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Platelet activation and partial desensitization are associated with viral
xenophagy in patients with severe COVID-19

C�edric Garcia,1,2 Jonathan Au Duong,2,3 Michael Po€ette,2,3 Agn�es Ribes,1,2 Bruno Payre,4 Vincent M�emier,1 Pierre Si�e,1,2
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Mild thrombocytopenia, changes in platelet gene expression, enhanced platelet

functionality, and presence of platelet-rich thrombi in the lung have been associated

with thromboinflammatory complications of patients with COVID-19. However, whether

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) gets internalized by

platelets and directly alters their behavior and function in infected patients remains

elusive. Here, we investigated platelet parameters and the presence of viral material in

platelets from a prospective cohort of 29 patients with severe COVID-19 admitted to an

intensive care unit. A combination of specific assays, tandem mass spectrometry, and

flow cytometry indicated high levels of protein and lipid platelet activation markers in

the plasma from patients with severe COVID-19 associated with an increase of

proinflammatory cytokines and leukocyte-platelets interactions. Platelets were partly

desensitized, as shown by a significant reduction of aIIbb3 activation and granule

secretion in response to stimulation and a decrease of surface GPVI, whereas plasma

from patients with severe COVID-19 potentiated washed healthy platelet aggregation

response. Transmission electron microscopy indicated the presence of SARS-CoV-2

particles in a significant fraction of platelets as confirmed by immunogold labeling and

immunofluorescence imaging of Spike and nucleocapsid proteins. Compared with

platelets from healthy donors or patients with bacterial sepsis, platelets from patients

with severe COVID-19 exhibited enlarged intracellular vesicles and autophagolysosomes.

They had large LC3-positive structures and increased levels of LC3II with a co-localization

of LC3 and Spike, suggesting that platelets can digest SARS-CoV-2 material by xenophagy

in critically ill patients. Altogether, these data show that during severe COVID-19, platelets

get activated, become partly desensitized, and develop a selective autophagy response.

Introduction

Acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causes COVID-19, displaying variable clinical
severity. To date, the pandemic has caused more than 6 million deaths worldwide (https://coronavirus.
jhu.edu/map.html). In patients with COVID-19, blood platelets have been shown to be activated and
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Key Points

� During severe COVID-
19, platelets get
activated and become
partly desensitized
through mechanisms
involving glycoprotein
shedding.

� Platelets from patients
with severe COVID-
19 internalize SARS-
CoV-2 and develop
viral xenophagy.
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recruited at the site of infection and participate in the activation of
the body's inflammatory response as well as in the appearance of
coagulopathy-related complications.1-3 The lung is an important tar-
get of the SARS-CoV-2 virus, and patients with severe COVID-19
have respiratory failure with major systemic inflammatory syndrome.
A high proportion of pulmonary embolism is found in patients with
severe COVID-19, up to 1 patient in 5 in some intensive care units
(ICUs).4,5 Electron microscopy and histochemistry analyses have
shown platelet-rich thrombi in the lung of patients who have suc-
cumbed to COVID-19.6-8 Together with other mechanisms of pul-
monary circulatory failure, such as thrombotic microangiopathy,
these complications might explain the relatively poor efficacy of stan-
dard prophylaxis with anticoagulants and, in the most severe cases,
the failure of standard assisted ventilation techniques.9-12

Patients with severe COVID-19 are characterized by an exacerbated
host immune/inflammatory response to SARS-CoV-2 leading to
acute respiratory distress syndrome (ARDS).9 In general, the patho-
physiology of ARDS in its early phase combines local inflammation,
accumulation, and activation of leukocytes and platelets, uncon-
trolled activation of coagulation, and alteration of endothelial and
epithelial permeability.13 In COVID-19, the thromboembolic events
are multifactorial, but endotheliopathy and thrombocytopathy are
thought to take a central stage.3

Platelets act as first responders of vascular injury in concert with
plasma coagulation and have an important role in inflammation and
host defense.14-17 They also protect the epithelium of the pulmonary
alveoli.18 Several reports indicate platelet dysfunction in patients
with COVID-19, including a moderate thrombocytopenia that has
been proposed as a marker of severity of the pathology as well as
platelet hyperactivation and interaction with monocytes, leading to
monocyte-derived tissue factor expression.19-24 A current hypothesis
is that platelets are activated and recruited at the site of infection,
particularly damaged endothelium of the pulmonary vasculature, and
participate in the activation of the body's inflammatory response as
well as in the appearance of complications related to coagulopathy.
Changes in platelet activation have been associated with disease
severity and mortality.21,23-25 An important question involves
whether platelets are activated through endothelial cell stimulation
and dysfunction, via the exacerbated inflammatory conditions,
directly by SARS-CoV-2, or by a combination of these different trig-
gers. Several viruses, including dengue and influenza, can infect
megakaryocyte and have been found in platelets.26,27 SARS-CoV-2
RNA has been detected in platelets from patients with COVID-19,
suggesting the presence of viral particles.22 However, the presence
of the receptor for SARS-CoV-2 binding, angiotensin-converting
enzyme 2 (ACE2), on the platelet surface is a subject of contro-
versy.22,23,28 Recently, Koupenova et al detected viral RNA from
SARS-CoV-2 in the platelets of patients with COVID-19 and dem-
onstrated that following incubation with SARS-CoV-2 virions, plate-
lets can actively internalize the virus by different pathways, including
through endosomes, in phagocytic vacuoles, and by attachment to
microparticles.29

Here we have investigated a series of platelet parameters to assess
their activation and responsiveness in a cohort of patients with
severe COVID-19 hospitalized in ICU. We sought to analyze the
ultrastructure of the patients’ platelets and the presence of SAR-
S-CoV-2 particles within platelets and their consequences. Our
data shed new light on the behavior of platelets during severe

Table 1. Characteristics of patients with COVID-19

Severe COVID-19

(n 5 29)

Demographic characteristics

Age, median (range) 63 (19-85)

Male sex, n (%) 24 (82.7)

BMI, median (range) 28.4 (19.7-55.6)

SAPS II, median (range) 49.0 (18.0-84.0)

Baseline SOFA, median (range) 5 (3-13)

Coexisting conditions, n (%)

Hypertension 17 (58.6)

Diabetes mellitus 10 (34.5)

Dyslipidemia 5 (17.2)

Previous myocardial infarction 3 (10.3)

Chronic respiratory disease 2 (7.1)

Obesity 11 (37.9)

Chronic cardiac disease 5 (17.2)

Chronic liver disease 1 (3.4)

Chronic kidney disease 3 (10.3)

Thromboembolic disease 4 (13.8)

Prior antiplatelet agent 4 (13.8)

Anticoagulation 2 (7.4)

Hydroxychloroquine 3 (10.3)

Dexamethasone 21 (72.4)

b-lactams antibiotics 25 (86.2)

Neuromuscular-blocking drugs 20 (68.9)

Enoxaparin 21 (72.4)

Biology (at inclusion), median (range)

CRP (mg/mL) 107.0 (6.4-237.7)

Leukocytes (g/L) 8.3 (4.5-29.8)

Lymphocytes (g/L) 0.8 (0.2-8.3)

Neutrophiles (g/L) 7.2 (3.2-23.8)

Platelet count (g/L) 194 (65-521)

MPV (fL) 10.3 (9.1-13.4)

D-dimers (ng/mL) 910 (500-4000)

Fibrinogen (g/L) 7.0 (4.2-7.9)

Outcomes, median (range) or

n (%)

Ratio PaO2/FiO2 148.5 (67.0-320.0)

High flow oxygen, n (%) 7 (24.2)

Invasive mechanical ventilation,
n (%)

22 (75.8)

Duration of mechanical ventilation
(d)

18.5 (3.0-83.0)

ICU LOS (d) 17.0 (1.0-85.0)

Hospital LOS (d), median (range) 26.0 (3.0-155.0)

Death, n (%) 10 (34.5)

None of the patients were under extracorporeal membrane oxygenation. The median for
blood sampling was 4 days after ICU admission. No patient with the o variant was
included in the study.
BMI, body mass index; COPD, chronic obstructive pulmonary disease; CRP, C-reactive

protein; LOS, length of stay; MPV, mean platelet volume; SAPS II, simplified acute
physiology score; SOFA, sepsis-related organ failure assessment.
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Figure 1. Platelet activation markers in patients with severe COVID-19 compared with controls. Soluble markers of platelet activation including soluble P-selectin

(A), soluble GPVI (B, left panel), and soluble CD40L (C) were quantified in the plasma from patients with severe COVID-19 and healthy donors (A: n 5 12 healthy donors

and n 5 6 patients; B: n 5 20 healthy donors and n 5 22 patients; C: n 5 11 healthy donors and n 5 15 patients). The number of copies of platelet surface GPVI was

also quantified (B, right panel, n 5 16 healthy donors and n 5 15 patients). Eicosanoids (D) known to be produced by activated platelets, including TXB2, 12-HETE,

14-HDoHE, 15-HETE, and 5-HETE, were quantified in plasma from 7 patients with severe COVID-19 and 6 healthy donors using a mass spectrometry-based targeted

lipidomic approach. The presence of heterotypic monocyte-platelet (E) and neutrophil-platelet (F) aggregates were quantified by flow cytometry in 13 patients with severe

COVID-19 and 11 healthy donors. The concentrations of IL-1beta, IL-6, and IL-8 were also quantified using appropriate enzyme-linked immunosorbent assay kits (G) in the

plasma of 6 to 10 patients with severe COVID-19 and 4 to 8 healthy donors. Results are mean 6 SEM; each circle represents an individual. *P , .05; **P , .01;

***P , .001; ****P , .0001 according to the nonparametric Mann-Whitney test.
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COVID-19, including their activation, partial desensitization, and the
presence of viral particles and/or proteins leading to selective
autophagy/xenophagy.

Methods

Study design

Patients were enrolled in a prospective, observational study con-
ducted at the University Hospital of Toulouse from 7 April 2020 to
18 February 2022. Patients were included in the COVID group after
admission in the ICU for severe acute respiratory failure due to
SARS-CoV-2 infection as confirmed by reverse transcription poly-
merase chain reaction. Patients from the sepsis group were
included if they were admitted for a non–COVID-19 sepsis in the
ICU according to the international definition of sepsis.30 All patients
from the COVID group and the sepsis group were enrolled under a
study protocol approved by the Comit�e de protections des person-
nes du sud-ouest et outre-mer (CPP2020-04-042a/2020-A00972-
37/20.04.08.64705). Healthy donors (38 years [interquartile range,
26-69], 50% female) were recruited under a protocol approved by
the Toulouse Hospital Bio-Resources biobank, declared to the Min-
istry of Higher Education and Research (DC2016-2804). They were

asymptomatic and had negative serology at the time of inclusion
(supplemental Figure 1). Patients and healthy donors were excluded
from the study if they had malignant blood disease or hemostatic
disorder, were pregnant, or were majors under tutorship or guard-
ianship or minors. All were recruited after informed consent, and
study procedures were conducted in accordance with the Declara-
tion of Helsinki. Upon admission to ICU, baseline characteristics,
biological variables, and outcome were recorded (Table 1). Patients
and controls were not vaccinated for COVID-19, and there was no
selection/exclusion of patients with respect to the different analysis,
except that platelet functional tests were not performed if aspirin or
steroids were taken within the previous 10 days before blood sam-
pling and autophagy was not analyzed in the 3 patients who
received hydroxychloroquine.

Statistical analysis

Characteristics of the patients were compared using nonparametric
tests (Mann-Whitney). P , .05 was statistically significant. Fischer’s
test was used for morphological analysis by electronic microscopy.
GraphPad Prism (La Jolla, CA) was used to realize the figures.

Details regarding the sources of materials and additional methods
are provided in the supplemental Methods.
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Figure 2. Platelet reactivity following stimulation in patients with severe COVID-19 compared with healthy donors. Platelet-rich plasma from 15 healthy donors

and 16 patients with severe COVID-19 was stimulated or not with TRAP (50 mM), U46619 (5 mM), and CRP (0.9 mg/mL) for 10 minutes in nonstirring conditions at 37�C,

and activation of aIIbb3 (GpIIb-IIIa) was assessed by flow cytometry using PAC-1 antibody (A). The number of copies of surface GpIIb-IIIa in resting platelets was also quan-

tified (B, n 5 8 healthy donors and n 5 9 patients). The surface expression of P-selectin (CD62P), a marker of a-granules secretion (C), and CD63, a marker of dense gran-

ules secretion (D), was quantified in resting and stimulated platelets. The platelet aggregation response (% of maximal platelet aggregation) from healthy donors and patients

with severe COVID-19 was also assessed by light transmission aggregometry in response to TRAP (50 mM), U46619 (1 mM), and collagen (0.75 mg/mL) for 10 minutes in

stirring conditions (E). Results are mean 6 SEM; each circle represents an individual. *P , .05; **P , .01; ***P , .001; ****P , .0001 according to the nonparametric

Mann-Whitney test.
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Figure 3. Effect of plasma from patients with severe COVID-19 on washed healthy platelet aggregation response. Washed platelets from 6 healthy donors

were resuspended in plasma from 11 to 15 patients with severe COVID-19 or 9 healthy donors. The platelet aggregation response (% of maximal platelet aggregation)

was then assessed by light transmission aggregometry in response to low doses of CRP (0.075 mg/mL) (A-B) and TRAP (25 mM) (C-D) for 10 minutes. Representative

aggregation traces are shown (A, C) as well as the quantification of maximal platelet aggregation response (B, D). Results are mean 6 SEM; each circle represents an

individual plasma. **P , .01 according to the nonparametric Mann-Whitney test. The potential impact of FcgRIIA receptor on the potentiation of plasma of patients with

severe COVID-19 on CRP-induced platelet aggregation was assessed by using the IV.3 neutralizing antibody (E). As a positive control of the IV.3 antibody efficiency,
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Results

Characteristics of the patients with COVID-19 at

admission and outcome

A total of 29 patients admitted to the ICU for severe COVID-19 who
tested positive for SARS-CoV-2 infection on reverse transcription
polymerase chain reaction were included in the study. Their clinical
and biological characteristics at admission are detailed in Table 1.
Patients admitted for a non–COVID-19 sepsis in the ICU (sepsis
group, n 5 9) were also included in the study (supplemental Table 1).
Eighty percent of these patients were admitted for bacterial pneumo-
nia and 20% for urinary sepsis.

Increased soluble platelet activation markers and

decreased platelet reactivity in patients with severe

COVID-19

Specific soluble platelet activation markers, including soluble GPVI
(sGPVI), soluble P-selectin (sCD62P), and soluble CD40 ligand
(sCD40L), were significantly increased in plasma of patients with
COVID-19 compared with healthy controls (Figure 1A-C). Consistent
with increased plasma concentration of sGPVI, the number of copies
of this collagen receptor was significantly decreased at the surface
of platelets from patients with severe COVID-19 (Figure 1B).
This result complies with a shedding of GPVI known to occur during
platelet activation. The plasma concentration of eicosanoids derived
from the metabolism of arachidonic acid during platelet activation
through the cyclooxygenases and the lipoxygenases pathways was
then analyzed. The plasma level of thromboxane B2 (TxB2), the
stable metabolite of thromboxane A2 (TXA2), and the lipoxygenase
product 12-hydroxyeicosatetraenoic acid (12-HETE) was very high in
patients with severe COVID-19 and low in controls (Figure 1D).
Other lipoxygenase products such as 15-hydroxyeicosatetraenoic
acid (15-HETE), 5-hydroxyeicosatetraenoic acid (5-HETE), and
14-hydroxydocosahexaenoic acid (14-HDoHE) were also significantly
elevated in patients compared with healthy controls (Figure 1D).

Platelet activation was also highlighted by a significant increase in
circulating heterotypic monocyte-platelet (Figure 1E) and neutrophil-
platelet (Figure 1F) aggregates in the COVID-19 patient group. As
expected, this was associated with an increase in the blood concen-
tration of proinflammatory cytokines such as interleukin-1b (IL-1b),
IL-6, and IL-8 (Figure 1G).

We then investigated the level of activation of the platelet-specific
aIIbb3 integrin (GpIIbIIIa) by binding of the PAC1 antibody on the
platelet surface as well as the membrane expression of the

a-granule secretion marker P-selectin (CD62P) and the dense gran-
ule secretion marker CD63 at rest or following stimulation. Nonsti-
mulated platelets from patients with severe COVID-19 and controls
showed comparable levels of activated aIIbb3 as well as CD62P
and CD63 membrane expression (Figure 2A-D). While the basal
surface expression of GpIaIIa and GpIb was unchanged (supple-
mental Figure 2), the expression of aIIbb3 per platelet was signifi-
cantly decreased in patients with COVID-19, suggesting the
occurrence of a shedding process (Figure 2B). We next assessed
platelet reactivity following stimulation by collagen-related peptide
(CRP), thrombin receptor agonist peptide (TRAP), or the stable ana-
log of TXA2 (U46619). The intensity of activation of the fibrinogen
receptor aIIbb3 was significantly reduced in patients with severe
COVID-19 in response to all agonists tested (Figure 2A). Similarly,
although the number of a-granule was comparable in the 2 groups
(supplemental Figure 2A), their secretion as well as that of dense
granules was significantly reduced in the group with severe COVID-
19 (Figure 2C-D). These results suggest that platelets from patients
with severe COVID-19 have a significant reduction of reactivity to
physiological agonists. The maximal platelet aggregation response
measured by light transmittance aggregometry after 6 minutes of
stimulation tended to decrease in response to U46619 and TRAP
and was significantly reduced following collagen stimulation in
patients with severe COVID-19 (Figure 2E). Overall, these data sug-
gest that platelets get activated and partly desensitized during
severe COVID-19. Although the number of patients was limited, cor-
relative studies (supplemental Table 2) suggest that the sGPVI level
is associated with thromboembolic events and that high TRAP-
induced platelet aggregation response correlated to patient death.

To check whether the plasma from patients with severe COVID-19
would modify the aggregation response of platelets from healthy
donors, we performed cross-aggregation tests. Washed platelets
from healthy donors were resuspended in plasma from either healthy
donors or patients with COVID-19 and stimulated by low doses of
CRP (0.075 mg/mL) or TRAP (25 mM). As shown Figure 3A-D, the
plasma from patients with severe COVID-19 significantly potentiated
platelet aggregation induced by CRP (Figure 3A-B) or TRAP (Figure
3C-D). This potentiating effect, which may contribute to platelet
desensitization in patients with severe COVID-19, was not due to
platelet FcgRIIA triggering because specific blockade of this Fc
receptor with a neutralizing antibody did not impair the effect of the
COVID-19 plasma (Figure 3E). As expected, this neutralizing anti-
body totally inhibited platelet aggregation induced by plasma from
patients with heparin-induced thrombocytopenia (Figure 3E). Addi-
tion of plasma from patients with COVID-19 for 30 minutes on

Figure 5 (continued) Specific ultrastructural modifications in platelets from patients with severe COVID-19. PRP from healthy donors (n 5 6), septic patients

without COVID-19 (bacterial sepsis, n 5 4), and patients with severe COVID-19 (n 5 10) were fixed and analyzed by TEM (A). Representative electron micrographs at

different magnification are shown. Different parameters and cellular elements were quantified using electron micrographs of platelet complete cross-sections (186 from

n 5 6 healthy donors [31 for each], 160 from n 5 4 septic patients without COVID-19 [40 for each], and 240 from n 5 10 patients with severe COVID-19 [24 for each]).

The percentage of platelets exhibiting enlarged vesicles (vesicle surface/platelet cross section surface ratio . 6.1, which is the upper quartile for control platelets) was

quantified (B). **P , .01; ***P , .001 according to the nonparametric Mann-Whitney test. To check whether the vesicle-like structures were part of the OCS, platelet-rich

plsma from 4 healthy donors and 6 patients with severe COVID-19 was fixed and stained with tannic acid before analysis by TEM (C). Representative transmission electron

micrographs are shown (the top two from healthy controls and the bottom ones from patients with COVID-19). Magnifications of selected areas (310000) show that the

vesicles were not labeled with tannic acid, excluding their belonging to the OCS (see also supplemental Figure 11). The cross-sectional surface (D), the number of

vesicle-like structures per cross-section (E), the surface of vesicle-like structures per cross-section (F), and the vesicle-like surface/platelet cross-section surface ratio

(G) were quantified. ****P , .0001 according to the nonparametric Mann-Whitney test. The presence or absence of microtubules (H) and pseudopodia (I) per platelet

cross-section was also quantified as parameters of platelet activation. Fischer’s test was used for statistical analysis.
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healthy resting platelets weakly decreased aIIbb3 and GPVI surface
expression and faintly increased dense granule secretion (supple-
mental Figure 3).

Platelets from patients with severe COVID-19

contain viral material

Ultrastructural analysis of platelets from 10 patients with severe
COVID-19 by transmission electron microscopy (TEM) indicated the
presence of characteristic crown-like structures of the expected size
of SARS-CoV-2 (80-120 nm of diameter) in 22.7 6 6.3% of
their platelets (Figure 4A-B). Such characteristic viral-like particles
identified and quantified on the basis of specific criteria were
observed in platelets from all 10 patients tested but not in platelets
from patients with bacterial sepsis or healthy donors (Figure 4B).
The presence of SARS-CoV-2 proteins in platelets from patients
with severe COVID-19 was confirmed by immunofluorescence and
super-resolution confocal microscopy using a specific Spike protein
antibody (Figure 4C; supplemental Figure 4). Moreover, immunogold
labeling of Spike and nucleocapsid applied to TEM showed the
presence of these viral proteins in platelets from patients with
severe COVID-19 (Figure 4D) whereas no labeling was found in
control platelets (supplemental Figure 5). Spike labeling was often
found in large vesicle-like structures whereas nucleocapsid labeling
was mainly in smaller vesicles, suggesting different processing of
these proteins.

Specific platelet ultrastructural changes in patients

with severe COVID-19

Analysis of platelet ultrastructure by TEM revealed that several plate-
lets from patients with severe COVID-19 exhibited enlarged surface
areas of low electron density reminiscent of vesicular structures or
open canalicular system (OCS) (Figure 5A). These vesicle-like struc-
tures were rare in platelets from patients admitted to the ICU for
bacterial sepsis (Figure 5A). Analysis of electron micrographs of
platelet complete cross-sections indicated that 63.1 6 12.5% of
platelets from patients with severe COVID-19 exhibited enlarged
vesicle-like structures (Figure 5B). To check whether those struc-
tures would belong to the surface-connected and dilated OCS, we
used specific labeling with the electron-dense extracellular tracer
tannic acid. This labeling revealed that the vesicle-like structures
observed in platelets from patients with COVID-19 were not in con-
tinuity with the plasma membrane and the OCS because they
showed no tannic acid labeling (Figure 5C). These enlarged vesicle-
like structures suggest a modification of the intracellular trafficking
machinery in platelet from severe COVID-19 that could be linked to

viral particle uptake because Spike was found in such vesicles
(Figure 4D). The platelet cross-sectional area and the number of
vesicle-like structures per platelet were comparable among the 3
groups (Figure 5D-E). In contrast, the vesicle-like area/platelet area
ratio and the mean area of vesicle-like structures were significantly
increased in the group with severe COVID-19 (Figure 5F-G). The
electron micrograph analysis also allowed us to quantify the number
of microtubules and pseudopodia emitted as signs of platelet activa-
tion. Following platelet activation, microtubules rapidly reorganize
and become much less visible by TEM. The number of visible plate-
let microtubules was significantly decreased in both the group with
bacterial sepsis and the group with severe COVID-19 compared
with controls, suggesting platelet activation (Figure 5H). Of note,
74% of platelets exhibiting viral-like particles had invisible microtu-
bules. Consistent with the decrease in microtubules, the number of
pseudopodia significantly increased in the groups with bacterial
sepsis and severe COVID-19 (Figure 5I). These data point to plate-
let activation in the 2 groups of patients whereas only platelets from
patients with severe COVID-19 exhibited enlarged vesicle-like
structures.

Large LC3-positive structures characterize platelets

from patients with severe COVID-19, evidence

for xenophagy

The autophagy pathway can act as an intrinsic antiviral defense
mechanism to degrade viral material through a process called xen-
ophagy (foreign-eating) or virophagy.31 Selective autophagy allows
delivery of trapped viral cargo to the lysosome for degradation
through autophagosome formation.31,32 Immunofluorescence and
super-resolution confocal microscopy analysis clearly indicated the
presence of large LC3-positive puncta in platelets from patients
with severe COVID-19 compared with control platelets and
platelets from patients with bacterial sepsis (Figure 6A; supplemen-
tal Figure 6A). A 3-dimensional representation of LC3-positive struc-
tures highlights their important size and tubular nature (Figure 6B).
Consistent with this observation, LC3BII, a standard marker for auto-
phagosomes and autolysosomes generated by conjugation of cyto-
solic LC3BI to phosphatidylethanolamine, was strongly present in
platelets of patients with severe COVID-19 compared with control
platelets and platelets from patients with bacterial sepsis (Figure
6C; supplemental Figure 6B). The LC3BII/actin ratio and, to a lesser
extent, the LC3BI/actin ratio were significantly increased in platelets
from patients with severe COVID-19 compared with platelets from
controls and patients with bacterial sepsis (Figure 6C, right panel;
supplemental Figure 6C). Consistent with western blot and imaging

Figure 6 (continued) Presence of LC3B-positive vesicles in platelets from patients with severe COVID-19. Washed platelets from healthy donors (n 5 5) and

patients with severe COVID-19 (n 5 7) were fixed and labeled with a specific anti-LC3B antibody and analyzed by super-resolution confocal microscopy with the Airyscan

module (A). F-actin staining using phalloidin-AF488 allowed platelet visualization. Representative images are shown (bar represents 1 mm). Images reconstructed in 3

dimensions (B) show LC3B spatial distribution in platelets of healthy control and patients with severe COVID-19. A representative western blotting analysis shows the level

of LC3B-I and LC3B-II in platelets from 4 heathy donors (H1-H4) representative of 5 and from 4 patients with severe COVID-19 (P1-P4) representative of 7 (C, left panel).

The exposure time was adjusted to efficiently distinguish the LC3BI and LC3BII forms. The quantification of the LC3B/actin ratio for LC3B-I and LC3B-II from healthy donors

(n 5 5) and patients with severe COVID-19 (n 5 7) is shown in the right panel. Results are mean 6 SEM. **P , .01 ***P , .001 according to the nonparametric

Mann-Whitney test. Immunogold labeling of LC3B protein analyzed by TEM shows the number of gold particles by cross-section (30 from n 5 3 healthy donors [10 for

each] and 30 from n 5 3 patients with severe COVID-19 [10 for each]) (D). Results are mean 6 SEM. ***P , .001 according to the nonparametric Mann-Whitney test. The

presence of LC3B associated with a large vacuole reminiscent of autophagosome (arrows and magnification insert) is shown in a platelet from patient with severe

COVID-19 (E). Representative TEM sections of platelets from patients with severe COVID-19 (n 5 10) showing structures typical of elongation membrane (EM),

autophagosome (AP), and autophagolysosome-like (AL) (F).
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analysis, immunogold labeling indicated an increase of LC3B in pla-
telets from patients with COVID-19 (Figure 6D) and the presence of
LC3B around phagosome-like structures (Figure 6E). Autolyso-
somes can derive from fusion of autophagosomes with lysosomes
or from fusion with late endosomes structures, which may give rise
to LAPosomes that subsequently fuse with lysosomes. To investi-
gate the origin of these LC3-positive vesicles, we searched for
autophagy patterns. TEM analysis demonstrated the presence of
characteristic macroautophagic structures, including elongation
membranes (phagophores), autophagosomes, and autophagolyso-
somes, in a substantial fraction of platelets from the 10 patients with
COVID-19 analyzed (Figure 6F; supplemental Figure 7). These
structures were not visible or were rare in control platelets. Super-
resolution confocal microscopy analysis demonstrated a significant
degree of colocalization of Spike and LC3B in platelets from
patients with severe COVID-19 as shown by a Pearson’s correlation
coefficient of 0.667 6 0.142 and a Manders’ coefficient of 0.521 6
0.209 (Figure 7A,D). There was much less colocalization of Spike
with the early endosome marker EE1 but a partial colocalization with
the late endosome marker Rab7 (Figure 7B-D), suggesting the pres-
ence of structures derived from the endosomal pathway potentially
related to LAPosomes or amphisomes. Finally, co-labeling experi-
ments with fibrinogen and CD63 excluded the presence of Spike in
platelet dense and a granules (supplemental Figure 8).

Discussion

The high incidence of thromboembolic events in patients with
severe COVID-19 is now well established and is associated with
increased morbidity and mortality.4,21,25,33-35 The mechanisms
underlying thrombotic complications are multifactorial, however, with
a central role of thrombocytopathy and endotheliopathy.3,25,36 Plate-
lets are emerging as important players in the coordinated action of
the uncontrolled inflammatory and thrombotic response observed in
SARS-CoV-2–mediated severe disease.22-24 Here, we show that
patients with severe COVID-19 with ARDS have high levels of
plasma platelet activation markers, including sCD40L, sGPVI, and
sP-selectin. Our study confirms the significant increase in circulating
heterotypic monocyte-platelet and neutrophil-platelet aggregates
highlighting in vivo platelet activation.37 These aggregates are
observed in thromboinflammatory diseases such as sepsis, acute
lung injury, and cardiovascular diseases38 and are associated with
increased mortality in elderly patients with sepsis.39 Eicosanoids
produced by activated platelets such as TXB2 and 12-HETE were
present at a high level in patient plasma. Of note, elevated levels of
TXB2 were observed in bronchoalveolar lavage of patients with
COVID-19, suggesting platelet contribution.40 The concentration of
other members of this family of bioactive lipids produced by the
LOX pathway by either activated platelets or immune cells such as
5-HETE and 15-HETE were also very high in the plasma from
patients with severe COVID-19. Consistent with previous stud-
ies,22,41-43 our cohort of patients with severe COVID-19 exhibited
high levels of circulating proinflammatory cytokines, including IL-1b,
IL-6, and IL-8. This first set of data confirms platelet activation in
patients with severe COVID-19 in complement to previous stud-
ies.22-24,44 Importantly, when platelet reactivity was tested ex vivo,
we observed a partial but significant desensitization to physiological
agonists. The significant decrease in the activation of integrin aIIbb3
assessed by PAC-1 labeling after stimulation correlated with a
decrease in the number of aIIbb3 copies on the surface of platelets
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Figure 7. Localization of Spike protein in platelets from patients with

severe COVID-19. The intraplatelet localization of Spike protein was investigated

by immunofluorescence and super-resolution confocal microscopy with the Airyscan

module using a specific anti-Spike antibody. Its colocalization with LC3B, a marker

of autophagosomes (A), EEA1, a marker of early endosomes (B), and Rab7, a

marker of late endosomes (C), was analyzed. Representative images from 5

different patients with severe COVID-19 are shown (bar represents 1 mm).

Quantification was performed from the analysis of 30 to 40 platelets from each of

the 5 patients with severe COVID-19 analyzed. Pearson’s correlation coefficient

and Manders’ coefficient calculations are shown (D). *P , .05; **P , .01;

****P , .0001 according to the nonparametric Mann-Whitney test.
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from patients with severe COVID-19. Moreover, the secretion of a
and dense granules was also significantly reduced as well as plate-
let aggregation following collagen activation. A drop in the number
of collagen receptor GPVI copies on the surface of platelets was
associated with an increase of sGPVI, indicating a shedding after
proteolytic cleavage known to occur following contact of the recep-
tor with its ligand or binding antibodies or as a result of elevated
shear stress in the microcirculation. Acquired platelet GPVI receptor
dysfunction in critically ill patients, particularly in the early phase of
sepsis, has recently been described.45 The disintegrin and metallo-
protease ADAM10 is known to cleave the extracellular domain
of GPVI.46 Factor Xa can also mediate coagulation-dependent
shedding of GPVI.47 The proteasic activity of ADAM10, which
increases following platelet activation, may explain the acquired
platelet GPVI dysfunction we observed in cases of severe
COVID-19 as a potential programmed downregulation function of
the receptor.48,49

Manne et al23 have also reported a reduced activation of aIIbb3 in
patients with COVID-19. Reduction of platelet procoagulant
response and platelet desensitization to TRAP have been described
as well as a hyporesponsive platelet phenotype associated with
adverse outcome in COVID-19.50,51 Of note, hypoxia may be
involved in the reduction of platelet responses.52 However, several
reports have clearly shown a hyperactivity of platelets from patients
with COVID-19.22-24 An explanation for this discrepancy may be
that the partial desensitization observed in our cohort of patients
with severe COVID-19 may have taken place secondary to the
thromboinflammatory events because the median for blood sampling
was 4 days after ICU admission whereas it was ,72 hours in stud-
ies showing platelet hyperactivity. Consistent with this, activation of
normal platelets by CRP or TRAP in the platelet-poor plasma from
patients with severe COVID-19 induced a significant potentiation of
the aggregation response, highlighting the prothrombotic nature of
patient plasma. Moreover, analysis of the ultrastructure of platelets
from patients with severe COVID-19 indicated a decrease in the
number of microtubules and an increase in pseudopodia emitted,
which are signs of platelet activation. Overall, these data indicate
that platelets from patients with severe COVID-19 undergo in vivo
activation and then become partly desensitized.

Interestingly, using TEM, immunogold labeling, and immunofluo-
rescence approaches, we found the presence of viral-like par-
ticles and viral proteins in a significant proportion of platelets
from patients with severe COVID-19. Viral-like particles were
found in 22.7% of platelets from the 10 patients with severe
COVID-19 analyzed. They were also recently observed in a sig-
nificant percentage of circulating platelets from 3 patients with
COVID-19.53 How SARS-CoV-2 enters the platelets remains
elusive. While Manne et al23 and Zaid et al22 did not find ACE2
mRNA or protein in patient platelets, Zhang et al28 found that
they express ACE2 as well as its partner, the transmembrane
protease serine 2 (TMPRSS2), which is known to proteolytically
cleave and activate the viral Spike protein to facilitate virus entry.
Koupenova et al29 found low levels of ACE2 and TMPRSS2 pro-
teins in platelets and detected SARS-CoV-2 RNA in platelets
from patients with COVID-19. They also showed that following
in vitro incubation with SARS-CoV-2 virions, platelets internalize
the virus through endosomes, in phagocytic vacuoles, and by
attachment to microparticles. Moreover, an ACE2-independent
mechanism allowing interaction of SARS-CoV-2 with

megakaryocyte and platelet has been suggested.54 Finally,
CD147, which is expressed in platelets,55 has been proposed
as a potential receptor or coreceptor for SARS-CoV-2 that can
promote virus entry into host cells.56 Thus, evidence is accumu-
lating that platelets can uptake SARS-CoV-2 by different
mechanisms.

Analysis of Spike protein by immunogold labeling in TEM indicated
its presence in large vesicles. Compared with control platelets or
platelets from patients with bacterial sepsis, platelets from patients
with severe COVID-19 exhibited a higher proportion of large
vesicles that were not in continuity with the plasma membrane and
the OCS. These vesicles are reminiscent to the endocytic vesicle
described by TEM in platelets infected by HIV.57,58 Recently, it was
shown that platelets engulf HIV-1 virion and traffic them from the
endocytic pathway to an LC3-decorated compartment, which may
correspond to LC3-associated phagosomes or LAPosomes.59 Here
we found that platelets from the 10 patients with severe COVID-19
analyzed exhibited characteristic autophagic structures. Cross-talk
between host autophagy and viruses has been frequently
reported,31,60 including for SARS-COV-2.61 Compared with control
platelets or platelets from bacterial sepsis patients, the strong pres-
ence of LC3B-decorated large tubular structures in platelets from
patients with severe COVID-19 associated with a significant
increase in LC3B-II levels and a colocalization of LC3B and Spike
strongly suggest that selective autophagy recognizes intracellular
viral components to degrade them via autophagosomes and auto-
phagolysosomes. This processs, also termed xenophagy or, in the
case of viruses, virophagy, is known to play an important role in the
resistance to infections.31 Besides entry of the virus itself, platelets
may uptake circulating viral proteins including Spike.62 A recent
study has shown that Spike protein can engage Gp1b receptor to
activate platelets through PKC and PI3K/Akt pathways and promote
platelet–monocyte interactions.63 While our study indicates that
platelet xenophagy/virophagy is part of the defense mechanisms
against SARS-CoV-2 virus, it remains to be investigated whether
this process can amplify platelet activation, as proposed for autoph-
agy,64 or can contribute to their desensitization. Moreover, the
impact of the highly inflammatory context on selective autophagy is
unknown.

The intraplatelet processing of soluble viral protein and the whole
SARS-COV-2 may require different pathways. Moreover, modulation
of these autophagy-related pathways by the virus to escape degra-
dation may also occur.31 Mechanisms governing xenophagy in
response to viral infection are of particular current interest in the
context of the COVID-19 pandemic. Our data showing a partial
colocalization of Spike with Rab7 suggests the formation of struc-
tures derived from the endocytic pathway that may be related to
LAPosomes. The endolysosomal and autophagic pathways may
coexist and interconnect in platelets from patients with severe
COVID-19. This is consistent with the different modes of entry of
the virus recently described.29 Thus, platelets have conserved a
specialized form of selective autophagy to target viruses or compo-
nents thereof to autophagosomes and autophagolysosomes for
elimination. Of note, platelets have the ability to process exogenous
antigens to antigenic peptides through a vacuolar (phagosome-to-
cytosol) pathway and present antigen via histocompatibility complex
class I.65,66 An attractive hypothesis is that platelets could contrib-
ute to T-cell triggering to promote SARS-CoV-2 protective immune
responses. Increasing these beneficial properties of platelets while
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minimizing their deleterious proinflammatory and prothrombotic
effects should be of clinical benefit.

In conclusion, platelets from patients admitted to the ICU for
COVID-19 ARDS are activated and get partly desensitized through
mechanisms such as shedding of surface glycoproteins such as
GPVI. Ultrastructural analysis of patient platelets demonstrates for
the first time in vivo that a significant proportion of platelets internal-
ize SARS-CoV-2 and viral material and develop xenophagy through
the endolysosomal and autophagic pathways, contributing to viral
material clearance.
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