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Platelets Can Associate With SARS-CoV-2 RNA
and Are Hyperactivated in COVID-19
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RATIONALE: In addition to the overwhelming lung inflammation that prevails in coronavirus disease 2019 (COVID-19), hypercoagulation
and thrombosis contribute to the lethality of subjects infected with severe acute respiratory syndrome coronavirus 2. Platelets are
chiefly implicated in thrombosis. Moreover, they can interact with viruses and are an important source of inflammatory mediators.
While a lower platelet count is associated with severity and mortality, little is known about platelet function during COVID-19.

0BJECTIVE: To evaluate the contribution of platelets to inflammation and thrombosis in patients with COVID-19.

METHODS AND RESULTS: Blood was collected from 115 consecutive patients with COVID-19 presenting nonsevere (n=71) and severe
(n=44) respiratory symptoms. We document the presence of severe acute respiratory syndrome coronavirus 2 RNA associated with
platelets of patients with COVID-19. Exhaustive assessment of cytokines in plasma and in platelets revealed the modulation of platelet-
associated cytokine levels in both patients with nonsevere and severe COVID-19, pointing to a direct contribution of platelets to the
plasmatic cytokine load. Moreover, we demonstrate that platelets release their alpha- and dense-granule contents in both nonsevere
and severe forms of COVID-19. In comparison to concentrations measured in healthy volunteers, phosphatidylserine-exposing
platelet extracellular vesicles were increased in nonsevere, but not in severe cases of COVID-19. Levels of D-dimers, a marker
of thrombosis, failed to correlate with any measured indicators of platelet activation. Functionally, platelets were hyperactivated in
COVID-19 subjects presenting nonsevere and severe symptoms, with aggregation occurring at suboptimal thrombin concentrations.
Furthermore, platelets adhered more efficiently onto collagen-coated surfaces under flow conditions.

CONCLUSIONS: Taken together, the data suggest that platelets are at the frontline of COVID-19 pathogenesis, as they release
various sets of molecules through the different stages of the disease. Platelets may thus have the potential to contribute
to the overwhelming thrombo-inflammation in COVID-19, and the inhibition of pathways related to platelet activation may
improve the outcomes during COVID-19.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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19), caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection, emerged
in Wuhan of Hubei province in China in December
2019 and rapidly spread to more than 196 countries

The outbreak of coronavirus disease 2019 (COVID-

worldwide.'? The World Health Organization declared
the outbreak a serious public health emergency of
international concern and by August 25, 2020, the virus
had infected over 23.5 million and killed >810492 indi-
viduals worldwide.?®
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Platelet Functions in COVID-19

Novelty And Significance

What Is Known?

* Inflammation, hypercoagulation, and thrombosis
are hallmarks of severe coronavirus disease 2019
(COVID-19).

* Platelets are chiefly implicated in thrombosis.

* Platelets can interact with different microbes, including
viruses.

* Platelets are a major source of inflammatory mediators.

What New Information Does This Article

Contribute?

+ Severe acute respiratory syndrome coronavirus 2 RNA
molecules can be associated with human platelets.

* Platelets are hyperactivated in COVID-19, both in non-
severe and severe forms of the disease.

* Platelets have enhanced adhesion properties, mol-
ecules from their alpha and dense granule are ele-
vated in blood, and they are a source of inflammatory
cytokines.

* Platelet extracellular vesicles are elevated in blood of
patients with COVID-19.

» None of the measured markers of platelet activation
were associated with levels of D-dimers.

In addition to the overwhelming inflammation that
occurs in the setting of severe acute respiratory syn-
drome coronavirus 2, hypercoagulation and thrombo-
sis are now recognized hallmark of COVID-19 and
contribute to the lethality of disease. Platelets are
implicated in thrombosis and can interact with differ-
ent microbes including viruses. Moreover, platelets
are a major source of inflammatory mediators. In this
study, we found that severe acute respiratory syn-
drome coronavirus 2 RNA molecules are associated
with human platelets. Moreover, platelets are hyper-
activated in COVID-19, both in nonsevere and severe
forms of the disease with enhanced adhesion proper-
ties and enhanced inflammatory cytokines. Thus, these
data suggest that platelets participate in COVID-19
infection and may mediate thrombotic disease.

Nonstandard Abbreviations and Acronyms

ACE2 angiotensin-converting enzyme 2
ALT aminotransferase

AST aspartate aminotransferase
COVID-19 coronavirus disease 2019

CRP C-reactive protein

EV extracellular vesicle

G-CSF granulocyte-colony stimulating factor
IL interleukin

IQR interquartile range

LDH lactate dehydrogenase

PF4 platelet factor 4

PKC protein kinase C

SARS-CoV-2 severe acute respiratory syndrome
coronavirus 2

TLR Toll-like receptor
TNF tumor necrosis factor

SARS-CoV-2 is a positive-sense single stranded RNA
virus.** The main SARS-CoV-2 counter-receptor on human
cells is the ACE2 (angiotensin-converting enzyme 2), highly
expressed by nasopharyngeal airway epithelial cells as well
as alveolar epithelial cells, vascular endothelial cells, and lung
macrophages. The virus tropism likely explains the notorious
respiratory symptoms observed during infection.®” An uncon-
trolled systemic inflammatory response, known as the cytokine
storm, results from immune effector cell release of substantial
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amounts of proinflammatory cytokines, such as TNF (tumor
necrosis factor), IL (interleukin)-1, IL-6, IL-7 and G-CSF (gran-
ulocyte-colony stimulating factor)®® which are suggested to
contribute to SARS-CoV-2 lethality"'%"" While outstanding
research aimed at understanding SARS-CoV-2 pathogenesis
initially focused on lung inflammation, COVID-19 also impli-
cates multi-organ damage, leading to multiple organ failure,
notably of the respiratory, cardiac, renal, and hepatic systems."2
Thrombotic complications that manifest as microvascu-
lar thrombosis, venous, or arterial thrombosis are features
detected in most patients with multi-organ failure.'®"'8 Dis-
seminated intravascular coagulation is a condition in which
blood clots form throughout the body, blocking small blood
vessels. Although disseminated intravascular coagulation
appeared rarely and was associated with bleeding mani-
festations in a multicenter retrospective study involving
400 patients with COVID-19 (144 critically ill),'” dissemi-
nated intravascular coagulation occurred in the majority
(71%) of patients who died of COVID-19 according to a
study of 183 consecutive patients.’® What drives dissemi-
nated intravascular coagulation during COVID-19 is cur-
rently unknown. It is important to note that accumulating
evidence shows that the blood of patients with COVID-
19 is hypercoagulable.'*'"192" Higher D-dimer and fibrin
degradation product levels, a longer prothrombin time
and activated partial thromboplastin time are observed in
SARS-CoV-2-infected patients with hospitalization com-
plications or in those who died, relative to survivors.'”-192!
Hematologic manifestation in patients with symp-
tomatic COVID-19 include severe leukopenia and
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lymphopenia.'*'®?? Lower platelet counts are associated
with increased risk of in-hospital mortality in patients
with COVID-19, although the platelet levels are generally
not considered as clinically relevant as patients typically
do not require platelet transfusions.'”?328 |t is suggested
that SARS-CoV-2 may reduce platelet production,
increase platelet destruction, or more likely that platelet
activation and thrombosis in patients may increase plate-
let consumption.?® As thrombosis and blood coagulation
are chiefly controlled by platelets,? it is critical to define
whether platelets are activated in COVID-19.

Platelets are small (2—4 pm in diameter) anucleated
cells derived from megakaryocytes in bone marrow and
lungs.2%®" Nearly one trillion platelets patrol the blood ves-
sels to maintain the integrity of the vasculature. Damage
to blood vessels triggers the formation of a hemostatic
plug to stop subsequent bleeding.3 Thrombus formation
mediated by platelets can also implicate extracellular
vesicles (EV; microparticles or microvesicles), which pro-
vide anionic phospholipids, such as phosphatidylserine,
which can support the coagulation cascade.®

In addition to their role in hemostasis and thrombo-
sis, platelets also contribute to immunity and inflam-
mation.3*%" The extravasation of neutrophils and their
invasion of inflamed tissues require their interaction with
activated platelets.383° Moreover, the liberation of neu-
trophil extracellular trap, a process by which neutrophils
release extracellular DNA, is observed in COVID-19.40-42
Neutrophil extracellular trap requires platelets and may
thus contribute to thrombosis.**** Platelets express
immune and inflammatory molecules such as I1L-1,% and
a set of immune receptors including CD40L, TLR (Toll-
like receptors),®* and the Fc receptor for IgG FcyRIIA (Fc
gamma receptor |la).*®

Dengue virus can infect megakaryocytes,*” and
megakaryocytes can upregulate type-l interferon genes
in response to dengue and influenza viruses.*® While
dengue virus can replicate in platelets,* influenza virus
can be internalized by platelets and is transported
through the circulatory system in humans.®°%' Influenza
virus-induced lung injury in mice can be prevented by
targeting of platelet allbB3 by an antagonist or other
antiplatelet compounds such as clopidogrel, an antago-
nist of ADP (adenosine diphosphate) receptors, or block-
ers of protease-activated receptor-4, thus pointing to
an active role by platelets in influenza pathogenesis.®?
Influenza and herpes simplex virus-1 also activate plate-
let aggregation and thrombosis due to the presence of
prevalent opsonizing antibodies and their interaction with
FcyRIIAS354 Thus, activated platelets may contribute to
both the overwhelming inflammation and thrombosis that
prevail in COVID-19.

While thrombosis and coagulation abnormalities pre-
dict worse outcomes in COVID-19, the role of platelet
function has yet to be investigated. Here, we examined
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platelet activation, secretion, adhesion, and aggregation
in patients with severe and nonsevere COVID-19.

METHODS

Supplement contains the detailed description of methods.

All data, analytic methods, and study materials supporting
the findings of this study are provided in the article and sup-
plemental material and are available from the corresponding
author upon reasonable request.

RESULTS

Patient Screening and Characterization

A total of 1544 patients with suspected SARS-CoV-2
infection (travelers, proximity to infected patients, and
presence of symptoms) were screened according to the
flow chart presented in Figure | in the Data Supplement.
The clinical symptoms included fever, cough, dyspnea,
fatigue, headache, chest pain, and pharyngalgia. Initial
screening in addition to laboratory blood testing and
high-resolution chest computed tomography imaging
(CT scans; Figure Il in the Data Supplement) led to the
selection of 196 patients, who were then screened for
the presence of 2019-nCoV RdRp and E genes using
RT-PCR (reverse transcription polymerase chain reac-
tion) (Figure Ill in the Data Supplement; see Table 1
and Figure IV in the Data Supplement for clinical data).
The degree of COVID-19 severity (severe versus non-
severe) was defined at the time of patient admission
using the American Thoracic Society guidelines for
community-acquired pneumonia.®® There were 71 cases
in the nonsevere COVID-19 (COVID-nonsevere) group
and 44 cases in the severe COVID-19 group (COVID-
severe), while 81 individuals were declared negative by
both throat swab RT-PCR amplification of 2019-nCoV
RdRp and E genes and chest CT scans. The latter indi-
viduals were excluded from the study given that they still
could present symptoms of unidentified etiology. Further-
more, known comorbidities, medication (independent of
COVID-19 treatment) and self-identified ethnicity/race
are reported in the Data Supplement (Tables | through
Il in the Data Supplement). The median (interquartile
range, IQR) age of severe cases (64.5 [72.75-41.25]
years) was significantly higher than for nonsevere cases
(48 [62-37] years). The hospitalization duration (median
[IOR]) was also significantly higher for severe patients
(20 [28.75—14] days) compared with nonsevere patients
(14 [16-13] days) days, with 8.56% of total patients criti-
cally ill and admitted to the intensive care unit. There was
no significant difference in body weight (median [IQR])
between nonsevere patients (75 [87-62] kg) and severe
patients (82 [90-65.5] kg). Five COVID-severe patient
deaths occurred in the intensive care unit, while all non-
severe patients survived.
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Table 1. Clinical Analysis and Blood Parameters

Platelet Functions in COVID-19

Patients with COVID-19

Index No. (median [IQR]) Nonsevere Severe *P value
female/male 32/39 18/26

SARS-CoV-2 E gene (ct), detection, (n) 27 (31-24) 29.5 (34.25-24) 1.96x107"
Age (n), yt 48 (62-37)t 64.5 (72.75-41.25)t 1.72x102F
Weight (n), kg 75 (87-62) 82 (90-65.5) 3.09x10™"
Duration of hospitalization (n), dt 14 (16-13)t 20 (28.75-14)t 1.22%x107%t
Platelet value at admission (n), x106/mLt 192 (252-144)t 121 (179.5-80.75)t 6.91x10°°t
Lymphocyte value at admission (n), x106/MI 1.08 (1.49-0.64) 1.09 (1.8-0.525) 8.04x107"
Platelet-Lymphocyte ratio at admission (n)t 168.4 (282.8-127.1)t 121.7 (242.9-66.84)t 2.20x107%t
ALT value at admission (n), U/L 35 (45.7-18.5) 35.35 (47.83-24.03) 3.32x10"
AST value at admission (n), U/L 45 (55.4-26.5) 40.6 (56.43-24.63) 8.04%x107"
LDH value at admission (n), U/Lt 506 (657-280)1 745.5 (946-468)t 8.0x107*t
D-Dimers at admission (n), mg/Lt 0.56 (1.04-0.37)t 0.845 (1.138-0.477)t 2.80x1072t
CRP at admission (n), mg/Lt 5.24 (9.67-2.14)t 23.26 (36.54-12.72)t 5.10x107""t

Related to Figure IV in the Data Supplement. Platelets in patients with COVID-19 can be associated with SARS-CoV-2 RNA. ALT
indicates alanine transaminase; AST, aspartate transaminase; COVID-19, coronavirus disease 2019, CRP, C-reactive protein; IOR,
interquartile range; LDH, lactate dehydrogenase; and SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

*Statistical analysis: Data were not normally distributed (Shapiro-Wilk test). Wilcoxon Mann-Whitney Test to calculate Pvalues.

tindicates Pvalues smaller than 0.05.

Blood Parameters and Thrombocytopenia

The severity of disease was established, and routine
blood parameters were monitored at the time of admis-
sion for both the nonsevere and severe cases of COVID-
19 (Table 1 and Figure IV in the Data Supplement).
Lymphocyte counts, ALT (alanine aminotransferase)
and AST (aspartate aminotransferase) data were similar
between the 2 groups of infected patients. In contrast,
the LDH (lactate dehydrogenase) and CRP (C-reactive
protein) inflammation markers, which were higher than
the expected normal range in both groups, were signifi-
cantly increased in patients with severe COVID-19 in
comparison with nonsevere patients, pointing to a pos-
sible cytokine storm and respiratory failure associated
with disease severity (Table 1 and Figure IV in the Data
Supplement).5¢ Furthermore, D-dimers were higher than
the expected normal range in both groups and were sig-
nificantly increased in patients with severe COVID-19 in
comparison with nonsevere patients (Table 1 and Fig-
ure IV in the Data Supplement). The significant differ-
ence (F=0.028, Mann-Whitney) between the 2 groups of
patients, however, appeared to be due to the particularly
high levels of D-dimers in the b nonsurvivors, as the sig-
nificance was lost (FP=0.205, Mann-Whitney) when cal-
culations were performed in their absence, indicating a
procoagulant state in the blood, notably in nonsurvivors
(Figure V in the Data Supplement).

Thus, we evaluated platelet numbers and platelet-
lymphocyte ratios measured at the time of admission
in the 2 groups. Platelet counts (median [IQR]) were in
the lower range in both patients with COVID-19 severe
(121 [1795-80.75]x10%/mL) and nonsevere (192
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[252-144]x10%/mL) in comparison to the expected
count in healthy volunteers (130-400x10%/mL). More-
over, we observed a modest, but statistically signifi-
cant reduction in platelet counts between the 2 patient
groups. The platelet-lymphocyte ratio was lower in severe
patients compared with nonsevere patients, arguing in
favor of the thrombosis mainly reported in more severe
cases (Table 1 and Figure IV in the Data Supplement).

SARS-CoV-2 RNA has been identified in urine and
stool samples in addition to semen, consistent with
ACE2 expression outside the respiratory tract, such as
in endothelial cells that line blood vessels, heart, kidney,
and spermatozoa.® % We evaluated whether platelets
are associated with SARS-CoV-2 RNA in COVID-19.
Platelets were isolated from recruited healthy volunteers
(n=17) and from patients with COVID-19 (38 nonsevere
and 11 severe) at the time of admission, and we tested
for the presence of SARS-CoV-2 RNA using primers
designed to detect the E Gene. While no SARS-CoV-2
RNA was detected in healthy controls (0%, O out of 17),
we detected SARS-CoV-2 RNA in platelets from patients
with nonsevere (23.7%, 9 patients out of 38) and severe
(182%, 2 patients out of 11) COVID-19 (Table IV and
Figure VI in the Data Supplement). An intriguing observa-
tion was that individuals with positive platelets for SARS-
CoV-2 RNA were significantly older (71 [74.50-57.00]
years) than those who were negative (41 [53.00-34.50]
years; F<0.0001), with no other parameters being differ-
ent between the 2 groups (Table V in the Data Supple-
ment). The data suggest that platelets may associate with
SARS-CoV-2 RNA molecules, and that this event may be
more likely to occur in older patients.
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Circulating Cytokines

Elevated inflammatory cytokine levels are reported in the
blood of patients with COVID-19 #° and may contribute to
the overwhelming inflammation and to coagulation through
the activation of endothelial cells.?'®? We used a multiplex
assay to monitor 48 cytokines in plasma prepared from
healthy volunteers (n=10) and from patients with COVID-
19 (10 nonsevere and 9 severe) at the time of admission.
In patients with nonsevere disease, the concentrations of
13 cytokines or growth-factors were significantly increased
(epidermal growth factor [EGF], Eotaxin, FGF-2 [fibroblast
growth factor-2], Fractalkine, IFN-y [interferon gammal,
IL-2, IL-12p40, IL-22, IL-27, MCP-3 [monocyte chemo-
tactic protein-3], macrophage-derived chemokine [MDC],
PDGF-AB/BB [platelet-derived growth factor-AA/BB],
TGFB, [transforming growth factor B]), the concentra-
tions of 2 cytokines (IL-9 and IL-15) were significantly
decreased, while that of 33 cytokines or growth-factors
were similar to healthy controls (Figure 1 and Figure VIl in
the Data Supplement). In patients with severe disease, 27
cytokines or growth-factors (EGF, Eotaxin, FGF-2, FLT-3
L [Fms-like tyrosine kinase-3 L], Fractalkine, GM-CSF,
GROa [growth-related oncogene a, IFNy, IL-1a, IL-16,
IL-1-ra, IL-4, IL-6, IL-7, IL-8, IL-10, IL-13, IL-17A, IL-17E/
IL-25, M-CSF [macrophage colony-stimulating factor],
MDC, MIP-18 [macrophage inflammatory protein-1f],
PDGF-AA, PDGF-AB/BB, TGF-a, TGF-B, VEGF-A [vas-
cular endothelial growth factor-A]) were significantly
increased, 2 cytokines (IL-3 and IL-18) were significantly
decreased, and levels of 19 cytokines or growth-factors
were similar to healthy controls (Figure 1 and Figure VIl in
the Data Supplement). The larger number of upregulated
cytokines and growth-factors in severe as compared with
nonsevere disease, reflects the notion that the inflamma-
tory response may contribute to disease severity.

Platelets Produce Inflammatory Cytokines in
COVID-19

We then determined the ability of patient with COVID-19
platelets to produce inflammatory mediators. Platelets
derived from healthy volunteers and from severely and non-
severely affected patients were stimulated with low doses
of a-thrombin (0.025 and 0.05 U/mL). Platelets were then
lysed, and the amounts of IL-1p, IL-18, sCD40L, and the
eicosanoid thromboxane B, were determined. While IL-18
secretion and thromboxane production were unaffected
in the disease, we found that COVID-19 platelets were
more prone to release IL-1f and soluble CD40L upon
exposure to 0.05 U/mL of thrombin in comparison with
healthy volunteers (Figure 2A). Platelets from all subjects
were similarly efficient at releasing the inflammatory medi-
ators when higher concentrations of thrombin were used,
suggesting that platelets are a source of inflammatory
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Cytokines in Plasma
values indicate changes of cytokine levels
compared to Healthy Controls
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Figure 1. Cytokine and chemokine levels in plasma from
patients with coronavirus disease 2019 (COVID-19).

Heat map visualization of 48 cytokine/chemokine expression profiles
in plasma of patients with COVID-19 nonsevere (median of n=10)
and severe (median of n=9) relatively to the healthy controls (median
of n=10). Cytokine/chemokine expression is represented as a (log2)
fold change relative to healthy controls. The numbers in each part
represent the change and statistical significance (in brackets), and
the color codes refer to red for increased expression and blue for
decreased expression. Absolute cytokine/chemokine values (pg/mL)
and details on the statistical analysis are shown in Figure VIl in the
Data Supplement. *A<0.05, *A<0.01, **A<0.001, **A<0.0001.

mediators and may be prone to release certain inflamma-
tory molecules during SARS-CoV-2 infection.

Because they are anucleated, the platelet cytokine
content can mirror that of megakaryocytes, or may be
regulated by translation upon platelet activation.536*
However, nothing is known regarding the platelet cyto-
kine contentin COVID-19. Thus, we monitored cytokines
in lysates prepared using platelets from patients with
COVID-19 and included healthy volunteers as controls.
While a few cytokines were below the detection limit
(G-CSF, IL-1a, IL-2, IL-4, IL-5, IL-6, IL-10, IL-22, TGF-q,
and VEGF), we detected 39 cytokines/growth-factors in
platelets from healthy volunteers, including sCD40L, IFN

Circulation Research. 2020;127:1404-1418. DOI: 10.1161/CIRCRESAHA.120.317703
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Figure 2. Platelets are prone to produce and release inflammatory molecules in patients with coronavirus disease 2019

(COVID-19).

A, Platelets from healthy controls (n=9), COVID-19 nonsevere (n=9), and COVID-19 severe (n=9) patients were stimulated for 5 min at room-
temperature with 0.025, 0.05, or 2 U/mL of a-thrombin. Thromboxane B2 (TxB2), IL (interleukin)-18, IL-16, and soluble CD40 ligand (sCD40L)
production was evaluated. Data are represented as mean+SD. Statistical analysis: Data were normally distributed (Shapiro-Wilk test). One-way
ANOVA with subsequent Sidak multiple comparisons test. **£<0.001 and ***A<0.0001. B, Heat map visualization of 39 cytokine/chemokine
expression profiles in plasma of patients with COVID-19 nonsevere (median of n=10) and severe (median of n=9) relatively to the heathy
controls (median of n=10). Cytokine/chemokine expression is represented as a (log2) fold change relative to healthy controls. The numbers in
each part represent the change and statistical significance (in brackets) and the color codes refer to red for increased expression and blue for
decreased expression. Absolute cytokine/chemokine values (pg/mL) and details on the statistical analysis are shown in Figure VIl in the Data

Supplement. *A<0.05, "A<0.01, **A0.001, **A<0.0001.

a and v, and IL-1p (Figure 2B and Figure VIl in the Data
Supplement), in agreement with their important cytokine
content. Of note, we found significantly reduced levels for
22 cytokines/growth-factors (nonsevere disease) and
16 cytokines/growth-factors (severe disease), including
cytokines relevant to virus and inflammatory responses
(eg, sCD40L, eotaxin, IFN o and v, IL-18, TNF o and
B; Figure 2B and Figure VIl in the Data Supplement) in
COVID-19. Together, the data show that platelets are
sensitized to release certain cytokine cargo in COVID-19.

Platelet Degranulation in COVID-19

Platelet alpha- and dense-granule content, deter-
mined by the assessment of PF4 (platelet factor 4) and

Circulation Research. 2020;127:1404-1418. DOI: 10.1161/CIRCRESAHA.120.317703

serotonin respectively, was examined in platelets. We
found a reduction in both PF4 and serotonin in platelets
from patients with nonsevere and severe COVID-19 in
comparison with healthy volunteers (Figure 3A). More-
over, robust increases in PF4 and serotonin levels were
measured in plasma from patients with COVID-19, inde-
pendent of disease severity (Figure 3B), which might
point to platelets degranulation during SARS-CoV-2
infection.

Platelet Extracellular Vesicles in COVID-19

EV released by platelets can participate in both inflam-
mation and the coagulation process due to the expo-
sure of phosphatidylserine.3®%566 However, it is currently
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Figure 3. Platelets are degranulated in patients with coronavirus disease 2019 (COVID-19).

Markers of platelet degranulation (PF4 [platelet factor 4] for alpha granules and serotonin for dense granules) were evaluated in plasma of
patients with COVID-19. Concentrations of PF4 (upper) and serotonin (lower) were measured in platelets (A) and plasma (B) from healthy
controls, patients with COVID-19 nonsevere and COVID-19 severe. For platelet content, values were expressed as ng per million platelets.

Data are represented as median with interquartile range (IQR). Statistical analysis: ROUT method identified three outliers for PF4 and serotonin
(platelet content), which were thus excluded from the analysis. Data were not normally distributed (Shapiro-Wilk test). Kruskal-Wallis test with
subsequent Dunn multiple comparisons test. *£<0.01, **F<0.001 ***A<0.0001, ns (nonsignificant). PF4: healthy controls (n=18 for plasma,
n=10 for platelet content), COVID-19 nonsevere (n=71 for plasma, n=10 for platelet content), COVID-19 severe (plasma n=44, platelet content
n=9). Serotonin: healthy controls (n=10 for plasma, n=10 for platelet content), COVID-19 nonsevere (n=18 for plasma, n=9 for platelet content),
COVID-19 severe (plasma n=14, platelet content n=8).

unknown whether EV are produced in COVID-19. EV
smaller than 1 um and of platelet origin identified by
the surface expression of CD41 were detected by
high sensitivity flow cytometry. To determine whether
EV expressed surface phosphatidylserine, we included
annexin V conjugated with a fluorescent probe in the

ensured the specificity of the detection approach (Fig-
ure VIl in the Data Supplement). While the total number
of platelet EV (exposing- and nonexposing phosphati-
dylserine) were significantly increased in both groups
of patients with COVID-19 in comparison to healthy

analyses. EV were sensitive to detergent treatment,
which confirmed their membrane moiety. Moreover, no
annexin V* EV were detected when Ca?* ions were che-
lated by ethylenediaminetetraacetic acid, which further

1410  November 6, 2020

volunteers, the levels of phosphatidylserine-exposing
platelet EV were only significantly increased in nonse-
vere forms of the disease (Figure 4A and 4B). More-
over, the levels of both types of EV were significantly

Circulation Research. 2020;127:1404-1418. DOI: 10.1161/CIRCRESAHA.120.317703
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Figure 4. Platelet extracellular vesicles are released in patients with coronavirus disease 2019 (COVID-19).

Circulating platelet extracellular vesicles (CD4 1+ extracellular vesicle [EV]) expressing phosphatidylserine or not were analyzed in plasma from healthy
controls (n=18), patients with nonsevere (n=71) and severe COVID-19 (n=44). A, Total CD4 1+ EV were quantified (left) and representative scatter
plots of CD4 1+ EV relative size and inner complexity are illustrated (right). B, Annexin V+ CD41+ EV were quantified (left) and representative scatter
plots of AnV+CD4 1+ EV relative size are illustrated (right). The gating strategy is illustrated in Figure VIII in the Data Supplement. Samples with
EV-concentrations close to the median of the whole population for each group were selected for representation. Data are represented as median with
interquartile range (IQR). Statistical analysis: Data were not normally distributed (Shapiro-Wilk test). Kruskal-Wallis test with subsequent Dunn multiple
comparisons test. FSC indicates forward scatter; and SSC, sideward scatter. *A<0.05, *A<0.01, **A<0.001, and ***A<0.0001.

lower in patients with severe compared with nonsevere
COVID-19 (Figure 4A and 4B).

Normalization of EV-numbers to platelet concentra-
tions showed significantly increased concentrations of
both types of EV (CD41+EV and annexin V+ CD41+
EV) per platelet in both patients with nonsevere and
severe COVID-19 compared with healthy controls (Fig-
ure IX in the Data Supplement), suggesting increased
production of EV in this disease. The concentrations of
platelet EV, however, could not be solely explained by
the number of circulating platelets. There was a small

Circulation Research. 2020;127:1404-1418. DOI: 10.1161/CIRCRESAHA.120.317703

but significant positive correlation between CD41+
EV and the number of circulating platelets (=0.19,
P=0.0420), but we observed the absence of a corre-
lation between the number of circulating platelets and
annexin V+CD41+ EV (/=0.09, P=0.3397; Table VI
in the Data Supplement). The data might suggest that
the number of circulating phosphatidylserine-exposing
platelet EV may be reduced in patients with the most
severe inflammatory status, potentially due to their
reduced production or their accumulation in certain
organs or tissues.
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Correlative Studies Implicating the Measured
Blood and Platelet Parameters

Given that concentrations of D-dimers, CRP, platelets,
lymphocytes, platelet/lymphocyte ratio, ALT, AST, LDH,
plasma PF4 and serotonin, platelet EV (CD41+ EV),
and phosphatidylserine-exposing platelet EV (annexin
V+CD41+ EV), were measured for all patients, we evalu-
ated potential correlations between these variables and
disease outcomes. As measured outcomes, we took
in account (1) the duration of hospitalization, (2) time
before patients were tested negative for the presence of
SARS-CoV-2 RdRp or E genes RNA, and (3) mortality.
For these analyses, we confirmed the absence of con-
founding effects due to race or self-identified ethnicity,
and sex (Tables VIl and VIII in the Data Supplement).
We observed a significant positive correlation for both
CRP and LDH levels measured on admission with the hos-
pitalization duration (CRP: ~=0.35, A~=0.0002; LDH: =0.40,
P<0.0001), and the time until the patient was tested nega-
tive for the presence of virus (CRP: =039, F<0.0001;
LDH: =0.37, P<0.0001; Table 2). Moreover, D-dimers, CRP,
and LDH levels measured on admission were significantly
associated with mortality (Table IX in the Data Supplement),
supporting notions of levels of D-dimers,'"192'67 CRR668
and LDH®®" as predictors of critical clinical outcome in
COVID-19. Furthermore, age was found to be significantly
associated with mortality (Table IX in the Data Supplement),

Platelet Functions in COVID-19

but did not correlate with the duration of hospitalization
(=0.10, P=0.2856; Table 2).

Surprisingly, D-dimers did not correlate with any of
the measured platelet parameters (Table X in the Data
Supplement). In contrast, we found modest but nega-
tive correlations between levels of platelet EV and CRP
(CD41+EV: =—0.19, P=0.0401; annexin V+CD41+EV
=—0.17, P=0.0620) and LDH (CD41+EV: =—0.27,
P=0.0040; annexin V+CD41+EV =021, P=0.0256;
Table X in the Data Supplement). Moreover, we found
modest but significant negative correlations between
levels of CD41+ EV and annexinV+CD41+ EV with
hospitalization duration (CD414+EV: ==—0.19, P=0.0461;
annexin V+CD41+EV =—0.21, P=0.0288; Table 2).

Platelets Are Hyperactivated in COVID-19

Platelet activation results from a complex balance of stim-
ulatory and inhibitory signaling pathways involving several
PKC (protein kinase C) isoforms expressed in human
platelets. Among these kinases, PKCd is a key regula-
tor of platelet granule secretion, activation, and aggrega-
tion activity.89® To determine whether PKC$ is involved in
platelet activation during this infection, platelets collected
from severe and nonsevere patients were stimulated (or
not) with a low dose of a-thrombin (0.05 U/mL), lysed
and then analyzed by immunoblotting for the presence of
phosphorylated-PKCd Tyr®'", a phosphorylation site that

Table 2. Pearson Correlation of Clinical Parameters (on Admission) and Outcome (Duration
of Hospitalization; Time Until Tested Negative for SARS-CoV-2)

Duration of Time until tested negative for
hospitalization (N=110)* SARS-CoV-2 (N=109)t%

Parameter (on admission) r P value r P value
Age, y 0.10 2.86x10" 0.18 6.60%1072
Weight, kg 0.13 1.80x10"" 0.08 3.89x10~"
D-Dimers 0.07 4.92x10™" 0.04 6.92x107"
CRP§ 0.358 2.00x10™§ 0.39§ 2.45%107°§
CD41+EVS -0.19§ 4.61x107%§ -0.18§ 5.56x1072§
AnnexinV+CD41+EV§ -0.218§ 2.88xx1072§ -0.198 5.22x107%§
PF4 in plasma -0.07 4.55x10™" -0.07 4.75x107"
Serotonin in plasma 0.02 8.30x10" 0.007 9.43x107"
Platelet value -0.07 4.38x107" -0.09 3.63x10~"
Lymphocyte value -0.05 6.08x107" -0.05 6.03x10~"
PLR 0.08 3.9x10™" 0.11 2.63x107"
ALT 0.09 3.70x107" 0.15 1.14x107"
AST 0.03 7.47x107" 0.06 5.48x10™"
LDH§ 0.408 1.75x107°§ 0.37§ 5.43x107°§

ALT indicates alanine transaminase; AST, aspartate transaminase; CRP, C-reactive protein; EV, extracellular vesicle; LDH,
lactate dehydrogenase; PF4, platelet factor 4; PLR, platelet-lymphocyte ratio; and SARS-CoV-2, severe acute respiratory

syndrome coronavirus 2.
*Patients who died were not included.

tPatients who died were not included. One patient did not have a negative test results before leaving the hospital.
#Patients were tested at 5 time points: On admission (day 0), day 6, day 13, day 20, day 30+

§Pvalues smaller than 0.05.
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Figure 5. PKC$ (protein kinase C)
phosphorylation is increased in
platelets of patients with coronavirus
disease 2019 (COVID-19).

311 PKC& phosphorylation on Tyr®'" residue

is increased in response to a-thrombin

in patients with severe and nonsevere
COVID-19. Platelets were stimulated (or
not) with 0.05 U/mL of a-thrombin for 5
min at room temperature. Platelet lysates
were analyzed by SDS-PAGE for P-PKCo
Tyr®"". GAPDH was evaluated in each
condition. A, Immunoblot representative
of 4 donors. B, Densitometric analysis

of P-PKCd Tyr®'" normalized to GAPDH
was performed, data were expressed as
relative Optical Density (n=4). Data are
represented as median with interquartile
range (IOR). Statistical analysis: Kruskal-
Wallis test with subsequent Dunn multiple
comparisons test. *FA<0.05.

potentiates the activity of the enzyme.”" We found that
PKC& phosphorylation on Tyr®'! residue was increased
in response to a low dose of a-thrombin in patients with
severe (A<0.05) and nonsevere (F=0.0638) COVID-19,
while phosphorylation was undetectable in controls (Fig-
ure b), thus suggesting that platelet activation signaling
pathways may be sensitized in the disease.

The relationship between platelet activation and the
severity of COVID-19 was then investigated by func-
tional assays. Platelets from patients with severe and
nonsevere COVID-19 were collected and analyzed by
optical aggregometry under arterial flow conditions using
various doses of a-thrombin. Platelets exposed to sub-
optimal concentrations of a-thrombin (0.05 U/mL) were
highly activated (>2.5-fold increase) in both severe and
nonsevere patients compared with controls (Figure 6A
and 6B). When platelets from all groups were stimulated
with a higher concentration of a-thrombin (2 U/mL), no
significant differences were observed, pointing to a lower
platelet stimulation threshold in patients with COVID-19
(Figure 6A and 6B). Moreover, the formation of platelet
aggregates was visualized by rhodamine-based immuno-
fluorescence on a collagen-coated surface under flow
conditions, and the ratio of adherent platelets to total
platelets (activated versus nonactivated platelets) was
calculated. The number of adherent platelets was sig-
nificantly higher in severe patients compared with non-
severe patients and controls (Figure 6C), suggesting that
platelets are more prone to clotting in severe disease.

The results are visualized in the graphical abstract.

Circulation Research. 2020;127:1404-1418. DOI: 10.1161/CIRCRESAHA.120.317703

DISCUSSION

Both inflammation and thrombosis are clinical manifesta-
tions observed during SARS-CoV-2 infection. They can
be lethal, and the understanding of cellular and molecu-
lar effectors in COVID-19 may reveal novel therapeutic
approaches, critical for the treatment of patients while vac-
cines are still lacking. Platelets can interact with viruses and
can participate in both inflammation and thrombosis. Thus,
for this study, we examined platelets in a cohort of patients
with nonsevere and severe COVID-19 with confirmed
lower range (but not thrombocytopenic) platelet counts,
in agreement with the current literature.2-?” Our findings
identify SARS-CoV-2 RNA associated with patient plate-
lets and reveal that platelets express proinflammatory mol-
ecules and are hyperactivated in COVID-19.

Of interest, was the detection of SARS-CoV-2 RNA
associated with platelets from some patients with COVID-
19. The presence of viral RNA in platelet endosomal
compartments may activate platelet TLR-7, a process that
occurs in cases of influenza and encephalomyocarditis
virus infections.?%2 However, it remains to be established
whether platelets represent bona fide target cells suscep-
tible to infection, or whether platelets might have captured
circulating SARS-CoV-2 RNA molecules. Spike glycopro-
tein S mediates SARS-CoV-2 attachment to the cellular
receptor ACE2 and entry by fusion of the viral envelope
with cell membranes.” Studies have previously highlighted
that conflictual results can be obtained depending on
the choice of primers used in the assessment of ACE2
mRNA by quantitative PCR™ Attempts to detect ACE2
mRNA using intron-spanning primers in nucleic acid prep-
arations isolated from enriched platelets (97.04+1.29%
pure) yielded negative results (cycle threshold value
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Figure 6. Platelets are prone to aggregation in patients with coronavirus disease 2019 (COVID-19).

Platelet aggregation and adhesion were evaluated in healthy donors, patients with nonsevere and severe COVID-19 (n=9). A and B, Platelets
were stimulated with 0.025, 0.05, or 2 U/mL a-thrombin. A, Representation of light transmission curve of platelets aggregation from healthy
controls and patients with COVID-19. B, Quantification (%) of maximal platelet aggregation in healthy controls (n=9), patients with COVID-19
nonsevere (n=9) or COVID-19 severe (n=9). C, Platelet adhesion on collagen was evaluated under flow condition after 5 min. Data are presented
as percentage of surface covered by platelets. A representative image for each condition is illustrated (Scale bar=50 pm). Data points close to the
mean of each population for each group were selected for representative images. Data are represented as mean£SD. Statistical analysis: Data
were normally distributed (Shapiro-Wilk test). One-way ANOVA with subsequent Sidak multiple comparisons test. **£<0.001, ***£<0.0001

38.16+£3.00), suggesting the platelets either express
ACE2 mRNA below the assay detection limit or express
no ACE2 mRNA (Figure XA in the Data Supplement),
in agreement with findings from others.™ These find-
ings contrast with other attempts to detect ACE2 using
commercially available nonintron spanning primers in the
same platelet preparations, and which led to success-
ful detection of ACE2 in platelets from both healthy and
COVID-19 individuals (Figure XB in the Data Supplement).
However, genomic DNA was identified in these samples
despite the fact that platelets are anucleated (Figure XC
in the Data Supplement), which might explain the detec-
tion of ACE2 in these experimental conditions. Given the
high purity of the platelet preparations examined, we thus

1414 November 6, 2020

speculate that cell free genomic DNA (eg, in extracellular
vesicles, such as apoptotic bodies, or DNA in complexes
with proteins) might interact with platelets. However, the
platelet proteome does not necessarily mirror the platelet
transcriptome. For instance, platelets can adsorb or inter-
nalize plasma proteins, such as fibrinogen, which is mainly
produced by the liver and is captured and stored in platelet
alpha granules.™ Although ACE2 protein can be shed from
cells™ and might thus be transferred to platelets, we did
not detect any significant ACE2 expression on platelets,
as assessed using immunofluorescence (Figure XD in the
Data Supplement), consistent with its absence in docu-
mented platelet granule proteome.” We nonetheless do
not completely rule out the potential involvement of ACE2

Circulation Research. 2020;127:1404-1418. DOI: 10.1161/CIRCRESAHA.120.317703
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in platelet and SARS-CoV-2 interactions in vivo. Indeed,
we found that age was a variable associated with pres-
ence of the SARS-CoV-2 RNA in platelets (Table V in the
Data Supplement), which was only detected in 20% of
the tested infected individuals. Future studies specifically
designed to thoroughly evaluate ACE2 expression in plate-
lets in larger samples of individuals, taking in consideration,
for instance, age, sex, race, comorbidities, and the pres-
ence of SARS-Cov-2 in platelets may definitively reveal
whether ACE2 expression by platelets may be relevant to
COVID-19 pathogenesis.

Influenza virus and herpes simplex virus-1 can trig-
ger platelet degranulation when antibodies opsonize viral
particles, and thereby activate platelet FcyRIIA5%54 While
antibodies specifically directed at SARS-CoV-2 are not
expected in most individuals at an early stage of the
pathogenesis, they might be produced at a later stage of
infection, or prevailing cross-reacting antibodies against
other more common coronaviruses that generate minor
cold symptoms in humans (229E, NL63, OC43, and
HKU1) may suffice to form immune complexes and acti-
vate platelet FcyRIIA.*® Thus, differences in antibody pro-
files, especially in neutralizing antibodies, among patients
with severe and nonsevere COVID-19 may contribute to
platelet interaction with the virus, and to the overwhelm-
ing inflammation. However, with the dissemination of the
SARS-CoV-2 virus in the population, possible reinfec-
tions and vaccination, the activation of platelet FcyRIIA
due to the presence of SARS-CoV-2 antibodies may be
even more relevant in subsequent years.

SARS-CoV-2 entry into endothelial cells, which express
ACE2, and the loss of endothelium integrity may favor
recruitment of circulating platelets to sites of infection, their
activation and degranulation, suggesting that the inhibition
of endothelial cell activation may improve disease out-
come.™ Megakaryocytes in lungs bear an immune profile
distinct from the megakaryocytes found in bone marrow.®'
While this remains speculative, megakaryocytes in lungs,
a privileged location that might support their infection by
respiratory viruses, might be susceptible to SARS-CoV-2
infection and might transfer viral RNA or viral particles as
proplatelets are produced. Moreover, dengue virus* can
infect megakaryocytes, which impacts the megakaryocyte
transcriptome.*® Hence, platelets produced by infected
megakaryocytes, and by megakaryocytes in the inflamed
environment, may present a different transcriptome, which
may explain their potency at producing inflammatory cyto-
kines, such as IL-1, when activated by a-thrombin.

From platelet degranulation and cytokine release
analyses, we propose that platelets can contribute to the
cytokine storm reported in COVID-19. A limited number
of cytokines (Groa, IL-7, MDC, PDGF-AB/BB, RAN-
TES [regulated upon activation normal T cell expressed
and secreted]) was found to be increased in platelets in
COVID-19, which may be either due to (1) overexpres-
sion by megakaryocytes and subsequent transfer to newly

Circulation Research. 2020;127:1404-1418. DOI: 10.1161/CIRCRESAHA.120.317703
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formed platelets, © overexpression by platelets through
increased translation, or (3) increased capture of these
cytokines from blood. On the contrary, some cytokines or
growth-factors (eg, eotaxin, IFNy, IL-1B, TGFp) related to
viral responses were significantly decreased in platelets,
but increased in the blood, suggesting that platelets may
contribute to the release of these molecules in the dis-
ease. While molecules such as CD40L, PF4, and sero-
tonin are abundant in platelet granules and are released
upon degranulation, cytokines such as IL-1 may be pro-
duced de novo following platelet activation.®® Therefore,
the presence of CD40L, PF4, and serotonin are clear
indicators of platelet degranulation in vivo. These mol-
ecules secreted by platelets can have effects on numer-
ous cell types as well as the vasculature. Serotonin for
instance, which we found to be abundantly released in
this disease, can directly impact blood vessel integrity and
promote leukocyte recruitment and cytokine release.®3&
Of potential relevance, soluble CD40L, which we found
to be released by platelets in COVID-19, can contribute
to both activation of CD40 bearing cells and thrombo-
sis by stabilizing glycoprotein allbp328' This may not be
unique to SARS-CoV-2 as dengue virus also induces the
release of CD40L from human platelets 82

Platelet EV convey molecules from the mother plate-
lets.®® They can transport platelet-derived cytokines, as
well as other proinflammatory molecules such as damage
associated molecular patterns.®58384 We made the original
observation that platelet EV are significantly increased in
the circulation in this disease. This increase could be due
to an increased production by megakaryocytes or plate-
lets, the reduction of their clearance, or a combination of
both effects. Surprisingly, levels of platelet EV were sig-
nificantly lower in severe disease as compared with non-
severe disease. Moreover, phosphatidylserine-exposing
platelet EV were increased in nonsevere patients, but they
were not significantly elevated in comparison to nonse-
vere COVID-19 nor healthy volunteers in severe COVID-
19. We observed that the reduced platelet number in more
severe patients could not fully explain the reduced levels
of phosphatidylserine-exposing platelet EV (Table VI in the
Data Supplement), which might point to the consumption
or sequestration of these particular subtypes of EV. Given
that both CRP and LDH, but not D-dimers, were inversely
associated with concentrations of platelet-derived EV, the
data further suggest that inflammation, rather than throm-
bosis, might affect production, consumption or sequestra-
tion of platelet-derived EV.

At the time of revising this article, 2 independent studies
reported that platelets are hyperactivated and form aggre-
gates with leukocytes in COVID-19.%8 Manne et al™
further observed gene expression changes in pathways
associated with protein ubiquitination, antigen presentation
and mitochondrial dysfunction in COVID-19, which added
to our observations regarding the altered cytokine and
growth factor contents, supports the notion that platelets
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may respond to SARS-CoV-2 infection by the modulation
of its transcriptome and the secretion of inflammatory mol-
ecules. Moreover, mMRNA from the SARS-CoV-2 N1 gene
could be identified in platelets of a subset of patients, an
observation we also made in our cohort.”™

Hottz et al® on the contrary, demonstrated that acti-
vated platelets could associate with monocytes, which
induced tissue factor expression by the latter. Intrigu-
ingly, they found that an unidentified plasma component
present in COVID-19 could activate platelets, and that
monocyte activation by platelets implicates P-selectin and
ollbp3.8° Platelet activation, assessed by surface expres-
sion of P-selectin and CD63, was, however, only evident
in patients with severe COVID-19 and strongly correlated
with levels of D-dimers, which contrasts with our findings.
In our cohort, D-dimers, as well as CRP and LDH, were
indicators of more severe disease, consistent with the
observations made by others,'"1921566768 Wjith the exception
of platelet EV, which levels inversely correlated with CRP
and LDH, none of the measured platelet-derived mediators
correlated with D-dimers or the markers of inflammation.
The different experimental approaches to assess activa-
tion and the relatively low number of nonsevere patients
analyzed (4 outpatients with self-limiting COVID-19 syn-
drome and 2 asymptomatic subjects)®® possibly explain the
apparent discrepancy between their study and ours. In our
study, 71 patients with nonsevere disease were included,
who all presented symptoms and were hospitalized. As
platelets were not activated in patients with asymptomatic
and self-limiting COVID-198° but were highly activated in
our cohort of nonsevere and severe patients, it points to a
potential role of platelets through the different stages of
the pathogenesis. Moreover, that D-dimers failed to corre-
late with platelet counts or markers of platelet degranula-
tion may further suggest that platelets, in the great majority
of patients with symptomatic COVID-19, can be activated
independently of thrombosis.

Using functional assays, we observed that platelets
from patients with COVID-19 are hyperresponsive.
Platelets were sensitized to release inflammatory cyto-
kines, and they aggregated and adhered to a collagen
surface more efficiently when originating from patients
with COVID-19. As such, hyperactivation of platelets
may contribute to the disease pathogenesis through
both the release of inflammatory mediators and throm-
bosis. In summary, our study has revealed that platelets
are hyperactivated in COVID-19 and may contribute
to the observed systemic inflammatory response and
thrombotic events observed in this disease. The block-
ade of platelet activation pathways may improve the out-
comes in this disease.
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