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Abstract

Background: Malaria-associated acute respiratory distress syndrome (MA-ARDS) is
a lethal complication of severe malaria, characterized by marked pulmonary inflam-
mation. Patient studies have suggested a link between von Willebrand factor (VWF)
and malaria severity.

Objectives: To investigate the role of VWF in the pathogenesis of experimental
MA-ARDS.

Methods: Plasmodium berghei NK65-E (PbNK65) parasites were injected in Vwf”* and
Vwf’™ mice. Pathological parameters were assessed following infection.

Results: In accordance with patients with severe malaria, plasma VWF levels were
increased and ADAMTS13 activity levels were reduced in experimental MA-ARDS.
ADAMTS13- and plasmin-independent reductions of high molecular weight VWF
multimers were observed at the end stage of disease. Thrombocytopenia was VWEF-
independent because it was observed in both Vwf"”* and Vwf”’™ mice. Interestingly,
wa/’ mice had a shorter survival time compared with wa*/+ controls following
PbNK65 infection. Lung edema could not explain this shortened survival because
alveolar protein levels in Vwf’™ mice were approximately two times lower than in
Vwf™* controls. Parasite load, on the other hand, was significantly increased in vwf’
mice compared with Vwf** mice in both peripheral blood and lung tissue. In addi-
tion, anemia was only observed in PbNKé5-infected Vwf’™ mice. Of note, Vwf’™ mice
presented with two times more reticulocytes, a preferential target of the parasites.
Conclusions: This study suggests that parasite load together with malarial anemia,
rather than alveolar leakage, might contribute to shortened survival in PbNK65-in-
fected Vwf”™ mice. VWF deficiency is associated with early reticulocytosis following

PbNK&65 infection, which potentially explains the increase in parasite load.
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1 | INTRODUCTION

Malaria is a global health problem, leading to 219 million cases and
435 000 deaths in 2017." One of the most lethal complications is
malaria-associated acute respiratory distress syndrome (MA-ARDS).
All human malarial parasites are able to cause MA-ARDS in patients,
but the majority of cases are caused by Plasmodium falciparum and
Plasmodium vivax.2 MA-ARDS often develops during or after antima-
larial treatment, and the mortality rate can reach up to 80%.° The
pathogenesis of MA-ARDS remains elusive, but involves inflamma-
tion-mediated alveolocapillary membrane permeability leading to
diffuse alveolar damage, resulting in ventilation-perfusion mismatch
and impaired gas exchange, which can persist and even aggravate
after parasite clearance.* In contrast to cerebral malaria, in which
sequestration of infected red blood cells (iRBCs) is known to occur
massively on the microvascular endothelium in the brain, little is
known about the role of parasite sequestration in the pulmonary
microvasculature.

In recent years, a pathogenic role for von Willebrand fac-
tor (VWF) activity in malaria has been suggested.”> VWF is a
glycoprotein synthesized in endothelial cells (ECs) and mega-
karyocytes, playing a crucial role in normal hemostasis and
thromboinflammation.®” VWF mediates the adhesion of plate-
lets at sites of vascular injury and protects procoagulant factor
VIII from early degradation in circulation.® In addition, VWF also
promotes leukocyte adhesion and inflammation.”*® Endothelial
VWEF is either constitutively secreted into plasma as a series of
heterogeneous multimers, or stored as ultralarge VWF (ULVWF)
multimers in Weibel-Palade bodies.® The adhesive activity of
VWEF is based on the size of its multimers. This multimeric size
is regulated by the metalloproteinase ADAMTS13 (A Disintegrin
And Metalloprotease with a ThromboSpondin type 1 motif, mem-
ber 13), which cleaves VWF into smaller and consequently less
thrombogenic forms.

Several studies have shown that during P falciparum infec-
tion, patients have increased levels of plasma VWF and decreased
ADAMTS13 activity, which leads to the accumulation of circulat-
ing ULVWF multimers.}¥™® It has been suggested that sponta-
neous binding of platelets to ULVWF multimers might mediate
thrombocytopenia, a common feature of patients infected with
P falciparum.ié'17 Furthermore, Bridges et al*® demonstrated that
iRBCs are able to bind platelets that are attached to the ULVWF
in a CD36-dependent manner, a phenomenon that could possibly
facilitate sequestration and disease progression. Whether VWF is
involved in MA-ARDS is currently unknown. In this study, we used
an established mouse model of MA-ARDS to specifically address
the putative roles of VWF in this malarial lung complication. In this
mouse model, infection with Plasmodium berghei NK65-E (PbNK65)
does not cause experimental cerebral malaria, but leads to pul-
monary in inflammation with protein-rich interstitial and alveolar
edema, which becomes lethal typically between 8 and 11 days

postinfection (P1).#1%20
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Essentials

e Patient studies have suggested a link between von
Willebrand Factor (VWF) and malaria severity.

e We studied VWF in experimental malaria-associated
acute respiratory distress syndrome.

e VWEF contributed to increased alveolar leakage.

o VWF deficiency was associated with elevated parasite

load, anemia, and shortened survival time.

2 | MATERIALS AND METHODS

2.1 | Mice

VWF knockout (Vwf’") and wild-type (Vwf”*) mice were on a
C57BL/6J background and were initially obtained from the Jackson
Laboratory (Bar Harbor, ME). Characterization of Vwf’™ mice has
beendescribed previously.?? Plasminogen knockout(Plasminogen'/‘)
and wild-type (Plasminogen*’*) mice were on a C57BL/6J back-
ground (kind gift from Professor Francis Castellino, The University
of Notre Dame, Notre Dame, IN). All experiments were performed
on mice of 6-8 weeks of age of both sexes. Different groups of
mice in each experiment were age-, sex-, and weight-matched.
Mice showing signs of moribundity (i.e., severely reduced activity,
lethargy, respiratory distress) were considered to have reached a
humane endpoint and euthanized by cervical dislocation accord-
ing to ethical guidelines. All mouse experiments were performed
in accordance with protocols approved by the Institutional Animal
Care and Use Committee of KU Leuven, Belgium. This study was
approved under project number P173/2015.

2.2 | Parasite infection

C57BL/6J mice infected with PbNK65 parasites (a kind gift from
the late D. Walliker, University of Edinburgh, Scotland, UK) were
used as a mouse model of MA-ARDS. The characterization of this
model has been previously described.’”?° To grow parasites, two
Vwf™* C57BL/6J mice were intraperitoneally injected with a fro-
zen stock of infected blood. When parasitemia levels were be-
tween 3% and 5%, tail blood was diluted in Dulbecco's phosphate
buffered saline, and 10* iRBCs were injected intraperitoneally in
experimental mice. Drinking water of infected and control mice
was supplemented with 0.375 mg/mL p-aminobenzoic acid for op-

timal growth of parasites.

2.3 | Parasitemia

Thin blood smears obtained from 2 puL of tail vein bleeds were made
and stained with Giemsa solution (1/10 dilution; Sigma-Aldrich, St.
Louis, MO). The percentage of iRBCs in peripheral blood (para-

sitemia) was determined by microscopical analysis.
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2.4 | Blood collection

Mice were anesthetized with 5% isoflurane (Nicholas Piramal
Limited, London, UK) in 100% O,. Blood samples were collected by
retro-orbital puncture into 0.5 mol/L ethylenediaminetetraacetic
acid (1 volume to 40 volumes of blood) or 3.8% trisodium citrate
(1 volume to 6 volumes of blood). Complete blood counts were ob-
tained from ethylenediaminetetraacetic acid-anticoagulated blood
using a Hemavet 950FS Multi-Species Hematology system (Drew
Scientific, Oxford, CT). Plasma samples were prepared from citrated
blood by centrifugation at 4300 x g for 6 minutes and stored at
-80°C until analysis.

2.5 | VWEF antigen and multimers

VWEF antigen (VWF:Ag) levels and VWF multimer patterns were

performed as described previously.zz’23

2.6 | ADAMTS13 antigen and activity

ADAMTS13 antigen (ADAMTS13:Ag) levels were determined via en-
zyme-linked immunosorbent assay as described?* with small modi-
fications. Briefly, a 96-well microtiter plate was coated overnight
with 5 pg/mL of the in-house developed monoclonal anti-mouse
ADAMTS13 (mMADAMTS13) antibody 14H7B8. After blocking with
3% milk powder solution, plasma samples were added in the wells.
Captured mADAMTS13 was detected with an in-house developed
polyclonal rabbit anti-mADAMTS13 antibody at a concentration of
5 pg/mL. Horseradish peroxidase-labeled goat anti-rabbit antibody
(Jackson Immunoresearch Laboratories Inc., West Grove, PA) was
used to detect the bound antibody. The coloring reaction was induced
by adding ortho-phenylenediamine substrate together with H,0,, and
then stopped with 4 mol/L H,SO,. Absorbance was read at 490 nm.
ADAMTS13 activity (ADAMTS13:Act) levels were deter-
mined using the fluorescent resonance energy transfer substrate-
VWF73 assay (Peptides International; Louisville, KY) as described

previously.?’

2.7 | ADAMTS13 activity inhibition

In-house developed monoclonal antibodies (mAbs) against mAD-
AMTS13 were used to inject in PbNKé5-infected Vwf™* mice. Five
days after the infection, the mice were injected with either a combi-
nation of inhibitory mAbs 13B4 and 14H7 (2.50 mg/kg; 1.25 mg/kg
each), or noninhibitory mAb 20A10 (2.50 mg/kg). The characteriza-
tion of these mAbs was described previously.24 ADAMTS13 activity
levels in plasma were measured after mAbs injection using the fluo-
rescent resonance energy transfer substrate assay.24

2.8 | Plasmin-a2-antiplasmin complex
determination

Levels of plasmin-a2-antiplasmin complex were measured as de-
scribed previously.?®?” Briefly, a microtiter plate was coated with

polyclonal rabbit antibodies against mouse «2-antiplasmin. Diluted
plasma samples were applied and incubated overnight. Captured
plasmin-a2-antiplasmin complexes were detected with horserad-
ish peroxidase-conjugated polyclonal rabbit anti-murine plasmino-
gen antibodies against mouse plasminogen. Fully activated murine
plasma with 50 nmol/L of urokinase plasminogen activator for

90 minutes at 37°C was used for calibration.

2.9 | Protein concentration in
bronchoalveolar lavage

To collect bronchoalveolar lavage (BAL) fluids, mice were anesthetized
by administering a ketamine/xylazine mixture (up to 100 mg/kg body
weight ketamine and 16 mg/kg body weight xylazine) via intraperito-
neal injection. Once the mice reached a surgical plane of anesthesia,
BAL fluids were harvested from the lungs by intratracheal instillation
of 750 pL sterile phosphate buffered saline (PBS) through a trachea
cannula. This was performed twice, and the combined lavages were
centrifuged (10 minutes at 335 x g, 4°C).4 Protein concentrations of the
supernatants were determined by Bradford assay. Briefly, supernatants
were diluted in PBS (1:2 dilution series) and mixed with Coomassie Plus
reagent (Thermo Scientific, Rockford, IL). The absorbance was read at
570 nm. Serial dilutions of bovine serum albumin were used to make
a standard curve. Mice that were dissected for the collection of BAL

fluids were not included in the survival analysis.

2.10 | Parasite accumulation in the lungs
determined by quantitative reverse transcription-
polymerase chain reaction

After mechanical homogenization of the left lung, total RNA was ex-
tracted (RNeasy mini kit; Qiagen, Hilden, Germany) and quantified
(Nanodrop; Thermo Fisher, Aalst, Belgium), complementary DNA
(cDNA) was synthesized (High capacity cDNA reverse transcription
kit; Thermo Fisher), and quantitative reverse transcription-polymerase
chain reaction was performed on 25 and 12.5 ng cDNA. P berghei (Pb)
18S RNA was determined with the following primer and probe sets,
synthesized by Integrated DNA Technologies (IDT, Leuven, Belgium):
TAA CAT GGC TTT GAC GGG TAA (forward primer), TGC TGC CTT
CCT TAG ATG TG (reverse primer) and TCC GGA GAG GGA GCC TGA
GAA ATA (probe). Pb 185 RNA data were normalized to the corre-
sponding expression of the murine 18S RNA.%® Mice that were dis-

sected for the lung isolation were not included in the survival analysis.

2.11 | Reticulocyte quantification

To quantify reticulocytes, tail vein blood samples were obtained, and
approximately 2 x 10° red blood cells (RBCs) were diluted in 200 ulL of
2% of fetal calf serum in Dulbecco's phosphate buffered saline. Cells
were stained at 4°C with APC/Cy7-conjugated anti-TER119 (116223;
Biolegend, San Diego, CA) and Brilliant Violet 421-conjugated anti-
CD71 (113813; Biolegend) antibodies for 20 minutes. After wash-
ing steps, the samples were analyzed using a BD FACSVerse flow
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cytometer (BD Biosciences, San Jose, CA) in conjunction with BD
FACSuite Software. Percent reticulocytes (TER119*/CD71") were cal-
culated as the percentage of the total RBC population (TER119™).

2.12 | Statistics

All statistical analysis was performed using GraphPad Prism soft-
ware (Prism version 5.04 for Windows; La Jolla, CA). Statistical
differences between two groups were assessed by using Mann-
Whitney U test or t tests (two-tailed) based on the normal distri-
bution test (D'Agostino-Pearson normality test). Survival data were
analyzed using a log-rank (Mantel-Cox) test. All data were expressed
as means * standard error of the mean. Values of P < 0.05 were con-

sidered statistically significant.
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3 | RESULTS

3.1 | PbNK®é5 infection leads to increased VWF
antigen and decreased ADAMTS13 activity levels in
plasma

To investigate the role of VWF in MA-ARDS pathogenesis, we used
an established mouse model of MA-ARDS, in which C57BL/6J
mice are infected with PbNK65.% Parasites in the peripheral cir-
culation were occasionally detectable on blood smears at day 3 PI
and further increased gradually over the course of the infection
(Figure 1A). Concurrent with patient studies, increased levels of
plasma VWF:Ag were seen in our MA-ARDS model (Figure 1B).

Although only a few numbers of iRBCs appeared on blood smears
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FIGURE 1 Earlyincreased plasma VWF levels and late-stage reduction of ADAMTS13 activity levels during PbNKé5 infection. Vw7t
C57BL/6J mice were infected by intraperitoneal injection of 10* PbNK65 parasites. Blood samples were collected 2 weeks before infection
(pre) and at indicated time points after infection. Final blood samples were withdrawn at the end stage of disease (end) (i.e., when the

mice were considered moribund [8-9 days Pl]). A, Peripheral parasitemia levels were determined from Giemsa-stained blood smears. B,
Plasma VWF:Ag levels were measured by enzyme-linked immunosorbent assay. C, Plasma ADAMTS13:Act were assessed using fluorescent
resonance energy transfer substrate-VWF73 assay. D, To measure both ADAMTS13:Act and ADAMTS13:Ag before infection and at the end
stage of disease, a separate group of Vwf** C57BL/6J mice was infected with PONK65 parasites. Individual levels of ADAMTS13:Act and
ADAMTS13:Ag are shown in Figure S1 and the ratio is given in panel D. Results represent the mean + standard error of the mean (*P < 0.05,
**P < 0.01, ****P < 0.0001, NS, Not significant. PI, postinfection; VWF, von Willebrand factor; VWF:Ag, von Willebrand factor antigen)



KRAISIN ET AL.

1376 | j.u.l

3 days PI, plasma VWF:Ag levels were already significantly in-
creased compared with preinfection values (197.8 + 6.0% vs
100.0 + 3.5%, P < 0.0001) (Figure 1B). Furthermore, we observed
a significant reduction of plasma ADAMTS13:Act levels in the late
stage of infection at day 7 and 8/9 Pl compared with baseline con-
trols (58.0 + 5.7% and 57.8 + 13.8% vs 100.0 = 7.0%, P < 0.01 and
P < 0.05, respectively) (Figure 1C). To investigate whether these
decreased activity levels resulted from reduced protein concen-
tration, ADAMTS13:Ag and ADAMTS13:Act were measured in a
separate experiment in which plasma samples were collected be-
fore infection and at the end stage of disease (8 or 9 days PI, when
the mice were considered moribund, Figure S1). Interestingly,
reductions of ADAMTS13:Act levels occurred independently
of ADAMTS13:Ag levels (Figure S1), resulting in a significant re-
duction of ADAMTS13:Act to ADAMTS13:Ag ratio (P < 0.0001)
(Figure 1D).

3.2 | PbNK®65 infection causes an ADAMTS13-
independent reduction of high molecular weight
VWF multimers

In addition to plasma VWEF levels, VWF multimer composition was
also analyzed in this MA-ARDS model. ULVWF multimers, which
have a size larger than high molecular weight (HMW) VWF multim-
ers, were not visible on the multimer gels. However, the amount
of HMW VWF multimers at the end stage of disease was two
times lower compared with PBS-injected controls (48.0 + 2.0% in
PBS vs 19.8 £ 2.3% in PbNK65, P < 0.0001) (Figure 2A, B). These
reduced fractions of HMW VWF multimers were independent
of ADAMTS13 activity because similar reductions were also ob-
served upon inhibition of ADAMTS13 by inhibitory anti-mAD-
AMTS13 mAbs (41.4 + 2.0% in baseline controls vs 23.1 + 2.8% in
end-stage samples, P = 0.013) (Figure S2).

Plasmin has been suggested to cleave VWEF in the absence of
ADAMTS1322%0: therefore, we measured plasmin generation in
plasma of PbNKé5-infected mice. Plasmin was highly generated at
day 7 Pl and at the end stage of disease (7-fold increase compared
with baseline values P < 0.01) (Figure S3A). However, plasmin is
not responsible for the reductions of HMW VWF multimers at the
end stage of disease because similar reductions were observed in
Plasminogen™" mice infected with PbNKé5 parasites (Figure S3B, C).
Thus, the mechanism underlying the reductions of circulating HMW
VWEF multimers following PbNK&65 infection remains unclear, but is
independent of ADAMTS13 and plasmin.

3.3 | VWEF deficiency shortens survival in
experimental MA-ARDS regardless of alveolar edema

To determine whether the elevated level of plasma VWEF in this
MA-ARDS model was simply a biomarker of EC activation, or
whether VWF was directly implicated in the pathogenesis of MA-
ARDS, we studied PbNK65 infection in Vwf”™ mice compared with
Vwf* controls. Both groups were infected with PONK65 parasites
and were monitored daily. Interestingly, survival time was slightly
but significantly shortened in Vwf”’™ mice compared with Vwf"*
controls (P = 0.003) (Figure 3A). Nine days PI, approximately
70% of Vwf™* mice were still alive compared with only 20% in
vwf’™ mice.

MA-ARDS is characterized by the disruption of the alveolar-cap-
illary membrane integrity, leading to leakage of plasma fluid in the
interstitium and the alveoli, resulting in alveolar edema. To assess
alveolar edema, BAL fluids were collected in the morning of day 8 PI
and protein levels were measured. Interestingly, total protein levels
in Vwf”’™ mice were two times lower than those observed in Vwf"”*
mice (1.9 £ 0.3 vs 3.8 £ 0.5 mg/mL, respectively, P < 0.01) (Figure 3B).
In summary, these data indicate that although VWF deficiency is
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FIGURE 2 PbNK®65 infection is associated with loss of high molecular weight VWF multimers at end stage of disease. During the course
of PbNK65 infection, blood samples were collected from Vwf”* mice 2 weeks before infection (pre), at indicated days PI, and at the end-
stage of disease (end) (i.e., when the mice were considered moribund [8-9 days PI]). Plasma VWF multimer compositions were assessed by
agarose gel electrophoresis and densitometry. A, Representative VWF multimer distribution of a PbNK65-infected mouse and PBS control
is shown. B, VWF multimer compositions were analyzed via densitometry. Relative abundance of HMW multimers is presented (n = 8 in
PbNK65-infected group and n = 4 in PBS controls). Results represent the mean * standard error of the mean (****P < 0.0001). HMW, high
molecular weight (bands >10); LMW, low molecular weight (bands 1-5); MMW, medium molecular weight (bands 6-10); PI, postinfection;
VWEF, von Willebrand factor
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FIGURE 3 Survival time is shortened in VWF-deficient mice, regardless of lung edema and platelet count. wa”* and wa'/’ mice were
infected with 10* PbNK65-infected red blood cells. A, Overall survival of PbNKé5-infected Vwf"* (n = 26) and Vwf'™ (n = 25) mice was
determined and analyzed by log-rank (Mantel-Cox) test. This was significantly shortened in Vwf”™ mice compared with Vwf”* controls (P
=0.003). B, Bronchoalveolar lavage fluids were harvested at day 8 PI, and protein concentrations were measured to determine alveolar
leakage. PBS-injected mice were used as controls. C, Blood samples were taken from PbNKé5-infected Vwf** (n = 12) and vwf’™ (n = 14)
mice at specified time points. Platelet counts were measured using an automated cell counter. Results represent the mean values + standard
error of the mean (**P < 0.01). PI, postinfection; PBS, phosphate buffered saline; VWF, von Willebrand factor

associated with reduced alveolar leakage, Vwf”’™ mice nevertheless
have a reduced survival in experimental MA-ARDS.

3.4 | Thrombocytopenia in experimental MA-ARDS
is independent of VWF

Thrombocytopenia is a common symptom in patients with P fal-
ciparum infection,®! in which VWF has been proposed to con-
tribute.?®”32 To investigate potential mechanisms underlying
shortened survival in Vwf”™ mice, platelet counts were measured
in Vwf* and Vwf’™ mice over the course of PbNK65 infection. In
line with patient studies, severe thrombocytopenia was also ob-
served in our MA-ARDS model (Figure 3C). Mean platelet count
in PbNKé65-infected Vwf”* mice dropped from 734 + 26 x 10°
platelets/pL before the infection, to 245 + 67 x 10° plate-
lets/uL at day 7 PI (P < 0.0001). Interestingly, Vwf’™ mice
also developed similarly severe thrombocytopenia following
PbNK65 infection (737 + 37 x 10° platelets/uL before the in-
fection, to 230 + 56 x 10° platelets/uL at day 7 PI) (Figure 3C).

Thrombocytopenia is therefore clearly independent of VWF in
experimental MA-ARDS.

3.5 | VWF-deficient mice develop increased
parasite load and anemia

To further investigate the mechanisms through which Vwf”™ mice
had a shorter survival time than Vwf"* mice following PbNKé65 infec-
tion, peripheral parasitemia levels and parasite accumulation in lung
tissue were assessed. Parasitemia levels were markedly increased in
Vwf”™ mice compared with Vwf”* controls (Figure 4A). At day 7 P!,
parasitemia reached 11.4 + 1.1% in wa’” mice, whereas levels of
23.5 + 2.1% were observed in Vwf”™ mice (P < 0.0001). In line with
parasitemia levels, parasite accumulation in the lungs harvested at
the beginning of day 8 Pl was also significantly elevated in vwf’”
mice compared with Vwf"* controls (P < 0.001) (Figure 4B). In ad-
dition to increased parasite loads, VW™ mice developed anemia at
day 8 PI, as shown by decreased hemoglobin levels compared with
Vw7t mice (9.6 + 0.7 vs 12.6 + 0.4 mg/mL, P < 0.01) (Figure 4C).



1378 | j.u.l KRAISIN ET AL.
A —— Vwft B
407 -O- Vwf” 1.2 1 | |
8 1.0+
__ 304 2
< 3 0.8
© g
IS E o
7 20 O 0.6 1 o
8 o — 0
& & 0.4 1
10 1 g °
% 0.2 1
[ ]
—'—.— °
0 1 1 00 [ ] ._"u [] .
° 12 +/+ A
Days post-infection Vwf Vwf
PbNK65
c NS *k
A —_—
20 1
2 154 . ..
2 e offfho °e0 oo
L4 O
-(E) 0. o 000 o230 &
Is) _osﬂ_
£ 8
() o
T 5 4
0%
0 T . . .
Vwf++ Vw7 Vwf++ Vw7
PBS PbHNK65

FIGURE 4 VWHF-deficient mice are associated with increased parasite load. Parasitemia and parasite accumulation in the lungs were
assessed following PbNK65 infection. A, Peripheral parasitemia levels as determined from Giemsa-stained blood smears in both Vwf"*

(n =26) and Vwf’™ (n = 25) mice. B, Parasite loads in perfused lungs harvested 8 days Pl were determined by quantifying parasite 185 RNA
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****p < 0.0001). PI, postinfection; VWF, von Willebrand factor

Altogether, these data show that Vwf”™ mice have shortened sur-
vival time following PbNK&65 infection, presumably via increased

parasite loads in both peripheral blood and lung tissue.

3.6 | VWEF deficiency is associated with increased
reticulocyte counts following PbNKé5 infection

Pbergheiis known to have a predilection for invading reticulocytes (im-
mature RBCs) over mature RBCs.2%3334 Considering that parasitemia
levels may vary because of the difference in reticulocyte numbers,
RBC morphology in blood smears over the course of PbNK65 infec-
tion was therefore taken into account. Remarkably, we noticed that
peripheral blood smears of Vwf’™ mice taken before 7 days PI, when
circulating iRBCs were markedly increased, contained at least two
times more reticulocytes than those from Vwf”* controls (Figure 5A).
We therefore quantified the reticulocyte numbers in PbNK65-in-
fected Vwf”* and Vwf’™ mice via flow cytometry (gating strategy is
shown in Figure S4). Although no differences in reticulocyte numbers

between Vwf”* and Vwf’™ mice were seen at baseline, reticulocyte
production was significantly increased in Vwf’™ mice compared with
Vwf** mice after PbBNK65 inoculation (Figure 5B). At day 3 Pl reticulo-
cyte counts in wa'/' mice were twice as high of those in wa”* mice
(5.6 £ 1.3% vs 2.6 £ 0.6%, P < 0.05, respectively), which is prior to
the prominent appearance of parasites on blood smears (Figure 5B).
Because rodent reticulocytes circulate in the bloodstream for approx-
imately 1 day and PbNKé65 parasites have the asexual blood-stage

3536 \we looked for a correlation between reticulo-

lifecycle of 1 day,
cyte numbers and next day parasitemia levels. Reticulocyte numbers
at day 5 Pl were strongly correlated to the parasitemia levels at day 6
PI(r? = 0.7, P < 0.0001), the day at which the difference in parasitemia
levels became significant (Figure 5C). A similar correlation was also
seen between reticulocyte numbers 6 days Pl and parasitemia levels
7 days PI (r* = 0.2, P < 0.01, data not shown). Altogether, these data
indicate that increased parasitemia levels and parasite accumulation
in the lungs of PbNKé65-infected Vwf’™ mice, might be explained by
the elevated number of reticulocytes at earlier time points.
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FIGURE 5 VWF deficiency is associated with reticulocytosis leading to increased parasitemia levels. Vwf™* (n = 15) and Vwf”’™ mice

(n = 13) were infected with PbNK65 parasites. Reticulocyte numbers and parasitemia were monitored daily. A, Representative microscopy
images of Giemsa-stained blood smears are shown (original magnification, 100x; scale bars, 5 pm). Reticulocytes (green arrowheads) and
examples of iRBCs (red arrowheads) are evident. B, Percentages of reticulocytes (TER119%/CD71" in the total number of erythrocytes
(TER119") were measured at the indicated time points using flow cytometry. C, Spearman correlations were determined between
parasitemia levels at day 6 Pl and reticulocyte numbers at day 5 PI. Results represent the mean values * standard error of the mean

(*P < 0.05, and **P < 0.01). iRBC, infected red blood cell; PI, postinfection; VWF, von Willebrand factor;

4 | DISCUSSION

In this study, we have unraveled the role of VWF in MA-ARDS patho-
genesis by using an established mouse model. In this model, mice de-
velop severe lung pathology symptoms similar to patients without any
neurological signs.’? In agreement with studies in patients with se-
vere malaria,"*™*% increased VWEF:Ag levels were also observed in our
MA-ARDS model suggesting that the ECs are activated during infec-
tion. This increase in plasma VWF:Ag levels occurred before parasites
prominently appeared on blood smears, which is in concordance with
a study in human volunteers infected with P falciparum.*® Reductions
of plasma ADAMTS13:Act levels were also reported in patients with
severe malaria.’*% In line with these patient studies, we found that
ADAMTS13:Act levels were significantly reduced at the late stage of
pulmonary pathology regardless of ADAMTS13 protein levels, mean-
ing that the reductions of ADAMTS13:Act levels might result from
inhibition of ADAMTS13:Act rather than from protein loss. Potential

inhibitors of ADAMTS13 include thrombin, plasmin, interleukin-6,
thrombospondin 1, free plasma hemoglobin, and FVIII, although the
latter four were reported not to be associated with ADAMTS13 inhibi-
tion in patients with severe malaria.3”-

A number of studies demonstrated that severe P falciparum
malaria is associated with accumulation of ULVWF multimers in
plasma.’*3742 |nterestingly, such an accumulation of ULVWF mul-
timers was not visible our MA-ARDS study. In contrast, a reduction
of HMW VWF multimers was observed at the end stage of disease
(Figure 2). This reduction is reminiscent of what is observed in pa-
tients with type 2A von Willebrand disease, in which the deficiency
of HMW VWF multimers can be caused by an increased sensitivity
of plasma VWF multimers to ADAMTS13 cleavage or by mutations
resulting in impaired biosynthesis of large VWF multimers.*® Here,
we have revealed that the loss of HMW VWF multimers following
PbNK&65 infection still occurs in the absence of ADAMTS13. Plasmin
has been proposed to degrade platelet-VWF complexes on ECs in
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the absence of ADAMTS13%%; however, we showed that plasmin
was also not responsible for the reduction of HMW VWF multimers.
Clearly, the absence of HMW VWF multimers in experimental MA-
ARDS is not caused by an increased sensitivity of VWF multimers to
cleavage by ADAMTS13 or plasmin proteolysis. Coagulation abnor-
malities at the end stage of disease resulting in excessive consump-
tion of HMW VWF multimers could possibly explain this reduction
because disseminated intravascular coagulation is often involved
with acute pulmonary insufficiency in malaria and possibly lead to
the formation of fibrin clots in the lungs.** Future studies assess-
ing coagulopathy and its pathophysiologic mechanisms in MA-ARDS
would therefore be of interest.

Given the potential roles of VWF in promoting platelet binding
and aggregation, together with several studies showing that plate-

184546 the increases in

lets play critical roles in malaria pathogenesis,
plasma VWEF levels in severe malaria patients and experimental MA-
ARDS raised the intriguing possibility that VWF may directly mod-
ulate the pathogenesis of MA-ARDS. Here, we demonstrate that
Vwf”~ mice have a shorter survival time than Vwf”* mice following
PbNK65 infection. This rapid mortality was not explained by lung
edema because reduced alveolar leakage was also observed in wa'/’
mice. A similar discrepancy between the effects of Vwf”™ on survival
vs barrier permeability was also reported in animal models associ-
ated with increased blood-brain barrier (BBB) permeability: hypoxia/
reoxygenation and pilocarpine-induced status epilepticus.*’ The au-
thors demonstrated that reduced BBB permeability in Vwf”™ mice
was not associated with a better outcome. In contrast, all wa'/’ mice
died during the course of the disease, whereas a large majority of
Vwi”* mice survived.?” Interestingly, in a mouse model of experi-
mental cerebral malaria (ECM), Vwf”™ mice showed attenuated BBB
permeability and a prolonged survival time.*® The attenuated BBB
permeability is somehow similar to the decreased alveolar edema
that we observe in our MA-ARDS model; however, the prolonged
survival time observed in the ECM model could not be confirmed in
our MA-ARDS model. Possibly, divergence in pathophysiology be-
tween ECM and MA-ARDS and microenvironment dissimilarity be-
tween the brain and lung could account for these differences.
Thrombocytopenia is a common feature in patients with severe

3149 and has been ascribed to a number of mechanisms, in-

malaria
cluding sequestration and enhanced clearance by macrophages in
the spleen.>® Although, previous studies have proposed that VWF
might be an important modulator of malaria-associated thrombocy-
topenia by contributing to this enhanced platelet clearance,%:32
we observed severe thrombocytopenia in both Vvwf’™ and Vwf’*
mice following PbNK65 infection. This observation is in agreement
with a study in ECM, where no differences in platelet count between
Vwf’™ and Vwf"”* mice were reported.*® These data suggest that ma-
laria-associated thrombocytopenia is VWF independent and does
not contribute to the survival difference between Vwf’™ and Vwf"”*
mice following PbNK65 infection.

Lovegrove et al®! revealed that high parasite levels, both overall
and specifically in the lung tissue, were associated with the severity

of acute lung injury induced by malaria infection. In this study, we

show that parasite load in PbNKé65-infected Vwf’™ mice was mark-
edly elevated in both peripheral blood and lung tissue, which might
ultimately induce malarial anemia. Although Vwf”’™ mice were pro-
tected against severe alveolar leakage, anemia together with a large
increase in parasite load possibly contributed to rapid mortality fol-
lowing PbNK®65 infection.

Reticulocytes are immature RBCs, characterized by a reticular
network formed by residual RNA.%? In humans, these cells repre-
sent approximately 1%-2% of circulating RBCs, whereas between
1% and 6% can be observed in mice because of the shorter lifes-
pan of their RBCs compared with human.>3 P vivax, one of the main
Plasmodium species causing human malaria, is restricted to reticu-
locytes for its growth. Consequently, the parasitemia levels of this
species are lower than species that also invade normocytes, such
as P falciparum. The rodent malaria species, P berghei has a clear
preference for invading reticulocytes over mature RBCs, but can
switch to normocytes when insufficient reticulocytes are avail-
able.®3345% Our current study reveals that Vwf’™ mice promoted
increased reticulocyte production after PbNKé65 infection, leading
to elevated parasitemia levels. It is unclear whether high reticu-
locyte production is either beneficial or harmful to the host be-
cause it could either boost parasitemia levels or serve to alleviate
anemia. A number of studies in which reticulocyte production in
P berghei-infected rodents and Plasmodium chabaudi-infected mice
is manipulated, however, has shown that an increase in reticulo-
cyte production at an early stage of the infection increased par-
asitemia levels and reduced survival rate.”®™>’ Moreover, Cromer
and colleagues nicely developed a mathematical model showing
that suppression of reticulocyte production may in fact be advan-
tageous to the host.>® Possible mechanisms through which VWF
deficiency is associated with increased reticulocyte production
following PbNK65 infection are still unclear. Although no overt
bleeding was observed in VWF knockout mice, microbleeds could
be one possibility.

Some limitations of this study need to be addressed. Most
importantly, we use an experimental mouse model of MA-ARDS.
Although this MA-ARDS model displays a high degree of similar-
ity with human MA-ARDS,? translation of our findings to human
pathology should be done with caution. Parasitemia levels, for
example, are relatively high in our animals and are not always de-
tected in MA-ARDS patients, who sometimes develop MA-ARDS
after the parasites are cleared by antimalarial treatment.>>° Such
distinctions between mouse and human pathophysiology can
possibly also account for the fact that the increase of VWF:Ag
in our experiments was less pronounced than that observed in
patients with severe malaria, or for the fact that we did not ob-
serve a decrease in ADAMTS13:Ag, which has been reported in
patients. %1437

In conclusion, our data demonstrate that experimental MA-ARDS is
associated with early elevated levels of plasma VWF and decreased lev-
els of ADAMTS13 activity, which are in accordance with patient stud-
ies. Reduction of HMW VWF multimers was observed independently
of ADAMTS13 and plasmin cleavage. In addition, malaria-associated
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thrombocytopenia occurred via a VWF-independent mechanism.
Increased parasite load and malarial anemia likely contribute to the
shortened survival in wa/’ mice, rather than alveolar leakage. Finally,
we found that VWEF deficiency is associated with elevated reticulocyte
production following malaria infection, which leads to an increase in

parasite load.
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