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Abstract
Background: A	major	clinical	feature	of	severe	coronavirus	diease	2019	(COVID-	19)	
is	microvascular	thrombosis	linked	to	endothelial	cell	activation.	Consistent	with	this,	
a	number	of	studies	have	shown	that	patients	with	severe	COVID-	19	have	highly	el-
evated	plasma	levels	of	von	Willebrand	Factor	(VWF)	that	may	contribute	to	the	pro-
thrombotic	phenotype.	In	the	current	study,	we	investigated	the	extent	of	endothelial	
activation	in	patients	receiving	hemodialysis	who	had	either	mild	or	severe	COVID-	19.
Methods: Plasma	VWF,	ADAMTS-	13,	 angiopoietin-	2	 (Ang2),	 and	 syndecan-	1	 levels	
were	determined	by	ELISA.	The	 sialic	 acid	 content	of	VWF	was	 investigated	using	
a	modified	ELISA	to	measure	elderberry	bark	lectin,	specific	for	sialic	acid	residues,	
binding	to	VWF.
Results: Patients	 receiving	 hemodialysis	 with	 severe	 COVID-	19	 had	 significantly	
higher	plasma	levels	of	VWF	and	lower	ADAMTS-	13.	VWF	levels	peaked	and	were	
sustained	during	the	first	10	days	after	positive	confirmation	of	infection.	While	Ang2	
trended	toward	being	higher	 in	severely	 ill	patients,	 this	did	not	reach	significance;	
however,	severely	ill	patients	had	significantly	higher	soluble	syndecan-	1	levels,	with	
high	levels	related	to	risk	of	death.	Finally,	higher	VWF	levels	in	severely	ill	patients	
were	correlated	with	lower	VWF	sialic	acid	content.
Conclusions: Severe	COVID-	19	in	patients	undergoing	hemodialysis	is	associated	with	
both	acute	and	sustained	activation	of	the	endothelium,	leading	to	alteration	of	the	
VWF/ADAMTS-	13	axis.	Lower	VWF	sialic	acid	content	represents	altered	VWF	pro-
cessing	and	further	confirms	the	disturbance	caused	to	the	endothelium	in	COVID-	19.
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Essentials

•	 Severe	coronavirus	disease	2019	(COVID-	19)	is	associated	with	a	risk	of	thrombosis.
•	 We	investigated	markers	of	endothelial	activation	in	patients	with	COVID-	19	undergoing	hemodialysis.
•	 Severe	COVID-	19	was	associated	with	elevated	von	Willebrand	factor	(VWF)	and	soluble	syndecan-	1	and	decreased	ADAMTS-	13.
•	 VWF	sialic	acid	content	was	significantly	decreased	in	severe	COVID-	19.

1  |  INTRODUC TION

Since	 its	 emergence	 in	 late	 2019,	 coronavirus	 disease	 2019	
(COVID-	19)	has	become	a	worldwide	pandemic	with	over	117	mil-
lion cases worldwide and an overall mortality rate of 2% as of March 
2021.	 The	 causative	 agent,	 severe	 acute	 respiratory	 syndrome	
coronavirus	2	(SARS-	CoV-	2)	infects	cells	via	interaction	of	its	Spike	
protein	 with	 the	 angiotensin-	converting	 enzyme	 2	 (ACE2)	 recep-
tor.1	 Although	 many	 infected	 individuals	 remain	 asymptomatic	 or	
only	experience	mild	symptoms,	≈15%	of	infected	patients	develop	
severe	disease	characterized	by	respiratory	distress	and	a	cytokine	
storm.2	Another	emerging	feature	of	severe	COVID-	19	is	excessive	
endothelial activation leading to profound alterations in blood coag-
ulation that result in venous and arterial thrombosis in the lungs and 
other organs.3-	6	Recent	work	has	demonstrated	that	SARS-	Cov-	2	is	
unlikely	to	directly	infect	the	endothelium	due	to	lack	of	ACE2	ex-
pression on endothelial cells7 and thus the endothelial damage and 
activation	is	likely	caused	by	the	associated	cytokine	storm	and	cir-
culating	platelet,	immune	cells,	and	complement	activation.

Von	Willebrand	factor	(VWF)	is	ubiquitously	expressed	through-
out the endothelium and plays a major role in hemostasis by cap-
turing	platelets	to	sites	of	vessel	damage	and	is	characterized	by	its	
large multimeric structure that is essential to its hemostatic func-
tion.8	Within	endothelial	cells	VWF	is	stored	in	Webiel-	Palade	bodies	
along	with	a	series	of	proteins	 involved	in	angiogenesis,	 inflamma-
tion,	and	thrombosis.9	The	multimeric	size	of	VWF	is	controlled	by	
the	enzyme	ADAMTS-	13	that	cleaves	VWF	in	its	A2	domain,	reduc-
ing	 its	multimeric	 size	 and	 platelet	 capture	 potential.10	 A	 growing	
body	of	evidence	has	implicated	the	VWF–	ADAMTS-	13	axis	as	play-
ing	a	major	role	in	the	pathogenesis	of	severe	COVID-	19.11–	17 There 
is	 now	 clear	 evidence	 that	 in	 severe	 COVID-	19	 infection	 plasma	
VWF	 levels	can	be	highly	elevated	with	a	corresponding	decrease	
in	ADAMT-	13	levels	and	activity.	In	this	report,	we	describe	highly	
elevated	VWF	 and	 lower	ADAMTS-	13	 levels	 in	 patients	 receiving	
in-	center	hemodialysis	with	severe	COVID-	19	compared	 to	hemo-
dialysis	 patients	without	COVID-	19,	 and	 show	 that	 extreme	VWF	
levels are associated with an alteration in its glycosylation pattern.

2  |  STUDY DESIGN AND METHODS

Citrate anticoagulated plasma was obtained from patients receiving 
hemodialysis	 (HDx)	 recruited	 from	 the	 Imperial	College	Renal	 and	
Transplant	Centre,	London.	The	study	was	approved	by	the	Health	
Research	 Authority,	 Research	 Ethics	 Committee	 (reference:	 20/
WA/0123–	The	Impact	of	COVID-	19	on	Patients	With	Renal	Disease	

and	 Immunosuppressed	 Patients).	 Patients	 were	 defined	 as	 being	
COVID	positive	based	on	a	positive	polymerase	chain	reaction	(PCR)	
test	result.	Non–	COVID-	19	control	patients	receiving	hemodialysis	
were obtained from the same patient group and were asymptomatic 
with	no	clinical	evidence	of	COVID	and	negative	 for	 the	presence	
of	 IgM	and	 IgG	antibodies	against	 the	 receptor-	binding	domain	of	
SARS-	CoV-	2	using	a	lateral	flow	immunoassay.

COVID-	positive	patients	were	separated	into	mild	(remained	as	
an	outpatient	 for	 the	duration	of	 infection)	 or	 severe	hospitalized	
cases,	classified	according	to	the	World	Health	Organization	criteria	
for	severe	disease	(respiratory	rate	≥30/min,	blood	oxygen	satura-
tion	≤90%,	arterial	oxygen	partial	pressure:fractional	 inspired	oxy-
gen ratio <300,	or	infiltrates	affecting	50%	of	the	lung	field	within	
24-	48	hours).

Von	Willebrand	factor	levels	were	determined	by	an	“in-	house”	
ELISA	as	previously	described.18	ADAMTS-	13,	angiopoitein-	2	(Ang2)	
and	 syndecan-	1	 levels	 were	 determined	 by	 ELISAs	 all	 purchased	
from	R&D	Systems	(Minneapolis,	MN,	USA)	and	all	carried	out	ac-
cording	to	the	manufacturer’s	protocol.	Binding	of	elderberry	bark	
lectin	 (EBL),	 specific	 for	 terminal	 sialic	 acid	 residues,	 to	VWF	was	
performed	using	a	modified	VWF	ELISA	essentially	as	previously	de-
scribed.19	Statistical	analysis	was	performed	using	Prism	version	9	
(GraphPad	Software,	La	Jolla,	CA,	USA).

3  |  RESULTS AND DISCUSSION

Thirty-	nine	 patients	 receiving	 HDx	 with	 confirmed	 symptomatic	
COVID-	19	 were	 recruited.	 Fifteen	 patients	 were	 classified	 as	
having	mild	COVID,	24	had	 severe	COVID,	and	10	patients	were	
COVID	 negative.	 Patient	 demographics	 and	 characteristics	 are	
shown in Table 1. There were no notable differences between the 
demographics	 and	 clinical	 status	 of	 the	 COVID-	19–	positive	 and	
–	negative	groups.	Serial	samples	were	obtained	for	patients	with	
mild	and	severe	disease.	Twenty-	five	percent	of	the	patients	(n	=	6)	
with	severe	COVID	died.	D-	dimer	and	hemoglobin	levels	and	plate-
let	counts	were	obtained	for	the	mild	and	severe	cases.	In	keeping	
with	previous	reports,	hemoglobin	 levels	were	significantly	 lower	
in	 severe	 COVID	 cases	 compared	 to	 mild	 disease	 (Figure	 1A).20 
Platelet counts did not differ between severe and mild cases 
(Figure	1B),	and	although	no	significant	difference	in	D-	dimer	lev-
els	was	seen	between	disease	severities	 (Figure	1C),	both	groups	
of	mild	 and	 severe	 patients	 had	D-	dimer	 levels	 above	 the	 upper	
limit	of	normal	(250	ng/mL).	However,	this	may	be	attributed	to	the	
chronic	kidney	disease	status	of	 these	patients	 rather	COVID-	19,	
especially with the mild patients.
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Since	VWF	is	elevated	in	severe	COVID-	19,	we	compared	peak	
plasma	VWF	 levels	 between	 groups.	No	 significant	 differences	 in	
VWF	 levels	 were	 observed	 between	 control	 patients	 median	 (in-
terquartile	 range	 [IQR])	 156	 (114-	210)	 IU/dL	 and	 patients	 with	
mild	 disease	 196	 (145–	232)	 IU/dL.	 However,	 in	 patients	 with	 se-
vere	COVID-	19,	VWF	was	 substantially	higher	 than	both	negative	
and	mild	cases	417	(294-	651)	IU/dL	(Figure	2A),	with	some	patients	
demonstrating	 extreme	 levels,	 almost	 5	 times	 the	 average	plasma	
range.	In	conjunction	with	raised	VWF,	plasma	ADAMTS-	13	was	sig-
nificantly	 lower	 in	 patients	with	 severe	 disease	median	 (IQR)	 133	
(93-	185)	ng/mL	compared	to	control	patients,	212	(192-	256)	ng/mL	
(Figure	2B),	and	moreover,	the	VWF/ADAMTS-	13	ratio	was	signifi-
cantly higher in severe cases compared to both controls and patients 
with	mild	COVID	 (Figure	 2C).	Next,	we	 examined	 the	 variation	 in	
VWF	 levels	 during	 the	 time	 course	 of	 the	 disease.	 For	 5	 patients	

with	mild	disease	and	12	patients	with	severe	disease,	four	or	more	
samples	were	obtained	over	a	182-	day	period.	In	comparison	to	mild	
cases	where	VWF	 levels	 remained	 relatively	 stable	over	 the	 sam-
pling	period	(Figure	2D),	VWF	levels	in	patients	with	severe	disease	
peaked	during	the	first	10	days	after	positive	PCR	test,	with	most	
patients having sustained levels above the upper limit of normal 
(200	 IU/dL).	This	demonstrates	not	only	an	acute	release	of	VWF,	
but	also	sustained	activation	of	the	endothelium.	Therefore,	 in	se-
vere	COVID-	19	a	significant	imbalance	can	exist	between	VWF	and	
ADAMTS-	13	 contributing	 to	 the	 prothrombotic	 phenotype	 of	 the	
disease.	Although	not	measured	 in	this	study,	 there	have	been	re-
ports	of	elevated	interleukins	6	and	8	and	tumor	necrosis	factor	in	
severe	COVID-	19.21	Previous	work	has	demonstrated	that	these	cy-
tokines	not	only	promote	the	release	of	VWF	from	the	endothelium	
but	also	inhibit	ADAMTS-	13	synthesis	and	activity	and	can	therefore	
perpetuate the imbalance.22,23	It	should	be	noted,	however,	that	de-
spite the overwhelming evidence of sustained endothelial cell acti-
vation	 in	severe	COVID-	19,	 there	 is	also	clear	evidence	of	platelet	
activation.	Thus,	VWF	stored	in	α-	granules	will	be	released,	contrib-
uting	to	the	elevated	levels.	Despite	these	observations,	none	of	the	
patients	with	severe	COVID-	19	experienced	a	recorded	thrombotic	
event.	All	the	patients	 in	this	study	were	receiving	anticoagulation	
before	dialysis,	and	24	patients	(63.25%)	were	also	taking	antiplate-

let agents and therefore may have had a degree of protection against 
thrombotic	events.	Several	reports	have	suggested	the	clinical	ben-
efit	of	anticoagulation	in	the	treatment	of	COVID-	19,	and	a	recent	
study demonstrated that prophylactic anticoagulation reduced the 
risk	of	death	in	severe	COVID-	19	cases.24

In	light	of	the	high	and	in	some	cases	extreme	levels	of	VWF	
observed	 in	 this	 study,	 we	 hypothesized	 that	 biosynthesis	 of	
VWF	 may	 be	 altered.	 VWF	 undergoes	 extensive	 glycosylation	
with	many	of	its	N-		and	O-	linked	glycan	chains	capped	with	termi-
nal sialic acid residues.25	A	modified	ELISA	measuring	the	binding	
of	EBL	to	VWF	was	used	to	measure	the	sialic	acid	status	of	VWF.	
The	control	and	mild	COVID-	19	groups	both	demonstrated	simi-
lar	EBL	binding:	124%	(91-	150)	and	112%	(88-	162),	respectively.	
Interestingly,	 patients	 with	 severe	 COVID-	19	 had	 significantly	
less	 sialic	 acid	 present	 on	 their	 VWF	 (66%;	 44-	87)	 (Figure	 2F).	

TA B L E  1 Characteristics	and	demographics	of	patients	included	
in this study

Patient characteristics
All SARS- CoV- 2 
positive (n = 39)

SARS- CoV- 2 
negative (n = 10)

Age,	y,	median	(range) 70.5	(38-	86) 67.5	(23-	85)

Male/Female,	n/n 29/10 7/3

Ethnicity,	n	(%)

Black 9	(23.7) 1	(10)

Caucasian 18	(44.7) 1	(10)

Indoasian 10	(26.3) 7	(70)

Other/not	known 2	(5.3) 1	(10)

Antiplatelet	therapy,	n	(%)

Yes 25	(63.2) 8	(80)

No 14	(36.8) 2	(20)

Months on 
hemodialysis,	
median	(range)

31	(11-	72) 36	(0.5-	192)

Outcome,	n	(%)

Death 6	(15.8) N/A

Recovered 33	(84.2) N/A

Abbreviations:	N/A,	not	applicable;	SARS-	CoV-	2,	severe	acute	
respiratory syndrome coronavirus 2.

F I G U R E  1 Blood	parameters	in	mild	
and	severe	coronavirus	disease	2019	
(COVID-	19).	Plasma	samples	were	
obtained	from	patients	receiving	in-	center	
hemodialysis with either mild or severe 
COVID-	19.	Hemoglobin	(A),	platelet	count	
(B),	and	D-	dimer	levels	(C)	were	obtained	
from clinical records. Data are presented 
as	the	median	and	interquartile	range.	
(****<.0001,	Student’s	t	test)
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There	was	a	significant	 inverse	correlation	between	VWF	levels	
and	EBL	binding,	demonstrating	that	high	VWF	levels	were	asso-
ciated	with	lower	sialic	acid	content	(Figure	2G).	The	significance	
of	this	is	unknown;	however,	we	have	previously	shown	that	VWF	
lacking	sialic	acid	 is	 less	susceptible	to	ADAMTS-	13	proteolysis,	
and	 previous	 reports	 also	 demonstrate	 that	 VWF	 devoid	 of	 si-
alic acid has increased reactivity toward platelets.26,27	 Thus,	 in	
severe	COVID-	19,	the	elevation	of	VWF	and	associated	decrease	
in	ADAMTS-	13	may	be	 further	compounded	by	 the	VWF	mole-
cules	themselves	being	more	prothrombotic.	Further	work	is	now	
needed to establish if other patient groups have reduced sialic 
acid	content	on	their	VWF;	however,	since	in	this	cohort	patients	
with	mild	disease	have	comparable	EBL	binding	to	the	control	pa-
tients,	 this	 is	 unlikely	 to	 be	 a	 phenomenon	 linked	 to	 dialysis.	 A	
previous	study	demonstrated	reduced	VWF	sialic	acid	in	patients	
with precapillary pulmonary hypertension alongside a twofold 
increase	 in	 plasma	 VWF	 levels.28 The cause of the decrease in 

sialylation	also	warrants	investigation.	It	may	be	directly	linked	to	
enhanced	synthesis	of	VWF	increasing	the	rate	of	protein	turn-
over,	resulting	in	faster	transit	time	through	the	cell.	Since	addi-
tion	of	sialic	acid	occurs	in	the	Golgi	and	is	likely	to	be	a	final	step	
of	VWF	biosynthesis,	 this	 final	stage	 in	 the	“production	 line”	of	
VWF	may	be	missed.	Moreover,	 stimulation	of	 the	endothelium	
with	 proinflammatory	 cytokines	 may	 alter	 glycosyltransferase	
gene	expression	resulting	 in	altered	glycosylation.	Alternatively,	
platelet	 VWF	 has	 been	 shown	 to	 have	 an	 altered	 glycosylation	
profile,	 with	 the	 presence	 of	 less	 terminal	 sialic	 acid,	 and	 this	
could in part account for our observations of highly elevated 
VWF	but	 lower	VWF	sialic	acid	 in	severe	disease.	Further	work	
is	now	needed	 to	establish	 the	contribution	of	platelet	VWF	 to	
severe	COVID-	19	(Figure	3).

We	next	 investigated	 if	 the	elevation	 in	VWF	 levels	was	asso-
ciated	with	an	 increase	of	other	Webiel-	Palade	body	components.	
Ang2	is	stored	alongside	VWF	and	has	been	shown	to	be	a	marker	of	
severe	COVID-	19.29	In	this	study,	plasma	Ang2	levels	were	not	statis-
tically	different	between	the	controls	and	mild	and	severe	COVID-	19	
cases,	although	there	was	a	trend	toward	higher	Ang2	levels	in	pa-
tients	 with	 severe	 COVID.	 Finally,	 we	 measured	 plasma	 levels	 of	
syndecan-	1,	 which	 has	 been	 previously	 shown	 to	 be	 a	 marker	 of	
endothelial damage.30	Plasma	syndecan-	1	levels	were	higher	in	se-
vere	COVID:	148.5	(103.3-	203.3)	ng/mL	compared	to	controls	and	
mild	cases	48	(44.9-	73.30	ng/mL	and	63.8	(49-	138.6)	ng/mL,	respec-
tively.	 Furthermore,	 elevated	 sydecan-	1	 was	 higher	 in	 those	 who	
later	died:	230	ng/mL	compared	to	124	ng/mL	in	survivors	(P =	.01,	
Fisher’s	exact	test).

4  |  CONCLUSION

This study allowed direct comparison between mild and severe 
COVID-	19	cases.	The	findings	from	this	study	confirm	that	dur-
ing	 severe	COVID-	19	 infection	 the	endothelium	 is	 severely	dis-
rupted,	resulting	in	release	of	VWF	and	subsequent	consumption	
of	ADAMTS-	13,	which	has	the	potential	 to	 lead	to	a	thrombotic	
phenotype,	 although	 the	 prophylactic	 anticoagulation	 given	
to our patient cohort may have prevented this and adds sup-
port	to	the	use	of	anticoagulants	in	the	treatment	of	COVID-	19.	
Our	 observations	 that	 the	 sialic	 acid	 content	 of	VWF	 in	 severe	
COVID-	19	 is	altered,	 raises	a	new	avenue	 for	 investigation,	and	
will be of interest to see if this phenomenon is observed in other 
patient cohorts.

F I G U R E  2 Analysis	of	von	Willebrand	factor	(VWF)	and	ADAMTS-	13	levels	and	VWF	sialic	acid	status	in	patients	receiving	hemodialysis	
with	coronavirus	disease	2019	(COVID-	19).	(A)	Plasma	VWF	levels	were	determined	by	“in-	house”	ELISA	and	were	significantly	higher	
in	severe	COVID-	19	cases	compared	to	non–	COVID-	19	controls	and	mild	COVID-	19	cases.	(B)	ADAMTS-	13	levels	were	determined	
by	ELISA	and	were	significantly	lower	in	severe	COVID-	19	compared	to	controls.	(C)	Patients	with	severe	COVID-	19	had	a	disrupted	
VWF:ADAMTS-	13	ratio.	(D)	VWF	levels	in	patients	with	mild	COVID-	19;	and	(E)	VWF	levels	in	severe	COVID-	19	cases	for	patients	with	
more	than	four	serial	samples	collected	over	182	days.	Shaded	area	represents	the	lower	and	upper	normal	range	of	the	normal	range.	(F)	
Silaic	acid	on	VWF	was	determined	using	a	modified	ELISA	measuring	binding	of	elderberry	bark	lectin	(EBL)	to	VWF.	Patients	with	severe	
COVID-	19	had	a	significantly	decreased	VWF	sialic	acid	content.	(G)	Correlation	between	plasma	VWF	concentration	and	sialic	acid	content.	
(*<.05,	**<.005,	****<.0001.	One-	way	ANOVA,	Tukey’s	multiple	comparisons).	Purple	symbols	represent	patients	who	died

F I G U R E  3 Analysis	of	plasma	Angiopoietin-	2	(Ang2)	and	
syndecan-	1	levels	in	patients	receiving	hemodialysis	with	
coronavirus	disease	2019	(COVID-	19).	Plasma	levels	of	Ang2	
and	syndecan-	1	were	determined	by	ELISA.	(A)	No	significant	
difference	in	Ang2	levels	were	observed	between	the	patient	
groups.	(B)	Syndecan-	1	levels	were	significantly	higher	in	patients	
with	severe	COVID	compared	to	controls	and	mild	cases.	(*<.05,	
**<.005.	One-	way	ANOVA,	Tukey’s	multiple	comparisons).	Purple	
symbols represent patients who died
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