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Abstract

COVID-19 is characterized by a wide spectrum of disease severity, whose indicators
and underlying mechanisms need to be identified. The role of extracellular vesi-
cles (EVs) in COVID-19 and their biomarker potential, however, remains largely
unknown. Aiming to identify specific EV signatures of patients with mild compared
to severe COVID-19, we characterized the EV composition of 20 mild and 26 severe
COVID-19 patients along with 16 sex and age-matched healthy donors with a panel
of eight different antibodies by imaging flow cytometry (IFCM). We correlated the
obtained data with 37 clinical, prerecorded biochemical and immunological parame-

ters. Severe patients’ sera contained increased amounts of CD13" and CD82" EVs,
which positively correlated with IL-6-producing and circulating myeloid-derived
suppressor cells (MDSCs) and with the serum concentration of proinflammatory
cytokines, respectively. Sera of mild COVID-19 patients contained more HLA-ABC™
EVs than sera of the healthy donors and more CD24" EVs than severe COVID-19
patients. Their increased abundance negatively correlated with disease severity and
accumulation of MDSCs, being considered as key drivers of immunopathogenesis in
COVID-19. Altogether, our results support the potential of serum EV's as powerful
biomarkers for COVID-19 severity and pave the way for future investigations aiming
to unravel the role of EVs in COVID-19 progression.
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1 | INTRODUCTION

Since December 2019, infection with SARS-CoV-2 virus, causing COVID-19 disease, spread across the world and gave rise to
the biggest pandemic since the Spanish flu in 1918, resulting in more than 6,300,000 deaths in 28 months (WHO Coronavirus).
COVID-19 is characterized by a wide spectrum of clinical severity, from asymptomatic through mild to severe disease symp-
toms. Mild COVID-19 cases are defined by fever, cough, sore throat, nasal congestion, headache, fatigue, myalgia, diarrhea,
nausea/vomiting, loss of smell/taste but without evidence of hypoxia or pneumonia (Diaz et al., 2021). Severe COVID-19 cases
are hallmarked by uncontrolled immune response, development of acute respiratory distress syndrome (ARDS), sepsis, throm-
boembolism and multiorgan failure (Grant et al., 2020; Zhou et al., 2020). In severely affected patients by immune dysregulation is
reflected in cytokine release syndrome (Moore & June, 2020), lymphocytopenia and neutrophilia (Chen et al., 2020). Lymphocy-
topenia in severe cases of COVID-19 strongly affects different subsets of lymphocytes (Dan et al., 2021), and we found previously
that poor T cells response in those patients is followed by dysregulation of autophagy and massive expansion of myeloid derived
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suppressor cells (MDSCs) (Tomic¢ et al., 2021). Therefore, severe COVID-19 is characterized by both hyperinflammation and
strong immunosuppression (immune paralysis), driving dysfunctional anti-viral response (Mehta et al., 2020; Ritchie & Sin-
ganayagam, 2020; Tian et al., 2020). In line with this, several studies (Reizine et al., 2021; Rowlands et al., 2021; Sacchi et al., 2020)
including our own (Tomi¢ et al., 2021), showed that MDSCs are one of the major drivers of COVID-19 pathogenesis. These cells
were demonstrated to be the strongest producers of both IL-6 and IL-10, in severe COVID-19 (Tomi¢ et al., 2021). However, despite
intensive investigations, the knowledge about underlying mechanisms of COVID-19 immunopathogenesis remains scarce. We
neither gained elaborated knowledge about causes resulting in the often abrupt progression from mild to severe COVID-19 forms
in susceptible individuals, nor have defined any biomarkers being able to identify patients prone to COVID-19-induced immune
dysregulation or able to indicate disease progression at a very early time point, before the appearance of severe disease symptoms.

Recently, the COVID-19 pathology was linked to extracellular vesicles (EVs) (Hassanpour et al., 2020); however, studies of the
EVs’ potential as biomarkers of COVID-19 progression are still scarce. In this context, the activity of the coagulation promoting
Tissue Factor (TE, CD142) in EV preparations was found to correlate with the severity of the SARS-CoV-2 infection (Balbi
et al,, 2021). The EV-associated TF activity was increased in severe vs. mild COVID-19 cases, and correlated with leukocyte
numbers and inflammation parameters, including the D-dimer concentration (Guervilly et al., 2021). Furthermore, proteomic
analysis revealed that EV preparations from COVID-19 patients plasma contain numerous molecules known to control immune
responses, inflammation and activation of the coagulation and complement pathways as well as SARS-CoV-2 RNA (Barberis
et al,, 2021). Additionally, alterations in the molecular composition of EVs prepared from the plasma of COVID-19 patients
have been detected up to 3 months following COVID-19 recovery (Mao et al., 2021), including proteins involved in coagulation,
immune response and organ function. Like in many other inflammatory diseases, EVs may not only serve as biomarkers but
also provide therapeutic options for severe COVID-19 patients (Borger et al., 2020). In addition to EV's released by mesenchymal
stromal cells, CD24 containing EV's of engineered HEK cells appear as promising therapeutic agents for sever COVID-19 patients
(Borger et al., 2020; Samara & Belle, 2021, Shapira et al., 2022).

However, EVs are very heterogenous and this heterogeneity cannot be dissected with conventional technologies such as molec-
ular analyses of EV preparation homogenates or by particle quantification such as nanoparticle tracking analysis (NTA) (Dragovic
et al., 2011; Koliha et al., 2016; Kowal et al., 2016; Sokolova et al., 2011). Thus, it is a current challenge in the EV field to improve
our EV analysis methodology and define methods allowing complex analysis at the single EV level (Giebel & Helmbrecht, 2017).
In this context, we have recently qualified imaging flow cytometry (IFCM) as a next generation EV characterization platform
(Gogens et al., 2019). Aiming to optimize the IFCM methodology for the single EV analysis especially for exosome sized, small
EVs (sEVs), we have set up protocols allowing antibody labelling of sEVs in their original liquid environment, for example, in
plasma or sera of peripheral blood, without the need for any up-front or subsequent preparation procedures. With the improved
protocols, we can now analyze antibody labelled sEV's directly following labelling without the need of any washing procedure,
thus minimizing material losses and method induced biases in EV-subtype recoveries (Droste et al., 2021; Staubach et al., 2022;
Tertel, Bremer et al., 2020; Tertel, Gorgens et al., 2020; Tertel et al., 2022).

By using an IFCM approach, we have now characterized the serum EV content of severe and mild COVID-19 patients, and
age/sex matched healthy donors with a panel of eight different preselected antibodies and correlate the obtained data with that of
conventional inflammation markers and the frequency of key peripheral blood immune cells in respective COVID-19 patients,
reported previously (Tomic¢ et al., 2021). We have identified EV signatures reflecting the COVID-19 severity that provide diag-
nostic potentials for the identification of patients being prone to severe disease progression and that may indicate severe disease
progression from an early time on, hopefully allowing identification of a time window for successful therapeutic interventions
in suppressing realization of the severe disease forms.

2 | METHODS
2.1 | Patients and serum samples

The study was approved by the Ethical Boards of the KBC Zemun (No. 157/1, from 24.05.2020). Informed consent was obtained
from patients and healthy donors according to the Declaration of Helsinki. Only patients with SARS-COV-2 infection confirmed
by qPCR of nasopharyngeal swabs were included in this study. Malignancy and autoimmune diseases were the exclusion criteria.
Twenty patients displayed mild and 26 patients severe COVID-19 symptoms without the need of mechanical ventilation at the
day of blood-drawing. Disease severity was determined according to clinical parameters, WHO recommendations (Diaz et al.,
2021) and KBC Zemun therapy protocol. Samples of 16 healthy sex- and age-matched individuals were included as healthy
control samples. None of the individuals of the healthy control group had a recognized SARS-CoV-2 infection, before, and all
of them showed negative results in anti-SARS-CoV-2 IgG and IgM antibody ELISA tests (BioVendor, Brno, Czech Republic)
(Tomi¢ et al., 2021). Also, they were free of symptoms and still negative in the anti-SARS-CoV-2 antibody test in the period
of 1 month after sampling. According to NIH Early Detection Research Network (EDRN) Standard Operating Procedure
(Tuck et al, 2009), after coagulation, which was allowed to proceed for 35-45 min at room temperature (RT), sera were
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clarified by centrifugation at 1300X g for 20 min at RT and stored at -80°C until usage. Patients and control sera were processed
according to the same protocol. The sera concentration of CRP was determined by immunoturbidimetry assay (Analyzer A25
Biosistems, Barcelona, Spain), fibrinogen by spectrophotometry (Ultrospec 2000 UV/Visible Spectrophotometer) and D-Dimer
by Chemiluminescence ImmunoAssay (PATHFAST, Etten-Leur, Netherlands), according to routine clinical laboratory methods.
Haematological analyses were performed on clinical Haematological Analyzer (Orphee Mythic 18, Geneva, Switzerland).

2.2 | Imaging flow cytometry analyses

Sera were thawed at RT and further clarified by brief centrifugation at 10,000 g for 10 min at RT to remove cryo-precipitate. 10 ul
aliquots of supernatant were stained with fluorochrome-conjugated anti-human monoclonal antibodies (mAbs:fluorochrome):
CD9:PE, CDA4l1:Alexa fluor 488(AF488), HLA-ABC:FITC, CD82:PE, CD61:FITC, CD24:PE, phosphatidylserine (PS):AF488 and
CD13:PE (details are provided in Supplemental Table S1). After incubation for 1 h at RT, samples were diluted to 100 ul with
PBS (1:10 dilution). According to the MiFlowCyt-EV criteria (Welsh et al., 2020), beside buffer only and buffer plus antibody
control, fluorochrome-conjugated isotype antibodies and detergent lysis with 1.25% NP-40 (solved in PBS) were used as controls
(Supplemental Table S1 and Supplemental Figure S2).

All samples were analyzed in technical duplicates on the AMNIS ImageStreamX Mark IT Flow Cytometer (AMNIS/Luminex,
Seattle, WA, USA) using the built-in autosampler for U-bottom 96-well plates (Corning Falcon, cat 353077). Acquisition times
were 5 min per well at 60X magnification and a low flow rate (0.3795 + 0.0003 ul/min, directly determined by the system) with
the removed beads option deactivated as described previously (Gogens et al., 2019; Tertel, Bremer et al., 2020). The data were
analyzed as described previously (Tertel, Gérgens et al., 2020). Additional settings are provided in Supplemental Tables S2 and
S3.

2.3 | Flow cytometry

Immunophenotyping of patients and healthy donors’ white blood cells (WBC) was performed exactly as described previously
(Tomi¢ et al., 2021). Briefly, 100 ul of whole blood samples collected in EDTA tubes (BD Biosciences, New Jersey, USA) were
incubated with TrueStain FcX (Biolegend, San Diego, CA, USA) for 15 min prior to incubation with primary monoclonal anti-
bodies for 30 min at 4°C. The following anti-human mAbs:fluorochrome were used: CD14:FITC, CDI16:PE, CD15:PerCP-Cy5.5,
HLA-DR:APC-Cy7, CD45:APC, PD1:APCcy7, IL-6:PE, CD66b:APC, CD56:FITC, streptavidin:PECy7, IL10:PE, CD123:biotin,
CD11b:PE-Cy7, CD3:PE, CD4:PerCPcy5.5, CD8:Pecy7 and CD19:PecCPcy5.5, according to recommendations of manufacturers,
as listed in Supplemental Table S4 (contains antibodies clones, Cat. No., manufacturers and concentrations used). Red blood cells
were lysed using lysis buffer (0.15 M NH,Cl/4 mM NaHCO;(Sigma-Aldrich, Darmstadt, Germany) in MiliQ water for 5 min at
room temperature. Thereafter, samples were washed twice with phosphate buffered saline (PBS) pH 7.2 containing 2% FCS and
0.01% Na-azide (both from Sigma-Aldrich, Darmstadt, Germany). Additionally, peripheral blood mononuclear cells (PBMCs)
from the same donors were isolated from 6 ml of peripheral blood by density gradient (Pancoll human, PAN-Biotech, Aidenbach,
Germany), followed by phenotype analysis. For intracellular staining, the cells were fixed and permeabilized by using the flow
cytometry fixation and permeabilization kit (BD Biosciences, San Jose, CA, USA) according to the manufacturer’s instructions.
After permeabilization, anti-cytokine antibodies were added and incubated for 45 min. At least 50,000 cells were acquired and
gated within stable sample flow (Time/FSCa), singlets (FSC-A/FSC-H) and cell-specific FSC/SSC properties. The gating strate-
gies for determining T, NK, NKT, B, Mo-MDSC, PMN-MDSC, monocytes and plasmacytoid dendritic cells from WBC and
PBMC are shown in Supplemental Figure S1. The samples were analyzed on a BD LSR II flow cytometer (BD Biosciences, San
Jose, CA, USA) at the day of sampling and analyzed using the FCS Express 4 software (De Novo software, Pasadena, CA, USA).
The number of specific cell subsets were determined from the percentage of specific cell population by flow cytometry, and the
number of cells from haematological analysis, as described previously (Tomic¢ et al., 2021).

2.4 | Quantification of cytokines and SARS-CoV-2 antibodies

The levels of IgG and IgM antibodies specific for SARS-CoV-2 were determined using ELISA assay (BioVendor, Brno, Czech
Republic) according to manufacturer’s instructions. The sera concentration of IL-10, IL-6, MCP-1, IL-8 and IL-18 were deter-
mined in sera samples using the LEGENDPlex, Human Th Cytokine Panel and Human Inflammatory Panel (both 13-plex;
BioLegend, San Diego, CA), according to manufacturer’s instructions.
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2.5 | Statistical analyses

IFCM data were analyzed with Graph Pad Prism (version 8.4). A test for normal distribution was performed followed by a
Kruskal-Wallis test to determine differences between cohorts and Dunn-Bonferroni test for multiple comparison correction.
Outliers were selected with ROUT (Q = 1%) method from GraphPad. Correlation matrix and correlogram were computed
and plotted using RStudio software v1.2.5042. Spearman rank correlation coeflicient was estimated to determine the associa-
tion between the 37 parameters (clinical and immunological) and eight immunological EVs parameters, collected from total 37
patients (patients data in Supplemental Table S5) using corr.test function (Revelle, 2010). Categorical data (sex, disease severity,
mechanical ventilation, outcome) were transformed to appropriate numerical variables for analysis purpose (sex: female and
male were converted to numbers 1 and 2, respectively; disease severity: mild-1and severe-2; mechanical ventilation: no required-
1, required-2; outcome: recovered-1 and exitus letalis-2). Corrplot package (Wei et al., 2017) was used for visualization of the
results.

Linear discriminant analysis (LDA) Effect Size (LEfSe) was performed using Galaxy-based LEfSe workflow (https://
huttenhower.sph.harvard.edu/galaxy/) (Segata et al., 2011) in order to discover biomarkers associated with severity of disease.
Metadata table consisting of 39 different immunological, biochemical and clinical parameters (biomarkers) was transformed to
floating point values following per-sample normalization 1 M. Results are obtained using Kruskall-Wallis test for differentially
distributed biomarkers in different classes, “mild” and “severe,” following LEfSe with default parameters.

3 | RESULTS
3.1 | COVID-19 patient cohort

Forty-six patients admitted to KBC Zemun, Belgrade from May to July 2020 with confirmed qPCR for COVID-19 (original
strain of SARS-CoV-2), but without history of autoimmune or malignant illness, were included in the study. According to clinical
parameters and WHO recommendations (Diaz et al., 2021), 20 patients who showed mild symptoms and required no mechanical
ventilation were categorized as mild COVID-19 patients. Twenty-six patients who displayed an increased respiration frequency,
dyspnea, SpO2 <93%, PaO2/F102 <300 and/or at least 50% increased infiltration of lungs within 24-48 h, were considered severe
COVID-19 patients. Additionally, 16 healthy donors who were age/sex matched with COVID-19 patients, were included in the
study. In follow-up monitoring of COVID-19 patients, complications appeared in the group of severe COVID-19 patients and
the mortality in this group was 30.7% (8/26), whereas all patients with mild COVID-19 recovered successfully. Detailed clinical
parameters and therapy protocols during the hospitalization of these patients were described previously (Tomic et al., 2021).

3.2 | Specific subsets of circulatory EVs are distinctly increased in severe or mild COVID-19

In order to compare the EV profile of the peripheral blood among COVID-19 patients of different disease progression stages, we
analyzed their serum EV content after staining with a panel of different antibodies by IFCM, all of which had been qualified for
the single EV analysis by IFCM upfront (Figure 1A). In detail, we used antibodies against the tetraspanins CD9 and CD82, the
integrins CD41 and CD61, phosphatidylserine (PS), HLA-class I antigens and CD13 and CD24. Of note, all epitopes are known
to be expressed on different blood cell types; for example, CD9, CD41, and CD61 are abundantly expressed on platelets (Aatonen
et al.,, 2014), whose activity is frequently dysregulated in COVID-19 patients often resulting in thrombotic events (Aatonen et al.,
2014; Althaus et al., 2021; Denorme et al., 2020; Zahran et al., 2021). Additionally, PS was demonstrated to be associated with EV's
with pro-coagulant properties (Tripisciano et al., 2017), which was described as critical in the abrupt progression of COVID-19
(Cizmecioglu et al., 2021; Grant et al., 2020; Taghiloo et al., 2021). We analyzed vesicular HLA-ABC (MHC Class I) on surface of
EVs, considering that this molecule is present on many subpopulations of EVs and it is generally involved in anti-viral response
(Nguyen et al., 2020). CDI13, CD24, and CD82 are involved in inflammatory processes (Barkal et al., 2019; Lu et al., 2020; Yeung
et al., 2018). CDI13 is known receptor for several corona viruses (Devarakonda et al., 2021; Nomura et al., 2004; P6hlmann et al.,
2006; Qi etal., 2020) and associated with several EV's types, including ones from, that is, synoviocytes, endometrial epithelial cells,
microglia, urine, plasma, leukocytes and umbilical cord-derived mesenchymal stromal cells (Erdbriigger et al., 2021; Lin et al,,
2020; Morgan et al., 2016; Priya et al., 2021; Potolicchio et al., 2005; Romanov et al., 2018; T6kés-Fiizesi et al., 2018; Yoshihara
et al., 2021). The tetraspanin CD82 is a constituent of tetraspanin-enriched membrane domains (TEMs, which represent the
places of entry/egress of some viruses) but also responsible for immune cells recruitment, migration (Yeung et al., 2018) and acts
as a costimulatory molecule for T cells (Earnest et al., 2017; Florin & Lang, 2018; ProteinAtlas: CD82; Sims et al., 2018; Yainez-M6
etal,, 2009). Finally, we analyzed CD24, which was described as a negative regulator of inflammation, a part of novel CD24/Sig-10
innate immune checkpoint that regulates inflammation caused by DAMPs (Barkal et al., 2019) and is a protein found on several
EV types, including EV's within urine, blood, tears, serum, plasma, saliva, lymphatic exudate, B cells and neutrophils (Altevogt
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FIGURE 1 Imaging flow cytometry analysis of EVs from sera of healthy donors (n = 16) and patients with mild (n = 20) or severe (n = 26) form of
COVID-19. (A) gating strategy for EVs is shown from a representative experiment; (B) Concentration of serum extracellular vesicles (EVs) positive for specific
EV-associated proteins is shown as Boxplots with median and Tukey Wiskers for each group without removing outliers (see also Supplement Figure 3).

*p < 0.05, ¥p < 0.01, **p < 0.005 as indicated (Kruskal-Wallis test, Dunn-Bonferroni posttest); (C) The significant (*p < 0.05) correlations between subtypes
of EVs are shown as determined by Spearmen correlation test, and the colour and size of the circles represent the level of correlation coefficient

etal, 2021; Ayre et al., 2015; Bonifay et al., 2022; Conzelmann et al., 2020, Ekstrém et al., 2022; Grigoreva et al., 2016; Keller et al.,
2007; Liu et al., 2022; Park et al., 2021; Sornov et al., 2019).

Upon analyzing the samples by IFCM, we observed detergent sensitive EV populations with all antibodies with varying
abundancies. No statistically significant differences were observed among the abundance of the CD9*, CD41%, and CD61* EV
populations in the sera of mild and severe COVID-19 patients or in sera of healthy donors, respectively (Figure 1B). PST EV
populations, although not reaching statistical significance, appeared slightly larger in the sera of COVID-19 patients than in
healthy control. Sera of mild COVID-19 patients contained significantly higher concentrations of HLA-ABC* EVs, which was
not observed in the sera of severe patients (Figure 1B). In contrast, severe COVID-19 patients displayed statistically significant ele-
vation of CD13" EVs in sera compared to healthy donors, which was not observed in mild patients. [IFCM analyses demonstrated
that the concentration of CD82* EVs in sera of severe COVID-19 patients were significantly elevated, as compared to healthy
donors. The sera levels of CD24™ EVs in mild patients were higher than those of both healthy controls and severe COVID-19
patients. The difference in CD24" EVs sera concentrations were significant between the mild and severe COVID-19 patients
(Figure 1B). Observed statistical significances were not changed upon removing outliers (Supplemental Figure S3). Moreover,
the levels of CD24% EVs correlated positively with all other EV-associated proteins, except with CD82, CD13 and PS, which were
increased in severe COVID-19 patients (Figure 1C).

3.3 | Distinctive EV populations correlate with immunological, haematological and biochemical
parameters of COVID-19

In order to evaluate EVs carrying specific proteins as potential indicators of COVID-19 disease progression, we next corre-
lated the obtained EVs concentrations in sera of patients and healthy controls with the most common and the most significant
immunological, haematological and biochemical parameters by multiple correlation analysis (Figure 2A).

95LB01 7 SUOLULLOD 9AIIe1D) 3[cedldde U Ag peusenob e il VO ‘85N JO 3| o} Akeuqi8UlIUO A8 ]I UO (SUOIPUOD-PUE-SWLBI LD A IM Afe.d 1[BU 1 [UO//STIY) SUORIPUOD PUe SIS 18U 89S *[6202/20/92] Uo Areiqiauljuo AB(IMm ‘(ouleAnge ) sanopesy Ad 2G2ZT 2/ !/Z00T OT/I0p/uod™A8|im Ale.d iUl |uo's puanoAes1/:sdny woiy pepeoiumod ‘g ‘220z ‘8L0ET00Z



6of11 9 ISEV TERTEL ET AL.
o

(@

9]
f -
o T o <9283
8606228356
Sex 1
Age
Disease_severity
mech.ventilation 0.8
outcome
hosp.duration
CRP
D_dimer 06
Fibrinogen
IL-6_serum (b)
IL- m
Mc:;_?:zz:m 04 B mild @l severe
IL-18_serum [ ! ! ' ' '
45 ‘ot : : cos> [
e sassmrvos: I
';—LL; p_omnvosc [N
i10_serum MM
n_NKT 0 NLR :
n_NK p_mowpsc [N
n_Bcells : : n_Neutrophils —
%_CD4+PD1+ 5 ! p.iLzopmnmpsc IR E
%_CD8+PD1+ ® 02 j : igc [ :
19G : t ptzomompsc (NN :
igM ' : cre (I :
%_moMDSC Py IL8_serum _
%_pmnMDSC . I - N« ; :
%_IL-6+Mo n_|| cp24 : :
%_IL-6+moMDSC _4 _ 2 0 2 4
%_IL-6+pmnMDSC 06
% 450 LDA SCORE (log 10)
%_IL-10+moMDSC
%_IL-10+pmnMDSC
%_pDC -08
%_infiIMo
%_clasMO
%_transMo

-1
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Size (LEfSe) was performed using Galaxy-based LEfSe workflow to discover biomarkers associated with severity of disease. Results are obtained using
Kruskall-Wallis test for differentially distributed biomarkers in different classes, “mild” and “severe,” following LEfSe with default parameters. Green color
indicates biomarkers enriched in patients with mild disease symptoms, and purple indicates biomarkers associated with severe symptoms. The bar column
length represents logarithmic discriminant analysis (LDA) score higher than 2. Only markers able to discriminate between mild and severe conditions are
shown. p-percentage; n-number

Parameters for correlations were selected based on previous results showing their specific change with progression of COVID-
19. Briefly, several inflammatory markers were shown to be highly increased in severe COVID-19, including CRP, D-Dimer,
fibrinogen, IL-6, IL-18, IL-8, MCP-1 (Costela-Ruiz et al., 2020; Ponti et al., 2020), which was observed in our previous study as
well (Tomic¢ et al., 2021). Additionally, we previously described that lymphocytopenia in severe COVID-19 significantly affected
the number T, NK, NKT cells, but not B cells or production of SARS-COV-2 specific IgM and IgG antibodies. Importantly,
severe COVID-19 patients also displayed an increased proportion of PD1* T cells, lower proportion of plasmacytoid dendritic
cells (pDCs) and a large expansion of polymorphonuclear (pmn)-MDSC and mononuclear (mo)-MDSC, the latter of which were
the predominant producers of IL-6 and IL-10 in severe COVID-19 (Falck-Jones et al., 2021; Tomic¢ et al., 2021).

As shown in Figure 2A correlogram, the concentrations of CD9* EVs correlated negatively with indicators of COVID-19
severity, that is, the number of neutrophils, frequency of IL-10 producing moMDSC, and inflammatory monocytes. On the other
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hand, the concentration of CD9" EVs positively correlated with the number of NKT cells in blood. In concordance with that,
CD9" EVs also correlated negatively with disease severity itself.

Platelet derived CD41* EVs, had correlation profile almost identical to CD91 EVs, except for the lack of correlation with dis-
ease severity. Interestingly, in contrast to CD41" EVs, no correlations were found for CD61% EVs except the negative correlation
with disease severity.

As for PST EVs, their level were positively correlated with indicators of severe COVID-19: number of neutrophils, both total
frequency of pmn-MDSC and their IL-6 producing subpopulation as well as with IL-10 producing moMDSC. Accordingly, these
EVs were also negatively correlated with the percentage of PD1*CD8* lymphocytes.

In line with the finding that CD13" EVs and CD82* EVs are increased in severe form of COVID-19, these EVs were both
positively correlated with indicators of severe COVID-19, that is, serum levels of inflammatory cytokines and the frequency
of IL-6 producing moMDSC, respectively. In line with that, both of these EVs subtypes were negatively correlated with the
percentage of PDITCD8" lymphocytes.

Conversely, HLA-ABCt EVs and CD24% EVs were negatively correlated with IL-10 producing both mo-MDSC and pmn-
MDSC, respectively, while CD241 EVs displayed further negative correlations with disease severity and fibrinogen levels, which
is all in accordance to their increase in mild COVID-19.

In line with recent report of Ramasamy et al. (2020) regarding the role of immunosenescence in response to SARS-CoV-2, that
is, the severity of COVID-19, we also analysed the subgroup of patients aged below 70 years. As shown in Supplemental Figure
S3, no major qualitative difference was observed in comparison to the original cohort including patients over 70 years old.

3.4 | LEfSe analysis reveal EVs with best biomarker potential for COVID-19 progression

To determine which of the analyzed immunological markers have the highest discriminative value between mild and severe form
of COVID-19 and thus could be used as a potential biomarker, we performed LEfSe analysis (Figure 2B). This analysis revealed
that CD82% EVs, followed by subsets of MDSC, number of neutrophils and pro-inflammatory markers (IL-8 and CRP), as well
as IL-10, are good indicators for severe COVID-19. In contrast, CD24" EVs and the number of NK cells in blood were the best
indicators for mild COVID-19. The analysis also showed that CD82* EVsand CD24% EVs display the highest biomarker potential
for severe and mild COVID-19, respectively. Interestingly, in this cohort, EVs out-competed many classical inflammatory markers
including CRP, which to a certain degree discriminates mild and severe COVID-19 cases, and also fibrinogen and D-dimer, both
of which did not allow discrimination of mild and severe cases in our cohort.

4 | DISCUSSION

Here, we evaluated the potential of circulating EV's as indicators of disease severity in COVID-19. For the first time in research of
COVID-19, we performed IFCM analyses, a state-of-the-art technique for direct detection and characterization of EVs in patients’
sera without the need for any upfront preparation procedure (Gogens et al., 2019; Tertel, Bremer et al., 2020). By investigating the
EV contents in sera of mild and severe COVID-19 patients in comparison to that of age and sex matched healthy donors we found
that the abundancy of CD13* and CD82" EV populations correlated with the severe form of the disease, while the abundancy of
CD24% and HLA-ABC* EV populations was higher in the sera of patients with mild COVID-19 forms than in those with severe
symptoms.

Indeed, LefSe analysis achieved the highest biomarker value for CD24% EVs as a promising marker discriminating patients
with mild and severe COVID-19 symptoms. The identification of CD24% EVs as potential biomarkers is especially interesting,
since CD24 is known to exert anti-inflammatory functions (Barkal et al., 2019) and is used as a marker for certain B cell subtypes,
including regulatory B cells and B cells with class switch activities (Fu et al., 2020) whose presence has been correlated with
COVID-19 symptom duration (Newell et al., 2021). Furthermore, therapeutic application of CD24 loaded HEK-EV's (Shapira al.,
2022) has been reported to suppress severe COVID-19 forms effectively in a registered Phase I clinical trial (Samara & Belle, 2021)
(ClinicalTrials.gov: NCT04747574). Thus, the occurrence of CD24" EVs in the sera of COVID-19 patients with mild symptoms
and the lack of those EVs in patients with severe symptoms might be linked causally. It will be interesting to learn, whether CD24™*
EVs also provide prognostic potentials. To explore this a prospective cohort study is required. Unfortunately, we only had access
to blood samples taken from hospitalized COVID-19 patients at one time point. Thus, future work on blood samples of a novel
COVID-19 patient needs to demonstrate, whether patients lacking CD24" EVs at early stages are more prone to develop severe
forms of COVID-19.

Also confirmed by unsupervised LefSe analysis, our findings imply that a subpopulation of EVs defined by the presence of
CD82 is a good indicator of severe form of the disease. Indeed, increased numbers of CD82% EVs might be connected to the
role of CD82 in clustering of MHC molecules (Kropshofer et al., 2002) on antigen presenting cells (APCs) (Dan et al., 2021;
Giamarellos-Bourboulis et al., 2020; Tomic et al., 2021), which are down regulated in severe COVID-19 patients. It has been
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proposed that their reduction is a consequence of increase shedding of MHC molecules via EVs (Lindenbergh & Stoorvogel,
2018). Connected to the interaction of MHC molecules and CD82, such EVs might be dually marked by the presence of MHC
molecules and by CD82.

We also identified CD13* EVs as potential markers whose presence coincides with immune dysregulation and the appearance
of peripheral blood mo-MDSC during disease progression in COVID-19 patients. Although an increase of soluble CD13 has been
reported to in COVID-19 patients (Tsou et al., 2020), we, to the best of our knowledge, report for the first time CD13* EVs as a
promising biomarker in COVID-19.

Although not reaching statistical significance, a tendency of PST EVs increase was observed in severe COVID-19 patients,
reflecting a previous observation of increased numbers of platelet-derived PS*T EVs in severe COVID-19 patients (Rausch et al.,
2021; Zaid et al., 2020). However, lack of difference in abundance of CD9* EVs, CD41" EVs and CD61" EVs among the three ana-
lyzed groups—as all these EV-associated proteins are especially expressed on platelets—indicates that production of platelet EV's
is not dysregulated in COVID-19. This apparent contradiction prompts further exploration of platelets-derived EVs heterogeneity
in COVID-19.

Compared to a few studies of EVs subpopulations in COVID-19 biomarker discovery (Balbi et al., 2021; Barberis et al., 2021;
Cappellano et al., 2021; Kudryavtsev et al., 2021; Lam et al., 2021; Mao et al., 2021; Zahran et al., 2021; Zaid et al., 2020) we analyzed
unique set of circulating EVs subtypes and correlated their sera concentrations with an array of immune and clinical markers
of COVID-19 including specific ones as are IL-10 and IL-6-producing MDSCs. Correlations with these cells, directly involved in
immunopathogenesis of COVID-19 and potential therapeutic targets, give unique insight into intricate processes of COVID-19,
pathology, which EVs are an important part of.

In summary, our results demonstrate the power of single EV analyses for the discovery of EV-based biomarkers. According
to LEfSe analysis, the presence and quantity of CD82" EVs and CD24% EVs obtained higher scores as indicators for severe
COVID-19 than some of previously suggested parameters including numbers of circulating neutrophils and MDSCs or as the
blood concentration of CRP and various proinflammatory cytokines.
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