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Abstract  39 

New treatments directly targeting polymerization of sickle hemoglobin (HbS), the proximate 40 

event in the pathophysiology of sickle cell disease (SCD), are needed to address the severe 41 

morbidity and early mortality associated with the disease. Voxelotor (GBT440) is a first-in-42 

class, oral therapy specifically developed to treat SCD by modulating the affinity of 43 

hemoglobin for oxygen, thus inhibiting HbS polymerization and the downstream adverse 44 

effects of hemolytic anemia and vaso-occlusion. GBT440-001 was a phase 1/2 randomized, 45 

double-blind, placebo-controlled, single and multiple ascending dose study of voxelotor in 46 

adult healthy volunteers and patients with SCD which was followed by a single-arm, open-47 

label extension study. This report describes results of voxelotor (500-1000 mg/day) in 48 

patients with sickle cell anemia (HbSS). The study evaluated the safety, tolerability, 49 

pharmacokinetic, and pharmacodynamic properties of voxelotor and established proof-of-50 

concept by improving clinical measures of anemia, hemolysis, and sickling. Thirty-eight 51 

patients with SCD received 28 days of voxelotor 500, 700, or 1000 mg/day, or placebo; 16 52 

patients received 90 days of voxelotor 700 or 900 mg/day, or placebo. Four patients from the 53 

90-day cohort were subsequently enrolled in an extension study and treated with voxelotor 54 

900 mg/day for 6 months. All patients who received multiple doses of voxelotor for ≥28 days 55 

experienced hematologic improvements including increased hemoglobin and reduction in 56 

hemolysis and percent of sickled red cells, supporting the potential of voxelotor to serve as a 57 

disease-modifying therapy for SCD. Voxelotor was well tolerated with no treatment-related 58 

serious adverse events and no evidence of tissue hypoxia.  59 

 60 

ClinicalTrials.gov identification: #NCT02285088 and #NCT03041909. 61 

Keywords: efficacy; hemoglobin; safety; sickle cell disease; voxelotor (GBT440) 62 
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Introduction 63 

Sickle cell disease (SCD) is an autosomal recessive disorder caused by a mutation of the β-64 

globin gene, HBB:c.20A>T (p.Glu7Val), leading to the production of sickle hemoglobin 65 

(HbS).1 Upon deoxygenation HbS polymerizes, deforming red blood cells (RBCs) into a 66 

sickle shape and causing permanent cell membrane damage.1-3 These damaged RBCs 67 

block capillaries and undergo hemolysis, causing anemia, tissue ischemia, painful vaso-68 

occlusive crisis (VOC), vascular injury, and end-organ damage. This leads to fatigue, 69 

reduced quality of life, and early death.1,3 SCD affects approximately 100,000 people in the 70 

United States and millions worldwide, most of whom are in Sub-Saharan Africa.4-6 New 71 

therapeutic options for SCD have evolved very slowly and the treatment of SCD remains a 72 

serious, unmet medical need.7  73 

There are currently no licensed therapies that were designed to directly target the molecular 74 

mechanism of HbS polymerization. Because oxygenated HbS cannot polymerize, it is 75 

expected that modifying HbS to increase the proportion of oxygenated to deoxygenated HbS 76 

in RBCs would modify disease severity.8,9 At the time of this study, the only approved 77 

therapy for SCD was hydroxyurea, which is indicated to reduce the frequency of painful 78 

crises and the need for blood transfusions in patients with recurrent moderate to severe 79 

sickle cell crises.10 Voxelotor (previously called GBT440) is a first-in-class, oral therapy 80 

developed to treat SCD by modulating the affinity of hemoglobin (Hb) for oxygen. Voxelotor 81 

forms a reversible covalent bond with the N-terminal valine of the α chain of Hb, resulting in 82 

an allosteric modification of Hb,9 which increases oxygen affinity.11 By increasing the oxygen 83 

affinity of Hb, voxelotor decreases the concentration of deoxygenated HbS, the HbS 84 

conformation that forms polymers. The therapeutic rationale of reducing the concentration of 85 

polymerizing HbS is supported in part by the observation that individuals who are compound 86 

heterozygotes for HbS and a deletional form of hereditary persistence of fetal Hb who 87 

maintain 20% to 30% of nonpolymerizing fetal Hb in a pancellular distribution do not have 88 

clinical manifestations of SCD12-16; this suggests that targeting 20% to 30% Hb occupancy 89 

with voxelotor may be beneficial. 90 

Preclinical studies with purified HbS demonstrate that voxelotor-modified HbS is as effective 91 

as fetal Hb in delaying HbS polymerization. In vitro studies using blood from SCD patients as 92 

well as in vivo animal studies indicate that voxelotor has high specificity for binding to Hb, 93 

has a half-life supporting once-daily dosing, increases Hb-oxygen affinity, reduces sickling, 94 

improves sickle RBC deformability, reduces blood viscosity, prolongs RBC half-life, and 95 

exhibits a linear pharmacokinetic (PK)/pharmacodynamic (PD) relationship.11,17  96 
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The GBT440-001 (NCT02285088) phase 1/2 study was designed to evaluate the safety and 97 

tolerability of single and multiple doses of voxelotor administered to healthy volunteers and 98 

SCD patients. Secondary objectives included characterization of the PK of voxelotor in 99 

plasma and whole blood, the PD effect of increasing Hb-oxygen affinity, the PK-PD 100 

relationship, proof-of-concept on improving sickling, anemia, and hemolysis, and an 101 

evaluation of voxelotor effect on cardiovascular parameters at rest and during exercise. 102 

Herein, we present results of voxelotor treatment, administered as multiple doses in patients 103 

with SCD.  104 
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Methods 105 

Patients and methods 106 

This was a phase 1/2, randomized, double-blind, placebo-controlled study of voxelotor in 107 

healthy volunteers and patients with SCD. Data from healthy volunteers and SCD patients 108 

treated with single doses and from healthy volunteers treated with multiple doses are 109 

reported separately. After characterizing the PK/PD and safety in at least 1 multiple-dose 110 

cohort of healthy volunteers and in 1 single-dose cohort of SCD patients, screening for the 111 

multiple-dose investigation for 28 days in SCD patients was initiated. The study was 112 

conducted in accordance with Good Clinical Practice guidelines and in conformity with the 113 

ethical principles of the Declaration of Helsinki and was compliant with all relevant country-114 

specific laws and regulations in the United Kingdom and United States. The study protocol 115 

and all other appropriate study-related information were reviewed and approved by an 116 

independent ethics committee. 117 

Patient selection 118 

Patients with SCD were referred by 7 clinics in the United Kingdom to the Quintiles Drug 119 

Research Unit at Guy’s Hospital in London. Key inclusion criteria included patients with SCD 120 

(HbSS or HbS/β0thalassemia), aged 18 to 60 years, and >50 kg at screening. Females of 121 

childbearing potential and all males were required to use contraception. For patients 122 

receiving hydroxyurea, the dose must have been stable for ≥3 months prior to screening, 123 

with no anticipated need for dose adjustment during the study. Key exclusion criteria 124 

included Hb levels <6.0 or >10.4 g/dL, or transfusion or hospitalization within 30 days of 125 

screening. Other exclusion criteria included alanine aminotransferase or alkaline 126 

phosphatase >3x the upper limit of normal or aspartate aminotransferase >4x the upper limit 127 

of normal; or moderate or severe renal dysfunction (defined as calculated modification of diet 128 

in renal disease estimated glomerular filtration rate [MDRD eGFR] <60 mL/min/1.73 m2, 129 

appropriately corrected for race and gender). All patients provided written informed consent 130 

prior to the commencement of any study-related procedures. 131 

Study design  132 

Voxelotor was administered as multiple doses (500, 700, or 1000 mg) for 28 days and 133 

multiple doses (700 or 900 mg) for 90 days (Figure 1). Patients from the 90-day 900-mg 134 

cohort were offered continuation with voxelotor; patients who were interested enrolled into a 135 

separate, open-label extension study to provide 6 months’ cumulative treatment with 136 

voxelotor 900 mg (NCT03041909). The highest dose of 900 mg selected for the 90-day 137 
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cohort was based on the availability of 300-mg capsules, which allowed for a more 138 

convenient study drug administration of 3 x 300-mg capsules vs 9 x 100-mg capsules.  139 

Voxelotor was administered orally as 100-mg or 300-mg capsules with matching placebo 140 

capsules. The capsule strength of 300 mg was introduced for the 90-day 900-mg cohort. 141 

Prior to the availability of the 300-mg capsules, all patients received the 100-mg capsules. 142 

Eight patients were enrolled in each dose cohort and were randomized 6:2 to receive 143 

voxelotor or matching placebo. Two dose cohorts (500 mg and 700 mg for 28 days) were 144 

expanded to include up to a total of 16 patients to better characterize the safety of and effect 145 

of voxelotor on anemia and hemolysis. The starting dose of voxelotor for the first SCD cohort 146 

was 700 mg administered for 28 days, based on achieving a target of 20% Hb modification. 147 

The 700 mg (n = 16), 500 mg (n = 14), and 1000 mg cohorts recruited sequentially upon 148 

completion of the previous cohort. 149 

A safety monitoring committee (SMC) consisting of the principal investigator, sponsor 150 

medical monitor, and an independent safety physician was responsible for safety and 151 

tolerability decisions for dose escalation to the next cohort. If ≥2 patients in a given cohort 152 

receiving voxelotor experienced a dose-limiting toxicity (DLT) and no patients receiving 153 

placebo had the same or similar DLT, dose escalation was to be stopped. DLT was defined 154 

as any moderate, grade ≥2 adverse event (AE) or any worsening by ≥1 grade of a pre-155 

existing condition in patients with SCD that was related to study drug. Additionally, the SMC 156 

reviewed safety data from the 90-day cohort when the first patient reached days 28, 60, and 157 

90 to approve continued dosing in the cohort through 90 days. 158 

Enrollment in the 90-day cohorts was initiated following the SMCs’ review of safety data from 159 

all completed (500 mg and 700 mg) and ongoing (1000 mg) multiple-dose 28-day cohorts 160 

(Figure 1). The starting dose for the first 90-day cohort was 700 mg. Enrollment in the 900-161 

mg cohort was initiated after all 8 patients (6 voxelotor and 2 placebo) were enrolled in the 162 

700-mg cohort.  163 

Assessments 164 

Efficacy was assessed by standard clinical hematology laboratory measures (Hb, 165 

reticulocytes, unconjugated bilirubin, dense RBCs, and LDH) and percentage of sickled red 166 

cells. For patients enrolled in the 28-day cohorts, hematology laboratory measures were 167 

collected at screening and baseline and on days 4, 8, 15, 22, and 28. For the patients 168 

enrolled in the 90-day cohorts, hematology laboratory measures were collected at screening 169 

and baseline; on days 4, 15, 22, 28, 44, 60, 75, and 90; and then monthly for the patients 170 

enrolled in the extension study. Assessments were also collected 30 days following the last 171 

dose of study treatment in all patients. The percentage of sickled red cells was analyzed 172 
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from blood smears by 2 independent blinded readers. Six independent microscopy fields 173 

were randomly selected and imaged at 40x magnification per smear. Greater than 500 RBCs 174 

from 3 or more different fields were counted per blood smear. Elongated crescent-shaped 175 

RBCs with tapering of opposite ends that culminated in a point were counted as sickled.18 176 

Elliptical RBCs with smooth rounded edges were counted as normal.18 Results were 177 

reported as percentage of sickled red cells, calculated as the number of sickled red cells 178 

divided by the total number of RBCs, multiplied by 100. 179 

Cardiopulmonary exercise testing (CPET) was performed in the 90-day dosing cohorts with 180 

bicycle ergometer and ventilatory gas analysis to assess the adequacy of tissue oxygen 181 

delivery during exercise stress and to ensure that the voxelotor-related increase in Hb-182 

oxygen affinity did not impair oxygen delivery. CPET assessments were collected at baseline 183 

and on days 28 and 91. 184 

Safety was assessed in all patients who received at least 1 dose of study drug. Safety 185 

assessments included symptoms inquiry; physical examinations; vital signs (blood pressure, 186 

heart rate, temperature); standard clinical laboratory tests (chemistry panel, complete 187 

hematology panel, urinalysis, pregnancy tests); 12-lead electrocardiogram; and AE reporting 188 

from the time of study drug administration to 30 days after the last dose of study drug. 189 

Erythropoietin was collected as a biomarker related to tissue oxygen delivery. In the 90-day 190 

cohort, functional exercise capacity was evaluated using bicycle CPET at baseline and after 191 

90 days of dosing. CPET was conducted as per guidelines developed by the American 192 

Thoracic Society/American College of Chest Physicians. 193 

PK and PD 194 

Serial whole blood samples were collected to determine voxelotor concentrations in whole 195 

blood, plasma, and RBCs and Hb-oxygen affinity. A validated liquid chromatography-tandem 196 

mass spectrometry method was used to analyze samples. Analytical ranges were 10 to 197 

10,000 ng/mL for blood and 5 to 5000 ng/mL for plasma samples. Voxelotor concentration in 198 

RBCs was calculated from: 199 

 200 

 201 

Oxygen equilibrium curves (OECs) and changes in Hb-oxygen affinity were measured using 202 

a TCS Hemox Analyzer. Clinical samples were collected in sodium citrate vacutainers and 203 

kept at 4°C until analyzed (within 12 to 43 hours after collection) according to the method 204 

previously described11 to obtain p20 and p50 values (partial pressure of O2 at which Hb is 205 

20% or 50% saturated with O2). Delta p20 (∆ p20) and delta p50 (∆ p50) values were 206 
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determined by subtracting the day –1 p20 or p50 value from the sample p20 or p50 value. 207 

Due to the biphasic nature of the OECs upon Hb modification with voxelotor, the p20 value is 208 

more sensitive than the p50 value and, therefore, was used to calculate percent Hb 209 

modification with voxelotor.19 210 

Statistical analyses 211 

Demographic data were summarized by treatment. Efficacy, safety, and PK/PD results were 212 

summarized using descriptive statistics by treatment. No formal power calculations were 213 

performed for the sample size. PK parameters including maximum concentration (Cmax) and 214 

area under the concentration-time curve over 24-hour dose intervals at steady-state (AUC0-215 

24) were derived using noncompartmental methods with Phoenix® WinNonlin® Version 6.4 216 

(Certara, Princeton, NJ). 217 

Clinical trial data sharing 218 

Summary participant data underlying the results reported herein, after deidentification, will 219 

be shared.  220 
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Results 221 

Patients  222 

Data obtained from healthy volunteers and SCD patients treated with single doses and 223 

healthy volunteers treated with multiple doses for 15 days will be reported in a separate 224 

publication. Here, we report results on SCD patients who received multiple doses.  225 

Overall, baseline demographics and clinical characteristics of SCD were generally well 226 

balanced across treatment groups; in this stable adult population, most patients were not 227 

taking hydroxyurea, and most patients had either 0 or 1 VOC that required hospitalization in 228 

the prior year (Table 1). All patients had the HbSS genotype. For the 28-day cohorts, 38 229 

patients were randomized. The cohorts were 500 mg voxelotor (n = 10), 700 mg voxelotor (n 230 

= 12), 1000 mg voxelotor (n = 6), or placebo (n = 10). For the 90-day cohorts, 16 patients 231 

were randomized to receive 700 mg/day voxelotor (n = 6), 900 mg/day voxelotor (n = 6), or 232 

placebo (n = 4). In addition, 4 patients from the 900-mg cohort of the randomized study 233 

received voxelotor 900 mg in the extension study for a cumulative treatment duration of 6 234 

months, including 1 patient who received placebo in the randomized study and received 900 235 

mg/day voxelotor for 6 months in the extension study. There was complete compliance with 236 

study drug administration in 91% of patients based on the daily diary and pill counts for the 237 

entire dosing period; there were few missed doses due to noncompliance reasons, with 5 238 

patients missing 1 to 4 doses over the course of the study. Compliance while outside the 239 

research facility was facilitated by the instruction to complete the diary on a daily basis with 240 

frequent telephone reminders and the high self-motivation of the patients. 241 

 242 

Efficacy 243 

By 2 weeks of treatment, all doses of voxelotor resulted in an increase in median Hb levels 244 

and/or reduction in clinical laboratory markers of hemolysis (Tables 2 and 3, Figure 2). 245 

Long-term dosing with 900 mg showed these improvements were durable through 6 months 246 

of treatment, with a median increase in Hb of approximately 1 g/dL (Table 3). Furthermore, 247 

nearly half of these patients (46%) achieved an increase in Hb of ≥1 g/dL from baseline 248 

(Figure 3). Improvements in Hb were observed in patients regardless of hydroxyurea use 249 

(Figure 3). Statistically significant improvements in unconjugated bilirubin and reticulocyte 250 

counts were observed with dosing at 90 days to 6 months, favoring voxelotor over placebo; 251 

LDH showed greater variability (Table 3). Additionally, improvements were observed for 252 

dense RBCs favoring voxelotor over placebo; however, the difference was not statistically 253 

significant. All treatment doses demonstrated reductions in the percentage of sickled red 254 
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cells, including a statistically significant difference for patients treated long term; a reduction 255 

of 73% and 79% from baseline was demonstrated at 700 mg and 900 mg, respectively, 256 

compared with an increase of approximately 7% for placebo (Table 3, Figure 4). No patients 257 

had a previous history of splenectomy. For the 90-day dosing cohorts, a dose response 258 

effect was not observed; the PK parameters for these 2 dose levels were very similar. 259 

Therefore, efficacy results are summarized together for 700 mg and 900 mg, which show an 260 

improvement over placebo.  261 

Interestingly, with 28-day dosing, a time-dependency was observed in the effect on Hb but 262 

not on other measures of hemolysis: an initial rapid rise in Hb at all doses was evident by 263 

day 15, with a transient attenuation of effect on Hb between days 22 and 28. This transient 264 

attenuation of effect likely accounts for the absence of Hb increase in the 1000-mg cohort at 265 

the 28-day time point (Table 2). With longer-duration dosing for up to 6 months at 700 mg 266 

and 900 mg, a sustained and durable increase in Hb is evident (Figure 2).  267 

Safety and Tolerability 268 

Overall, voxelotor was well tolerated at doses up to and including 1000 mg/day for 28 days 269 

and 900 mg/day for 6 months. A maximum tolerated dose was not identified. Treatment-270 

emergent adverse events (TEAEs) reported in ≥10% of patients are presented in Table 4. 271 

The majority of TEAEs were grade 1 or 2. Treatment-related TEAEs included headache, 272 

diarrhea, and rash. TEAEs of headache occurred in patients receiving voxelotor or placebo 273 

(Table 4). There were no treatment-related, grade ≥3 TEAEs. In voxelotor-treated patients, 274 

all VOC events occurred off-treatment (i.e., after the last dose or during a dose hold) and 275 

were considered to be related to the underlying SCD. In the 4 patients who received 276 

voxelotor for 6 months, 1 patient experienced a grade 3 VOC 30 days after the last dose of 277 

study drug; this patient had a history of 2 VOCs in the prior year. Four patients had dose 278 

reductions due to TEAEs: grade 1 abdominal discomfort and nausea (n = 1; 700 mg), grade 279 

1 increased hepatic enzyme (n = 2; 700 mg), and grade 2 papular pruritic rash (n = 1; 900 280 

mg); the rash did not recur with dose escalation back to 900 mg. One patient at 900 mg who 281 

had a 2.7 g/dL increase in Hb at day 15 had a dose reduction on day 17 to 700 mg and 282 

further reduction to 600 mg on day 22 (Figure 3); this reduction was protocol-defined based 283 

on an Hb increase of >2.0 g/dL over baseline. One patient (1000 mg) discontinued study 284 

treatment due to a grade 2 rash. Twelve serious adverse events (SAEs) were reported for 12 285 

patients who received multiple doses of study drug. The majority of SAEs were grade 3 286 

VOC. None of the SAEs were considered related to treatment. There were no deaths 287 

reported. 288 
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CPET showed that the change in oxygen consumption (VO2 max) from baseline to maximal 289 

exercise and ventilatory threshold were similar between patients receiving voxelotor or 290 

placebo for 90 days (Table 5). In addition, there was no evidence of voxelotor-related 291 

decrease in workload, increase in erythropoietin levels, or increase in heart rate at rest or 292 

during peak exercise (Table 5).  293 

 294 

PK and PD 295 

PK and PD parameters of voxelotor derived from plasma and RBC concentration-time 296 

profiles following multiple doses (500 to 1000 mg) for 28 days and ≥90 days are shown in 297 

Table 6. Following multiple daily dosing, the Cmax and AUC increased proportionally with 298 

dose. The Cmax and AUC0-24 at steady-state at 1000 mg, the highest dose tested, were 483 299 

µg/mL and 10,100 h * µg /mL, respectively. The accumulation was approximately 3.5-fold 300 

compared with day 1 exposure, which is as expected from the single-dose PK.  301 

The PD effect of voxelotor was measured by changes in Hb-oxygen affinity. Voxelotor 302 

treatment resulted in a concentration-dependent decrease in p20 and p50, indicating an 303 

increase in Hb-oxygen affinity (Figure 5, Table 6). Patients receiving 900 mg and 1000 mg 304 

achieved a mean percent Hb modification near the 20% to 30% predicted therapeutic 305 

window.11 The PD effect was highly correlated to PK (RBC voxelotor concentration, R2 = 306 

0.70; Figure 6).  307 
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Discussion 308 

These results show that multiple doses of voxelotor in SCD patients from 500 to 1000 mg 309 

daily resulted in dose-dependent drug exposure and PD effects, with a dose-dependent 310 

increase in Hb-oxygen affinity. 311 

Patients treated with voxelotor for ≥90 days showed a 1.0-g/dL median increase in Hb and a 312 

substantial and durable reduction in hemolysis and peripheral blood sickled red cells, with 313 

approximately 40% reduction in unconjugated bilirubin, 20% reduction in reticulocytes, 30% 314 

reduction in dense RBCs and >70% reduction in sickled red cells. The median Hb 315 

concentration increased rapidly after initiating dosing with voxelotor treatment, starting as 316 

early as day 4. These improvements were sustained with long-term dosing for ≥90 days and 317 

almost half of the patients achieved an improvement in Hb concentration of ≥1 g/dL. 318 

Fluctuations in Hb levels over the first 8 weeks may reflect the time needed to achieve a new 319 

steady state. Although the number of patients receiving concurrent hydroxyurea in this study 320 

was small, improvements were observed regardless of concurrent hydroxyurea use, and the 321 

benefit of voxelotor on hematologic parameters appears to be additive to hydroxyurea.  322 

Overall, these data in a limited number of patients indicate voxelotor treatment leads to a 323 

rapid, substantial, and durable reduction in hemolysis. These findings are consistent with an 324 

inhibition of intracellular erythrocyte HbS polymerization as a potential mechanism 325 

responsible for the reduction in hemolysis in SCD. 326 

The improvement in hemolytic anemia with voxelotor treatment is promising because chronic 327 

hemolytic anemia has increasingly become recognized as a critical driver of SCD 328 

pathophysiology via both chronic anemia and a systemic hemolysis-related vasculopathy. 329 

Chronic hemolytic anemia is an independent and powerful predictor of chronic organ 330 

damage, including stroke, silent infarcts, renal failure, and pulmonary hypertension, as well 331 

as early mortality in SCD.20 Notably, low Hb is a powerful predictor of stroke; for every 1-g/dL 332 

reduction in Hb in the Cooperative Study, the risk of ischemic stroke increased by nearly 2-333 

fold.21 By improving hemolytic anemia, voxelotor has the potential to improve long-term 334 

clinical outcomes and potentially survival.  335 

This current study also provides preliminary evidence that voxelotor is generally safe and 336 

well tolerated. In these patients with SCD treated with voxelotor for 28 days to ≥90 days, all 337 

treatment-related AEs were grade 1 or 2 and did not require treatment discontinuation 338 

(except for 1 patient with a rash). This study was not sufficiently powered or long enough in 339 

duration to assess the effect of voxelotor on the incidence of VOC. However, there were no 340 

sickle cell crises during treatment; all VOC events in voxelotor-treated patients occurred in 341 
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the 28-day follow-up period after study drug was stopped or after a dose hold. There were 342 

no treatment-related grade 3 events, no treatment-related SAEs, and no events indicative of 343 

systemic drug hypersensitivity reactions. There were no dose- or exposure-related safety 344 

signals or concerns that would limit further exploration of 900 mg or higher doses. Overall, 345 

voxelotor was well tolerated for ≥90 days of treatment, with a low incidence of treatment-346 

related TEAEs (headache, diarrhea, rash), and most TEAEs were consistent with SCD. 347 

However, safety data in more patients beyond 90 days are needed to assess the long-term 348 

safety profile of voxelotor.  349 

Individuals with alpha thalassemia have less hemolysis and higher Hb, which is associated 350 

with an increased risk for VOC due to increased blood viscosity of sickled RBCs.22 351 

Furthermore, in clinical studies of senicapoc, an experimental Gardos channel inhibitor 352 

targeting an improvement in RBC hydration in SCD patients, a Hb increase led to an 353 

increase in VOC, possibly through increased blood viscosity.23 Voxelotor’s mechanism of 354 

action differs from senicapoc. Voxelotor acts upstream by inhibiting HbS polymerization, 355 

which is expected to improve RBC function and, therefore, not lead to an increase in 356 

viscosity. In contrast, senicapoc acts downstream of HbS polymerization by inhibiting the 357 

Gardos channel to prevent dehydration of already damaged, sickled RBCs. Data from 358 

patients treated with senicapoc show that no significant reduction in intracellular Hb 359 

concentration occurred, and thus it is unlikely to affect HbS polymerization.24  360 

To fully evaluate the potential benefit/risk profile of voxelotor, it was important to assess 361 

whether the mechanism of action of increased oxygen affinity would create safety concerns. 362 

In this current study, there were no clinical signs of tissue hypoxia in patients treated with 363 

voxelotor (eg, electrocardiogram changes, resting tachycardia) and no increase in 364 

erythropoietin levels compared with placebo. Furthermore, CPET was performed with 365 

quantitation of exercise capacity and oxygen consumption during maximal exercise stress. 366 

These results showed no evidence of compromised tissue oxygen delivery in patients 367 

treated with voxelotor up to 1000 mg for 28 days and up to 900 mg for 90 days. In addition, 368 

reticulocytes were significantly reduced with voxelotor dosing, which is consistent with 369 

improved RBC survival, improved anemia, and improved oxygen delivery to tissues. 370 

Reassuringly, regarding oxygen delivery, voxelotor treatment increased Hb-oxygen affinity 371 

modestly, with p50s achieved in the normal range. This study therefore demonstrates that 372 

Hb-oxygen affinity modulation to a therapeutic range may be safely achieved. 373 

As expected, the PK and PD were highly correlated and the PD effects demonstrated that 374 

voxelotor doses ≥900 mg are likely to achieve percent Hb modification within the expected 375 

therapeutic range of 20%-30%. Voxelotor PK in whole blood and plasma showed a 376 
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remarkable partitioning into the RBC compartment (approximately 99% of the voxelotor in 377 

blood is within the RBCs), which provides evidence of specificity of binding to Hb and limits 378 

the potential for off-target binding and resulting safety concerns. 379 

In conclusion, this study suggests a favorable benefit-risk profile of voxelotor for the 380 

treatment of SCD. Voxelotor was well tolerated at doses up to 1000 mg for 28 days and 900 381 

mg up to 6 months. The linear, dose-proportional PK and long half-life of voxelotor support 382 

once-daily dosing. Voxelotor demonstrated rapid, sustained, and clinically meaningful 383 

improvement in anemia, sickling, and clinical laboratory markers of hemolysis, supporting 384 

the potential for voxelotor to serve as a disease-modifying therapy for SCD, which is being 385 

further investigated in patients with SCD in the ongoing phase 3 HOPE study 386 

(NCT03036813).  387 
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Table 1. Patient demographics and baseline characteristics 524 

 525 

Hb, hemoglobin; HU, hydroxyurea.  526 

 Multiple dose for 28 days Multiple dose for 90 days 

Voxelotor/Placebo, 
mg/day 

Placebo 500 mg 700 mg 1000 mg  Placebo 700 mg 900 mg 

N 10 10 12 6 4 6 6 

Median age (range), y 38  

(21-53) 

29  

(20-48) 

29  

(20-56) 

40  

(25-47) 

28  

(18-48) 

41  

(29-53) 

37  

(25-42) 

Male gender, n (%) 6 (60) 8 (80) 4 (33) 2 (33) 3 (75) 4 (67) 3 (50) 

Median BMI (range), 
kg/m2 

23.5  

(19.6-30.5) 

21.4  

(17.2-27.5) 

23.0  

(17.8-34.4) 

22.4  

(20.2-26.1) 

18.8  

(17.2-28.4) 

26.9  

(21.9-35.3) 

22.8  

(20.0-27.3) 

Median baseline Hb 
(range), g/dL  

8.1  

(7.2-10.0) 

7.9  

(7.0-9.7) 

9.1 

(7.5-9.8) 

8.2 

(7.5-8.4) 

7.9 

(7.2-9.3) 

8.3  

(7.1-9.7) 

9.0 

(7.6-9.7) 

Hospitalizations due to 
painful crisis in the 
previous 12 months, 
median (range) 
 
Patients with 0 events 
in previous 12 months, 
n 
 

1 (0-7) 

 

 

 

 

5 

 

0 (0-1) 

 

 

 

 

7 

 

1 (0-7) 

 

 

 

 

5 

 

1 (0-4) 

 

 

 

 

3 

 

1 (0-2) 

 

 

 

 

2 

 

0 (0-2) 

 

 

 

 

4 

 

0 (0-1) 

 

 

 

 

5 

 

Blood transfusions in 
previous 12 months, 
median (range) 

0 (0-1) 0 (0) 0 (0-4) 0 (0-5) 0 (0) 0 (0) 0 (0-1) 

Current use of HU, n 
(%) 

3 (30) 1 (10) 3 (25) 2 (33) 1 (25) 0 (0) 2 (33) 

For personal use only.on April 9, 2019. by guest  www.bloodjournal.orgFrom 

http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml


 

23 

 

Table 2. Change in hemolysis measures from baseline to day 28 527 

Change from 
baseline to day 28 
(median, 25th and 
75th percentile) 

Multiple dose for 28 days 

Voxelotor/placebo, 
mg/day 

Placebo  500  700  
 

1000  

N 10 10 12 6 

Hb, g/dL –0.1 (–0.4, 0.4) 0.4 (0.1, 0.7) 0.7 (0.5, 1.0) 0 (–0.4, 0.3) 

Unconjugated bilirubin, 
%  

–3.6 (–25.9, 6.7) –30.6 (–48.9, –15.4) –42.6 (–44.4, –23.8) –56.3 (–57.8, –47.1) 

% Reticulocytes, % 9.0 (–1.7, 13.7) –31.2 (–48.9, –20.8) –37.0 (–52.6, –4.5) –49.9 (–64.3, –34.4) 

LDH, % –6.6 (–16.8, –2.9) –19.9 (–39.0, 6.2) –12.0 (–30.2, –5.7) –12.4 (–20.2, –12.1) 

Sickled red cells, % 12.9 (–13.6, 12.9) –56.4 (–70.2, –26.2) –45.9 (–93.0, –6.0) –45.7 (–57.9, 5.9) 

Hb, hemoglobin; LDH, lactate dehydrogenase.  528 
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Table 3. Change in hemolysis measures from baseline to ≥90 days  529 

Change from 
baseline to end of 
treatment  
median (25th, 
75th percentile) 

 
Dosing duration ≥90 days 

 
 

P value* for 
pooled 

voxelotor vs 
placebo 

Voxelotor/placebo, 
mg/day 

700† 900‡ 700/900 Placebo  

N 6 7§ 13 4  

Hb, g/dL 1.1 

(0.6, 1.3) 

0.8 

(0.5, 1.3) 

1.0 

(0.6,1.3) 

–0.1 

(–0.2, 0.1) 

< 0.05 

Unconjugated 
bilirubin, % 

–37.2 

(–43.4, –23.7) 

–42.9 

(–58.4, –30.5) 

–39.7 

(–49.9, –28.8) 

14.8  

(1.8,18.5) 

< 0.05 

%Reticulocytes, % –21.0 

(–32.9, –18.1) 

–18.9 

(–35.4, –6.2) 

–18.9 

(–32.9, –15.0) 

8.9  

(2.5, 25.5) 

< 0.05 

LDH, % 0.8 

(–14.7, 1.1) 

–47.7 

(–63.4, –12.5) 

–12.9 

(–47.7, 0.9) 

0.5  

(–0.7, 7.2) 

NS 

Dense RBC, % –35.5|| 

(–63.1, 18.1) 

–21.0¶ 

(–60.5, 11.3) 

–31.4# 

(–62.5, 11.3) 

3.8** 

(–21.3, 4.3) 

NS 

Sickled red cell, % –72.6 

(–79.0, –60.6) 

–79.2¶ 

(–91.3, –57.7) 

–74.0†† 

(–88.6, –57.0) 

6.9  

(3.9, 10.3) 

< 0.05 

Hb, hemoglobin; LDH, lactate dehydrogenase; NS, not significant. 530 

*Wilcoxon rank sum test. 531 
†90 days of dosing. 532 
‡90 days to 6 months of dosing (2 patients had 90 days of dosing, 1 patient had 118 days of dosing, and 4 533 

patients had 6 months of dosing). 534 
§Includes 1 patient who received placebo in GBT440-001 and voxelotor 900 mg for 6 months in GBT440-024. 535 
||n = 4. 536 
¶n = 6. 537 
#n = 10. 538 

**n = 3. 539 
††n = 12  540 
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Table 4. TEAEs occurring in ≥10% of patients 541 

 
Voxelotor/placebo, mg/day Pooled 

Placebo 

500 700 700 900 1000 All  

Days 28 28 90 90 days – 
6 months 

28  28 to 90 

N 10 12 6 7§ 6 41§ 14 

Headache, n (%) 4 (40) 5 (42) 1 (17) 2 (29) 4 (67) 16 (39) 8 (57) 

Back pain, n (%) 2 (20) 3 (25) 0 2 (29) 2 (33) 9 (22) 2 (14) 

Pain, n (%) 1 (10) 4 (33) 0 2 (29) 1 (17) 8 (20) 4 (29) 

Pain in extremity, 
n (%) 

1 (10) 1 (8) 1 (17) 2 (29) 0 5 (12) 0 

Diarrhea,* n (%) 0 2 (17) 0 2 (14) 2 (33) 6 (15) 0 

Cough, n (%) 0 2 (17) 2 (33) 0 1 (17) 5 (12) 0 

Rash,† n (%) 0 0 1 (17) 1 (14) 3 (50) 5 (12) 1 (7) 

Sickle cell anemia 
with crisis,‡ n (%) 

2 (20) 2 (17) 2 (33) 2 (29) 1 (17) 9 (22) 1 (7) 

*Grade 1; all resolved with continued dosing. 542 
†Two patients had possibly treatment-related rashes: 1 in the GBT440 1000-mg group and 1 in the voxelotor 900-543 

mg group. Other TEAEs of rash were not consistent with drug rashes; includes preferred terms of rash and rash 544 

papular.  545 
‡Also referred to as VOC. Events occurred off treatment (during posttreatment follow-up) or after a dose 546 

hold/dose reduction (voxelotor 900-mg group, n = 1).  547 
§Includes 1 patient who received placebo in GBT440-001 and transitioned to voxelotor 900 mg in the extension 548 

study.  549 
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Table 5. Peak exercise oxygen uptake, ventilatory threshold, and erythropoietin with 550 

voxelotor treatment 551 

IQR indicates interquartile range; NC, not calculated; NS, not significant. 552 

CPET not available in all patients. 553 

CPET data available for n = 3 (placebo), n = 5 (900 mg), n = 11 (voxelotor-treated pooled). 554 

*2-sample t test.  555 

Voxelotor/placebo, 
mg/day 

Placebo 700  900  Voxelotor-
treated pooled 

P value* for 
pooled 

voxelotor vs 
placebo 

N 4* 6 6* 12*  

Peak exercise oxygen uptake VO2 max, mL/min/kg   

Median baseline 
(range) 

23.3  

(15.7 to 23.8) 

16.7  

(8.2 to 19.6) 

21.2  

(17.1 to 23.4) 

18.9  

(8.2 to 23.4) 

 

Median change at day 
91 (range) 

–2.4  

(–7.5 to 0.3) 

1.0  

(–6.6 to 2.1) 

–1.9  

(–5.0 to –0.4) 

–0.4  

(–6.6 to 2.1) 

NS 

Ventilatory threshold oxygen uptake, mL/min/kg   

Median baseline 
(range) 

11.9  

(11.7 to 12.7) 

9.4  

(6.4 to 12.4) 

12.8  

(11.5 to 16.3) 

12.0  

(6.4 to 16.3) 

 

Median change at day 
91 (range) 

–1.4  

(–5.5 to 2.3) 

1.6  

(–0.1 to 4.7) 

–1.4  

(–1.8 to 1.4) 

0.6  

(–1.8 to 4.7) 

NS 

Erythropoietin  

Median baseline 
mU/mL (IQR 
25%:75%) 

 112.2  

(46.5, 183.0) 

91.2  

(77.6, 125.0) 

113.5  

(42.4, 150.0) 

104.4  

(68.6, 137.5) 

 

% Median change to 
day 90 (IQR 
25%:75%) 

–43.5  
(–79.3, 19.7) 

0.4 

(–32.9, 27.6) 

–7.2  

(–11.5, –4.7) 

–5.2 

(–22.2, 14.8) 

NS 

Vital Signs – Heart Rate at Rest  

Median baseline, 
beats per minute 
(range) 

83  

(75 to 93) 

81  

(65 to 101) 

87  

(71 to 99) 

81  

(65 to 101) 

 

Median change to day 
91 (range) 

17  

(17) 

11  

(6 to 38) 

3  

(0 to 5) 

6  

(0 to 38) 

NC 

Vital Signs – Heart Rate at Peak Exercise 

Median baseline, 
beats per minute 
(range) 

162 

(160 to 162) 

150 

(116 to 173) 

171 

(146 to 184) 

164 

(116 to 184) 

 

Median change to day 
91 (range) 

–12 

(–28 to 4) 

–2 

(–20 to 16) 

1 

(–7 to 8) 

–2 

(–20 to 16) 

NC 
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Table 6. Mean (± standard deviation) pharmacokinetic and pharmacodynamic parameters in 556 

SCD patients 557 

 Dosing duration 28 days* Dosing duration ≥90 days† 

Voxelotor/placebo, 

mg/day 

Placebo 500  700  1000  700  900  

Red blood cells PK parameters 

Cmax, μg/mL  — 271 ± 102 329 ± 129 483 ± 239 242 ± 99.7 336 ± 61.8 

AUC0-24, h • μg/mL  — 5050 ± 1320 7560 ± 2210 10,100 ± 4790 5200 ± 2300 7250 ± 1430 

Plasma PK parameters 

Cmax, μg/mL  — 3.6 ± 0.8 5.2 ± 1.9 8.1 ± 2.8 4.9 ± 2.0 6.3 ± 1.9 

AUC0-24, h • μg/mL  — 60 ± 12.9 95.7 ± 28.2 151 ± 49.7 83.1 ± 38.8 128 ± 27.1 

Pharmacodynamic parameters (obtained from whole blood) 

p50, mm Hg  34.3 ± 3.3 30.9 ± 2.1 29.6 ± 2.6 28.0 ± 3.2 ND ND 

p20, mm Hg  18.4 ± 1.6 15.1 ± 1.8 13.9 ± 3.1 10.0 ± 3.2 ND ND 

% Hb Mod, %  –1.4 ± 4.4  10.6 ± 7.2  14.7 ± 9.6  27.0 ± 11.6  

 

12.7 ± 4.4‡ 

 

19.8 ± 4.5‡ 

 

AUC0-24 indicates area under the concentration-time curve from time 0 to 24 hours; Cmax, maximum blood or 558 

plasma concentration; % Hb Mod, percent hemoglobin modification; ND, not determined; p20 and p50, partial 559 

pressure of O2 at which Hb is 20% or 50% saturated with O2. 560 

*Parameters on day 28 (at 6 hours post dose for pharmacodynamics); does not include data for HbSC genotype 561 

cohort. 562 
†Parameters on day 90 (at 6 hours post dose for pharmacodynamics). 563 
‡Percent Hb occupancy derived from voxelotor RBC concentrations at 6 hours post dose on day 90.  564 

For personal use only.on April 9, 2019. by guest  www.bloodjournal.orgFrom 

http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml


 

28 

 

Figure Legends 565 

Figure 1. Study flow chart for the SCD cohort of the GBT440-001 study 566 

Figure 2. Time-dependent change in hemoglobin from baseline to day ≥90 567 

Figure 3. Hemoglobin change from baseline to last observation (≥90 days): Responder 568 

analysis for ≥1 g/dL 569 

*Day 15 presented due to a protocol-specified dose reduction on day 17 (because of a 2.7 570 

g/dL increase in Hb). 571 
†Day 150 presented because this is the last time point collected for Hb while patient was 572 

receiving study drug. 573 
‡Concurrent hydroxyurea. 574 
§Documented nonadherence with study drug regimen. 575 

Figure 4. Sickled red cells: Change from baseline to day 90 in SCD patients 576 

Figure 5. A summary of the p20 and p50 values observed in SCD patients after 28 days of 577 

dosing 578 

*Sidak's multiple comparisons tests were used to measure statistical significance. 579 

Figure 6. Linear correlation observed between percent Hb modification (derived from OECs) 580 

and percent Hb occupancy (derived from voxelotor RBC concentrations) in time-matched 581 

samples from SCD patients 582 

OEC indicates oxygen equilibrium curve; RBC, red blood cell. 583 
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Multiple Doses for 90 days
Patients with SCD

2 cohorts

Open Label Extension
900 mg/day for 6 months

(n=4)

700 mg/day (n=12)
Placebo (n=4) 

500 mg/day (n=10)
Placebo (n=4)

1000 mg/day (n=6) 
Placebo (n=2)

After completion of 700 mg/day cohort, 
recruitment for 500 mg/day cohort began 

After completion of 500 mg/day cohort, 
recruitment for 1000 mg/day cohort began 

The multiple doses for 90 days cohorts were initiated 
after the safety monitoring committee’s review of safety 
data from the completed 500 mg/day and 700 mg/day 
cohorts and the ongoing 1000 mg/day cohort

700 mg/day (n=6)
Placebo (n=2)

900 mg/day (n=6)
Placebo (n=2)

Enrollment into the 900 mg/day cohort 
began after enrollment into the 
700 mg/day cohort was complete

Multiple Doses for 28 days
Patients with SCD

3 cohorts

Patients from the 900 mg/day 90-day cohort were 
offered continuation into the open label extension study; 
patients who were interested were enrolled 

Figure 1
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