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Introduction: Sickle haemoglobin (HbS) polymerisation perturbs red blood cell (RBC)
rheology and drives sickle cell disease (SCD) pathophysiology. Voxelotor is an HbS

polymerisation inhibitor that increases haemoglobin (Hb)-oxygen affinity. Meth-

USA ods/Results: In this 48-week, prospective, single-centre translational study, 10 children
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aged 4-11 years with SCD were treated with voxelotor. Improvements in RBC
deformability were observed using osmotic/oxygen gradient ektacytometry, with
increases in minimal and maximal elongation index and reductions in point of sick-
ling. Increased Hb and reduced markers of haemolysis were also observed. Conclusion:

These findings suggest that voxelotor treatment is associated with reduced RBC

USA sickling and haemolysis in children with SCD.
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1 | INTRODUCTION

Sickle cell disease (SCD) is characterised by polymerisation of sickle
haemoglobin (HbS) under conditions of deoxygenation, causing
chronic anaemia and haemolysis and leading to severe morbidity and
early mortality [1, 2]. Voxelotor is an HbS polymerisation inhibitor that
targets the underlying cause of SCD pathology [3]. Preclinical studies
indicate that voxelotor increases HbS-oxygen affinity and red blood
cell (RBC) half-life, reduces RBC sickling, and improves RBC deforma-
bility and blood viscosity [4, 5]. The US Food and Drug Administration
(FDA) approval of voxelotor in 2019 for patients with SCD aged
>12 years was based on results from the pivotal phase 3 HOPE trial, in
which voxelotor treatment led to rapid and sustained improvements in
haemoglobin (Hb) and markers of haemolysis compared with placebo
[6, 7]. In 2021, the FDA expanded the approved use of voxelotor for
the treatment of SCD in children as young as 4 years. Additionally,

deoxygenation, ektacytometry, red blood cell deformability, sickle cell disease, voxelotor

voxelotor has received marketing authorisation in Great Britain, the
European Union, Kuwait and Oman for patients aged >12 years, and
in the United Arab Emirates for patients aged >4 years [8]. The aim
of this study was to assess whether voxelotor therapy improves RBC
functionality by increasing RBC deformability in parallel with potential
improvements to Hb levels and Hb-oxygen affinity in a subgroup of
paediatric patients participating in a phase 2 study of voxelotor for
SCD.

2 | METHODS
2.1 | Patient population

HOPE-KIDS 1 (NCT02850406) is a phase 2a, open-label, multicen-

tre clinical trial evaluating the pharmacokinetics, safety, tolerability
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FIGURE 1 Osmoscan (left) and Oxygenscan (right). Representative Oxygenscan and Osmoscan curves obtained from Lorrca. Evaluated
parameters are the following: O, value of the hypotonic osmolality, where 50% of the cells haemolyse in a classical osmotic fragility assay
(provides information on the initial surface area to volume ratio); El,,.x, maximal deformability or elongation index (informs RBC cytoskeletal
mechanics); Opyper, 0smolality corresponding to 50% of the El, (provides information on the cytoplasmic viscosity [mean corpuscular Hb
concentration]); PoS, point of sickling, or point on the curve during deoxygenation when sickling begins; El i, corresponds to deformability of
sickle RBCs at deoxygenation; pO,, partial pressure of oxygen. Figures used with permission from RR Mechatronics.

and treatment effects of weight-based voxelotor dosing (Table S1) in
paediatric patients with SCD (homozygous HbS [HbSS] or sickle beta
zero thalassaemia [HbSgP]). This report is from a single-centre ancil-
lary pilot study performed as part of the ongoing HOPE-KIDS 1 trial to
assess changes in RBC functionality such as deformability in voxelotor-
treated children with SCD [9]. Additional patient information can be

found in the Supporting Information.

2.2 | Osmoscan and oxygenscan

Whole-blood samples from voxelotor-treated children aged 4-
11 years with SCD were collected to measure the effects of
deoxygenation and reoxygenation on RBC deformability under
shear stress [10].

Osmoscan (osmotic gradient ektacytometry): Samples were anal-
ysed before treatment and at Weeks 12, 24, 36 and 48. An ektacytom-
etry laser optical rotational red cell analyser (Lorrca; RR Mechatronics)
was used to analyse RBC deformability at a shear stress of 30 Pa,
under osmolality gradients ranging from O to 600 mOsm/kg. Three
Osmoscan parameters were evaluated (Figure 1): Opi,, the value of
the hypotonic osmolality, when 50% of the cells haemolyse in a clas-
sic osmotic fragility assay, providing information on the initial surface
area to volume ratio; maximal elongation index (El.y), representing
RBC deformability at normoxia; and Opy e, the osmolality correspond-
ing to 50% of the El,, providing information about cytoplasmic
viscosity [8].

Oxygenscan (oxygen gradient ektacytometry): Deformability was
investigated using similar conditions as in the Osmoscan assay, under
controlled deoxygenation using Lorrca Oxygenscan. Three Oxygen-
scan parameters were evaluated (Figure 1): point of sickling (PoS) or
the partial pressure of oxygen during deoxygenation at which sick-
ling begins; El.,; and minimal elongation index (El;,), representing
deformability of sickle RBCs under deoxygenation [10].

2.3 | Analyses

Oxygen dissociation curves were obtained using a Hemox Analyzer
(TCS Scientific Corp) to examine changes in the binding affinity of
oxygen to Hb. Whole blood collected in K2/EDTA was oxygenated
with compressed air within the Hemox Analyzer, and the oxygen
equilibrium curves were collected during deoxygenation, as previ-
ously described [11]. The partial pressures of oxygen at which Hb
is 20% and 50% saturated with oxygen, p20 and p50, respectively,
were obtained using a nonlinear regression analysis. Complete blood
count parameters were determined on a clinical laboratory haematol-
ogy analyser (ADVIA, Siemens). Data were analysed using GraphPad
Prism software and a paired t-test. Complete methodology is in the

Supporting Information.

3 | RESULTS AND DISCUSSION

3.1 | Voxelotor improved Hb and reduced markers
of haemolysis

A total of 10 patients (median age: 7 years), with the HbSS genotype
and a mean (range) baseline Hb of 90 g/L (76-100 g/L), were included
(Table S2). The mean baseline Hb was comparable with that for the
overall patient population in HOPE-KIDS 1 Part C [9]. At Week 24, 7 of
10 patients (70%) had an Hb response (defined as a greater than 10 g/L
increase in Hb from baseline; Table S3) compared with 47% in the over-
all study population. Mean Hb exceeded 100 g/L at each treatment
week assessed (Figure 2A); by Week 24, Hb exceeded 100 g/L in 6 out
of 10 patients. Additionally, voxelotor reduced markers of haemolysis
(reticulocytes, indirect bilirubin and lactate dehydrogenase) at Weeks
12, 24, 36 and 48 (Table 1). Similar to the trend in Hb response, reduc-
tions in markers of haemolysis at Week 24 were higher in this ancillary
study than in the overall HOPE-KIDS 1 patient population [9].
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FIGURE 2 Hband erythrocyte response in patients receiving voxelotor. (A) Hb increase from baseline at Weeks 12, 24, 36 and 48. (B and C)
Representative (B) Osmoscan and (C) Oxygenscan curves obtained from Lorrca in patients at various time points on voxelotor. (D-F)
Improvements in RBC deformability observed in Oxygenscan, as captured by increases in (D) El ., and (E) El i, and (F) a decrease in PoS. (G)
Improvement of oxygen dissociation curves (partial pressure p50) while on voxelotor. (H) Measurement of PoS using Oxygenscan, correlated
against oxygen dissociation curves (partial pressure p50 or p20) while on voxelotor, shows that as the p50 or p20 decreases, the PoS decreases. (1)
Correlation of Oxygenscan parameters to the Hb occupancy, which was calculated as the ratio of the concentrations of voxelotor to Hb in blood.
Mean for each box and whisker plot is shown by a‘+’. *p < 0.05, **p < 0.01, ***p < 0.001 versus baseline (mean + SEM). El,,,x, maximal elongation
index; El ,in, minimal elongation index; Hb, haemoglobin; p20, partial pressure of oxygen at which Hb is 20% saturated with oxygen; p50, partial
pressure of oxygen at which Hb is 50% saturated with oxygen; pO,, partial pressure of oxygen; R2, coefficient of determination.

3.2 | Voxelotor effects on RBC deformability

with an increasing osmotic gradient (Osmoscan). Improvement in RBC

The primary aim of this pilot study was to assess whether voxelotor
treatment improves RBC functionality by increasing RBC deformabil-
ity in paediatric patients using ektacytometry, the gold standard for
studying deformability of RBCs with membrane protein disorders [12].

Deformability was first assessed using a defined value of shear stress

deformability, observed after voxelotor treatment, was observed in
a representative Osmoscan curve from one patient (Figure 2B) and
supported by the numerical increase in El,,, over 48 weeks com-
pared with baseline values, with a significant change from baseline
noted at Week 12 (Table 2). RBC deformability was also measured

during controlled deoxygenation using Oxygenscan. Improvements in
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TABLE 1 Meanchange in haemoglobin and markers of haemolysis from baseline.

Parameter Week 12 Week 24 Week 36 Week 48

Hb (g/L), change (range) 13 (—8to 30) 18 (3to 38) 17 (=7 to 44) 12 (-4to0 29)

Hb response > 10 g/L, % patients (n/N) 60 (6/10) 70(7/10) 80 (8/10) 60 (6/10)

% Reticulocytes, % change (range)

Indirect bilirubin, % change (range)

LDH, % change (range)

—15.6(—42.6t030.7)
—51.8(-70.4to —24.1)
—2.3(-17.9t0 28.4)

Abbreviations: Hb, haemoglobin; LDH, lactate dehydrogenase.

—16.0(—53.6t024.3)
—53.9 (-76.0to —25.9)
—16.0(—35.1t07.8)

TABLE 2 Change in deformability and haemoglobin-oxygen affinity from baseline.

Post-treatment

Baseline (mean + SEM)

(mean + SEM) at Week 12
Elax (Osmoscan) 0.49 + 0.02 0.52 + 0.02*
Ohyper (Osmoscan) 4120 + 2.25 397.3 + 4.20*
Opin (Osmoscan) 112.9 + 2.14 109.3 + 2.81
PoS (Oxygenscan) 441 + 2.16 30.6 + 1.93***
Elin (Oxygenscan) 0.19 + 0.02 0.29 + 0.03*
El.x (Oxygenscan) 0.49 + 0.03 0.52 + 0.02
p50 32.8 + 0.85 241 + 1.38"¢
p20 17.2 + 0.66 9.0 + 0.85"*¢

Post-treatment

—11.0(-57.9t0 25.1)
—49.1(-64.5to —27.3)
—9.1(-46.0t0 9.6)

Post-treatment

—20.3(-77.3t017.5)
—47.4(-69.2to —25.9)
2.0(—24.6t0 94.8)

Post-treatment

(mean + SEM) (mean + SEM) (mean + SEM)
at Week 24 at Week 36 at Week 48
0.55 + 0.01° 0.53 + 0.01 0.50 + 0.02°
387.0 + 4.16° 393.8 + 3.50"** 394.8 + 4.37°P
107.0 + 1.00* 110.9 + 2.50 114.5 + 2.35°
33.0 + 1.63* 36.1 + 1.85 35.9 + 2.06*¢
0.35 + 0.022 0.31 + 0.03* 0.29 + 0.03**¢
0.54 + 0.01° 0.53 + 0.01 0.51 + 0.02¢
26.7 + 1.48° 26.5 + 1.73*¢ 25.1 + 2.49*4
N/A N/A 8.9 + 1.41*d

Abbreviations: El,.,, maximal elongation index; El,, minimal elongation index; N/A, not applicable; Oy, 0smolality corresponding to 50% of the El,,,
hypertonic region; O,,, osmolality at El .,;,,, hypotonic region; p20, partial pressure of oxygen at which Hb is 20% saturated with oxygen; p50, partial pressure
of oxygen at which Hb is 50% saturated with oxygen; PoS, point of sickling; SEM, standard error of the mean.

Nn=3,r=8,n=9,9n=5.
*p < 0.05,**p <0.01, ***p < 0.001 vs. baseline (mean + SEM).

PoS (leftward shift) and deformability (upward shift in El i, and Elpay)
with voxelotor therapy were evident in a representative Oxygenscan
curve from one patient, from baseline through Week 48 (Figure 2C).
Furthermore, improvement in RBC deformability with voxelotor was
sustained over 48 weeks, as indicated by the higher El,,, and El;,
values and concurrent reductions in the PoS in combined Oxygenscan
data from all patients (Figure 2D-F). Individual Osmoscan and Oxy-
genscan curves from all patients are shown in Figure S1. Foetal Hb
remained consistent at baseline and at Week 12 and was not correlated
with El .« (data not shown).

3.3 | Voxelotor increases oxygen affinity

Deformability of sickle RBCs is dependent on oxygen tension. At low
oxygen tension, HbS undergoes polymerisation and triggers RBC
sickling. Preclinical studies have demonstrated that voxelotor binds
to the N-terminal valine of the alpha-haemoglobin chain, increases
HbS-oxygen affinity, delays in vitro HbS polymerisation, and reduces
RBC sickling. This is associated with reductions in p20 and p50 [4].
Furthermore, it was previously shown that p20 decreased as the RBC

concentration of voxelotor increased in the blood of voxelotor-treated

patients [13, 14]. In this study, a gradual and sustained leftward
shift in the oxygen equilibrium in the presence of voxelotor was
reflected by the significantly reduced p20 and p50 values at Weeks
12 and 48 compared with pretreatment values (p < 0.05; Table 2
and Figure 2G), demonstrating increased Hb-oxygen affinity after
voxelotor treatment. Therefore, as the RBC concentration of voxelotor
increased, we expected the PoS to decrease and the RBC deformability
to improve under low oxygen tensions. A linear regression analysis
of PoS and the partial pressure of oxygen (Figure 2H) showed that
PoS positively correlated with p20 and p50 values, that is, a decrease
in PoS correlated with a decrease in p20 or p50. Decreases in p20
and p50 values suggest an increase in Hb-oxygen affinity. Lastly,
the percentage Hb occupancy, which correlates with percentage
Hb modification [6, 14], was calculated as a molar ratio of voxelotor
concentrations in RBCs to the estimated Hb concentrations, measured
over 48 weeks (Table S4). The percentage Hb occupancy positively
correlated with El, and El.;, and negatively correlated with PoS
(Figure 21).

Animal and clinical studies have demonstrated that voxelotor is
an effective HbS polymerisation inhibitor [4, 6, 14], associated with
specific modulation in red cell rheology under normoxic and deoxy-

genating conditions. As summarised in Table 2, substantial improve-
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ment in RBC deformability was observed at Week 12 and sustained
over 48 weeks of voxelotor treatment. Improved Oxygenscan curves
and leftward-shifted oxygen dissociation curves further confirmed the
ability of voxelotor to increase Hb-oxygen affinity.

In this ancillary study, voxelotor therapy in children with SCD was
associated with improvements in RBC functionality through increased
RBC deformability after 12 weeks of treatment. Also, voxelotor was
well tolerated, with minimal grade 1 or 2 adverse events (Table S5).
Limitations of this study are the small number of patients and the
recruitment of all patients from a single centre that may not be rep-
resentative of the larger patient population. Additionally, changes in
clinical sequelae (e.g., vaso-occlusive crises) were not monitored. As
RBC deformability in individuals with SCD is highest in the early years
of life [15], these findings may not be generalisable to adults with SCD.
Nonetheless, the collective findings demonstrate that voxelotor has
the potential to be the first RBC rheology-modifying HbS polymerisa-
tion inhibitor for SCD management. RBC functionality improvements
may lead to prolonged sickle RBC survival and oxygen delivery to
tissues [4, 5].
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