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Abstract 

Extracellular vesicles (EVs) represent nanometer-sized, subcellular spheres, that are released from almost any cell 
type and carry a wide variety of biologically relevant cargo. In severe cases of coronavirus disease 2019 (COVID-19) 
and other states of systemic pro-inflammatory activation, EVs, and their cargo can serve as conveyors and indicators 
for disease severity and progression. This information may help distinguish individuals with a less severe manifesta-
tion of the disease from patients who exhibit severe acute respiratory distress syndrome (ARDS) and require inten-
sive care measures. Here, we investigated the potential of EVs and associated miRNAs to distinguish normal ward 
patients from intensive care unit (ICU) patients (N = 10/group), with 10 healthy donors serving as the control group. 
Blood samples from which plasma and subsequently EVs were harvested by differential ultracentrifugation (UC) were 
obtained at several points in time throughout treatment. EV-enriched fractions were characterized by flow cytometry 
(FC), nanoparticle tracking analysis (NTA), and qPCR to determine the presence of selected miRNAs. Circulating EVs 
showed specific protein signatures associated with endothelial and platelet origin over the course of the treatment. 
Additionally, significantly higher overall EV quantities corresponded with increased COVID-19 severity. MiR-223-3p, 
miR-191-5p, and miR-126-3p exhibited higher relative expression in the ICU group. Furthermore, EVs presenting 
endothelial-like protein signatures and the associated miR-126-3p showed the highest area under the curve in terms 
of receiver operating characteristics regarding the requirement for ICU treatment. In this exploratory investigation, we 
report that specific circulating EVs and miRNAs appear at higher levels in COVID-19 patients, especially when critical 
care measures are indicated. Our data suggest that endothelial-like EVs and associated miRNAs likely represent targets 
for future laboratory assays and may aid in clinical decision-making in COVID-19.
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Introduction
Coronavirus disease 2019 (COVID-19) is caused by 
a newly emerged member of the coronaviridae fam-
ily: severe acute respiratory syndrome coronavirus-2 
(SARS-CoV-2), first described at the end of 2019 in the 
Hubei province of China. COVID-19 has since affected 
more than 500 million people worldwide, with a global 
death toll of over six million [1]. SARS-CoV-2 infection 
is associated with a dysregulated immuno-inflammatory 
response, a dysfunctional endothelium, and robust pro-
thrombotic activation [2, 3]. Extracellular vesicles (EVs) 
have emerged as an interesting investigative target in the 
pathophysiology of COVID-19. These nanometer-sized 
vesicles have been studied both as diagnostic biomarkers 
and as components of potential treatment strategies [4]. 
EVs are released from nearly all cell types and contribute 
to intercellular signal transduction in health and disease. 
Based on their general role in transmitting information 
and bioactive material between cells, EVs have been stud-
ied as potential drivers and biomarkers in COVID-19 [5]. 
Variations of circulating EVs (in terms of their number 
and activity) in the blood have been linked to the disease 
[6, 7]. In addition to the detection of quantitative changes 
and the assessment of cellular origin based on membrane 
composition, EV-associated cargo molecules like micro-
RNAs (miRNAs) represent targets that are capable of 
modulating the expression of genes involved in throm-
bosis and inflammation. In this context, miRNAs have 
been studied extensively and established as diagnostic 
markers with a potentially broad range of health impli-
cations [8, 9]. MiRNA genes are transcribed by RNA 
polymerase II and are considered non-coding RNAs that 
are not translated into peptide sequences. The acces-
sibility of miRNAs through most body fluids, combined 
with their specificity throughout disease progression, 
has been fundamental for their use in clinical settings 
[10]. With regard to COVID-19, direct and indirect cel-
lular responses to the infection have gain considerable 
importance in the understanding of disease progression 
and severity. In SARS-CoV-2 infections, the epithelium 
of the upper and lower respiratory tract is considered the 
main entry (and replication) point of the virus, primar-
ily mediated by an expression of angiotensin-converting 
enzyme 2 (ACE2) and transmembrane protease serine 
subtype 2 (TMPRSS2) on the cell surface. Interestingly, 
the late SARS-CoV-2 variants developed an ability to 
enter the cells in a TMPRSS2-and/or ACE2-independent 
manner enabling infection of a wider range of cells [11–
13]. Regarding the role of the endothelium in COVID-
19 pathophysiology, the most recent data propose that 
SARS-CoV-2 spike protein binds to endothelial cells 
by interacting with different host receptors and leads 
to various types of endothelial injury [14]. Regardless 

of the precise mechanistic involvement, endothelium 
constitutes an important interface for the most severe 
COVID-19 phenotypes including endotheliitis [3, 15]. 
This extensive interaction of SARS-CoV-2 with the host’s 
vasculature underscores the importance of biomark-
ers indicative of endothelial health and disease [16]. The 
combination of (endothelial) EVs and associated miRNAs 
as signatures brought forth a new aspect of both entities 
with regard to their potential as markers and therapeutics 
in pathophysiological conditions [17].

In this study, we aim to explore circulating EVs and 
their possible cellular origins in the bloodstream of 
COVID-19 patients. By combining the expression sig-
natures of three preselected target miRNAs and defined 
EV populations, we explored the association with ICU 
treatment requirement in a small cohort of COVID-19 
patients. Using flow cytometry, nanoparticle tracking 
analysis, and qPCR, we intend to gain insight into vari-
ations in circulating EV-associated signatures, ideally 
linking them to COVID-19 severity and progression. 
Our exploratory investigation aims to advance the under-
standing of this complex disease and to identify targets 
for the establishment of biomarkers in future studies and 
diagnostic platforms.

Materials and methods
Study design
This observational cohort study was conducted at the 
Medical University of Vienna, the Ludwig Boltzmann 
Institute for Traumatology and TAmiRNA GmbH, all of 
which are located in Vienna, Austria. It included patients 
afflicted with COVID-19 from three intensive care units 
(Department of Anaesthesia, Intensive Care Medicine 
and Pain Medicine) and one regular ward (Department of 
Medicine I, Division of Infectious Diseases and Tropical 
Medicine) at the Medical University Hospital of Vienna. 
Healthy volunteers acted as the control group. This inves-
tigation was approved by the local ethics committee of 
the Medical University of Vienna (vote nr. EK 1590/2020) 
and was carried out in accordance with the Declaration 
of Helsinki. Furthermore, all applicable municipal, state, 
and federal legislation were complied with throughout 
the study. Written informed consent was obtained from 
all patients who were able to consent. For patients who 
were unable to consent and who succumbed during the 
course of intensive care treatment, the ethics commit-
tee waived the need for informed consent. The study was 
designed, data was handled, and results were reported 
in line with the STROBE guidelines, ensuring the high-
est standards in research quality. A consecutive cohort 
of adults (≥ 18  years) who exhibited COVID-19 symp-
toms and tested positive for the SARS-CoV-2 virus via 
PCR at the time of hospitalization were enrolled in the 
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study. Patients with moderate COVID-19 symptoms and 
requirement for oxygen administration were admitted 
to the regular ward, while those with severe ARDS were 
admitted to the ICU. As the Medical University of Vienna 
Hospital is a tertiary care center, most ICU patients were 
transferred from other critical care facilities to evaluate 
the indication for ECMO therapy. The course of treat-
ment adhered to international guidelines for the care of 
COVID-19 [18, 19]. All patients were treated with enoxa-
parin as an anticoagulant throughout the course of the 
study. To obtain demographic and medical data from 
patients in the regular ward, information was extracted 
from the central patient data management system (SAP 
 NetWeaver®7.0, SP Stack 17, including BI Content Add-
On 3, SP09, September 2008, SAP AG). Patient data 
from the ICU were automatically documented via the 
IntelliSpace Critical Care and Anaesthesia Patient Data 
Management System (ICCA,Philips GmbH, Healthcare, 
Amsterdam, Netherlands). Blood samples were col-
lected from both ICU and normal ward patients at five 
separate occasions: admission (T1), day 1 (T2), day 3 
(T3), day 5 (T4), and day 7 (T5). For patients in the regu-
lar ward, samples were taken during routine blood sam-
pling. Blood samples from ICU patients were taken from 
an arterial line or through central venous access. Healthy 
volunteers in the control group underwent a single veni-
puncture to obtain their study samples. Plasma samples 
were obtained by centrifugation and frozen at −  80  °C 
until further processing.

Enrichment of EVs by differential centrifugation
The enrichment of EVs was performed by subjecting 
patient and volunteer plasma samples to differential cen-
trifugation steps. Since our study focused on differences 
in absolute counts, our experimental protocol was opti-
mized to keep the volume of plasma which was subjected 
to enrichment at 100 µL. This volume was maintained in 
all conditions and at all time points to obtain consistent 
information about quantitative differences. After thaw-
ing the vials in a water bath, the tubes were immediately 
put on ice. In order to clear the specimens from debris 
and large conglomerates, the tubes were centrifuged 
at 1500×g for 10  min, and the supernatant plasma was 
subsequently transferred to ultracentrifugation tubes 
(Ultra-Clear, Beckmann Coulter, Carlsbad, CA, USA). 
Samples were diluted with 12.5  mL of cold, sterile-fil-
tered PBS 1 × (without  Ca++  Mg++) prior to centrifuga-
tion. Ultracentrifugation was performed on a swing out 
rotor (SW40.1 Ti) in a L-100XP Ultracentrifuge (Beck-
mann Coulter, Carlsbad, CA, USA) at 100,000×g for 
65 min (including acceleration time) at 4 °C in a vacuum. 
Whereas the supernatant liquid fraction was carefully 
discarded, the pellet at the tube bottom was thoroughly 

resuspended in cold, sterile-filtered PBS 1 × (without 
 Ca2+  Mg2+). In every sample, the amount of PBS used 
for resuspension was equivalent to the volume of plasma 
that had been brought into processing (100 μL). All sam-
ples were kept on ice and frozen in 1.5 mL tubes (DNA 
LoBind, Eppendorf, Hamburg, Germany) at −  80  °C 
immediately until further downstream analysis.

Flow cytometric analysis of EVs
The flow cytometry of EV-enriched samples was per-
formed using fluorescence triggering combined with 
a multicolor fluorophore panel [20]. In brief, after the 
samples were thawed and vortexed, 80 μL of sample was 
transferred to a round-bottom flow cytometry tube and 
kept on ice in the dark throughout the entire procedure. 
To differentiate vesicles from protein aggregates and 
debris, lipid bilayers were stained with the membrane-
anchoring dye CellMask™ green (CMG, Invitrogen, 
Waltham, MA, USA) to be detected on the flow cytom-
eter’s FITC filterset. A total of 5 μL of CMG (diluted 
1:5000 in sterile-filtered PBS [without  Ca2+  Mg2+]) was 
added per tube. To identify endothelial-derived EVs, the 
samples were co-stained with a PE-labeled monoclonal 
antibody against platelet endothelial cell adhesion mol-
ecule-1 (mouse anti-human CD31, PECAM-1, clone 
WM59; BD Life Sciences, Franklin Lakes, NJ, USA), 
platelet glycoprotein Ib alpha chain (anti-human CD42b, 
GPIb, monoclonal antibody, APC-eFluor™ 780, eBiosci-
ence™, San Diego, CA, USA), monocyte/macrophage 
TLR receptor 2 (mouse anti-human CD14 monoclo-
nal antibody, clone 61D3, PE-Cyanine7, eBioscience™), 
transmembrane tetraspanin (mouse anti-human CD81 
monoclonal antibody, clone 1D6-CD81, PerCP-eFluor™ 
710, eBioscience™) and tissue factor (mouse anti-human 
CD142 monoclonal antibody, clone HTF-1, APC, eBio-
science™) at a volume of 3 µL each. All antibody solutions 
were spun down at 16,000×g for 10 min prior to staining. 
After vortexing, the samples were incubated at 37 °C for 
30 min in darkness. In order to dilute unbound dye and 
antibodies, 200 μL of cold, sterile-filtered PBS 1 × (with-
out  Ca2+  Mg2+) were added. Samples were put on ice 
immediately and kept in the dark until measurement. 
Flow cytometric analysis was performed using a Cytoflex 
cytometer (Beckman Coulter, Brea, CA, USA). Single and 
fluorescence minus one (FMO) stainings were performed 
for compensation and to correct potential fluorophore 
spillover. Gating was based on the positivity of events 
for CMG (phospholipid bilayer) to detect EVs and other 
membranous particles. Detergent controls in the pres-
ence of standard RIPA lysis and extraction buffer were 
performed to confirm the specificity of the CMG signal 
for phospholipid bilayers. CMG + events were further 
evaluated for the presence of cell-specific antigens and 
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are denoted in absolute counts as events/μL. As an addi-
tional marker for quality control, events were assessed for 
the positivity for the tetraspanin CD81. This transmem-
brane protein is one of three tetraspanins (CD9, CD63 
and CD81) to be most abundant on EVs enriched from 
human plasma by ultracentrifugation [21]. A compre-
hensive overview over the establishment procedure of 
the flow cytometry protocol is given in Additional file 1: 
Fig. S1. The recorded measurements were analyzed using 
the software CytExpert 1.2 (Beckman Coulter, Brea, CA, 
USA).

NTA measurements of EV samples derived from patient 
plasma
For the assessment of potential differences in particle 
concentration and size among different groups, nano-
particle tracking analysis (NTA) was performed with an 
 Zetaview® Quatt (ParticleMetrix, Inning am Ammer-
see, Germany). Enriched EV samples were diluted 1:150 
to a total volume of 1500 μL for each measurement with 
PBS (w/o  Ca2+/Mg2+) which was freshly filtered using a 
0.22 μm PVDF syringe filter (Carl Roth, Karlsruhe, Ger-
many). Measurements for all samples were performed in 
scatter mode with the device set to 11 positions, sensitiv-
ity at 80, shutter at 80, frame rate at 30, minimal bright-
ness at 20, a minimum area of 10, a maximum area of 
1000, and a trace length of 15. The device was calibrated, 
and performance was checked each day of measurement 
with standard beads of known size provided by the device 
supplier. Daily performance checks were considered suc-
cessful when the trueness and precision values did not 
exceed 0.9% of 100 nm.

RNA extraction and qPCR analysis
The number of total RNA, including small RNAs, was 
isolated from 90  μL extracellular vesicles using the 
miRNeasy Mini Kit (Qiagen, Hilden, Germany). The sam-
ples were thawed at room temperature and diluted to 200 
μL with nuclease-free water. For homogenization, 1000 
μL Qiazol were added. Samples were mixed vigorously 
and incubated at room temperature for 10  min. 200 μL 
chloroform were added, samples were mixed again and 
incubated at ambient temperature for 3  min. For phase 
separation, samples were centrifuged at 12,000×g for 
15 min at 4 °C. 650 μL aqueous phase was transferred to 
fresh tubes, and glycogen was added for enhanced pre-
cipitation. Binding to RNeasy Mini spin columns and 
washing steps were executed via a QIAcube liquid-han-
dling robot. RNA was eluted in 30 μL nuclease-free water 
and stored at −  80  °C until further processing. Reverse 
transcription was carried out with the miRCURY LNA 
RT Kit (Qiagen) in accordance with the manufacturer’s 
instructions. 2 μL RNA were input per 10 μL reaction. 

Samples were then incubated at 42  °C for one hour fol-
lowed by 95 °C for 5 min (heat inactivation). For miRNA 
quantification, qPCR analysis with the miRCURY SYBR 
Green Master Mix (Qiagen) and commercially avail-
able LNA-enhanced miRNA assays (Qiagen) was car-
ried out. The final dilution of cDNA was 1:100. In this 
setup, only mature miRNA sequences were detected. To 
ensure the quality of the generated data, synthetic spike-
ins (Qiagen) were added in equimolar amounts before 
RNA isolation (UniSp4) and reverse transcription (cel-
miR-39-3p). qPCRs were carried out on a LightCycler 
96 (Roche, Basel, Switzerland) with the following set-
tings: 95 °C for 120 s (activation) and 45 cycles at 95 °C 
for 10 s and at 56 °C for 60 s. Melting curve analysis was 
performed by continuous acquisition between 55 °C and 
98  °C. Cq values were calculated with a combination of 
the 2nd derivative maximum and the fits point method 
(LC96 Roche v1.1). The RNA spike-in (UniSp4) served as 
the normalization control [33].

Statistical analysis
Data were collected in a Microsoft Office Excel spread-
sheet (Microsoft Inc., Redmond, WA, USA). All statisti-
cal calculations were performed using GraphPad Prism 
8.0 (GraphPad Software, La Jolla, CA, USA). Normal 
distribution was assessed using a Kolmogorov–Smirnov 
test. Depending on the distribution, one-way analyses of 
variance or Kruskal–Wallis tests were performed to com-
pare selected pairs of data columns. Continuous variables 
in patient characteristics were expressed as medians with 
interquartile ranges in data tables. Spearman correla-
tions were employed to calculate the correlation coef-
ficients. Depending on r, correlations were considered 
weak (r = 0.20–0.39), intermediate (r = 0.40–0.59), strong 
(r = 0.60–0.79), or very strong (r ≥ 0.80). Receiver operat-
ing characteristic curves (ROC) were calculated to assess 
assignment to the ICU group at T1. The level of statistical 
significance was set at p < 0.05.

Results
Between November 2020 and January 2021, 30 indi-
viduals were included in the study. Twenty patients who 
tested positive for a SARS-CoV-2 infection were treated 
at either a normal ward or an ICU (n = 10 each), depend-
ing on the severity of the condition. Ten healthy donors 
served as the control group. An overview of patient and 
donor baseline characteristics is given in Table  1. As to 
the ICU patients, six patients (60%) underwent ECMO 
treatment, five patients (50%) underwent prone position-
ing, two patients (20%) underwent renal replacement 
therapy, and seven patients (70%) received catechola-
mines. Eight ICU patients (80%) eventually succumbed, 
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whereas all normal ward patients included in the study 
survived throughout the study period.

COVID‑19 causes the release of EVs from differential 
cellular origins
Several cell-specific antigen combinations were identified 
in the blood of the observed COVID-19 patients. With 
reference to vehicle controls and the optimization of a 
cell-marker green (CMG)-positive signal, phospholipid 
bilayer-positive events were identified as EVs.

There was a significantly higher absolute count of EVs 
present in ICU patients when compared to patients on 
the normal ward (Fig. 1A).

CMG positivity was used as a prerequisite for further 
gating and the identification of antigen patterns indica-
tive of the cellular origin of EVs. A significantly higher 
concentration of EVs rendered positive for tetraspanin 
CD81 in ICU patients compared to normal ward patients 
(Fig. 1B). A monocyte- and macrophage-derived EV pop-
ulation was detected based on positivity for CMG and 
the presence of the lipopolysaccharide receptor CD14. 
There was no difference in the EV counts in this popula-
tion, including the healthy controls (Fig. 1C).

A measurement of platelet and endothelial cell adhe-
sion molecules on EVs (CMG+CD31+) revealed signifi-
cantly higher counts in the ICU group (Fig.  1D). Upon 
the subtraction of the positivity for platelet CD42b, a 
likely endothelial-like population of EVs was identified—
this population was more abundant in the ICU patients 
(Fig.  1E). The platelet-specific population was larger in 
ICU patients than in normal ward patients (Fig.  1F). 
There was no difference between normal ward and ICU 
patients in tissue factor-positive EVs (Fig. 1G).

COVID‑19 patients reveal higher quantities of larger EVs
Results from label-free nanoparticle tracking analysis 
(NTA) of samples in the observed healthy donors, nor-
mal ward patients, and ICU patients are depicted in 
Fig.  2. Representative screenshots from selected meas-
urements indicated a higher particle count in the ICU 

patients (Fig.  2A). Quantitative results of the tracking 
analysis over all time points revealed higher overall con-
centrations in the ICU group compared to normal ward 
patients and healthy controls (Fig.  2B). However, there 
were no significant differences between the trajectories of 
the normal ward and ICU patients regarding particle con-
centrations over time (Fig. 2C). A cumulative comparison 
of average particle size demonstrated that particles were 
significantly larger in COVID-19 patients than in healthy 
donors, whereas we found no difference between the ICU 
and the normal ward groups (Fig. 2D). Additionally, there 
was no time-dependent difference in size between the 
normal ward patients and the ICU patients (Fig. 2E).

Elevated levels of specific miRNAs are associated with ICU 
requirement
Next, we analyzed the levels of the three miRNAs at dif-
ferent time points throughout the observation period. 
There was a higher expression of miR-223-3p at T1 when 
comparing normal ward patients with ICU patients 
(Fig.  3A). There was a higher expression of miR-191-5p 
at T1 when comparing normal ward patients with ICU 
patients (Fig. 3B). In a similar fashion, miR-126-3p exhib-
ited a higher expression at T1 in ICU patients in compar-
ison with normal ward patients (Fig. 3C).

Circulating endothelial‑like EVs are associated 
with elevated levels of specific miRNAs
To investigate the potential correlation between EVs and 
the selected target miRNAs, we analyzed results across 
assays over the entire dataset. A quantitative comparison 
between flow cytometry and NTA showed an intermedi-
ate correlation between the two technologies (Fig. 4A).

To further investigate indicators for the potential co-
localization of miRNAs with EVs, particle counts in the 
NTA were plotted against all three analyzed miRNAs. All 
three miRNAs showed a weak to intermediate correlation 
between NTA particle concentrations and the relative 
expression of the targets (Fig. 4B–D). In order to substan-
tiate these findings on another platform, the expression 

Table 1 Baseline patient characteristics

Unit Healthy Normal ward ICU

Sex. f (%) 3 (30) 3 (30) 3 (30)

Age. Median (IQR) Years 44 (40.5–46.25) 64 (46–78) 60.5 (52.25–67.5)

BMI. Median (IQR) n/a 26 (23.8–35.65) 27.95 (25.13–40.6)

Hb. Median (IQR) g/dL 14.9 (13.68–15.33) 12.75 (12.15–14.35) 10.05 (8.52–11.23)

Plt. Median (IQR) G/L 241.5 (206.5–286) 200 (119–232.5) 195.5 (129–253)

LEU G/L 6.14 (4.92–6.96) 5.76 (4.59–6.28) 11.34 (5.47–14.48)

CRP mg/dL 0.06 (0.04–0.13) 5.98 (1.47–12.21) 24.53 (13.83–32.67)
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Fig. 1 Absolute counts of extracellular vesicles from different cellular origins in the circulation of normal ward and ICU patients 
throughout the observation period. Data are shown as box and whisker blots with Tukey depictions of outliers. One-way analyses of variance 
or Kruskal–Wallis tests were performed to compare pooled time points in normal ward patients, ICU patients, and healthy donors (HD). If 
not indicated otherwise by lines, differences in groupwise comparisons were non-significant. *p < 0.05; **p < 0.01, ***p < 0.001



Page 7 of 13Zipperle et al. Intensive Care Medicine Experimental           (2023) 11:85  

Fig. 2 A Representative results of nanoparticle tracking analysis B, C Cumulative and time-dependent concentration of particles. D, E Cumulative 
and time-dependent average diameter of particles. One-way analyses of variance or Kruskal–Wallis tests were performed to compare time points 
or data from pooled sampling points. *p < 0.05; **p < 0.01, ***p < 0.001, ns non-significant

Fig. 3 Relative expression of selected miRNAs in the circulation of normal ward and ICU patients. Expression of each target was normalized 
to the median level of this respective miRNA in the healthy donor group and is given as percentage. The dotted lines illustrate the range of healthy 
donors. One-way analyses of variance or Kruskal–Wallis tests were performed to compare data from different time points. *p < 0.05; **p < 0.01, 
***p < 0.001; ns non-significant
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Fig. 4 Spearman correlation of flow cytometry, NTA, and selected miRNA expression data in the circulation of normal ward and ICU patients. CMG 
cell mask green, NTA nanoparticle tracking analysis
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of the three miRNAs was correlated with CMG+event 
count in flow cytometry. There was a weak correla-
tion between CMG+EV concentrations and the relative 
expression of miR-223-3p and miR-191-5p in the sam-
ples (Fig.  4E, F). However, similar to the NTA findings, 
there was a higher correlation between CMG+events and 
miR-126-3p expression (Fig. 4G). Gating the flow cytom-
etry results for specific cellular origins, the correlation of 
miR-126-3p expression with EV count could be substan-
tially increased when focusing on the endothelial-like EV 
population (Fig. 4H).

Endothelial EVs and miRNAs are associated with ICU 
requirement in COVID‑19 patients
Given that many of the investigated parameters consist-
ently showed differences at admission, we consequently 
investigated the specificity and sensitivity of those mark-
ers to predict assignment to the ICU group at T1. The 
endothelial EV population (CMG + CD31 + CD42b−) 
showed the highest association with ICU requirement 
(Fig.  5A). All three assessed miRNAs were associated 
with an assignment to the ICU group, but differed in 
accuracy (Fig. 5B–D). Similarly, particle concentration in 
the NTA showed discriminatory potential, whereas parti-
cle size had a weaker predictive accuracy (Fig. 5E, F).

Discussion
Like other systemic viral infections, COVID-19 is asso-
ciated with a dysregulated inflammatory response, dys-
functional endothelium, and prothrombotic activation 
[2, 3]. The endothelium and its vesicular content play an 
important role in the onset of the disease, thus represent-
ing promising candidates for diagnosis, therapy, and drug 
delivery. In this exploratory study, we compared miR-
NAs and EVs from different cellular origins in healthy 
volunteers, patients with COVID-19 in a normal ward, 
and critically ill patients with COVID-19. Currently, 
various laboratory parameters have been associated with 
COVID-19 disease severity and the need for ICU admis-
sion [22–25]. In this study, we investigated the potential 
of EVs and associated cargo to serve as complementary 
biomarker candidates in addition to the established panel 
of clinical laboratory parameters. Our flow cytometric 
assessment of EVs from different tissues revealed that 
the EV population showing endothelial-like antigen pat-
terns, identified by positivity for CMG (phospholipid 
bilayer), CD31 (platelet–endothelial cell adhesion mol-
ecule-1, PECAM-1), and negativity for CD42b (platelet 
glycoprotein Ib alpha chain), showed a favorable signal-
to-noise-ratio, with regard to the difference in ICU and 
normal ward patients. Although lacking cell-specific 
antigens to identify their origins, particle concentra-
tion in NTA correlated with flow cytometry results, 

confirming increased levels of EVs in the ICU group. 
Interestingly, NTA also suggests that EVs are larger in 
COVID-19 patients, which is in line with the nature of 
vesicles that shed from cell membranes in response to 
activation and/or apoptosis [26]. Depending on their 
diameter and biogenesis, EVs are mostly subdivided 
into exosomes, microvesicles, and apoptotic bodies [27, 
28]. The larger portion of EVs, often termed microvesi-
cles, has proven its potential as a danger signal in vari-
ous conditions and has been shown to differentially affect 
the thrombotic micromilieu in affected patients and 
in ex  vivo settings [29–31]. These characteristics ren-
der the microvesicle EV fraction a promising target for 
providing insights into disease progression along estab-
lished, danger-associated molecular patterns (DAMPs). 
EVs serve as biological carrier systems for a number of 
membrane-bound and luminal molecules. Against this 
background, our investigation focused on established 
miRNAs with a known or suggested association with 
EVs to substantiate the concept of EV signatures, thereby 
combining membrane composition, cellular origin and 
specific cargo molecules. Specific profiles of EV-associ-
ated miRNAs have previously been reported, including 
in publicly available databases [32]. Indeed, in the pre-
sent study, all miRNA targets (miR-223-3p, miR-191-5p, 
and miR-126-3p) showed a significantly higher expres-
sion in ICU patients at T1 when compared to normal 
ward patients and healthy individuals. All three miRNA 
targets appeared relevant with regard to severe infection 
since they have been previously reported to be enriched 
in endothelial cells, immune cells, and platelets [33–35]. 
Apart from miRNAs having a role in the host response 
to infection, plasma levels of all three targets have been 
shown to be responsive to changes in platelet function, 
which is often affected by the dysregulation of hemo-
stasis [36]. In this context, miR-223 and miR-191 have 
been established as solid platelet miRNAs. MiR-223 is 
known to target P2Y12 receptor mRNA, thereby regu-
lating platelet reactivity,furthermore, it is expressed in 
leukocytes, where it modulates inflammatory activation 
[37]. MiR-126 is highly enriched in ECs and is involved in 
endothelial barrier function and integrity [34]. Although 
these observations do not signify a causative relation, our 
assessment of the correlation of these miRNAs with the 
presence of EVs suggested an association of miR-126-3p 
with circulating vesicles, whereas miR-223-3p and miR-
191-5p showed a weaker correlation. A further narrowing 
down of the association of miR-126-3p expression with 
EVs that showed endothelial-like antigen patterns sub-
stantially increased the correlation, suggesting that these 
targets displayed a spatial and temporal co-occurrence 
in the circulation of the assessed subjects. This finding 
is in line with previous studies reporting that miR-126 is 
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endothelial-specific [38]. Furthermore, we suggest that 
increased endothelial-like EV signatures are associated 
with ICU requirement and potentially worse outcomes in 
COVID-19 patients. Due to the exploratory and observa-
tional nature of this study and its small sample size, we 
could not assess the actual predictability of clinical pro-
gression by measuring EVs and miRNAs over time. How-
ever, by comparing T1 in all groups, we calculated the 
sensitivity and specificity by which distinct parameters 
were associated with ICU requirement. To quantify the 
predictive power of a target with regard to ICU require-
ment, we referred to the area under the curve (AUC) for 
comparison. The ability of the employed cytometer to 
provide a semi-quantitative assessment of the analyzed 
EVs in events/μL facilitated the calculation of cut-off val-
ues based on the Youden index (data not shown). Upon 
comparison of AUCs, the endothelial EV population 
(CMG+CD31+CD42b−) showed the highest predictive 
power, followed by the three assessed miRNAs. Although 
still of diagnostic significance, NTA particle size and 
concentration showed less discriminatory accuracy with 
regard to ICU requirement. In contrast to NTA, flow 
cytometry can specifically identify EVs from different cel-
lular origins. This substantiated our hypothesis that the 
endothelial EV fraction was not only an essential pro-
inflammatory indicator of cellular activation but might 
represent a promising target for theragnostic approaches. 
To face the challenge of requiring highly sophisticated 
methods to detect EVs and their associated cargo like 
miRNAs, platforms to quantify these targets in a rapid 
fashion, including at the point of care, remain the subject 
of current research efforts [39–42].

Limitations
Although this exploratory investigation provides valu-
able insights into the potential of EV-associated targets 
to serve as biomarkers, it is limited by the observational 
study design, the small sample size, and the lack of trans-
latability into current clinical practice. Furthermore, 
patients for this study were recruited at a tertiary care 
center, primarily accepting patients with the requirement 
for ECMO support. Thus, it needs to be recognized that 
the ICU group of or study carries a bias towards the most 
severe manifestation of COVID-19. Although we consid-
ered a subgroup analysis for patients with and without 
ECMO support, we decided not to perform it due to the 
small sample size. In addition, the number of included 
patients prevented us from providing a more granular 
depiction and analysis of changes over time, which might 
be of particular interest during the dynamic process of 
COVID-19. Another limitation is the lack of temporal 
continuity, which prevents the application of actual pre-
diction models. This circumstance has not only limited 

our ability to draw detailed conclusions, predictions, and 
deductions, but has also resulted in a lack of diversity in 
the data. Not least, this lack of diversity was reflected by 
the difference of age between the two patient cohorts and 
the control group. Furthermore, EV isolation (enrich-
ment) and detection represent non-standardized proce-
dures with a high magnitude of analytical variability and 
proneness to error. Although our experimental approach 
provides valuable insights in the abundance of certain EV 
subtypes, it does not depict the entireness of circulating 
populations including potential shifts in relative changes. 
Our findings substantiate the role of EVs and miRNAs as 
potentially important biomarkers and call for additional 
clinical research to be conducted in larger cohorts, ide-
ally including highly standardized preparation and detec-
tion technology at the point of care.

Conclusions
Our exploratory investigation of the diagnostic utility 
of EVs and miRNAs in COVID-19 revealed the emer-
gence of higher quantities of circulating EVs from differ-
ent origins in COVID-19 patients, particularly in those 
who require ICU treatment. Circulating EVs in COVID-
19 patients appeared to be larger in diameter compared 
to those in the healthy control group, suggesting the 
release from the cell membrane in response to activation. 
Endothelial EVs appeared to exhibit a favorable signal-
to-noise ratio with regard to the differentiation between 
normal ward and ICU patients. This was also manifested 
in a higher relative r when endothelial EVs were cor-
related with miRNAs with an increased specificity for 
endothelial cells. Both endothelial EVs and associated 
miRNAs showed an association with ICU requirement. 
Our findings suggest that endothelial EVs and associated 
miRNAs might represent promising theragnostic candi-
dates for patients with COVID-19.
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