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ABSTRACT Extracellular vesicles (EVs) are released from all cells of the body. They are 
considered to mirror the state of the cells from which they are released and circulate 
in the blood, suggesting a possible use of EV analysis for diagnostic purposes. Here, we 
report that the analysis of single EVs by flow cytometry can detect infection of cells with 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) by identifying expression 
of the SARS-CoV-2 spike (S) protein on the surface of EVs and the cellular origin of EVs 
by detecting cell-type-specific markers such as troponin (cTNT1) for cardiomyocytes. In 
coronavirus-associated disease 19 (COVID-19) patients, we detected a direct correlation 
of the frequencies of circulating S-expressing EVs, but not of cTNT/S-co-expressing EVs, 
with the subsequent development of a severe disease course. Detection of circulating 
S-expressing EVs indicates widespread SARS-CoV-2 infection in the body, which may 
contribute to the immune pathogenesis that triggers tissue and organ damage in 
COVID-19. Our findings suggest that detecting circulating viral antigen-expressing EVs 
may provide crucial predictive information on infection-associated disease courses in 
situations of a future viral pandemic.

IMPORTANCE The ability to predict which patients infected with the SARS-CoV-2 virus 
will develop severe disease remains a significant clinical challenge. The present study 
demonstrates that EVs in the peripheral blood, carrying the SARS-CoV-2 spike protein, 
can be detected by flow cytometry and serve as early biomarkers of disease progression. 
In contradistinction to PCR or serology, this method provides insight into systemic viral 
spread and potential organ involvement. The early identification of spike-positive EVs 
at the time of hospital admission has the potential to facilitate the timely identification 
of high-risk patients, thereby enhancing the efficacy of triage and subsequent care. This 
approach may also be of value in terms of facilitating a more rapid and precise response 
to future virus pandemics.

KEYWORDS SARS-CoV2, COVID-19, extracellular vesicles, virosome, flow cytometry, 
progress prediction

I nfection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) can 
lead to coronavirus-associated disease 19 (COVID-19), which preferentially affects 

the upper respiratory tract and lungs as primary sites of infection (1, 2). The clinical 
manifestation of COVID-19 exhibits a broad spectrum, ranging from asymptomatic 
cases or mild respiratory symptoms to critical illness characterized by acute respiratory 
distress syndrome (ARDS) and multi-organ failure in some patients. In severe cases, 
SARS-CoV-2 infection may precipitate a hyperinflammatory response, commonly referred 
to as cytokine release syndrome (CRS), which contributes to widespread tissue injury. 
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Concurrently, dysregulation of the coagulation cascade can lead to immunothrombo­
sis and the formation of microvascular thrombi, causing organ dysfunction across 
multiple organ systems (3). Overall, the number of deaths caused by COVID-19 amounts 
to more than 14 million worldwide (4).

SARS-CoV-2 primarily infects epithelial cells of the upper airways and the lungs 
(5). However, because of the widespread expression on target cells of its recep­
tors, angiotensin-converting enzyme 2 (ACE2) and transmembrane protease serine 2 
(TMPRSS2), mediating cellular infection (6), SARS-CoV-2 can also infect cells in other 
organs beyond the lungs. These include cells in the cardiovascular system (cardiomyo­
cytes and endothelial cells), cells in the nervous system (neurons, astrocytes), cells in the 
gastrointestinal tract (intestinal epithelial cells, hepatocytes, cholangiocytes, pancreatic 
cells), the kidney (proximal tubular epithelial cells), and cells of the reproductive tract 
(7). Infection of cells in these organs may contribute to severe disease courses, such 
as SARS-CoV-2 infection of the heart, or may be involved in persistent infection, as 
reported in intestinal epithelial cells in prolonged infection (8). Of note, individuals 
with pre-existing cardiovascular conditions are at an elevated risk of developing severe 
manifestations of COVID-19 (9, 10), as it has been shown that SARS-CoV-2 infection 
of cardiomyocytes promotes myocardial injury and triggers cardiac arrhythmias (11). 
Involvement of the cardiovascular system in COVID-19 patients, determined by increased 
levels of cardiac troponin T (cTNT) as a sign of cardiac ischemia and injury, is associated 
with elevated morbidity and mortality (10, 12–14). However, it is impossible to detect 
SARS-CoV-2 infection of cardiomyocytes in patients unless a biopsy is taken during an 
invasive procedure and viral RNA is detected within the tissue.

Extracellular vesicles (EVs) are released from all cells of the body and can contain 
molecular information from their parental cells (15). EVs circulate in the blood (16) and 
bear the potential to be used as sentinels for the cells from which they are secreted. 
Here, we present a flow-cytometry-based detection of EVs from cardiomyocytes infected 
with SARS-CoV-2. This flow cytometry-based analysis allowed for the detection of EVs 
expressing troponin and the spike antigen of SARS-CoV-2, both from in vitro SARS-CoV-2-
infected human cardiomyocytes and in the plasma of COVID-19 patients. The number 
of circulating SARS-CoV-2 spike antigen-bearing EVs directly correlated with a severe 
COVID-19 disease course in patients, pointing toward a potential use of circulating EVs to 
detect viral infection of organs that warrants further investigation.

RESULTS

Detection of SARS-CoV-2-spike (S) and cTnT1 expressing EVs

We started by identifying EVs using flow cytometry and analyzing them at the level 
of single EVs for expression of the SARS-CoV-2 spike antigen (S) as an indicator of 
ongoing viral infection. For this, we transduced HEK293T cells with the S(B.1) gene of 
SARS-CoV-2, which resulted in S protein expression (Fig. 1a) and secretion of S-expressing 
virus-like particles, as previously described (17, 18). Nanoparticle tracking analysis (NTA) 
revealed a similar average size of 130 nm for EVs found in the cell culture supernatant of 
S-transduced and non-transduced HEK293T cells (Fig. 1b; Fig. S1a). Enrichment of EVs by 
ultracentrifugation (UC) from the cell culture supernatant of S-transduced HEK293T cells 
and subsequent Western blot analysis demonstrated S expression (Fig. S1b). Ultrastruc­
tural imaging by electron microscopy of EVs released from the S-transduced HEK293T 
cells into the cell culture supernatant showed round spheres enclosed by a double 
membrane, a characteristic feature of EVs, and the typical corona-like S antigen features 
on EVs from S-transduced HEK293T cells (Fig. 1c).

To analyze EVs by flow cytometry, we employed the signal from the side scatter (SSC-
H) photomultiplier as a trigger for the analysis. Beyond the electronic noise signal 
derived from photomultipliers associated with this highly sensitive analysis, we detected 
S-expressing EVs, without prior enrichment by UC, in the supernatant of S-transduced 
HEK293T cells but not untransduced cells using a fluorochrome-labeled anti-S antibody 
(Fig. 1d). Side-by-side comparison of flow cytometric analysis of EVs directly from cell 
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culture supernatant or after enrichment through UC or size exclusion chromatography 
(SEC) demonstrated that enrichment prior to flow cytometric analysis is not required and 
that direct flow cytometric analysis is even more sensitive in detecting EVs contained in 
cell culture supernatant (Fig. S1c and d). Serial dilution of the supernatant led to a 
reduction in the number of EVs detected by flow cytometry, whereas anti-S fluorescence 
intensity remained unchanged (Fig. 1e and f), as expected for a specific and sensitive 
analysis. Taken together, this demonstrates the feasibility of detecting S-expressing EVs 
released from S-transduced HEK293T cells by flow cytometry. To identify S+ events in the 
flow cytometric analysis as EVs, we performed a multiparameter analysis and costained 
for characteristic EV markers, such as CD9, CD63, and CD81, and analyzed single EVs by 
high-resolution dSTORM imaging. dSTORM imaging revealed colocalization of S, CD63,
and CD81 on the same EV obtained from the supernatant of S-transduced HEK293T cells 
(Fig. 1g). Quantifying dSTORM high-resolution images of EVs from S-transduced HEK293T 
cells showed that approximately 75% of the vesicles co-expressed S in combination with 
CD63 and/or CD81 (Fig. 1h). These results revealed that a multiparametric analysis of EVs 
by flow cytometry is possible and allowed us to generate quantitative data on the 
number of EVs with a particular surface phenotype.

We proceeded to analyze cell-derived EVs for expressing an organ-specific marker, 
such as cTNT, released by cardiomyocytes. We used induced pluripotent stem (iPS) cells 
(iPSC) differentiated into functionally active human cardiomyocytes (19, 20). iPS-derived 
cardiomyocytes expressed the cardiomyocyte-specific marker troponin (cTNT1) (Fig. 2a). 
NTA revealed a similar average size of 130 nm for EVs from human cardiomyocytes as 
for HEK293T cells (Fig. 2b). Ultrastructural imaging of EVs released from iPSC-derived 
cardiomyocytes into cell culture supernatant revealed an EV characteristic double 

FIG 1 Detection of S+ EVs in cell culture supernatant of SARS-CoV-2 Spike-S transduced HEK 293T cells. SARS-CoV-2 S gene-transfected HEK293T cells were 

cultured in serum-free media for 12 h. The supernatant of HEK293T cells was centrifuged (10,000 × g) to remove remaining cells or fragments. For EM and dSTorm 

imaging, EVs were pelleted by ultracentrifugation (105 × g) and resuspended in 10 µL of PBS. (a) Representative flow analysis of HEK293T-S+/− cells stained with 

the S-specific clone 43A11, IgG-CTRL or were left unstained. (b) Size distribution and quantification of EVs were analyzed using nanoparticle tracking analysis 

(NTA). (c) Representative EM images of EVs isolated from HEK293T S+ and S− cells (b). (d) Supernatant of HEK293T-S+/− cells was stained with the anti-S antibody 

43A11, Triton X-100, and isotype controls were included. (e and f ) Serial dilution of cell culture supernatants was analyzed for count and fluorescence intensity, 

and the results were plotted against the dilution factor. (g and h) Representative dSTORM images of a single EV enriched from the cell culture supernatant of 

HEK293T S+ cells labeled with anti-CD63-AF568, anti-CD81-CF488, and anti-S-AF647.
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membrane feature (Fig. 2c). By flow cytometry, we detected cTNT1 expression on EVs 
in the cell culture supernatant of iPSC-derived cardiomyocytes using a fluorochrome-
labeled anti-cTNT1 antibody (Fig. 2d), a decreased number of cTNT1+ EVs after serial 
dilution of the supernatant, and no change in anti-cTNT1 antibody fluorescence (Fig. 2e 
and f), altogether demonstrating the capacity to detect a cell type-specific marker on EVs 
by flow cytometry.

Next, we infected iPSC-derived cardiomyocytes with SARS-CoV-2 to evaluate whether 
S expression on cell-derived EVs can be detected by flow cytometry. We verified infection 
of human iPSC-derived cardiomyocytes using a recombinant SARS-CoV-2 expressing 
GFP (21) (Fig. S2a). Infection of iPSC-derived cardiomyocytes with SARS-CoV-2 (B.1.1.7) 
or the seasonal coronavirus hCoV-NL63 was confirmed by detection of viral RNA by 
PCR from cell lysates (Fig. S2b). Flow cytometric analysis showed that only EVs released 
from SARS-CoV-2-infected, but not hCoV-NL63-infected or non-infected, iPSC-derived 
cardiomyocytes expressed S (Fig. S2c). Importantly, S expression was identified by 
flow cytometry on cTNT1+ EVs released from SARS-CoV-2-infected cardiomyocytes, 
and increased frequencies of S+cTNT1+ EVs were detected with increasing numbers 
of SARS-CoV-2 used for infection of cardiomyocytes (Fig. 2g and h). Taken together, 
these results provide evidence that multiparametric analysis of individual EVs by flow 
cytometry allows for the simultaneous detection of cell-type-specific markers and a 
marker for ongoing SARS-CoV-2 infection in that cell.

Identification of S+ and cTNT1+ EVs in the blood of COVID-19 patients

To demonstrate the feasibility of measuring circulating EVs in the blood, we first 
investigated plasma from healthy individuals. We analyzed EVs from plasma by flow 
cytometry for expression of canonical EV markers and found that they expressed 

FIG 2 Detection of cTNT+ EVs in cell culture supernatant of human iPSC-derived cardiomyocytes. (a) Representative flow analysis of induced cardiomyocytes 

or iPSCs stained with anti-cTNT1, IgG-CTRL, or left unstained. (b) Size distribution and quantification of EVs were analyzed using nanoparticle tracking analysis 

(NTA). (c) Representative EM images of EVs isolated from induced cardiomyocytes or iPSCs. (d) Supernatant of cardiomyocytes was stained anti-cTNT1, Triton 

X-100, and Isotype controls were included. (e and f ) Serial dilution of stained supernatant was analyzed for count and fluorescence intensity, and the results were 

plotted against the dilution factor. (g and h) Infection of cardiomyocytes with SARS-CoV-2. A confluent layer of iPSC-induced, beating cardiomyocytes that were 

either uninfected, infected with SARS-CoV-2 (B.1.1.7), or with hCoV-NL63 (MOI of 1). The cells were washed after 2 h, and the supernatant was collected after 12 h, 

followed by staining with anti-cTNT1 and anti-Spike-S antibodies, pre-gating on anti-CD81. Representative results from n = 3 are shown.
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CD9, CD63, CD81, and HLA-ABC (Fig. S3a). Based on these initial observations, we 
next investigated the potential presence of S proteins on the surface of circulating 
EVs from SARS-CoV-2-infected patients. We performed a clinical study and collected 
plasma samples from COVID-19 patients admitted to the emergency department of the 
TUM University hospital between 2 February 2021 and 5 June 2021. Patients did not 
report prior COVID-19 vaccination and did not receive treatment with anti-SARS-CoV-2 
antibodies before or at the time of sampling. A total of 25 patients were included in this 
analysis. In 19 COVID-19 patients, SARS-CoV-2 infection was detected with the B.1.1.7 
variant of concern, 2 patients with the original strain of SARS-CoV-2, and 1 patient with 
the B.1.351 variant of concern. In contrast, in three patients, no information on the 
variant of concern could be obtained (details listed in the Table S1).

By flow cytometric analysis of circulating EVs, we detected S protein expression on 
CD81+ EVs in plasma of 24 out of 25 COVID-19 patients, whereas no S-expressing CD81+ 

EVs were found in plasma from healthy individuals (Fig. 3a through c). In contrast to the 
analysis by flow cytometry, S-expressing EVs in plasma were not detected using ELISA 
or Western blot (Fig. S3b and d). There were substantial differences in the number of 
circulating S-expressing CD81+ EVs detected across COVID-19 patients investigated here 
(Fig. 3b and c). However, there was no difference in the overall number of CD81+ EVs 
found in the plasma of COVID-19 patients compared to healthy individuals (Fig. S3e). 
Furthermore, there was no correlation between the viral load detected in nasal swabs 
and the number of circulating S+ EVs (Fig. S3f through h).

We continued to determine the expression of cTNT1 on circulating CD81+ EVs and 
also found an increased number of circulating cTNT1+ EVs in the plasma of COVID-19 
patients compared to healthy individuals (Fig. 3d and e). Notably, low numbers of cTNT1-
expressing EVs were found in two healthy donors (Fig. 3e). To assess SARS-CoV-2 
infection of cardiomyocytes in COVID-19 patients, we analyzed co-expression of S and 
cTNT1 on CD81+ EVs. This revealed a considerable heterogeneity among COVID-19 
patients for the number of S+cTNT1+ EVs (Fig. 3f and g). Repeated measurements of EVs 
from four patients demonstrated the high reproducibility of the detection of S+ and 
cTnT1+ EVs by flow cytometry (Fig. S3i). There was no direct correlation between the 
number of circulating S+ and cTNT1+ EVs in COVID-19 patients (Fig. 3h). Altogether, these 
results indicated that the detection of circulating S+ and S+cTnT1+ EVs is possible in the 
plasma of COVID-19 patients and that it reflected SARS-CoV-2 infection of tissue cells 
and, in particular, cTnT1-expressing cardiomyocytes.

We next evaluated whether the detection of circulating S+ and cTnT1+ EVs at the time 
of admission might help to predict the disease course in COVID-19 patients over the next 
2–3 weeks. Indeed, the number of circulating S+ EVs was higher in COVID-19 patients 
who later on progressed to develop an ARDS requiring mechanical ventilation (Fig. 4a). 
Moreover, the number of circulating S+ EVs but not cTNT1+ EVs or S+cTnT1+ EVs directly 
correlated with the COVID-19 severity score and the number of severe clinical complica­
tions developing over the following days, such as ARDS, myocarditis, heart attack, acute 
kidney failure, pulmonary embolism, and thrombotic events (Fig. 4b through e). How­
ever, we did not detect a direct correlation of circulating S+ EVs with routine laboratory 
parameters in COVID-19 patients at the time of analysis (Fig. S4) or with cytokines like 
IL-1, IL-6, IL-7, IL-8, IL-10, TNF, G-CSF, interferons type I and II or chemokines like CCL2, 
CCL5, and CXCL10 determined in plasma by bead array analysis (Fig. S5). For the number 
of circulating cTnT1-expressing EVs, however, we did not detect a correlation with the 
disease course in COVID-19 patients, routine laboratory parameters, and cytokines/
chemokines (Fig. S4 and S5), but found an inverse correlation with the number of blood 
leukocytes (Fig. 4f and g). Of note, for the number of circulating S+cTnT1+ EVs, we 
detected a direct correlation with CK-MB levels (Fig. 4h and i). Thus, our analysis reveals 
that high numbers of circulating S+ EVs are not associated with direct organ damage but 
herald the development of clinical complications and severe disease courses.
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DISCUSSION

Circulating EVs reflect the state of the cells they are released from and bear the promise 
to serve as biomarkers for noninvasive diagnosis of viral infection or cancer, treatment 
monitoring, and disease prognosis (22, 23). UC and SEC for enrichment, followed by 
characterization of EVs by Western blot and bead-based immunoassays, are considered 
gold standards to characterize EVs (24–26). However, these methods bear limitations as 
they are not only cost-intensive, but due to their complexity, are prone to errors and 
investigate enriched EVs as a bulk rather than individual EVs (24–26). We have estab­
lished a workflow for flow cytometry, which facilitates the precise multiparametric 
analysis of individual EVs derived from cell culture supernatant as well as patient plasma. 
Applied to a clinical context, our approach enabled the detection and characterization of 
EVs bearing markers of ongoing SARS-CoV-2 infection and derived from cardiomyocytes 
from the plasma of patients with COVID-19. This provides an advantage over previous 
reports (24–29) as it does not require initial enrichment by UC and enables the 

FIG 3 Identification of Spike-S+ and cTNT1+ EVs in the plasma of COVID-19 patients. (a–d) Plasma from COVID-19 patients or healthy individuals was stained 

with anti-CD81-PE-Cy7, anti-S-AF488 (clone 43A11) and anti-cTNT1-PE antibodies, followed by flow analysis. (a) Representative gating results. (b and d) Individual 

count per patient. (c and e) Cumulative count in combination with PBS-CTRL. (f and g) Representative and individual results for S and cTNT1. (h) Correlation of S+- 

and cTNT1+ EVs in COVID-19 patients. n (healthy) = 5; n (patients) = 25. Two-way ANOVA; ***P < 0.001, or simple linear regression was performed, as indicated.
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quantification of EVs according to their phenotypic characteristics, which allows for the 
analysis of small numbers of particular EVs in patients’ plasma.

COVID-19 pathogenesis remains insufficiently understood until today (30), but it is 
known that tissue and organ damage is inflicted by a dysregulated immune response 
(31, 32). In particular, SARS-CoV-2 infection of the cardiovascular system appears to 
contribute to a variety of complications such as myocarditis, vascular damage, arrhyth­
mia, and thrombosis (12, 14, 33), and the degree of ongoing inflammation predicts 
severe disease courses (34, 35). Previous studies reported the presence of circulating EVs 
bearing SARS-CoV-2 proteins (22), such as S, that correlated directly with disease severity. 
Here, we address the question of whether the detection of SARS-CoV-2 S-bearing 
circulating EVs would allow for stratifying COVID-19 patients at the time of admission 
to the emergency department for the subsequent development of clinical complications 
and severe disease courses. There was no correlation between the number of circulating 
S-expressing EVs and any laboratory parameter indicating ongoing organ damage in the 
heart, liver, or kidney, and the plasma concentrations of immune mediators associated 

FIG 4 Correlation between EVs and clinically determined parameters. (a) The number of S+ EVs was plotted for patients with and without ARDS. (b, d, f, and h) 

correlation of S+ EVs (red) cTNT1+ EVs (blue) or S+cTNT1+ EVs (purple) with laboratory medical parameters; (b) the Lancet COVID-19 severity score (1), (d) sum of 

complications (ARDS, myocarditis, heart attack, acute kidney failure, pulmonary embolism, or peripheral thrombosis); (f ) leukocyte count; and (h) CK-MB. (c, e, 

g, and i) Grouping of patients into the severity score (c), sum of complications (e), leukocyte count (g), and (i) CK-MB based on indicated EV numbers. Two-way 

ANOVA; ns P ≥ 0.05. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.00001 or simple linear regression was performed were indicated.
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with a CRS, indicating that, at the time of admission, no grave dysregulation of immune 
responses was present causing tissue or organ damage. However, over the course of the 
next two weeks, we found that the abundance of circulating SARS-CoV-2 S-expressing 
EVs at the time of admission directly correlated with later development of inflammation, 
organ failure, and the COVID-19 severity score, which indicates that analysis of circulat­
ing EVs yields predictive information on the subsequent disease course of SARS-CoV-2 
infected patients.

Notwithstanding this early prognostic information provided by quantifying the 
number of circulating S-expressing EVs, we did not detect a correlation between the 
number of cTNT1/S-expressing EVs and severe disease courses. Using iPS-derived human 
cardiomyocytes, we established that SARS-CoV-2 infection of these cells in vitro can be 
identified by analysis of their EVs bearing S on their surface. However, we failed to detect 
a correlation between cTNT1/S-expressing EVs and cardiovascular complications. This 
may be related to a sensitivity issue of the flow cytometry-based assay to detect very 
low frequencies of circulating cTNT1/S-expressing EVs, or may be the consequence of 
the absence of patients in our small study cohort who experienced SARS-CoV-2 infection 
of the heart. Studies involving a larger number of SARS-CoV-2-infected patients will be 
required to provide further insights into the question of whether cTNT1/S-expressing EVs 
predict the development of cardiovascular complications.

Thus, flow cytometry-based detection of circulating EVs and their analysis for 
evidence of S expression as a marker for ongoing SARS-CoV-2 infection proved to 
be useful at the time of admission of COVID-19 patients for the prediction of severe 
organ complications over the next two weeks. Beyond the PCR-based analysis of viral 
infection, the detection of viral replication in the organism through analysis of circulating 
viral antigen-expressing EVs may therefore provide important prognostic information in 
situations of a future viral pandemic.

MATERIALS AND METHODS

Generation of S-transduced HEK293T cells and supernatants

To generate EVs with high levels of SARS-CoV-2 spike SFL (D614G), a constitutive 
S-expressing HEK293 cell line (CID4618, Helmholtz Zentrum München) was generated 
by transduction with a S(B.1) gene expression plasmid (#7413, Helmholtz Zentrum 
München). S-transduced and untransduced HEK293T cells were cultured in serum-free 
medium for 12 h, the cell culture supernatant was collected, centrifuged for 15 min at 
2,000 × g, and for 10 min at 10,000 × g at 4°C to remove cells and cell debris, and stored 
at −80°C until further analysis.

Anti-S antibody generation and production

Anti-S antibody was generated as reported. One antibody with high-affinity binding to S 
(43A11) was selected for further studies. Anti-S-antibodies were purified from hybridoma 
supernatant using a GammaBind Plus Sepharose (17088602, Cytiva) column, washed 
with PBS, and eluted in citric acid buffer at pH 2.7. Antibody preparations were further 
purified using a Superdex 200 prep grade (17104301, Cytiva) in PBS to obtain monomers 
and coupled to a fluorochrome (Alexa488) using the labeling kit A10235 (Thermo Fisher 
Scientific, Waltham, MA, USA) (17).

Differentiation of human cardiomyocytes from iPS cells

The iPS cells were treated as previously described to induce the differentiation of 
functional cardiomyocytes (19). iPS-derived cardiomyocytes were cultured in DMEM 
containing 10% FCS (10 mM), HEPES (0.55 mM), arginine (0.272 mM), and asparagine. The 
cells were incubated in a humidified atmosphere with 5% CO2 at 37°C to reach conflu-
ence. Twelve hours before the supernatant was collected, the medium was removed, and 
the cells were washed with PBS. The cells were cultivated in a serum-free medium for 12 
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h. The cell culture supernatant was collected and centrifuged for 15 min at 2,000 × g, 
20°C and for 10 min at 10,000 × g at 4°C to remove cells and cell debris. Samples were 
stored at −80°C until further analysis.

Infection of iPSC-derived cardiomyocytes

iPSC-derived cardiomyocytes were infected with SARS-CoV-2 (B1) at an MOI of 1 
in the EB2 medium. The SARS-CoV-2 isolate hCoV-19/Germany/BAV-PL-virotum-nacq/
2020 (GISAID accession ID: EPI_ISL_582134) was derived from a nasopharyngeal swab, 
expanded in vitro, and aliquots were stored at −80°C until use. iPSC-derived cardiomyo­
cytes were infected with SARS-CoV-2 at different multiplicities of infection. The cells were 
washed with PBS 2 h post-infection and further cultivated in EB2 medium for 22 h before 
analysis. The seasonal coronavirus hCoV-NL63 (AY567487) (36) was used as a control to 
infect iPS-derived cardiomyocytes.

Plasma samples from healthy individuals and from COVID-19 patients

A clinical study (approval 471/20 S from the ethics committee of the Technical University 
of Munich) was performed at the TUM University Hospital between February and June 
2021 to investigate circulating EVs in blood samples from COVID-19 patients. Evidence 
of SARS-CoV-2 infection was obtained by a positive RT‒PCR result. Blood samples from 
patients were obtained at the time of admission to the emergency department of the 
TUM University Hospital. Human whole blood was drawn using butterfly syringes and 
EDTA monovettes and transferred to 15 mL reaction tubes and centrifuged for 15 min 
at 2,000 × g at 20°C. Platelet-free plasma (PPP) was collected and transferred to 2 mL 
reaction tubes and centrifuged for 15 min at 10,000 × g at 20°C to remove remaining 
cells and cellular debris. PFP was collected and transferred into fresh reaction tubes. The 
samples were aliquoted into fresh reaction tubes and stored at −80°C until further use.

Flow cytometric analysis of EVs

Flow cytometry analyses were performed using a Sony Spectral Flow Cytometer SA3800 
equipped with two lasers (405 and 488 nm), a Sony Spectral Cytometer ID7000 with 
five lasers (355, 405, 488, 561, and 638 nm) (both from Sony Biotechnology, Japan) or a 
Beckman Coulter CytoFLEX LX Flow cytometer equipped with four lasers (405, 488, 561, 
and 638 nm) (BA16019, Beckman Coulter, USA).

The system settings listed in Table 1 were used.
Samples were measured in plate-loader mode with 1,000 events per second for 

10 min. Flow cytometry data were analyzed with FlowJo Software 10.2 (TreeStar Inc., 
Ashland, OR, USA).

TABLE 1 Instrument settings for flow cytometer

Cytoflex LX SA3800 ID7000

Flow rate Slow 1 1
Threshold V-SSC-H 2000 High SSC 0.1% SSC 4.5%
Gain
  FSC 89 11% 17
  SSC 58 28% 6.25
  V-SSC 300 n/aa n/a
  Fluorescence PMT voltage 1,200 65% 5.66
  Compensation None WLSM WLSM
  Additional settings None No event check No event check
an/a, not applicable.
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Immunophenotyping of EVs from plasma or cell culture supernatant EVs

A total of 10 µL of plasma or cell culture supernatant was incubated with the fol­
lowing antibodies: anti-CD63 (1 ng/µL, Clone H5C6), anti-CD81 (1 ng/µL, Clone 5A6), 
anti-CD9 (1 ng/µL, Clone HI9a) (BioLegend, San Diego, CA, USA), anti-HLA-ABC (1 ng/µL 
Clone W6/32) (Sony Biotechnology, San Jose, CA, USA), anti-S (43A11; Helmholtz), and 
anti-TroponinT (1 ng/µL, Clone REA400) (Miltenyi Biotech, Bergisch Gladbach, Germany) 
and incubated for 30 min at 20°C in the dark. The samples were diluted with PBS (Gibco 
Life Technologies, Thermo Fisher Scientific). As a negative control for antibody back­
ground, 10 µL of PBS was stained with the appropriate antibody and diluted analogously 
to plasma or cell culture supernatant. Cell counting beads (Thermo Fisher Scientific) were 
included in each sample prior to flow cytometry to allow for absolute cell quantification.

Cryo-electron microscopy (cryo-EM)

The samples were processed for cryo-EM as follows. A 4 µL aliquot was deposited on an 
EM grid coated with a perforated carbon film; the liquid was blotted from the backside of 
the grid, and the grid was immersed in liquid ethane using a Leica EMCPC cryo-chamber. 
The EM grids were stored under liquid nitrogen prior to EM observation. Cryo-EM was 
performed with a Tecnai F20 (FEI, USA) microscope equipped with a USC1000-SSCCD 
camera (Gatan, USA).

Western blot

Concentrated S+ EVs or control EVs (S−) were lysed in nonreducing 5× Laemmli buffer and 
separated by SDS‒PAGE. For western blot analysis of Spike-S in plasma from COVID-19 
patients or healthy donors, 2–12 µL of plasma was diluted with 5× Laemmli buffer and 
ddH2O to a final volume of 15 µL and separated by SDS‒PAGE. Proteins were transferred 
to nitrocellulose membranes (GE Healthcare Life Sciences) by semidry blotting (Bio-Rad), 
and the membranes were blocked for 1 h in 5% (wt/vol) nonfat milk in ddH2O at RT. 
The membranes were incubated overnight at 7°C with primary anti-Spike-S antibody 
(43A11, rat IgG, Helmholtz Zentrum München) at a 1:2,000 dilution in 5% (wt/vol) 
nonfat milk (Roth) in ddH2O, washed three times in TBST (Tris-buffered saline with 
0.1% Tween-20) and incubated for 1 at RT with horseradish peroxidase (HRP)-conjugated 
anti-rat antibody (1112-035-062, goat anti-rat IgG, Jackson ImmunoResearch Europe) at 
a 1:20,000 dilution in 5% (wt/vol) nonfat milk in PBST (phosphate-buffered saline with 
0.1% Tween-20). After three washes in TBST, the blots were incubated with enhanced 
chemiluminescence reagent (GE Healthcare) and imaged using a Fusion FX (Vilber).

Enzyme-linked immunosorbent assay (ELISA)

For the quantification of the spike protein in samples from various sources, a sandwich 
ELISA was developed using two anti-spike antibodies with orthogonal epitopes. The 
wells of a Nunc MaxiSorp plate (Thermo Fisher Scientific) were coated for 5 h at 20°C with 
2 µg mL−1 anti-Spike-S capture antibody (55E10, rat IgG, Helmholtz Zentrum München) 
or isotype control in PBS. After washing with PBST (PBS + 0.05% Tween-20), free binding 
sites were blocked for 2 h at 20°C in 5% (wt/vol) nonfat milk (Roth) in PBS. Samples of 
recombinant Spike protein (S1 + S2 extracellular domains, 40589-V08B1, Sino Biologi­
cal), in vitro-derived S+ EVs, or plasma from COVID-19 patients (Technical University 
of Munich) were diluted as indicated in PBS containing 10 µg mL−1 isotype antibody 
(Helmholtz Zentrum München) to eliminate nonspecific plasma-derived background (37) 
before being incubated for 16 h at 7°C in a coated plate. After washing, HRP-conjuga­
ted anti-Spike-S detection antibody (43A11, rat IgG, Helmholtz Zentrum München) was 
added for 2 h at 20°C at a 1:500 dilution in 5% (wt/vol) nonfat milk in PBS, after which 
the samples were rewashed and incubated at 20°C with 100 µL of TMB substrate reagent 
(BD555214, Becton Dickinson). The reaction was stopped by adding 50 µL of 1 M H2SO4, 
and the absorbance was measured at 450 nm in a CLARIOstar Plus (BMG Labtech). Data 
analysis was performed with GraphPad Prism.
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RT-qPCR for the detection of viral infection

RNA extraction was performed using RNeasy FFPE Kit (QIAGEN). Fold gene expression 
was determined using the 2–∆∆Ct – Method (non-detected targets were assigned a CT of 
40, and averaged gene expression in uninfected cells was used as the reference) using 
Quantstudio 5, Applied Biosystems.

Primer : SARS-CoV-2 N: fw 5′-TTACAAACATTGGCCGCAAA-3′; rev 5′-GCGCGACATTCCGA
AGAA-3′.

NL-63 RF2: fw 5′-CTTCTGGTGACGCTAGTACAGCTTAT-3′; rev 5′-AGACGTCGTTGTAGATC
CCTAACAT-3′; Housekeeping: RPLP0: 5′-GATAACCAGTCGAAGTCACCTAGTTC-3′; 5′ GATAA
CCAGTCGAAGTCACCTAGTTC-3′).

NTA measurement of EVs

NTA was performed with a ZetaView PMX110 instrument (ParticleMetrix), and the 
corresponding software (ZetaView 8.04.02) was used to measure the number and size 
distribution of the EVs. The samples were diluted in filtered PBS to achieve a vesicle 
concentration of approximately 1 × 107 mL−1. The pre-acquisition parameters were set to 
a sensitivity of 75, a shutter speed of 50, a frame rate of 30 frames per second, and a trace 
length of 15. The post-acquisition parameters were set to a minimum brightness of 20, a 
minimum size of 5 pixels, and a maximum size of 1,000 pixels.

Statistical analysis

Statistical analyses were performed with GraphPad Prism 6 (GraphPad Software). 
Differences between groups were calculated using the Student’s two-way unpaired 
t-test, two-way ANOVA, the Mantel‒Cox test, or simple linear regression. Statistical 
significance is depicted as the P value (*P < 0.05; **P < 0.01; ***P < 0.001; and ****P 
< 0.00001).
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