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SARS-CoV-2 Initiates Programmed Cell Death in
Platelets
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Shaukat Soofi, Rohan Bhandari®®, Matthew Godwin, Krishna Mohan Parsi®®, Alyssa Cousineau, René Maehr,
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RATIONALE: Coronavirus disease 2019 (COVID-19) is characterized by increased incidence of microthrombosis with
hyperactive platelets sporadically containing viral RNA. It is unclear if SARS-CoV-2 (severe acute respiratory syndrome,
corona virus-2) directly alters platelet activation or if these changes are a reaction to infection-mediated global inflammatory
alterations. Importantly, the direct effect of SARS-CoV-2 on platelets has yet to be studied.

0BJECTIVE: To characterize the direct SARS-CoV-2—platelet interactions using in vitro studies with purified infectious virions
and samples from infected patients.

METHODS AND RESULTS: Platelet RNA analyzed by ARTIC v3 sequencing for SARS-CoV-2 showed presence of fragmented viral
genome in all patients with COVID-19. Immunofluorescent imaging of platelets from patients with COVID-19 confirmed presence of
SARS-CoV-2 proteins, whereas there was no detection of viral RNA by real-time quantitative polymerase chain reaction. Transmission
electron microscopy of platelets incubated with purified SARS-CoV-2 virions demonstrated rapid internalization and digestion
leading to distinct morphological changes and resulted in a release of extracellular vesicles. Interactions between SARS-CoV-2
and platelets occurred with or without ACE (angiotensin-converting enzyme) 2 presence as measured by immunofluorescence.
Transmission electron microscopy showed that SARS-CoV-2 virions became internalized when they were attached to microparticles,
bypassing the need for ACE2. Enrichment analysis of platelet transcriptome from patients with acute COVID-19, compared with
those with clinical thrombosis, suggested upregulation of pathways related to virally mediated cell death, specifically necroptosis and
apoptosis. Platelets incubated with infectious virus appeared to undergo cell death in 30 minutes postincubation as assessed by
transmission electron microscopy and platelets from patients with COVID-19 showed evidence of increased markers of apoptosis
and necroptosis by Western blot. Immunofluorescence confirmed colocalization of SARS-CoV-2 with phospho-MLKL (mixed
lineage kinase domain-like pseudokinase) and caspase 3 on nonpermeabilized platelets in vitro and in COVID-19 platelets.

CONCLUSIONS: Platelets internalize SARS-CoV-2 virions, directly or attached to microparticles, and viral internalization leads
to rapid digestion, programmed cell death, and extracellular vesicle release. During COVID-19, platelets mediate a rapid
response to SARS-CoV-2 and this response can contribute to dysregulated immunity and thrombosis.

GRAPHIC ABSTRACT: An online graphic abstract is available for this article.
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has caused devastation worldwide, and currently,  bidity and mortality in the United Statess’ and globally

The coronavirus disease 2019 (COVID-19) pandemic syndrome, corona virus-2) is the leading cause of mor-
infection with SARS-CoV-2 (severe acute respiratory (https://covid19.who.int/). Understanding the wide
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Platelets and SARS-CoV-2

Novelty and Significance

What Is Known?

« Severe coronavirus disease 2019 (COVID-19) is char-
acterized by microthrombosis, increased coagulation,
and profound inflammation.

* Platelets mediate clinical thrombosis and, in patients
with COVID-19, may have an increased thrombotic or
inflammatory profile.

+ Current data from quantitative polymerase chain reac-
tion of platelets has detected SARS-CoV-2 (severe
acute respiratory syndrome, corona virus-2) in about
25% of infected patients.

* Respiratory viruses such as influenza can be taken up
by platelets leading to a platelet-mediated immune-
thrombotic response.

What New Information Does This Article

Contribute?

+ By sequencing for SARS-CoV-2, we show that plate-
lets from all patients with COVID-19 contain various
levels of viral RNA, but the viral genome is fragmented
making it noninfectious.

* Platelets can rapidly internalize SARS-CoV-2 either
through ACE (angiotensin-converting enzyme) 2 or by
taking up virions attached to microparticles.

* Internalization of SARS-CoV-2 initiates platelet death
programs that lead to release of platelet content and
subsequent reduction of their functionality.

COVID-19 is characterized by increased risk for
thrombosis, coagulation, and inflammation. Platelets
from patients with COVID-19 have increased throm-
botic potential but decreased procoagulant response.
Although studies have shown that the virus that
causes COVID-19, SARS-CoV-2, can be detected in
the platelets of one-fourth of patients, it is not clear if
the virus is commonly in the circulation of patients or if
it has a direct effect on platelets. Using various mod-
els, we show that SARS-CoV-2 is present in platelets,
but not in plasma, of all patients tested in this study.
In platelets, the virus appears fragmented and does
not reproduce. After viral uptake, platelets undergo
rapid cell death suggesting that the platelet milieu
does not permit viral replication and may be protec-
tive in the immune response. However, the release of
platelet contents during the process of dying can be
highly prothrombotic or proinflammatory and can lead
to dysregulated immune activation. Our findings sug-
gest that during COVID-19, platelets mediate a rapid
response to SARS-CoV-2, and this response, when
exaggerated, can contribute to dysregulated immunity
and thrombotic outcomes.

Nonstandard Abbreviations and Acronyms

ACE angiotensin-converting enzyme
Casp3 caspase 3

COVID-19 coronavirus disease 2019

IFN interferon

IL -interleukin

mi myocardial infarction

MLKL mixed lineage kinase domain-like

pseudokinase

p-MLKL phosphorylated MLKL

RNAseq RNA sequencing

RT-qPCR real-time quantitative polymerase
chain reaction

SARS-CoV-2  severe acute respiratory syndrome,
corona virus-2

TEM transmission electron microscopy

VRNA viral RNA

vWF von Willebrand factor

WB Western blot

range of disease manifestations due to COVID-19 is cru-
cial particularly because patients with heart failure, type
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2 diabetes, and obesity have increased morbidity and
mortality.2® COVID-19 is characterized by a dysregulated
cytokine profile, dysregulated lymphocyte levels, throm-
bocytopenia or thrombocytosis, disseminated intravascu-
lar coagulation, and severe microthrombosis in the lungs,
manifesting as acute thrombotic events such as stroke,
venous thromboembolism, and, less commonly, myocar-
dial infarction (MI).4-® Studies have also suggested that
disseminated intravascular coagulation is predictive of
death in patients with COVID-19.78

Platelets are the second most abundant circulat-
ing cell and the major blood component responsible for
thrombosis. Platelets are anucleated cell fragments that
are produced by their precursor cells, the megakaryo-
cytes.? In addition to their classical role in hemostasis
and thrombosis, platelets have profound immune func-
tions including activation of the innate immune system
and involvement in the adaptive immune response by
releasing serotonin thereby activating T cells.>'° Platelets
from patients with COVID-19 have been reported to be
hyperactive with enhanced potential for aggregation''?
but reduced procoagulant response.™ In addition, plate-
lets from patients with COVID-19 contain an increased
level of inflammatory cytokines related to activation of
the immune system.'? The antiviral proteins responsible
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for inhibition of viral entry into the cytoplasm of the host
cell such as IFITM3 (interferon-induced transmembrane
protein 3) are also upregulated in platelets from patients
with COVID-19."" SARS-CoV-2 (severe acute respira-
tory syndrome, corona virus-2) RNA has been reported
inconsistently in patients’ platelets'"'? and if/how inter-
nalization occurs and whether it directly alters platelet
function are unknown.

Similar to influenza virus, SARS-CoV-2 is an RNA
virus but, in distinction, carries its genetic information in a
positive-strand molecule and does not require a nucleus
for viral reproduction.” SARS-CoV-2 gains access to
a cell by interacting with ACE (angiotensin-converting
enzyme) 2, such as in alveolar type Il epithelial cells in the
lower respiratory tract.’® Transmembrane proteases such
as TMPRSS?2 (transmembrane serine protease 9) are
not required for viral entry although their presence allows
the virions to gain rapid and direct entry into the cyto-
plasm.’®'® Other receptors for SARS-CoV-2 may exist,
although convincing binding and internalization studies
are lacking. Proteoglycans such as heparan sulfate can
bind SARS-CoV-2, facilitating and enhancing interac-
tion with ACE2." It has also been proposed that sialic
acid binds the spike protein of SARS-CoV-2, although
how this binding affects viral internalization is unclear.”®
Expression of ACE2/TMPRSS2 on platelets has been
controversial®>'"'? and it has been suggested that, in
addition to ACE2, cells may interact with SARS-CoV-2
through sialic acid' and heparan sulfate.?

Platelets are the primary blood cell responsible for
thrombosis. Platelets from patients with COVID-19 are
hyperactivated with a higher procoagulant potential and
elevated cytokine content.'"'? Elevated cytokine con-
tent in platelets is associated with increased plasma
cytokine levels'™ suggesting platelets contribute to the
enhanced inflammation seen in COVID-19. The lack of
uniform detection of SARS-CoV-2 RNA in platelets has
made it difficult to assess if the overall hyperreactive
platelet profile is predominantly due to an environmental
response or a direct viral effect. In this study, we sought
to determine whether direct uptake of SARS-CoV-2 by
platelets occurs and if this uptake alters platelet func-
tion. We hypothesized that SARS-CoV-2 is internalized
by platelets leading to changes in platelets that contrib-
ute to a dysregulated immune response and subsequent
prothrombotic outcome.

METHODS
Data Availability

Data Supplement contains detailed methods of all experiments
included in this article. The Data Supplement also contains
data, analytic methods, reagents supporting the findings of this
study and are available from the corresponding author upon
reasonable request.
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RESULTS

Fragmented SARS-CoV-2 Genome Is Detected
in Platelets From All Patients With COVID-19

Various reports have suggested some detection of SARS-
CoV-2 RNA from blood and in platelets.'""??" Depend-
ing on the primers and SARS-CoV-2 transcript targeted,
different levels and inconsistent degrees of expression
have been reported but no actual viral presence has been
demonstrated in platelets. Similarly, using the 2 primers
recommended by Centers for Disease Control and Pre-
vention against the nucleocapsid RNA, we were unable
to detect the viral RNA (VRNA) in platelets. To go beyond
the limitations of RNA detection by real-time quantita-
tive polymerase chain reaction (RT—qPCR), we resorted to
SARS-CoV-2 targeted sequencing using a tiled amplicon
approach that spans the entire genome of the virus. To our
surprise, the platelets of all 17 patients were positive for
SARS-CoV-2 covering 54% to 87% of the entire genome
(Figure 1A). The viral genome was fragmented (Fig-
ure 1A) similarly to vVRNA for structural proteins such as
spike, nucleocapsid, and envelope (Figure IA through IC
in the Data Supplement). This fragmentation, suggestive
of digestion, explains inconsistencies in levels of VRNA
detection in previous reports.''2 To address possible con-
tamination by leukocytes in our platelet preparations we
compared IncRNA (long non-coding RNA) from patients’
platelet versus leukocyte (total) samples using individu-
als screened for SARS-CoV-2 by targeted tiled amplicon
approach. IncRNA have distinct signatures in different
cells,>? and specific IncRNAs were highly abundant in leu-
kocytes but completely absent in the platelet preparations
(See Table Il in the Data Supplement). These IncRNA pat-
terns demonstrate differential expression suggesting that
the detection of the SARS-CoV-2 genome is specific to
platelets and it is not a result of leukocyte contamination.

Sequencing of citrated plasma from the same patients
showed viral genome presence in 4 of the 17 patients.
Sequencing comparison between the plasma and platelet
viral genome of the same patients showed differences in
fragmentation (Figure 1B). The vRNA in plasma was also
detected by RT-gPCR in 3 of the 4 patients (Table IV in the
Data Supplement). Two of the patients who died as a result
of COVID-19 were part of this subpopulation. Further stud-
ies are necessary to establish whether there is a connec-
tion between plasma viral presence and severity of disease.

Using immunofluorescent staining of fixed whole blood
from 10 of the 17 actively infected hospitalized patients
with COVID-19, we also evaluated the presence of spike
and nucleocapsid SARS-CoV-2 proteins in platelets. Whole
blood showed the occasional presence of these 2 SARS-
CoV-2 proteins associated with CD41-stained platelets
(Figure 1C and 1D). Differential interference contrast of
platelets from patients with COVID-19 showed the pres-
ence of smaller platelets (smaller than 2 pm in diameter)
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Figure 1. Detection of SARS-CoV-2 (severe acute respiratory syndrome, corona virus-2) in actively infected patients’ platelets.
A and B, RNA from platelets from patients with coronavirus disease 2019 (COVID-19) and noninfected controls was sequenced using Artic V3
sequencing specifically enriching for the SARS-CoV-2 genome. RNA isolated from SARS-CoV-2 (USA-WA1/2020 Strain, BEI) was used as a
positive control. Sequencing results were analyzed using Nucleotide Blast National Center for Biotechnology Information server against SARS-
CoV-2 NC_045512_Wuhan-Hu-1 genome. A, Alignment of viral RNA (vRNA) in platelets. B, Alignment of vRNA in platelets (included in A) and
plasma from the same patients. Whole blood from patients with COVID-19 was fixed and stained with antibodies against (C) SARS-CoV-2 Spike
1 protein and (D) SARS-CoV-2 Nucleocapsid protein with detection by immunofluorescence using spinning disk confocal microscopy and x 100
lens. E, Differential interference contrast (DIC) of healthy and COVID-19 platelets. Quantitation of (F) platelets that show severe activation and
(G) platelets that are between 1 and 2 pm using confocal DIC images taken with x100 (Covid-19: 2 females [F] and 3 males [M]). The healthy
donors used here were n=5, 2M (66 y White participant; 44 y Asian); 3F (60 y White participant; 45 y White participant; 44 y White participant).
Significance was assessed using a nonparametric test (Mann-Whitney), P=0.0079 for both graphs; data are presented as mean+SEM. H and I,
Transmission electron microscopy of washed platelets from 2 different donors (representative of 6) showing structures that could be digested virus.
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and some consistent with severe activation (Figure 1C
through 1G). It is important to note that the blood from
patients with COVID-19 also contained platelets bigger
than 5 pm (Figure Il in the Data Supplement). Transmis-
sion electron microscopy (TEM) of platelets isolated from
patients with COVID-19 infrequently demonstrated struc-
tures consistent with intact virions (Figure 1THand 11, Figure
IF through Il in the Data Supplement). Overall, our observa-
tions using sequencing of isolated platelets and plasma as
well as immunofluorescence of whole blood from patients
with COVID-19 suggest that platelets actively take up the
virus in infected patients and contribute to the viral frag-
mentation, without allowing for active replication.

Platelets Internalize SARS-CoV-2 In Vitro

To assess the direct interaction of platelets with SARS-
CoV-2, we incubated platelets from healthy donors with
infectious SARS-CoV-2 virions. Importantly, the virions
used in this study were purified and concentrated (as
described in methods) to eliminate procoagulation mate-
rial found in the media of infected cells used to propagate
the virus. As we have previously done for other viral stud-
ies,?® platelets were incubated with SARS-CoV-2 (10:1),
for 3,5, 15, and 30 minutes. We compared all time points
to platelets incubated with the media in which the virus
was resuspended. As compared to control platelets, endo-
cytic vesicles were seen at 3 minutes that appeared to
contain the virus lacking spikes and envelope (Figure 2A).
At b minutes, the virus was also found in large phagocytic
vacuoles that we have previously described with influenza
virions (Figure 2B). At 15 minutes, the virus appeared to
undergo digestion within the large vacuoles (Figure IIA
through IIC in the Data Supplement). At 30 minutes, we
observed the virus in large vacuoles, but now appearing
to be attached to microparticles (Figure 2C). Internaliza-
tion of platelet-derived microparticles by platelets is not
well understood, but it can involve at least partially, recep-
tors such as TLR4 (toll-like receptor 4).2* Of note, mic-
roparticles as referred to here are particles between 200
nm and 1 pm that have similar content as the platelet
cytoplasm. In healthy individuals, platelets are responsible
for x80% of the microparticle content in plasma and are
vesicles that function as cross-cellular communicators.®
These observations suggest that SARS-CoV-2 can be
internalized by platelets by at least 3 different pathways:
in endosomes, in phagocytic vacuoles, and by viral attach-
ment to microparticles with subsequent internalization.

ACE2 and SARS-CoV-2 Internalization by Platelets

The putative receptor for internalization of SARS-CoV-2
in cells has been determined to be ACE2. Concomitant
expression of ACE2 and the protease TMPRSS2 deter-
mines if the vVRNA or the entire virus enters the cell via
the endosomal pathway.'® Previous reports have indicated
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that platelets do not contain the RNA for ACE2.""'? Simi-
larly, our RNA-sequencing analysis did not detect ACE2
or TMPRSS2 RNA. RT-gPCR analysis using our pream-
plified method (and treated with DNAse) detected low
ACE2 expression in 10 of 37 patients (COVID-19 and MI)
using 3 different Tagman primers. However, all 3 primers
for ACE2 in platelets were not detected in any one donor
(Table V in the Data Supplement). These observations sug-
gest that ACE2 RNA may be below the level of detection
or that there are nucleotide mutations that may interfere
with alignment of the primers utilized. To determine if ACE2
protein is present in platelets, we stained whole blood from
healthy donors, MI, and patients with COVID-19 with
ACE2, CD41, and DAPI. By this method, we were able to
observe ACE2 on platelets (Figure 3A), primarily, those
consisting of small aggregates or larger platelets above 5
pm in size (Figure Il in the Data Supplement). Similarly,
staining infected patients’ blood with TMPRSS2 showed
expression by immunofluorescence (Figure 3B). Whole
blood from most healthy donors expressed variable low
levels of ACE2 (0.02%z= 0.1 in healthy people, calculated
per 100 platelets, n=4). To quantify expression of ACE2
in platelets of healthy individuals, we performed Western
blot (WB) analysis of isolated platelets. By this method, we
confirmed variable expression of ACE2 and TMPRSS2
(Figure 3C through 3F) in platelets from healthy donors.

To determine if ACE2 interacts with SARS-CoV-2, we
incubated platelets with purified infectious SARS-CoV-2
and stained for the receptor-binding domain in SARS-
CoV-2 and ACE2. Immunofluorescence analysis showed
that the receptor-binding domain can colocalize with ACE2
on platelets (Figure 3G), although not all platelets that
were positive for the Spike—receptor-binding domain had
ACE2 on them (Figure 3G through 3H). To further assess
if ACE2 activity can affect internalization, we incubated
platelets with infectious virus for 15 minutes in the pres-
ence and absence of the ACE2 inhibitor DX600. DX600
is a potent specific inhibitor of ACE2 function at 200
nM?6; it is stable and nonhydrolysable by ACE227 Under
these conditions, TEM demonstrated viral internalization;
however, virions were primarily located in large vacuoles
with microparticle attachment (Figure 4A and 4B; similarly
to 30 minutes without ACE2 inhibition, Figure 2C). Lack
of DX600 (ACE2 available) led to presence of mostly
digested virus at 15 min postincubation (Figure 4A through
4C). Quantification of platelets with free virus versus plate-
lets with virus attached to microparticles is provided in Fig-
ure 4D through 4F. These data suggest that platelets can
internalize SARS-CoV-2 independent of ACE2 function by
attaching to platelet-derived microparticles.

SARS-CoV-2 Mediates Morphological Changes
in Platelets and Release of EVs

To assess the effect of SARS-CoV-2 on platelets, we
analyzed morphological changes from TEM images of
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Figure 2. Platelets internalize infectious SARS-CoV-2 (severe acute respiratory syndrome, corona virus-2) in vitro.

Infectious SARS-CoV-2 appears to be internalized by platelets via three distinct routes. Washed platelets from healthy human donors were
incubated with SARS-CoV-2 virions (10:1) over time. Transmission electron microscopy shows that the virus can locate in (A) endosomes (only
part of the virus), (B) in phagosome-like structures by itself (last image). Please note that the image in the middle is the size of a clathrin-coated
vesicle and it is not a viral particle, and (C) in phagosome-like structures attached to platelet-derived microparticles.

healthy platelets incubated with the virus. When com-  Select platelets had observable cytoplasmic disrup-
pared with control platelets, we observed platelet bud-  tions from which cellular content appears to have been
ding, not previously seen with influenza?® (Figure BA).  released (Figure 5B). Over time, select platelets became
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Figure 3. The binding domain of SARS-CoV-2 (severe acute respiratory syndrome, corona virus-2) does not always associate

with ACE (angiotensin-converting enzyme) 2 on platelets.

A and B, Platelets from whole blood were stained with ACE2 and CD41 postfixation of whole blood. Human alveolar epithelial cells (A549),

transduced to stably overexpress ACE2 and TMPRSS2 (transmembrane serine protease 2), were used as a positive control. No antibody (Ab)
control (No Ab) was used to account for autofluorescence of paraformaldehyde-fixed cells. A, Representative images of ACE2 expression in
platelets from different donors. Healthy (n=4, 2 females [F] and 2 males [M]), myocardial infarction (MI; n=3, 2M, 1F), and coronavirus disease
2019 (COVID-19; n=6, 4M, 2F) donors were screened. B, ACE2 and TMPRSS2 colocalization in platelets from healthy, MI, and COVID-19
donors (representative images of n=4 healthy, n=3 with M| and n=4 with COVID-19). C-F, ACE2 and TMPRSS2 expression assessed by
Western blot analysis of washed platelets from healthy human donors (blots are representative of n=20 healthy donors, 10M and 10F, age
40.1£2.8 y, all White participants); data are presented as mean+SEM. C, Representative Western blots of ACE2 and (D) densitometry of
expression. E, TMPRSS2 Western blot and (F) Densitometry of expression. G, SARS-CoV-2 binds ACE2 on the platelet surface after viral
incubation. Washed platelets from a healthy human donor were incubated for 5 min with SARS-CoV-2. Platelets were fixed and stained with
Abs against ACE2 and the ACE2-receptor-binding domain (RBD) of the SARS-CoV-2 spike protein. H, Quantitation of platelets that have
both SARS-CoV-2 and ACE2 vs. platelets that have only SARS-CoV-2 (n=4; 2M and 2F). The healthy donors used here were n=4, 2M (56 y
White participant; 44 y Asian participant); 2F (59 y White participant; 46 y White participant). Significance was assessed using a nonparametric
ttest (Mann-Whitney), P values for all with * is 0.0289; data are presented as mean£SEM. Images and calculations are representative of n=4

different donors (2M and 2F).

necrotic with visible lack of contents (Figure 5C). Of note,
at no point did platelets form 3-dimensional aggregates
typical of treatment with platelet prothrombotic agonists.

Over time, distinct platelet content was observed exter-
nally including microparticles of differing size (Figure 5D)
and content (Figure 5D and BE). Interestingly, distinctive
microparticles were observed (Figure 5E) that have been
described as migrasomes,?® which are particles that origi-
nate from migrating cells and function as local chemoat-
tractants.?*%° Exosomes (Figure bF) released from platelets
were also observed after incubation with SARS-CoV-2, as

Circulation Research. 2021;129:631-646. DOI: 10.1161/CIRCRESAHA.121.319117

well as release of other platelet contents (Figure 5G, Fig-
ures IID and IV in the Data Supplement), some occurring
after platelet membrane loss (Figure 5G, right). Elements
of microparticle heterogeneity were also observed in the
platelets from patients with COVID-19 (Figure IV in the
Data Supplement). Quantification of the TEM images in
the presence and absence of ACE2 inhibitor showed that
features of SARS-CoV-2 necrosis (emptying of platelet
contents by breaking, releasing, and leaking) are elevated
when compared with budding and formation of large
vacuoles (Figure 5H and 5l). However, ACE2 inhibition
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Figure 4. Platelets internalize SARS-CoV-2 (severe acute respiratory syndrome, corona virus-2) in ACE (angiotensin-converting
enzyme) 2-dependent and ACE2-independent ways.

Washed platelets from healthy human donors were incubated with SARS-CoV-2, and some were pretreated with DX600 (200 nmol/L) for 10
min. A, Platelets at 3-5 min in the absence of ACE2-inhibitor; platelets in (B) presence of and (C) absence of ACE2 inhibitor (DX600, 200
nmol/L) for 15 min at 37 °C and constant rotation at 1000 rpm (revolutions per minute). Samples were fixed with Karnovsky's fixative and
resolved by transmission electron microscopy. Quantitation of platelets from (B) and (C) showing (D) free virus, (E) virus attached to microparticles
(MP), and (F) digested virus. Significance was assessed using a nonparametric t test (Mann-Whitney), P values for all with * is 0.0289; data

are presented as mean+SEM. Images and calculations are representative of n=4 different donors (2 males [M] and 2 females [F]). The healthy
donors used here were n=4, 2M (56 y White participant; 44 y Asian participant); 2F (69 y White participant; 46 y White participant).

seemed to have a similar effect on platelets (Figure 5L (Figure 5J and 5K). Our observations indicate that plate-
and 5M). ACE2-inhibition increased the formation of small lets both generate microparticles and undergo profound
platelet aggregates (up to 16) and pseudopodia formation ~ morphological changes with content release.

638  September 3, 2021 Circulation Research. 2021;129:631-646. DOI: 10.1161/CIRCRESAHA.121.319117



Koupenova et al Platelets and SARS-CoV-2

Control (15min)  SARS-CoV-2 (15 min) SARS-CoV-2(15min) = SARS-CoV-2 (15 min)

\

Control (30 min) SARS-CoV-2 (30 min) SARS-CoV-2 (30 min) SARS-CoV-2 (30 min)

(—)
=
o
—
=
=
=
m
oW
m
=
=
()
=

SARS-CoV-2 (30 min)
e P
¥

A
r
=

SARS.CoV-2 DX600 + SARS.CoV:2. N . Features of Necrosis Budding and Large Vacuoles
30 . 30 60 . » . » 5 »
g g g - -
g g 4 E§ @ %E § 2 . ;‘:' 2
R P 30 [H 3 . I g H
& . g 38 88 s . ]
2 . 2 » 3 - 23 4 5 L] s .
R Y “'5 o v ] S 10
. * % . .
.
0 T T 0 0 0 0 =
Necrosis ~ Budding/ Necrosis ~ Budding/ SARS.CoV:2 DX600 + SARS-CoV-2 DX600 + SARS.CoV-2 DX600 + SARS.CoV-2 DX600 +
vacuolization vacuolization SARS.CoV2 SARS.CoV-2 SARS CoV2 SARS.CoV-2

Figure 5. SARS-CoV-2 (severe acute respiratory syndrome, corona virus-2) mediates distinct morphological changes in platelets
and various forms of extracellular vesicle release.

Washed platelets from healthy human donors were incubated with SARS-CoV-2 virions (10:1) for various time points. Transmission electron microscopy
shows that SARS-CoV-2 leads to (A) budding (B) content release from broken membrane or channels; presence of degranulates, and (C) necrotic platelets;
(D) platelet microparticles; (E) migrasomes; (F) exosome release; (G) intracellular platelet content release of nongranule origin. H-M, Quantification of
Transmission electron microscopy images from n=4 healthy donors at 15 min in the presence and absence of ACE (angiotensin-converting enzyme) 2
inhibitor; necrotic features were defined as empty platelets with broken membranes. The healthy donors used here were n=4, 2 males (M; 56 y White
participant; 44 y Asian participant); 2 females (F; 60 y White participant; 46 y White participant). Significance was assessed using a nonparametric ¢test
(Mann-Whitney), Pvalues for all with * is 0.0289; data are presented as mean£SEM. SARS-CoV-2 indicates severe acute respiratory syndrome, corona virus 2.

Platelet Gene Expression From Patients With infected and noninfected patients. Previous work has com-

COVID-19 Compared to Clinical Thrombosis pared the transcriptome of platelets from patients with

COVID-19 to healthy platelets'"; however, this approach
Suggests Programmed Cell Death does not account for the basal prothrombotic state seen

To gain insight into the effect of SARS‘CQV‘Q on plgte— during infection. Therefore, we compared the transcrip-
lets, we performed RNAseq (RNA sequencing) comparing  tome using platelets from hospitalized patients with acute
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COVID-19 (n=10) to patients presenting with M (ST-seg-
ment—elevation M| (n=10) and non—-ST-segment—eleva-
tion MI (n=10; Table | in the Data Supplement). Pathway
enrichment analysis of the 40 upregulated and 40 down-
regulated transcripts in COVID-19 compared with acute
M| showed that the most affected transcripts are related
to type | interferon signaling (Figure 6, Figure VA in the
Data Supplement). Of note, the 40 upregulated and 40
downregulated transcripts were chosen to account for the
greatest differences in expression with the highest statis-
tical significance, although guided by biological plausibility
these cutoff points were arbitrary. RNAseq also identified
changes in pathways related to protein localization to the
plasma membrane (GO:0072659) and regulation of that
localization (GO:1905475; Figure VB in the Data Supple-
ment). Surprisingly, the pathways with the most significant
changes were related to programmed cell death, specifi-
cally necroptosis and apoptosis as well as innate immu-
nity. Transcript levels of markers for programmed cell
death in platelets associated modestly with plasma levels
of IFN (interferon) vy, P-selectin, vWF (von Willebrand fac-
tor), and a few other inflammatory cytokines and mol-
ecules (Table VI in the Data Supplement). Our approach
also uncovered dysregulation in the pathway related to
fibrin clot formation consistent with clinical outcomes of
COVID-19. With the exception of type | interferon signal-
ing, the pathways that were enriched by our approach
were not observed using the same analysis of published
data'’ comparing COVID-19 platelets to healthy donor
platelets (Figure VC in the Data Supplement), suggest-
ing that by eliminating the pathways related to thrombo-
sis, pathways directly related to the effect of the virus on
platelets can be uncovered.

SARS-CoV-2 Leads to Programmed Cell Death
in Platelets
Viral infection of a nucleated cell results in various forms

of programmed cell death depending on cell type and
function. Our RNAseq results also suggest upregulation

Platelets and SARS-CoV-2

of transcripts related to programmed cell death. The
specific types of cell death include apoptosis, necropto-
sis, and pyroptosis. To assess if programmed cell death
occurs during COVID-19 and with SARS-CoV-2, we
examined markers for cell death in platelets from patients
with COVID-19. The observation of platelet content leak-
age, breaks, and necrosis suggested necroptosis (Fig-
ure 5B and 5C, Figure Il in the Data Supplement). Thus,
we first screened platelets for necroptosis markers from
age-, sex-, and race-matched patients with COVID-19.
The process of necroptosis ultimately leads to phosphor-
ylation of the MLKL (mixed lineage kinase domain-like
pseudokinase) and p-MLKL (phosphorylated MLKL)
forms octamer channels that translocate to the surface
membrane of dying cells causing release of cellular
contents®" WB analysis of platelets from patients with
COVID-19 revealed increased platelet levels of MLKL-
octamers in a select number of patients (Figure 7A and
7B), with the exception of one pair (data not shown).
Similarly, immunofluorescence of blood of patients with
COVID-19 showed the presence of p-MLKL in plate-
lets that stained positive for SARS-CoV-2 spike pro-
tein (Figure 7C). To assess if SARS-CoV-2 contributes
to p-MLKL-channel formation, platelets from healthy
donors after in vitro incubation (30 minutes) with SARS-
CoV-2 were stained. To eliminate intracellular staining,
cells were not permeabilized. Immunofluorescence of
platelets demonstrated p-MLKL on the platelet surface
with concomitant detectable levels of SARS-CoV-2
(Figure 7D and 7E).

Phosphatidyl serine has been previously described
on the surface of platelets from patients with COVID-
19,'? and our data demonstrated budding as a result
of SARS-CoV-2 incubation and presence of smaller
platelets in patients with COVID-19 (Figure 1E, Fig-
ure ID through IE in the Data Supplement), thus, we
examined markers of apoptosis such as Casp3 (Cas-
pase 3) activation. WB analysis revealed an increase
in the levels of active Casp3 in sex-, age-, and race-
matched patients (Figure 7F and 7G). Similarly,

Negative regulation of hydrolase activity
PDGFRB pathway

Response to bacterium
Adherens-junction assembly

Regulation of protein localization to PM
Regulation of innate immune response
Viral Acute Myocarditis

Negative regulation of cell differentiation
MY C repress pathway

Circulatory system process
Endothelial-barrier establishment
Apoptotic signaling pathway
Epstein-Barr Virus infection

Formation of Fibrin Clot

Necroptosis

Protein localization to plasma membrane (PM)
IFNa/ IFNB signaling

Figure 6. Pathway enrichment analysis
of coronavirus disease 2019 (COVID-19)
platelet transcriptome suggests
programmed cell death.

Platelets from patients with COVID-19 (n=10) and
patients with myocardial infarction (ST-segment—
elevation myocardial infarction [n=10], non-ST-
segment—elevation myocardial infarction [n=10])
without COVID-19 were isolated and sequenced.
Pathway enrichment analyses, with the respective
Pvalues were generated in https://metascape.
org/ using the fold changes from the RNAseq
(RNA sequencing) data of the highest, statistically
significant, 40 upregulated, and 40 downregulated
genes. Fold changes of the sequencing results

are included in Table VIl in the Data Supplement.
IFN indicates interferon. MYC indicates

0 2 4

6 8 10
-Log10 (p)

myelocytomatosis; PDGFRB, platelet-derived growth
factor receptor beta; and PM, plasma membrane.
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Figure 7. Platelets from patients with coronavirus disease 2019 (COVID-19), and platelets from healthy donors treated with
SARS-CoV-2 (severe acute respiratory syndrome, corona virus-2), have upregulated markers of programmed cell death.

Washed platelets from patients with COVID-19 were subjected to Western blot (WB) analysis. Markers for necroptosis (A) MLKL (mixed lineage
kinase domain-like pseudokinase)-octamer formation by WB (representative images of n=4, 3 males [M], 1 female [F]; the images shown here are
from sex- and age-matched groups that include a male and a female pair). B, Quantification of A. € and D, Colocalization of SARS-CoV-2 with
p-MLKL (phosphorylated MLKL) by immunofluorescence (IF). C, In COVID-19 blood and in D. Platelets postincubation with SARS-CoV-2 for 30
min. E, Quantitation of D using integrated intensity over platelet number (ImagedJ). Marker for apoptosis. F, Active Casp3 (caspase 3) expression
(representative images of n=4, 3M, 1F; the images shown here are from sex- and age-matched groups that include a male and a female pair)
and its (G) quantitation and H and I. Colocalization of SARS-CoV-2 and Casp 3 in platelets in H. Whole blood from patients with COVID-19 and
(I) platelets incubated with SARS-CoV-2 for 30 min by IF; (J) quantitation of I as in E. IF was performed on whole blood that was immediately
RBC-lysed and fixed with 4% paraformaldehyde and then stained with the indicated markers (platelet marker used is CD41). IF images are
representative of n=4 different patients with COVID-19 on n=4 different healthy donors. Significance was assessed using a nonparametric ¢ test
(Mann-Whitney), *Pvalues for B and G are 0.0289; *Pvalues for E and J are 0.0286; data are presented as mean£SEM.

immunofluorescence of platelets stained with Casp3
antibody and SARS-CoV-2 were found on the same
platelet (Figure 7H). Incubation of platelets with SARS-
CoV-2 virions in vitro also resulted in the presence of
Casp3 and SARS-CoV-2 proteins in the same platelets

Circulation Research. 2021;129:631-646. DOI: 10.1161/CIRCRESAHA.121.319117

(Figure 71 and 7J). Of note, markers of pyroptosis
such as active Caspase 1 or 4 and the N-fragment
of GSDMD (gasdermin D) were not detected by WB
(Figure VI in the Data Supplement). Our results indi-
cate that platelets undergo necroptosis and apoptosis
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during COVID-19 and SARS-CoV-2 can directly con-
tribute to these forms of cell death.

DISCUSSION

Patients with COVID-19 have been consistently noted
to have enhanced clinical thrombosis presumed to be
due to increased coagulation, enhanced platelet func-
tion inflammatory cytokines, endothelial damage, and
activated immunity. Previous studies of patients with
COVID-19 report hyperactive platelets with increased
interleukin content.’"'? In this study, we demonstrate the
presence of a wide range of fragmented vRNA in plate-
lets from patients with COVID-19, direct platelet uptake,
and digestion of SARS-CoV-2 and describe the subse-
quent platelet response as a result of this internalization.
Internalization of the virus does not require ACE2 and
entry into platelets appears to occur by viral attachment
to microparticles, some of which may be of platelet origin.

Our observations suggest that SARS-CoV-2 leads
to programmed cell death of platelets in which markers
and morphological changes of apoptosis and necrop-
tosis are evident. Consistent with these morphological
changes, pathway enrichment analysis using RNAseq
of platelets isolated from COVID-19 as compared to MI
patients reveals activation of necroptotic and apoptotic
pathways in COVID-19. These data suggest that apopto-
sis was mediated by Casp3 activation, while necroptosis
was mediated by MLKL phosphorylation and formation
of octamer channels that are known to puncture the cell
membrane. These findings also suggest that ACE2 activ-
ity may not be required for apoptosis or for necroptosis
to occur, but inhibition of ACE2 activity is associated with
enhanced small-aggregate and pseudopodia forma-
tion. SARS-CoV-2 also leads to release of extracellular
vesicles from platelets such as microparticles, exosomes,
and migrasomes. Our findings indicate that SARS-CoV-2
directly affects platelets leading to proinflammatory cell
death, extracellular vesicle, and platelet content release.

Infectious SARS-CoV-2 in blood of patients with
COVID-19 has not been reported, although blood?'32
and selective blood cells such as platelets’'? may
occasionally test positive for SARS-CoV-2 RNA. In
this study, we report that platelets from all hospitalized
patients with COVID-19 contained various amounts of
the SARS-CoV-2 genome as assessed by SARS-CoV-2
Artic V3 Sequencing; however, RT-gPCR for the nucleo-
capsid VRNA was negative in platelets. Of note, lack of
leukocyte contamination in our platelet preparation was
assessed by targeted amplicon sequencing of INncRNA,
showing distinct presence of highly abundant leukocyte-
specific IncRNAs that were absent in platelets. Citrated
plasma was largely devoid of VRNA by RT-gPCR (3 of 17
tested positive) or sequencing (4 of 17 tested positive).
Interestingly, plasma and platelet vVRNA fragmentation in
the same person did not overlap. In both cases, however,
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the vRNA was fragmented, suggesting a lack of infectiv-
ity but not eliminating the possibility for vVRNA-mediated
inflammation in blood or organs. It is important to note
that EDTA activates platelets,*® thus results reporting the
presence of VRNA in EDTA-plasma should be viewed
with caution as it may be due to platelet contamination.
Lastly, by focusing on hospitalized patients, we are not
able to assess how long after one first tests positive
by gPCR that the SARS-CoV-2 vRNA can be found in
platelets. Although more data is necessary to establish
when platelets become devoid of SARS-CoV-2 vRNA,
lack of the full viral genome suggests that convalescent
plasma transfusions should not contain infectious virus.

Using immunofluorescence of whole blood from
patients with COVID-19 shows that SARS-CoV-2
spike and nucleocapsid proteins can also be detected
in platelets. This suggests that platelets’ active removal
of VRNA from the circulation occurs throughout the
infection. It is not clear, however, if this process occurs
only in people significantly ill with COVID-19 or if it
also occurs in asymptomatic individuals. Transmission
electron microscopy of platelets incubated with infec-
tious SARS-CoV-2 virus confirmed rapid internaliza-
tion and digestion. Interestingly, platelets internalized
the virus in 3 to b minutes, and after 15 minutes, the
virus appeared digested. During the first 5 minutes, we
found virions in the same phagocytic vesicles as we
previously have observed with influenza.?® However, we
only observed 1 to 2 virions per platelet in contrast to
up to 10 virions with influenza. In addition, at 3 min-
utes, we were able to observe endocytic vesicles close
to the platelet surface that contained virus without the
envelope. Both of these types of internalization have
been described for SARS-CoV-2 in nucleated cells
and depend on ACE2 expression.™

Surprisingly, at 30 minutes of incubation (and when
ACE2 activity was inhibited) we detected SARS-CoV-2
in phagocytic vesicles with the virus attached to plate-
let-generated microparticles. Internalization of platelet-
derived microparticles by platelets has been described
to be at least partially mediated by TLR4. Regardless of
the mechanism of microparticle internalization, the fact
that the virus can attach to microparticles and become
internalized suggests that SARS-CoV-2 can bypass the
requirement for ACE2-mediated mechanisms of internal-
ization. There is also a possibility that platelet-micropar-
ticle formation increases the number and surface area
of interaction with the viral particles. Finally, because
ACE2 can be secreted into the circulation as an enzy-
matically active ectodomain also known as soluble ACE2
(sACE2),%* there is also a possibility that SACE2 and
microparticles collaborate to transfer the virus inside of
platelets without the need for ACE2 on the platelet sur-
face. Regardless of the route of internalization, seques-
tering the virus in platelets may prevent it from reaching
other cells in which it can produce progeny.

Circulation Research. 2021;129:631-646. DOI: 10.1161/CIRCRESAHA.121.319117
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As discussed, SARS-CoV-2 is a single-stranded RNA
virus that contains its genetic information in a positive RNA
strand. The positive RNA strand, in turn, does not require
nucleus entry and can be translated in the cytoplasm,
bypassing additional control mechanisms. Platelets are cell
fragments and do not have a nucleus, thus it is unclear if
they can synthesize new RNA. Translation in platelets is
also limited and it is unclear if all platelets uniformly have
endoplasmic reticulum and can translate RNA. Addition-
ally, we have previously shown that once platelets interact
with RNA viruses, they form heterotypic aggregates with
other leukocytes.'®*® These observations along with our
SARS-CoV-2 sequencing results suggest that platelets
can internalize the virus but the virus does not reproduce
in platelets. As opposed to our in vitro studies, a limita-
tion of our findings from patients was the inability to know
the precise timing of infection onset. This, along with the
small patient number, did not allow us to compare patients
based on days postinfection, limiting our ability to quantify
platelet-dependent viral clearance along with the potential
contribution of megakaryocytes to infection. The diversity
of patient medications at time of blood draw also should
be acknowledged as a limitation. However, because both
patient groups were on similar medications and SARS-
CoV2 treatment caused programmed cell death of plate-
lets from healthy donors, we are confident that the major
conclusion of our study is not affected by differences in
medications. Despite these limitations, it is interesting
to speculate that platelets may serve as a dead-end for
viruses such as influenza or SARS-CoV-2, with internaliza-
tion and rapid digestion serving to halt viral reproduction.

Abrogation of viral replication is supported by the
observed features of programmed cell death beginning
156 minutes postincubation with the virus as well as mark-
ers of apoptosis and necroptosis seen at 30 minutes.
Programmed cell death is an important and necessary
response to viral infection.® Failure to mount a proper cell
death response may lead to an increase in viral produc-
tion, progeny release, and lack of a proper immune reac-
tion.% Future studies should also address the contribution
of the different SARS-CoV-2 variants on programmed cell
death and activation of platelets. In general, apoptosis of
nucleated cells has been understood to be noninflamma-
tory, whereas necroptosis and pyroptosis are inflammatory
programmed cell death. The reasons for these differences
are based on sensing, pathway activation, and morpho-
logical changes that occur depending on the virus and
the infected cell. Morphologically, apoptosis is character-
ized by nuclear condensation, release of apoptotic bodies,
and cell shrinkage, whereas necroptosis is characterized
by cell swelling, breakage of the plasma membrane, and
release of cytotoxic content into the extracellular space.®”
Regardless of the initiation signal, mechanistically, apopto-
sis leads to activation of effector caspases such as Casp3.
These caspases can then cleave a restricted set of target
proteins that produce the apoptosis-related morphological

Circulation Research. 2021;129:631-646. DOI: 10.1161/CIRCRESAHA.121.319117

Platelets and SARS-CoV-2

and biochemical changes that lead to formation of apop-
totic bodies, exposure of surface molecules, such as phos-
phatidylserine, responsible for the phagocytosis of the
intact cell corpses and ultimately cell shrinkage.®
Necroptosis, however, is a caspase-independent
cell death that involves activation by phosphorylation of
MLKL3” p-MLKL forms octamers that translocate to the
membrane-forming pores that induce cell lysis. This pro-
cess leads to release of intracellular contents such as ATR,
IL (interleukin)-1beta, HMGB1 (high mobility group box
1), and other molecules that have been termed as danger-
associated molecular patterns and lead to recruitment of
proinflammatory cells.3” Consistently, previous reports have
suggested a relationship between changes in platelet and
plasma inflammatory interleukin content in patients with
COVID-19 and the presence of platelet-specific content
in plasma.’ Our results suggest that at least some of the
inflammatory contents in plasma could be due to platelet
necroptosis. Future studies are necessary to define mech-
anism and establish association with extent of disease.
Our study revealed that platelets incubated with
SARS-CoV-2 undergo either an apoptosis-like process
or necroptosis. Since platelets lack a nucleus it is difficult
to assess apoptosis by traditional morphological changes
such as DNA condensation and apoptotic body forma-
tion. Apoptotic platelets, however, have been connected
to formation of microparticles®® Pathway analysis of
RNAseg-platelets from patients with COVID-19 showed
that transcripts related to both apoptosis and necroptosis
are enriched in the top 40 upregulated and top 40 down-
regulated transcripts. Transmission electron microscopy
revealed that there is microparticle formation, budding,
and a decrease in platelet size (shrinkage). Phosphati-
dylserine exposure has also been described as a charac-
teristic of platelets from patients with COVID-19."2 WB
analysis revealed that there is increased activation of the
effector Casp3 in some patients’ platelets and SARS-
CoV-2 and Casp3 colocalized on the same platelet.
Necroptosis of platelets as a programmed cell death
has not been previously described. In a nucleated cell,
this process takes a significant amount of time and
requires viral replication. In platelets, the fascinating
morphological changes characterizing necroptosis begin
15 minutes postincubation with SARS-CoV-2. Another
striking observation is that platelets from noninfected
donors had a basal amount of MLKL in octamer for-
mation that was increased in the COVID-19 platelets.
Incubation of platelets with SARS-CoV-2 also led to an
observable release of platelet contents, some of which
had appeared by TEM to lead to channel formation.
Immunofluorescence of platelets in whole blood showed
increased MLKL phosphorylation in nonpermeabilized
platelets that were positive for SARS-CoV-2. Our study
proposes that some platelets respond using necropto-
sis and others apoptosis; however, the molecular events
that control a push toward one versus the other warrant
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further investigation. Based on our previous reports on
influenza and differential expression of TLR7 in plate-
lets,® it is tempting to speculate that platelets that do not
have TLR7, and hence do not activate Akt (protein kinase
B)?® (prosurvival), are prone to cell death. Regardless of
the initiation signal, platelets seem to be prepared for
viral entry and neutralization by programmed cell death,
further supporting a lack of internal replication. Dysregu-
lation of these processes suggests why some individuals
are more prone to a higher incidence of virally mediated
thrombotic effects.

Extracellular vesicle formation of platelet origin has
been previously described in the plasma of patients with
COVID-19.'2 Here, we report that incubation of platelets
with SARS-CoV-2 leads to release of extracellular ves-
icles of various kinds. In addition to microparticles with
platelet cytoplasmic content, platelets also release and
interact with exosomes. Platelet-derived microparticles
are known to modify the function of cells such as neu-
trophils,*® endothelial cells*' and T cells,*? and even their
own precursors, the megakaryocytes,*® enabling them to
cross-communicate with many cells during infection. In
addition to extracellular vesicles, platelet contents may
contribute to inflammatory plasma content elevation by
direct lysis and forming tiny semivesicles observed in the
TEMs. We also observed another type of microparticle
associated with platelets that is suggestive for a mig-
rasome. These recently described microparticles, migra-
somes, and migrasome-like structures have been located
in blood capillaries? and detected in serum,** but the cell
of origin has been unclear.* In migrating cells, migra-
somes have been described as a migration-dependent
organelle that is composed of cytoplasmic contents
released as a result of a process defined as migracyto-
sis.* Migrasome function is not well characterized. So
far, it is clear that migrasomes can serve as chemoat-
tractant molecules?®3° and can be taken up by many cells
suggesting a role in mediation of cell-cell communication
that platelets may utilize.

Our data show that SARS-CoV-2 can be internalized
by platelets, and this internalization leads to a variable
platelet response involving cell death or pseudopodia
formation. However, the receptors responsible for SARS-
CoV-2 internalization in platelets have been debated. We
show that some platelets express proteins for the puta-
tive receptor-protease axis ACE2-TMPRSS2 by immu-
nofluorescence and immunoblotting. Consistent with our
previous studies*® and those of others,"" RNA levels of
ACE2 or TMPRSS2 are not detectable by sequencing,
suggesting certain limitations. RT-gPCR of preamplified
platelet transcripts showed limited detection, particularly
in the donors with a higher amount of collected platelets,
suggesting the necessity of a critical concentration of
low abundant RNA. Similarly, primer efficiency may not
be comparable as we were not able to detect ACE2 by
all 3 primers used. SARS-CoV-2 internalization, however,
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also occurred without ACE2 expression and the virions
were internalized by attaching to microparticles. These
observations suggest that ACE2 expression on mic-
roparticles may be more important for viral internalization
when platelet ACE2 is limited. Our immunofluorescence
images and previous studies'? support ACE2 micropar-
ticle expression.

Recently, platelets have been appreciated for their
diverse functions related to innate and adaptive immunity.
The complex platelet reaction to SARS-CoV-2 presented
by these data has further expanded our understanding of
platelet immune function during infection and provided
an increasingly complex picture of how these cells bridge
immunity and thrombosis. Our findings suggest that plate-
lets play an active role during infection by interacting with
SARS-CoV-2 and internalizing the virions. Internalization
of the virus leads to release of various extracellular ves-
icles, in addition to initiating apoptosis-like and necrop-
totic programmed cell death. Cell death may contribute
to viral sequestration and neutralization as well as impor-
tant innate and adaptive immune responses. However,
effective viral destruction by platelets could contribute
to uncontrolled release of platelet contents followed by
dysregulated immunity enhanced prothrombotic function
as manifested in COVID-19 microthrombosis. A more
complete understanding of these complex processes is
required for effective risk assessment and treatment of
patients with COVID-19.
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