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» Ongoing endothelial
activation is common in
children with SCD
despite disease-
modifying therapy with
hydroxycarbamide or

Previous studies have reported elevated von Willebrand factor (VWEF) levels in patients with
sickle cell disease (SCD) and demonstrated a key role for the VWF-ADAMTS13 axis in the
pathobiology of SCD vaso-occlusion. Although blood transfusion is the gold standard for
stroke prevention in SCD, the biological mechanisms underpinning its improved efficacy
compared with hydroxycarbamide are not fully understood. We hypothesized that the
improved efficacy of blood transfusion might relate to differences in VWF-ADAMTS13 axis
dysfunction. In total, 180 children with a confirmed diagnosis of SCD (hemoglobin SS) on

blood transfusion.

Persistent VWF-
ADAMTS13 axis
dysfunction identifies a
subgroup of treated
SCD children at
increased risk of vaso-
occlusive
complications.

hydroxycarbamide (n = 96) or blood transfusion (n = 84) were included. Despite disease-
modifying treatment, plasma VWF and VWF propeptide were elevated in a significant
proportion of children with SCD (33% and 47%, respectively). Crucially, all VWF parameters
were significantly higher in the hydroxycarbamide compared with the blood transfusion
cohort (P < .05). Additionally, increased levels of other Weibel-Palade body-stored proteins,
including factor VIII (FVIII), angiopoietin-2, and osteoprotegerin were observed, indicated
ongoing endothelial cell activation. Children treated with hydroxycarbamide also had
higher FVIII activity and enhanced thrombin generation compared with those in the blood
transfusion cohort (P < .001). Finally, hemolysis markers strongly correlated with VWF
levels (P < .001) and were significantly reduced in the blood transfusion cohort (P < .001).
Cumulatively, to our knowledge, our findings demonstrate for the first time that

despite treatment, ongoing dysfunction of the VWF-ADAMTS13 axis is present in a
significant subgroup of pediatric patients with SCD, especially those treated with
hydroxycarbamide.
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Introduction

Sickle cell disease (SCD) is characterized by chronic hemolytic
anemia, inflammatory vasculopathy, and intermittent episodes of
acute vaso-occlusive crises."?> Although the pathophysiology
underlying microvascular occlusion in SCD remains incompletely
understood, accumulating evidence suggests it involves interac-
tions between sickle erythrocytes, leucocytes, platelets, and
vascular endothelial cells.>” von Willebrand factor (VWF) is syn-
thesized within endothelial cells and circulates in normal plasma as
a series of heterogeneous multimers.® After endothelial cell syn-
thesis, VWF is either constitutively secreted into the plasma, or
stored within intracellular Weibel-Palade bodies as high-molecular-
weight multimers.® Under normal conditions, plasma VWF multi-
mer distribution is regulated by ADAMTS13 (a disintegrin and
metalloprotease with thrombospondin type 1 motif, number 13).°
VWEF plays key roles in normal hemostasis, by facilitating platelet
recruitment to sites of vascular injury, and by acting as a carrier
molecule for procoagulant factor VIII (FVI.E'" In addition, VWF
can also bind to both neutrophils'? and macrophages,'®"'* and
plays an important role in linking primary hemostasis to innate
immune responses.’®'®

Previous studies have reported elevated plasma VWF antigen
(VWF:Ag) levels in children and adults with SCD, with significantly
higher VWF levels in patients with severe (hemoglobin SS [HbSS]
or HbSpP) compared with milder (HbSC or HbSB*) genotypes.'”'®
Moreover, plasma VWF:Ag levels were further elevated in patients
with SCD presenting with acute vaso-occlusive crisis.’®® Patho-
logical accumulation of ultralarge VWF multimers in the plasma of
patients with SCD has also been reported.”**®> The biological
mechanisms responsible for these hyperreactive ultralarge VWF
multimers in patients with SCD remains poorly understood but mild
decreases in plasma ADAMTS13 levels have been
described."”**?° Importantly, a significant negative correlation was
also observed between plasma ADAMTS13 levels and silent cere-
bral infarcts in patients with HbSS and HbSp°.'”

The combination of markedly elevated VWF:Ag levels and hyper-
reactive ultralarge VWF multimers raises the possibility that endo-
thelial cells (EC)-derived VWF may play a direct role in the
pathogenesis of SCD vaso-occlusion. This concept is supported
by a number of independent observations. First, studies have
demonstrated that a significant proportion of plasma VWF in
patients with SCD circulates in an active confirmation that pro-
motes platelet Gplbo binding.>**° Importantly, platelets have also
been implicated in facilitating adhesion of sickle erythrocytes to
activated endothelial cells. Second, ultralarge VWF secreted from
activated endothelial cells has been shown to directly bind and
tether sickle erythrocytes in shear-based experiments.®” Third,
recent studies have demonstrated that VWF plays a direct role in
regulating hemolysis, vascular occlusion, and organ damage after
tumor necrosis factor—induced vaso-occlusive crises in a murine
SCD model.?® Consistently, Rossato et al also recently showed
that treatment with recombinant ADAMTS13 significantly reduced
acute SCD-related hemolysis and organ damage in a humanized
SCD mouse model.”® Collectively, these data suggest a key role
for the VWF-ADAMTS13 axis in regulating the pathobiology
underlying vaso-occlusive crises in SCD.*°
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Although novel drugs have recently been approved for SCD, the
mainstays of pediatric therapy remain hydroxycarbamide (HC) and
chronic blood transfusion (BT). The efficacy of BT for stroke pre-
vention in SCD was highlighted by the STOP study, which
demonstrated a 90% reduction in risk of stroke in children at high
risk.>" Consequently, consensus guidelines recommend regular
transfusion to maintain HbS of <30% in children with SCD who are
at high risk.*>%® Critically however, although BT is the gold stan-
dard for stroke prevention in SCD, the biological mechanisms
underpinning its improved efficacy compared with HC are not fully
understood. In this study, we investigated the hypothesis that the
clinical efficacy of BT over HC in children with SCD might relate in
part to differences in endothelial cell activation and VWF-
ADAMTS13 axis dysfunction.

Materials and methods
Patients

The Sickle Vascular Ireland Consortium study was approved by the
ethics committee (Medical Research; GEN/696/18) at Children’'s
Health Ireland at Crumlin. Children with SCD were recruited from
the Comprehensive Sickle Cell Disease Centre at Children's
Health Ireland, between April 2019 and March 2020. Indications
for BT were abnormal transcranial Doppler velocity of the middle
cerebral artery (>200 cm/s) and/or a history of stroke or ischemic
changes on magnetic resonance imaging. Informed written con-
sent was obtained from parents/legal guardians, and written assent
obtained from all children. Inclusion criteria were children aged >4
years with a confirmed diagnosis of SCD (HbSS), in steady state,
established on disease modification therapy (either HC or BT) for
at least 6 months. Exclusion criteria were children aged <4 years,
non-HbSS sickle genotypes, and recent (<3 months) vaso-
occlusive crisis. Samples were collected 24 hours before the
next transfusion for children receiving BT, and at outpatient review
for those receiving HC. Venous blood samples were collected into
3.2% sodium citrate tubes and platelet-poor plasma generated by
double-spun centrifugation at 3000g for 10 minutes. EDTA and
serum tubes were obtained for full blood count, Hb electropho-
resis, and biochemistry profiles.

Coagulation, thrombin generation, and Weibel-
Palade body protein assays

Plasma levels of VWF:Ag, VWF propeptide (VWFpp), and VWF
collagen binding (VWF:CB) activity were measured by enzyme-
linked immunosorbent assay, as previously described.>* Thrombin
generation was performed in a Fluouroskan Ascent Fluorometer
with Thrombinoscope software (Stago) using platelet poor plasma
low reagent (1 pM tissue factor, 4 mM phospholipids). FVIII
coagulant activity (FVIII:C) levels were measured by 1-stage clot-
ting assay on the ACL Top 750CTS analyzer (Instrumentation
Laboratory) using HemosIL SynthaslL APTT reagent. ADAMTS13
activity was quantified using a commercial FRETS-VWF73 assay
(Peptides International, Inc). VWF multimer analysis was performed
by electrophoresis using 1.8% agarose gels, as previously
described.®* Plasma free heme concentration was measured using
a colorimetric assay (Sigma Aldrich) and plasma angiopoietin-2,
osteoprotegerin, platelet factor 4 (PF4), and interleukin-6 (IL-6)
levels were all measured using commercial enzyme-linked immu-
nosorbent assays according to the manufacturers’ instructions
(R&D Systems, Abingdon, Oxfordshire, United Kingdom).
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Red cell phosphatidylserine (PS) exposure and VWF
binding

Whole blood was collected into 3.8% sodium citrate tubes from
healthy volunteers and patients with SCD. For this assay, patients
receiving BTs were all on a 3-weekly transfusion program, with
blood samples obtained immediately before commencing their next
transfusion. As is standard of care in our institution, red cell com-
ponents used for pediatric top-up transfusions in SCD transfusion
are <10 days old. As before, patients taking HC had blood samples
collected at time of outpatient review. Platelet-rich plasma was
separated from the erythrocyte-rich pellet by centrifugation at 210g
for 10 minutes. The erythrocyte pellet was washed 3 times in
Ringer's buffer (125 mmol/L NaCl, 5 mmol/L KCI, 1 mmol/L MgCls,
2.5 mmol/L CaCl,, 5 mmol/L glucose, and 32.2 mmol/L N-2-
hydroxyethylpiperazine-\ -2-ethanesulfonic acid) and then resus-
pended at a concentration of 5 x 107 cells per mL. To measure PS
exposure on erythrocyte membranes, red blood cells (RBCs) were
stained with fluorochrome-labeled annexin V-fluorescein isothio-
cyanate (Biolegend). To measure the VWF-binding capacity of
RBCs, recombinant VWF (75 pg/mL, Vonvendi) was incubated
with RBCs for 30 minutes at 37°C. Fc receptors were blocked
using Fc Block (BD Biosciences), and RBCs stained with poly-
clonal rabbit anti-human VWF (Agilent) followed by anti-rabbit
immunoglobulin G Alexa Fluor 488 (ThermoFisher Scientific) and
fixable Far Red dye (ThermoFisher Scientific) for dead cells stain.
To measure VWF-bound to RBC, unwashed RBCs were incubated
in 1% bovine serum albumin (Sigma) for 30 minutes at 37°C, fol-
lowed by staining with polyclonal rabbit anti-human VWF (Agilent)
for 30 minutes and anti-rabbit immunoglobulin G Alexa Fluor 488
(ThermoFisher Scientific). Flow cytometry was performed on an
Attune NxT, and results were analyzed by FlowJo version 10.8.1
Software (BD Life Sciences; see supplemental Figures 1 and 2 for
gating strategies).

Data presentation and statistical analysis

All experimental data and statistical analysis were performed using
the GraphPad Prism program (GraphPad Prism version 9.30;

GraphPad Software, Inc, San Diego, CA) or SPSS Statistics
version 24 (IBM Corp, Armonk, NY). Data were expressed as
median values * interquartile range (IQR), unless otherwise indi-
cated. To assess statistical differences, data were analyzed using
unpaired 2-tailed Student t test for normative data or Mann-
Whitney U test for nonnormative data, and by analysis of vari-
ance to compare means of >3 groups after Kolmogorov-Smirnov
or Shapiro-Wilk tests for normality. Correlation testing was per-
formed using the Spearman rank correlation test. Mediation ana-
lyses were performed using multiple regression models. For all
statistical tests, P values <.05 were considered significant.

Results

Baseline patient demographic and laboratory data

A total of 180 children with SCD (median age, 12 years [IQR, 9-
16]; 46% male) were included. Of the total cohort, 84 children
were on BTs and 96 children on HC therapy at enrollment
(Table 1). Clinical demographics at time of study entry are pre-
sented in Table 1 including indication, age at commencement of
HC treatment or BT, and duration for each therapy. All children with
SCD aged >12 months were offered HC in line with consensus
clinical guidelines. The majority commenced with BTs for abnormal
transcranial Dopplers (47%), followed by ischemic changes (silent
stroke) on magnetic resonance imaging (27%), recurrent crisis
episodes despite HC (18%), and overt stroke (8%) (Table 1). The
mean duration of HC and BT was 65.1 (standard deviation, 37.7)
and 67.7 (standard deviation, 50.3) months, respectively. The
average HC dose was 19 mg/kg (range, 10-33 mg/kg). All children
receiving BTs were on simple transfusion, and none had throm-
botic complications. Laboratory investigations at time of study entry
are presented in Table 2. Hb, red cell count, and hematocrit levels
were significantly lower in the HC cohort compared with the BT
cohort (Table 2). Similarly, total white cell and neutrophil counts
were also reduced in the HC cohort. In contrast, mean corpuscle
volume, and HbS and HbF levels were all significantly higher in
children treated with HC compared with those treated with BT
(Table 2).

Table 1. Demographic and clinical parameters of the pediatric SCD cohort

Demographics at study entry Total cohort (N = 180) HC (n = 96) BT (n = 84)
Age (y), mean (SD, range) 12 (4, 4-19) 12 (7, 4-19) 12 (6, 4-19)
Gender, male/female 82/98 45/51 37/47
ABO blood group, O/non-O (%) 60.5/39.5 60/40 61/39
Age (y) at starting therapy, mean (SD) 7.1 (4.7) 6.2 (3.9) 8.7 (5.3)
Duration of therapy (mo), mean (SD) 66.0 (42.9) 65.1 (37.7) 67.7 (50.3)
HC dose (mg/kg), mean (range) NA 19 (10-33) NA
Indication for therapy (%)
Routinely offered at age >1 y 100 NA
Abnormal TCD NA 47
Ischemia on MRI (silent stroke) NA 27
Stroke NA 8
Recurrent crises despite HC NA 18

MRI, magnetic resonance imaging; NA, not applicable; SD, standard deviation; TCD, transcranial Doppler.
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Table 2. Laboratory parameters of the pediatric SCD cohort

Laboratory parameters at study entry, Normal pediatric

median (IQR) reference range Total cohort (N = 180) HC (n = 96) BT (n = 84) P value
Hb (g/dL) 115-155 94 (84-101) 87 (80-95) 98 (93-106) <.0001
MCV (fL) 77-96 6 (82-94) 4 (86-99) 85 (83-86) <.0001
RCC (x10°/L) 4-5.2 1 (2.5-3.5) 6 (2.3-3) 3.4 (3.2-3.6) <.0001
HCT (%) 35-45 7 (23-29) 4 (22-260) 28 (27-30) <.0001
MCH (pg) 25-33 0 (29-34) 3 (31-37) 29 (28-30) <.0001
MCHC (g/L) 315-370 352 (343-362) 361 (352-368) 346 (340-350) <.0001
Platelets (x10°/L) 150-450 291 (204-389) 313 (213-405) 243 (184-365) .007
Leucocytes (x1 0°/L) 4.5-13.5 2 (6.3-9.7) 6 (6-9.1) 8.7 (6.7-11.1) .0015
Neutrophils (x10°%/L) 1.5-8.0 7 (2.9-5.4) 3.1 (2.2-4.1) 5.1 (3.5-6.7) <.0001
HbS, % NA 8 (21-77) 76 (72-90) 20 (14-27) <.0001
HbF, % 0-2 0 (3-16) 16 (12-21) 2.4 (1.4-4) <.0001
Reticulocyte (x10%/L) 14-99 4 (141-256) 171 (141-228) 200 (138-285) .09
Reticulocyte (%) 0.4-1.9 6 (5-9) 6 (5-9) 6 (4-8) 13
Bilirubin (pmol/L) 0-21 6 (25-55) 33 (21-51) 40 (27-57) .02
LDH (U/L) 230-600 7 (290-1051) 898 (689-1052) 678 (515-968) .0007
Urea (mmol/L) 4 (2.9-4.7) 3 (2.4-3.6) 5 (3.8-6) <.0001
Creatinine (pmol/L) 0 (31-50) 8 (29-47) 44 (35-51) .01
AST (U/L) <40 41 (33-54) 3 (34-54) 38 (32-53) .22
ALT (U/L) <30 19 (14-26) 0 (14-26) 18 (13-24.3) .46

ALT, alanine aminotransferase; AST, aspartate aminotransferase; HCT, hematocrit; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean

corpuscle value; RCC, red cell count.

VWEF levels in patients with SCD treated with HC
compared with BT

Despite HC or BT treatment, we observed that plasma VWF:Ag
levels and VWF:CB activity were significantly elevated in a signifi-
cant proportion of our pediatric cohort (33% and 20%, respec-
tively; Figure 1A-B). Marked interindividual heterogeneity in plasma
VWEF levels was apparent in both subgroups (total, VWF:Ag range,
0.41-2.71; HC, VWF:Ag range, 0.55-2.35 IU/mL; BT, VWF:Ag
range, 0.41-2.71 IU/mL). Importantly, plasma VWF:Ag (Figure 1A)
and VWF:CB activity (Figure 1B) levels were both significantly
higher in the HC cohort compared with the BT cohort (total,
median VWF:Ag, 1.14 IU/mL; HC, 1.28 IU/mL vs BT, 1.03 IU/mL;
P = .0005; total, median VWF:CB, 1.34; HC, 1.46 IU/mL vs BT,
1.16 IU/mL; P = .002). Although high rates of self-reported
compliance with HC therapy have previously been identified in
our institution,*® comparing the highest and lowest quartiles of HoF
in the HC cohort did not reveal significant differences in VWF
parameters (supplemental Figure 3A-B). Conversely, among chil-
dren receiving BT, VWF:Ag and VWF:CB levels were significantly
higher in children within the highest HbS quartile compared with
the lowest quartile (VWF:Ag, 1.11 vs 0.81 IU/mL; P = .03; and
VWEF:CB 1.50 vs 1.14 IU/mL; P=.04; supplemental Figure 3C-D).

Plasma VWFpp levels have been used to gain insights into acute
endothelial cell activation in other microangiopathic conditions.®”%°
Consistent with the VWF:Ag data, plasma VWFpp levels were
significantly increased in 47% of the total SCD cohort despite their
disease modification therapy, and also displayed marked heteroge-
neity (total cohort, median VWFpp, 1.40 IU/mL [IQR, 0.94-2.0];
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Figure 1C). In addition, VWFpp levels were also significantly higher
in the HC cohort compared with BT cohort (median, VWFpp 1.64 vs
1.14 IU/mL; P =.002).

In spite of the increased VWF levels in our pediatric SCD cohort,
an ABO effect was still apparent with significantly reduced plasma
VWF:Ag and VWF:CB in blood group O compared with children
with SCD in non-O blood groups (median VWF:Ag 1.02 vs 1.32
IU/mL, P < .0001; median VWF:CB 1.20 vs 1.44 IU/mL, P =
.0005; Figure 1D; supplemental Figure 4A). In keeping with the
hypothesis that ABO blood group influences VWF clearance in
children with SCD, no effect of ABO on plasma VWFpp levels was
seen (supplemental Figure 4B). Finally, we observed significant
correlations between VWF parameters and established biomarkers
of hemolysis severity (including hemoglobin and lactate dehydro-
genase [LDH] levels; Figure 1E-F). Taken together, these findings
indicate that a significant proportion of children with SCD main-
tained on disease-modifying therapy with either HC or BT continue
to have significant increases in plasma VWF:Ag and VWFpp levels.
Furthermore, these increased plasma VWEF levels are significantly
more common in children with SCD treated with HC compared
with those treated with BT.

VWF multimers in patients with SCD treated with HC
compared with BT

Next, we investigated the effects of SCD disease-modifying treat-
ment on plasma VWF multimer distribution and ADAMTS13
activity. High-molecular-weight VWF multimers were significantly
reduced (P < .0001) in children with SCD treated with HC
compared with the cohort maintained on BT, or normal pooled

VWF-ADAMTS13 DYSFUNCTION IN SCD 6977
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Figure 1. Plasma VWF levels in children with SCD treated with hydroxycarbamide compared to blood transfusion. Comparisons between children with SCD treated
with HC or BT are shown for plasma levels of (A) VWF:Ag, (B) VWF:CB, and (C) VWFpp. (D) VWF:Ag levels are shown comparing group O and non-O blood groups. Dotted red
lines denote the upper and lower limit of the local reference range, with green shaded area falling within normal limits. Data are presented as median and the IQR. Comparisons

between groups were assessed by the Mann-Whitney U test. Correlations between plasma VWF:Ag levels and (E) Hb and (F) LDH are shown. Correlations were evaluated using

the Spearman rank correlation test; **P < .01, **P <.001, and ****P < .0001.

plasma (Figure 2A-B). In addition to the loss of high-molecular-
weight VWF multimers, significant increases in both intermediate-
and low-molecular-weight VWF multimers were observed in the
HC-treated compared with BT-treated subgroups (Figure 2C-D).
Despite the differences in VWF multimer distribution, plasma
ADAMTS13 activity levels were similar in the BT and HC cohorts
(Figure 3A). Importantly, however, the VWF/ADAMTS13 ratios of
>1.0 were observed in 74% of children in the HC compared with
60% of children in the BT cohort (total median VWF/ADAMTS13
ratio, 1.25; HC 1.41 vs BT 1.10; P=.29; Figure 3B). PF4 and IL-6
have both been proposed as inhibitors of ADAMTS13 activity.** 2

6978 FOGARTY et al

Interestingly, PF4 and IL-6 levels were both significantly elevated in
the HC- vs the BT-treated SCD cohorts (total median PF4 728 ng/
mL, HC 971.9 vs BT 579.7 ng/mL, P = .0015; total median IL-6,
9.3 pg/mL; HC 45.1 vs BT 9.4 pg/mL; P =.0003; Figure 3C-D).
Collectively, these data demonstrate that dysfunctional VWF mul-
timer regulation persists in a significant subgroup of children with
SCD on disease-modifying treatments, and that these VWF multi-
mer abnormalities are more marked in children with SCD managed
with HC rather than with BT. In addition, the marked increase in
PF4 levels suggest significant ongoing platelet activation in a sig-
nificant subgroup of children with SCD on HC or BT therapy.
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Figure 2. VWF multimer distribution in children with
SCD treated with hydroxycarbamide compared to A B
blood transfusion. (A) Representative images of VWF
multimer distribution in HC and BT cohorts. Percentage of
(B) high-, (C) intermediate-, and (D) low-molecular-weight
VWF multimers. Comparisons between groups were
assessed by the Mann-Whitney U test. Dotted red lines
represent the percentage of high-, intermediate-, and low- 4 Py .
molecular-weight multimers in normal pooled plasma (NPP); : : ¢ s ’ =
*P< 05, **P < .001, and ***P < .0001. H b bt b N =
- =
— — - .- =2
] = =
* - . - - . —
- — | — —
T ——— — —
NPP BT HC HC BT NPP )
T T
HC BT
C D
50 * 50 A
6 *kk
° o
o °
45
8 .
oo
08080 .:I
§ 08%ag8 S o33
s 40 uoo:5 .o.. =
1) °§8§=888 03.*;'000 =
< YOO ~0
£ T T Y03 OO S =
E o] ) (o] ...o :. =
E 35 A °°°8°° oo‘l--;o’o =S
=\= Og (o] 00e®e
o %0200
o
30 - o
L]
25 4 °
T T T T
HC BT HC BT

Endothelial cell activation and Weibel-Palade body
exocytosis in patients with SCD treated with HC vs BT

Previous studies have used VWFpp/VWF:Ag ratios to assess VWF
clearance rates.’®*® We observed that plasma VWFpp/VWF:Ag
ratios were not significantly reduced in children with SCD
(Figure 4A). Furthermore, VWFpp/VWF:Ag ratios were similar in
HC- and BT-treated cohorts. Together, these findings suggest that
the increased plasma VWF levels in pediatric SCD are predomi-
nantly attributable to increased endothelial cell secretion. To further
address this hypothesis, we investigated plasma levels of other
Weibel-Palade body-stored proteins including FVIIl, angiopoietin-
2, and osteoprotegerin, respectively. Interestingly, significantly
increased plasma FVIII:C levels were seen in 65% of our total SCD
pediatric cohort (median FVII:C = 1.48 IU/mL; range, 0.62-2.82
IU/mL) despite the use of disease modification therapy (Figure 4B).
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In addition, FVIII:C levels were significantly higher in children being
treated with HC compared those treated with BT (median, 1.71 vs
1.21 IU/mL; P <.0001; Figure 4B). Although plasma FVIII:C levels
correlated significantly with VWF:Ag levels (r = 0.80; P < .001;
Figure 4C), the FVII:C/VWF:Ag ratio was elevated and was
significantly higher in the HC vs BT cohort (total median FVII:C/
VWEF:Ag ratio 1.34, HC 1.38 vs BT 1.26, P = .0056; Figure 4D).
Similarly, plasma levels of both angiopoietin-2 and osteoprotegerin
were also both significantly more elevated in children with SCD
treated with HC compared with those treated with BT (total median
angiopoietin-2, 3162 pg/mL; HC 4214 vs BT 2458 pg/mL; P =
.0002; total median osteoprotegerin, 1690 pg/mL; HC 1825 vs BT
1507 pg/mL; P = .0065; Figure 4E-F). Cumulatively, these data
suggest that despite disease-modifying therapy, a significant pro-
portion of pediatric patients with SCD have persistent endothelial
cell activation and consequent Weibel-Palade body exocytosis.

VWF-ADAMTS13 DYSFUNCTION IN SCD 6979



Figure 3. ADAMTS13 activity in SCD children treated
A B with hydroxycarbamide compared to blood
200 - 3 4 transfusion. (A)ADAMTS13 activity and (B) VWF:Ag/
|—| ADAMTS13 ratio are compared between the HC and BT
osg cohorts. Dotted green line represents the local normal
° ° VWF:Ag/ADAMTS13 ratio (1.0). Plasma levels of PF4 (C)
150 + and IL-6 (D) are compared between the HC and BT cohorts.
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This endothelial cell activation is more effectively but not
completely suppressed in children receiving BT than those
receiving HC treatment.

Thrombin generation and hemolysis in patients with
SCD treated with HC compared with BT

Because elevated plasma FVII:C levels constitute a dose-
dependent risk factor for venous thromboembolism,** we investi-
gated thrombin generation in platelet-poor plasma from the pedi-
atric  SCD cohort. Overall, significantly enhanced thrombin
generation was observed in the HC subgroup compared with the
BT subgroup (Figure 5A). Endogenous thrombin potential (total,
median, 993 nM/min; BT 980 nM/min vs HC 1041 nM/min; P =
.0006; Figure 5B), peak thrombin levels (total, mean, 169 nM; BT
162.6 nM vs HC 181.5 nM; P = .008; Figure 5C), and velocity
index (total, median, 52.7 nM/min; BT 44.1 nM/min vs HC 58.8 nM/
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min; P=.019; Figure 5D) were all significantly reduced in patient in
the BT cohort compared with those in the HC cohort. In addition,
plasma FVII:C levels correlated with peak thrombin generation
(P <.001; Figure 5E). Together, these findings suggest that, in all
children with SCD, disease-modifying agents, in particular HC
therapy, do not effectively ameliorate enhanced thrombin genera-
tion. Furthermore, the ongoing increase in thrombin generation is
likely mediated, at least in part, through endothelial cell activation,
resulting in elevated plasma FVIII:C levels.

Finally, we investigated potential mechanisms that might contribute
to ongoing endothelial cell activation and Weibel-Palade body
exocytosis in children with SCD, particularly in the HC-treated
cohort. Importantly, previous studies have implicated free heme in
modulating hemolysis-induced end-organ damage in SCD.*°
Overall, hemolysis was significantly reduced in children treated
with BT vs those treated with HC (total, media LDH 807 U/L; BT
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Figure 4. VWF-ADAMTS 13 axis and Weibel Palade body exocytosis in SCD children treated with hydroxycarbamide compared to blood transfusion. Comparisons
between HC and BT cohorts are shown including (A) VWFpp/VWF:Ag ratio and (B) FVIII:C levels. (C) Correlation between FVII:C and VWF:Ag. (D) Comparisons between HC
and BT cohorts are shown for FVIII:C/VWF:Ag ratio, (E) angiopoietin-2, and (F) osteoprotegerin. Comparisons between groups were assessed by the Mann-Whitney U test.

Correlations were evaluated using the Spearman rank correlation test; ns, not significant; **£ <.01, ***P <.001, and ****P <.0001.

666 U/L vs HC 940 U/L; P<.0001; Figure 6A). Consistently, free
heme levels were also lower in the BT cohort (total, median
10.2 pM; BT 9.7 pM vs HC 11.6 pM; P = .008; Figure 6B).
Although marked interindividual variability in free heme levels was
seen in both the HC (range, 4.9-51.8 M) and BT (range, 3.2-
19.7 uM) cohort, plasma free heme concentrations of >20 uM
(previously reported to increase VWF secretion from endothelial
cells)*® were observed in 26% of the HC cohort but 0% of the BT
children (Figure 6B). Finally, although elevated free hemoglobin has
been described to inhibit ADAMTS 13 activity in vitro, we observed
no significant association between increased plasma free
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heme and reduced ADAMTS13 activity (P = .13). (supplemental
Figure 5).

Erythrocytes from children treated with HC
demonstrate increased PS exposure and enhanced
VWEF binding

Recent studies have shown that RBCs from patients with SCD
demonstrate increased PS exposure compared with RBCs from

healthy individuals.”” Moreover PS-exposing RBCs can bind VWF
strings, promoting RBC-endothelial cell adhesion and vaso-
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Figure 5. Thrombin generation in children with SCD treated with hydroxycarbamide compared to blood transfusion. Comparisons between the HC and BT cohorts
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thrombin, and (D) velocity index. Comparisons between groups were assessed by the Mann-Whitney U test. (E) Correlation between plasma FVIII:C levels and peak thrombin
generated. Correlations were evaluated using the Spearman rank correlation test; *P < .05, **P<.01, ***P <.001, and ***P < .0001.

occlusion.?”*® Therefore, we examined PS exposure and VWF-
binding potential for washed RBCs derived from our pediatric
SCD cohorts on BT or HC therapy (Figure 6C). PS exposure was
significantly enhanced on RBCs from children treated with HC
compared with those treated with BT (mean fluorescence intensity:
HC 168.5 vs BT 122.0; P < .05; Figure 6D-E). Healthy HbAA
control RBCs demonstrated minimal binding to recombinant VWF
(Figure 6F). In contrast, RBCs from children with SCD demon-
strated interindividual variability in their VWF-binding capacity
(Figure 6F). Nevertheless, significantly increased RBC binding

6982 FOGARTY et al

capacity for VWF was evident for washed RBCs from children
treated with HC compared with RBCs from children treated with
BT (mean fluorescence intensity: HC 174.6 vs BT 138.4; P <.05;
Figure 6F-G). Given these findings, we finally assessed whether
endogenous VWF may be bound to circulating RBCs in children
with SCD. Interestingly, significantly enhanced bound VWF was
observed on unwashed RBCs from children treated with HC
compared with those treated with BT (Figure 6H). Together, these
findings illustrate that the persistently elevated plasma VWF levels
seen in a significant subgroup of children with SCD, despite their
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disease-modifying therapy, can directly interact with PS-positive
RBCs and thereby play roles in multiple aspects of SCD patho-
genesis including hemolysis and vaso-occlusion.

Mediation analysis to unravel interfactorial
relationships

To better understand the relationships between treatment (BT vs
HC), hemolysis, free heme, endothelial cell activation, and
increased plasma VWEF levels in children with SCD, we proceeded
to perform mediation analysis (Table 3). Multivariate analysis
demonstrated that treatment with either HC or BT was significantly
associated (P=.009) with plasma VWF levels, independent of age
and blood group. HbS level was also independently associated
with plasma VWF:Ag level (P = .003) but was highly correlated
with treatment (r = —0.913, P < .001). Cumulatively, these data
therefore suggest that the effect of HC or BT treatment on plasma
VWF:Ag levels is mediated via HbS. After addition of hemolysis
markers to the model, both LDH and free heme were independently
associated with VWF:Ag levels (P = .027 and P = .045, respec-
tively). This indicates that not only the rate of hemolysis but also the
amount of free heme correlate with increased VWF secretion,
which is in line with our in vitro findings. After addition of
angiopoietin-2 (as marker for endothelial cell activation) in the
model, the association between treatment, LDH, free heme, and
VWEF disappeared, again in keeping with our previous results that
increased VWF levels are primarily attributable to endothelial cell
activation. Importantly, we observed that LDH as an outcome was
associated with HbS and plasma VWF:Ag levels as independent
factors (P=.044 and P=.001, respectively), suggesting that there
is a feedback mechanism through which VWF (and endothelial cell
activation) may affect hemolysis. This concept is consistent with
our flow cytometry findings (Figure 6). Lastly, free heme was
associated with LDH, independent of treatment and HbS, con-
firming that the amount of free heme is primarily determined by the
rate of hemolysis. The overall conclusions of this mediation analysis
are illustrated in Figure 7.

Discussion

Previous studies have consistently reported elevated plasma VWF
levels in SCD cohorts relative to healthy controls,’”"'821:22:24.25
Moreover, recent studies have defined an important role for the
VWF-ADAMTS13 axis in the pathobiology of SCD vaso-occlu-
sion.?>?%29 Our findings demonstrate, to our knowledge, for the
first time, that despite treatment with either HC or BT, ongoing
dysfunction of the VWF-ADAMTS13 axis is present in a significant
subgroup of pediatric patients with SCD. Overall, plasma VWF

Table 3. Outcome of multiple regression analyses
and free heme as dependent variables

with VWF, LDH,

Outcomes of mediation analysis

Outcome: VWF B (95% CI) P value
Age 0.5 (—1.1 to 2.0) .552
Blood group (non-O) 30.2 (17.3-43.2) <.001
Treatment (BT) —17.0 (—29.7 to —4.3) .009
HbS is independently associated with VWF
Age 0.1 (1.4 t0 1.7) .854
Blood group (non-O) 29.6 (16.6-42.5) <001
HbS 0.3 (0.1-0.6) .003
Treatment and HbS nullify each other’s effects
Age 0.1 (-1.4t0 1.7) 877
Blood group (non-O) 29.5 (16.4-42.5) <001
Treatment (BT) 4.2 (—27.2 to —85.7) 791
HbS 0.4 (—0.1 to 1.0) 143
LDH and free heme are indep ly associated with VWF
Age 0.9 (—1.7 to 3.6) 483
Blood group (non-O) 47.1 (27.9-66.3) <.001
Treatment (BT) —24.2 (—43.2 to —5.3) 013
LDH (x1072) 3.2 (0.4-6.0) 027
Free heme —1.0 (2.0 to 0.0) .045

Addition of angiopoietin-2 nullifies the effect of treatment, LDH, and free heme

0.5 (—2.9 to 3.9)
39.6 (13.9-65.3)
—24.2 (-50.1 to 1.7)

Age

Blood group (non-O)

Treatment (BT)

LDH (x1072) 0.5 (-3.3 to 4.2)

Free heme —0.9 (—2.7 to 0.9)

Angiopoietin-2 (x107°) 6.3 (0.2-12.4)

HbS and VWF are independently associated with LDH
Outcome: LDH

HbS

VWF

1.8 (0.1-3.5)
1.9 (0.8-3.0)
LDH is independently associated with free heme

Outcome: free heme

Treatment —2.2 (—11.1 to 6.9)
HbS 0.0 (—0.2 to 0.1)
LDH 0.5 (0.1-1.0)

.766
.003
.067
.807
311
.043

.044
.001

.636
.909
.022

Cl, confidence interval.

Figure 6. Erythrocyte PS exposure and VWF-binding in SCD patients treated with hydroxycarbamide compared to blood transfusion. Comparisons between the

HC and BT cohorts are shown for (A) LDH levels and (B) free heme levels. Comparisons between groups were assessed by the Mann-Whitney U test. (C) Washed RBCs were

prepared from children with SCD on HC or BT therapy, and flow cytometry used to assess PS exposure, together with VWF-binding capacity. (D) Representative examples of

annexin V binding for washed RBCs from a healthy (HbAA) control compared with children with SCD on either HC or BT treatment. (E) Data are presented as mean of the mean

fluorescence intensity (MFI) of PS exposure on RBCs normalized to control for HC and BT subgroups. Statistical analyses were performed using the Mann-Whitney U test. (F)

Representative examples of recombinant VWF (r'WWF) binding for washed RBCs from a healthy (HbAA) control compared with children with SCD on either HC or BT treatment.

(G) Data are presented as mean MFI of 'VWF binding to washed RBCs normalized to control for HC and BT subgroups. Statistical analyses were performed using the Mann-
Whitney U test. (H) To determine whether VWF interacts with sickle RBCs in vivo, unwashed RBCs from children on BT and HC treatment were isolated, and bound VWF
assessed by flow cytometry. Statistical analyses were performed using the Mann-Whitney U test with a significant P value < .05; **P <.001 and ****P <.0001.
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Figure 7. Representation of proposed multifactorial mechanisms through which HC or BT disease-modifying therapies affect endothelial cell activation VWF-
ADAMTS 13 axis dysfunction in children with SCD. Key steps highlighted in red. (1) Significantly higher free heme levels were seen in children treated with HC compared with

those treated with BT. (2) Plasma concentrations of free heme present in children treated with HC were sufficient to drive Weibel-Palade body exocytosis from human umbilical

vein endothelial cells in vitro. (3) LDH and free heme were both independently associated with plasma VWF levels, suggesting that rate of hemolysis and amount of free heme can

affect endothelial cell activation. (4) High-molecular-weight VWF multimers were significantly reduced in children treated with HC, consistent with ongoing high-molecular-weight

VWF multimers consumption. (5) Although modified by ABO blood group, increased VWF levels were predominantly attributable to increased endothelial cell secretion. (6) FVIII:C

levels were significantly higher in children treated with HC, driving enhanced thrombin generation. (7) Plasma levels of VWFpp, angiopoetin-2, and osteoprotegerin were all

significantly elevated in children treated with HC. Downstream consequences are currently unknown. (8) Mediation analysis highlighted feedback mechanism through which

increased plasma VWF levels may directly promote hemolysis.

levels were significantly lower in children with SCD treated with BT
compared with those on maintenance HC therapy. This difference
is noteworthy given that children with SCD perceived at highest
stroke risk had originally been selected for BT treatment. Thus,
these children at high risk, might have been anticipated to have
higher levels of endothelial cell activation at baseline. Critically
however, although median VWF levels were reduced in the BT
subgroup, 25% of the BT subgroup and 44% of the HC subgroup
still had plasma VWF:CB activity levels of >1.5 IU/m. Importantly,
significant correlations between VWF levels and biomarkers of
ongoing hemolysis (including Hb and LDH levels) were also
observed. Cumulatively, these findings demonstrate that a sub-
group of children with SCD managed with either HC or BT
continue to have sustained increases in plasma VWF antigen and
VWEF functional activity despite their disease-modifying therapy.
Given the evidence that VWF plays an important role in vaso-
occlusive crisis pathogenesis, these data are of direct trans-
lational relevance.
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VWEF functional activity is regulated by multimeric size, with high-
molecular-weight multimers having enhanced affinity for platelets.
An increase in high-molecular-weight multimers and the presence
of abnormal ultralarge VWF multimers has been reported in adult
patients with SCD.>'?*?° In contrast, we found that high-
molecular-weight multimers were significantly reduced in children
on HC treatment, although intermediate- and low-molecular-weight
multimers were increased. Similar loss of high-molecular-weight
multimers has been described in patients with acute thrombotic
thrombocytopenic purpura and severe COVID-19 in which it was
attributed to consumption of hyperadhesive high-molecular-weight
multimers binding to GPlba.*>®° Our data suggest that high-
molecular-weight multimer VWF consumption may be ongoing in
a subgroup of children with SCD treated with HC. Consistent with
that concept, plasma PF4 levels were also significantly elevated in
the HC subgroup, suggesting ongoing platelet activation in these
children. Despite the differences in VWF multimers in SCD, no
significant reduction in plasma ADAMTS13 levels was evident in
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either the HC treatment or BT treatment cohorts. Nevertheless,
plasma levels of several ADAMTS13 inhibitors (including free
heme, IL-6, and PF4) were all significantly elevated in the those
treated with HC compared with those in the BT cohort. Thus, not
only are plasma VWEF levels increased in a subgroup of children
with SCD despite their disease-modifying treatment but there are
also abnormalities in normal VWF multimer regulation in vivo.
Furthermore, there is also evidence of significant ongoing platelet
activation.

Given the biological importance of VWF in vaso-occlusive crises,
we investigated whether increased plasma VWF levels in children
with SCD undergoing treatment were due to endothelial cell acti-
vation with enhanced VWF secretion and/or attenuated VWF
clearance. Previous studies have demonstrated that plasma
VWFpp constitutes a sensitive and specific marker of acute
endothelial cell activation.’® To date, only 1 other study assessed
VWPFpp levels in a pediatric SCD cohort. van der Land et al found
that VWFpp levels were increased in children with SCD at steady
state, but their study excluded children with SCD on either HC or
BT therapy.'® Importantly, our findings demonstrate that despite
their disease-modifying therapy, plasma VWFpp levels remain
significantly elevated in 32% of the BT subgroup and 60% of the
HC subgroup. Consistent with the hypothesis of sustained endo-
thelial cell activation, we observed that plasma levels of other
proteins stored within Weibel-Palade bodies (including FVIII,
angiopoietin-2, and osteoprotegerin) in endothelial cells were also
significantly increased in children treated with HC compared with
those treated with BT. Recent studies have shown that
angiopoietin-2 and osteoprotegerin have distinct biological roles in
regulating endothelial cell survival, permeability, and angiogen-
esis.®"®® Furthermore, osteoprotegerin can directly trigger upre-
gulation of intercellular adhesion molecule-1, vascular cell adhesion
protein-1, and E-selectin on endothelial cells.®® Finally, both
angiopoietin-2 and osteoprotegerin have been shown to bind to
the A1 domain of VWF and thereby influence platelet recruitment
to VWF strings.”*° Additional studies will be required to define
the downstream consequence of persistent secretion of proin-
flammatory and proangiogenic Weibel-Palade body cargo proteins
from activated endothelial cells in pediatric SCD. Collectively, our
data demonstrate that ongoing acute endothelial cell activation and
Weibel-Palade body exocytosis are common in children with SCD
despite treatment with HC or BT therapies. This endotheliopathy is
significantly more marked in children treated with HC and consti-
tutes the predominant mechanism underlying persistent increases
in plasma VWF-FVIII levels.

This study has a number of limitations. Inclusion of individuals on
BT and HC treatment who were willing to consent to the study
introduces potential for selection bias because nonadherent
patients and families were less likely to participate. Another limi-
tation is that because children were established on therapy, eval-
uating longitudinal impacts of therapy on VWF was not possible.
However, because BT is the gold standard for stroke prevention in
children with high-risk disease, randomizing children with indica-
tions for BT to HC would be unethical, hence precluding a ran-
domized study in this setting. Conversely, compared with previous
studies, our study has a number of important strengths. First, the
number of patients with SCD included in our study (n = 180) is
much larger than most previous studies. Second, we have only
studied children with severe SCD (HbSS), whereas previous
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studies typically enrolled both adults and children and included a
variety of SCD genotypes. Because aging in SCD is associated
with significant vasculopathy, this has the potential to affect VWF-
ADAMTS13 findings. Third, in addition to assessing VWF levels,
multimers, and ADAMTS13 levels, we have also investigated the
relative importance of (i) sustained endothelial cell activation and
Weibel-Palade body secretion and (ji) alterations in VWF clearance
rates in contributing to elevated VWF-FVIII levels in children with
SCD. Fourth, and perhaps most importantly, our study is, to our
knowledge, the first to specifically focus on examining how HC or
BT therapies affect the VWF-ADAMTS13 axis dysfunction and EC
activation in children with SCD.

Multifactorial mechanisms contribute to endothelial cell activation
in children with SCD.**7*® Importantly, chronic hemolysis has
been shown to result in the release of free heme in SCD plasma.®”
Free heme has previously been proposed to promote endothelial
cell activation and trigger Weibel-Palade body exocytosis.®®°° We
observed reduced hemolysis and significantly lower free heme
levels in children with SCD treated with BT compared with HC C.
Importantly, we further showed that elevated plasma VWF levels in
children with children with SCD can directly interact with PS-
positive RBCs and thereby influence ongoing intravascular hemo-
lysis, free heme levels, endothelial cell activation and ultimately risk
of vaso-occlusion.

In addition to vaso-occlusive crises, SCD is also associated with
significant increased risk for both arterial and venous thromboem-
bolic events.®®* Elevated plasma FVIIl levels >1.5 IU/mL have been
shown to constitute a dose-dependent risk factor for venous and
arterial thrombosis.®® In keeping with persistent endothelial cell
activation, we observed plasma FVIII:C levels >1.5 IU/mL in 74% of
the HC-treated compared with only 20% of the BT-treated sub-
group respectively. Thus, 46% of our total pediatric SCD cohort had
significantly increased FVIII:C levels despite their disease-modifying
treatment. Consistent with their elevated FVII:C levels, we
observed significantly enhanced thrombin generation (endogenous
thrombin potential, peak thrombin, velocity index) in HC compared
with BT patients. Based on these findings, persistent EC activation
in children with SCD despite treatment has the potential to increase
risk of both vaso-occlusive crises and thrombotic complications.

In conclusion, this large study of VWF biology in pediatric SCD
directly compared endotheliopathy and coagulation dysfunction in
children treated with HC or BT. We demonstrate that BT therapy is
associated with significantly attenuated endothelial cell and coag-
ulation activation, normal VWF multimers, and decreased thrombin
generation compared with HC treatment. Importantly, however, we
further show that a significant subgroup of children with SCD
treated with either HC or BT continue to have ongoing endothelial
cell activation despite their disease-modifying treatment. Further
studies will be necessary to determine whether these persistent
abnormalities in VWF levels, VWF multimer distribution, FVIIl, and/
or osteoprotegerin can be used as novel biomarkers to identify
children with SCD who remain at increased risk of vaso-occlusive
crisis who may benefit from alternative treatments.
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