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Essentials

•	 Cytoadhesion of infected erythrocytes is critical in cerebral malaria (CM) pathobiology.
•	 Markedly elevated plasma VWF levels represents an early hallmark feature of CM.
•	 Platelets directly impact malaria pathogenesis through multiple mechanisms.
•	 VWF–ADAMTS-13 axis targeting in CM may offer novel therapeutic opportunities.
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Abstract
Cerebral malaria (CM) continues to be associated with major morbidity and mortality, 
particularly in children aged <5 years in sub-Saharan Africa. Although the biological 
mechanisms underpinning severe malaria pathophysiology remain incompletely un-
derstood, studies have shown that cytoadhesion of malaria-infected erythrocytes to 
endothelial cells (ECs) within the cerebral microvasculature represents a key step in 
this process. Furthermore, these studies have also highlighted that marked EC activa-
tion, with secretion of Weibel-Palade bodies (WPBs), occurs at a remarkably early 
stage following malaria infection. As a result, plasma levels of proteins normally stored 
within WPBs (including high-molecular-weight von Willebrand factor [VWF] multim-
ers, VWF propeptide, and angiopoietin-2) are significantly elevated. In this review, 
we provide an overview of recent studies that have identified novel roles through 
which these secreted WPB glycoproteins may directly facilitate malaria pathogen-
esis through a number of different platelet-dependent and platelet-independent 
pathways. Collectively, these emerging insights suggest that hemostatic dysfunc-
tion, and in particular disruption of the normal VWF–ADAMTS-13 axis, may be of 
specific importance in triggering cerebral microangiopathy. Defining the molecular 
mechanisms involved may offer the opportunity to develop novel targeted therapeu-
tic approaches, which are urgently needed as the mortality rate associated with CM 
remains in the order of 20%.
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1  |  INTRODUC TION

Von Willebrand factor (VWF) is a large multimeric plasma glycoprotein 
that plays key roles in normal hemostasis.1,2 VWF binds to exposed 
collagen at sites of vascular injury and subsequently is able to tether 
and activate platelets.2 In addition, VWF also functions as a carrier 
molecule for procoagulant factor VIII (FVIII), protecting it against early 
degradation.3 Under normal conditions, VWF biosynthesis in vivo 
occurs only in endothelial cells (ECs)4 and megakaryocytes.5  VWF 
synthesized within ECs is either secreted into the plasma or stored 
within Weibel-Palade bodies (WPBs).1 Following EC activation by 
a variety of different secretagogues, this stored VWF is actively se-
creted together with other WPB contents (including the VWF pro-
peptide VWFpp and angiopoietin-2 [Ang-2]). Previous shear-based 
studies have demonstrated that ultra-large multimers (UL-VWF) se-
creted following EC activation becomes tethered on the cell surface 
to form elongated strings.6 This unwound VWF is able to bind plate-
lets, leading to the formation of long platelet-decorated VWF strings. 
In normal plasma, formation of these strings is regulated by the zinc 
metalloprotease ADAMTS-13 which specifically cleaves VWF at the 
Tyr1605-MetM1606 bond within the A2 domain.7 Consequently, 
VWF circulates as a series of heterogeneous multimers, with the larger 
multimers having significantly enhanced functional capacity.1  The 
biological importance of ADAMTS-13 regulation of VWF multimer 
distribution is highlighted by the fact that inherited or acquired 
ADAMTS-13 deficiency triggers severe microangiopathic thrombosis 
in patients with thrombotic thrombocytopenic purpura (TTP).8

1.1  |  Emerging roles for VWF in 
inflammation and sepsis

Beyond its pivotal role in maintaining physiological hemostasis, re-
cent data have demonstrated that VWF also plays important roles 
in inflammation.9 In particular, VWF has been shown to bind to both 
granulocytes and macrophages.10-12 A number of leukocyte recep-
tors and VWF domains have been implicated in modulating these 
binding interactions (Figure  1). Specific leukocyte receptors re-
ported to bind to VWF include the low-density lipoprotein receptor-
related protein-1; the scavenger receptor class A member I13; the 
macrophage galactose-type lectin14,15; Siglec-516 and the Galectins-1 
and -3.17 In addition to this in vitro data, studies in animal models 
support the hypothesis that VWF plays direct roles in inflammation 
that may be platelet-dependent or -independent in nature.18 For ex-
ample, Petri et al.19 demonstrated that pretreatment with anti-VWF 
blocking antibodies resulted in significantly attenuated leukocyte 
recruitment in murine models of thioglycollate-induced experimen-
tal peritonitis and keratinocyte-derived chemokine-stimulated cre-
master muscle, respectively. Thus, VWF not only binds to leukocytes 
but can also modulate extravasation in a platelet-dependent manner. 
Furthermore, Hillgruber et al.20 showed that VWF-blocking antibod-
ies also significantly reduced neutrophil recruitment in murine mod-
els of immune complex–mediated vasculitis and contact dermatitis. 
Interestingly, in these cutaneous inflammation models, the ability 
of anti-VWF antibodies to inhibit leukocyte recruitment was shown 
to be platelet independent. Recent studies have demonstrated 

F I G U R E  1 VWF interacts with 
neutrophils and monocytes/macrophages 
to impact inflammation. Plasma VWF 
is able to interact with a variety of 
cell surface receptors expressed on 
macrophages and neutrophils and 
thereby plays a direct role in modulating 
proinflammatory responses. LRP1, 
low-density lipoprotein receptor-
related protein-1; MGL, macrophage 
galactose-type lectin; PSGL-1, P-selectin 
glycoprotein ligand-1; SR-A1, scavenger 
receptor class A member I. Image created 
with BioRender.com



    |  3 of 9O’DONNELL et al.

that VWF is also involved in both NETosis21,22 and complement 
activation.23,24 The concept that VWF is involved in inflammatory 
responses is further supported by data from murine sepsis experi-
ments. In particular, significantly improved overall survival was 
observed in VWF−/− mice compared to wild-type controls in a cecal li-
gation puncture model.25 Finally, recent studies have suggested that 
dysfunction of the VWF–ADAMTS-13 axis may also be important in 
the pathogenesis of the characteristic pulmonary microangiopathy 
seen in patients with severe COVID-19.26-28

1.2  |  VWF and ADAMTS-13 in human malaria

Markedly elevated VWF levels have been consistently reported in 
patients with malaria (Table 1).29-32 Plasma VWF antigen (VWF:Ag) 
levels correlate with disease severity, so that the highest levels (in 
the range 300-500  IU/dL) are typically seen in children with cer-
ebral malaria.30,33,34 However significant increased VWF:Ag levels 
are also a feature of mild to moderate Plasmodium falciparum ma-
laria in both adults and children.30,31,33,34 More modest increases 
in plasma VWF:Ag levels have also been observed in patients with 
Plasmodium vivax malaria.31,34 Within Weibel-Palade bodies, ma-
ture VWF:Ag is stored in equimolar amounts with VWF propep-
tide. Studies have demonstrated that plasma VWFpp levels are also 
markedly elevated in children with cerebral malaria (CM) and again 
correlate with disease severity (Table 1).30,35 Collectively, these data 
suggest that severe malaria results in fulminant EC activation, with 
resultant WPB secretion leading to high plasma VWF concentra-
tions (Figure  2).29  The mechanism(s) through which malaria infec-
tion causes such profound EC activation remain poorly defined. 
However, studies performed in healthy volunteers infected with P 
falciparum showed that the increase in plasma VWF:Ag and VWFpp 
was present from an early stage following parasite infection when 
infected erythrocyte (IE) levels were <0.001%.36

In contrast to the elevated plasma VWF levels observed in pa-
tients with severe malaria, studies suggest that ADAMTS-13 levels 
are significantly reduced (Table 1).31,33,34,37 Furthermore, polymor-
phisms in ADAMTS-13 have been associated with malaria sever-
ity.38 Importantly, however, reported reductions in ADAMTS-13 
activity in severe malaria have been relatively modest, with plasma 
levels typically remaining above 30% of normal levels. Previous 
studies suggest that these ADAMTS-13 levels should be adequate 
to prevent accumulation of abnormal UL-VWF.39 Nonetheless, the 
VWF:ADAMTS-13 ratio in children with CM is greatly increased. In 
addition to these quantitative variations, plasma levels of several 
putative ADAMTS-13 functional inhibitors (including interleukin-6 
and free hemoglobin) are also significantly increased in malaria.31,37 
Given these findings, it is perhaps unsurprising that abnormal UL-
VWF (similar to those seen in TTP) have been reported in children 
with cerebral malaria (Table 1).32,34,37 Moreover, several studies have 
reported that the plasma VWF circulating in patients with severe ma-
laria exists in an active conformation that allows shear-independent 
binding to platelets.32,34,36

1.3  |  VWF strings modulate cyto-adhesion of 
malaria-infected erythrocyte

P falciparum–infected erythrocytes are able to adhere to ECs lining 
the cerebral microvasculature.40,41 This active sequestration plays 
a critical role in the pathogenesis of CM.41,42 A number of different 
EC surface receptors have been implicated in modulating IE binding, 
including CD36, intercellular adhesion molecule 1, thrombomodulin, 
endothelial protein C receptor, and P-selectin.29,43-46 These recep-
tors are able to bind to parasite-related ligands expressed on the 
IE surface, most notably P falciparum erythrocyte membrane pro-
tein 1 (PfEMP1).42,47 Given the early increase in plasma VWF levels 
associated with P falciparum infection, together with the presence 
of UL-VWF multimers, Bridges et al.6 investigated whether VWF 
might play a direct role in facilitating IE cytoadhesion to EC. In a 
flow-based assay, they demonstrated that platelet-decorated VWF 
strings could tether fluorescently labeled P falciparum IE. In contrast, 
platelet-decorated VWF strings did not bind to uninfected eryth-
rocytes, nor to erythrocytes infected with immature P falciparum 
ring-stage parasites that fail to express PfEMP1.6 Furthermore, IE 
binding was ablated in the presence of anti-CD36 or anti-VWF A1 
domain monoclonal antibodies. Together, these findings suggest 
that under physiological shear conditions, UL-VWF strings tethered 
on EC surfaces can bind to platelet glycoprotein Ib via the VWF A1 
domain. Subsequently, CD36 on the platelet-decorated strings fa-
cilitates IE binding by interacting with PfEMP1 (Figure 3). The au-
thors hypothesized that stores of high-molecular-weight multimers 
(HMWM)-VWF secreted from WPBs following acute EC activation 
might be particularly important in enabling IE sequestration during 
the early stages of malaria infection in the period before the biosyn-
thesis of other EC adhesion molecules can be upregulated.6

1.4  |  VWF in murine experimental CM

The combination of markedly elevated plasma VWF levels, alteration 
in the normal VWF–ADAMTS-13 ratio, and the presence of patho-
logical UL-VWF raises the intriguing possibility that VWF may play 
direct roles in the pathobiology of CM. Several recent studies have 
investigated this idea in a number of different murine malaria mod-
els. O’Regan et al.48 studied VWF in a murine model of experimen-
tal cerebral malaria (ECM) in which C57BL/6J mice were infected 
with Plasmodium berghei ANKA. Following infection, mice became 
progressively unwell, developing ECM features, with most mice 
dying after 6 to 7 days. In keeping with the findings observed in pa-
tients with severe malaria, P berghei infection was associated with 
a significant increase in murine plasma VWF:Ag levels.48 Moreover, 
this marked increase in VWF levels was an early feature in the 
disease course, being observed before significant numbers of P 
berghei–infected erythrocytes were visible in the circulation.48 
Angiopoietin-2 (Ang-2) is another protein that is stored in WPBs 
and actively secreted following acute EC activation.49 Significantly 
increased plasma Ang-2 levels were seen in C57BL/6J mice following 



4 of 9  |     O’DONNELL et al.

inoculation with P berghei, which further supports the concept that 
EC activation and WPB secretion are consistent features in both 
human and murine CM.48 Although plasma ADAMTS-13 levels 
were not significantly reduced in the murine ECM model, abnormal 
ultra-large multimers were again observed. Importantly, subsequent 
studies demonstrated that the clinical features of ECM progressed 
significantly more slowly and that overall survival was significantly 
longer in VWF−/− mice compared to wild-type controls.48

More recently, Kraisin et al.50 used this same ECM model but 
assessed the effect of using lower initial infecting doses of P berghei. 
They confirmed that plasma VWF:Ag levels and Ang-2 levels were 
both significantly elevated following P berghei infection. In keeping 
with O’Regan et al.,48 ADAMTS-13 levels remained within the nor-
mal range in malaria-infected mice.50 In this ECM model using re-
duced P berghei doses, a subtle reduction in clinical signs was again 
seen in VWF−/− mice in the late stages of the disease, but no signifi-
cant improvement in overall survival was observed.50 Cumulatively, 
these murine ECM data are consistent with human clinical findings 
in demonstrating that marked EC activation and WPB secretion 

represent hallmark features of CM. However, the findings also high-
light the inherent limitations of the murine ECM model.51

Thrombocytopenia is a common finding in patients with severe 
malaria.52,53 In addition, postmortem samples from children with 
fatal malaria have demonstrated accumulation of both platelets and 
leukocytes within occluded cerebral microvasculature.54 Since VWF 
plays a key role in regulating platelet tethering, studies have investi-
gated whether it may also be important in malaria-induced thrombo-
cytopenia. However, data from the murine ECM experiments have 
demonstrated that thrombocytopenia is similar in VWF−/− mice com-
pared to controls.48,50  Thus, it appears that thrombocytopenia in 
malaria is occurring through VWF-independent pathways. Similarly, 
VWF can also bind to leukocytes and has been implicated in playing 
a role in neutrophil extravasation.10,19,20 Although cerebral leuko-
cyte recruitment is also a hallmark feature in murine ECM, Kraisin 
et al.50 showed that this process was not affected by VWF defi-
ciency. Additional research studies will thus be required to elucidate 
the biological mechanisms through VWF influences the pathogene-
sis of cerebral malaria in vivo.

TA B L E  1 Examples of studies investigating VWF–ADAMTS-13 axis in human and murine malaria pathogenesis

Study Malaria type Patient age Patient numbers

Plasma VWF:Ag 
(median, % local 
normal)

Plasma 
VWFpp 
(median, % 
local normal)

Plasma 
ADAMTS13 
activity 
(median, % local 
normal)

VWF 
multimers

Additional 
comments

Human malaria

Hollestelle et al, 
2006

P falciparum Children 
(0.5-6 y)

CM (n = 26) Severe 
(n = 73) Mild 
(n = 44)

CM – 281 
Severe 
– 249 Mild 
– 245

CM – 331 
Severe – 
260 Mild 
– 220

NR NR VWFpp levels 
corelate 
with disease 
severity

Larkin et al, 
2009

P falciparum Children 
(0.5-6 y)

CM (n = 13) Severe 
(n = 20)

CM – 340 
Severe 
– 310

NR CM – 63 Severe 
– 56

UL- VWF 
multimers

ADAMTS-13 
inhibition

de Mast et al, 
2009

P falciparum 
and 
P vivax

Children and 
Adults 
(2-37 y)

P. falc (n = 26) 
P. vivax (n = 16)

P. falc ~290 
P. vivax 
~200

NR P falc – 13.5 
P vivax 
– 13.3

UL-VWF 
multimers

VWF in active 
conformation

Lowenberg et al, 
2010

P falciparum Adults (22-
51 years)

Severe (n = 30) 
Mild (n = 12)

Severe ~415 
Mild ~310

Severe ~580 
Mild 
~480

Severe – 36 
Mild – 88

NR None

Graham et al, 
2016

P falciparum Children 
(1-10 y)

Severe (n = 180) Severe – 339 NR Severe – 90 UL- VWF 
multimers

VWF in active 
conformation

Barber et al, 
2015

P falciparum 
and 
P vivax

Adults 
(17-52 y)

Severe PF (n = 21); 
severe PV 
(n = 9)

Severe PF −508; 
severe PV 
– 358

NR Severe PF – 34; 
severe PV 
– 61

NR None

Murine malaria

O’Regan et al, 
2016

P berghei 
ANKA

N/A N/A CM – 240 NR Normal UL- VWF 
multimers

Mild protective 
effect in 
VWF−/−

Kraisin et al, 
2019

P berghei 
NK65-E

N/A N/A ARDS ~190 NR Normal until 
late stages

Reduced 
HMWM 
late stages

Parasitemia 
higher in 
VWF−/−

Kraisin et al, 
2019

P berghei 
ANKA

N/A N/A CM ~140% NR Normal Reduced 
HMWM 
late stages

Note: Abbreviations: CM, cerebral malaria; HMWM, high-molecular-weight multimers; N/A, not applicable; NR, not reported; PF, Plasmodium 
falciparum; PV, Plasmodium vivax; UL-VWF, ultra-large VWF multimers; VWFpp, VWF propeptide.
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1.5  |  VWF in experimental malaria-associated 
respiratory distress syndrome

Malaria-associated acute respiratory distress syndrome (MA-ARDS) has 
been associated with both P falciparum and P vivax infections.55,56 To 
further investigate roles for the VWF–ADAMTS-13 axis in malaria 
pathogenesis, Kraisin et al.57 used an established mouse model of MA-
ARDS in which C57BL/6J mice were infected with a different type of P 
berghei parasite (PbNK65). Consistent with the murine ECM data, sig-
nificantly elevated plasma VWF:Ag levels were seen in wild-type mice 
infected with PbNK65 from an early stage before significant numbers 
of IEs were visible in peripheral blood smears.57 Plasma ADAMTS-13 
antigen levels remained within the normal range, but a significant re-
duction in plasma ADAMTS-13 activity levels was observed suggest-
ing that ADAMTS-13 function may be inhibited in MA-ARDS. Finally, 
despite the reduction in ADAMTS-13 activity, a reduction in HMWM-
VWF was observed in late-stage MA-ARDS mice.57 Although recent 
studies have reported that plasmin can cleave VWF,58 the loss of 
HMWM in MA-ARDS was shown to be plasmin independent.57

In the murine ECM model, VWF deficiency was associated with a 
partial protective effect.48 Interestingly, in the MA-ARDS model, the 
opposite effect was observed, whereby overall survival was actually 

significantly reduced in VWF-/- mice compared to wild-type controls.57 
Subsequent studies demonstrated that this reduced survival was due 
to markedly increased PbNK65 parasitemia levels in the VWF-/- mice. 
The biology through which VWF impacts parasitemia levels in this 
model remain unclear, but interestingly reticulocyte counts were also 
increased in VWF-/- animals.57 Overall, this alternate murine model of 
severe malaria clearly further supports the hypothesis that the VWF–
ADAMTS-13 axis is important in disease pathogenesis. Furthermore, 
it seems likely that VWF may have multifactorial effects that impact 
different stages in the malaria disease journey.29,53

1.6  |  Platelet-induced killing of malaria parasites

Postmortem studies performed on children with CM have reported 
significant platelet accumulation within the cerebral microvascula-
ture.54 Levels of thrombocytopenia have also been shown to correlate 
with increased severity of malaria infection, higher parasite density, 
and worse clinical outcomes.52,53 Accumulating recent data suggest 
that platelets impact malaria pathobiology through a number of dif-
ferent mechanisms. For example, platelets can play roles in facilitat-
ing IE clumping,59 IE cytoadhesion to ECs, and IE sequestration.6,52 In 

F I G U R E  2 Marked EC activation with Weibel-Palade body exocytosis occurs at an early stage following malarial infection and facilitates 
IE cytoadhesion. Malaria-infected erythrocytes trigger marked early endothelial cell activation at a remarkably early stage following 
infection. This EC activation causes secondary exocytosis of Weibel-Palade bodies, leading to significant increases in plasma levels of VWF 
antigen, VWF propeptide, P-selectin, and angiopoietin-2. Plasma ADAMTS-13 activity is reduced, so that the VWF:ADAMTS-13 ratio is 
markedly increased. EC activation also leads to upregulated expression of adhesion molecules including P-selectin and ICAM-1, which serve 
to further promote IE sequestration. EC, endothelial cell; ICAM-1, intercellular adhesion molecule 1; IE, infected erythrocyte; UL-VWF, ultra-
large von Willebrand factor multimers; VWF, von Willebrand factor; WPB, Weibel-Palade body. Image created with BioRender.com
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addition, platelets may contribute to EC activation and inflammatory 
responses in severe malaria infection. Besides these deleterious ef-
fects, several studies have reported an intriguing role for platelets in 
killing intraerythrocytic malaria parasites.60,61  This platelet-induced 
malaria killing process was most marked for P vivax but has also been 
observed for a number of different human malaria species (including 
P falciparum and P malariae).62 The molecular mechanisms involved 
remain poorly understood but appear to require platelet-IE adhesion, 
as well as platelet CD36 and platelet factor-4.61 Given the key role 
played by VWF in modulating platelet function under shear, further 
studies investigating the VWF–ADAMTS-13 axis in this context will be 
interesting.

1.7  |  VWF and ABO blood group in malaria

During its biosynthesis within EC or megakaryocytes, VWF under-
goes complex posttranslational modification that includes significant 
N-  and O-linked glycosylation.63 As a result, complex carbohydrate 
structures make up ≈20% of the final VWF monomeric mass.64 Plasma 
VWF is unusual compared to most other circulating glycoproteins in 
that it carries covalently linked ABO(H) blood group determinants 
as terminal sugar residues on both its N-  and O-glycan chains.65 In 
contrast, however, VWF synthesized within megakaryocytes and 

stored within platelet alpha granules does not express these terminal 
ABO(H) structures.66,67 Interestingly however, ABO(H) determinants 
are expressed on a number of platelet membrane glycoproteins, in-
cluding glycoprotein Ib, IIa, IIIa, IV, and V.65 The presence of ABO 
carbohydrate structures on both plasma VWF and platelet surface 
glycoproteins has direct biological significance. Numerous previous 
studies have demonstrated that ABO blood group has a major effect 
on plasma VWF:Ag levels.68,69 Indeed, ABO has been estimated to ac-
count for 30% of total genetic variability in VWF levels.70 Individuals 
in blood group O typically have plasma VWF:Ag levels that are 20% to 
30% lower than those in non-O subjects.69 Among the non-O groups, 
VWF levels are highest in rare group AB individuals. This major ef-
fect of ABO on VWF levels is thought to be predominantly attrib-
uted to enhanced VWF plasma clearance in group O individuals.71,72 
In addition to this quantitative effect on VWF levels, studies have 
also suggested that ABO blood group can also influence hemostatic 
functions of both VWF73 and platelet receptors.74 In particular, ABO 
determinants have been shown to regulate the susceptibility of VWF 
to proteolysis by ADAMTS-13, with significantly enhanced cleavage 
of group O VWF.75,76

With respect to malaria, the major effects of ABO blood group in 
modulating VWF antigen and function in vivo are interesting given 
that studies have shown that individuals in blood group O have 
milder P falciparum disease and less severe outcomes compared to 

F I G U R E  3 Platelet decorated UL-VWF strings on the surface of activated EC promote cytoadhesion of IE expressing PfEMP1. Under 
shear-based conditions, UL-VWF strings tethered on the surface of activated EC can recruit platelets. Subsequently, the platelet-decorated 
UL-VWF strings can bind to malaria-infected erythrocytes (IEs). In particular, PfEMP-1 on the IRBC interacts with platelet CD36. EC, 
endothelial cell; IRBC, infected red blood cell; PfEMP-1, P. falciparum erythrocyte membrane protein-1; UL-VWF, ultra-large von Willebrand 
factor multimers; VWF, von Willebrand factor. Image created with BioRender.com
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group A individuals.77 ABO blood group also affects plasma levels 
of procoagulant FVIII, with significantly higher levels in non-O indi-
viduals.69 This is important because local thrombin generation, loss 
of the endothelial protein C receptor,78 and disruption of the protein 
C anticoagulant pathway79,80 have also been implicated in malaria 
pathogenesis. Cumulatively, these data have led to the proposal that 
P falciparum may have exerted a selective genetic pressure in favor 
of group O, which is consistent with the current geographic distri-
bution of ABO blood groups with increased group O prevalence in 
malaria-endemic regions.81 Based on the current evidence, it seems 
likely that ABO effects upon VWF and FVIII levels are likely to be im-
portant contributors in modulating this ABO effect on malaria sus-
ceptibility. Given that marked endotheliopathy has also been shown 
to play a key role in the pathogenesis of severe COVID-19,82,83 it is 
also interesting to note that a significant effect of the ABO group 
in regulating susceptibility to severe COVID-19 has also been 
reported.84

2  |  ISTH CONGRESS REPORT

Although platelets play a critical role in malaria pathogenesis, the 
mechanisms responsible for the significant thrombocytopenia 
that is associated with both human and murine malaria remain 
poorly defined. At the XXIX Congress of the ISTH (Philadelphia, 
PA, USA, July 17-21, 2021), Singh et al. used flow cytometry to 
characterize circulating platelets in healthy volunteers experi-
mentally infected with P falciparum (PB0759).85 By day +10 fol-
lowing infection, a significant thrombocytopenia and a reduction 
in mean platelet volume were observed in malaria-infected sub-
jects compared to controls. In addition, a reduction in platelet 
sialylation was also present in malaria cases. These findings are 
important given that terminal sialic acid expression plays a key 
role in protecting both platelets and plasma glycoproteins against 
premature clearance.

3  |  CONCLUSIONS AND FUTURE 
DIREC TIONS

In summary, accumulating data over recent years have clearly dem-
onstrated that both platelets and acute EC activation play critical 
roles in the pathogenesis underlying severe malaria. These effects 
have been observed in both patients infected with malaria and a va-
riety of different murine models. Elucidating the precise molecular 
mechanisms involved, and how the importance of these mechanisms 
varies through the course of malarial illness, will require further 
studies. In view of the huge global morbidity and mortality that con-
tinue to be associated with severe malaria, these studies are urgently 
needed to address an important unmet clinical need. Improved un-
derstanding of the mechanisms involved may facilitate the develop-
ment of novel treatment strategies.

ACKNOWLEDG MENTS
JSO was supported by a National Children’s Research Centre Project 
Award (C/18/1).

REL ATIONSHIP DISCLOSURE
JSO has served on the speaker's bureau for Baxter, Bayer, 
Novo Nordisk, Boehringer Ingelheim, Leo Pharma, Takeda, and 
Octapharma. He has also served on the advisory boards of Baxter, 
Bayer, Octapharma, CSL Behring, Daiichi Sankyo, Boehringer 
Ingelheim, Takeda, and Pfizer. He has also received research grant 
funding awards from Baxter, Bayer, Pfizer, Shire, Takeda, and Novo 
Nordisk.

AUTHOR CONTRIBUTIONS
All authors drafted the first version of the manuscript and critically 
reviewed the final manuscript.

ORCID
James S. O’Donnell   https://orcid.org/0000-0003-0309-3313 

T WIT TER
James S. O’Donnell   @ProfJSODonnell 

R E FE R E N C E S
	 1.	 Lenting PJ, Christophe OD, Denis CV. von Willebrand factor bio-

synthesis, secretion, and clearance: connecting the far ends. Blood. 
2015;125(13):2019-2028.

	 2.	 Leebeek FWG, Eikenboom JCJ. Von Willebrand’s disease. N Engl J 
Med. 2017;376(7):701-702.

	 3.	 Turecek PL, Johnsen JM, Pipe SW, O'Donnell JS. Biological mech-
anisms underlying inter-individual variation in factor VIII clearance 
in haemophilia. Haemophilia. 2020;26(4):575-583.

	 4.	 Wagner DD, Marder VJ. Biosynthesis of von Willebrand protein by 
human endothelial cells: processing steps and their intracellular lo-
calization. J Cell Biol. 1984;99(6):2123-2130.

	 5.	 Sporn LA, Chavin SI, Marder VJ, Wagner DD. Biosynthesis of 
von Willebrand protein by human megakaryocytes. J Clin Invest. 
1985;76(3):1102-1106.

	 6.	 Bridges DJ, Bunn J, van Mourik JA, et al. Rapid activation 
of endothelial cells enables Plasmodium falciparum adhesion 
to platelet-decorated von Willebrand factor strings. Blood. 
2010;115(7):1472-1474.

	 7.	 Crawley JT, de Groot R, Xiang Y, Luken BM, Lane DA. Unraveling 
the scissile bond: how ADAMTS13 recognizes and cleaves von 
Willebrand factor. Blood. 2011;118(12):3212-3221.

	 8.	 Sadler JE. Von Willebrand factor, ADAMTS13, and thrombotic 
thrombocytopenic purpura. Blood. 2008;112(1):11-18.

	 9.	 Kawecki C, Lenting PJ, Denis CV. von Willebrand factor and inflam-
mation. J Thromb Haemost. 2017;15(7):1285-1294.

	10.	 Pendu R, Terraube V, Christophe OD, et al. P-selectin glycoprotein 
ligand 1 and beta2-integrins cooperate in the adhesion of leuko-
cytes to von Willebrand factor. Blood. 2006;108(12):3746-3752.

	11.	 van Schooten CJ, Shahbazi S, Groot E, et al. Macrophages contrib-
ute to the cellular uptake of von Willebrand factor and factor VIII in 
vivo. Blood. 2008;112(5):1704-1712.

	12.	 Chion A, O’Sullivan JM, Drakeford C, et al. N-linked glycans within 
the A2 domain of von Willebrand factor modulate macrophage-
mediated clearance. Blood. 2016;128(15):1959-1968.

https://orcid.org/0000-0003-0309-3313
https://orcid.org/0000-0003-0309-3313
https://twitter.com/ProfJSODonnell


8 of 9  |     O’DONNELL et al.

	13.	 Wohner N, Muczynski V, Mohamadi A, et al. Macrophage scaven-
ger receptor SR-AI contributes to the clearance of von Willebrand 
factor. Haematologica. 2018;103(4):728-737.

	14.	 Ward SE, O'Sullivan JM, Drakeford C, et al. A novel role for the 
macrophage galactose-type lectin receptor in mediating von 
Willebrand factor clearance. Blood. 2018;131(8):911-916.

	15.	 Ward SE, O'Sullivan JM, Moran AB, et al. Sialylation on O-linked 
glycans protects von Willebrand factor from macrophage galactose 
lectin mediated clearance. Haematologica. 2021.

	16.	 Pegon JN, Kurdi M, Casari C, et al. Factor VIII and von Willebrand 
factor are ligands for the carbohydrate-receptor Siglec-5. 
Haematologica. 2012;97(12):1855-1863.

	17.	 Saint-Lu N, Oortwijn BD, Pegon JN, et al. Identification of galec-
tin-1 and galectin-3 as novel partners for von Willebrand factor. 
Arterioscler Thromb Vasc Biol. 2012;32(4):894-901.

	18.	 Drakeford C, O’Donnell JS. Targeting von Willebrand factor-
mediated inflammation. Arterioscler Thromb Vasc Biol. 
2017;37(9):1590-1591.

	19.	 Petri B, Broermann A, Li H, et al. von Willebrand factor promotes 
leukocyte extravasation. Blood. 2010;116(22):4712-4719.

	20.	 Hillgruber C, Steingraber AK, Poppelmann B, et al. Blocking von 
Willebrand factor for treatment of cutaneous inflammation. J Invest 
Dermatol. 2014;134(1):77-86.

	21.	 Grassle S, Huck V, Pappelbaum KI, et al. von Willebrand factor 
directly interacts with DNA from neutrophil extracellular traps. 
Arterioscler Thromb Vasc Biol. 2014;34(7):1382-1389.

	22.	 Savchenko AS, Borissoff JI, Martinod K, et al. VWF-mediated 
leukocyte recruitment with chromatin decondensation by PAD4 
increases myocardial ischemia/reperfusion injury in mice. Blood. 
2014;123(1):141-148.

	23.	 Kolm R, Schaller M, Roumenina LT, et al. Von Willebrand factor 
interacts with surface-bound C1q and induces platelet rolling. J 
Immunol. 2016;197(9):3669-3679.

	24.	 Feng S, Liang X, Kroll MH, Chung DW, Afshar-Kharghan V. von 
Willebrand factor is a cofactor in complement regulation. Blood. 
2015;125(6):1034-1037.

	25.	 Lerolle N, Dunois-Larde C, Badirou I, et al. von Willebrand factor 
is a major determinant of ADAMTS-13 decrease during mouse 
sepsis induced by cecum ligation and puncture. J Thromb Haemost. 
2009;7(5):843-850.

	26.	 Turecek PL, Peck RC, Rangarajan S, et al. Recombinant ADAMTS13 
reduces abnormally up-regulated von Willebrand factor in 
plasma from patients with severe COVID-19. Thromb Res. 
2021;201:100-112.

	27.	 Mancini I, Baronciani L, Artoni A, et al. The ADAMTS13-von 
Willebrand factor axis in COVID-19 patients. J Thromb Haemost. 
2021;19(2):513-521.

	28.	 Ward SE, Curley GF, Lavin M, et al. Von Willebrand factor pro-
peptide in severe coronavirus disease 2019 (COVID-19): evidence 
of acute and sustained endothelial cell activation. Br J Haematol. 
2021;192(4):714-719.

	29.	 O’Sullivan JM, Preston RJ, O’Regan N, O’Donnell JS. Emerging 
roles for hemostatic dysfunction in malaria pathogenesis. Blood. 
2016;127(19):2281-2288.

	30.	 Hollestelle MJ, Donkor C, Mantey EA, et al. von Willebrand factor 
propeptide in malaria: evidence of acute endothelial cell activation. 
Br J Haematol. 2006;133(5):562-569.

	31.	 Barber BE, William T, Grigg MJ, et al. Parasite biomass-related 
inflammation, endothelial activation, microvascular dys-
function and disease severity in vivax malaria. PLoS Pathog. 
2015;11(1):e1004558.

	32.	 Graham SM, Chen J, Chung DW, et al. Endothelial activation, hae-
mostasis and thrombosis biomarkers in Ugandan children with se-
vere malaria participating in a clinical trial. Malar J. 2016;15:56.

	33.	 Lowenberg EC, Charunwatthana P, Cohen S, et al. Severe malaria 
is associated with a deficiency of von Willebrand factor cleaving 
protease, ADAMTS13. Thromb Haemost. 2010;103(1):181-187.

	34.	 de Mast Q, Groot E, Asih PB, et al. ADAMTS13 deficiency with 
elevated levels of ultra-large and active von Willebrand fac-
tor in P. falciparum and P. vivax malaria. Am J Trop Med Hyg. 
2009;80(3):492-498.

	35.	 Conroy AL, Phiri H, Hawkes M, et al. Endothelium-based biomark-
ers are associated with cerebral malaria in Malawian children: a ret-
rospective case-control study. PLoS One. 2010;5(12):e15291.

	36.	 de Mast Q, Groot E, Lenting PJ, et al. Thrombocytopenia and re-
lease of activated von Willebrand Factor during early Plasmodium 
falciparum malaria. J Infect Dis. 2007;196(4):622-628.

	37.	 Larkin D, de Laat B, Jenkins PV, et al. Severe Plasmodium fal-
ciparum malaria is associated with circulating ultra-large von 
Willebrand multimers and ADAMTS13 inhibition. PLoS Pathog. 
2009;5(3):e1000349.

	38.	 Kraisin S, Naka I, Patarapotikul J, et al. Association of ADAMTS13 
polymorphism with cerebral malaria. Malar J. 2011;10:366.

	39.	 Dong JF, Whitelock J, Bernardo A, Ball C, Cruz MA. Variations 
among normal individuals in the cleavage of endothelial-derived 
ultra-large von Willebrand factor under flow. J Thromb Haemost. 
2004;2(8):1460-1466.

	40.	 Newton CR, Krishna S. Severe falciparum malaria in children: cur-
rent understanding of pathophysiology and supportive treatment. 
Pharmacol Ther. 1998;79(1):1-53.

	41.	 Storm J, Craig AG. Pathogenesis of cerebral malaria–inflammation 
and cytoadherence. Front Cell Infect Microbiol. 2014;4:100.

	42.	 Craig A, Scherf A. Molecules on the surface of the Plasmodium fal-
ciparum infected erythrocyte and their role in malaria pathogenesis 
and immune evasion. Mol Biochem Parasitol. 2001;115(2):129-143.

	43.	 Barnwell JW, Asch AS, Nachman RL, Yamaya M, Aikawa M, 
Ingravallo P. A human 88-kD membrane glycoprotein (CD36) func-
tions in vitro as a receptor for a cytoadherence ligand on Plasmodium 
falciparum-infected erythrocytes. J Clin Invest. 1989;84(3):765-772.

	44.	 Turner GD, Morrison H, Jones M, et al. An immunohisto-
chemical study of the pathology of fatal malaria. Evidence for 
widespread endothelial activation and a potential role for intercel-
lular adhesion molecule-1 in cerebral sequestration. Am J Pathol. 
1994;145(5):1057-1069.

	45.	 Turner L, Lavstsen T, Berger SS, et al. Severe malaria is associated 
with parasite binding to endothelial protein C receptor. Nature. 
2013;498(7455):502-505.

	46.	 Yipp BG, Hickey MJ, Andonegui G, et al. Differential roles of CD36, 
ICAM-1, and P-selectin in Plasmodium falciparum cytoadherence in 
vivo. Microcirculation. 2007;14(6):593-602.

	47.	 Moxon CA, Grau GE, Craig AG. Malaria: modification of the red 
blood cell and consequences in the human host. Br J Haematol. 
2011;154(6):670-679.

	48.	 O'Regan N, Gegenbauer K, O’Sullivan JM, et al. A novel role for 
von Willebrand factor in the pathogenesis of experimental cerebral 
malaria. Blood. 2016;127(9):1192-1201.

	49.	 Erdman LK, Dhabangi A, Musoke C, et al. Combinations of host 
biomarkers predict mortality among Ugandan children with se-
vere malaria: a retrospective case-control study. PLoS One. 
2011;6(2):e17440.

	50.	 Kraisin S, Martinod K, Desender L, et al. von Willebrand fac-
tor increases in experimental cerebral malaria but is not es-
sential for late-stage pathogenesis in mice. J Thromb Haemost. 
2020;18(9):2377-2390.

	51.	 Craig AG, Grau GE, Janse C, et al. The role of animal models for 
research on severe malaria. PLoS Pathog. 2012;8(2):e1002401.

	52.	 Morrell CN. Understanding platelets in malaria infection. Curr Opin 
Hematol. 2014;21(5):445-449.



    |  9 of 9O’DONNELL et al.

	53.	 O’Sullivan JM, O’Donnell JS. Platelets in malaria pathogenesis. 
Blood. 2018;132(12):1222-1224.

	54.	 Grau GE, Mackenzie CD, Carr RA, et al. Platelet accumulation in 
brain microvessels in fatal pediatric cerebral malaria. J Infect Dis. 
2003;187(3):461-466.

	55.	 Barber BE, William T, Grigg MJ, et al. A prospective comparative 
study of knowlesi, falciparum, and vivax malaria in Sabah, Malaysia: 
high proportion with severe disease from Plasmodium knowlesi and 
Plasmodium vivax but no mortality with early referral and artesu-
nate therapy. Clin Infect Dis. 2013;56(3):383-397.

	56.	 Taylor WRJ, Hanson J, Turner GDH, White NJ, Dondorp AM. 
Respiratory manifestations of malaria. Chest. 2012;142(2):492-505.

	57.	 Kraisin S, Verhenne S, Pham TT, et al. von Willebrand factor in ex-
perimental malaria-associated acute respiratory distress syndrome. 
J Thromb Haemost. 2019;17(8):1372-1383.

	58.	 Brophy TM, Ward SE, McGimsey TR, et al. Plasmin cleaves Von 
Willebrand factor at K1491–R1492 in the A1–A2 linker region in a 
shear- and glycan-dependent manner in vitro. Arterioscler Thromb 
Vasc Biol. 2017;37(5):845-855.

	59.	 Pain A, Ferguson DJ, Kai O, et al. Platelet-mediated clumping of 
Plasmodium falciparum-infected erythrocytes is a common adhe-
sive phenotype and is associated with severe malaria. Proc Natl 
Acad Sci USA. 2001;98(4):1805-1810.

	60.	 McMorran BJ, Marshall VM, de Graaf C, et al. Platelets kill in-
traerythrocytic malarial parasites and mediate survival to infection. 
Science. 2009;323(5915):797-800.

	61.	 McMorran BJ, Wieczorski L, Drysdale KE, et al. Platelet factor 4 
and Duffy antigen required for platelet killing of Plasmodium falci-
parum. Science. 2012;338(6112):1348-1351.

	62.	 Kho S, Barber BE, Johar E, et al. Platelets kill circulating para-
sites of all major Plasmodium species in human malaria. Blood. 
2018;132(12):1332-1344.

	63.	 Preston RJ, Rawley O, Gleeson EM, O’Donnell JS. Elucidating the 
role of carbohydrate determinants in regulating hemostasis: in-
sights and opportunities. Blood. 2013;121(19):3801-3810.

	64.	 Lenting PJ, Pegon JN, Christophe OD, Denis CV. Factor VIII and 
von Willebrand factor–too sweet for their own good. Haemophilia. 
2010;16(Suppl 5):194-199.

	65.	 Ward SE, O’Sullivan JM, O’Donnell JS. The relationship between 
ABO blood group, von Willebrand factor, and primary hemostasis. 
Blood. 2020;136(25):2864-2874.

	66.	 McGrath RT, McRae E, Smith OP, O’Donnell JS. Platelet von 
Willebrand factor–structure, function and biological importance. 
Br J Haematol. 2010;148(6):834-843.

	67.	 McGrath RT, van den Biggelaar M, Byrne B, et al. Altered glycosyla-
tion of platelet-derived von Willebrand factor confers resistance to 
ADAMTS13 proteolysis. Blood. 2013;122(25):4107-4110.

	68.	 Gill JC, Endres-Brooks J, Bauer PJ, Marks WJ Jr, Montgomery RR. 
The effect of ABO blood group on the diagnosis of von Willebrand 
disease. Blood. 1987;69(6):1691-1695.

	69.	 Jenkins PV, O’Donnell JS. ABO blood group determines plasma von 
Willebrand factor levels: a biologic function after all? Transfusion. 
2006;46(10):1836-1844.

	70.	 Orstavik KH, Magnus P, Reisner H, Berg K, Graham JB, Nance W. Factor 
VIII and factor IX in a twin population. Evidence for a major effect of 
ABO locus on factor VIII level. Am J Hum Genet. 1985;37(1):89-101.

	71.	 O'Sullivan JM, Ward S, Lavin M, O'Donnell JS. von Willebrand fac-
tor clearance - biological mechanisms and clinical significance. Br J 
Haematol. 2018;183(2):185-195.

	72.	 Gallinaro L, Cattini MG, Sztukowska M, et al. A shorter von 
Willebrand factor survival in O blood group subjects explains how 
ABO determinants influence plasma von Willebrand factor. Blood. 
2008;111(7):3540-3545.

	73.	 Sarode R, Goldstein J, Sussman II, Nagel RL, Tsai HM. Role of A and 
B blood group antigens in the expression of adhesive activity of von 
Willebrand factor. Br J Haematol. 2000;109(4):857-864.

	74.	 Dunne E, Qi QM, Shaqfeh ES, et al. Blood group alters platelet 
binding kinetics to von Willebrand factor and consequently platelet 
function. Blood. 2019;133(12):1371-1377.

	75.	 Bowen DJ. An influence of ABO blood group on the rate of prote-
olysis of von Willebrand factor by ADAMTS13. J Thromb Haemost. 
2003;1(1):33-40.

	76.	 McGrath RT, McKinnon TA, Byrne B, et al. Expression of terminal 
alpha2-6-linked sialic acid on von Willebrand factor specifically en-
hances proteolysis by ADAMTS13. Blood. 2010;115(13):2666-2673.

	77.	 Loscertales MP, Owens S, O’Donnell J, Bunn J, Bosch-Capblanch 
X, Brabin BJ. ABO blood group phenotypes and Plasmodium fal-
ciparum malaria: unlocking a pivotal mechanism. Adv Parasitol. 
2007;65:1-50.

	78.	 Moxon CA, Wassmer SC, Milner DA Jr, et al. Loss of endothelial 
protein C receptors links coagulation and inflammation to par-
asite sequestration in cerebral malaria in African children. Blood. 
2013;122(5):842-851.

	79.	 Moxon CA, Alhamdi Y, Storm J, et al. Parasite histones are toxic to 
brain endothelium and link blood barrier breakdown and thrombo-
sis in cerebral malaria. Blood Adv. 2020;4(13):2851-2864.

	80.	 Gleeson EM, O’Donnell JS, Preston RJ. The endothelial cell protein 
C receptor: cell surface conductor of cytoprotective coagulation 
factor signaling. Cell Mol Life Sci. 2012;69(5):717-726.

	81.	 Cserti CM, Dzik WH. The ABO blood group system and Plasmodium 
falciparum malaria. Blood. 2007;110(7):2250-2258.

	82.	 O'Sullivan JM, Gonagle DM, Ward SE, Preston RJS, O’Donnell 
JS. Endothelial cells orchestrate COVID-19 coagulopathy. Lancet 
Haematol. 2020;7(8):e553-e555.

	83.	 O’Donnell JS, Peyvandi F, Martin-Loeches I. Pulmonary immuno-
thrombosis in COVID-19 ARDS pathogenesis. Intensive Care Med. 
2021;47(8):899-902.

	84.	 O’Sullivan JM, Ward S, Fogarty H, O’Donnell JS. More on 
‘Association between ABO blood groups and risk of SARS-CoV-2 
pneumonia. Br J Haematol. 2020;190(1):27-28.

	85.	 Singh A, Witzemann A, Pelzl L, et al. Platelets show a distinct re-
sponse in a controlled human malaria infection (CHMI) model [ab-
stract]. Res Pract Thromb Haemost. 2021;5(Suppl 2):565.

How to cite this article: O’Donnell AS, Fazavana J, O’Donnell 
JS. The von Willebrand factor – ADAMTS-13 axis in malaria. 
Res Pract Thromb Haemost. 2022;6:e12641. doi:10.1002/
rth2.12641

https://doi.org/10.1002/rth2.12641
https://doi.org/10.1002/rth2.12641

