher TF activity in LEVs appears to
distinguish patients from the Severe group from those in the Moderate-On O2 group.

Extracellular vesicles play a key role in the pathogenesis of various diseases, including acute respiratory distress syndrome
(ARDS), chronic obstructive pulmonary disease (COPD), pulmonary hypertension (PH) and sepsis (Mohan et al., 2020). Fur-
thermore, EVs released by virus-infected cells can transfer viral proteins, viral receptors and proinflammatory cargo to recip-
ient cells, thereby contributing to the spread of viral infection and progression of tissue injury (Mack et al., 2000). In a recent
study, exosomes released by epithelial cells transduced with lentivirus overexpressing SARS-CoV-2 genes were shown to transfer
viral proteins to recipient cardiomyocytes leading to an increase in the expression of inflammatory genes (Kwon et al., 2020).
SARS-CoV-2 enters cells via the binding of its spike protein to angiotensin converting enzyme 2 (ACE2) receptors leading to
downregulation of ACE2 receptors and, consequently, reduced levels of soluble ACE2 (Verdecchia et al., 2020) and possibly EV-
linked ACE2. ACE-2 loaded EVs were recently reported to prevent the infection of SARS-CoV-2 pseudovirus in epithelial cells
(Cocozza et al., 2020). Interestingly, our OLink analysis indicated higher levels of ACE2 on circulating EVs in Moderate-No O2
group patients compared to patients on oxygen support. Correspondingly, plasma renin, a hormone responsible for initiating the
RAAS cascade and regulating blood pressure, was also elevated in EVs from patients with severe COVID-19 infection compared
to healthy controls.
We found that EVs from severely ill COVID-19 patients enriched with members of the TNF superfamily and their recep-

tors, IL-6-family proteins, IFN-γ-inducible chemokines and IL-1-family proteins can clearly distinguish COVID-19 patients with
severe disease from patients with moderate or mild disease. This supports previous reports of elevated circulating levels of these
inflammatory cytokines and chemokines in critically ill COVID-19 patients (Costela-Ruiz et al., 2020; Lee et al., 2020; Leisman
et al., 2020). Levels of IL-18R1, ST2 and TRAIL-R2 in EVs from symptomatic patients specifically correlated with increasing dis-
ease severity and LH. While delayed or impaired type I IFN signaling has been implicated in severe COVID-19 infection, the
role of the type II IFN signaling pathway is less clear with published findings showing mildly increased IFN-γ levels in the serum
and bronchoalveolar lavage fluid of patients with non-severe infection but not in those with severe disease (Jamilloux et al., 2020;
Lagunas-Rangel & Chavez-Valencia, 2020). Our data revealed higher levels of IFN-γ and IL-12B, an inducer of IFN-γ, in the EVs
from patients in the Moderate-On O2 group compared to the Severe group.

Numerous reports suggest encapsulation of cytokines and chemokines in EVs with the ability to elicit biological effects in
recipient cells (Barnes & Somerville, 2020; Fitzgerald et al., 2018; Giloteaux et al., 2020). The encapsulated cytokines may be
released by EVs upon attaching to the recipient cell surface, thereby increasing local concentration for efficient binding to cell
surface receptors and downstream signalling (Fitzgerald et al., 2018). Conversely, cytokines/chemokines may be attached to the
surface of EVs, leading to cell-specific targeting of EVs based on binding with a particular cytokine receptor (Buzas et al., 2018).
TGFβ-1 was found to be linked to the EV surface through the heparan sulfate proteoglycans (Shelke et al., 2019). We recently
reported higher levels of TGFβ-1-loaded plasma-derived EVs in HIV-infected individuals with pulmonary hypertension (Krish-
namachary et al., 2021) with the ability to increase smooth muscle and endothelial dysfunction. Furthermore, transferring of
cytokine receptors via EVs to the vascular or uninfected cells may potentiate the spread of cytokine storm to multiple organs
(Quah et al., 2008). We were able to capture higher levels of 100K-pellet SEVs using IL-6RA antibodies compared to IL-18R1
antibodies as shown by flow cytometry and analysis of EV markers by Western blot (Supplementary Figure 8). IL-18R1 is a

F IGURE  Analysis of Tissue factor and EN-RAGE levels in EVs isolated using size –exclusion chromatography (SEC). Extracellular vesicles were
isolated using 0.5 ml of EDTA-plasma fromModerate-No O2 (n = 5), Moderate-On O2 (n = 5) and Severe (n = 5) group COVID-19 patients as well as
un-infected healthy controls (n = 5). Platelet free plasma was centrifuged at 20,000 g for 15 min to remove LEVs and supernatant was then loaded on Izon’s
qEV original columns followed by collection of fractions. a) Total particle number in each individual fraction (fraction #7-10) using nanoparticle tracking
analysis. b) Western blot analysis of EV markers in individual fractions. c) Representative TEM image of SEC-EVs. d-e) Total particle numbers (d) and size
distribution of EVs (e) in 7–10 pooled fractions across groups. f-G) Total number (f) and size distribution (g) of SEVs when isolated using ultracentrifugation
method (UC-SEVs) from the same set of individuals. h-i) Tissue factor protein levels (h) Tissue factor activity (i) in SEC-EVs. j-k) EN-RAGE levels in j)
SEC-EVs and k) UC-EVs. l) Comparison of EV linked EN-RAGE levels between patients on oxygen support who survived (n = 15) and who died (n = 5)
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transmembrane protein; however, IL-6RA is present in both soluble and membrane-bound forms (Briso et al., 2008; Gandha-
pudi et al., 2015). It could be that IL-6RA attaches to the surface of circulating EVs upon release by cells (Genschmer et al.,
2019).
Of all the proinflammatory markers, levels of EN-RAGE in both LEVs and SEVs showed the strongest correlation with dis-

ease severity and LoH and clearly distinguished critically ill patients and fatal cases from those who survived. This correlation
appeared even stronger than parameters currently used for prognostication, such as D-dimer, LDH, or CRP (Terpos et al., 2020).
This suggests potentially greater ability of these EV-linked biomarkers to predict disease prognosis and progression when com-
pared with the established predictors of COVID-19 outcomes. In addition, in SEVs, augmented levels of the EN-RAGE receptor,
RAGE, had the strongest correlationwithCRP levels among all the significantly altered EV-linkedmarkers. These proteins, which
are implicated in lung fibrosis and remodelling and sepsis-related ARDS, have now been reported to be enhanced in COVID-
19 disease as well (Arunachalam et al., 2020; Oczypok et al., 2017). EN-RAGE, on binding to either RAGE or TLR4, promotes
expression of proinflammatory cytokines and cell adhesion molecules in endothelial cells and monocytes via activation of the
MAP-kinase/NF-kB signalling cascade (Ligthart et al., 2014; Oesterle & Bowman, 2015; van de Logt & Day, 2013). Therefore,
EN-RAGE-loaded circulating EVs may be involved in a feed-forward loop resulting in the cytokine surge and endothelial injury
associated with SARS-CoV-2 infection.
Microvascular thromboses similar to those seen in sepsis-induced coagulopathy and disseminated intravascular coagulopathy

have been described and implicated inCOVID-19 (Connors&Levy, 2020); however, newer data suggest that a uniquemechanism
may promote thromboses in early COVID-19 infection (Giloteaux et al., 2020). EVs have been shown to release or present TF
and procoagulant phospholipids on their surface promoting clot formation and accelerating fibrin polymerization (Bern, 2017;
Nielsen et al., 2018). The presence of EV-linked TF in circulation has been associated with the development of venous throm-
boembolism (Khorana et al., 2008; Zwicker et al., 2009). We report augmented EV TF levels/activity in patients with severe
disease (WHO Clinical Progression Scale score ≥5), of whom more than half received therapeutic anticoagulants in addition
to antiviral therapy, steroids and/or convalescent plasma. EV-linked TF levels significantly correlated with disease severity and
LoH regardless of anticoagulation or other COVID-19 therapy included in our analysis. Additionally, these EVs had decreased
ADAMTS13 levels but were enriched in other molecules involved in haemostasis and immuno-thrombosis: tPA, vWF, uPAR,
HGF, CHI3L1 and PRSS8. Interestingly, EV-linked TRAILR2 showed the highest correlation with D-dimer levels among all
altered coagulation and proinflammatory markers. TRAILR2 has previously been reported to be present in cancer cell-derived
EVs (Setroikromo et al., 2020) and is known to induce the release of procoagulant microparticles by endothelial cells in response
to thrombin (Simoncini et al., 2009).

Even though EVTF levels may only be a fraction of total TF in circulation, EVTF is suggested to synergize with inflammation-
and endothelial injury-mediated increases in TF levels in overcoming the thrombotic threshold (Date et al., 2017). EV TF effects
may be potentiated by adhering to neutrophil extracellular traps (NETs) and concentrating at the site of clot formation. The role of
neutrophils and the dysregulated immune response in the pathophysiology of COVID-19 and other forms of ARDS is becoming
increasingly recognized (Middleton et al., 2020; Tomar et al., 2020; Zuo et al., 2020). ‘Developing neutrophils’ have recently been
shown to cross-talk with Type II pneumocytes, specifically via CEACAM8-CEACAM6, and appear to be significantly increased
in patients with ARDS. These cells express CEACAM8, MMP9 and MPO, all of which were significantly increased in EVs from
the patients with severe COVID-19 disease. Furthermore, EN-RAGE, whichwasmarkedly increased in plasma EVs frompatients
in the Severe group, is also secreted by neutrophils and monocytes (Bagheri, 2017; Foell et al., 2003).

Literature suggests activated monocytes are the main source of TF-loaded EVs (Matsumoto et al., 2017) and a key contributor
to EN-RAGE levels in circulation (Oggero et al., 2019). The higher levels of CD163, TF and EN-RAGE in EVs from patients
with severe disease compared to those from the Moderate-On-O2 group corroborate the pivotal role of monocyte/macrophages
in COVID-19 disease severity. Monocyte differentiation antigen CD14 and soluble CD163, a marker for monocyte activation,
have been shown to be elevated in patients with COVID-19 and may be potential biomarkers of disease progression (Gomez-
Rial et al., 2020; Messner et al., 2020). EVs derived from macrophages are rich in cytokines and proteases, which could cause
destruction of alveolar walls and pulmonary vasculature (Cordazzo et al., 2014; Li et al., 2010, 2013; Sharma et al., 2018). Both the
soluble as well as the EV-associated forms of CD-163 have previously been detected in the circulation of septic patients, with a
predominance of EV-associated CD163 in septic patients compared to healthy individuals (Etzerodt et al., 2017). Furthermore, T-
cell exhaustion marker PD-L1 was noted to be significantly elevated in SEVs and correlated significantly with increasing disease
severity. Many studies have established the role of PD-L1-linked EVs in promoting an immunosuppressive environment and
have suggested macrophages and dendritic cells may be a potential source of EV-PD-L1 (Chen et al., 2018; Ricklefs et al., 2018).
Although future studies are needed to identify the cellular origins of circulating LEVs and SEVs, we speculate a pivotal role of
monocyte/macrophage- and neutrophil-derived EVs in COVID-19-related lung injury. Post-mortem analysis of lung sections
from COVID-19 patients showed infiltration of mononuclear cells and neutrophils on haematoxylin and eosin staining, as well
as endothelial cell apoptosis by caspase-3 staining (Li et al., 2020; Varga et al., 2020). Importantly, we also show here that exposure
of HPMECs to EVs isolated from patients with COVID-19 results in apoptosis.
While our results support potential roles of circulating EVs in the pathophysiology of COVID-19, our study is limited by

its targeted approach and relatively small sample size. Given the exploratory nature of the study with limited sample size, the
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statistical models were not adjusted for variables such as Age, BMI, gender etc. However, we explored each of those variables
separately in association with both clinical and molecular variables. Additional analyses using untargeted proteomics approach
and validation using independent larger cohorts is warranted. Longitudinal analysis of EV cargo in detail will also assist in
further elucidating how the roles of various EV cargo changes over time and in relation to the evolution of COVID-19 infection.
We describe the association of elevated EV proinflammatory, procoagulation and tissue-remodelling markers with the severity
of the disease. Future studies are needed to investigate the SARS-CoV-2-mediated changes in the loading of EV cargo and to
establish the causative role of these EVs in the disease. Although our Olink data revealed a demarcation in TF levels between
COVID-19 patients on oxygen support and those with fatal disease, there was no difference in EVTF activity observed in patients
who survived or died within the Severe group. This supports recent findings that therapeutic anticoagulation does not appear to
benefit or improve mortality in those with the most severe disease, warranting further study and highlighting the heterogeneity
and complexity of the pathogenesis of COVID-19. Thrombotic activity may not be the primary driver of fatal cases, but instead
the combined effects of cytokine storm, immune dysregulation and endothelial injury, all of which our findings support, could
play a much more pivotal role.
In conclusion, this unique study suggests a pivotal role of EVs and their cargo in the inflammation, coagulopathy and endothe-

lial injury seen in COVID-19 disease. Targeting a combination of several EV proteins may be more efficient than a single plasma-
derived protein when designing a biomarker or therapeutic target for this widely variable disease. These EV proteins could be
used to predict prognosis in hospitalized patients and delineate hospitalization and treatment needs in outpatients with early and
mild/moderate disease.

 GEOLOCATION INFORMATION

University of Kansas Medical Center, 3901 Rainbow Blvd, Kansas City, KS-66160, USA

ACKNOWLEDGEMENTS
We acknowledge Huiqing Yin-DeClue and Ling Chen, Department of Internal Medicine, KUMC, for their help in processing
blood specimens. We also acknowledge the significant amount of time and effort Maggie Y. Chen, a second-year medical stu-
dent, has devoted to maintaining the clinical data and registry for this study. We would also like to thank medical student, Hien
Tran, for his assistance with bio-specimen collection. We thank Luigi Boccardi, Department of Internal Medicine, KUMC, for
his assistance in the preparation of IRB protocols, consent forms and other regulatory documents for COVID-19 bioreposi-
tory. We acknowledge Electron Microscope Research Laboratory (NIH/NIGMS COBRE grant P20GM104936 and NIH grant
1S10RR027564) for the TEM analysis. We also acknowledge the Flow Cytometry Core Laboratory, which is sponsored, in part,
by the NIH/NIGMS COBRE grant P30GM103326 and the NIH/ NCI Cancer Center grant P30 CA168524. The funds to carry out
the study were supported by National Institute of Health (NIH) grants R01 DA042715 and R01 HL129875 awarded to Navneet K.
Dhillon and intramural R&D funds to Leslie Spikes.

CONFL ICT OF INTEREST
The authors report no conflict of interest.

ORCID
NavneetK.Dhillon https://orcid.org/0000-0001-6582-5757

REFERENCES
Wu, D., Wu, T., Liu, Q., & Yang, Z. (2020). The SARS-CoV-2 outbreak: What we know. International Journal of Infectious Diseases, , 44–48.
Dashboard WCDC-. (2020). Available from: https://covid19.who.int/
Huertas, A., Montani, D., Savale, L., Pichon, J., Tu, L., Parent, F., Guignabert, C., & Humbert, M. (2020). Endothelial cell dysfunction: A major player in SARS-

CoV-2 infection (COVID-19)? European Respiratory Journal, , 2001634,.
Zhao, Y., Zhao, Z., Wang, Y., Zhou, Y., Ma, Y., & Zuo, W. (2020). Single-cell RNA expression profiling of ACE2, the receptor of SARS-CoV-2. American Journal

of Respiratory and Critical Care Medicine, , 756–759.
Ackermann, M., Verleden, S. E., Kuehnel, M., Haverich, A., Welte, T., Laenger, F., Vanstapel, A., Werlein, C., Stark, H., Tzankov, A., Li, W.W., Li, V. W., Mentzer,

S. J., & Jonigk, D. (2020). Pulmonary vascular endothelialitis, thrombosis, and angiogenesis in Covid-19. New England Journal of Medicine, , 120–128.
Jansen F., Nickenig G., Werner N. (2017). Extracellular Vesicles in cardiovascular disease: Potential applications in diagnosis, prognosis, and epidemiology.

Circulation Research, , 1649–1657.
Meldolesi, J. (2019). Extracellular vesicles, news about their role in immune cells: Physiology, pathology and diseases. Clinical and Experimental Immunology,

, 318–327.
Urabe, F., Kosaka, N., Ito, K., Kimura, T., Egawa, S., & Ochiya, T. (2020). Extracellular vesicles as biomarkers and therapeutic targets for cancer. American Journal

of Physiology. Cell Physiology, , C29–C39.

https://orcid.org/0000-0001-6582-5757
https://orcid.org/0000-0001-6582-5757
https://covid19.who.int/


KRISHNAMACHARY et al.  of 

Marshall, J. C., Murthy, S., Diaz, J., Adhikari, N. K., Angus, D. C., Arabi, Y. M., Baillie, K., Bauer, M., Berry, S., Blackwood, B., Bonten, M., Bozza, F., Brunkhorst,
F., Cheng, A., Clarke, M., Dat, V. Q., de Jong, M., Denholm, J., Derde, L., … Zhang, J.. (2020). Aminimal common outcomemeasure set for COVID-19 clinical
research. The Lancet Infectious Diseases, , e192–e197.

Thery, C., Witwer, K. W., Aikawa, E., Alcaraz, M. J., Anderson, J. D., Andriantsitohaina, R., Antoniou, A., Arab, T., Archer, F., Atkin-Smith, G. K., Ayre, D.
C., Bach, J. M., Bachurski, D., Baharvand, H., Balaj, L., Baldacchino, S., Bauer, N. N., Baxter, A. A., Bebawy, M., … Zuba-Surma, E. K. (2018). Minimal
information for studies of extracellular vesicles 2018 (MISEV2018): A position statement of the International Society for Extracellular Vesicles and update of
the MISEV2014 guidelines. Journal of extracellular vesicles, , 1. https://doi.org/10.1080/20013078.2018.1535750

Xiao H., Lasser C., Shelke G. V., Wang J., Radinger M., Lunavat T. R., Malmhall C., Lin L. H., Li J., Li L., Lotvall J.. (2014). Mast cell exosomes promote lung
adenocarcinoma cell proliferation - role of KIT-stem cell factor signaling. Cell Communication and Signaling : CCS, , 64.

Larssen, P., Wik, L., Czarnewski, P., Eldh, M., Lof, L., Ronquist, K. G., Dubois, L., Freyhult, E., Gallant, C. J., Oelrich, J., Larsson, A., Ronquist, G., Villablanca, E.
J., Landegren, U., Gabrielsson, S., & Kamali-Moghaddam, M. (2017). Tracing cellular origin of human exosomes using multiplex proximity extension assays.
Molecular and Cellular Proteomics, , 502–511.

Core Team, R. (2020). R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria.; 2020. https://www.
R-project.org/.

Consortium E-T, Van Deun, J., Mestdagh, P., Agostinis, P., Akay, O., Anand, S., Anckaert, J., Martinez, Z. A., Baetens, T., Beghein, E., Bertier, L., Berx, G., Boere,
J., Boukouris, S., Bremer, M., Buschmann, D., Byrd, J. B., Casert, C., Cheng, L., … Hendrix, A. (2017). EV-TRACK: Transparent reporting and centralizing
knowledge in extracellular vesicle research. Nature Methods, , 228–232.

Group, R. C., Horby, P., Lim, W. S., Emberson, J. R., Mafham, M., Bell, J. L., Linsell, L., Staplin, N., Brightling, C., Ustianowski, A., Elmahi, E., Prudon, B., Green,
C., Felton, T., Chadwick, D., Rege, K., Fegan, C., Chappell, L. C., Faust, S. N., … Landray, M. J. (2020). Dexamethasone in hospitalized patients with Covid-19
- preliminary report. New England Journal of Medicine.

Brennan K., Martin K., FitzGerald S. P., O’Sullivan J., Wu Y., Blanco A., Richardson C., Mc Gee M. M.. (2020). A comparison of methods for the isolation and
separation of extracellular vesicles from protein and lipid particles in human serum. Scientific Reports, , 1039.

Franzen, C. A., Simms, P. E., Van Huis, A. F., Foreman, K. E., Kuo, P. C., & Gupta, G. N. (2014). Characterization of uptake and internalization of exosomes by
bladder cancer cells. BioMed Research International, , 1.

Mrowczynski O. D., Madhankumar A. B., Sundstrom J. M., Zhao Y., Kawasawa Y. I., Slagle-Webb B., Mau C., Payne R. A., Rizk E. B., Zacharia B. E., Connor J.
R. (2018). Exosomes impact survival to radiation exposure in cell line models of nervous system cancer. Oncotarget, , 36083–36101.

Chiba, M., Kubota, S., Sato, K., & Monzen, S. (2018). Exosomes released from pancreatic cancer cells enhance angiogenic activities via dynamin-dependent
endocytosis in endothelial cells in vitro. Scientific Reports, , 11972. https://doi.org/10.1038/s41598-018-30446-1

Toribio, V., Morales, S., Lopez-Martin, S., Cardenes, B., Cabanas, C., & Yanez-Mo, M. (2019). Development of a quantitative method to measure EV uptake.
Scientific Reports, , 10522. https://doi.org/10.1038/s41598-019-47023-9

Mahmood, N.,Mihalcioiu, C., & Rabbani, S. A. (2018).Multifaceted role of the urokinase-type plasminogen activator (uPA) and Its Receptor (uPAR): Diagnostic,
prognostic, and therapeutic applications. Frontiers in Oncology, , 24. https://doi.org/10.3389/fonc.2018.00024

Shan, Z., Liu, X., Chen, Y., Wang, M., Gao, Y. R., Xu, L., Dar, W. A., Lee, C. G., Elias, J. A., Castillo, P. D., Di Paola, J., & Ju, C. (2018). Chitinase 3-like-1 promotes
intrahepatic activation of coagulation through induction of tissue factor in mice. Hepatology, , 2384–2396.

Zhu H., Guo D., Li K., YanW., Tan Y., Wang X., Treiber F. A., Chao J., Snieder H., Dong Y.. (2008). Prostasin: a possible candidate gene for human hypertension.
American Journal of Hypertension, , 1028–1033.

Khandekar, G., Iyer, N., & Jagadeeswaran, P. (2020). Prostasin and hepatocyte growth factor B in factor VIIa generation: Serine protease knockdowns in zebrafish.
Research and practice Thrombosis and haemostasis, , 1150–1157.

Bern, M. M. (2017). Extracellular vesicles: How they interact with endothelium, potentially contributing to metastatic cancer cell implants. Clinical and Transla-
tional Medicine, , 33. https://doi.org/10.1186/s40169-017-0165-2

Nielsen, T., Kristensen, A. F., Pedersen, S., Christiansen, G., & Kristensen, S. R. (2018). Investigation of procoagulant activity in extracellular vesicles isolated by
differential ultracentrifugation. Journal of extracellular vesicles, , 1454777.

Che, S. P. Y., Park, J. Y., & Stokol, T. (2017). Tissue Factor-Expressing Tumor-Derived Extracellular Vesicles Activate Quiescent Endothelial Cells via Protease-
Activated Receptor-1. Frontiers in Oncology, , 261. https://doi.org/10.3389/fonc.2017.00261

Mohan, A., Agarwal, S., Clauss, M., Britt, N. S., & Dhillon, N. K. (2020). Extracellular vesicles: Novel communicators in lung diseases. Respiratory Research, ,
175. https://doi.org/10.1186/s12931-020-01423-y

Mack,M., Kleinschmidt, A., Bruhl, H., Klier, C., Nelson, P. J., Cihak, J., Plachy, J., Stangassinger, M., Erfle, V., & Schlondorff, D. (2000). Transfer of the chemokine
receptor CCR5 between cells by membrane-derived microparticles: A mechanism for cellular human immunodeficiency virus 1 infection. Nature Medicine,
, 769–775.

Kwon, Y., Nukala, S. B., Srivastava, S.,Miyamoto, H., Ismail, N. I., Ong, S. - B., Lee,W.H., &Ong, S. - G. (2020). Exosomes Facilitate Transmission of SARS-CoV-2
genome into human induced pluripotent stem cell-derived cardiomyocytes. bioRxiv. https://doi.org/10.1101/2020.05.14.093583 bioRxiv

Verdecchia, P., Cavallini, C., Spanevello, A., & Angeli, F. (2020). The pivotal link between ACE2 deficiency and SARS-CoV-2 infection. European journal of
internal medicine, , 14–20.

Cocozza, F., Nevo, N., Piovesana, E., Lahaye, X., Buchrieser, J., Schwartz, O., Manel, N., Tkach, M., Thery, C., & Martin-Jaular, L. (2020). Extracellular vesicles
containing ACE2 efficiently prevent infection by SARS-CoV-2 Spike protein-containing virus. Journal of extracellular vesicles, , e12050.

Lee, J. S., Park, S., Jeong, H. W., Ahn, J. Y., Choi, S. J., Lee, H., Choi, B., Nam, S. K., Sa, M., Kwon, J. S., Jeong, S. J., Lee, H. K., Park, S. H., Park, S. H., Choi, J. Y.,
Kim, S. H., Jung, I., & Shin, E. C. (2020). Immunophenotyping of COVID-19 and influenza s the role of type I interferons in development of severe COVID-19.
Science Immunology, eabd1554, .

Leisman D. E., Ronner L., Pinotti R., Taylor M. D., Sinha P., Calfee C. S., Hirayama A. V., Mastroiani F., Turtle C. J., HarhayM. O., LegrandM., Deutschman C. S.
(2020). Cytokine elevation in severe and critical COVID-19: a rapid systematic review, meta-analysis, and comparison with other inflammatory syndromes.
The Lancet Respiratory medicine, , 1233–1244.

Costela-Ruiz, V. J., Illescas-Montes, R., Puerta-Puerta, J. M., Ruiz, C., &Melguizo-Rodriguez, L. (2020). SARS-CoV-2 infection: The role of cytokines in COVID-
19 disease. Cytokine & Growth Factor Reviews, , 62–75.

Jamilloux, Y., Henry, T., Belot, A., Viel, S., Fauter, M., El Jammal, T.,Walzer, T., Francois, B., & Seve, P. (2020). Should we stimulate or suppress immune responses
in COVID-19? Cytokine and anti-cytokine interventions. Autoimmunity Reviews, , 102567.

Lagunas-Rangel, F. A., & Chavez-Valencia, V. (2020). High IL-6/IFN-gamma ratio could be associated with severe disease in COVID-19 patients. Journal of
Medical Virology. , 1789-1790.

https://doi.org/10.1080/20013078.2018.1535750
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1038/s41598-018-30446-1
https://doi.org/10.1038/s41598-019-47023-9
https://doi.org/10.3389/fonc.2018.00024
https://doi.org/10.1186/s40169-017-0165-2
https://doi.org/10.3389/fonc.2017.00261
https://doi.org/10.1186/s12931-020-01423-y
https://doi.org/10.1101/2020.05.14.093583


 of  KRISHNAMACHARY et al.

Fitzgerald, W., Freeman, M. L., Lederman, M. M., Vasilieva, E., Romero, R., & Margolis, L. (2018). A system of cytokines encapsulated in extracellular vesicles.
Scientific Reports, , 8973.

Barnes, B. J., & Somerville, C. C. (2020). Modulating cytokine production via select packaging and secretion from extracellular vesicles. Frontiers in Immunology,
, 1040. https://doi.org/10.3389/fimmu.2020.01040

Giloteaux, L., O’Neal, A., Castro-Marrero, J., Levine, S. M., & Hanson, M. R. (2020). Cytokine profiling of extracellular vesicles isolated from plasma in myalgic
encephalomyelitis/chronic fatigue syndrome: A pilot study. Journal of Translational Medicine, , 387. https://doi.org/10.1186/s12967-020-02560-0

Buzas, E. I., Toth, E. A., Sodar, B. W., & Szabo-Taylor, K. E. (2018). Molecular interactions at the surface of extracellular vesicles. Seminars in Immunopathology,
, 453–464.

Shelke G. V., Yin Y., Jang S. C., Lasser C.,Wennmalm S., HoffmannH. J., Li L., Gho Y. S., Nilsson J. A., Lotvall J. (2019). Endosomal signalling via exosome surface
TGFbeta-1. Journal of extracellular vesicles, , 1650458.

Krishnamachary, B., Mahajan, A., Kumar, A., Agarwal, S., Mohan, A., Chen, L., Hsue, P., Chalise, P., Morris, A., & Dhillon, N. K. (2021). Extracellular vesicle
TGF-beta1 is linked to cardiopulmonary dysfunction in HIV. American Journal of Respiratory Cell and Molecular Biology.

Quah, B. J., Barlow, V. P., McPhun, V., Matthaei, K. I., Hulett, M. D., & Parish, C. R. (2008). Bystander B cells rapidly acquire antigen receptors from activated B
cells by membrane transfer. Proceedings of the National Academy of Sciences of the United States of America, , 4259–4264.

Briso E.M., DienzO., RinconM.. (2008). Cutting edge: soluble IL-6R is produced by IL-6R ectodomain shedding in activatedCD4T cells. Journal of Immunology,
, 7102–7106.

Gandhapudi, S. K., Tan, C., Marino, J. H., Taylor, A. A., Pack, C. C., Gaikwad, J., Van De Wiele, C. J., Wren, J. D., & Teague, T. K. (2015). IL-18 acts in synergy
with IL-7 to promote ex vivo expansion of T lymphoid progenitor cells. Journal of Immunology, , 3820–3828.

Genschmer K. R., Russell D. W., Lal C., Szul T., Bratcher P. E., Noerager B. D., Abdul RodaM., Xu X., Rezonzew G., Viera L., Dobosh B. S., Margaroli C., Abdalla
T. H., King R. W., McNicholas C. M., Wells J. M., Dransfield M. T., Tirouvanziam R., Gaggar A., Blalock J. E. (2019). Activated PMN exosomes: Pathogenic
entities causing matrix destruction and disease in the lung. Cell, , 113-126.e15.

Terpos, E., Ntanasis-Stathopoulos, I., Elalamy, I., Kastritis, E., Sergentanis, T. N., Politou, M., Psaltopoulou, T., Gerotziafas, G., & Dimopoulos, M. A. (2020).
Hematological findings and complications of COVID-19. American Journal of Hematology, , 834–847.

Arunachalam, P. S., Wimmers, F., Mok, C. K. P., Perera, R., Scott, M., Hagan, T., Sigal, N., Feng, Y., Bristow, L., Tak-Yin, T. O., Wagh, D., Coller, J., Pellegrini, K.
L., Kazmin, D., Alaaeddine, G., Leung,W. S., Chan, J. M. C., Chik, T. S. H., Choi, C. Y. C., … Pulendran, B. (2020). Systems biological assessment of immunity
to mild versus severe COVID-19 infection in humans. Science, (6508), 1210–1220.

Oczypok E. A., Perkins T. N., Oury T. D. (2017). All the “RAGE” in lung disease: The receptor for advanced glycation endproducts (RAGE) is a major mediator
of pulmonary inflammatory responses. Paediatric Respiratory Reviews, , 40–49.

Ligthart, S., Sedaghat, S., Ikram, M. A., Hofman, A., Franco, O. H., & Dehghan, A. (2014). EN-RAGE: A novel inflammatory marker for incident coronary heart
disease. Arteriosclerosis, Thrombosis, and Vascular Biology, , 2695–2699.

Oesterle, A., & Bowman,M. A. (2015). S100A12 and the S100/Calgranulins: Emerging biomarkers for atherosclerosis and possibly therapeutic targets.Arterioscle-
rosis, Thrombosis, and Vascular Biology, , 2496–2507.

van de Logt, F., & Day, A. S. (2013). S100A12: A noninvasive marker of inflammation in inflammatory bowel disease. Journal of Digestive Diseases, , 62–67.
Connors, J. M., & Levy, J. H. (2020). COVID-19 and its implications for thrombosis and anticoagulation. Blood, , 2033–2040.
Zwicker, J. I., Liebman, H. A., Neuberg, D., Lacroix, R., Bauer, K. A., Furie, B. C., & Furie, B. (2009). Tumor-derived tissue factor-bearing microparticles are

associated with venous thromboembolic events in malignancy. Clinical Cancer Research, , 6830–6840.
Khorana A. A., Francis C. W., Menzies K. E., Wang J. G., Hyrien O., Hathcock J., Mackman N., TaubmanM. B.. (2008). Plasma tissue factor may be predictive of

venous thromboembolism in pancreatic cancer. Journal of Thrombosis and Haemostasis, , 1983–1985.
Setroikromo, R., Zhang, B., Reis, C. R., Mistry, R. H., & Quax, W. J. (2020). Death receptor 5 displayed on extracellular vesicles decreases TRAIL sensitivity of

colon cancer cells. Frontiers in Cell and Developmental Biology, , 318. https://doi.org/10.3389/fcell.2020.00318
Simoncini, S., Njock, M. S., Robert, S., Camoin-Jau, L., Sampol, J., Harle, J. R., Nguyen, C., Dignat-George, F., & Anfosso, F. (2009). TRAIL/Apo2L mediates the

release of procoagulant endothelial microparticles induced by thrombin in vitro: A potential mechanism linking inflammation and coagulation. Circulation
Research, , 943–951.

Date, K., Ettelaie, C., & Maraveyas, A. (2017). Tissue factor-bearing microparticles and inflammation: A potential mechanism for the development of venous
thromboembolism in cancer. Journal of Thrombosis and Haemostasis, , 2289–2299.

Zuo, Y., Yalavarthi, S., Shi, H., Gockman, K., Zuo, M., Madison, J. A., Blair, C., Weber, A., Barnes, B. J., Egeblad, M., Woods, R. J., Kanthi, Y., & Knight, J. S.
(2020). Neutrophil extracellular traps (NETs) as markers of disease severity in COVID-19.medRxiv.

Middleton E. A., He X. Y., Denorme F., Campbell R. A., Ng D., Salvatore S. P., Mostyka M., Baxter-Stoltzfus A., Borczuk A. C., Loda M., Cody M. J., Manne B.
K., Portier I., Harris E. S., Petrey A. C., Beswick E. J., Caulin A. F., Iovino A., Abegglen L. M., … Yost C. C.. (2020). Neutrophil extracellular traps contribute
to immunothrombosis in COVID-19 acute respiratory distress syndrome. Blood, , 1169–1179.

Tomar, B., Anders, H. J., Desai, J., & Mulay, S. R. (2020). Neutrophils and Neutrophil Extracellular Traps Drive Necroinflammation in COVID-19. Cells, , 1383.
https://doi.org/10.3390/cells9061383

Foell, D., Kucharzik, T., Kraft, M., Vogl, T., Sorg, C., Domschke, W., & Roth, J. (2003). Neutrophil derived human S100A12 (EN-RAGE) is strongly expressed
during chronic active inflammatory bowel disease. Gut, , 847–853.

Bagheri, V. (2017). S100A12: Friend or foe in pulmonary tuberculosis? Cytokine, , 80–82.
Matsumoto, H., Yamakawa, K., Ogura, H., Koh, T.,Matsumoto, N., & Shimazu, T. (2017). Clinical significance of tissue factor andCD13 double-positivemicropar-

ticles in sirs patients with trauma and severe sepsis. Shock (Augusta, Ga.), , 409–415.
Oggero, S., Austin-Williams, S., & Norling, L. V. (2019). The contrasting role of extracellular vesicles in vascular inflammation and tissue repair. Frontiers in

Pharmacology, , 1479. https://doi.org/10.3389/fphar.2019.01479
Messner, C. B., Demichev, V., Wendisch, D., Michalick, L., White, M., Freiwald, A., Textoris-Taube, K., Vernardis, S. I., Egger, A. S., Kreidl, M., Ludwig, D.,

Kilian, C., Agostini, F., Zelezniak, A., Thibeault, C., Pfeiffer, M., Hippenstiel, S., Hocke, A., von Kalle, C., … Ralser, M. (2020). Ultra-high-throughput clinical
proteomics reveals classifiers of COVID-19 infection. Cell Systems, , 11-24.e4.

Gomez-Rial J., Rivero-Calle I., Salas A.,Martinon-Torres F.. (2020). Role ofmonocytes/macrophages in Covid-19 pathogenesis: Implications for therapy. Infection
and Drug Resistance, , 2485–2493.

Li, C. J., Liu, Y., Chen, Y., Yu, D., Williams, K. J., & Liu, M. L. (2013). Novel proteolytic microvesicles released from humanmacrophages after exposure to tobacco
smoke. American Journal of Pathology, , 1552–1562.

Cordazzo, C., Petrini, S., Neri, T., Lombardi, S., Carmazzi, Y., Pedrinelli, R., Paggiaro, P., & Celi, A. (2014). Rapid shedding of proinflammatory microparticles
by human mononuclear cells exposed to cigarette smoke is dependent on Ca2+mobilization. Inflammation Research, , 539–547.

https://doi.org/10.3389/fimmu.2020.01040
https://doi.org/10.1186/s12967-020-02560-0
https://doi.org/10.3389/fcell.2020.00318
https://doi.org/10.3390/cells9061383
https://doi.org/10.3389/fphar.2019.01479


KRISHNAMACHARY et al.  of 

Li, M., Yu, D., Williams, K. J., & Liu, M. L. (2010). Tobacco smoke induces the generation of procoagulant microvesicles from human monocytes/macrophages.
Arteriosclerosis, Thrombosis, and Vascular Biology, , 1818–1824.

Sharma, H., Chinnappan, M., Agarwal, S., Dalvi, P., Gunewardena, S., O’Brien-Ladner, A., & Dhillon, N. K. (2018). Macrophage-derived extracellular vesicles
mediate smooth muscle hyperplasia: Role of altered miRNA cargo in response to HIV infection and substance abuse. Faseb Journal, , 5174–5185.

Etzerodt, A., Berg, R.M., Plovsing, R. R., Andersen,M. N., Bebien, M., Habbeddine, M., Lawrence, T., Moller, H. J., &Moestrup, S. K. (2017). Soluble ectodomain
CD163 and extracellular vesicle-associated CD163 are two differently regulated forms of ‘soluble CD163’ in plasma. Scientific Reports, , 40286.

Chen G., Huang A. C., Zhang W., Zhang G., Wu M., Xu W., Yu Z., Yang J., Wang B., Sun H., Xia H., Man Q., Zhong W., Antelo L. F., Wu B., Xiong X., Liu X.,
Guan L., Li T., … GuoW.. (2018). Exosomal PD-L1 contributes to immunosuppression and is associated with anti-PD-1 response. Nature, , 382–386.

Ricklefs, F. L., Alayo, Q., Krenzlin, H., Mahmoud, A. B., Speranza, M. C., Nakashima, H., Hayes, J. L., Lee, K., Balaj, L., Passaro, C., Rooj, A. K., Krasemann, S.,
Carter, B. S., Chen, C. C., Steed, T., Treiber, J., Rodig, S., Yang, K., Nakano, I., … Chiocca, E. A. (2018). Immune evasion mediated by PD-L1 on glioblastoma-
derived extracellular vesicles. Science Advances, , eaar2766.

Li S., Jiang L., Li X., Lin F., Wang Y., Li B., Jiang T., An W., Liu S., Liu H., Xu P., Zhao L., Zhang L., Mu J., Wang H., Kang J., Li Y., Huang L., Zhu C., … Zhao J..
(2020). Clinical and pathological investigation of patients with severe COVID-19. JCI Insight, .

Varga, Z., Flammer, A. J., Steiger, P., Haberecker, M., Andermatt, R., Zinkernagel, A. S., Mehra, M. R., Schuepbach, R. A., Ruschitzka, F., & Moch, H. (2020).
Endothelial cell infection and endotheliitis in COVID-19. Lancet, , 1417–1418.

SUPPORTING INFORMATION
Additional supporting information may be found online in the Supporting Information section at the end of the article.

How to cite this article: Krishnamachary, B., Cook, C., Kumar, A., Spikes, L., Chalise, P., & Dhillon, N. K. (2021).
Extracellular vesicle-mediated endothelial apoptosis and EV-associated proteins correlate with COVID-19 disease
severity. J. Extracell. Vesicles, , e12117. https://doi.org/10.1002/jev2.12117

https://doi.org/10.1002/jev2.12117

	Extracellular vesicle-mediated endothelial apoptosis and EV-associated proteins correlate with COVID-19 disease severity
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Human samples and data collection
	2.1.1 | Isolation of EVs from plasma samples
	2.1.2 | EV characterization
	2.1.3 | Uptake of labelled EVs by endothelial cells
	2.1.4 | Caspase 3/7 assay
	2.1.5 | Annexin V imaging
	2.1.6 | Proximity extension analysis (PEA)
	2.1.7 | Tissue factor activity assay
	2.1.8 | Immunocapturing of EVs
	2.1.9 | ELISA
	2.1.10 | Statistical analyses
	2.1.11 | Data availability


	3 | RESULTS
	3.1 | Demographic and clinical characteristics
	3.2 | Characterization of plasma-derived large and small EVs
	3.3 | Effect of plasma-derived EVs from COVID-19 patients on the pulmonary endothelium
	3.4 | Analysis of LEV and SEV protein cargo for inflammatory and cardiovascular biomarkers
	3.5 | Correlation of significantly altered EV-linked proteins with clinical parameters
	3.6 | Tissue factor activity analysis of LEVs and SEVs
	3.7 | Analyses of TF and EN-RAGE levels in EVs isolated by size-exclusion chromatography

	4 | DISCUSSION
	5 | GEOLOCATION INFORMATION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


