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Enhanced VWF clearance in low VWF pathogenesis: limitations
of the VWFpp/VWF:Ag ratio and clinical significance

Dearbhla Doherty,"> Michelle Lavin,"> Mary Byrne," Margaret Nolan," Jamie M. O'Sullivan,? Kevin Ryan," Niamh M. O'Connell,’
Sandra L. Haberichter,>® Pamela A. Christopherson,® Jorge Di Paola,® Paula D. James,” and James S. O'Donnell,">® on behalf of the
Zimmerman Program Investigators

"National Coagulation Centre, St James's Hospital, Dublin, Ireland; 2Irish Centre for Vascular Biology, School of Pharmacy and Biomolecular Sciences, Royal College of Surgeons
in Ireland, Dublin, Ireland; 3Diagnostic Laboratories and Blood Research Institute, Versiti, Milwaukee, WI; “Pediatric Hematology/Oncology, Medical College of Wisconsin,
Milwaukee, WI; 5Children’s Research Institute, Children’s Hospital of Wisconsin, Milwaukee, WI; 6Department of Pediatrics, School of Medicine, Washington University in St.
Louis, St. Louis, MO; 7Department of Medicine, Queen’s University, Kingston, ON, Canada; and 8National Children's Research Centre, Our Lady's Children’s Hospital Crumlin,
Dublin, Ireland

m Increased von Willebrand factor (VWF) clearance plays a key role in the pathogenesis of

type 1 and type 2 von Willebrand disease (VWD). However, the pathological mechanisms
* Subtle enhanced VW_F involved in patients with mild to moderate reductions in plasma VWF:Ag (range, 30-50
alsalalies |§ preser.1t n IU/dL; low VWF) remain poorly understood. In this study, we investigated the hypothesis
20% of patients with . . . .
low VWE and is that enhanced VWF clearance may contribute to the pathobiology of low VWF. Patients with
. . low VWF were recruited to the LoVIC study after ethics approval and receipt of informed
associated with an ] o ) ]
attenuated bleeding consent. Desmopressin was administered IV in 75 patients, and blood samples were drawn
phenotype. at baseline and at the 1-hour and 4-hour time points. As defined by recent ASH/ISTH/NHF/
WFH guidelines, 20% of our low-VWF cohort demonstrated significantly enhanced VWF
clearance. Importantly, from a clinical perspective, this enhanced VWF clearance was seen

In patients with low
VWE, there is poor

correlation between after desmopressin infusion, but did not affect the steady-state VWF propeptide (VWFpp)-to-

desmopressin fall-off VWEF antigen (VWF:Ag) ratio (VWFpp/VWF:Ag) in most cases. The discrepancy between the

rates and steady-state VWEFpp/VWEF:Ag ratio and desmopressin fall-off rates in patients with mild quantitative

VWFpp/VWF:Ag VWD may have reflected alteration in VWFpp clearance kinetics. Finally, bleeding scores

ratios. were significantly lower in patients with low VWF with enhanced VWF clearance,
compared with those in whom reduced VWF biosynthesis represented the principle
pathogenic mechanism. This trial was registered at http://www.clinicaltrials.gov as
#NCT03167320.

Introduction

A role for enhanced von Willebrand factor (VWF) clearance in the pathogenesis of VWD was first
highlighted by postdesmopressin fall-off studies in patients with Vicenza VWD (p.R1205H)." Subsequent
studies showed that the steady-state VWFpp/VWF:Ag could also be used to identify patients with VWD
with increased clearance.?® Using these methodologies, the US Zimmerman Program,* the Willebrand in
The Netherlands (WiN) study,” and the MCMDM-1VWD European® study observed pathological
enhanced VWEF clearance in >40% of patients with type 1 VWD (plasma VWF:Ag levels <30 IU/dL).
These findings led to the recommendation that affected patients be subclassified as type 1C
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Figure 1. Enhanced clearance plays an important role in the pathogenesis of low VWF. (A) VWF:Ag fall-off (decrease in VWF:Ag from T+1 to T+4 hours after
desmopressin infusion, as a percentage of T+1) is illustrated on the y-axis. The red dotted line and shaded area illustrate the ASH/ISTH/NHF/WFH guideline” threshold of >30%
for enhanced clearance. (B) Plasma VWF:Ag levels at 1 hour and 4 hours after desmopressin treatment in patients with low VWF with FC compared with patients with low
VWEF with NC rates. (C) Patients with low VWF with FC had a significantly greater increment in plasma VWF:Ag levels at 1 hour after desmopressin (median, 3.84-fold vs
2.89-fold; P < .0001). The increment is expressed as fold change (T+1/T0). Similarly, patients with low VWF with FC demonstrated significantly greater increments in plasma
VWF:RCo (D) (median, 4.66-fold vs 3.60-fold; P <.0001) and plasma FVIII:C levels (E) (median, 3.40-fold vs 2.81-fold; P <.01) at 1 hour after desmopressin infusion. (F-H)
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(1-clearance).”” More recently, enhanced VWF clearance has also
been reported in patients with type 2 and type 3 VWD.®

The pathological mechanisms involved in patients with mild to
moderate reductions in plasma VWF:Ag levels (range, 30-50 IU/
dL; low VWF) remain poorly understood.®® Previous studies
demonstrated that VWF gene pathogenic sequence variants are
less common in patients with VWF plasma levels in the range of 30
to 50 IU/dL, when compared with those with levels <30 IU/dL."*""
Moreover, linkage studies have shown that the condition is often
not linked to the VWF locus on chromosome 12.'*'® Given that
low VWF constitutes the commonest subtype of VWD,”® man-
agement of these patients continues to pose significant challenges.
In this study, we investigated the hypothesis that increased VWF
clearance may contribute to the pathobiology of low VWF. Subtle
enhanced clearance was present in ~20% of patients with low
VWEF. Importantly however, although this enhanced clearance was
observed after desmopressin infusion, there was no increase in the
steady-state VWFpp/VWF:Ag ratio in most patients. Finally, our
data further suggest that the bleeding phenotype is attenuated in
patients with low VWF with enhanced VWF clearance compared
with those in whom reduced VWF biosynthesis represents the
principle pathogenic mechanism.

Methods

Patients with low VWEF levels were enrolled in the LoVIC study, as
previously described.''* All patients had lowest plasma VWF
levels (VWF:Ag, VWF:RCo, or VWF:CB) of 30 to 50 IU/dL,
measured on 2 separate occasions at least 3 months apart. The
LoVIC study was approved by the St James' Hospital Research
Ethics Committee, and written informed consent was provided by
all participants. Bleeding phenotype was assessed with a
physician-administered questionnaire of bleeding symptoms
occurring before diagnosis.'" All hemostasis laboratory testing was
performed in a single National Haemostatic Reference Laboratory.
Plasma VWFpp levels were determined by enzyme-linked immu-
nosorbent assay using the monoclonal antibodies CLB-Pro 35 and
CLB-Pro 14.3-HRP (Sanquin, The Netherlands) on all patient
samples at recruitment to the study, as previously described.’
Desmopressin (DDAVP) trials were performed in 75 patients with
low VWF."® In brief, DDAVP (0.3 pg/kg; maximum dose capped at
27 ng/kg) was administered IV, and blood samples were drawn for
VWF:Ag, VWF:RCo, and FVIII:C at baseline (T0), 1 hour (T+1),
and 4 hours (T+4). In a subset of 24 patients, additional samples
were drawn at 24 hours (T+24). In those patients, elimination half-
life (t1,0¢) was estimated using the equation C(t) = Coe™, where
C(t) is plasma VWF:Ag level as a function over time, Cq is the
plasma VWF:Ag level at baseline, k is the elimination phase first
order rate constant and t is time, as previously described.'® Sta-
tistical analyses were performed with the Mann-Whitney U test and
Pearson’s or Spearman’s rank correlation in Prism 8.4.3 (Graph-
Pad Software, San Diego, CA), with P<.05 considered to indicate
statistical significance. The association between VWF levels and

bleeding score was assessed with linear regression analysis; out-
comes are presented as the p coefficient and 95% confidence
interval (Cl).

Results and discussion

Subtle, enhanced VWF clearance plays an important
role in the pathogenesis of low VWF

In keeping with ASH/ISTH/NHF/WFH guideline recommenda-
tions,” enhanced VWF clearance was defined as plasma
VWF:Ag fall-off >30% between peak (T+1 hours) and T+4
hours after desmopressin infusion. Of our low-VWF cohort, 20%
(15 of 75) demonstrated enhanced clearance based on these
criteria (Figure 1A). We further examined the subgroup of
patients with low VWF with enhanced clearance (low VWFc)
compared with patients with low VWF with normal clearance.
Steady-state plasma VWF:Ag levels were similar between the 2
subgroups (Figure 1B; supplemental Figure 1A-B). Importantly
however, the increase in plasma VWF:Ag levels at 1 hour after
DDAVP was significantly higher in low VWFc compared with
patients with low VWF with normal clearance (median, 3.84 vs
2.89-fold; P < .0001; Figure 1C). Similarly, DDAVP-induced
increases in plasma VWF:RCo and FVIII:C levels at T+1 hour
were both also significantly increased in the low-VWFc sub-
group (Figure 1D-E). In contrast, patients with low VWFc
demonstrated reduced VWF half-lives, such that the fall-off in
VWEF:Ag, VWF:RCo, and FVIII:C were all enhanced between 1
and 4 hours (Figure 1F-H). Postdesmopressin fall-offs in plasma
VWF:RCo and FVII:C correlated significantly with that in
VWEF:Ag (Figure 1l-J). Furthermore, peak VWF:Ag response at 1
hour correlated strongly with subsequent 4-hour fall-off rates
(r=0.70; P <.0001; supplemental Figure 1C). Together, these
data clearly demonstrate that subtle enhanced VWF clearance
plays an important pathogenic role in a significant subgroup of
patients with low VWF.

Limitations of VWFpp/VWF:Ag ratio in patients with
low VWF

Previous studies used a VWFpp/VWF:Ag ratio >3 to identify
patients with type 1C VWD.%® However, biological factors influ-
encing VWFpp half-life remain unknown, and it is not clear whether
VWFpp biosynthesis and/or clearance may vary in some patients
with VWD.'” Recent guidelines have highlighted the need for
studies directly comparing the VWFpp/VWF:Ag ratio vs the des-
mopressin fall-off in VWD subgroups.” In striking contrast to the
desmopressin fall-off data demonstrating enhanced clearance in
20% of patients with low VWF, only 8% (6 of 75) had steady-state
VWFpp/VWF:Ag ratios >3 (Figure 2A). Because the majority of
our patients with low VWF were blood group O (64 of 75; 85.3%),
we assessed the utility of a blood group O-specific VWFpp/
VWF:Ag cutoff (ratio >2.15; 95% CI in blood group O normal
subjects, 0.67-2.15)."® Even with this lower threshold, only 12% (9

Figure 1 (continued) Conversely, patients with low VWF with FC demonstrated greater fall-offs in plasma VWF:Ag, VWF:RCo, and FVIII:C levels between 1 hour and 4

hours after desmopressin. All fall-off values are expressed as fold change between the 1-hour and 4-hour time points. (I-J) In patients with low VWF, fall-off rates in plasma VWF:Ag

levels after desmopressin treatment correlated significantly with fall-off rates in both VWF:RCo and FVIII:C (Pearson'’s 1), consistent with faster clearance of the VWF-FVIIl complex
from the circulation. Median values are illustrated by black lines. *P < .05; **P <.01; **P < .001; **P < .0001. ns, not significant.
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Figure 2. Limitations of VWFpp/VWF:Ag ratio in detection of fast VWF clearance in patients with low VWF and the impact of clearance on bleeding phenotype.
(A) Only 8% (6 of 75) of patients with low VWF had VWFpp/VWF:Ag ratios >3 (above the dashed blue line). In contrast, 20% (15 of 75) of the patients with low VWF

had enhanced clearance based on fall-off rates after desmopressin (to the right of the dashed red line: shaded area with >300% fall-off in VWF:Ag levels at 4 hours, per ASH/ISTH/
NHF/WFH guidelines). The blue line illustrates VWFpp/VWF:Ag ratio >3. Patients with low VWF with suspected enhanced clearance, as defined by VWFpp/VWF:Ag >3
only are shown in the blue box. Patients with low VWF with confirmed enhanced clearance after desmopressin trial only are shown in the light red box. Finally, patients with low

VWF with both positive VWFpp/VWF:Ag and enhanced clearance after desmopressin are in the purple box. (B) Because the majority of patients with low VWF were of blood
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of 75) of our low-VWF cohort had elevated VWFpp/VWF:Ag ratios
(Figure 2B). Ciritically, we also found a clear discrepancy between
patients with low VWF identified with enhanced clearance based
on fast fall-off after desmopressin infusion, compared with those
with abnormal steady-state VWFpp/VWF:Ag ratios (Figure 2A-B).
Indeed, there was no correlation between VWFpp/VWF:Ag ratios
and DDAVP 4-hour fall-offs (r=0.21; P=.075; Figure 2A). Overall,
our data demonstrate that the sensitivity of the VWFpp/VWF:Ag
ratio for identifying enhanced clearance in the low-VWF cohort is
lower than 15% when compared with the gold-standard assess-
ment of desmopressin fall-off levels.

VWEF testing was repeated at 24 hours after desmopressin infusion
in 24 patients (24 of 75; 32%). The decrease in plasma VWF:Ag
from peak to T+24 hours strongly correlated with T+4-hour fall-off
data (Figure 2C) but not with steady-state VWFpp/VWF:Ag ratios
(Figure 2D). Using these 24-hour data, VWF t4,. was determined
for 15 patients with low VWF. The t4,9, Was significantly reduced in
the low-VWFc subgroup compared with low the VWFn group
(median 6.2 vs 10.2 hours; P =.0007). In addition, ty/o¢ inversely
correlated with the 4-hour fall-off data (Figure 2E) but not with
VWFpp/VWF:Ag ratios (Figure 2F). Collectively, these novel find-
ings demonstrate that the VWFpp/VWF:Ag ratio and desmo-
pressin fall-off rate correlate poorly in patients with low VWF. Thus,
although the VWFpp/VWF:Ag ratio is useful in identifying patients
with type 1C disease with markedly increased VWF clearance (ty/o
in the range of 1-4 hours), it is less sensitive in patients with more
modest, reduced VWF half-lives (t;;» ~6 hours). We hypothesize
that differences between VWFpp/VWF:Ag ratio and desmopressin
fall-off data in some patients with low VWF may result from alter-
ations in VWFpp clearance kinetics, either as a result of abnormal
posttranslational modification within endothelial cells (ECs) before
secretion, or because of alterations in specific clearance path-
ways.'® Consistent with this hypothesis, our preliminary results (n =
17 patients with low VWF) suggest that there is significant variability
in VWFpp fall-off at 4 hours (data not shown).

Clinical significance of enhanced clearance in
patients with low VWF

Desmopressin response provides a measure of endogenous
VWEF and FVIII stores within ECs and has been proposed as a
surrogate marker of capacity to respond to hemostatic challenge.
Moreover, previous studies in carriers of hemophilia A and
patients with type 1 VWD (levels <30 IU/dL) reported associa-
tions between desmopressin response and bleeding phenotype.?®?’
Castaman et al previously defined a threefold or greater VWF

level as a measure of desmopressin responsiveness.?” Inter-
estingly, we observed that condensed MCMDM-1 (Molecular
and Clinical Markers for the Diagnosis and Management of Type
1 VWF) bleeding scores were significantly reduced in patients
with low VWF with a threefold or greater increase in VWF:Ag
at T+1 hour post desmopressin, compared with those
with attenuated desmopressin responses (median condensed
MCMDM-1 score 4 vs 6; P=.002; Figure 2G). Consistent with
previous studies,'®"" baseline VWF levels were not associated
with bleeding score on linear regression analysis (B = 5.97;
95% CI —1.46 to 13.41). However, the VWF response to
desmopressin was significantly associated with bleeding score
(B =—1.85, 95% Cl —2.58 to —0.12; Figure 2H). Moreover, this
association strengthened after adjustment for potential con-
founders of age at diagnosis and sex (p =—1.39; 95% CI| —2.54
to —0.23).

In summary, our findings demonstrate that enhanced VWF clear-
ance plays an important role in the pathogenesis of low VWF.
Importantly, from a clinical perspective, this enhanced VWF clear-
ance is apparent after desmopressin infusion, but does not affect
the VWFpp/VWEF:Ag ratio in many cases. We hypothesize that the
bleeding phenotype is less severe in patients with low VWF with
enhanced clearance pathophysiology, because these patients have
enhanced EC stores that can be used to respond to hemostatic
challenge.
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