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ABSTRACT

BACKGROUND
Deoxygenated sickle hemoglobin (HbS) polymerization drives the pathophysiology of sickle
cell disease. Therefore, direct inhibition of HbS polymerization has potential to favorably
modify disease outcomes. Voxelotor is an HbS polymerization inhibitor.

METHODS

In a multicenter, phase 3, double-blind, randomized, placebo-controlled trial, we compared
the efficacy and safety of two dose levels of voxelotor (1500 mg and 900 mg, administered
orally once daily) with placebo in persons with sickle cell disease. The primary end point was
the percentage of participants who had a hemoglobin response, which was defined as an in-
crease of more than 1.0 g per deciliter from baseline at week 24 in the intention-to-treat analysis.

RESULTS

A total of 274 participants were randomly assigned in a 1:1:1 ratio to receive a once-daily oral
dose of 1500 mg of voxelotor, 900 mg of voxelotor, or placebo. Most participants had sickle cell
anemia (homozygous hemoglobin S or hemoglobin SB°-thalassemia), and approximately two
thirds were receiving hydroxyurea at baseline. In the intention-to-treat analysis, a significantly
higher percentage of participants had a hemoglobin response in the 1500-mg voxelotor group
(51%j; 95% confidence interval [CI], 41 to 61) than in the placebo group (7%; 95% CI, 1 to 12).
Anemia worsened between baseline and week 24 in fewer participants in each voxelotor dose
group than in those receiving placebo. At week 24, the 1500-mg voxelotor group had signifi-
cantly greater reductions from baseline in the indirect bilirubin level and percentage of reticu-
locytes than the placebo group. The percentage of participants with an adverse event that oc-
curred or worsened during the treatment period was similar across the trial groups. Adverse
events of at least grade 3 occurred in 26% of the participants in the 1500-mg voxelotor group,
23% in the 900-mg voxelotor group, and 26% in the placebo group. Most adverse events were
not related to the trial drug or placebo, as determined by the investigators.

CONCLUSIONS
In this phase 3 randomized, placebo-controlled trial involving participants with sickle cell
disease, voxelotor significantly increased hemoglobin levels and reduced markers of hemoly-
sis. These findings are consistent with inhibition of HbS polymerization and indicate a dis-
ease-modifying potential. (Funded by Global Blood Therapeutics; HOPE ClinicalTrials.gov
number, NCT03036813.)

N ENGL) MED 381;6 NEJM.ORG AUGUST 8, 2019

The New England Journal of Medicine

The authors’ affiliations are listed in the
Appendix. Address reprint requests to
Dr. Vichinsky at the UCSF Benioff Chil-
dren’s Hospital Oakland, 747 52nd St.,
Oakland, CA 94609, or at evichinsky@
mail.cho.org.

*A complete list of the investigators in the
HOPE trial is provided in the Supplemen-
tary Appendix, available at NEJM.org.

This article was published on June 14, 2019,
at NEJM.org.

N Engl ) Med 2019;381:509-19.
DOI: 10.1056/NEJMo0al903212
Copyright © 2019 Massachusetts Medical Society.

509

Downloaded from nejm.org on December 28, 2021. For persona use only. No other uses without permission.

Copyright © 2019 Massachusetts Medical Society. All rights reserved.




A Quick Take is

510

available at
NEJM.org

The NEW ENGLAND JOURNAL of MEDICINE

ICKLE CELL DISEASE AFFECTS APPROXI-
mately 100,000 persons in the United
States and reduces life expectancy by ap-
proximately 30 years.! The disease is caused by a
single amino acid substitution resulting in the
production of sickle hemoglobin (HbS).> HbS
polymerizes when deoxygenated, resulting in
red-cell sickling and membrane damage.>* These
abnormalities lead to hemolysis, chronic ane-
mia, inflammation, and vaso-occlusion, which
cause the acute and chronic manifestations of
sickle cell disease.>® Chronic hemolysis and ane-
mia result in vascular damage and tissue hy-
poxia, which contribute to multiorgan damage
and an increased risk of death.*” Although two
medications approved by the Food and Drug
Administration are available (hydroxyurea and
L-glutamine [USAN, glutamine]),®° chronic med-
ical complications and early death in persons
with sickle cell disease remain a substantial
burden. In particular, chronic organ dysfunction
has become a leading cause of death in adults
with sickle cell disease in the United States.’®!!
Deoxygenated HbS polymerization drives the
molecular pathogenesis of sickle cell disease;
thus, inhibiting HbS polymerization in red cells
could have a disease-modifying effect. Because
the rate of HbS polymerization is extremely sen-
sitive to deoxygenated HbS concentration, small
changes in concentration can have substantial
effects on polymerization.'*'* This hypothesis is
supported by the absence of symptoms of sickle
cell disease in persons who are compound het-
erozygotes for HbS and deletional hereditary
persistence of fetal hemoglobin, who have anti-
sickling fetal hemoglobin levels of approximate-
ly 30%.1
Voxelotor is an HbS polymerization inhibitor
that reversibly binds to hemoglobin to stabilize
the oxygenated hemoglobin state.*'> Once-daily
oral administration of voxelotor has been shown
to reduce red-cell sickling and blood viscosity and
improve red-cell deformability in vitro**® and to
extend red-cell half-life and reduce anemia and
hemolysis in vivo.’>' In a phase 1/2 trial, voxelo-
tor showed favorable pharmacokinetics and dose-
dependent increases in hemoglobin—oxygen af-
finity; daily doses of up to 1000 mg for 28 days
and 900 mg for at least 90 days were associated
with only low-grade toxic effects in persons with
sickle cell disease.” The phase 3 HOPE (Hemo-
globin Oxygen Affinity Modulation to Inhibit HbS
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Polymerization) trial was designed to evaluate
the efficacy and safety of voxelotor, as compared
with placebo, in adolescents and adults with
sickle cell disease.

METHODS

TRIAL DESIGN AND OVERSIGHT

The phase 3 HOPE trial is an international, multi-
center, randomized, placebo-controlled, double-
blind, parallel-group trial. Global Blood Therapeu-
tics, the trial sponsor, provided the investigational
agent and collaborated with academic investiga-
tors on the design of the trial and the analysis
and interpretation of the data. All the authors
vouch for the accuracy and completeness of the
data and for the fidelity of the trial to the proto-
col, available with the full text of this article at
NEJM.org. This trial was conducted in accor-
dance with the International Conference on
Harmonisation for Good Clinical Practice guide-
lines, the principles of the Declaration of Hel-
sinki, and all applicable country-specific regula-
tory guidelines. The conduct of the trial was
overseen by IQVIA, a contract research organiza-
tion, and an independent data and safety moni-
toring board performed periodic assessments.
Written informed consent was obtained from
the adult participants (18 to 65 years of age) and
from the parents or guardians of the adolescent
participants (12 to 17 years of age). The protocol
and consent form were approved by an indepen-
dent ethics committee at each participating trial
site. All drafts of the manuscript were prepared
by the authors, with writing assistance from a
medical writer funded by the sponsor. The spon-
sor and all authors and institutions agreed to data
confidentiality during manuscript development.

PARTICIPANTS

Eligible participants were between 12 and 65
years of age, had confirmed sickle cell disease
(homozygous hemoglobin S, sickle hemoglobin
C disease, hemoglobin SB-thalassemia, or other
genotypic variants of sickle cell disease), had a
hemoglobin level between 5.5 and 10.5 g per
deciliter during screening, and had had 1 to 10
vaso-occlusive crises in the past 12 months (de-
fined as acute painful crisis or acute chest syn-
drome for which there was no explanation other
than vaso-occlusive crisis and that met the pro-
tocol-specified criteria [see the Supplementary
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Appendix, available at NEJM.org]). Participants
who were receiving hydroxyurea at a dose that
had been stable for at least 3 months before they
provided informed consent were eligible. Partici-
pants who were receiving regular red-cell trans-
fusion therapy, had received a transfusion in the
past 60 days, or had been hospitalized for vaso-
occlusive crisis within 14 days before providing
informed consent were excluded. Participants
could be rescreened at the discretion of an inves-
tigator.

TRIAL REGIMEN

Participants were randomly assigned in a 1:1:1
ratio to receive a once-daily oral dose of 1500 mg
of voxelotor, 900 mg of voxelotor, or placebo. The
trial included a screening period (28 to 35 days),
a treatment period (up to 72 weeks), and an end-
of-trial visit at 4 weeks (range, 3 to 5) after the
last dose of the trial drug or placebo. Stratifica-
tion factors included hydroxyurea use (yes or no),
geographic region (North America, Europe, or
other), and age (adolescent [12 to 17 years] or adult
[18 to 65 years]).

END POINTS AND ASSESSMENTS

The primary end point was the percentage of par-
ticipants who had a hemoglobin response, which
was defined as an increase from baseline of more
than 1.0 g per deciliter at week 24. Secondary end
points included the change in hemoglobin level
from baseline to week 24, laboratory markers as-
sociated with hemolysis (indirect bilirubin level,
absolute reticulocyte count and percentage of
reticulocytes, and lactate dehydrogenase level),
and the annualized incidence rate of vaso-occlusive
crisis. Clinical assessments were performed at
screening, at baseline, every 2 weeks for the first
8 weeks of the treatment period, every 4 weeks
up to week 24, and every 3 months until the end
of the treatment period. Serum erythropoietin lev-
els were assessed at baseline and every 3 months
until the end of the treatment period. All labo-
ratory studies were performed at a central labo-
ratory.

Pharmacokinetic and pharmacodynamic mod-
eling was used to correlate voxelotor exposure
and response (e.g., changes in the levels of he-
moglobin and markers of hemolysis). Hemoglo-
bin occupancy was defined as the percentage of
hemoglobin bound by voxelotor, calculated as the
concentration of voxelotor in red cells divided by

the concentration of hemoglobin in red cells, as
previously described.!”®

Participants who received at least one dose of
the trial drug or placebo were assessed for
safety. Adverse events that occurred on or after
initiation of the trial drug or placebo or preexist-
ing adverse events that worsened during the
treatment period for up to 28 days after the last
dose were assessed and graded according to the
National Cancer Institute Common Terminology
Criteria for Adverse Events, version 4.03. The
relationship of an adverse event to the trial drug
or placebo was adjudicated by the investigators.
Adverse events not related to sickle cell disease
and those related to sickle cell disease were tabu-
lated separately. Attribution of an adverse event to
a cause other than a new therapeutic agent may
be inexact.

STATISTICAL ANALYSIS

All participants who underwent randomization
(intention-to-treat population) were included in
the primary efficacy analysis, which was per-
formed when the last trial participant reached
week 24. Two protocol-specified interim analyses
preceded the primary analysis (see the Supple-
mentary Appendix).” To maintain an overall type
I error rate of 5% (two-sided), the Lan—DeMets
alpha-spending function with an O’Brien—Flem-
ing boundary was used to determine the alpha
allocation for the analyses (an alpha level of
0.0481 was used in the primary analysis). A hier-
archical testing procedure was implemented in
the following order until the P value exceeded
0.0481: percentage of participants who had a
hemoglobin response, absolute change in hemo-
globin level, relative change in indirect bilirubin
level, relative change in the percentage of reticu-
locytes, and relative change in lactate dehydroge-
nase level; the comparisons between the 1500-mg
dose and placebo were tested with respect to all
end points before the comparisons between the
900-mg dose and placebo.

The exact Cochran—Mantel-Haenszel test was
used to compare the percentages of participants
who had a hemoglobin response in each voxelo-
tor dose group with the placebo group, with the
same stratification factors as those used for ran-
domization. Baseline values were calculated as
the mean values of the data collected at screen-
ing and on the day of randomization, and the
values at week 24 were calculated as the mean
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values of the data collected at weeks 20 and 24.
If one time point was missing, data from the
other time point were used.

Absolute change in hemoglobin level, relative
change in indirect bilirubin level, absolute re-
ticulocyte count and percentage of reticulocytes,
and lactate dehydrogenase level from baseline to
week 24 were analyzed with the use of a regres-
sion model for repeated measures. Independent
variables included trial-group assignment, trial
visit, interaction between trial-group assignment
and visit, baseline hydroxyurea use, geographic
region, and age group. Intrapatient variability
was modeled with the use of an unstructured
covariance matrix.

In the intention-to-treat analysis, hemoglobin
measurements taken within 8 weeks after red-cell
transfusion were replaced with the last-observed
hemoglobin value before the red-cell transfusion.
Participants who had missing data at weeks 20
and 24, initiated hydroxyurea therapy after base-
line, or received a red-cell transfusion because of
anemia before week 24 were considered not to
have had a hemoglobin response in the primary
end-point analysis. In a per-protocol analysis of
observed hemoglobin response, participants
who completed 24 weeks of the assigned regi-
men and did not initiate hydroxyurea treatment
after randomization and before week 24 were
included; no adjustment was made for red-cell
transfusions.

RESULTS

PARTICIPANTS

From January 2017 through May 2018, a total of
274 participants were enrolled at 60 institutions
across 12 countries — 90 were assigned to the
1500-mg voxelotor group, 92 to the 900-mg
voxelotor group, and 92 to the placebo group
(Fig. 1). Baseline characteristics of the three trial
groups were generally well balanced (Table 1).
Most participants had sickle cell anemia (homozy-
gous hemoglobin S or hemoglobin SB°-thalassemia),
and approximately two thirds were receiving
hydroxyurea at baseline. As of October 31, 2018
(the date of data cutoff for the primary end-point
analysis), the median duration of follow-up was
42.3 weeks (range, 0.1 to 73.3) in the 1500-mg
voxelotor group, 38.1 weeks (range, 4.0 to 72.4)
in the 900-mg voxelotor group, and 37.2 weeks
(range, 8.1 to 72.9) in the placebo group.

HEMOGLOBIN RESPONSE AND MARKERS

OF HEMOLYSIS

In the intention-to-treat analysis, a hemoglobin
response at week 24 was observed in a signifi-
cantly greater percentage of participants in the
1500-mg voxelotor group (51% [46 of 90]; 95%
confidence interval [CI], 41 to 61) than in the
placebo group (7% [6 of 92]; 95% CI, 1 to 12)
(P<0.001). In the 900-mg voxelotor group, 33%
(30 of 92) (95% CI, 23 to 42) had a hemoglobin
response at week 24. In the per-protocol analysis
of observed data, the percentage of participants
who had a hemoglobin response was 59% (44 of
74) in the 1500-mg voxelotor group, 38% (30 of 79)
in the 900-mg voxelotor group, and 9% (7 of 76)
in the placebo group (Fig. 2A). The percentage of
participants who had a hemoglobin response
was higher in the 1500-mg voxelotor group than
in the placebo group, regardless of concurrent
hydroxyurea use or anemia severity at baseline
(Fig. S1 in the Supplementary Appendix). Acute
anemic episodes (defined as a decrease in the he-
moglobin level of >2.0 g per deciliter from baseline
at any time during the trial) occurred in fewer
participants in each voxelotor dose group than
in those receiving placebo, with annualized inci-
dence rates that were lower by a factor of three
for the 1500-mg voxelotor group (0.06 vs. 0.18
episodes per person-year) and by a factor of 4.5
for the 900-mg voxelotor group (0.04 vs. 0.18
episodes per person-year).

In the intention-to-treat analysis, the adjusted
mean change in hemoglobin level from baseline
to week 24 was 1.1 g per deciliter (95% CI, 0.9
to 1.4; P<0.001) in the 1500-mg voxelotor group,
0.6 g per deciliter (95% CI, 0.3 to 0.8) in the
900-mg voxelotor group, and —0.1 g per deciliter
(95% CI, —0.3 to 0.2) in the placebo group
(Fig. 2B). In the per-protocol analysis, the mean
change in hemoglobin level was 1.3 g per decili-
ter in the 1500-mg voxelotor group, 0.7 g per
deciliter in the 900-mg voxelotor group, and 0 g
per deciliter in the placebo group (Fig. S2 in the
Supplementary Appendix). Hemoglobin levels of
at least 10 g per deciliter at week 24 were ob-
served in 41% of the participants in the 1500-mg
voxelotor group, 20% in the 900-mg voxelotor
group, and 9% in the placebo group. The mean
increase in hemoglobin level among the partici-
pants receiving voxelotor was consistent across
patient subgroups, regardless of concurrent hy-
droxyurea use or baseline anemia severity (Table
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449 Patients were as

sessed for eligibility

175 Were excluded
152 Did not meet eligibility criteria
11 Had adverse events

8 Withdrew consent
4 Had other reasons

274 Underwent randomization

90 Were assigned to receive voxelotor,
1500 mg
88 Received voxelotor
2 Did not receive treatment because
of a randomization error

92 Were assigned to receive voxelotor,
900 mg
92 Received voxelotor

92 Were assigned to receive placebo

91 Received placebo
1 Did not receive placebo because
of a randomization error

64 Continued ongoing trial after the
data-cutoff date
24 Discontinued trial
9 Had adverse events
5 Withdrew consent
1 Was withdrawn by investigator
1 Was lost to follow-up
5 Were nonadherent
3 Had other reasons

72 Continued ongoing trial after the
data-cutoff date
19 Discontinued trial
5 Had adverse events
11 Withdrew consent
2 Were withdrawn by investigator
1 Was lost to follow-up
1 Had completed trial through 72 wk
at the data-cutoff date

72 Continued ongoing trial after the
data-cutoff date
19 Discontinued trial
5 Had adverse events
8 Withdrew consent
1 Was withdrawn by investigator
1 Was nonadherent
1 Was pregnant
3 Had other reasons

1 Had completed trial through 72 wk

2 Had completed trial through 72 wk
at the data-cutoff date

l

at the data-cutoff date

l

90 Were included in the primary 92 Were include:

efficacy analysis

efficacy analysis and the safety analysis

92 Were included in the primary
efficacy analysis

d in the primary

88 Were included in the safety analysis

91 Were included in the safety analysis

Figure 1. Screening, Randomization, and Follow-up.

ipant in the trial reached week 24.

Shown is the disposition of the trial participants at the time of the primary analysis, performed when the last partic-

S1 in the Supplementary Appendix). Hemoglobin
occupancy (geometric mean percentage) was
26.5% in the 1500-mg voxelotor group and 17.1%
in the 900-mg voxelotor group.

The decrease in indirect bilirubin level from
baseline to week 24 was significantly greater in
the 1500-mg voxelotor group than in the placebo
group (mean change, —29.1% vs. —3.2%; P<0.001),
and the relative change in the percentage of
reticulocytes was significantly greater in the
1500-mg voxelotor group (a mean decrease of
—19.9%) than in the placebo group (a mean in-
crease of 4.5%) (P<0.001) (Table 2). Absolute re-
ticulocyte count and lactate dehydrogenase level

showed numerical but nonsignificant decreases
from baseline to week 24 with the 1500-mg dose
of voxelotor as compared with placebo (Table 2).
Reductions in these markers from baseline were
observed at several time points (Fig. S3 in the
Supplementary Appendix). All four measures of
hemolysis showed a response that improved
with increasing whole-blood concentrations of
voxelotor.

Although the median baseline erythropoietin
levels were similar across the trial groups, a trend
toward a lower median erythropoietin level was
observed in the 1500-mg voxelotor group through
week 24 (Table S2 in the Supplementary Appen-
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Table 1. Demographic and Clinical Characteristics of the Participants at Baseline.*
Voxelotor, 1500 mg  Voxelotor, 900 mg Placebo

Characteristic (N=90) (N=92) (N=92)
Age —yr

Median 24 24 28

Range 12-59 12-59 12-64
Age group — no. (%)

12to <18 yr 14 (16) 15 (16) 17 (18)

=18 yr 76 (84) 77 (84) 75 (82)
Female sex — no. (%) 58 (64) 51 (55) 50 (54)
Race or ethnic group — no. (%) 1

Black 59 (66) 61 (66) 63 (68)

Arab or Middle Eastern 20 (22) 20 (22) 20 (22)

White 12 (13) 7 (8) 5(5)

Asian 1Q) 1(1) 0

Other 2(2) 5 (5) 6 (7)
Geographic region — no. (%)

North America 34 (38) 36 (39) 35 (38)

Europe 19 (21) 19 (21) 18 (20)

Other 37 (41) 37 (40) 39 (42)
Sickle cell disease genotype — no. (%)

Homozygous hemoglobin S 61 (68) 71 (77) 74 (80)

Hemoglobin SB%thalassemia 18 (20) 13 (14) 11 (12)

Hemoglobin SB*-thalassemia 7 (8) 2(2) 3(3)

Hemoglobin SC 3(3) 2(2) 2(2)

Other variant 1(1) 4 (4) 2(2)
Baseline hemoglobin level — g/dI

Median 8.7 83 8.6

Range 5.9-10.8 5.9-10.8 6.1-10.5
No. of vaso-occlusive crises in the past 12 months —

no. of patients (%)

1 35 (39) 41 (45) 39 (42)

2-10 55 (61) 51 (55) 53 (58)
Patients receiving hydroxyurea at baseline — no. (%) 58 (64) 63 (68) 58 (63)

*

Percentages may not total 100 because of rounding.

* There were no significant between-group differences in demographic and clinical characteristics at baseline.

Race or ethnic group was self-reported; participants could be included in more than one category of race or ethnic group.

dix). No exposure-related increase in the eryth-
ropoietin level was observed in the two voxelotor
dose groups, as compared with the placebo group
(Fig. S4 in the Supplementary Appendix).

The percentages of participants who under-
went red-cell transfusions during the trial period
were similar in the three trial groups (33% in the
1500-mg voxelotor group, 32% in the 900-mg

N ENGLJ MED 381;6

voxelotor group, and 25% in the placebo group).
Most transfusions were performed because of
acute vaso-occlusive crises.

ANNUALIZED INCIDENCE RATE

OF VASO-OCCLUSIVE CRISIS

The annualized adjusted incidence rate of vaso-
occlusive crisis (the number of crises per person-
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A Waterfall Plot of Change in Hemoglobin Level from Baseline to Wk 24
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Figure 2. Change in Hemoglobin Level from Baseline to Week 24.

Panel A shows a waterfall plot of change in hemoglobin level from baseline to week 24 for the 1500-mg dose of
voxelotor, the 900-mg dose of voxelotor, and placebo in the per-protocol analysis that included observed data from
the participants who completed 24 weeks of the assigned regimen and did not initiate hydroxyurea after randomiza-
tion and before week 24; vertical bars in the plot represent individual participants. The percentage of participants
who had a hemoglobin response (defined as an increase in the hemoglobin level of >1.0 g per deciliter from base-
line at week 24) is reported for each trial group. Baseline values were calculated as the mean values of the data col-
lected at screening and on the day of randomization. Values for the response at week 24 were calculated as the
mean values of the data collected at weeks 20 and 24. Panel B shows the least-squares (LS) mean change, with 95%
confidence intervals, in hemoglobin level from baseline to week 24 in the intention-to-treat analysis. The total num-
ber of participants in each trial group represents those who had any data included in the regression model for re-
peated measures (data were not included for two patients in the 1500-mg voxelotor group and one in the placebo
group); the sample sizes varied over time. Laboratory values within 8 weeks after any red-cell transfusion were im-
puted as the last value before the transfusion. Laboratory values obtained after hydroxyurea treatment had been ini-
tiated after randomization were excluded for the participants who had not been receiving hydroxyurea at baseline

(1 participant in the 1500-mg voxelotor group and 3 participants in the placebo group). P<0.001 is for the compari-
son between the 1500-mg voxelotor group and the placebo group at week 24.
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Table 2. Change in the Levels of Hemoglobin and Markers of Hemolysis from Baseline to Week 24.*

Voxelotor, 900 mg Placebo

Voxelotor, 1500 mg

Variable

No. of Change from Baseline
Participantsy

Change from Baseline

No. of
Participants

Change from Baseline

No. of
Participantsi

to Week 243

to Week 243

to Week 243

LS mean (95% Cl)

LS mean (95% Cl)

LS mean (95% Cl)

1.1 (0.9to 1.4)§ 92 0.6 (0.3 to0 0.8) 91 0.1 (-0.3t00.2)

88

Absolute change in hemoglobin

level — g/dI

-29.1 (-35.9 t0 -22.2)§ 38 -20.3 (-27.1to -13.6) 85 -3.2 (-10.1t0 3.8)

85

Relative change in indirect bili-

rubin level — %

4.5 (-4.5 to 13.6)

91

92 -13 (-103t0 7.7)

-19.9 (-29.0 to ~10.9)§

Relative change in percentage

of reticulocytes — %

3.1 (-7.0t0 13.2)

91

5.1 (-4.9to 15.2)

92

8.0 (-18.1t0 2.1)

88

Relative change in absolute

reticulocyte count — %

3.4 (4.0 to 10.9)

87

38 4.5 (-11.9t0 2.8) 90 1.4 (-5.9t0 8.7)

Relative change in lactate dehy-

drogenase level — %

domization were excluded for participants who had not been receiving hydroxyurea at baseline (four participants in the 1500-mg voxelotor group and three participants in the placebo

group). LS denotes least-squares.
7 The number of participants represents those for whom any observations were included in the regression model for repeated measures.

i Baseline values were calculated as the mean values of the data collected at screening and on the day of randomization.

§ P<0.001 for the comparison with placebo.

* Laboratory values within 8 weeks after any red-cell transfusion were imputed as the last value before the transfusion. Laboratory values after hydroxyurea had been initiated after ran-
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year) was 2.77 in the 1500-mg voxelotor group,
2.76 in the 900-mg voxelotor group, and 3.19 in
the placebo group (Table 3). For participants
who had had at least two crises in the past year,
the incidence rate was 2.88 in the 1500-mg
voxelotor group, 3.39 in the 900-mg voxelotor
group, and 3.50 in the placebo group. The per-
centages of participants who had had at least one
vaso-occlusive crisis were 67% in the 1500-mg
voxelotor group, 66% in the 900-mg voxelotor
group, and 69% in the placebo group. A trend of
reduced incidence of crises over time with voxelo-
tor, as compared with placebo, was observed (Fig.
S5 in the Supplementary Appendix). A total of 179
crises occurred in the 1500-mg voxelotor group,
183 occurred in the 900-mg voxelotor group, and
219 occurred in the placebo group.

SAFETY

The median duration of treatment was 42.6 weeks
(range, 4.0 to 73.1) in the 1500-mg voxelotor
group, 38.1 weeks (2.0 to 72.3) in the 900-mg
voxelotor group, and 36.4 weeks (0.3 to 72.7) in
the placebo group. Adverse events not related to
sickle cell disease that occurred or worsened
during the treatment period were reported in 83
of 88 participants (94%) in the 1500-mg voxelo-
tor group, 86 of 92 participants (93%) in the
900-mg voxelotor group, and 81 of 91 partici-
pants (89%) in the placebo group (Table 3). The
most common adverse events, with an incidence
of at least 20%, were headache and diarrhea
(Table 3). The majority of adverse events were
grade 1 or 2; the percentages of participants
who had an adverse event of at least grade 3, a
serious adverse event, and treatment discontinu-
ation because of an adverse event did not differ
substantially among the three trial groups. Most
adverse events were judged by the investigators
to be unrelated to the trial drug or placebo. Ad-
ditional details are provided in Tables S3 and S4
in the Supplementary Appendix.

No substantial differences in the percentages
of participants who had sickle cell disease—related
adverse events among the trial groups were ob-
served (76% [67 of 88] in the 1500-mg voxelotor
group, 73% [67 of 92] in the 900-mg voxelotor
group, and 73% [66 of 91] in the placebo group).
Four participants had fatal adverse events (one
participant in the 1500-mg voxelotor group had
pulmonary sepsis, sickle cell anemia with crisis,
and acute sickle hepatic crisis; one in the 900-mg
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Table 3. Annualized Incidence Rate of Vaso-Occlusive Crisis and the Most Common Adverse Events That Occurred or Worsened during the
Treatment Period.
Voxelotor, 1500 mg Voxelotor, 900 mg Placebo
Variable (N=88) (N=92) (N=91)
Annualized incidence rate of vaso-occlusive crisis — no. of 2.77 (2.15 t0 3.57) 2.76 (2.15t0 3.53) 3.19 (2.50 to 4.07)
crises per person-yr (95% Cl)*
Participants with =1 vaso-occlusive crisis — no. (%) 59 (67) 61 (66) 63 (69)
Total no. of vaso-occlusive crises 179 183 219
Adverse events not related to sickle cell disease — no. (%)
Incidence of adverse events of any grade 83 (94) 86 (93) 81 (89)
Adverse events with 210% incidence
Headache 23 (26) 14 (15) 20 (22)
Diarrhea 18 (20) 16 (17) 9 (10)
Nausea 15 (17) 15 (16) 9 (10)
Arthralgia 13 (15) 11 (12) 11 (12)
Upper respiratory tract infection 12 (14) 17 (18) 10 (11)
Abdominal pain 12 (14) 13 (14) 7(8)
Fatigue 12 (14) 12 (13) 9 (10)
Rashy 12 (14) 10 (11) 9 (10)
Pyrexia 11 (12) 10 (11) 6(7)
Pain in extremity 10 (11) 18 (20) 16 (18)
Back pain 10 (11) 13 (14) 10 (11)
Vomiting 10 (11) 12 (13) 11 (12)
Pain 3 (9) 10 (11) 6 (7)
Noncardiac chest pain 7 (8) 12 (13) 8(9)
Upper abdominal pain 6 (7) 11 (12) 6 (7)

* The annualized incidence rate of vaso-occlusive crisis was adjusted for baseline hydroxyurea use, age, and geographic region.

7 Adverse events related to sickle cell disease (sickle cell anemia with crisis, acute chest syndrome, pneumonia, priapism, and osteonecrosis)
are excluded.

I “Rash” includes the following preferred terms in the Medical Dictionary for Regulatory Activities, version 19.1: rash, urticaria, rash generalized,
rash maculopapular, rash pruritic, rash erythematous, rash vesicular, rash macular, and rash papular.

voxelotor group had sickle cell anemia with crisis; participants had an increase in the hemoglobin
one in the placebo group had sickle cell anemia level of more than 1.0 g per deciliter, and reduc-
with crisis; and one in the placebo group had car- tions in anemia were observed irrespective of
diac arrest); all fatal adverse events were deter- baseline anemia severity or hydroxyurea use.
mined to be unrelated to the trial drug or pla- Furthermore, at week 24, the 1500-mg voxelotor
cebo by the investigators. Additional details are group had significantly greater reductions from
provided in Tables S5 and S6 in the Supplemen- baseline in indirect bilirubin level and percent-
tary Appendix. age of reticulocytes than the placebo group;
these findings were consistent with reduced he-
molysis. The increase in hemoglobin level and
reduction in hemolysis occurred within 2 weeks
Among persons with sickle cell disease, the after initiation of the trial drug, indicating a
1500-mg dose of voxelotor increased hemoglo- rapid pharmacodynamic and biologic effect. Sub-
bin levels and reduced the incidence of worsen- sequently, a steady state was reached that was
ing anemia as compared with placebo. In the sustained throughout the treatment period. A
1500-mg voxelotor group, more than half of the clear relationship was observed between voxelo-

DISCUSSION
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tor exposure and all hematologic measures of
efficacy, including lactate dehydrogenase level
and absolute reticulocyte count. The incidence of
vaso-occlusive crisis did not differ significantly
among the trial groups. The percentage of par-
ticipants who had adverse events of at least
grade 3 and serious adverse events were similar
in both voxelotor and placebo groups.

The hemoglobin occupancy target was based
on the pancellular fetal hemoglobin level of ap-
proximately 30% observed in persons who are
compound heterozygotes for HbS and hereditary
persistence of fetal hemoglobin, who generally
have no symptoms of sickle cell disease.”® This
finding suggests that binding approximately 30%
of HbS in all red cells with voxelotor to stabilize
the oxygenated HbS state may be sufficient to
inhibit polymerization, red-cell sickling, and clin-
ical sequelae of sickle cell disease. The observed
hemoglobin occupancy for the 1500-mg dose of
voxelotor was 26.5%, which was therapeutically
efficacious, with no evidence of impaired oxygen
delivery. This finding was supported by the simi-
lar erythropoietin levels observed with voxelotor
and placebo, a reduction in the percentage of re-
ticulocytes with voxelotor, and no pattern of
adverse events suggestive of impaired tissue oxy-
genation.

We specifically chose to use an increase in
hemoglobin level of more than 1 g per deciliter
as a primary end point because validated natural
history studies indicated that an increase in he-
moglobin level significantly decreases the rate of
multiorgan failure and death. Long-term follow-
up studies are planned to evaluate the effect of
the increase in hemoglobin level and decrease in
hemolysis induced by voxelotor on morbidity and
mortality among persons with sickle cell disease.

Persons with sickle cell disease have abnor-
mally elevated blood viscosity and are generally
recognized to have an increased risk of vaso-
occlusive crisis with excessive increases in the
hemoglobin level (e.g., after simple transfusion).?
The absence of an increased incidence rate of
vaso-occlusive crisis with voxelotor despite signifi-
cant increases in the hemoglobin level suggests
that voxelotor raises hemoglobin levels without
negatively affecting blood viscosity. This may be
due to the upstream mechanism of action of
voxelotor (inhibition of HbS polymerization),
which results in improved red-cell deformability
and reduced blood viscosity with voxelotor in

vitro."® Longer-term follow-up is needed to fur-
ther characterize the effect of voxelotor on the
incidence of vaso-occlusive crisis. A follow-up
analysis after the last participant reached week
72 in this trial was planned. Participants who
complete 72 weeks of voxelotor treatment are
eligible for enrollment in the open-label, phase
3 extension study (NCT03573882) to assess the
long-term effects of voxelotor.

In conclusion, voxelotor provided a significant,
sustained increase in hemoglobin level and re-
duced the incidence of worsening anemia and
hemolysis in persons with sickle cell disease.

Supported by Global Blood Therapeutics.

Dr. Vichinsky reports receiving grant support, consulting
fees, and meal accommodations from Novartis, meal accom-
modations from Bayer HealthCare Pharmaceuticals, consulting
fees from Pfizer and Ironwood Pharmaceuticals, meal accom-
modations and travel support from Apo-Pharma, and consulting
fees and fees for serving as a member of an adjudication com-
mittee from Bluebird Bio; Dr. Hoppe, being employed by and
being a stakeholder in Global Blood Therapeutics and receiving
consulting fees from Novartis, Bioverativ, and Imara; Dr. Ataga,
receiving grant support and advisory board fees from Global
Blood Therapeutics, advisory board fees from Novartis, Biovera-
tiv, and Emmaus Life Sciences, grant support from Pfizer, and
consulting fees from Modus Therapeutics; Dr. Ware, receiving
donated drugs from Bristol-Myers Squibb and Addmedica, do-
nated devices from BioMedomics, advisory board fees from Ag-
ios, and fees for serving on a data and safety monitoring board
from Novartis; Dr. Achebe, receiving consulting fees from Luit-
pold Pharmaceuticals, AMAG Pharmaceuticals, and Fulcrum
Pharmaceuticals and advisory board fees from Global Blood
Therapeutics and Pharmacosmos; Dr. Telfer, receiving grant
support and honoraria from Bluebird Bio, honoraria from Teru-
mo, and fees for serving on an external data monitoring com-
mittee from Pfizer and serving on an external data monitoring
committee for ApoPharma (unpaid); Dr. Gordeuk, receiving
consulting fees and lecture fees from Emmaus, grant support,
paid to his institution, and consulting fees from Novartis and
CSL Behring, consulting fees from Modus Therapeutics, and
grant support, paid to his institution, from Pfizer, Incyte, Ima-
ra, and Ironwood; Dr. Kanter, receiving consulting fees from
Novartis, Bluebird Bio, AstraZeneca, Imara, and Sanofi; Dr. Ab-
boud, receiving grant support, advisory board fees, and fees for
serving on a steering committee from Novartis, advisory board
fees, donated to the American University of Beirut, from Novo
Nordisk, grant support and fees for serving on a steering com-
mittee, donated to the American University of Beirut, from As-
traZeneca, advisory board fees from Amgen, and grant support
from Modus Pharmaceuticals and serving on a data monitoring
committee from Crispr Therapeutics; Dr. Lehrer-Graiwer, being
employed by and being an equity shareholder in Global Blood
Therapeutics; Dr. Tonda, being employed by and being a stake-
holder in Global Blood Therapeutics; Dr. Intondi, being em-
ployed by and being a stakeholder in Global Blood Therapeutics;
Dr. Tong, being employed by and being a stakeholder in Global
Blood Therapeutics; and Dr. Howard, receiving consulting fees
from Bluebird Bio, fees for serving on a speakers bureau from
Novartis, Terumo, and Addmedica, and travel support from
Imara and Resonance Health. No other potential conflict of in-
terest relevant to this article was reported.

Disclosure forms provided by the authors are available with
the full text of this article at NEJM.org.

N ENGLJ MED 381;6 NEJM.ORG AUGUST 8, 2019

The New England Journal of Medicine
Downloaded from nejm.org on December 28, 2021. For persona use only. No other uses without permission.
Copyright © 2019 Massachusetts Medical Society. All rights reserved.



A TRIAL OF VOXELOTOR IN SICKLE CELL DISEASE

A data sharing statement provided by the authors is available
with the full text of this article at NEJM.org.

We thank all the participants, families, caregivers, research
nurses, trial coordinators, and support staff who contributed to
this trial; Irene Agodoa, M.D., for her input and important con-

tributions to the manuscript; Emily C. Casey, Ph.D., of Apothe-

Com for providing medical writing assistance; and Marzena Ju-

rek, M.S., Carol Chung, Ph.D., Nicholas Vlahakis, M.D., Carla
Washington, Ph.D., Claire Sherman, Ph.D., and all the personnel
at Global Blood Therapeutics who supported this trial.

APPENDIX

The authors’ affiliations are as follows: the University of California, San Francisco (UCSF) Benioft Children’s Hospital Oakland, Oakland
(E.V.), and Global Blood Therapeutics, South San Francisco (C.C.H., J.L.-G., M.T., A.L,, B.T.) — both in California; the University of
Tennessee Health Science Center at Memphis, Memphis (K.I.A.); Cincinnati Children’s Hospital and University of Cincinnati, Cincin-
nati (R.E.W.); Kenya Medical Research Institute, Kisumu, Kenya (V.N.); Cairo University, Cairo (A.E.-B.), and the Pediatric Department
and Clinical Research Center, Faculty of Medicine (H.H.), and the Faculty of Medicine (A.E.), Alexandria University, Alexandria — all
in Egypt; Brigham and Women’s Hospital and Harvard Medical School, Boston (M.M.A.); Sultan Qaboos University, Muscat, Oman
(S.A.); Emory University and Aflac Cancer and Blood Disorders Center, Children’s Healthcare of Atlanta, Atlanta (R.C.B.); New York—
Presbyterian/Columbia University Medical Center, New York (D.L.D.); Barts Health NHS Trust (P.T.), Homerton University Hospital
NHS Foundation Trust (D.A.T.), and Guy’s and St. Thomas’ NHS Foundation Trust and King’s College (J.H.) — all in London; the
University of Illinois at Chicago, Chicago (V.R.G.); the University of Alabama at Birmingham, Birmingham (J.K.); and the American
University of Beirut Medical Center, Beirut, Lebanon (M.R.A.).

REFERENCES

1. Piel FB, Steinberg MH, Rees DC. Sickle
cell disease. N Engl J Med 2017;376:1561-
73.

2. Kato GJ, Piel FB, Reid CD, et al. Sickle
cell disease. Nat Rev Dis Primers 2018;4:
18010.

3. Ware RE, de Montalembert M, Tshi-
lolo L, Abboud MR. Sickle cell disease.
Lancet 2017;390:311-23.

4. DeBaun MR, Armstrong FD, McKin-
stry RC, Ware RE, Vichinsky E, Kirkham
FJ. Silent cerebral infarcts: a review on a
prevalent and progressive cause of neuro-
logic injury in sickle cell anemia. Blood
2012;119:4587-96.

5. Nath KA, Hebbel RP. Sickle cell dis-
ease: renal manifestations and mecha-
nisms. Nat Rev Nephrol 2015;11:161-71.
6. Gladwin MT. Cardiovascular compli-
cations and risk of death in sickle-cell
disease. Lancet 2016;387:2565-74.

7. Kato GJ, Steinberg MH, Gladwin MT.
Intravascular hemolysis and the patho-
physiology of sickle cell disease. J Clin
Invest 2017;127:750-60.

8. Charache S, Terrin ML, Moore RD, et
al. Effect of hydroxyurea on the frequency
of painful crises in sickle cell anemia.
N Engl J Med 1995;332:1317-22.

9. Niihara Y, Miller ST, Kanter J, et al.
A phase 3 trial of I-glutamine in sickle

cell disease. N Engl ] Med 2018;379:226-
35.

10. Lanzkron S, Carroll CP, Haywood C
Jr. Mortality rates and age at death from
sickle cell disease: U.S., 1979-2005. Public
Health Rep 2013;128:110-6.

11. Vichinsky E. Chronic organ failure in
adult sickle cell disease. Hematology Am
Soc Hematol Educ Program 2017;2017:
435-9.

12. Eaton WA, Bunn HF. Treating sickle
cell disease by targeting HbS polymeriza-
tion. Blood 2017;129:2719-26.

13. Ngo DA, Aygun B, Akinsheye I, et al.
Fetal haemoglobin levels and haemato-
logical characteristics of compound het-
erozygotes for haemoglobin S and dele-
tional hereditary persistence of fetal
haemoglobin. Br J Haematol 2012;156:
259-64.

14. Metcalf B, Chuang C, Dufu K, et al.
Discovery of GBT440, an orally bioavail-
able R-state stabilizer of sickle cell he-
moglobin. ACS Med Chem Lett 2017;8:
321-6.

15. Oksenberg D, Dufu K, Patel MP, et al.
GBT440 increases haemoglobin oxygen
affinity, reduces sickling and prolongs
RBC half-life in a murine model of sickle
cell disease. Br ] Haematol 2016;175:141-
53.

16. Dufu K, Patel M, Oksenberg D, Ca-
brales P. GBT440 improves red blood cell
deformability and reduces viscosity of
sickle cell blood under deoxygenated con-
ditions. Clin Hemorheol Microcirc 2018;
70:95-105.

17. Howard J, Hemmaway CJ, Telfer P, et
al. A phase 1/2 ascending dose study and
open-label extension study of voxelotor in
patients with sickle cell disease. Blood
2019;133:1865-75.

18. Hutchaleelaha A, Patel M, Washing-
ton C, et al. Pharmacokinetics and phar-
macodynamics of voxelotor (GBT440) in
healthy adults and patients with sickle
cell disease. Br J Clin Pharmacol 2019;85:
1290-302.

19. Vichinsky E, Hoppe C, Howard J, et al.
Results from part A of the Hemoglobin
Oxygen Affinity Modulation to Inhibit HbS
Polymerization (HOPE) trial (GBT440-031),
a placebo-controlled randomized study
evaluating voxelotor (GBT440) in adults
and adolescents with sickle cell disease.
Blood 2018;132:Suppl 1:505. abstract.
20. Schmalzer EA, Lee JO, Brown AK,
Usami S, Chien S. Viscosity of mixtures
of sickle and normal red cells at varying
hematocrit levels: implications for trans-
fusion. Transfusion 1987;27:228-33.
Copyright © 2019 Massachusetts Medical Society.

N ENGL) MED 381;6 NEJM.ORG AUGUST 8, 2019

The New England Journal of Medicine
Downloaded from nejm.org on December 28, 2021. For persona use only. No other uses without permission.
Copyright © 2019 Massachusetts Medical Society. All rights reserved.

519



