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Abstract
Background: Severity	 of	 coronavirus	 disease	 2019	 (COVID-	19)	 is	 often	 associated	
with	thrombotic	complications	and	cytokine	storm	leading	to	intensive	are	unit	(ICU)	
admission. Platelets are known to be responsible for abnormal hemostasis parameters 
(thrombocytopenia,	raised	D-	dimers,	and	prolonged	prothrombin	time)	in	other	viral	
infections through the activation of the nucleotide- binding domain leucine repeat rich 
containing	protein	3	inflammasome	induced	by	signaling	pathways	driven	by	Bruton	
tyrosine	kinase	(BTK)	and	leading	to	caspase-	1	activation.
Objectives: We hypothesized that caspase- 1 activation and the phosphorylation of 
BTK could be associated with the severity of the disease and that ibrutinib, a BTK 
inhibitor, could inhibit platelet activation.
Methods and Results: We studied caspase- 1 activation by flow cytometry and the 
phosphorylation of BTK by Western blot in a cohort of 51 Afro- Carribean patients 
with	COVID-	19	disease	(19	not	treated	in	ICU	and	32	treated	in	ICU).	Patients	with	a	
platelet	count	of	286.7 × 109/L	(69–	642 × 109/L)	were	treated	by	steroids	and	heparin	
preventive anticoagulation. Caspase- 1 and BTK activation were associated with the 
severity of the disease and with the procoagulant state of the patients. Furthermore, 
we showed in vitro that the plasma of ICU patients with COVID- 19 was able to in-
crease CD62P expression and caspase- 1 activity of healthy platelets and that ibrutinib 
could prevent it.
Conclusions: Our results show that caspase- 1 and BTK activation are related to dis-
ease severity and suggest the therapeutic hope raised by ibrutinib in the treatment of 
COVID- 19 by reducing the procoagulant state of the patients.
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Essentials

•	 Platelet	hyperreactivity	and	thrombotic	complications	are	observed	in	coronavirus	disease	2019	(COVID-	19).
• Platelet caspase- 1 and BTK activation is related to disease severity in patients with COVID- 19.
•	 BTK	(an	activator	of	caspase-	1)	and	caspase-	1	activation	are	reversed	in	vitro	by	ibrutinib.
• Ibrutinib is a therapeutic hope in the treatment of COVID- 19.

1  |  INTRODUC TION

Severe	acute	respiratory	syndrome	coronavirus	2	(SARS-	CoV-	2)	 is	
responsible	 for	 coronavirus	 disease	 2019	 (COVID-	19),	 character-
ized in its typical form by pneumonia with fever, cough, and dysp-
nea.	Among	the	patients,	about	14%	develop	the	severe	form	of	the	
disease	 and	 5%	 its	 critical	 form	 (with	 respiratory	 and	multiorgan	
failures	or	systemic	shock)	due	to	an	excessive	inflammatory	reac-
tion known as “cytokine storm.”1 It is characterized by a vast release 
of	 several	 proinflammatory	 cytokines	 such	 as	 interleukin	 (IL)-	6,	
tumor necrosis factor- α (TNFα),	interferon-	γ (IFNγ)	and	IL-	1β, lead-
ing to an inappropriate and excessive activation of the macrophages 
and the immune system as a whole.2,3 Thrombotic complications 
are frequent in the severe forms of the disease and are associ-
ated with abnormal hemostasis parameters (thrombocytopenia, 
raised	D-	dimers,	and	prolonged	prothrombin	 time)	mimicking	dis-
seminated intravascular coagulation.4 However, thrombocytope-
nia observed during COVID- 19 infection remains moderate. Five 
percent	 to	42%	of	patients	with	COVID-	19	exhibited	mild	 throm-
bocytopenia	(100–	150 × 109/L).5– 8 Patients with severe COVID- 19 
have	a	lower	platelet	count	(23–	31 × 109/L)	than	in	mild	or	moder-
ate forms of COVID- 19.9,10	Several	studies	reported	platelet	activa-
tion in patients with COVID- 19, suggesting that this blood cell type 

may be due to the occurrence of these devastating conditions.11,12 
Nevertheless, coagulopathy observed during COVID- 19 still ap-
pears to be the result of the exacerbated inflammatory response 
and activation/alteration of endothelial tissue.13

Platelets play a well- known role in hemostasis and thrombosis, 
but they also mediate inflammatory and immune processes in sev-
eral infectious illnesses such as dengue, HIV- 1, and influenza.14–	18 
These processes, referred to as immunothrombosis, can drive ad-
verse clinical outcomes such as vascular thrombosis, organ failure, 
and death, as observed in COVID- 19.19

Several	 signaling	 pathways	may	 lead	 to	 platelet	 activation,	 in-
cluding	those	related	to	toll-	like-	receptors	(TLRs).	Platelets	express	
several TLRs, which can be stimulated by pathogen- associated 
molecular patterns inducing signaling pathways driven by Bruton 
tyrosine	kinase	(BTK).20 BTK is a nonreceptor signaling kinase down-
stream	 of	 several	 platelet	 receptors	 like	 glycoprotein	 (GP)	 VI,21,22 
GPIb/IX/V,23 and C- type lectin domain family 2.24 BTK is able to 
activate the nucleotide- binding domain leucine repeat rich contain-
ing	 protein	 3	 (NLRP3)	 inflammasome	 in	 platelets,25 which results 
in caspase- 1 activation and the release of bioactive IL- 1β as well as 
other proinflammatory cytokines such as IL- 18. It is worth noting 
that	a	major	 role	of	NLRP3	platelet	 inflammasome	 in	the	cytokine	
storm has been highlighted in the case of dengue virus infection.26
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In the present study, our main hypothesis is that blood plate-
lets may participate in the inflammatory response observed during 
COVID- 19 infection through the activation of caspase- 1. Therefore, 
we investigated caspase- 1 and BTK activation in platelets isolated 
from patients with COVID- 19 in different clinical conditions. In 
addition, we evaluated in vitro the impact of plasma from patients 
with severe COVID- 19 on platelets from healthy subjects and 
showed that ibrutinib, a BTK inhibitor, reverses the induced platelet 
activation.

2  |  METHODS

2.1  |  Human subjects and study design

In	 this	 cross-	sectional	 study,	 51	 patients	 with	 SARS-	CoV-	2	 infec-
tion were recruited from the University Hospital of Guadeloupe 
from	September	8	to	October	20,	2020:	19	hospitalized	in	medicine	
departments	 (non-	ICU	COVID-	19)	 and	32	hospitalized	 in	 the	 ICU.	
Before the start of the study, a sample size calculation was per-
formed. Few data were available in the literature. For this calcula-
tion,	we	used	preliminary	 (unpublished)	data	on	platelet	caspase-	1	
activation	in	intubated	(8.7 ± 6.9%;	n =	6)	and	nonintubated	patients	
with	COVID-	19	(2.1 ± 1.4%;	n =	4).	From	these	figures,	we	calculated	
that 17 individuals per group were necessary to highlight a differ-
ence	in	means	among	our	3	groups	with	an	alpha	risk	of	5%	and	a	
power	 of	 80%	 (calculations	 performed	with	 the	 software	 nQuery	
Advisor	7.0).	All	patients	were	included	after	legal	authorization	and	
as soon as possible after hospital admission. Given the constraints of 
platelet handling, we could propose the study to a maximum of only 
two patients per day. Their recruitment also depended on hospital 
admissions. Despite these factors, all of the patients we proposed 
to the study agreed to be a part of it. The median time for blood 
sampling	from	the	beginning	of	the	symptom	was	9 days.	Patient	eli-
gibility	criteria	were	SARS-	CoV-	2	positivity	and	acceptance	to	par-
ticipate in the study.

SARS-	CoV-	2	 infection	 was	 confirmed	 by	 reverse	 transcription	
polymerase	chain	reaction	(RT-	PCR)	in	accordance	with	current	stan-
dards.	Eight	healthy	donors	who	were	not	infected	by	SARS-	CoV-	2	
(negative	 RT-	PCR)	 were	 also	 included	 in	 the	 same	 period.	 These	
donors were Guadeloupeans working at the University Hospital of 
Guadeloupe and gave their consent to participate in the study.

Patients with COVID- 19 and healthy control subjects were re-
cruited after informed written consent, in accordance with the local 
institutional	 review	 boards	 (Nos.	 IDRCB:	 2020–	401,908-	31	 and	
CNRIPH:	 19–	11–	26-	67,312,	 respectively)	 and	 the	 Declaration	 of	
Helsinki. All patients with COVID- 19 were integrated in the follow-
ing protocol: corticosteroid, preventive anticoagulation with hepa-
rin, ivermectin, and oxygen therapy.

No vaccine was available at this time, so none of the patients 
and healthy donors included in the study were vaccinated against 
SARS-	CoV-	2.

2.2  |  Standard biological and biochemical variables

Cellular blood counts were delivered by the XN- 1000 analyzer 
(Sysmex),	 coagulation	 parameters	 released	 by	 STAR-	R	 Evolution	
Expert	 Series	 analyzer	 (Diagnostica	 Stago	 S.A.S.)	 and	 biochemical	
parameters	from	COBAS	4800	analyzer	(Roche	Diagnostics).

2.3  |  Isolation, washing, and lysis of platelets

Blood	samples	were	collected	using	a	21-	gauge	needle	into	a	3.2%	triso-
dium	citrate	 tube	 and	 centrifuged	 (170 g, 10 min, room temperature, 
brake-	free)	within	1 h	after	collection	to	obtain	the	platelet-	rich	plasma	
(PRP).	An	aliquot	of	PRP	was	used	for	flow	cytometry,	and	the	remain-
ing PRP was used for protein lysates. For this latter, PRP was incubated 
in the presence of prostaglandin E1 (1 μg/ml)	and	then	was	centrifuged.	
The supernatant was discarded, and platelets were incubated in Tyrode 
albumin	buffer	(137 mM	NaCl,	2.7 mM	KCl,	12 mM	NaHCO3,	0.42 mM	
NaH2PO4- H2O,	1 mM	MgCl2- 6H2O,	2 mM	CaCl2- 2H2O,	5 mM	HEPES,	
0.05 g	 glucose,	 20%	 bovine	 serum	 albumin,	 pH	 7.3).	 Platelets	 were	
then	washed	 and	 incubated	 in	Tyrode	buffer	 (137 mM	NaCl,	 0.3 mM	
Na2HPO4,	2 mM	KCl,	12 mM	NaHCO3,	5 mM	HEPES,	5 mM	dextrose,	
1 mM	MgCl2,	 pH	7.3).

26 Finally, platelets were lysed with lysis buffer 
(10 mM	 Tris	 Base,	 0.5%	 Triton-	X100,	 25 mM	NaCl,	 125 mM	 sucrose,	
25 mM	NaF,	5 mM	Na4P2O7- 10H2O,	pH	7.4),	5 mM	vanadate,	1 mM	phe-
nylmethylsulfonyl	fluoride,	2 mM	NaF,	and	1/100	of	protease	cocktail	
(Sigma-	Aldrich).	Proteins	were	stored	at	−20°C	until	used.

2.4  |  Western blot analysis

Phosphorylation	level	of	BTK	at	Tyr223	was	determined	by	western	
blot.	Autophosphorylation	at	Tyr223	within	the	SH3	domain	is	nec-
essary	for	full	activation	of	BTK.	Platelet	lysates	(50 μg)	were	sepa-
rated	 by	 SDS-	PAGE	 and	 transferred	 to	 nitrocellulose	 membranes	
(Thermo	Fisher	Scientific).	The	membranes	were	then	blocked	and	
incubated	 with	 anti-	human	 phosphorylated	 BTK	 (p-	BTK)	 (5082S;	
Cell	 Signaling	Technology),	 anti-	human	BTK	 (3533S;	Cell	 Signaling	
Technology)	and	anti-	human	glyceraldehyde-	3-	phosphate	dehydro-
genase	 (GAPDH)	 (MAB374;	 Merck	 Millipore).	 Immune	 complexes	
were revealed with secondary peroxidase- conjugated antibod-
ies	 (Dako	 A/S).	Western	 blots	were	 analyzed	 using	 an	 Amersham	
Imager	600	 (GE	Healthcare).	For	quantification,	densitometry	was	
performed	with	ImageJ	software	(National	Institutes	of	Health).	The	
results are shown as the ratio of p- BTK to total BTK.

2.5  |  Platelet phenotyping

Platelet characteristics were determined by flow cytometry 
(Cytoflex,	 Beckman	 Coulter).	 PRP	 was	 labeled	 with	 antibodies	
(anti-	CD41-	ECD	and	anti-	CD62P-	APC	from	Beckman	Coulter)	or	a	
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fluorescent probe green fluorescent labeled inhibitor of caspase- 1 
(FLICA)	that	irreversibly	binds	to	activated	caspase-	1,	according	to	
the	manufacturer's	instructions	(Immunochemistry	Technologies).	
A minimum of 15,000 events was acquired. Platelets were dis-
tinguished	 by	 specific	 binding	 of	 anti-	CD41	 and	 characteristic	
forward and side scattering. First, platelets were gated according 
to	size/structure	(forward	and	side	scattering)	and	then	selected	
on	 the	 CD41	 labeling.	 Anti-	CD62P	 antibody	 and	 FAM-	FLICA	
probe were used to evaluate P- selectin surface expression and 
active caspase- 1, reflecting platelet and caspase- 1 activation, 
respectively.

2.6  |  Plasma analysis

Plasma samples were obtained from an EDTA tube of blood from 
patients and healthy donors by centrifugation, then stored at 
−80°C	 until	 inflammatory	mediator	 quantification.	 IL-	2,	 IL-	12	 p70,	
IFNγ, TNFα, IL- 6, and IL- 1β quantification was performed using the 
Luminex technique in accordance with the manufacturer's instruc-
tions. Each plasma sample was tested in duplicate and data collected 
on	a	MAGPIX	system	(Thermo	Fisher	Scientific)	and	analyzed	with	
ProcartaPlex	Analyst	1.0	Software	(ThermoFisher	Scientific).

2.7  |  Platelet stimulation with plasma from patients 
with COVID- 19

The	platelet-	poor	plasma	of	each	donor	was	obtained	 from	a	3.2%	
trisodium citrate tube of blood after double centrifugation: a centrifu-
gation	at	170 g,	10 min	(obtaining	PRP)	then	centrifugation	at	1500 g, 
16 min	at	room	temperature,	and	was	then	stored	at	−80°C	until	used.	
Platelets from healthy controls were incubated for 1 h with plasma 
from ICU patients with COVID- 19 or control subjects pretreated or 
not, during 10 min with a BTK inhibitor (ibrutinib, 5 μM; purchased 
from	Selleck	Chemicals).	Thereafter,	platelets	were	labeled	using	anti-
bodies	(anti-	CD41	ECD,	anti-	CD62P	APC)	and	a	FAM-	FLICA	probe	or	
washed and lysed to assess BTK phosphorylation state as described 
above.	For	these	 indirect	assays,	 the	percentage	of	CD41+ CD62P+ 
and FLICA+ platelets were evaluated, respectively, by stimulation of 
platelets	from	7	and	4	healthy	subjects,	respectively.

2.8  |  Statistical analysis

For all experiments, normality of distributions was assessed, and 
quantitative variables were expressed as medians and interquartile 
ranges	(IQRs)	or	means	and	standard	deviations	(±SD).	Patient	char-
acteristics	were	analyzed	using	the	Student	t test or Mann– Whitney 
nonparametric test, analysis of variance (ANOVA; followed by Tukey's 
post	hoc	 test	 for	multiple	comparisons),	or	Kruskal–	Wallis	nonpara-
metric test (followed by Dunn's post hoc test for multiple compari-
sons)	 for	quantitative	variables	and	Khi-	2	 test	or	Fisher's	exact	 test	
for	categorical	variables.	Statistical	analyses	of	flow	cytometry	data,	

western blot data, and cytokine concentrations were performed with 
ANOVA	(followed	by	Tukey's	post	hoc	test	for	multiple	comparisons)	
or Kruskal– Wallis nonparametric test (followed by Dunn's post hoc 
test	for	multiple	comparisons)	according	to	the	normality	of	the	distri-
butions. Pearson correlations were performed to test the associations 
between the parameters investigated. Paired t test or Wilcoxon test 
was used to evaluate the effects of ibrutinib treatment and plasma 
of	ICU	patients	with	COVID-	19	on	healthy	platelets.	Statistical	analy-
ses	were	performed	by	using	Prism	version	8	(GraphPad	Software).	p 
value <0.05 was considered statistically significant.

3  |  RESULTS

3.1  |  COVID- 19 patient cohort

Fifty- one patients with COVID- 19 were enrolled in our study: 19 
non-	ICU	COVID-	19	and	32	ICU	COVID-	19	(Table 1).	In	our	cohort,	
the mean age was not different between non- ICU patients with 
COVID- 19 and ICU patients with COVID- 19, although the latter 
tended	to	be	older	(57 years	vs.	64 years,	respectively;	p =	0.1460).	
Patients	were	mostly	men	in	the	two	groups	(79.0%	and	71.9%,	re-
spectively).	As	expected,	hospital	duration	was	significantly	 longer	
in	the	ICU	group	(18 days	vs.	4 days;	p =	0.0004),	while	survival	was	
significantly	 reduced	 in	 this	 group	 (50.0%	vs.	 94.7%;	p =	 0.0016).	
Compared to the non- ICU group, ICU patients with COVID- 19 
had	 significantly	 higher	 levels	 of	 leukocytes	 (13.00 × 109/L vs. 
7.00 × 109/L; p =	0.0005),	neutrophils	(10.76 × 109/L	vs.	5.47 × 109/L; 
p < 0.0001),	 C-	reactive	 protein	 (181.0	 mg/L	 vs.	 73.8	 mg/L;	
p =	 0.0177),	 D-	dimer	 (1.94 μg/ml	 vs.	 0.76 μg/ml; p =	 0.0022),	 fi-
brinogen	 (8.1	 g/L	 vs.	 6.4	 g/L;	 p =	 0.0413),	 creatinine	 (118 μmol/L 
vs.	85 μmol/L; p =	0.0114)	and	higher	prothrombin	time	(15.6	s	vs.	
14.0	s;	p < 0.0001).	We	also	observed	a	 trend	 for	higher	values	of	
total bilirubin in ICU group (10 μmol/L vs. 7 μmol/L; p =	 0.0765).	
Platelet, lymphocyte, and monocyte counts were not statistically 
different between these two groups, and few patients were throm-
bocytopenic (one ICU patient with COVID- 19 with a platelet count 
less	than	100 × 109/L,	seven	less	than	150 × 109/L; two non- ICU pa-
tients	with	COVID-	19	less	than	150 × 109/L; and none had a platelet 
count	less	than	50 × 109/L).	Surprisingly,	we	did	not	observe	differ-
ences in the classical comorbidities associated with the severity of 
COVID- 19 in the two groups (Table 1).

3.2  |  Platelet activation is increased in 
COVID- 19 patients and is dependent on the 
severity of the disease

We measured the membrane expression of platelet CD62P (P- 
selectin),	 a	 marker	 of	 platelet	 α granule secretion. As shown 
in Figure 1A, platelets are more activated in ICU patients with 
COVID- 19 compared to non- ICU patients with COVID- 19 and 
healthy controls. Therefore, the level of platelet activation is associ-
ated with the COVID- 19 severity. Platelet expression of CD62P is 
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higher in ICU patients with COVID- 19 (Figure 1A)	compared	to	non-	
ICU	patients	with	COVID-	19	(median,	19.76%;	IQR,	14.46–	27.46	vs.	
median	14.02%;	IQR,	8.680–	15.91;	p =	0.0088)	and	healthy	controls	

(median,	6.23%;	 IQR,	4.78–	9.49;	p < 0.0001).	There	was	no	signifi-
cant difference between healthy controls and non- ICU patients with 
COVID- 19 (p =	0.109).

TA B L E  1 Clinical	characteristics	of	patients	with	COVID-	19	and	healthy	donors

Healthy donors (n = 8)

Patients with COVID- 19 (n = 51)

Non- ICU COVID- 19 (n = 19) ICU COVID- 19 (n = 32)

Age, mean, years (±SD) 44	(16) 57	(12) 64	(11)

Male, n	(%) 2	(25.0) 15	(79.0) 23	(71.9)

Race/ethnicity

Afro- Carribeans, n	(%) 8	(100) 19	(100) 32	(100)

Days	of	hospitalization,	median	(IQR) NA 4	(3–	14) 18	(9–	22)*

Survivors,	n	(%) NA 18	(94.7) 16	(50.0)**

SAPS	II	score,	median	(IQR) NA NA 37	(29–	45)

SOFA	score,	median	(IQR) NA NA 5	(3,5–	8)

SOFA	score	<5, n	(%) NA NA 13	(41)

Respiratory assistance

Mechanical ventilation, n	(%) NA 0	(0) 23	(72)

High- flow oxygen therapy, n	(%) NA 0	(0) 9	(28)

Extracorporeal membrane oxygenation, n	(%) NA 0	(0) 0	(0)

Laboratory results

Hemoglobin, g/dl, mean (±SD) 13.1	(1.1) 13.0	(1.4) 9.6	(2.7)*

Leukocytes, ×109/L,	median	(IQR) 5.60	(4.10–	8.00) 7.00	(5.30–	9.90) 13.00	(8.93–	16.13)*

Lymphocytes, ×109/L,	median	(IQR) 1.87	(1.38–	2.30) 1.13	(0.92–	2.02) 1.05	(0.58–	1.58)

Monocytes, ×109/L,	median	(IQR) 0.54	(0.41–	0.63) 0.56	(0.35–	0.73) 0.59	(0.31–	0.97)

Neutrophils, ×109/L,	median	(IQR) 3.03	(2.06–	4.97) 5.47	(3.08–	7.14) 10.76	(7.87–	13.89)*

Platelets, ×109/L,	median	(IQR) 291	(283–	323) 260	(202–	334) 236	(167–	415)

Total bilirubin, μmol/L,	median	(IQR) 7	(4–	20) 7	(6–	10) 10	(7–	16)

C-	reactive	protein,	mg/L,	median	(IQR) 0.9	(0.7–	1.4) 73.8	(41.9–	106.8) 181.0	(94.5–	295.3)**

D- dimer, μg/ml,	median	(IQR) – 0.76	(0.53–	1.40) 1.94	(1.01–	5.52)**

Prothrombin time, s, mean (±SD) – 14.0	(0.61) 15.6	(1.29)*

Fibrinogen, g/L, mean (±SD) – 6.4	(2.3) 8.1	(1.7)**

Lactate,	mmol/L,	median	(IQR) – 1.10	(0.80–	1.50) 1.40	(1.10–	1.90)

Creatinine, μmol/L,	median	(IQR) – 85	(59–	99) 118	(93–	530)**

Troponin,	ng/ml,	median	(IQR) – 0.011	(0.008–	0.015) 0.026	(0.010–	0.042)

Comorbidity

Hypertension, n	(%) – 7	(36.8) 12	(37.5)

Diabetes, n	(%) – 3	(15.8) 10	(31.3)

Obesity, n	(%) – 6	(31.6) 10	(31.3)

Body mass index, kg/m2,	median	(IQR) – – 28.4	(26.8–	30.2)

No comorbidity – 10	(52.6) 14	(43.8)

Medications on day of blood collection

Steroids,	n	(%) NA 12	(75) 23(71.9)

Heparin preventive anticoagulation, n	(%) NA 12	(75) 32	(100)**

Antiplatelet therapy, n	(%) NA 1	(6.2) 6	(18)

Note:	Data	are	median	(IQR),	mean	(±SD)	or	n	(%).
Abbreviations:	ICU,	intensive	care	unit;	IQR,	interquartile	range;	NA,	not	applicable;	SD,	standard	deviation.
*p < 0.001	for	the	comparison	of	non-	ICU	versus	ICU	patients	with	COVID-	19.
**p	≤ 0.05	and	p	≥ 0.001	for	the	comparison	of	non-	ICU	versus	ICU	patients	with	COVID-	19.
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Because D- dimer levels were associated with disease severity,27 
we analyzed the correlations between D- dimer rate and CD62P 
expression. We showed that platelet activation was positively cor-
related with the D- dimer rate of patients with COVID- 19 (r =	0.63,	
p = <0.0001)	(Figure 1B)	and	that	platelet	activation	was	positively	
correlated with prothrombin time (r =	0.40,	p =	0.0197)	(Figure 1D).

3.3  |  Activation of the platelet caspase- 1 is 
increased in patients with COVID- 19 and associated 
with the severity of the disease

We tested the caspase- 1 activation using FAM- FLICA probe. As 
shown in Figure 2, caspase- 1 is significantly more activated in 
ICU patients with COVID- 19, compared to healthy subjects (me-
dian,	 8.02%;	 IQR,	 4.57–	13.97	 vs.	 median,	 3.11%;	 IQR,	 1.66–	4.93;	

p =	0.0048).	There	was	no	significant	difference	between	healthy	
controls	and	non-	ICU	patients	with	COVID-	19	(median,	3.11%;	IQR,	
1.66–	4.93	vs.	median,	5.80%;	IQR,	3.26–	9.95,	p =	0.182).

3.4  |  BTK is activated in platelets of patients with 
COVID- 19

We assessed the underlying mechanism of platelet caspase- 1 ac-
tivation in patients with COVID- 19 by evaluating BTK activation 
through p- BTK level in platelets of patients with COVID- 19 using 
western blot analysis (Figure 3).	BTK	phosphorylation	level	was	sig-
nificantly increased in platelets from ICU patients with COVID- 19 
(median,	0.68;	 IQR,	0.55–	1.21)	 compared	 to	healthy	 subjects	 (me-
dian,	0.19;	IQR,	0.05–	0.30;	p =	0.0004)	and	to	non-	ICU	patients	with	
COVID-	19	 (median,	 0.48;	 IQR,	 0.41–	0.55;	 p =	 0.0190)	 (Figure 3).	

F I G U R E  1 Platelet	activation	in	
patients with COVID- 19 and correlations 
with	coagulation	markers.	(A)	Platelet	
P-	selectin	expression	(CD41+ CD62P+ 
PLTs)	was	measured	by	flow	cytometry	
in 8 healthy donors, 19 non- ICU patients 
with	COVID-	19	and	32	ICU	patients	with	
COVID- 19. Platelets were gated using 
CD41	expression	and	the	percentage	of	
CD62P+ platelets was evaluated among 
CD41+	platelets.	(B)	Strong	positive	
correlation	was	observed	between	CD41+ 
CD62P+ PLTs percentage and D- dimer 
concentration (r =	0.6302)	and	(D)	
weak positive correlation was observed 
between	CD41+ CD62P+ PLTs percentage 
and prothrombin time (r =	0.4041).	(C)	D-	
dimer	concentration	and	(E)	prothrombin	
time were evaluated in non- ICU and 
ICU	COVID-	19	groups.	(A)	Multiple	
comparisons were realized between 
healthy subjects, non- ICU patients, and 
ICU	patients	with	COVID-	19	and	(C,E)	
were carried out between non- ICU 
patients with COVID- 19 and ICU patients 
with	COVID-	19.	(A,C,E)	Data	are	shown	
(A,C)	as	median	with	interquartile	ranges	
or	(E)	mean	with	standard	deviation.	p 
values	were	calculated	with	(A)	Kruskal–	
Wallis test followed by Dunn's post hoc 
test,	(C)	Mann–	Whitney	U	test	and	(E)	
Student-	t	test.	(B,D)	Pearson's	correlation	
coefficients (r)	were	calculated	and	are	
shown in the panels. Not significant, 
*p < 0.05,	**p < 0.01,	****p < 0.0001.	
COVID- 19, coronavirus disease 2019; ICU, 
intensive care unit; PLT, platelet
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There was no significant difference between healthy controls and 
non-	ICU	patients	with	COVID-	19	(median,	0.19;	IQR,	0.05–	0.30	vs.	
median,	0.48;	IQR,	0.41–	0.55;	p =	0.1681).

3.5  |  Plasma from patients with COVID- 19 induces 
platelet activation in healthy individuals

Next, we examined if plasma from patients with COVID- 19 could 
affect the CD62P expression, caspase- 1 activation, and BTK phos-
phorylation in platelets isolated from healthy subjects. Our results 
showed that plasma from ICU patients with COVID- 19 significantly 
increased platelet CD62P expression (Figure 4A–	C)	(median,	8.74%;	
IQR,	5.61–	21.97	vs.	median,	14.11;	IQR,	9.64–	27.14;	p =	0.0017)	and	
caspase-	1	activity	(mean,	5.79%;	±SD,	3.90	vs.	mean,	11.49%;	±SD,	
6.28; p =	0.0097)	(Figure 4D–	F)	compared	to	plasma	from	healthy	
subjects. These data indicate that circulating factors are at least re-
sponsible for increased platelet activation and caspase- 1 activation 
in severe patients with COVID- 19.

3.6  |  BTK inhibitor ibrutinib rescue the platelet 
activation induced by plasma of patients with 
COVID- 19

We	then	tested	the	ability	of	ibrutinib	(Selleck	Chemicals),	one	of	the	
available BTK inhibitors, to reverse the platelet activation induced 
by plasma of ICU patients with COVID- 19.

Incubation of platelets with ibrutinib significantly suppressed 
platelet CD62P enhanced expression (Figure 5A– C)	(median,	14.28%;	
IQR,	9.64–	27.14	vs.	median,	10.13%;	 IQR,	6.37–	13.97;	p =	0.0017)	
and caspase- 1 activity (Figure 5D– F)	(mean,	11.49%;	±SD,	6.28	vs.	
mean,	5.67%;	±SD,	2.18;	p =	0.0123)	induced	by	plasma	of	ICU	pa-
tients with COVID- 19, indicating that platelet CD62P expression and 
caspase- 1 activation depend, at least in part, on BTK activation. To 
confirm the ibrutinib action, protein lysates of stimulated healthy 
platelets were analyzed by western blot. Ibrutinib completely abol-
ished BTK phosphorylation in healthy patient platelets stimulated or 
not by the plasma of ICU patients with COVID- 19 (Figure 5G).

3.7  |  Cytokine concentration

We measured the levels of different cytokines: IL- 2, IL- 12 p70, IFNγ, 
TNFα, IL- 6, and IL- 1β. Non- ICU patients had increased levels of all 
cytokines	 compared	 with	 healthy	 controls.	 Surprisingly,	 non-	ICU	

F I G U R E  2 Caspase-	1	activation	in	platelets	of	patients	with	
COVID- 19. Platelet caspase- 1 activation was measured by flow 
cytometry	using	FAM-	FLICA	probe	(CD41+ FLICA+	PLTs)	in	8	
healthy	donors,	19	non-	ICU	patients	with	COVID-	19	and	32	ICU	
patients with COVID- 19. Multiple comparisons were realized 
between healthy subjects, non- ICU patients with COVID- 19, and 
ICU patients with COVID- 19. Data are shown as median with 
interquartile ranges and minimum and maximum values. p values 
were calculated with Kruskal– Wallis test followed by Dunn's post 
hoc	test.	Not	significant,	**p < 0.01.	FLICA,	fluorescent	labeled	
inhibitor of caspase- 1; PLT, platelet

F I G U R E  3 BTK	phosphorylation	in	platelets	of	patients	with	
COVID-	19.	Phosphorylation	state	of	BTK	was	measured	in	4	
healthy donors, 12 non- ICU patients with COVID- 19, and 17 ICU 
patients with COVID- 19 by the densitometric analysis of western 
blots and normalized to total BTK. Multiple comparisons between 
healthy subjects, non- ICU and ICU patients with COVID- 19 were 
realized. Data are shown as median with interquartile ranges 
and minimum and maximum values. p values were calculated 
with Kruskal– Wallis test followed by Dunn's post hoc test. Not 
significant,	*p < 0.05,	***p < 0.001.	BTK,	Bruton	tyrosine	kinase;	
COVID- 19, coronavirus disease 2019; GAPDH, glyceraldehyde- 
3-	phosphate	dehydrogenase;	ICU,	intensive	care	unit;	p-	BTK,	
phosphorylated Bruton tyrosine kinase
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patients exhibited also increased levels of the investigated cytokines 
when compared to ICU patients (Figure S1).	No	difference	was	ob-
served between ICU patients and healthy controls.

4  |  DISCUSSION

In the present report, we showed an increase in platelet activation 
in patients with COVID- 19 that is more pronounced in those ex-
hibiting the worst clinical conditions. We also documented for the 
first- time activation of caspase- 1 and BTK. Moreover, we demon-
strated in vitro that plasma of ICU patients with COVID- 19 is able 
to activate platelets from healthy subjects and increase caspase- 1 
activation and BTK phosphorylation. These effects were reversed 
by the use of ibrutinib. Interestingly, we observed that ICU patients 
with COVID- 19 exhibit low levels of cytokines induced by helper T 
lymphocytes	(Th1)	compared	to	non-	ICU	patients.

Thrombotic complications are common among severely ill pa-
tients with COVID- 19.28–	31 In our cohort, we observed that ICU 
patients with COVID- 19 have significantly higher levels of D- dimer, 
and prothrombin time is significantly longer compared to non- ICU 
patients as previously described.2,4 In other viral infections, platelets 
are also known to be responsible for these hemostasis abnormal-
ities.26 Patients admitted to ICU for septic shock typically exhibit 
thrombocytopenia associated with higher morbidity and mortality.32 
But	 this	 thrombocytopenia	 seems	 to	 be	moderate	 in	 SARS-	CoV-	2	
infection.2

Several	studies	described	a	direct	relationship	between	throm-
bocytopenia and the severity of the disease in patients with 
COVID- 19.9 In contrast, few patients of our series were thrombo-
cytopenic. In addition, we did not detect difference in platelet count 
between ICU and non- ICU groups in contrast with previous stud-
ies.9 This discrepancy could be related to the ethnic origin of the 
patients included in our study, most of them being Afro- Caribbean 

F I G U R E  4 Plasma	of	ICU	patients	with	COVID-	19	induce	platelet	and	caspase-	1	activation.	(A–	F)	Platelets	of	healthy	subjects	were	
incubated	with	plasma	from	healthy	(A,D)	or	ICU	patients	with	COVID-	19	(B,E)	during	1	h.	(A–	C)	P-	selectin	expression	and	(D-	F)	caspase-	1	
activations	of	platelets	were	measured	by	flow	cytometry.	Platelets	were	distinguished	by	specific	binding	of	anti-	CD41	and	characteristic	
forward	and	side	scattering.	Expressions	of	P-	selectin	(A,B)	and	caspase-	1	(D,E)	on	CD41+ platelets were then analyzed on specific 
histograms.	Differences	in	the	expression	of	P-	selectin	(CD62P)	and	caspase-	1	(FLICA)	on	platelets	of	healthy	subjects	incubated	with	
healthy subject plasma or ICU COVID- 19 plasma are illustrated in graphs C and F respectively. p	value	was	calculated	with	(F)	paired	t test or 
(C)	Wilcoxon	test.	**p < 0.01.	COVID-	19,	coronavirus	disease	2019;	FLICA,	fluorescent	labeled	inhibitor	of	caspase-	1;	ICU,	intensive	care	unit;	
PLT, platelet
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and knowing that ethnic variation of thrombotic risk has been pre-
viously reported.33

Several	 studies	described	the	platelet	activation	 in	COVID-	19,	
showing their degranulation, the release of platelet extracellular 
vesicles, the production of proinflammatory cytokines and the 

platelet- leukocyte aggregates formation.11,12,34,35 Our study con-
firmed the platelet activation in COVID- 19 through the increase of 
P- selectin surface expression.11 We further extend these results by 
showing that P- selectin expression varies according to the disease 
severity since the highest expression was observed in ICU patients. 

F I G U R E  5 Ibrutinib	inhibits	platelet	and	caspase-	1	activation	induced	by	plasma	of	ICU	patients	with	COVID-	19.	(A–	F)	Healthy	platelets	
were preincubated or not with 5 μM	of	ibrutinib	during	10	min,	then	incubated	with	plasma	of	ICU	patients	with	COVID-	19	during	1	h.	(G)	
Healthy platelets were preincubated or not with 5 μM of ibrutinib during 10 min and thereafter with plasma of healthy subjects or ICU 
patients	with	COVID-	19	during	1	h.	(A–	C)	P-	selectin	expression	and	(D–	F)	caspase-	1	activations	were	measured	by	flow	cytometry.	Platelets	
were	distinguished	by	specific	binding	of	anti-	CD41	and	characteristic	forward	and	side	scattering.	Expressions	of	P-	selectin	(A,B)	and	
caspase-	1	(D,E)	on	CD41+ platelets without or with ibrutinib 5 μM were then analyzed on specific histograms. Differences in the expression 
of	P-	selectin	(CD62P)	and	caspase-	1	(FLICA)	on	healthy	platelets	incubated	with	ICU	COVID-	19	plasma	without	or	with	ibrutinib	5	μM are 
illustrated	in	graphs	C	and	F	respectively.	(G)	Representative	western	blot	of	p-	BTK,	BTK,	and	GAPDH	proteins.	p value was calculated with 
(F)	paired	t	test	or	(C)	Wilcoxon	test.	*p < 0.05.	**p < 0.01.	Bruton	tyrosine	kinase;	COVID-	19,	coronavirus	disease	2019;	FLICA,	fluorescent	
labeled	inhibitor	of	caspase-	1;	GAPDH,	glyceraldehyde-	3-	phosphate	dehydrogenase;	ICU,	intensive	care	unit;	p-	BTK,	phosphorylated	Bruton	
tyrosine kinase; PLT, platelet
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It is well known that platelets can be activated during blood collec-
tion. To avoid this pitfall, we collected the blood of all the patients 
and healthy controls according to the same protocol, namely, with a 
21- gauge needle, and we treated the platelets within an hour after 
sample collection. We also evidenced positive correlations between 
the P- selectin expression and expression of two coagulation mark-
ers,	namely,	D-	dimers	and	prothrombin	time.	Several	mechanisms	
and intracellular pathways are able to induce P- selectin expression 
and the implication of platelets in the inflammation state of many 
infectious diseases is now well documented.34,36–	40 It has been sug-
gested that this activation could be the result of the stimulation 
of the mitogen- activated protein kinase pathway by the binding of 
SARS-	CoV-	2	 spike	 protein	 to	 angiotensin-	converting	 enzyme	2,41 
while an in vitro study suggested that immune complexes contain-
ing	recombinant	SARS-	CoV-	2	spike	protein	and	anti-	spike	IgG	en-
hanced platelet- mediated thrombosis on von Willebrand factor.42 
In our study, we show that platelet activation is associated with 
caspase- 1 activation and BTK phosphorylation. Caspase- 1 activa-
tion	is	known	to	be	induced	by	the	NLRP3	inflammasome	in	plate-
lets in several infectious diseases.26,43 Our results suggest a role 
of platelet activation in the severity degree of the disease and the 
procoagulant	state	of	the	patients	probably	mediated	by	NLRP3	in-
flammasome. However, in the present report, we did not show a 
direct	link	between	the	activation	of	caspase-	1	and	that	of	NLRP3.	
Therefore, additional studies are required to determine if the 
NLRP3	inflammasome	is	directly	responsible	for	caspase-	1	activa-
tion in platelets from patients with COVID- 19. In addition, it would 
be interesting to explore the platelet- signaling pathways potentially 
involved upstream of BTK and caspase- 1, using specific inhibitors. 
Among the pathways potentially involved, we can mention the way 
of GPVI, GPIb or TLRs, since platelets express some TLRs.44

Furthermore, several studies have also suggested a potential 
role	 of	 the	 NLRP3	 inflammasome	 during	 the	 COVID-	19	 cytokine	
storm.45–	48	A	heterogeneous	NLRP3	inflammasome	signature	in	cir-
culating monocytes and granulocytes, depending on the COVID- 19 
severity, has been recently described.49	Surprisingly,	we	did	not	de-
tect an association between cytokine levels and disease severity. 
While the severity of the disease and admission to the ICU are asso-
ciated with an exacerbated immune stimulation leading to a cytokine 
storm,2 this association is not always observed. In agreement with 
previous reports, we observed that most severe patients from our 
cohort exhibited lower Th1 cytokine levels like IL- 12, IFNγ, and TNFα. 
An explanation for these discrepancies remained unsolved but could 
be related to the time course of the disease at which the samples were 
obtained.50,51 Blood collections were performed as soon as possible 
after	hospital	admission	(generally	within	24 h),	but	median	duration	
between symptoms onset and hospital admission was more than 
1 week,	so	we	cannot	exclude	a	decrease	of	cytokine	levels,	explaining	
differences with other works. This result also suggests that observed 
platelet activation and platelet caspase- 1 activation are not or little 
involved in this cytokine storm. But additional experiments would be 
needed to test this hypothesis on a more homogeneous patient pop-
ulation	 (on	 the	 timing	 of	 symptom	 development).	 Furthermore,	we	

showed that platelets could be activated in vitro by plasma obtained 
from patients with severe COVID- 19, in agreement with the study of 
Hottz et al.11 We extend this finding by showing that this activation 
process also involved caspase- 1 and BTK. While the plasmatic trigger-
ing factors have not been studied in the present study and remained 
elusive, it is worth noting that Althaus et al.52 showed that COVID- 19 
serum induces platelet apoptosis and that this effect is triggered by 
IgG through the FcγRIIA pathway. Further studies are warranted to 
identify these factors and the involved signaling pathways.

Nevertheless, we also showed that ibrutinib was able to strongly 
reduce the in vitro activation of platelets induced by the plasma of pa-
tients with COVID- 19. It is tempting to speculate that this reduction of 
platelet activation is related by its impact on BTK phosphorylation, but 
it has been shown that this compound may counteract platelet activa-
tion through FcγRIIA stimulation.53 It is worth noting that patients with 
B- cell malignancies treated by BTK inhibitors who developed COVID- 19 
seem to be protected from severe illness.54,55 Altogether, these results 
strongly suggested that BTK could be a promising therapeutic target.

Several	 limitations	 of	 this	 report	 could	 be	noticed	 such	 as	 the	
limited number of patients included as well as the cross- sectional de-
sign of the study. Patient inclusion was conducted from the second 
wave of the COVID- 19 pandemic, implying that all patients from our 
cohort were infected by the same initial variant.

Another limitation is that ibrutinib was used at 5 μM, which is a 
high	dose	known	to	also	inhibit	Src	kinases	in	platelets,56– 59	and	Src	
kinases are essential for platelet activation and act upstream of BTK 
in the GPVI- signaling pathway.60 Further experiments are needed 
to	learn	the	precise	involvement	of	Src	kinase	inhibition	in	the	ob-
served ibrutinib effect.

Despite these limitations, we have been able to evidence platelet 
activation, at least partly mediated by plasmatic factors, associated 
with COVID- 19 severity and to document the inhibitory effect of 
ibrutinib on platelet activation in vitro.

In summary, our study shows caspase- 1 activation in the plate-
lets of patients with COVID- 19 that is related to disease severity. 
Moreover, we confirmed the potential therapeutic interest of ibruti-
nib to reduce platelet activation in COVID- 19. Our study shows an-
other target pathway for BTK inhibitors and reinforces the possibility 
of using this therapeutic molecule in the treatment of COVID- 19.
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