
Review article

Sickle cell disease (SCD) is characterized by chronic he­
molytic anemia and intermittent vasoocclusive crises. To 
date, 4 disease-modifying drugs have been approved for 
the treatment of SCD: hydroxyurea (an S-phase inhibitor), 
L-glutamine (an amino acid), crizanlizumab (a P-selectin 
inhibitor), and voxelotor (a hemoglobin S polymerization 
inhibitor). Preclinical studies suggested that voxelotor 
effectively treats SCD and sickle cell anemia (SCA). In a 
phase III trial, voxelotor-treated patients showed signifi­
cantly elevated hemoglobin levels (>1 g/dL from baseline) 
compared to placebo-treated patients. The group that 
received voxelotor also showed a greater decrease in 
hemolytic markers but a comparable incidence of side 
effects. Six ongoing clinical trials also sought to ascertain 
the effectiveness and safety of high-dose voxelotor when 
administered to children younger than 12 years. Studies 
assessing their long-term efficacy and safety are needed 
to fully understand the role of voxelotor in treating SCD/
SCA. In this review, we discuss the mechanisms, trials to 
date, and future treatment directions of voxelotor.
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Key message
Voxelotor has promising ability to increase hemoglobin 
levels and reduce hemolysis markers in patients with sickle 
cell disease (SCD). Several preclinical and phase II/III trials 
have demonstrated its efficacy, dose-dependent responses, 
and tolerability in children. Ongoing trials are assessing its 
safety and effectiveness in various populations, including 
children younger than 12 years. These findings suggest its 
potential as a disease-modifying drug, warranting further 
exploration of its role in SCD management.
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Introduction

Sickle cell disease (SCD), a common hemoglobinopathy 
caused by mutations in the gene encoding the hemo­
globin (Hb) beta subunit, was first documented by Herrick 
in 1910.1) He recounted a case of "sickled cells" with a 
strange presentation of the red blood cells (RBCs) in one 
of his students; however, he was unable to conclude 
the disease at that time. Sickle cell anemia (SCA), Hb 
SC disease (HbSC), sickle cell trait, and Hb sickle-beta-
thalassemia (beta-thalassemia positivity or negativity) are 
subcategories of SCD. Vaso-occlusive crises (VOCs), organ 
damage, and hemolytic anemia are hallmarks of SCA, the 
most prevalent type of SCD.

This genetic illness affects millions of people worldwide 
but is most common in India, the Mediterranean region, 
and sub-Saharan Africa. Nevertheless, it is also found 
in other regions of America and Europe. Approximately 
300,000 babies are born with SCD each year, over 80% in 
Africa.2) India is ranked the second most affected country 
in terms of expected SCD births, but the prevalence of 
HbSC appears to vary widely across the Indian subcon­
tinent.3,4)

Due to β-globin gene defects, the Hb S (HbS) molecule 
is prone to changing into inelastic elongated polymers 
in a deoxygenated environment. When this conversion 
becomes irreversible and RBCs assume a permanent 
sickled shape, the risk of hemolysis and VOCs increases. 
All forms of SCD share the same pathophysiology, result­
ing in the polymerization of the HbS component. Organ 
damage and extreme pain crises are encouraged by these 
cycles.5,6)

Inhibition of the Gardos channel and cation fluxes, 
which prevents sickle cell dehydration and inevitable cell 
death, is one therapy used to impede the pathophysiolo­
gical mechanisms of SCD. On the other hand, gene 
therapy is a promising treatment for SCD that involves 
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the insertion or deletion of globins to cause mutations in 
gene-specific targets. However, they are expensive and 
unaffordable for many.7) Four Food and Drug Administra­
tion (FDA)-approved disease-modifying drugs are cur­
rently available for the treatment of SCD: hydroxyurea 
(HU), L-glutamine, crizanlizumab, and voxelotor. Before 
2017, HU (approved in 1998 for adults and 2007 for child­
ren) was the only disease-modifying drug available to 
treat SCD, followed by the approval of L-glutamine in 2017 
and crizanlizumab and voxelotor in 2019.7,8)

HU and L-glutamine are the most widely prescribed 
treatments for SCD. Robust evidence supports the effi­
cacy of HU in SCD, including a reduction in VOCs (by 
44%), mortality, hospitalizations, and other SCD-related 
complications.9) HU reduces sickle cell crisis by promoting 
fetal Hb (HbF) production; however, it does not affect 
the sickling process.7-9) L-Glutamine, an essential amino 
acid, helps transfer nitrogen to RBCs and produces im­
portant substrates; moreover, it reduces VOCs but does 
not affect sickle cells. As oxidative stress is more prevalent 
in sickled than normal RBCs, L-glutamine helps reduce 
it by generating nicotinamide adenine dinucleotide, glu­
tathione, and glutamate. However, the exact biochemical 
mechanism of glutamine in SCD is not yet well under­
stood.10,11) In a clinical trial of 230 patients with SCD, those 
who received L-glutamine had fewer hospitalizations and 
pain crises than those who received placebo.11)

Crizanlizumab (Adakveo) is a first-in-its-class medica­
tion, approved by the FDA in 2019 for use in patients 
with SCA aged 16 years and older who do not respond to 
HU. Crizanlizumab binds and inhibits P-selectin; thus, 
preventing RBCs, leukocytes, and platelets from adhering 
to blood vessel walls. It also prevents the binding of 
sickled RBCs, platelets, endothelial cells, and leukocytes. 
The FDA approved the drug in 2019 after the publication 
of the Trial to Evaluate Cardiovascular and Other Long-
term Outcomes with Semaglutide in Subjects with Type 2 
Diabetes (SUSTAIN) trial in which crizanlizumab reduced 
pain crises in patients with SCD (45% fewer than in the 
placebo group).12)

At the same time, on November 25, 2019, voxelotor 
(GBT440) received approval from the FDA to treat SCD 
patients aged 12 or older after demonstrating promising 
outcomes in the GBT_HOPE trial.13,14) In December 2021, 
the FDA approved voxelotor to treat SCD in children aged 
4 years and above. Voxelotor is an oral medication that 
inhibits HbS polymerization by reversibly binding to 
the N-terminal valine of the Hb α-chains and modifying 
its oxygen affinity. It also prolongs the half-life of RBCs, 
lowers blood viscosity, prevents HbS sickling, improves 
the affinity between Hb and oxygen, and shows a positive 
linear relationship between pharmacokinetics (PK) and 

pharmacodynamics (PD). Due to these potential advant­
ages, it has been included as part of the PRIME (PRIority 
MEdicines) scheme of the European Medicines Agency, 
which supports the development of medications that 
address unmet medical needs.15-18)

This paper discusses the importance of voxelotor and 
its effect on sickle RBCs. We collected data on the PK, PD, 
and clinical use of voxelotor for the treatment of SCD and 
SCA from pertinent preclinical and clinical studies and 
ongoing clinical trials. To collect this information, we 
conducted a thorough literature search using the search 
terms SCD and voxelotor in the PubMed and Google 
Scholar databases. Ongoing trials were retrieved from the 
Clinical Trials Registry (https://clinicaltrials.gov/).

Global Blood Therapeutics manufactures voxelotor 
(Oxbryta). Volexotor was first authorized through an ex­
pedited approval process to treat SCD in adults and adole­
scents 12 years of age and older who were tolerant of the 
maximum dosage of HU but did not have anemia.13,19) This 
approval was based on the clinical benefit measured by 
Hb, a biological surrogate endpoint, and a considerable 
decrease in hemolytic markers.20-23)

Pharmacological characteristics of voxelotor

1. Structure
Voxelotor (formerly GBT440) is frequently used to treat 

SCD. Voxelotor and the N-terminal valine of the HbS 
α-chain form a covalent bond, balancing HbS polymeri­
zation and enhancing its oxygen-binding affinity. The 
molecular mass of this medication is 337.4 g/mol, and its 
chemical formula is C19H19N3O3, while its chemical name 
is 2-hydroxy-6 ((2-(1-isopropyl-1H-pyrazol-5-yl) pyridine-3-
yl) methoxy) benzaldehyde.16)

2. Mechanism of action
As shown in Fig. 1, voxelotor changes the oxygen affinity 

of Hb.20) Tight (T) and relaxed (R) Hb correspond to low 
and high ligand-binding affinities, respectively. Voxelotor 
shifts the oxygen affinity of Hb to the left by forming 
a reversible covalent (Schiff base) bond with the αVal1 
nitrogen at the N-terminus of the Hb chain.17) However, it 
differs from other compounds because of the hydrogen 
bond it forms with αSer131 on the alternate α-chain of 
the same Hb tetramer.21) The R-state is maintained by 
a different molecule that ties across the 2 polypeptide 
chains and binds the alternate αVal1 on the second 
α-globin chain of the tetramer. This larger molecule forms 
1:1 instead of 2:1 stoichiometry because it binds Hb more 
quickly and effectively, inhibiting HbS polymerization 
and decreasing serum bilirubin levels.21)

https://clinicaltrials.gov/
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3. Pharmacokinetics
Voxelotor is a well-tolerated drug with a linear PK 

value, even at high doses. It is metabolized in the liver in 
2 phases: oxidation and reduction (phase 1) and glucuro­
nidation (phase 2). It is primarily oxidized in phase 1 by 
the cytochrome P450 (CYP) enzyme CYP3A4 with some 
support from CYP2C19, CYP2B6, and CYP2C9. However, 
while a patient is taking voxelotor, drugs that are me­
tabolized by CYP3A4 (for example, fluconazole) must be 
avoided because of drug interactions.16,22,23) The termi­
nal half-life and bioavailability after the oral administra­
tion of the voxelotor in patients were 19.1 h and 60%, 
respectively.21) A dose-dependent decrease in the partial 
pressure of O2 (Δp20) occurs when voxelotor binds to Hb 
and forms a HbS-voxelotor adduct. In a previous study of 
Δp20, the median percentage of modified Hb on day 28 
was 25% in 11 patients with SCA receiving voxelotor 1,000 
mg/day.17)

4. Pharmacodynamics
In 2019, Hutchaleelaha et al.17) used a Hemox Analyzer 

(TCS Scientific, New Hope, PA, USA) to determine changes 
in Hb oxygen affinity and oxygen equilibrium curves. 
After being collected in vacutainers filled with sodium 
citrate, the samples were examined to determine their 
Δp20 and Δp50 values. According to the authors, voxelotor 
caused a dose-dependent expansion in oxygen affinity 
and modified Δp50.

5. Preclinical studies
According to studies conducted by Patel et al. in 201324) 

and 2014,25) deoxygenated samples of blood that were 
incubated with voxelotor had longer RBC half-lives, as 
the drug was able to decrease hemolysis and whole-blood 
viscosity and reduce RBC deformability. These findings 
highlight the significance of HbS polymerization and 
sickling in compromised RBC functionality and survival 
in SCD. Blood deoxygenated and treated with voxelotor 
showed improved viscosity compared to untreated deoxy­
genated and oxygenated blood. These findings suggest 
that increasing the oxygen affinity of RBCs helps reduce 
the amount of time spent by RBCs in the most hypoxic 
environment and improves its rheology.26)

In 2016, Oksenberg et al.23) demonstrated that GBT440 
(voxelotor) binds particularly to Hb and that the RBC: 
plasma ratio was 150:1 in various animal species. At 2-hour 
postadministration, the rates of HbS deoxygenated in 
vitro without preincubation with voxelotor and stoichio­
metrically with voxelotor were 76% and 17%, respectively. 
Oxygen affinity was demonstrated to be dependent on 
voxelotor concentration. This substantial shift in affinity 
is expected to prevent HbS polymerization and sickling 
in hypoxic environments. This was demonstrated by 
the fact that the presence of 20%–30% modified HbS 
increased the polymerization delay time from 9 minutes 
to 18–22 minutes, which was equivalent to the known 
effect of the same concentration of HbF on delay time.23)

GBT440 also prolonged the half-life of RBCs, reduced 
the number of reticulocytes, and prevented ex vivo RBC 
sickling in a murine model of SCD in which mice were 
given 100–150 mg/kg of the drug through oral gavage 
for 9–12 days. These findings suggested the possibility of 
once-daily dosing of GBT440 for individuals with high 
therapeutic safety.23)

In 2018, Dufu et al.16) examined the mechanical and 
rheological properties of GBT440-treated sickle RBCs 
(SS-RBCs). They found that GBT440 treatment retained 
the SS-RBCs’ deformability and improved blood viscosity 
by preventing HbS polymerization under deoxygenated 
conditions. They also found voxelotor-modified HbS as 
helpful as HbF since it defers HbS polymerization, sup­
porting the development of GBT440 as a disease-modify­
ing drug for patients with SCD.

In vitro tests using blood samples from patients with 
SCD and in vivo animal studies supported the possi­
bility of once-daily treatment with voxelotor, which has 
a suitable half-life and is highly specific to Hb.16) Addi­
tionally, voxelotor lowers blood viscosity, lengthens RBC 
half-life, decreases HbS sickling, eliminates sickled RBC 
deformities, and has a good linear PK-PD relationship.16,17,23)

voxelotor

Shifting the tight and R quaternary

voxelotor

Fig. 1. Mechanism of action of voxelotor. Hb, hemoglobin; HbS, 
hemoglobin S; RBCs, red blood cells.
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baseline to 72 weeks in the voxelotor 1,500 mg versus 
placebo group. They demonstrated that an increase in 
Hb level was inversely linked to a decrease in VOC oc­
currences. Seven patients aged 22–67 years were treated 
with 900 mg of voxelotor once daily with the possibility of 
increasing the dose to 1,500 mg for 6–17 months according 
to a case series published by Blyden et al.29) Except for 
diarrhea in 2 patients taking 1,500 mg of voxelotor daily, 
there have been no reports of voxelotor side effects. 
During treatment, 2 patients with organ damage died, but 
this was unrelated to voxelotor therapy.

In 2020, Herity et al.20) examined the pharmacological 
properties, clinical data, and use of voxelotor to treat 
patients with SCD using data from 3 clinical trials, case 
reports, and series (phase 1). The authors identified 3 drugs 
authorized for managing SCD and related complications; 
however, these drugs did not specifically improve the 
underlying condition. According to the authors, the novel 
drug voxelotor targeted the pathophysiology of SCD and 
was generally well-tolerated.

The four-part, phase 2a, open-label, single- and multiple-
dose HOPE-KIDS-1 trial conducted by Estepp et al.30) is 
currently underway to evaluate the PK, efficacy, and 
safety of voxelotor, has released its preliminary findings. 
Forty-five patients aged 4–11 years with SCD were included 
in the study cohort and treated with voxelotor for up to 
48 weeks. Of them, 34 had their Hb response efficacy 
endpoint defined as an increase in Hb of >1 mg/dL from 
baseline to 24 weeks. The findings revealed that 47% (n=16 
of 34) of the cases had a Hb response (>1 mg/dL increase) 
at week 24, while 35% (12 of 34) and 21% (7 of 34) of the 
cases had Hb increases of >1.5 and >2.0 g/dL from baseline, 
respectively.30)

Muschick et al.31) retrospectively assessed the hema­
tologic response to voxelotor therapy in 77 patients aged 
12–70 years (mean age, 30.4 years) with SCD. Of them, 23 
(30%) were younger than 21 years of age. Most patients 
(86%) with the homozygous HbSS genotype also received 
HU. The duration of voxelotor therapy ranged from 1.9 
to 17 months (mean duration, 9.7 months), and 74 pati­
ents received a once-daily dose of 1,500 mg voxelotor. 
All patients showed a favorable response as indicated 
by a significant increase in Hb levels and decline in reti­
culocyte percentage and total bilirubin from baseline. 
More significant improvement was seen with concurrent 
HU than voxelotor therapy alone, suggesting a comple­
mentary effect.

By examining the claims data from patients with SCD in 
regular clinical practice in 2019–2021, Shah et al.32) assessed 
the practical efficacy of voxelotor for the treatment of 
patients with SCD using a nationwide medical claim 
dataset (N=3,128). The authors found that 60.8% of patients 

6. Clinical studies
In a double-blind randomized controlled trial (RCT), the 

safety and efficacy of voxelotor was compared between 40 
healthy volunteers and 8 patients with SCD. The healthy 
volunteers were randomized and administered a single 
dose of voxelotor in ascending doses of 100, 400, 1,000, 
2,000, or 2,800 mg or placebo, while the 8 patients with 
SCD were administered voxelotor 1,000 mg/day.17) With a 
half-life range of 61±7 to 85±7 hours and a linear PK profile, 
voxelotor was easily tolerated. A 38.9% Hb modification 
was noted after 15 days of treatment with 900 mg of 
voxelotor. The terminal half-life of voxelotor (50±3 hours) 
was shorter in patients with SCD than in healthy persons. 
The results of erythropoietin (EPO) testing, exercise 
testing, and hematological parameters indicated normal 
oxygen delivery at rest and during exercise. A change in 
the affinity of Hb for oxygen is linked to its PK, resulting in 
a therapeutic window of 20%–30%.17)

The phase 3 double-blind HOPE RCT compared the 
safety and efficacy of 2 doses of voxelotor in 274 patients 
aged 12–65 years. One group was randomly chosen to 
receive a placebo, while the other group was given 900 
or 1,500 mg of voxelotor once daily.13) Compared with 
patients in the placebo group, 51.1% of those receiving 
the higher voxelotor dose had significantly higher Hb 
levels after 24 weeks of treatment. The participants in the 
placebo (26%) and voxelotor (23%) groups experienced 
the same rate of adverse drug reactions (26% in patients 
taking 1,500 mg vs. 23% in those taking 900 mg).13) The 
important clinical studies are summarized in Table 1.

Howard et al.27) conducted a phase 1/2 study of healthy 
volunteers and patients with SCD to evaluate the PK and 
PD properties, safety, and tolerability of voxelotor by 
assessing the clinical measures of anemia, hemolysis 
events, and the percentage of sickled RBCs. For 28 days, 
voxelotor (500, 700, or 1,000 mg) or placebo was admini­
stered once daily to 38 patients with SCD. Sixteen patients 
received either 700 or 900 mg of voxelotor or placebo for 
90 days. After 90 days, 4 patients from the group were 
included in a 6-month extension study in which they 
received daily treatment with 900 mg of oral voxelotor. 
Every individual who used voxelotor for more than 28 
days at any dose exhibited notable hematological impro­
vements, such as elevated Hb levels, decreased hemolysis, 
and fewer sickled RBCs. There was no evidence of tissue 
hypoxia during exercise or adverse effects on oxygen 
uptake threshold, RBC count, or heart rate at normal or 
intense treatment levels.27)

In a longitudinal follow-up study of HOPE trial patients, 
Howard et al.28) reported significant improvement in 
Hb concentration and decreased VOCs, pain crises, and 
hemolytic markers (bilirubin and reticulocytes) from 
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Table 1. Important clinical studies of voxelotor use for treating sickle cell disease
Study Location Study design Sample size Study population Inter-vention Objectives Results Side effects

Vichinsky et 
al.13) 2019 

Multicenter HOPE trial - phase 
3 randomized, 
double-blind, 
placebo-con ­
trolled trial

274 Confirmed SCD pa­
tients aged 12–65 
yr (median: 24 yr) 
with Hb of 5.5–
10.5 g/dL at enrol­
ment, and one 
and 10 VOCs in 
the previous 12 
mo

Group 1: voxelotor 
1, 5 0 0 m g O D 
(n=90), group 2: 
voxelotor 900 mg 
OD (n=92), group 
3: placebo (n=92)

Percentage of pa­
tients showing 
Hb response 
(>1.0 g/dL incre­
ase from base­
line at week 24)

The response rate was 51% 
in group 1 vs. 7% in group 
3 (P<0.001). Significant de­
crease in markers of he­
molysis (indirect bilirubin; 
P<0.001 & reticulocyte 
count (P<0.001) at week 24. 
The annual VOCs were 2.77 
vs. 2.76 vs. 3.19

Common side ef­
fects (headache, 
diarrhea, and 
nausea) were si­
milar (26% in 
group 1 vs. 23% 
in group 2 & 26% 
in group 3)

Hutchaleelaha 
et al.17) 2019 

USA, UK Phase 1/2, dou­
ble-blind, rando­
mized, placebo-
controlled trial, 
3-part study, 
single ascend­
ing dose design

40 Healthy vol­
unteers and 8 
SCD patients

Healthy volunteers 
(18–55 yr) old SCD 
patients (18–60 
yr) 

Voxelotor (100, 400, 
1,000, 2,000, or 
2,800 mg) to heal­
thy volunte ers 
and 1,000 mg to 
SCD patients. 
Each cohort rece­
ived voxelotor (6) 
or placebo (2)

Safety, tolerability, 
PK, and PD in 
healthy volunte­
ers and SCD pa­
tients

Hb modification with voxelo­
tor (900 mg) was 38%±9%. 
It showed a linear PK and 
half-life of 61±7 hr to 85 ±7 
hr. The half-life in SCD (50±3 
hr) was shorter than in 
healthy volunteers.

Well tolerated with 
no dose-limiting 
toxicities. 

Howard et al.27) 
2019

UK Phase 1/2, dou­
ble-blind, rando­
mized, placebo-
controlled trial, 
3-part study, 
single ascend­
ing dose design

38 Patients receiv­
ed voxelotor for 
28 day and 16 
patients for 90 
day

SCD patients aged 
18 – 6 0 y r  and 
weighing >50 kg 

Voxelotor multiple 
doses (500, 700, 
or 1,000 mg) for 
28 day and multi­
ple doses (700 or 
900 mg) for 90 
day

Safety, tolerability, 
PK, and PD in 
SCD patients

Voxelotor therapy for ≥28 
day resulted in an increase 
in Hb and reduction in 
markers of hemolysis and 
percentage of sickled red 
cells

Well tolerated with 
no treatment-
related serious 
adverse events

Howard et al.28) 
2021 

Multicenter, 
60 clinical 
sites

72-Wk follow-up 
of HOPE trial

274 Confirmed SCD pa­
tients aged 12–65 
yr (median: 24 yr) 
with Hb of 5·5-10·5 
g/dL at enrolment, 
and one and 10 
VOCs in the pre­
vious 12 months

Group 1: voxelotor 
1, 5 0 0 m g O D 
(n=90), group 2: 
voxelotor 900 mg 
OD (n=92), group 
3: placebo (n=92)

Long-term effi­
cacy (change in 
Hb from base­
line, markers of 
hemolysis, VOC 
events) and sa­
fety at 72 wk of 
voxelotor the ­
rapy 

89% of patients in group 1 
had an increase in Hb of ≥1 
g/dL vs. 25% in group 3 
(P<0.001) at week 72. A sig­
nificant decline in hemoly­
sis markers (indirect biliru­
bin, reticulocyte, LDH) was 
seen with a nonsignificant 
decrease in VOCs

Infrequent (<10%); 
grade 3 or 4 ad­
verse events. 
Anemia was seen 
in 2 patients of 
group 1, 7 of 
group 2, and 3 
patients of group 
3)

Estepp et al.30) 

2021 
Multicenter 

(15 study 
sites in the 
USA, UK & 
Lebanon)

(HOPE-KIDS 1)
Four-part, phase 

2a, open-label, 
single and mul­
tiple-dose trial

45 Children with 
SCD

Pediatric patients 
with SCD aged 
4–11 yr (median 7 
yr) with Hb ≤10.5 
g/dL at baseline

Voxelotor equival­
ent to 1,500 mg 
OD

To evaluate PK, 
hematological 
response, and 
safety

47% Achieved Hb response 
(>1 g/dL increase in Hb)

Markers of hemolysis were 
decreased (mean change 
at week 24: -28.6% indirect 
bilirubin, -2.6% LDH, & 
-3.3% reticulocytes). The 
half-life was 27.2 hr.

The most common 
side effects were 
diarrhea (11%), 
vomiting (11%), & 
rash (9%). No 
grade 3 or 4 side 
effects or deaths 
were observed.

Muschick et 
al.31) 2022 

USA Single-center re­
t r o s p e c t i v e 
chart review

77 Confirmed SCD pa­
tients aged 12–70 
yr (mean age, 30.4 
yr). 30% were <21 
yr of age 

Voxelotor 1,500 
mg/day or equiv­
alent (mean dura­
t i o n ,  9 .7  m o; 
range, 1.9–17 mo)

Hematological 
res ponse and 
quality-of-life in 
SCD patients

All patients showed favo­
rable responses suggested 
by increased Hb (mean 
increase of 1.49 g/dL), de­
creased total bilirubin and 
reticulocytes, and subjec­
tive clinical improvement

4 Patients reported 
mild side effects 
requiring dose 
modification: di­
arrhea (n=2), rash 
(n=1), and fever 
(n=1)

Phan et al.39) 

2023 
USA Open-label, sin­

gle-arm, longi­
tudinal inter­
ventional pilot 
study

10 Conf irmed SCD 
patients aged 12–
24 yr

Voxelotor 1,500 mg 
once a day.

Cardiopulmonary 
exercise test be­
fore & after vo­
xelotor

Exercise capacity 
measured by 
change in peak 
oxygen consump­
tion (VO2)

All patients showed an Hb 
rise (mean rise +1.6 g/dL). 
Changes in peak VO2 
ranged from -12.8% to 
+11.3% and 9 of 10 patients 
showed no improvement

Shah et al.32) 

2022
USA Retrospective 

review of na­
tional medical 
claims data ­
base

3,128 Confirmed SCD pa­
tients aged ≥12 yr 
(mean, 34.7 yr) 
who started voxe­
lotor therapy from 
November 2019 
to June 2021

Effectiveness of 
voxelotor in SCD 
patients in clini­
cal practice

60.8% Showed a>1 g/dL 
increase in Hb (n=74). The 
mean transfusion rate/
patient-year decreased by 
52% in patients requiring 
≥1 transfusion (n=190). The 
mean number of VOCs 
decreased by 23% in pa­
tients with ≥1 VOCs (n= 
1,065), 

SCD, sickle cell disease; Hb, hemoglobin; VOC, vaso-occlusive crisis; PK, pharmacokinetics; PD, pharmacodynamics; OD, Once daily; LDH, Lactate dehydrogenase.
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Another concern has been raised regarding the poten­
tial for increased viscosity due to elevated hematocrit 
levels. SCD transfusion procedures and the well-known 
risk of "over-transfusing" to Hb >10 g/dL are the main 
causes of this problem. To determine the involved risks, 
data were examined from a subanalysis of the Stroke 
Prevention Trial in Sickle Cell Anemia 2 (STOP2) trial 
that focused on the effect of Hb level on the risk of stroke 
following the cessation of transfusions. However, the trial 
results contradicted this assertion by showing a negative 
relationship between Hb and transcranial Doppler (TCD) 
velocity after the transfusions ceased. Although these 
results are encouraging, it is difficult to pinpoint the exact 
cause or degree of Hb increase in patients from the STOP2 
trial versus those treated with voxelotor.38)

Phan et al.39) conducted a recent pilot study examining 
the impact of voxelotor on exercise capacity in 10 patients 
with SCA and high HbF levels who were 12 years of age 
or older and stable on HU therapy. Cardiopulmonary ex­
ercise testing (CPET) was used to assess each subject's 
ability to exercise before and after 8 weeks of daily 1,500 
mg voxelotor therapy. The subjects' hematologic para­
meters were evaluated before each CPET session. While 
voxelotor therapy improved their hematologic parame­
ters, 9 of the patients showed no improvement in peak 
oxygen consumption. The authors concluded that their 
oxygen delivery may have been limited due to an altered 
oxygen dissociation curve, which might have contributed 
to the lack of improvement in exercise capacity in the 
patients with SCA treated with voxelotor.

Regarding the adverse effects of voxelotor, Vichinsky 
et al.13) and Hutchaleelaha et al.17) found that voxelotor 
was rapidly absorbed and well-tolerated with a similar 
incidence of adverse drug reactions in both groups. A 
few other studies reported minor adverse effects, such as 
headache, diarrhea, abdominal cramps, rash,27) headache 
and loose stools,28) diarrhea,29) and headache, diarrhea, 
nausea, and arthralgia.20) Estepp et al.30) concluded that 
voxelotor was well-tolerated even by younger patients 
(up to 4 years old). Muschick et al.31) also reported that the 
adverse effects were infrequent, mild, and self-limiting 
and disappeared with dose adjustments.

Future directives

The HOPE trial of voxelotor showed promising results. 
Voxelotor dispersible pills resulted in rapid and sustained 
Hb formation as well as reduced hemolysis. The FDA pro­
vided review permission to use voxelotor in tablet form. 
According to an FDA-released official statement, ongoing 
research on voxelotor can confirm that Hb and oxygen-

had an increase in Hb >1 g/dL after starting voxelotor, 
while those who received more than one transfusion 
before therapy (n=190) experienced a 52% decrease in 
mean transfusion rate per patient-year. Decreases in 
mean VOC frequency (-23%), length of stay (-30%), usage of 
iron chelation (-46%), and prescribed opioids (-13%) were 
seen in patients having one of the related events (n=1,065). 
These results support the hypothesis that voxelotor can 
lower VOCs and transfusions in clinical settings.

Brown et al.33) conducted one-time semi-structured 
interviews of adults, children, and caregivers to learn 
more about the experiences and perspectives of patients 
with SCD receiving voxelotor treatment. They discovered 
that nearly all patients reported improvements in their 
self-reported health-related quality-of-life and voxelotor-
treated SCD symptoms, particularly fatigue, jaundice, and 
pain crises.

Safety concerns of voxelotor

Despite showing favorable hematologic responses and 
improved rheology in many preclinical and clinical stud­
ies, concerns persist regarding the safety of voxelotor.20) 
First, the extreme leftward shift in the oxygen dissocia­
tion curve could reduce the tissue's oxygen supply. Owing 
to its strong oxygen affinity to bind oxygen (at high partial 
pressure) in pulmonary capillaries and its weak oxygen 
affinity to release oxygen at the lower partial pressure 
of active tissues, Hb can bind and release oxygen very 
efficiently.34)

Preclinical data from voxelotor analogs suggest that 
the p50 for altered Hb would be shifted as far as, or 
even more than, that of HbF during drug development. 
Therefore, some have questioned whether a targeted 30% 
modification could further reduce oxygen delivery in a 
patient population already experiencing reduced tissue 
oxygen delivery due to severe anemia by another 30%, 
particularly in the context of exertion or acute respiratory 
failure. However, a true drop in the functional oxygen 
content of this magnitude could significantly increase the 
risk of stroke in individuals already at high risk of stroke 
due to sickle cell-related cerebrovascular illness.35-37)

Although p50 showed a significant reduction (>80%) in 
voxelotor-modified HbS, this remains a valid concern. 
Many researchers have recognized this concern, which 
has been addressed by including EPO in preclinical 
studies and clinical trials. Because EPO is a biomarker of 
oxygen delivery, patients receiving voxelotor treatment 
may have some degree of reduced oxygenation that could 
require shunting. All 3 stages of pharmacological develop­
ment conform from this perspective.34)
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binding affinity provide a clinical benefit.21) Nearly 12 
ongoing clinical trials have evaluated the tolerability, 
effectiveness, and pharmacological profile of voxelotor 
for managing SCD and SCA in adults and children. These 
important ongoing trials are summarized in Table 2.

To determine how voxelotor affects cerebral hemodyna­
mics in patients aged 4–30 years with SCD and SCA, an 
open-label single-arm trial called the effect of VoxSCAN 
(voxelotor on Cerebral Hemodynamic Response in Child­
ren with Sickle Cell Anemia) was planned. For 12 weeks, 
qualified individuals were administered a daily dose of 
1,500 mg of voxelotor. Four and 12 weeks later, alterations 
in cerebral blood flow, oxygen extraction fraction, and 
cerebral metabolic rate of oxygen were assessed.40)

The Open-Label Extension of Voxelotor is a phase 3 trial 
enrolling more than 600 participants with SCD at over 
70 clinical sites globally. All patients with SCD aged 6 
months to 18 years will be recruited and will receive once-
daily oral voxelotor. This trial will evaluate the safety of 
voxelotor and complications related to SCD in patients 
receiving long-term voxelotor.41)

Another open-label extension study, named 034OLE 
(GBT440-031), aimed to evaluate the long-term safety and 

therapeutic effects of voxelotor. Approximately 100 clini­
cal sites are participating, and 435 eligible patients from 
trial GBT440-031 have been recruited. The primary data 
collection started in June 2018, and the study is scheduled 
to be completed in October 2024.42)

The HOPE-Kids-2 trial is a phase 3, double-blind RCT that 
will assess how voxelotor affects TCD readings in children 
with SCD. A total of 224 children with SCD aged 2–15 years 
were recruited and randomly assigned in a 1:1 ratio to 
receive either placebo or voxelotor. The main outcome 
measure is the change in time-averaged maximum mean 
velocity arterial cerebral blood flow as determined by 
TCD at 24 weeks, while the secondary outcome measures 
are changes in TCD flow velocity and various hemolysis 
markers from baseline to 24, 48, and 96 weeks.43)

An open-label multicenter study named "Expanded 
Access Protocol for Pediatric Patients with Sickle Cell 
Disease Who Have No Alternative Treatment Options" 
is planned to provide early access to voxelotor therapy 
among pediatric patients with SCD aged 6 months to 11 
years before market authorization. Oral voxelotor will 
be administered once daily at a weight-based dosage to 
children who are ineligible to participate in voxelotor trials 

Table 2. Ongoing trials evaluating voxelotor

Trial Country Status Study design Sample 
size Study population Intervention Objective Endpoints

VoxSCAN 
  (NCT05 018728)39)

United States Recruiting, esti­
mated primary 
completion: Dec 
2024

Phase 2, open-
label, interven­
tion study

50 Confirmed SCD 
patients aged 4– 
30 years with Hb 
≤10.5 g/dL at 
baseline

Voxelotor 1,500 
mg once a day or 
weight-adjusted 
equivalent dose 
for 12 wk

To assess voxelotor’s 
effects on cerebral 
hemodynamics

Primary: change in cerebral 
blood flow, oxygen extrac­
tion fraction, and cerebral 
metabolic rate of oxygen at 
4 and 12 wk

Secondary: change in Hb 
and RBC content at 4 & 12 
wk

Open-Label Exten­
sion Study of Vo­
xelotor 

   (NCT041 88509)40)

Multicenter 
(25 sites)

Recruiting, esti­
mated primary 
completion: Mar 
2028

Phase 3, inter­
vention, open-
label extension 
study

300 SCD patients aged 
6 mo to 18 yr, who 
received the drug 
in a voxelotor 
study

Voxelotor 1,500 
mg once a day or 
equivalent dose

Safety and SCD-related 
complications of long-
term Voxelotor the­
rapy

Primary: treatment-emer­
gent adverse events and 
serious adverse events; 
frequency of SCD-related 
complications

Open-Label Exten­
sion Study of Vo­
xelotor 034OLE 

   (NCT03573882)41)

Multicenter 
(globally 100 
sites)

Active, not recruit­
ing, estimated 
primary comple­
tion: Mar 2028

Phase 3, inter­
vention, open-
label extension 
study

435 Participants from 
GBT440-031 who 
have completed 
72 wk of treat­
ment 

Voxelotor 900 or 
1,500 mg once a 
day

Long-term safety and 
effects of voxelotor in 
participants who have 
completed treatment 
in study GBT440-031

Primary: treatment-related 
adverse effects; frequency 
of SCD-related complica­
tions

Secondary: response in he­
molytic anemia

HOPE-KIDS 2 
   (NCT04218084)42)

Multicenter 
(globally 51 
sites)

Active, not recrui­
ting, estimated 
primary com ­
pletion: Jan 2025

Phase 3, rando­
mized, double-
blind placebo-
controlled trial

236 Confirmed SCD pa­
tients aged 2–14 
years

Randomized 1:1 to 
receive voxelotor 
1,500 mg (or 
equivalent) once 
a day or a match­
ing placebo

Effect of Voxelotor on 
transcranial Doppler 
(TCD) flow measure­
ments

Primary: change in TCD 
measurement (24 wk)

Secondary: change in TCD 
flow velocity (FV), conver­
sion to abnormal FV, rever­
sion to normal FV, TCD FV 
reduction ≥15 cm/sec, Hb 
level, and measures of 
hemolysis

Expanded access 
protocol for ad­
ults and pediatric 
patients 

   (NCT04724421)43)

37 Locations 
in the United 
States and 
Brazil

Available Expanded access 
protocol

All eligible 
patients

Confirmed SCD pa­
tients aged 6 mo 
to 11 yr

Voxelotor (weight-
adjusted dose)

To provide Voxelotor 
for the treatment of 
SCD in pediatric pa­
tients who have no 
alternative treatment 
options

Expanded access to voxelo­
tor

SCD, sickle cell disease.
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and have no other available treatment options. The mana­
gement of the participants will follow standard protocols 
for SCD, and regular clinical and laboratory assessments 
will be performed every 12 weeks during routine visits. A 
safety follow-up appointment is scheduled for 28±7 days 
following the last voxelotor dose.44)

Conclusion

The recently approved HbS polymerization inhibitor 
voxelotor has the potential to treat SCD in adults and 
children aged 4 years and older. According to published 
data, voxelotor can be used as a disease-modifying drug 
to treat SCD. We hope that the results of the ongoing 
trials will demonstrate its advantageous role in younger 
children as well. Voxelotor lowers hemolysis-related la­
boratory markers while increasing Hb levels. Moreover, it 
works well and is safe when used alone or in conjunction 
with HU. However, long-term safety and efficacy data 
are required to fully understand the role of voxelotor in 
managing SCD.
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