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Abstract
There is an urgent need to understand the underlying mechanisms contributing to 
thrombotic and inflammatory complications during COVID-19. Data from independ-
ent groups have identified that platelets are hyperreactive during COVID-19. Platelet 
hyperreactivity is accompanied by changes in platelet gene expression, and enhanced 
interactions between platelets and leukocytes. In some patients, SARS-CoV-2 mRNA 
has been detected in platelets. Together, this suggests that SARS-CoV-2 may inter-
act with platelets. However, controversy remains on which receptors mediate SARS-
CoV-2 platelet interactions. Most, but not all, transcriptomic and proteomic analyses 
fail to observe the putative SARS-CoV-2 receptor, angiotensin converting enzyme-2, 
or the cellular serine protease necessary for viral entry, TMPRSS2, on platelets and 
megakaryocytes. Interestingly, platelets express other known SARS-CoV-2 recep-
tors, which induce similar patterns of activation to those observed when platelets 
are incubated with SARS-CoV-2. This article explores these findings and discusses 
ongoing areas of controversy and uncertainty with regard to SARS-CoV-2 platelet 
interactions.
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1  | INTRODUC TION

SARS-CoV-2 coronavirus emerged in Wuhan, China, in December 
2019, and has infected more than 35 million people worldwide.1 
The associated disease, COVID-19, has claimed 1 million lives as of 
October 2020.1 While notable manifestations in COVID-19 include 
acute respiratory distress syndrome, it is now well recognized that 
thrombosis and cardiovascular manifestations also contribute greatly 
to morbidity and mortality from COVID-19.2,3 Thrombotic complica-
tions have been observed in hospitalized patients with COVID-19, 
which are manifested by elevated levels of D-dimer and fibrin deg-
radation products as well as macrothrombi and small vessel throm-
bosis in multiple organs.2-5 However, the pathophysiologic cellular 
drivers of these thrombotic complications are poorly understood.

Platelets are small, cellular fragments derived from their parent 
cells, megakaryocytes. As platelets are anucleate, megakaryocytes 
are generally thought to package the molecular factors necessary 
for platelets to function before they are released into the circula-
tion. In addition to their traditional roles in hemostasis, platelets play 
critical roles during infectious diseases, which are often associated 
with a heightened risk of thrombosis. Autopsies from COVID-19 pa-
tients have revealed platelet-rich thrombi in microcapillaries in the 
lungs, heart, kidneys, and skin and abnormally elevated numbers of 
megakaryocytes in heart and lungs further pointing to dysregulated 
hemostasis in patients infected with SARS-CoV-2.6-8

2  | PL ATELET AC TIVATION AND 
HYPER AC TIV T Y IN COVID -19

Recently, several independent studies have demonstrated that 
platelets are activated in COVID-19 patients.9-14 Platelets from 
COVID-19 patients are hyperreactive in comparison to healthy do-
nors when activated with traditional platelet agonists such as aden-
osine diphospate, collagen, and thrombin. This increase in platelet 
reactivity appears to be, in part, dependent on increased protein 
kinase C delta, extracellular signal-regulated kinases, and p38 signal-
ing, resulting in increased degranulation and thromboxane B2 gen-
eration.9,13 Furthermore, platelets from COVID-19 patients release 
extracellular vesicles as well as dense and alpha granule cargo into 
the blood, including serotonin, soluble P-selectin, soluble CD40L, 
platelet-derived growth factor, and platelet factor 4.10-13 In addition, 
COVID-19 induces significant changes to the platelet transcriptome, 
which are distinct in many ways from transcriptional changes ob-
served in influenza and sepsis.9

Numerous factors can lead to platelet activation and hyperreac-
tivity in COVID-19 patients. Platelets may activate as a primary result 
of alterations in gene expression or secondarily to the generation of 
increased soluble pro-coagulant molecules, such as fibrinogen.2,15 
During the overwhelming inflammation that prevails in COVID-19, 
the accumulation of cytokines and other factors may also activate 
platelets—among a number of other potential mechanisms. In ad-
dition to these indirect mechanisms, viruses can directly activate 

platelets or megakaryocytes, including dengue virus, influenza virus, 
human immunodeficiency virus-1 (HIV-1), and encephalomyocarditis 
virus, offering another potential mechanism for increased platelet 
activation and hyperreactivity during SARS-CoV-2 infection.16-21 
Viruses can also activate platelets through indirect interactions with 
FcγRIIA, a mechanism that may take place uniquely if antibodies 
directed against SARS-CoV-2, or cross-reacting antibodies against 
more common coronaviruses that generate minor cold symptoms in 
humans (229E, NL63, OC43, and HKU1), are present.22 A mecha-
nism in which SARS-CoV-2 directly activates megakaryocytes and 
platelets appears possible as two independent studies have reported 
the presence of SARS-CoV-2 mRNA in platelets of some COVID-19 
patients.9,12 However, how SARS-CoV-2 interacts with megakary-
ocytes and platelets has not fully been elucidated and remains 
controversial.

3  | POTENTIAL RECEPTORS FOR SARS-
COV-2 BINDING TO MEGAK ARYOCY TES 
AND PL ATELETS

A putative receptor for the binding and entry of SARS-CoV-2 virus 
to cells is angiotensin converting enzyme-2 (ACE2).23 The recep-
tor is highly expressed by nasopharyngeal airway epithelial cells as 
well as alveolar epithelial cells, vascular endothelial cells, and lung 
macrophages,24 which likely explains the notable acute respiratory 
distress syndrome in COVID-19 patients. In addition to ACE2, the 
cellular serine protease TMPRSS2 is necessary for cleaving the S 
protein on SARS-CoV-2, which allows for fusion of viral and cellu-
lar membrane and subsequent viral entry to the cell.25 The expres-
sion of ACE2 and TMPRSS2 in platelets and megakaryocytes has 
not been specifically examined until now. Published work by Manne 
et al did not detect ACE2 or TMPRSS2 in CD45-depleted platelets 
from either healthy donors or COVID-19 patients using a number 
of complementary transcriptomic and proteomic assays, including 
RNA-seq analysis, real-time polymerase chain reaction, and western 
blot analysis.9 These findings were confirmed and extended by Zaid 
et al using similar techniques, and also demonstrated that ACE2 pro-
tein was not present in human platelets using immunocytochemis-
try.13 Consistent with this prospective work, retrospective analyses 
of previously published deep sequencing and microarray datasets 
from our groups and others,12,16,26-31 have not identified any ACE2 
or TMPRSS2 expression in CD34+-derived, cultured human mega-
karyocytes or platelets from healthy donors. Furthermore, ACE2 and 
TMPRSS2 are not expressed in isolated human platelets during acute 
infectious diseases, including influenza, dengue, and sepsis.16,29 
Proteomic approaches based on mass spectrometry on isolated 
human platelets have also failed to identify ACE2 or TMPRSS2 
protein in platelets.32 RNA-seq analyses using platelets and mega-
karyocytes from mice also reveal a lack of ACE2 and TMPRSS2 ex-
pression.31,33 In contrast, a recent study by Zhang et al observed 
robust ACE2 and TMPRSS2 mRNA and protein expression on plate-
lets from healthy humans and mice.12 These investigators also used 
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in vitro assays and in vivo ACE2 transgenic mice to report that both 
complete SARS-CoV-2 virus as well as the SARS-CoV-2 spike protein 
are able to induce platelet activation.

How might we reconcile these apparently discordant find-
ings on whether platelets and megakaryocytes express ACE2 and 
TMPRSS2? Differences in ethnicities may explain the discrepant ob-
servations of ACE2 and TMPRSS2 RNA expression as Manne et al9 
and Zaid et al13 included individuals from North America and North 
Africa while Zhang et al12 studied individuals from Asia. Interestingly, 
ACE2 and TMPRSS2 RNA were below the limit of detection in a 
publicly available microarray-based platelet transcriptomics dataset 
which includes a relatively large proportion of healthy Black individ-
uals.30 Alternatively, reported differences may be due to differences 
in methods to isolate platelets for RNA0based assays. Both Manne 
et al9 and Zaid et al13 used CD45+ beads to bind and thereby de-
plete any residual leukocytes from washed platelet preparations. In 
contrast, Zhang et al12 used gel-purified platelets. While a mono-
cyte-specific marker (eg, CD14) was used to confirm the absence of 
white blood cells, perhaps lymphocytes, natural killer cells, and other 
white blood cells lacking CD14 expression were inadvertently pres-
ent in platelet preparations used for RNA studies. For protein-based 
assays, differences in antibody binding epitopes and/or non-specific 
binding may have played a role. The work by Zhang et al12 also pro-
vided intriguing mechanistic evidence of platelet hyperactivation 
following the injection of SARS-CoV-2 spike protein in K18 human 
ACE2 transgenic mice. As human ACE2 expression is driven by the 
epithelial cell cytokeratin-18 promoter,34 it remains uncertain as to 
whether human ACE2 was expressed by megakaryocytes and plate-
lets in these transgenic mice and how these observations can be rec-
onciled with those made in humans. Future studies are needed to 
confirm whether the transgenic expression of the receptor in mice 
reflects the expression profile in humans.

While the definitive answer of whether platelets express ACE2 
and TMPRSS2 remains to be solved, it is very important to not lose 
sight of consistencies between these reports, and how concordant 
findings advance our understanding and are foundational for further 
studies. Not only did all studies demonstrate platelet activation in 
SARS-CoV-2 infection, they also confirmed that the SARS-CoV-2 
virus can be found within platelets. This suggests that there may 
be ACE2-independent mechanisms whereby SARS-CoV-2 directly 
interacts with, and possibly enters, platelets. What could this re-
ceptor be? In contrast to ACE2 and TMPRSS2, CD147 (basigin) is a 
highly glycosylated transmembrane protein robustly expressed in 
blood cells.35,36 CD147 is believed to also be an alternative receptor 
for SARS-CoV37 and SARS-CoV-238 as well as for HIV-1 and mea-
sles.39,40 The expression of CD147 in blood cellular lineages is sug-
gested to be more elevated in male than female individuals, and is 
upregulated in conditions of asthma, chronic obstructive pulmonary 
disease, and obesity,35 which is consistent with the reported risks 
factors underlying complications in COVID-19. However, the role of 
CD147 in SARS-CoV-2 infection remains controversial as additional 
studies have been unable to observe binding of the SARS-CoV-2 
spike protein to CD147.41 While the role of CD147 remains unclear 

in SARS-CoV-2 infection, RNA-seq16,26,29-31 and proteomic analysis 
indicate robust expression of CD147 on platelets with an estimated 
2000 copies per platelet.32 Interestingly, previous studies from our 
group and others suggest engagement of CD147 through homotypic 
or heterotypic interactions induces P-selectin expression, CD40L 
release, and platelet adherence similar to findings observed when 
SARS-CoV-2 interacts directly with platelets.36,42 The studies by 
Zhang et al12 would also support a direct CD147 interaction with 
SARS-Cov-2 and the spike protein as they used competitive inhibi-
tion through the use of recombinant ACE2 and antibodies against 
the spike protein on SARS-CoV-2 to probe regulators of SARS-
CoV-2–dependent platelet activation rather than only blocking 
platelet ACE2 specifically. Thus, there remains the possibility other 
receptors such as CD147 are responsible for mediating SARS-CoV-2 
platelet interactions. Of note, red blood cells, which are more nu-
merous than platelets in circulating blood, also express CD14743 and 
may compete against platelet CD147 for SARS-CoV-2 virus binding.

In addition to CD147, emerging evidence suggests CD26 may 
play a role in SARS-CoV-2 infection. Previous studies have demon-
strated Middle East respiratory syndrome (MERS)-CoV utilizes CD26 
to infect cells and recent structural studies suggest CD26 might also 
bind SARS-CoV-2.44 However, a query of prior platelet RNA-seq 
and proteomic datasets suggest that platelets and megakaryocytes 

F I G U R E  1   Possible mechanism(s) for SARS-CoV-2 interactions 
with platelets. A subset of platelets from COVID-19 patients 
contain SARS-CoV-2 mRNA. Angiotensin converting enzyme-2 
(ACE2) and TMPRSS2 are the primary mechanism for entry of 
SARS-CoV-2 into cells, but the expression of these proteins on 
platelets remains controversial. Manne et al9and Zaid et al13recently 
observed the absence of both proteins in platelets based on 
RNA-seq, real-time polymerase chain reaction analysis, and 
proteomic approaches.9,13In contrast, Zhang et al12demonstrated 
expression of both ACE and TMPRSS2 on platelets.12It remains 
possible that SARS-CoV-2 may use ACE2-independent binding 
partners to interact with platelets, including CD147 and CD26. 
Extracellular vesicles containing SARS-CoV-2 released from 
infected endothelial cells may also interact with platelets, therefore 
allowing interactions and viral cellular entry independent of direct 
virus binding
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do not express CD26, either under healthy baseline conditions or 
during acute infectious disease settings, including COVID-19.9,32 
While these findings certainly deserve confirmation in future stud-
ies, currently available evidence would indicate that interactions be-
tween SARS-CoV-2 and platelets are unlikely to occur only through 
CD26. In addition to direct virus interaction with megakaryocytes 
and platelets, it is possible SARS-CoV-2 virus released into extracel-
lular vesicles from infected white blood cells or endothelial cells can 
be internalized by platelets, resulting in SARS-CoV-2 virus positive 
platelets through indirect uptake of viral particles contained inside 
extracellular vesicles.45-48

4  | CONCLUSIONS AND FUTURE 
DIREC TIONS

Independent studies from across the globe have shed light on plate-
let responses during SARS-CoV-2 infections. These studies have 
consistently identified that platelets are hyperreactive in COVID-19, 
and this hyperreactivity may contribute to injurious host thrombo-
inflammatory responses. There also remains the possibility that 
platelets may serve as a cellular reservoir for SARS-CoV-2 infection, 
replication, and spread. Further studies elucidating these mecha-
nisms are considered to be a high research priority. Additionally, un-
derstanding whether or not there are population-based differences 
in the expression of putative SARS-CoV-2 entry receptors on plate-
lets is critical. This is particularly important in light of emerging clini-
cal data demonstrating a disproportionate burden of disease among 
some populations. In addition—or perhaps as an alternative mecha-
nism to—ACE2 and TMPRSS2, other platelet receptors and mecha-
nisms may regulate SARS-CoV-2 engagement of platelets (Figure 1).
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