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Background aims: Coronavirus disease 2019 (COVID-19) is characterized by a broad spectrum of clinical man-
ifestations with the potential to progress to multiple organ dysfunction in severe cases. Extracellular vesicles
(EVs) carry a range of biological cargoes, which may be used as biomarkers of disease state.
Methods: An exploratory secondary analysis of the SARITA-2 and SARITA-1 datasets (randomized clinical tri-
als on patients with mild and moderate/severe COVID-19) was performed. Serum-derived EVs were used for
proteomic analysis to identify enriched biological processes and key proteins, thus providing insights into
differences in disease severity. Serum-derived EVs were separated from patients with COVID-19 by size
exclusion chromatography and nanoparticle tracking analysis was used to determine particle concentration
and diameter. Liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) was performed
to identify and quantify protein signatures. Bioinformatics and multivariate statistical analysis were applied
to distinguish candidate proteins associated with disease severity (mild versus moderate/severe COVID-19).
Results: No differences were observed in terms of the concentration and diameter of enriched EVs between
mild (n = 14) and moderate/severe (n = 30) COVID-19. A total of 414 proteins were found to be present in
EVs, of which 360 were shared while 48 were uniquely present in severe/moderate compared to mild
COVID-19. The main biological signatures in moderate/severe COVID-19 were associated with platelet
degranulation, exocytosis, complement activation, immune effector activation, and humoral immune
response. Von Willebrand factor, serum amyloid A-2 protein, histone H4 and H2A type 2-C, and fibrinogen
b-chain were the most differentially expressed proteins between severity groups.
Conclusion: Exploratory proteomic analysis of serum-derived EVs from patients with COVID-19 detected key pro-
teins related to immune response and activation of coagulation and complement pathways, which are associated
with disease severity. Our data suggest that EV proteinsmay be relevant biomarkers of disease state and prognosis.

© 2024 International Society for Cell & Gene Therapy. Published by Elsevier Inc. All rights reserved.
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Introduction

Severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2)
infection can cause a broad spectrum of clinical manifestations,
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which were predominant during the coronavirus disease 2019
(COVID-19) pandemic [1]. This virus has infected over 700 million
people worldwide [2], and although most individuals are asymptom-
atic or present mild symptoms, in more severe cases, patients can
develop pneumonia, acute respiratory distress syndrome, and coagu-
lopathies [3�5]. More than 40% of patients with severe COVID-19 can
exhibit thrombo-inflammatory complications with a high incidence
of deep vein thrombosis and multiple organ dysfunction [3�6]. As a
consequence, severe COVID-19 usually progresses to death
(>6.9 million lives to date) [2] or disability with post-COVID sequelae
syndrome in survivors [7,8].

An increasing number of studies have provided information about
the different clinical manifestations and progression of COVID-19
[1,3,4], and extensive efforts have been made to unravel the mecha-
nisms underlying these different phenotypes of the disease and the
multiple organ involvement in more severe cases [5,9,10]. Some key
pathologic mechanisms include the dysregulation of immune
responses against SARS-CoV-2 infection, epithelial and endothelial
cell injury, thrombo-inflammation, and significant tissue remodeling
[5,6]. However, the underlying molecular mechanisms involved in
the worsening of COVID-19 are still not completely understood
[11,12]. Therefore, a deeper elucidation of pathways and potential
targets involved in these mechanisms is still needed to assist in the
prediction of disease severity, prognosis, and outcomes [13,14].

Extracellular vesicles (EVs) have emerged in recent years, not only
as potential therapies [15�17] but also as relevant sources of bio-
markers for different diseases [18]. EVs are cell-derived particles that
include a lipid bilayer and their internal contents can reflect the
physiologic or pathologic state of parental cells [19]. These structures
are released by different cell types and are broadly transported
through the bloodstream, acting with both paracrine and endocrine
signals as newly recognized forms of intercellular communication
[20]. Several proteomic studies have identified and quantified the
protein cargo in EVs, thus unraveling the signaling pathways that are
modulated in different pathologic conditions, including asthma [21],
cancer [22], chronic obstructive pulmonary disease [23], and sepsis
[24]. Mass spectrometry-based proteomic analysis also revealed
marked differences in circulating EVs from patients with COVID-19
and healthy controls, enabling discrimination between these cohorts
[25]. In EVs from patients with COVID-19, several biomarkers
involved in inflammation, immune responses, and activation of com-
plement and coagulation pathways were identified [25�27],
highlighting the utility of EVs for better understanding the mecha-
nisms of the disease and identifying biological processes and poten-
tial therapeutic targets. However, there is still a need to establish a
set of key biomarkers using proteomics to better differentiate the
severity of COVID-19 in patients and to correlate these proteins with
patients; demographic and clinical profiles, such as age, sex, time
from symptom onset, body mass index (BMI), and viral load.

In this study, we conducted an exploratory secondary analysis
of the SARITA-1 (moderate/severe) [28] and SARITA-2 (mild) [29]
datasets to better understand the relevant proteins in serum-derived
EVs from patients with mild versus moderate/severe COVID-19 at the
time of hospital admission and whether these proteins were corre-
lated with the patient’s clinical profile.

Materials and Methods

Study design and ethics

We conducted an exploratory secondary analysis of data from the
SARITA-1 [28] and SARITA-2 [29] randomized clinical trials (RCTs)
comparing nitazoxanide and placebo (control arm) in patients with
moderate/severe and mild COVID-19, respectively. These trials were
registered in ClinicalTrials.gov (NCT04561219 and NCT04552483,
respectively), conducted following the Declaration of Helsinki and
previously approved by the Brazilian National Commission
for Research Ethics (CAAE: 32258920.0.1001.5257 and
30662420.0.1001.0008). SARITA-1 and SARITA-2 included adult
(aged �18 years) patients with diagnoses of SARS-CoV2 confirmed by
real-time reverse transcriptase polymerase chain reaction (RT-PCR).
SARITA-1 (moderate/severe COVID-19) included hospitalized
patients who required supplemental oxygen (peripheral oxygen sat-
uration [SpO2] <93%) and chest computed tomography (CT) sugges-
tive of viral pneumonia. The SARITA-2 study (mild COVID-19)
enrolled patients who had clinical symptoms of COVID-19 (dry
cough, fever, and/or fatigue) for no more than 3 days.

Circulating EV proteome profile was assessed in 45 patients
included in this study; 15 had mild and 30 had moderate/severe
COVID-19. All these nontreated patients (control arm) from each
study were pre-selected on the day of admission. The sample size of
45 was a result of a selection process to fulfill criteria from the origi-
nal population of the two studies with 250 patients each (non-
treated). In the SARITA-1 study, all patients admitted to the ICU in
the first 48 h (n = 15) were included [28]. In order to have the same
number of patients in each group, patients with moderate COVID-19
(n = 15) were selected using a random generator, considering the
highest viral load as well as the levels of D-dimer and C-reactive pro-
tein (CRP) at the time of admission. All these patients recovered with
no need for ICU admission. In the SARITA-2 study [28], 15 patients
were also randomly selected, but because one patient�s sample was
lost during preparation procedures, the final number was 14. Thus,
44 patients were studied.

The following clinical and laboratory variables were available for
analysis: age, sex, BMI, time from symptom onset, and CRP level.

Blood sample collection, serum separation, and EV purification by size
exclusion chromatography

Whole blood (20 mL) was drawn from a peripheral vein into two
specimen tubes containing protease inhibitors (1 mM EDTA and
1 mM phenylmethylsulfonyl fluoride). The tubes were first centri-
fuged at 2000 £ g for 10 min in a refrigerated centrifuge to separate
the serum. Thereafter, the serum samples were centrifuged at 10
000 £ g for 10 min to remove cell debris. Serum-derived EVs were
collected using a qEVoriginal/70-nm size exclusion chromatography
(SEC) column (Izon Science, Christchurch, New Zealand) as previously
described for similar clinical samples [30�33] and according to the
manufacturer’s protocol. Briefly, the qEV column was equilibrated
with a 15-mL flow of phosphate-buffered saline (PBS) to flow
through the column before sample loading. Five hundred microliters
of serum was loaded onto the qEV column and allowed to flow into
the resin. The serum layer was overlaid with 3 mL of PBS and the ini-
tial 2.5 mL of flow through containing the void volume was dis-
carded, which corresponded to fractions 1�5 of 500 mL each.
Individual fractions of 500 mL containing serum-derived EVs were
then sequentially collected (fractions 6�10), as the column was grad-
ually loaded with 7 mL of PBS. The column was then washed with a
continuous flow of 45 mL of PBS in preparation for the next sample.
Following the manufacturer’s instructions, fractions 8 and 9 were
selected for downstream applications based on their high EV num-
ber/serum protein ratio (Figure 1).

Nanoparticle tracking analysis

Enriched EVs from fractions 8 and 9 were characterized by nano-
particle tracking analysis (NTA) on a NanoSight NS3000 instrument
(NanoSight, Malvern Panalytical, Amesbury, UK) equipped with a
sample chamber with a 532-nm green laser. Aliquots of the enriched
EVs were diluted 1000 times and measured at 18°C in ultrapure
water to capture five videos for 60 s with camera gain adjustments
appropriate for the best focus on the EVs [34]. NTA 3.4 build 3.4.4



FIGURE 1. Experimental design for characterization of extracellular vesicles (EVs) separated and enriched from serum of patients with moderate/severe and mild COVID-19. Serum-
derived EVs were separated using size exclusion chromatography, characterized by nanoparticle tracking analysis, analyzed using liquid chromatography/tandem mass spectrome-
try, and results associated with the clinical characteristics.
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software was used for data acquisition and analysis. The size and
concentration of the nanoparticles were determined based on the
Brownian motion of the individual particles and light scattering
measurements as previously reported [35].

Cryogenic electron microscopy (Cryo-EM)

Serum EV preparations from a pool of five patients from each
group (severe, moderate, and mild COVID-19; 2.4£1010 particles/mL,

1.16£1010 particles/mL, and 1.08£1010 particles/mL, respectively)
were suspended in PBS and 3 mL was used for image acquisition and
sample analysis. Copper grids for electron microscopy were used
with Lacey-type carbon film (300 mesh, #01895-F; Ted Pella, Read-
ing, CA, USA). The grids were treated with a load of 25 mA for 50 s in
EasiGlow (I) equipment (Ted Pella). The samples were plunge-frozen
on a Vitrobot Mark IV (Thermo Fisher Scientific, Waltham, MA, USA).
The samples were applied to each grid and the excess draining step
was applied (blot time 3 and blot force 4); the grids were frozen
immediately in liquid ethane and kept in liquid nitrogen until inser-
tion into the microscope. All data were collected at an electron
microscopy facility on a 200-kV Talos Arctica G2 (Thermo Fisher)
equipped with an automatic system for storing and changing grids at
cryogenic temperatures and a 4k £ 4k CMOS camera (Thermo Fisher)
for digital image acquisition.

Proteomic analysis of serum-derived EVs

After quantifying the EVs by NTA, 4.04£109 particles were sub-
jected to total lyophilization with a FreeZone 4.5 Liter Freeze Dry Sys-
tem (Labconco, Kansas City, MO, USA). Samples were treated with
8 M urea for protein extraction and digestion, followed by protein
reduction with 5 mM dithiothreitol and alkylation with 14 mM
iodoacetamide in the dark for 30 min. The reaction was quenched by
adding 5 mM dithiothreitol and incubated in the dark for 15 min. Pro-
tein extracts were diluted to a final concentration of 1.6 M urea with
50 mM ammonium bicarbonate and 1 mM of calcium chloride. There-
after, digestion with trypsin (Promega, Madison, WI, USA) was car-
ried out in two steps; 500 ng of the enzyme was added for 16 h,
followed by the addition of 500 ng for 5 h at 37°C. The reaction was
quenched with 0.4% formic acid, and peptides were desalted using
the StageTips method in C18 Empore disks (3M, St Paul, MN, USA)
[36], dried in a vacuum concentrator, and reconstituted in 10 mL of
0.1% formic acid. Peptide quantification was obtained using a peptide
digest standard provided by a Pierce Quantitative Colorimetric
Peptide Assay (Thermo Fisher) to generate linear standard curves
for calibration and peptide quantification. All measurements were
performed at 280 nm using a NanoDrop 2000 spectrophotometer
(Thermo Fisher).

Data acquisition by LC-MS/MS

An aliquot containing 1.5mg of peptides for each sample was ana-
lyzed using an LTQ Orbitrap Velos mass spectrometer (Thermo
Fisher) connected to an EASY-nLC II system (Proxeon Biosystem,
West Palm Beach, FL, USA) through a Proxeon nanoelectrospray ion
source. Peptides were separated with a 2%�90% acetonitrile gradient
in 0.1% formic acid using an analytical PicoFrit Column (20 cm£75
mm inner diameter, 5 mm particle size; New Objective, Littleton, MA,
USA) at a flow rate of 300 nL/min over 170 min. The nanoelectrospray
voltage was set to 2.2 kV and the source temperature was 275°C. Full
scan mass spectra (m/z 300�1600) were acquired in the Orbitrap
analyzer after accumulation to a target value of 1£106. The resolution
in the Orbitrap was set to r = 60 000 and the 20 most intense peptide
ions with charge states �2 were sequentially isolated to a target
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value of 5000 and fragmented in the linear ion trap using low-energy
collision-induced dissociation (normalized collision energy of 35%).
The signal threshold for triggering an MS/MS event was set to 1000
counts. Dynamic exclusion was enabled with an exclusion size list of
500, an exclusion duration of 60 s, and a repeat count of 1. An activa-
tion of q = 0.25 and an activation time of 10 ms were used.

Raw LC-MS/MS data analysis

Raw data were processed using MaxQuant v.2.0.1 software
against the UniProt Human Protein Database (release January 2022;
100 730 sequences; 40 967 805 residues). A tolerance of 10 ppm for
precursor mass and 1 Da for fragment ions was set for protein identi-
fication. Carbamidomethylation was set as a fixed modification and
N-terminal acetylation and oxidation of methionine as variable modi-
fications, a maximum of one trypsin missed cleavage, and matching
between runs was set and applied with a 2-min window. Using Per-
seus v.2.0 software, the list of peptides identified was filtered by
“only identified by site” entries and reverse sequences. Protein abun-
dance was calculated based on the normalized spectrum intensity,
label-free quantification (LFQ) intensity, transformed to log 2.

Bioinformatic data analysis

The overlay between molecules for each condition was visualized
in a Venn diagram generated at http://www.interactivenn.net/. The
hierarchical cluster heatmap was built in the R environment (v.
2022.12.0 build 353 and R 4.2.2) using Spearman distance with Ward
linkage. Enrichment for Gene Ontology biological processes for pro-
tein cluster groups was determined in Enrichr (https://maayanlab.
cloud/Enrichr/) using two-sided Fisher’s exact test followed by Benja-
mini-Hochberg correction for multiple comparisons (adjusted p value
< 0.05).

Data availability

The mass spectrometry proteomic data generated in this study are
available at ProteomeXchange via the PRIDE partner repository [37]
and Panorama repository. Data-dependent acquisition proteomics is
available at ProteomeXchange with the dataset identifier,
PXD041947.

Multivariate analysis

Initially, a descriptive and exploratory analysis was performed to
compare the abundance differences in proteins between mild and
moderate/severe COVID-19 along with clinical and sociodemographic
variables using Fischer’s exact test (categorical variables), Student’s t-
test (parametric), and Mann-Whitney’s U test (nonparametric).
Results were used to identify candidate proteins able to discriminate
between groups of interest.

Multivariate analysis was then used to determine the association
between the proteome and clinical severity phenotypes. A general
linear model (GLM) with LASSO and elastic net regularization was
used because it fits better for scatter and matrix data. The multivari-
ate analysis was then performed to select the most relevant proteins.
The CARET package (short for Classification And REgression Training)
[38] was used for the computation because it has tuning techniques
that identify the best combination for model parameters. A logistic
regression model with a LASSO was implemented to verify the pre-
dictive potential of the proteins, and a K-fold cross-validation was
performed to determine the lambda producing the best shrinkage of
variables (i.e., the best way to determine only the most evident pro-
teins). Thereafter, the mean squared error was estimated as a func-
tion of lambda, to identify a window close to zero, where the error is
as small as possible. This window was considered in the next step.
The protein selection was carried out by calculating the beta coef-
ficients of the regression model for each protein as a function of
lambda, which generated a curve for their selection. Proteins with a
coefficient different from zero were considered differentially present
in EVs from mild versus moderate/severe COVID-19. At the end of
this analysis, a random selection of patients was used to validate the
accuracy and quality of the model. Cross-validation was used with
k = 5 in relation to the accuracy and confusion matrix. The cross-vali-
dation technique was used to evaluate the model with k = 5 in rela-
tion to the accuracy and confusion matrix. Graphs of the received
operating characteristic curve were produced, and sensitivity, speci-
ficity, and accuracy were calculated.

Correlations between selected proteins that differentiate mild
versus moderate/severe COVID-19 and clinical characteristics were
then performed. The differential percentage between mild versus
moderate/severe COVID-19 was calculated (mild � [moderate/
severe]/mild £ 100) for each protein according to age groups
(18�40 years, 41�59 years, and �60 years), time from symptom
onset (0�5 days, 6�10 days, and �11 days or more), BMI (�30 and
>30 kg/m�2), sex (male and female), viral load (�5 and >5 copies/
mL), and CRP (<39 mg/dL). Dispersion graphics were generated to
represent the correlation between the selected proteins and age, viral
load, BMI, and continuous variables comparing patients with mild
versus moderate/severe COVID-19.

All statistical analyses were performed in R 4.2.2 [39], and a two-
tailed p value <0.05 was considered significant.

Results

Baseline characteristics

The median age was higher for patients with moderate/severe (52
years) compared with mild (36 years) COVID-19. Time from symptom
onset, viral load, and CRP levels were also higher in patients with
moderate/severe COVID-19 than those with mild disease (p = 0.002,
p = 0.004, and p < 0.001, respectively) (Table 1).

EV characterization

A total of 44 samples (one from each patient) collected at hospital
admission were randomly read by NTA to measure the size (nm) and
concentration of particles (particles/mL). The particle concentration
and diameter did not differ between mild and moderate/severe
COVID-19 in either of the two fractions analyzed (Student’s t-test, p
> 0.05) (Figure 2A). The structure of enriched EVs was observed by
cryo-EM. A qualitative analysis showed that the EVs were intact after
separation, with smooth surfaces and no clear internal density. EVs
had membrane bilayers and some were multilayered (Figure 2B).

Proteomic data analysis

The relative quantification of the EV proteome was performed
using the LFQ method. A total of 414 proteins were identified and
quantified after excluding reverse sequences and identified only by
the site (n = 14 frommild COVID-19 and n = 30 frommoderate/severe
COVID-19) (Supplementary Tables 1�4). A Venn diagram showed
that 360 proteins were shared between both groups, and 6 proteins
were observed exclusively in the mild group and 48 proteins in the
moderate/severe group (Figure 3A). Unsupervised hierarchical clus-
tering analysis using the Spearman distance with Ward linkage
(Figure 3B) showed that two patients did not cluster perfectly to
severity groups.

Enrichment analysis was performed using the protein-coding
gene identifiers IDs (HUGO gene nomenclature). Analysis was per-
formed for each of the two main protein clusters (PC1 = 234,
PC2 = 180) separately in Gene Ontology (GO), and the top 10
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TABLE 1
Characteristics of patients with mild and moderate/severe COVID-19 and SARS-CoV-2-positive by RT-PCR.

Characteristics All patients (n = 44) Mild (n = 14) Moderate/severe (n = 30) p value between
groups

n (%) 95% CI n (%) 95% CI n (%) 95% CI

Age range, n (%)
18�40 years 13 (30) 18�44 9 (64) 39�84 4 (13) 5�30
41�59 years 19 (43) 30�58 5 (36) 16�61 14 (47) 30�64 <0.001
�60 years 12 (27) 16�42 0 (0) 0�22 12 (40) 25�58

Age (years), median (IQR) 49 (36�61) 42�52 36 (31�43) 28�47 52 (46�69) 48�65 <0.001
Sex, n (%)
Female 18 (41) 28�56 9 (64) 39�84 9 (30) 17�48 0.068
Male 26 (59) 44�72 5 (36) 16�61 21 (70) 52�83

Time from symptom onset, n (%)
0�5 days 27 (61) 47�74 14 (100) 78�100 13 (43) 27�61
6�10 days 13 (30) 18�44 0 (0) 0�22 13 (43) 27�61 0.002
�11 days 4 (9) 4�21 0 (0) 0�22 4 (13) 5�30
BMI, n (%)
<30 kg/m2 31(70) 56�82 10 (71) 45�88 21 (70) 52�83 1
�30 kg/m2 13 (30) 18�44 4 (29) 12�55 9 (30) 17�48

Viral load, n (%)
<5 29 (66) 51�78 14 (100) 78�100 15 (50) 33�67
�5 15 (34) 22�49 0 (0) 0�22 15 (50) 33�67 0.004

RT-PCR viral load (log10 copies/mL) median (IQR) 2.89 (2.46�6.35) 2.59�3.40 2.76 (2.49�3.32) 2.07�3.39 4.31 (2.42�7.15) 2.55�6.75 0.197
C-reactive protein (mg/L), median (IQR) 39.0 (10.8�103.3) 18.0�89.0 4.0 (1.5�10.8) 1.0�14.0 89.5 (42.8�115.8) 45.0�112.0 <0.001

Nontreated patients with mild and moderate/severe COVID-19 were included. RT-PCR, reverse transcriptase polymerase chain reaction; CI, confidence interval; IQR, inter-
quartile range; BMI: body mass index. The chi-squared test was used for qualitative variables. The Mann-Whitney U test was used for between-group comparisons.
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processes of each PC are depicted in Figure 3C. For PC1, the top five
enriched processes were platelet degranulation (GO, 0002576;
adjusted p value, 4.74E�32), exocytosis (GO, 0045055; adjusted p
value, 5.44E�25), complement activation (GO, 0030449; adjusted p
value, 8.12E�17), immune effector process (GO, 0002697; adjusted p
value, 3.80E�15), and humoral immune response (GO, 0002920;
adjusted p value, 5.42E�16) (Supplementary Table 5). For PC2, the
top five enriched processes were neutrophil-mediated immunity
(GO, 0002446; adjusted p value, 5.16E+03), high-density lipoprotein
particle remodeling (GO, 0034375; adjusted p value, 5.16E+03), neu-
trophil degranulation (GO, 0043312; adjusted p value, 1.28E+05),
neutrophil activation (GO, 0002283; adjusted p value, 1.28E+05), and
triglyceride-rich lipoprotein particle remodeling (GO, 0034370;
adjusted p value, 1.20E+07) (see Supplementary Table 6).
Selection of differentially abundant proteins by multivariate analysis

A total of 5 proteins were identified by multivariate analysis and
considered relevant in the differentiation between mild and moder-
ate/severe COVID-19 (Figure 4A): von Willebrand factor (PID,
P04275), serum amyloid A-2 protein (PID, P0DJI9), histone H4 (PID,
P62805), histone H2A type 2-C (PID, Q16777), and fibrinogen b-chain
(PID, P02675). Among these, the von Willebrand factor was the most
relevant to differentiate the cohorts because it had the highest
regression coefficient (Figure 4B). Cross-validation of the model
showed an accuracy of 95% (Figure 4C). An area under the curve
(AUC) >0.92 was observed for each of the 5 proteins deemed differ-
entially expressed in EVs from mild versus moderate/severe COVID-
19 (Figure 4D). The abundance of all 5 proteins was greater in moder-
ate/severe COVID-19 compared to the mild group, as shown in
Figure 4E.

Figure 5 shows the association between abundance differences in
the 5 proteins that are differentially present in mild versus moder-
ate/severe COVID-19 and demographic and clinical characteristics.
Among patients aged 41�59 years, the abundance differences of his-
tone H4 was 527.2% higher in samples from the moderate/severe
group than in samples from the mild group. Among female patients,
the abundance differences of this protein in samples from the moder-
ate/severe group was also 539.7% higher than in samples from the
mild group. Furthermore, among samples from patients with BMI
�30 kg/m2, the histone H2A type 2-C showed abundance differences
between the moderate/severe and mild groups of 392.9%.

Using Spearman correlations we found that levels of von Wille-
brand factor, serum amyloid A-2, histones H4 and H2A type 2-C, as
well as fibrinogen b-chain were positively correlated with age, viral
load, and CRP levels, but not with BMI (Figure 6).

Discussion

In this exploratory secondary analysis of samples collected from
two RCTs (control arm) [28,29], we found that serum-derived EVs
from patients with COVID-19 may be a valuable source of informa-
tion regarding disease severity. Although we found no differences in
particle concentration and diameter, EV proteome was different
between mild and moderate/severe cases, indicating that EV content
can be altered in response to SARS-CoV-2 infection. Moreover, the
nature of the proteins contained in these EVs and the abundance dif-
ferences associated with severity provide biological plausibility for
their involvement in disease pathogenesis and progression.

Proteomic analysis revealed abundance differences of various pro-
teins related to immune responses, activation of coagulation, and
complement pathways in more severe cases of COVID-19, confirming
data from other studies [25�27], which suggest that serum-derived
EVs may play an essential role in tissue injury and multiple organ
involvement. Five key proteins (von Willebrand factor, serum amy-
loid A-2, histones H4 and H2A type 2-C, and fibrinogen b-chain)
were observed to be differentially abundant in EVs from mild versus
moderate/severe COVID-19 patients. In addition to potentially func-
tioning as future biomarkers of disease severity, their known function
in the activation of pivotal signaling pathways associated with
inflammation and hypercoagulability suggests they may be explored
as biotargets for therapy.

Previous studies have recognized the potential utility of EVs as
biomarkers that reflect the pathologic state of several diseases
[21�24], and recent studies have demonstrated that EV cargo can
also be used to differentiate severity in patients with COVID-19
[25�27]. In comparison to previous studies, we used herein a study
design that capitalizes on samples collected in the context of RCTs
[28,29] � where patient heterogeneity was minimized by the appli-
cation of strict inclusion/exclusion criteria and randomization, bias
was reduced by blinding, and trained research coordinators and



FIGURE 2. Characterization of extracellular vesicles (EVs) separated and enriched from patients with mild and moderate/severe COVID-19. (A) The particle concentration and diam-
eter, measured in fractions 8 and 9, are presented as the mean and standard error of the mean. No statistically significant differences were found between the groups regarding the
particle concentration and diameter. Nanoparticle concentration as a function of the size distribution of mild (green) and moderate/severe (red) samples measured by nanoparticle
tracking analysis. Values are means § standard deviation, n = 14 measurements (mild) and n = 30 measurements (moderate/severe). (B) Representative cryo-electron microscopy
image of EVs from patients with mild (left), moderate (central), and severe (right) COVID-19. EVs had membrane bilayers (arrows) and some were multilayered. No qualitative dif-
ferences were observed between the structures of the EVs, since we included NTA data that provide a more reliable measure of particle concentration and diameter. The white struc-
tures on the carbon film are bubbles that appear when a hydrated biological sample is under prolonged exposure to the electron beam (indicated by red solid ellipse). Asterisks:
smaller vesicular structures.
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laboratory technician who used standard operating procedures for
collection, handling, and storage of samples, thus optimizing both
internal and external validity of molecular findings and minimizing
batch effect. Altogether, these features maximize the potential for the
identification of more robust EV-derived protein biomarkers associ-
ated with the phenotypes of interest.

Because serum from patients with COVID-19 represents a relevant
biofluid collected minimally invasively that recapitulates alterations



FIGURE 3. Proteomic profile of extracellular vesicles (EVs) from patients with mild versus moderate/severe COVID-19. (A) Venn diagram of common and exclusive proteins identi-
fied for patients with mild and moderate/severe COVID-19. (B) Hierarchical clustering analysis of proteins identified in the mild group (n = 14 samples) and the moderate/severe
group (n = 30 samples). Values for each protein (rows) and each EV sample (columns) are colored based on the protein abundance; high (red) and low (blue) values (Z-scored log2
label-free quantification intensity values) are indicated based on the color scale bar shown at the top left of the figure. The colored bars shown at the top of the figure indicate the
severe and moderate samples (blue) or mild samples (pink). Hierarchical clustering was performed in the R environment using the Spearman distance with Ward linkage. (C) Top
10 significant Gene Ontology biological processes enriched for the proteins cluster groups (PC1 and PC2) of the global proteome (adjusted p value � 0.05; two-sided Fisher’s exact
test followed by Benjamini-Hochberg correction).
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throughout the body [40,41], we used these samples to then purify
EVs for subsequent analysis. Although criteria for characterization
and studies of EVs have been defined [19], there is no gold standard
method for EV separation; therefore, we selected an established pro-
tocol associated with an SEC-based approach for enrichment of the
EVs. Even though it is not possible to fully eliminate the presence of
potential contamination of non-EV proteins, this method enables the
use of small volumes of serum, which is a common need for experi-
ments assessing clinical samples [30�33].

We used the GLM with LASSO regression because it has been
shown to be a powerful method for protein selection and disease pre-
diction, thus leading to reduced dimensionality and sparsity, com-
mon problems when we have more factors than patients. This
methodology has previously been used to predict graft-versus-host
disease. In that approach, random tree models were used to identify
markers for classifying disease; the GLM was more effective in the
selection of the most promising hits, reducing the panel of 785
detected proteins to 13 discriminant markers with significant diag-
nostic accuracy [42]. In a dataset with small volume samples, the
GLM was also effective for protein selection in Alzheimer’s disease
prediction with an acceptable AUC approaching 70% using cerebro-
spinal fluid and 90% using plasma [43]. By using the GLM for bioinfor-
matics analysis, our proteomic data revealed an enrichment of
proteins related to platelet degranulation, exocytosis, complement
activation, immune effector activation, and humoral immune
response in more severe cases of COVID-19. Interestingly, neutrophil
degranulation and activation were also identified as relevant biologi-
cal processes in the enrichment analysis of proteins from serum-
derived EVs, regardless of COVID-19 severity. These results point to
an essential role for neutrophils in COVID-19 development, which
corresponds to clinical findings [3,13,44,45].

Platelet degranulation was the most enriched biological process in
our investigation with serum-derived EVs from patients with moder-
ate/severe COVID-19. This finding is in line with previous
publications [27,46,47], indicating increased formation of platelet
and platelet-leukocyte aggregates in more severe cases of COVID-19
and contributing to worse disease prognosis. During the initial phase
of SARS-CoV-2 infection, circulating platelets become hyperrespon-
sive to agonist stimulation and exhibit increased expression of sur-
face markers [48], leading to hyperactivation and aggregation of
platelets that contribute to the hypercoagulable state of severe
COVID-19 [47]. The increased formation of platelet aggregates in
more severe cases of COVID-19 has also been correlated to increased
levels of CRP and interleukin-6 [49,50]. In this context, we also identi-
fied abundance differences of fibrinogen b-chain in serum-derived
EVs from patients with moderate/severe COVID-19 compared to
those with mild disease. Besides fibrinogen b-chain, increased values
of fibrinogen a-chain and g-chain have also been reported in previ-
ous COVID-19 cases [25]. These clotting factors can present increased
levels during SARS-CoV-2-mediated inflammatory responses, pro-
moting alterations in the coagulation process that lead to the forma-
tion of thrombi [51]. Moreover, increased fibrinogen levels have been
associated with elevated D-dimer values, more severe phenotypes,
and the need for intensive care [52]. In autopsy studies of COVID-19,
fibrin-rich thrombi were also found in small vessels and pulmonary
capillaries [53]. Fibrinogen levels were shown to be altered in plasma
and saliva from convalescent patients, highlighting a potential role of
these factors in the post-COVID syndrome [54]. Our data also demon-
strated abundance differences of von Willebrand factor in patients
with moderate/severe COVID-19 compared with mild cases. This sol-
uble protein is secreted by platelets during endothelial cell injury
and the formation of thrombi [55] and participates in SARS-CoV-2-
mediated pathologic mechanisms by triggering the thrombo-inflam-
matory complications that are commonly observed in cases of severe
COVID-19 [3�5].

Tissue factor (also termed coagulation factor III) is another major
component of the coagulation cascade that is upregulated in COVID-
19 [56]. Its expression can be increased by complement factors,



FIGURE 4. Multivariate analysis identification of differences in EV protein abundance. (A) Coefficients of all proteins included in the LASSO regression model against lambda values.
The closer the coefficient is to zero, the less representative the protein is in the differentiation between mild and moderate/severe. (B) Bar graph of proteins with coefficients differ-
ent from 0 selected in LASSO regression. The magnitude of the coefficients indicates the degree of importance of the protein in the differentiation between mild and moderate/
severe. (C) A confusion matrix for validating the predictive ability of selected proteins. True moderate/severe patients are shown in blue, and truly mild patients in pink. The accu-
racy was 95%. (D) Receiver operating characteristic area under the curve (AUC) from validation of selected proteins. (E) Boxplot graph of selected proteins according to the mild and
moderate/severe classification. CI, confidence interval.
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leading to thrombin activation and increased formation of platelet
aggregates [56]. In this context, our proteomic data identified enrich-
ment for complement activation in serum-derived EVs from patients
with moderate/severe COVID-19. Although the complement system
plays an important role in favoring clearance during viral infection,
its dysregulated activation and propagation stimulate the coagulation
pathway and promote extensive tissue injury [57]. In line with our
findings, previous studies have reported dysregulation of the comple-
ment system [11,27,58,59] with altered expression of transcription
factors associated with complement activation in SARS-CoV-2 infec-
tion [25,60]. Increased plasma levels of complement factors and their
deposition in the lungs were also observed in severely ill patients
hospitalized with COVID-19 [61,62], reinforcing the dysregulation of
the complement system as a hallmark in the hypercoagulable state in
more severe cases.

At the onset of infection, the immune system is activated to
protect the body and eliminate pathogens, such as SARS-CoV-2;
however, excessive activation becomes harmful to the host
because it can cause the release of intracellular components into
the extracellular space to neutralize the pathogen but that also
promotes further inflammation and tissue injury [63�65]. Our
analysis identified abundance differences of histones H2A type 2-
C and H4 in circulating EVs from moderate/severe COVID-19 cases
compared with mild cases. These nuclear proteins provide struc-
tural and functional support to condensate the DNA into chromo-
somes under normal physiological conditions [64,65]; however,
upon apoptosis/necrosis (an unregulated process) or formation of
neutrophil extracellular traps (NETs) (a regulated process), they
are released into the extracellular space and function as damage-
associated molecular patterns that promote cell activation [66],
Toll-like receptor (TLR)-mediated immune responses [65,67], and
cell death [68]. In particular, histone H4 can directly bind to TLR4
on the cell surface of peripheral blood-derived monocytes, lead-
ing to the release of chemokines and, consequently, increased
recruitment of inflammatory cells [65,67]. Previous studies have
demonstrated increased levels of histones and other NET



FIGURE 5. Abundance differences in proteins between the mild and moderate/severe group for each clinical variable calculated by (mild—moderate/severe)/mild £ 100. BMI, body
mass index; CRP, C-reactive protein.
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components in patients with COVID-19 [69�71] that directly cor-
relate to disease severity [70,72], which is in line with our find-
ings. Moreover, histones have a major role not only in SARS-CoV-
2-mediated inflammation but also in hypercoagulation. A signifi-
cant increase in tissue factor activity and thrombin generation by
peripheral blood-derived monocytes has been observed in the
presence of extracellular histones [73,74]. NET components have
also been associated with deposited platelets and microthrombi
formation in the lungs of patients with COVID-19 [75]. Quantita-
tive assessment of histone-DNA complex in samples from patients
with COVID-19 has been shown to have prognostic value in dis-
criminating disease severity [76�78].

Patients with COVID-19 can present a hyperinflammatory state
with increased levels of numerous proteins associated with leukocyte
recruitment and immune response activation (also termed cytokine
storm), which participate in dysregulated immune responses and
worsening of clinical outcomes [3,5,25]. Our analysis identified serum
amyloid A2 (SAA2) as a key protein in serum-derived EVs, which
demonstrated abundance differences between moderate/severe
cases and mild cases of COVID-19. This biomarker, produced in the
liver, is activated during the acute phase response of inflammatory
and infective processes, promoting strong chemoattractant activity
even at low levels [79]. Increased levels of circulating SAA2 are asso-
ciated with chest CT scan findings and correlate to poor prognosis in
COVID-19 [80] with even greater levels of this protein observed in
patients who required intensive care compared with those who did
not [11]. The SAA2 isoforms (SAA1, SAA3, and SAA4) are also
increased in more severe cases [11,25,41], demonstrating the rele-
vance of these proteins for the prognosis of COVID-19. Previous
results have demonstrated that SAA levels significantly decreased in
hospitalized patients with COVID-19 who recovered well and were
discharged, whereas these levels continued to be elevated in patients
who died or worsened [80,81].

Advanced age, obesity, high viral load, and long virus-shedding
period have been associated with worse prognosis in COVID-19
[1,82�84]. Even though the levels of the top five proteins (von Wille-
brand factor, serum amyloid A-2, fibrinogen b-chain, and histones
H4 and H2A type 2-C) identified in our data were not correlated with
BMI, they strongly correlated with age, viral load, and CRP levels, pro-
viding further evidence of their relevance as biomarkers associated
with COVID-19 severity.

Some limitations in our study should be considered. Firstly, a
small number of samples from each cohort was assessed. It is known
that serum proteomic studies have small sample sizes, which may be
attributed to (i) difficulties in sourcing serum samples with sufficient
quality and (ii) high sample processing costs. This is an exploratory
secondary analysis of two RCTs, which presents less heterogeneity,
thus allowing for fewer samples [28,29]. Our results provide unique
and experimentally novel insights that hopefully will lead to innova-
tive hypotheses moving forward. Secondly, samples were collected at
a single time point, which was at the moment of admission. This
occurred 4�5 days after symptom onset in mild COVID-19 and
5�10 days in moderate/severe COVID-19 cases. The third limitation
concerns longitudinal analysis since patients from both RCTs were
followed up for only 14 days, after which no data were collected.
Finally, mechanistic validation of the most relevant markers should
be further investigated in future studies. Additionally, more robust
analyses on discovery and validation samples are required.

Conclusions

Using samples collected within the framework of two RCTs, we
have demonstrated that EV content is significantly altered in COVID-
19 across the spectrum of severity. Our experimental design is
exploratory and did not allow for longitudinal sample analysis, but it
is feasible that monitoring EV cargo from patients with COVID-19
may provide valuable information for the prediction of disease sever-
ity. Combined information about risk factors and protein biomarkers
identified herein may be a more informative strategy to monitor the
severity and potential outcomes of COVID-19 than clinical and bio-
chemical markers alone.

Declaration of competing interest

All authors declare no actual or potential conflict of interest
including any financial, personal or other relationships with other



FIGURE 6. Correlation between selected proteins and age, viral load, body mass index (BMI), and C-reactive protein (CRP) according to the mild and moderate/severe groups. r,
Spearman correlation coefficient.

ARTICLE IN PRESS

10 A.F. Paes Leme et al. / Cytotherapy 00 (2024) 1�12
people or organizations within three (3) years of beginning the work
submitted that could inappropriately influence (bias) their work.

Funding

This work was supported by the Brazilian Council for Scientific
and Technological Development (CNPq), Brazil (number: 403485/
2020-7 [PRMR], 310392/2021-7 [AFLP]), Funding Authority for Stud-
ies and Projects (FINEP), Brasília, Brazil (number: 01.20.0003.00),
FAPESP (numbers 2009/54067- 3 [AFPL], 2018/18496-6 [AFPL], 2019/
09692-9 [AGCN], and 20/11709-4 [JVO]), and the Rio de Janeiro State
Research Foundation (COVID-19- FAPERJ) E-26/210.181/2020
[PRMR]. This work was also partially supported by/or received
resources from the Brazilian Federal Government provided to the
Center for Research in Energy and Materials (CNPEM), a private non-
profit organization under the supervision of the Brazilian Ministry for
Science, Technology, and Innovation (MCTI). The proteomic analysis
was performed at the Mass Spectrometry Laboratory of the Brazilian
Biosciences National Laboratory (LNBio), which is part of CNPEM.

Acknowledgments

The Mass Spectrometry Laboratory staff are acknowledged for
their assistance during the experiments. The authors would like to
thank LNNano/CNPEM for the access to the electron microscopy facil-
ity. We would like to thank Moira Elizabeth Shottler, mBA, Rio de
Janeiro, Brazil, and Lorna O’Brien (authorserv.com) for editing assis-
tance.

Author Contributions

Conception and design of the study: AFPL and PRMR. Acquisition
of data: Acquisition of data: AFPL, SY, AGCN, JVSO, RRD. Analysis and
interpretation of data: AFPL, FFC, PLS, BSFS, CCS, HCFN, CMM, PRMR
Drafting or revising the manuscript: AFPL, MLP, PRMR. All authors
have approved the final article.

Supplementary materials

Supplementary material associated with this article can be found
in the online version at doi:10.1016/j.jcyt.2024.02.001.

References

[1] Williamson EJ, Walker AJ, Bhaskaran K, Bacon S, Bates C, Morton CE, et al. Factors
associated with COVID-19-related death using OpenSAFELY. Nature
2020;584:430–6. https://doi.org/10.1038/s41586-020-2521-4.

[2] World Health Organization. WHO coronavirus (COVID-19) dashboard n.d. https://
covid19.who.int/ [accessed 08.08.23].

https://doi.org/10.1016/j.jcyt.2024.02.001
https://doi.org/10.1038/s41586-020-2521-4
https://covid19.who.int/
https://covid19.who.int/


ARTICLE IN PRESS

A.F. Paes Leme et al. / Cytotherapy 00 (2024) 1�12 11
[3] Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical features of patients
infected with 2019 novel coronavirus in Wuhan, China. Lancet 2020;395:497–
506. https://doi.org/10.1016/S0140-6736(20)30183-5.

[4] Klok FA, Kruip MJHA, van der Meer NJM, Arbous MS, Gommers DAMPJ, Kant KM,
et al. Incidence of thrombotic complications in critically ill ICU patients
with COVID-19. Thromb Res 2020;191:145–7. https://doi.org/10.1016/j.throm-
res.2020.04.013.

[5] Lopes-Pacheco M, Silva PL, Cruz FF, Battaglini D, Robba C, Pelosi P, et al. Pathogen-
esis of multiple organ injury in COVID-19 and potential therapeutic strategies.
Front Physiol 2021;12:593223. https://doi.org/10.3389/fphys.2021.593223.

[6] Robba C, Battaglini D, Pelosi P, Rocco PRM. Multiple organ dysfunction in SARS-
CoV-2: MODS-CoV-2. Expert Rev Respir Med 2020;14:865–8. https://doi.org/
10.1080/17476348.2020.1778470.

[7] Hodgson CL, Higgins AM, Bailey MJ, Mather AM, Beach L, Bellomo R, et al. The
impact of COVID-19 critical illness on new disability, functional outcomes and
return to work at 6 months: a prospective cohort study. Crit Care 2021;25:382.
https://doi.org/10.1186/s13054-021-03794-0.

[8] Gil S, Gualano B, de Ara�ujo AL, de Oliveira J�unior GN, Damiano RF, Pinna F, et al.
Post-acute sequelae of SARS-CoV-2 associates with physical inactivity in a cohort
of COVID-19 survivors. Sci Rep 2023;13:215. https://doi.org/10.1038/s41598-
022-26888-3.

[9] Halawa S, Pullamsetti SS, Bangham CRM, Stenmark KR, Dorfm€uller P, Frid MG,
et al. Potential long-term effects of SARS-CoV-2 infection on the pulmonary vas-
culature: a global perspective. Nat Rev Cardiol 2022;19:314–31. https://doi.org/
10.1038/s41569-021-00640-2.

[10] Ning Q, Wu D, Wang X, Xi D, Chen T, Chen G, et al. The mechanism underlying
extrapulmonary complications of the coronavirus disease 2019 and its therapeu-
tic implication. Signal Transduct Target Ther 2022;7:57. https://doi.org/10.1038/
s41392-022-00907-1.

[11] Ciccosanti F, Antonioli M, Sacchi A, Notari S, Farina A, Beccacece A, et al. Proteomic
analysis identifies a signature of disease severity in the plasma of COVID-19 pneu-
monia patients associated to neutrophil, platelet and complement activation. Clin
Proteomics 2022;19:38. https://doi.org/10.1186/s12014-022-09377-7.

[12] Cosgriff C V, Miano TA, Mathew D, Huang AC, Giannini HM, Kuri-Cervantes L, et al.
Validating a proteomic signature of severe COVID-19. Crit Care Explor 2022;4:
e0800. https://doi.org/10.1097/CCE.0000000000000800.

[13] Battaglini D, Lopes-Pacheco M, Castro-Faria-Neto HC, Pelosi P, Rocco PRM. Labo-
ratory biomarkers for diagnosis and prognosis in COVID-19. Front Immunol
2022;13:857573. https://doi.org/10.3389/fimmu.2022.857573.

[14] Leisman DE, Ronner L, Pinotti R, Taylor MD, Sinha P, Calfee CS, et al. Cytokine ele-
vation in severe and critical COVID-19: a rapid systematic review, meta-analysis,
and comparison with other inflammatory syndromes. Lancet Respir Med
2020;8:1233–44. https://doi.org/10.1016/S2213-2600(20)30404-5.

[15] Abreu SC, Lopes-Pacheco M, Weiss DJ, Rocco PRM. Mesenchymal stromal cell-
derived extracellular vesicles in lung diseases: current status and perspectives.
Front Cell Dev Biol 2021;9:600711. https://doi.org/10.3389/fcell.2021.600711.

[16] da Silva KN, Gobatto ALN, Costa-Ferro ZSM, Cavalcante BRR, Caria ACI, de Arag~ao
França LS, et al. Is there a place for mesenchymal stromal cell-based therapies in
the therapeutic armamentarium against COVID-19? Stem Cell Res Ther
2021;12:425. https://doi.org/10.1186/s13287-021-02502-7.

[17] dos Santos CC, Lopes-Pacheco M, English K, Rolandsson Enes S, Krasnodembskaya
A, Rocco PRM. The MSC-EV-microRNAome: a perspective on therapeutic mecha-
nisms of action in sepsis and ARDS. Cells 2024;13:122. https://doi.org/10.3390/
cells13020122.

[18] Y�a~nez-M�o M, Siljander PR-M, Andreu Z, Zavec AB, Borr�as FE, Buzas EI, et al. Bio-
logical properties of extracellular vesicles and their physiological functions. J
Extracell Vesicles 2015;4:27066. https://doi.org/10.3402/jev.v4.27066.

[19] Th�ery C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsitohaina R,
et al. 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. J Extracell Vesicles 2018;7:1535750. https://
doi.org/10.1080/20013078.2018.1535750.

[20] Mathieu M, Martin-Jaular L, Lavieu G, Th�ery C. Specificities of secretion and
uptake of exosomes and other extracellular vesicles for cell-to-cell communica-
tion. Nat Cell Biol 2019;21:9–17. https://doi.org/10.1038/s41556-018-0250-9.

[21] Ax E, Jevnikar Z, Cvjetkovic A, Malmh€all C, Olsson H, Ra�dinger M, et al. T2 and T17
cytokines alter the cargo and function of airway epithelium-derived extracellular
vesicles. Respir Res 2020;21:155. https://doi.org/10.1186/s12931-020-01402-3.

[22] Novikova SE, Soloveva NA, Farafonova TE, Tikhonova O V, Liao P-C, Zgoda VG.
Proteomic signature of extracellular vesicles for lung cancer recognition. Mole-
cules 2021;26:6145–64. https://doi.org/10.3390/molecules26206145.

[23] Koba T, Takeda Y, Narumi R, Shiromizu T, Nojima Y, Ito M, et al. Proteomics of
serum extracellular vesicles identifies a novel COPD biomarker, fibulin-3 from
elastic fibres. ERJ Open Res 2021;7:00658–2020. https://doi.org/10.1183/
23120541.00658-2020.

[24] Morris DC, Jaehne AK, Chopp M, Zhang Z, Poisson L, Chen Y, et al. Proteomic Pro-
files of exosomes of septic patients presenting to the emergency department
compared to healthy controls. J Clin Med 2020;9:2930–43. https://doi.org/
10.3390/jcm9092930.

[25] Barberis E, Vanella V V, Falasca M, Caneapero V, Cappellano G, Raineri D, et al. Cir-
culating exosomes are strongly involved in SARS-CoV-2 infection. Front Mol Bio-
sci 2021;8:632290. https://doi.org/10.3389/fmolb.2021.632290.

[26] Mao K, Tan Q, Ma Y, Wang S, Zhong H, Liao Y, et al. Proteomics of extracellular
vesicles in plasma reveals the characteristics and residual traces of COVID-19
patients without underlying diseases after 3 months of recovery. Cell Death Dis
2021;12:541. https://doi.org/10.1038/s41419-021-03816-3.
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