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In 2019 ﬁrst reports about a new human coronavirus emerged, which causes common
cold symptoms as well as acute respiratory distress syndrome. The virus was identiﬁed
as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and severe thrombotic events including deep vein thrombosis, pulmonary embolism, and microthrombi
emerged as additional symptoms. Heart failure, myocardial infarction, myocarditis,
and stroke have also been observed. As main mediator of thrombus formation,
platelets became one of the key aspects in SARS-CoV-2 research. Platelets may also
directly interact with SARS-CoV-2 and have been shown to carry the SARS-CoV-2 virus.
Platelets can also facilitate the virus uptake by secretion of the subtilisin-like proprotein
convertase furin. Cleavage of the SARS-CoV-2 spike protein by furin enhances binding
capabilities and virus entry into various cell types. In COVID-19 patients, platelet count
differs between mild and serious infections. Patients with mild symptoms have a
slightly increased platelet count, whereas thrombocytopenia is a hallmark of severe
COVID-19 infections. Low platelet count can be attributed to platelet apoptosis and the
incorporation of platelets into microthrombi (peripheral consumption) and severe
thrombotic events. The observed excessive formation of thrombi is due to hyperactivation of platelets caused by the infection. Various factors have been suggested in
the activation of platelets in COVID-19, such as hypoxia, vessel damage, inﬂammatory
factors, NETosis, SARS-CoV-2 interaction, autoimmune reactions, and autocrine activation. COVID-19 does alter chemokine and cytokine plasma concentrations. Platelet
chemokine proﬁles are altered in COVID-19 and contribute to the described chemokine
storms observed in severely ill COVID-19 patients.
In 2019 wurden erste Berichte über ein neuartiges Coronavirus bekannt, welches bei
Menschen Erkältungssymptome aber auch ein akutes Lungenversargen (ARDS) auslösen kann. Das Virus wurde als SARS-CoV-2 eingeordnet und schwere Thrombosen,
wie z.B. tiefe Venenthrombosen und Lungenembolien, sowie Mikrothromben als
zusätzliche Symptome identiﬁziert. Herzinfarkte, Myokarditis sowie Schlaganfälle
wurden ebenfalls beobachtet. Als einer der Hauptmediatoren der Thrombusbildung
wurden Thrombozyten schnell zu einem Fokus der SARS-CoV-2 Forschung. Blutplättchen können wahrscheinlich direkt mit SARS-CoV-2 interagieren und es wurde gezeigt
das sich Viruspartikel im Zytosol von Thrombozyten beﬁnden können. Thrombozyten
können darüber hinaus die Aufnahme des Virus erleichtern, indem sie die subtilisin-like
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proprotein convertase furin sezernieren, welche das Spike Protein von SARS-CoV-2
Viren spaltet und dadurch die Bindungskapazität des Proteins an zelluläre Rezeptoren
erhöht. Die Thrombozytenzahl wird durch eine Covid-19 Infektion beeinﬂusst. Patienten mit milden Symptomen zeigen leicht erhöhte Thrombozytenwerte, wohingegen
eine Thrombozytopenie ein wichtiges Merkmal einer schweren Erkrankung ist. Diese
geringe Thrombozytenzahl kann auf eine erhöhte Apoptose sowie den Einschluss von
Thrombozyten in Mikrothromben (peripherer Verbrauch) oder massive Thrombosen
zurückgeführt werden. Die beobachtete massive Bildung von Thromben erfolgt auf
Grund einer Covid-19 induzierten Hyperaktivierung von Thrombozyten. Verschiedene
Faktoren können Thrombozyten während einer Covid-19 Infektion aktivieren, dazu
zählen Hypoxie, Gefäßschäden, Entzündungsmarker, NETosis, direkte SARS-CoV-2
Interaktionen, Autoimmunreaktionen sowie eine autokrine Aktivierung. Zudem verändert Covid-19 die Chemokin- und Zytokin-Konzentrationen im Blutplasma. Auch das
Chemokin Proﬁl von Thrombozyten ist in Covid-19 Patienten verändert und trägt stark
zu dem in schwer kranken Patienten beobachteten Chemokinsturm bei.

Introduction
The severe acute respiratory syndrome coronavirus 2 (SARSCoV-2) belongs to the coronavirus family, which was ﬁrst
discovered in 1960. The ﬁrst four human coronavirus strains
discovered—229E (HCoV-229E), HKU1 (HCoV-HKU1), NL63
(HCoV-NL63), and OC43 (HCoV-OC43)—are known to cause a
common cold in healthy individuals. In 2003, a new coronavirus strain, the SARS-CoV, was ﬁrst described in China and
in 2012 the Middle East respiratory syndrome coronavirus
(MERS-CoV) was initially detected in Saudi Arabia. Both
strains cause severe respiratory tract infections and, in
case of MERS, had an extremely high death rate (34%). These
outbreaks were caused by zoonosis probably originating
from bats. Reservoirs for coronaviruses have been identiﬁed
in bats, predominantly in Asia and also in Europe (e.g.,
Romania). Both the SARS-CoV and MERS-CoV epidemic
revealed coronaviruses as a risk to human health and introduced a ﬁrst bout of scientiﬁc research into coronaviruses in
general. In 2019, a new human coronavirus was discovered in
China, again probably originating from bat populations.
Shortly after, the virus was established as SARS-CoV-2 and
the outbreak was declared a pandemic by the World Health
Organization. Until the end of March 2021, more than
135,000,000 cases of coronavirus disease 2019 (COVID-19)
and more than 2,930,000 deaths have been reported worldwide. First reports of the coronavirus disease termed
“COVID-19” listed common cold symptoms and also a high
number of severely ill patients with acute respiratory distress syndrome (ARDS) and deaths caused by acute lung
injuries and hypoxemic respiratory failure. Shortly after,
severe thromboembolic events were reported in critically
ill COVID-19 patients. These ﬁndings were not surprising as
virus infections are often associated with systemic inﬂammation and changes in hemostasis (e.g., platelet activation,
thrombocytopenia) and coagulation (triggered by thrombin
activation among others). The ﬁrst reports about severe
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thromboembolic events have been proven correct by postmortem examinations and also in some cases documented as
cause of death.1 Deep vein thrombosis, pulmonary embolism
including microthrombi in small arteries, and capillaries of
lung tissue are listed in these reports. The heart, the brain,
the liver, and the kidneys are also highly perceptible for
microthrombi formation in COVID-19 patients. Heart failure,
myocardial infarction, myocarditis, and cardiac arrhythmias
have also been observed. Signiﬁcantly elevated levels of Ddimer, a ﬁbrin degradation product, in the plasma accompanied theses ﬁrst ﬁndings.2,3 These signiﬁcantly high levels of
D-dimers in the plasma are correlated with severe COVID-19
and massive thrombotic events.3–6 These results were making platelets and thrombus formation one of the main focal
points in COVID-19 research. Especially considering the
overlap of risk factors for COVID-19 and patients with
preexisting cardiovascular diseases and/or obesity, diabetes
mellitus, hypertension, and advanced age that are prone to
thromboembolic events.

SARS-CoV-2 Interaction with Platelets
Platelets, also called thrombocytes, are small anucleated cell
fragments (2–4 µm) shed and liberated into the blood stream
by megakaryocytes. These small oblate spheroid fragments
have a short live span of 8 to 9 days. Their main function is to
initiate a ﬁrst cellular response to vascular injuries and
thrombosis. Recently, platelets have been elevated from
simple cell fragments to important mediating factors in
the blood, when more platelet functions, such as protein
synthesis, autophagy, and apoptosis, had been identiﬁed.
Platelets do interact with numerous cell types in the blood
and the surrounding endothelium and they are thereby
capable to connect the immune system with thrombotic
events especially via the release of various potent cytokines
and chemokines. They thereby are key mediators of inﬂammation.7 Blood drawn from COVID-19 patients does contain
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SARS-CoV-2 and is considered potentially infectious.3,8–12
High mRNA levels of SARS-CoV-2 in the blood of patients are
also positively correlated with severe COVID-19 infections.11
Traces of SARS-CoV-2 mRNA were detected in isolated
platelets by RT-qPCR and virions have been depicted within
platelet sections by electron microscopy techniques.3,11,12
Other investigations were not able to verify these results.13
Interestingly, Zaid et al described an age discrepancy in the
presence of SARS-CoV-2 mRNA measured by qPCR in platelet
isolates.3 SARS-CoV-2 mRNA-positive platelet samples were
more often collected from older COVID-19 patients compared with younger COVID-19 patients. These ﬁndings are
within the overall picture that SARS-CoV-2 infections are in
general more severe in older patients and are more likely to
have a negative outcome.
However, whether platelets are even able to interact and
internalize SARS-CoV-2 is still controversially discussed.
Platelets can take up and degrade viruses such as inﬂuenza
viruses or human immunodeﬁciency viruses (HIVs) and
therefore maybe considered as a part of the innate immune
response. But the main cell entry receptor (e.g., in airway
epithelial cells) for SARS-CoV-2 has been identiﬁed as angiotensin-converting enzyme 2 (ACE2). ACE2 is expressed on the
surface of multiple immune cells like monocytes and macrophages as well as in respiratory and vascular endothelial
cells.14–16 The expression of ACE2 in platelets and megakaryocytes is still disputed. Manne et al were not able to detect
traces of ACE2 mRNA in human platelets or detect the ACE2
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protein by proteome assays and immunocytochemistry
staining.17 In contrast, Zaid et al and Zhang et al were able
to detect ACE2 mRNA and perform immunoﬂuorescence
staining of ACE2 in human and murine platelets.3,11 Numerous factors can contribute to these contrasting ﬁndings such
as timing and origin of the blood. ACE2 could be internalized
and degraded after binding to SARS-CoV-2. Also, mRNA
levels could be affected by an acute infection. Manne et al
and Zaid et al did indeed use blood from hospitalized
COVID-19 patients.3,17 In addition, the isolation procedure,
which has been different between the studies, might contribute to the varying outcome.
Alternative receptors that could bind SARS-CoV-2 and
promote entry into platelets are CD147 (basigin, EMMPRIN),
CD26, integrins, and endosomal toll-like receptor–mediated
pathway12,18 (►Fig. 1). CD147 is a glycosylated membrane
protein, expressed in several blood cells including platelets
and has been described as a possible entry vector for SARSCoV-1, HIV, and measles.12 The SARS-CoV-2 spike protein
contains an RGD motif (arginine–glycine–aspartate) in the
receptor-binding domain near the distal dip, which is frequently utilized by viruses (e.g., herpes simplex virus or
Epstein–Barr virus) to bind integrin proteins.19,20 A homologous KGD sequence has been detected in the SARS-CoV-1
spike protein.19 The RGD domain is identical to the RGD
sequence in the α-chain of ﬁbrin. Platelets express and
present several integrin proteins on their cellular surface,
such as integrin αIIbβ3 that binds to the RGD sequence

Fig. 1 Various receptors could mediate severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) binding and cell entry into platelets.
Platelet-derived furin can facilitate the cell entry by cleavage and activation of the SARS-CoV-2 spike protein.
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within ﬁbrin. These integrins, therefore, could allow virion
binding to the surface of platelets or even enable their entry
into the cytoplasm.19,20 Incubation of washed platelets with
SARS-CoV-2 spike protein or virus particles caused an enhanced platelet aggregation and ATP release upon agonist
activation compared with untreated controls but do not
independently induce aggregation.11 SARS-CoV-2 spike protein did similarly increase thrombus formation in ﬂow
chamber experiments with whole blood from ACE2 transgenic mice compared with wild-type mice.11 These results
demonstrate a direct interaction of virions with platelets, but
they do not prove virus uptake by platelets.
However, the presence of SARS-CoV-2 mRNA and virus
particles in platelets could also be explained by SARS-CoV-2
infection of megakaryocytes.21 Megakaryocytes have an
overlapping receptor stock. Therefore, the earlier-described
entry vectors can be applied to megakaryocytes as well as
platelets. In addition, megakaryocytes are able to engulf
hemopoietic cells and thus take up virus particle. mRNA
and virions could consequently be diverted from megakaryocytes into platelets during the shedding of the cell fragments into the blood stream. In addition, platelets have the
ability to assimilate proteins, vesicles, and other cell components by themselves. Hence, platelets could fuse with extracellular vesicles containing virus particles or mRNA shed
from infected cell such as epithelial cells.12
The SARS-CoV-2 virus binds to its target cell via its spike
protein, which protrudes from the virus surface. This binding
initiates the virus fusion with its target cell. Furthermore,
viral attachment of SARS-CoV-2 is facilitated by various
endogenous membrane bound and circulating proteases
and convertases, such as the subtilisin-like proprotein convertase furin, causing severe clinical manifestations during
infection.22–25 Furin is expressed ubiquitously and regulates
a variety of physiological functions and thus is involved in the
blood clotting and complement system as well as in the
cleavage of membrane receptors, viral-envelope glycoproteins, and bacterial exotoxins.26 Furin has been described to
play a pivotal role in cardiovascular disease and cardiovascular risk factors such as diabetes mellitus.27 Additionally,
furin is linked to atheroprogression. The serine protease
TMPRSS2 and the subtilisin-like proprotein convertase furin
are able to cleave the SARS-CoV-2 spike protein. High furin
plasma levels are also a marker for a poor prognosis in
severely ill COVID-19 patients.28 TMPRSS2 expression was
not detected in human platelets.3 However, Langnau et al
recently established the presence of furin in platelets by
Western blot analysis as well as immunoﬂuorescence.28
Activated platelets secret furin and are a possible source
for furin (►Fig. 1). Platelets can transport furin into the
microenvironments of the lung and the heart where platelets, epithelial cells, and SARS-CoV-2 virions meet, and can
thereby facilitate the virus entry in various cell types. The
furin release is thrombin-dependent and is mediated via the
PAR1 or PAR4 receptor. But the kinetics between the two
receptors differs. PAR1 responds to quite low thrombin
concentrations, whereas PAR4 needs a strong activation
signal and might be a back-up system for furin release. To
Hämostaseologie
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summarize, platelets are in all probability involved in
the spike protein activation and thereby facilitate the
SARS-CoV-2 entry into various cell types and infection.

Platelet in COVID-19 Infection
Alterations of the blood platelet count have been reported in
patients with an acute COVID-19 infection.29 Severely ill
patients often exhibit a thrombocytopenia, whereas unlike
in other respiratory diseases such as inﬂuenza, slightly elevated platelet counts have been measured in patients with mild
symptoms.11,29,30 Patients with a severe COVID-19 infection
also exhibit a low plateletcrit (PTC) and an increased mean
platelet volume, platelet distribution width, and platelet large
cell ratio.11,31 The megakaryocyte count in bone marrow can
be increased as well. Furthermore, COVID-19 patients exhibit
an abnormal megakaryocytes distribution and proplatelet
formation (e.g., in the microvasculature and tissue of the
lung, heart, and/or kidney). These diametrically opposed
results in platelet count may be explained by the extensive
manifestation of thrombotic events in critically ill COVID-19
patients, ranging from the occurrence of microthrombi in
several tissues (e.g., lung, heart, liver, or kidney) to massive
ischemic events culminating in thromboembolism, myocardial infarction, or stroke.32 Another recently described phenomenon is the antibody-induced apoptosis of platelets in COVID19 patients mediated by immunoglobulin G (IgG) antibodies
via the Fcγ-receptor IIA (immunoreceptor tyrosine-based
activation motif [ITAM]) on the platelet surface.33 This process
is caused by a SARS-CoV-2–induced autoimmune reaction
against surface receptors of platelets and there might be
similarities between the observed autoimmune response in
COVID patients and the rare thrombotic events after the
immunization with certain SARS-CoV-2 vaccines (e.g., AstraZeneca or Johnson & Johnson) and the heparin-induced thrombocytopenia. Until now disintegration of the platelet
mitochondrial membrane, high cytosolic calcium, and
enhanced phosphatidylserine presentation have been
identiﬁed as players in these apoptotic events.33,34 These
processes can explain the low platelet count in the blood as
platelets are bound in thrombotic events or disintegrate by
apoptosis and are thereby missing in the peripheral blood. The
increase in the systemic megakaryocyte count and an abnormal distribution might be a mechanism to counteract the acute
loss of platelets.
The natural and main function of platelets is to initiate the
ﬁrst response to vessel damages. The elevation of epithelial
injuries (e.g., collagen, thrombin, or adenosine diphosphate
in the blood plasma) does activate platelets, which in turn
releases microvesicles and granules containing numerous
chemokines and cytokines. These inﬂammatory signals attract immune cells and induce thrombus formation, the ﬁrst
steps toward vessel damage repair.
Severely ill COVID-19 patients display a severe thrombocytopathy. Virus-induced respiratory tract infections like an
acute SARS-CoV-2 infection are often associated with platelet activation and characteristic coagulopathy and often
occur early during infection.3,35–38 Platelets of COVID-19
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patients are generally hyperactivated, marked by signiﬁcantly elevated P-selectin surface expression already at the time
of hospital admission.2,28,39 Several factors contribute to this
hyperactive state2,28,40 and it is distinct from other ARDSs
such as inﬂuenza-induced ARDS.41 The uncontrolled hyperinﬂammation in COVID-19 reﬂects in the hyperactivation of
platelets and is accompanied by a hypoﬁbrinolysis.42 Although COVID-19 is associated with elevated D-dimer levels,
hypoﬁbrinolysis may be caused by an accelerated coagulation cascade and factor consumption. However, this hypothetic explanation needs further evaluation. Patients are at
risk to develop progressive respiratory failure, multipleorgan failure, and death. Severely ill COVID-19 patients often
have preexisting cardiovascular conditions, are obese, have
diabetes mellitus, have hypertension, or are of advanced age.
All these conditions are commonly known to affect/induce
platelet activation. Also, the COVID-19-induced hypoxia in
critically ill patients does have a strong system-wide effect
and is prone to affect platelets. Furthermore, SARS-CoV-2
virus itself may activate platelet aggregation and thrombus
formation through the previously described pathways, such
as interaction of the spike protein with integrins, e.g. integrin
αIIbβ3 (GPIIb–IIIa), via the RGD motif.11,19 The SARS-CoV-2
virus carries hundreds of spike protein trimers, each monomer containing three RGD motifs. Similar virus-induced
coagulation does occur in hantavirus infections, which utilize integrin αIIbβ3 binding to recruit platelets to endothelial
walls and form thrombi, even though integrin αIIbβ3 recruiting does not involve an RGD motif in hantaviruses.19 Interestingly, anti-spike protein antibodies can suppress SARSCoV-2-induced platelet activation in vitro.11 It has been
recognized that patients with severe acute respiratory failure show enhanced pathophysiological signs of inﬂamed
endothelium in the pulmonary microcirculation (endothelialitis).43 Activation of platelets is a major trigger for endothelial dysfunction.44,45 Enhanced platelet activation and
subsequent endothelial reactions are likely to promote
microcirculatory arrest in organ failure.46
In addition, the tissue damage caused by the virus especially in the lung epithelium can further activate platelets.
Tissue damage factors such as von-Willebrand factor (vWF),
ﬁbrinogen, PAI 1, soluble thrombomodulin, or angiopoietin
are elevated in plasma from COVID-19 patients.2,30,47 Especially vWF and ﬁbrinogen together with D-dimer and Pselectin are vital for the development of coagulopathies. In
addition, NETosis has also been identiﬁed as a factor in the
inﬂammatory response to SARS-CoV-2 as well as platelet
activation.32,48 NET formation is also associated with microthrombi formation and SARS-CoV-2 induced signiﬁcantly
high plasma levels of platelet factor 4 (PF4) and RANTES
might contribute to NETosis.48 Antibody-induced platelet
aggregation has been detected in severely ill COVID-19
patients,33 similar to the IgG-induced apoptosis of platelets
via the Fcγ-receptor IIA (ITAM). All these described aspects
contribute in different degrees to the hyperactivated state of
platelets in COVID-19 patients.
The system-wide inﬂammation caused by the virus is
reﬂected in increased inﬂammatory markers in the blood
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plasma (e.g., complement factors, C-reactive protein, or
ferritin).29 A correlation between chemokines and other
inﬂammatory markers has also been observed (e.g., IL-6
levels seem to be correlated with the ﬁbrinogen concentration in blood plasma from COVID-19 patients). Cytokine and
growth factors in general are also signiﬁcantly altered in the
blood plasma of COVID-19 patients. Zaid et al used a multiplex system to measure the plasma concentrations of 48
cytokines and growth factors. From 48 cytokines measured,
13 were signiﬁcantly increased in patients with a mild
COVID-19 infection and two signiﬁcantly downregulated
compared with healthy controls. In severely ill patients, 27
out of 48 cytokines were signiﬁcantly upregulated and 2
downregulated. In parallel, cytokine level in platelet lysates
from COVID-19 patients were signiﬁcantly downregulated
compared with healthy controls.3 In addition, circulating
platelet/leukocyte co-aggregates correlate with plasma levels of cytokines/chemokines such as IL-6, CCL2, and CXCL10,
and activation of platelets is associated with CCL5 and
elevation of systolic pulmonary artery pressure.28 An increased PF4 plasma level in COVID-19 patients further
underlined an elevated α- and dense granule release from
platelets. One intracellular key regulator of α- and dense
granule release is the protein kinase Cd (PKCd). In vitro
stimulation experiments with platelets revealed an enhanced phosphorylation of PKCd samples from COVID-19
patients,
indicating
a
sensitization
of
platelet
activations/secretion pathways.3
These results underline the importance of the inﬂammatory response to a SARS-CoV-2 infection and the correlation
of cytokine plasma levels and the occurrence of cytokine
storms with the severity of a SARS-CoV-2 infection.
Activated platelets can also increase their own activation
through autocrine pathways. Cytokines and chemokines
released from granules do attract immune cells and also
act as a positive feedback loop on platelets themselves.
Besides an effect in autoactivation, platelet-derived extracellular vesicles (PLT-EVs) even qualify as diagnostic parameter
for a SARS-CoV-2 infection. PLT-EVs are signiﬁcantly elevated in SARS-CoV-2 patients with severe COVID-19 compared
with healthy controls.3,49 Hyperactivated platelets do significantly aggregate with themselves or other cell types such as
neutrophils or monocytes and show increased thrombus
formation abilities.28,50 Hyperactive platelets together with
the massive cell damage caused by the SARS-CoV-2 and an
impaired ﬁbrinolysis in patients lead to severe thrombotic
events in critically ill COVID-19 patients and the pathological
outcome observed in postmortem examinations. Other cell
types, especially immune cells, identify hyperactivated platelets under pathological conditions. This can lead to platelet
consumption and clearance, another factor contributing to
the observed thrombocytopenia in critically ill patients.

Conclusion
With high probability, platelets do interact with SARS-CoV-2
virions and have been shown to carry the SARS-CoV-2 virus.
Platelets can also facilitate the virus uptake by secretion of
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Fig. 2 Hyperactivation of platelets in severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infections is due to various inﬂammatoryinduced factors as well as direct interactions with the SARS-CoV-2 virus.

the subtilisin-like proprotein convertase furin. Cleavage of
the SARS-CoV-2 spike protein by furin enhances the binding
capabilities and the virus entry into various cell types
(►Fig. 1).
In COVID-19 patients, the platelet count differs between
mild and serious infections. Patients with mild symptoms
have a normal or slightly increased platelet count, whereas
thrombocytopenia is a hallmark of severe COVID-19 infections. The low platelet count is an effect of platelet apoptosis
and the incorporation of platelets from the peripheral blood
into microthrombi and/or severe thrombotic events. The
excessive formation of thrombi is at least partly due to
hyperactivation of platelets caused by the COVID-19 infections. Various factors are involved in the activation of platelets in COVID-19, such as hypoxia, vessel damage,
inﬂammatory factors like chemokine and cytokines, NETosis,
SARS-CoV-2 interaction, autoimmune reactions, and autocrine pathways (►Fig. 2). COVID-19 does alter chemokine
and cytokine plasma concentrations. Platelet chemokine
proﬁles are altered in COVID-19 patients and might contribute to the described chemokine storm.
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