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Sickle cell disease is prevalent in several parts of the world. Most hospitalizations of these patients

are related to pain crisis episodes. Moreover, levels of hemoglobin are lower in sickle cell disease

patients as compared with the general population. Complications related to sickle cell disease are

managed with blood transfusions, hydroxyurea, and opioids. Despite these therapies, patients with

sickle cell disease experience multiple pain crisis episodes leading to hospitalizations and end-organ

damage. The US Food and Drug Administration has approved three new drugs—L-glutamine,

voxelotor, and crizanlizumab—for the prophylaxis and treatment of complications related to sickle

cell disease. This review was aimed at assessing the efficacy and safety of recently approved drugs

for the treatment of sickle cell disease. A comprehensive search was made on PubMed and clinical-

trials.gov to look for clinical trials reporting the efficacy and safety of recently approved drugs for

sickle cell disease. Based on the results of clinical trials, L-glutamine, voxelotor, and crizanlizumab

were well tolerated by sickle cell disease patients. L-Glutamine and crizanlizumab reduced the

number of sickle cell crisis episodes, while voxelotor improved the level of hemoglobin in sickle cell

disease patients. These drugs were effective alone and in combination with hydroxyurea. © 2020

ISEH – Society for Hematology and Stem Cells. Published by Elsevier Inc. All rights reserved.
Sickle cell disease (SCD) is caused by mutation of b-glo-
bin gene alleles with the involvement of at least one sickle

mutation. The patients may have both sickle mutations

(HbSS), one sickle mutation and one hemoglobin C muta-

tion (HbS), one sickle mutation and one thalassemia muta-

tion (HbS), and other similar mutations with one sickle

mutation in b-globin genes. The sickle mutation is a
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substitution of nucleotide thymine (T) by adenine (A) at

the 17th nucleotide (sixth codon) in exon 1 of the b-globin

gene and reflects a replacement of glutamic acid by valine

at the sixth amino acid in the b-globin chain. This mutation

decreases the solubility of hemoglobin (Hb), resulting in

clinical symptoms [1].

SCD is the most prevalent genetic disease in the

United States. Every twelfth African American is a car-

rier of sickle cell trait. Every year, 300,000 infants are

born with SCD. Environmental factors (weather, air

quality), fetal Hb levels, infections, and different

genetic subtypes play a key role in exhibiting this dis-

ease. However, knowledge of the phenotypic expres-

sion of SCD is still limited [2,3].

Long-term irreversible complications of SCD, for

example, vaso-occlusive crisis (VOC) and hemolysis,

are the most common causes of morbidity and death.
by Elsevier Inc. All rights reserved.
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Affected red blood cells (RBCs) in SCD have a shorter

life span, resulting in chronic hemolytic anemia.

Chronic hemolysis leads to compensatory changes such

as an increase in RBC formation and adjustment to

lower Hb levels. These modifications are beneficial for

the survival of SCD patients. VOC occurs because of

multiple changes in the adhesion of sickle RBCs to the

endothelial cells of vessels and the activation of

inflammatory and hemostatic mechanisms. Hydroxy-

urea, RBC transfusion, and opioids are the treatments

commonly used to manage these symptoms [4].

Hydroxyurea increases g-globin gene expression,

which causes a shift in gene expression away from the

b-globin gene. This shift in gene expression results in

a higher level of fetal Hb (HbF: a2g2), and a reduction

in the production of adult Hb (HbA: a2b2). Patients

taking hydroxyurea can experience gastrointestinal tox-

icity, such as nausea and anorexia, but the significant

adverse effect is myelosuppression [5,6].

RBC transfusion can be life-saving in VOC, red cell

aplasia, or splenic sequestration. But RBC transfusion

has its adverse effects as well, for example, excessive

iron storage, allo-immunization, infections related to

transfusion, and hyperviscosity. Curative treatment

options for SCD are hematopoietic stem cell transplan-

tation (HSCT) and gene therapy [7,8].

The U.S. Food and Drug Administration (FDA) has

approved three novel drugs for the treatment of sickle

cell complications in recent years. L-Glutamine is the

oldest of the three drugs. The FDA approved L-gluta-

mine for the treatment of complications of SCD in July

2017. L-Glutamine is an amino acid required in the

production of NAD (nicotinamide adenine), which is a

cofactor in the reduction−oxidation reactions in the

body. Oxidative stress is proven to be a critical factor

in the pathophysiology of SCD [9]. It has been reported

that supplementation with L-glutamine in patients with

SCD increases the intracellular concentration of NAD

within the sickle cells [10].

The FDA approved voxelotor and crizanlizumab for

the treatment of complications of SCD in November

2019. Voxelotor is a hemoglobin modulator. It binds to

the hemoglobin and increases its affinity for oxygen.

Increased affinity for oxygen stabilizes the sickle cell

hemoglobin and prevents polymerization [11]. The

FDA approved voxelotor for SCD patients above

12 years of age. It is considered for patients who are

refractory to hydroxyurea therapy or cannot tolerate

hydroxyurea therapy or as an additional therapy in

patients with worsening anemia [12].

Crizanlizumab is a humanized monoclonal antibody

that binds P-selectin. P-Selectin is the primary media-

tor of the vaso-occlusive crisis in SCD. P-Selectin

binds with its ligand P-selectin glycoprotein-1 (PSGL-

1), an adhesion molecule. They capture leukocytes,
which then activate platelets and form aggregates with

sickled erythrocytes. These aggregates block vessels

and lead to sickle cell pain crisis. The FDA approved

this drug for patients above 16 years of age [13−15].

This review was aimed at assessing the efficacy and

safety of new drugs, that is, L-glutamine, voxelotor,

and crizanlizumab, for sickle cell disease.

Methods

A comprehensive search was performed on PubMed and Clinical-

Trials.gov with the key words “voxelotor” OR “crizanlizumab”

OR “glutamine” AND “sickle cell anemia” by June 5, 2020. One

article was added through citation analysis—Supplementary Table

E1, online only, available at www.exphem.org.

Inclusion and exclusion criteria

All clinical trials providing efficacy (change in hemoglobin,

change in reticulocyte count, change in vaso-occlusive crisis

episodes, etc.) and safety (treatment-related adverse effects)

were included. All preclinical studies, case reports, case

series, reviews, meta-analyses, and clinical trials not provid-

ing the efficacy and safety of drugs in SCD were excluded.

Data extraction

Information regarding the efficacy (change in hemoglobin,

change in reticulocyte count, change in indirect bilirubin,

change in vaso-occlusive crisis episodes, etc.) and safety

(treatment-related adverse effects) were extracted from the

selected clinical trials.

Risk of bias assessment

The Cochrane collaboration tool [16] was used by two

researchers (WA and MYA) for the quality of bias assess-

ment in randomized clinical trials. Disagreements were set-

tled by a third researcher (MAA).

Results
One hundred eleven articles were identified through a

search on PubMed and clinicaltrials.gov. A total of

seven clinical trials (two phase III, three phase II, and

one pilot study) with 976 participants were selected

based on inclusion criteria.

Risk of bias

The risk of bias was unclear in the 2014 trial by Nii-

hara et al. [17] and high in the 2018 study by Niihara

et al. [18] on L-Glutamine. For voxelotor, the risk was

high in the trial by Howard et al. [19] and low in the

trial by Vichinsky et al. [20]. For crizanlizumab, the

risk was high in trials by Ataga et al. [21] and Kutlar

et al. [22] (Figure 1).

L-Glutamine

The results of the pilot study were reported in 1998 by

Niihara et al. [23]. This study included only seven

patients (age 19−60 years) who were administered

30 g of L-glutamine orally each day for 4 weeks. The

http://www.exphem.org
https://doi.org/10.1016/j.exphem.2020.08.008


Figure 1. Cochrane risk of bias assessment.
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primary endpoints of this study were the change in

NADH levels and NAD redox potential. The total

NADH level increased from 47.5 to 72.1 nmol/mL

(p < 0.01). The NAD redox potential also increased

significantly from 47.2 to 62.1 (p < 0.01). The mean

hemoglobin level did not significantly change from

baseline; the Hb was 8.5 mg/dL at baseline and

8.7 mg/dL at 4 weeks for the study population. In addi-

tion to the changes in these levels, the study also

included some patient-reported outcomes. All patients

reported an increase in energy level and a decrease in

chronic pain levels. None of the patients reported any

adverse events associated with L-glutamine.

In the phase II trial reported in 2014 [17], outcomes

were reported for a total of 62 patients (aged 9−58

years) with SCD who had a history of painful sickle

cell crisis. Of these patients, 33 were administered L-

glutamine, and 29 were administered a placebo. The

patients were followed up for 53 weeks, and the out-

comes were reported at 48 weeks. At week 48, the

mean number of events for painful sickle cell crisis

was 4.5 for the L-glutamine group and 10.8 for the pla-

cebo group, with a p value of 0.076 for the difference

between the two groups. The study also reported the

mean number of events for hospitalization for sickle

cell pain, which was 1.5 in the L-glutamine group and

2.3 for the placebo group (p = 0.072). Treatment-related

adverse events (TRAEs) occurred in 8.1% of the L-glu-

tamine group and 9.1% of the placebo group.

In 2018, a phase III study [18] was conducted to assess

the efficacy of L-glutamine in improving SCD. In this ran-

domized controlled trial, a total of 230 patients (aged 5−58
years) were assigned in a 2:1 ratio to L-glutamine (n = 152)

and placebo (n = 78), with most of the patients receiving

concomitant hydroxyurea as well. The patients in the L-glu-

tamine group were administered 0.3 g/kg glutamine powder

twice daily. The total treatment duration was 48 weeks, and

the overall trial duration was 53 weeks. This trial showed

statistically significant results. The mean numbers of pain

crises in the L-glutamine and placebo groups were 3.2 and

3.9, respectively, with a p value of 0.005, proving the results

to be statistically significant. The mean numbers of hospital-

izations for sickle cell-related pain were 2.3 in the L-gluta-

mine group and 3.0 in the placebo group, with a p value of

0.005, proving the difference between the two groups to be

statistically significant. The improvement in hemoglobin lev-

els, hematocrit levels, and reticulocyte count between the

drug and placebo groups was not significant statistically.

TRAEs were higher in the placebo group as compared with

the L-glutamine group, indicating that it is safe to administer

L-glutamine (Table 1)

Voxelotor

In the phase I/II trial of Howard et al. 2019 [19], different

doses of voxelotor were used in 54 SCD patients 18−60 years
of age. In the 28-day follow-up (n = 16), the median change

in hemoglobin was 0.4 g/dL with the 1,000-mg dose of voxe-

lotor, 0.7 g/dL with 700 mg of voxelotor, 0 with 500 mg of

voxelotor, and �0.1 g/dL with placebo. The difference was

statistically significant. For markers of hemolysis, with

1,000 mg of voxelotor, the median percentage changes in the

reticulocyte count, unconjugated bilirubin, and LDH were

�49.9%, �56.3%, and �12.4%, respectively, versus changes

in the placebo group of 9.0%, �3.6%, and �6.6%. The dif-

ference in changes in reticulocyte count and unconjugated

bilirubin between 1000 mg and placebo was statistically

significant. In the case of patients given voxelotor,

vaso-occlusive episodes were reported when the patients

were off-treatment. No grade 3 adverse effects were reported

in this trial.

In 2019, Vichinsky et al. [20] conducted a phase III,

placebo-controlled, double-blinded trial on patients

aged 12−65 years with SCD treated with different

doses of voxelotor, with a follow up of 24 weeks

(N = 274). The least-squares (LS) mean changes in

hemoglobin were 1.1, 0.6, and �0.1 g/dL in the 1,500-

mg voxelotor (n = 90), 900-mg voxelotor (n = 92) and

placebo (n = 92) groups, respectively (p < 0.001).

Among markers of hemolysis, the LS means of changes

in reticulocyte count, indirect bilirubin, and LDH were

�19.9%, �29.1%, and �4.5%, respectively, in 1,500-

mg voxelotor group, �1.3%, �20.3%, and 1.4%,

respectively, in the 900-mg voxelotor group, and 4.5%,

�3.2%, and 3.4% in the placebo group, respectively.

The differences in mean change in reticulocyte count

and indirect bilirubin among were significant in the

1,500-mg voxelotor and placebo groups. The difference

https://doi.org/10.1016/j.exphem.2020.08.008


Table 1. Efficacy and safety of new drugs of sickle cell disease

Trial Vaso-occlusive crisis Hemoglobin levels Markers of hemolysis Adverse events

L-Glutamine

Niihara et al. 1998 [23]

Pilot study

Decrease in chronic pain

levels in all patients

No change in hemoglobin

levels

Not assessed Drug was well tolerated

Niihara et al. 2014 [17]

Phase II randomized trial

NCT00125788

Mean number of crisis

episodes in drug group

was half that in placebo

group (p = 0.07)

Not assessed Not assessed TRAEs were similar in

drug and placebo groups

Niihara et al. 2018 [18]

Phase III randomized trial

NCT01179217

Statistically significant dif-

ference in mean crisis

episodes in favor of drug

group as compared with

placebo group

Difference not statistically

significant between drug

and placebo groups

Difference not statistically

significant between drug

and placebo groups

TRAEs were similar in

drug and placebo groups

Voxelotor

Howard et al. 2019 [19]

Phase I/II randomized trial

NCT02285088

NCT03041909

No crisis episode during

treatment with drug

Improved significantly in

drug groups as compared

with placebo group

Improved significantly in

drug groups as compared

with placebo group

(except LDH)

TRAEs were similar in

drug and placebo groups

Vinchinsky et al. 2019 [20]

Phase III randomized trial

NCT03036813

No statistically significant

difference between drug

and placebo groups

Improved significantly in

drug groups as compared

with placebo group

Improved significantly in

drug groups as compared

with placebo group

(except LDH)

TRAEs were similar in

drug and placebo groups

Crizanlizumab

Ataga et al. 2017 [21]

Phase II randomized trial

NCT01895361

Improved significantly in

favor of drug group as

compared with placebo

group

Difference not statistically

significant between drug

and placebo groups

Difference not statistically

significant between drug

and placebo groups

TRAEs were similar in

drug and placebo groups

Kutlar et al. 2019 [22]

Phase II randomized trial

NCT01895361 Post hoc

analysis

Reduced percentage of

crisis episodes in drug

group as compared with

placebo group

Not assessed Not assessed Not assessed
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in vaso-occlusive crisis episodes in the three groups

was not significant. Treatment-related adverse events

were reported in 94%, 93%, and 89% of participants in

the 1,500-mg, 700-mg, and placebo groups, respec-

tively (Table 1).

Crizanlizumab

A phase II double-blinded, placebo-controlled study was per-

formed by Ataga et al. [21] on the efficacy and safety of cri-

zanlizumab. The total population was 198 and the median

age 29 (range: 16−63); and 55% were females. Sixty-two

percent of participants had concomitant hydroxyurea use.

The total population (N = 198) was divided into high-dose

crizanlizumab (group 1, n = 67), low-dose crizanlizumab

(group 2, n = 66), and placebo (group 3, n = 65). Of 198 par-

ticipants, 129 completed the trial. Thirty-six percent of par-

ticipants in group 1, 18% of participants in group 2, and

17% of participants in group 3 had no vaso-occlusive crisis

during the treatment phase. The median crisis rate was 1.04

in group 1 versus 2.18 group 3 (p = 0.02). The median rate

of days hospitalized was 4/year in group 1 versus 6.87/year

in group 3 (p = 0.45). The median time to first crisis was

4.07 months in group 1 versus 1.38 months in group 3

(p = 0.001). In the high-dose crizanlizumab group, the rate of

uncomplicated crises per year was 62.9% lower as compared

with the placebo group. Serious adverse events occurred in
26%, 33%, and 27% of participants in groups 1, 2, and 3,

respectively. The differences in changes in hemoglobin levels

and markers of hemolysis between the drug and placebo

groups were not statistically significant.

Kutlar et al. [22] conducted a post hoc descriptive analy-

sis of the phase II analysis on the SUSTAIN study on crizan-

lizumab. The total number of participants was 132, and the

age range was 16−65 years. In this post hoc analysis,

N1 = 67 patients were assigned to the crizanlizumab group

(group 1) and N2 = 65 to the placebo group (group 2). The

median duration of treatment was 52 weeks with the

5 mg/kg dose of crizanlizumab. Over the course of the study,

35.8% of participants in group 1 versus 16.9% of participants

in the placebo group did not experience a VOC. Results were

consistent in the subgroups as well. Crizanlizumab also

decreased the time to first VOC in the HbSS group to 4.7

months versus 1.12 months in the placebo group and that in

the hydroxyurea group to 5.68 months versus 2.86 months in

the placebo group. No results were conducted on adverse

events because the incidence of events was too low to pro-

vide subgroup analysis (Table 1).
Ongoing clinical trials

There are 11 ongoing clinical trials on these drugs,

with 1,288 participants registered on ClinicalTrials.gov

https://doi.org/10.1016/j.exphem.2020.08.008


Table 2. Ongoing clinical trials

Trial Phase N Objective Year of completion

NCT03814746 III 240 Efficacy and safety of two doses of crizanlizumab versus placebo, in adolescent

and adult SCD patients with vaso-occlusive crises

2027

NCT03474965 II 100 Efficacy and safety of crizanlizumab in pediatric patients with vaso-occlusive

crises

2023

NCT04053764 II 170 Effect of crizanlizumab + standard therapy renal function in CKD patients 2022

NCT03264989 II 57 PK/PD of crizanlizumab in sickle cell patients 2021

NCT03938454 II 56 Efficacy and safety of crizanlizumab in SCD patients with priapism 2022

NCT03573882 III 179 Long-term treatment efficacy of voxelotor and disease progression in SCD patients 2024

NCT04218084 III 224 Efficacy and safety of voxelotor in SCD pediatric patients 2026

NCT04188509 III 50 Extension study for efficacy of voxelotor and disease complications in SCD pedi-

atric patients

2026

NCT04247594 II 45 Safety and tolerability at higher doses of voxelotor in SCD patients 2021

NCT04335721 I/II 12 Efficacy, safety, and CKD progression in SCD patients with CKD 2024

NCT02850406 II 155 Efficacy and safety of voxelotor in SCD pediatric patients 2022
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[24−34]. Four of them are phase III clinical trials

(Table 2).

Discussion

Hematopoietic stem cell transplantation (HSCT) with

fully matched donors is the most effective treatment

available for SCD, especially for patients refractory to

hydroxyurea. However, the complications of stem cell

transplantation, unavailability of suitable donors, finan-

cial burden, and insufficient stem cell transplant centers

in certain parts of the world limit the use of HSCT [35

−37]. Therefore, almost all new therapies and further

avenues of exploration are directed toward the reduc-

tion of adverse events encountered in SCD to improve

the quality of life. The main aim is to reduce pain cri-

ses and number of hospitalizations as well as improve

hemoglobin levels in these patients.

In the past, hydroxyurea was the only drug available

for SCD, along with supportive therapy (hydration,

opioids) and blood transfusions. Hydroxyurea was

approved in 1998. Although it has clinical efficacy and

has been to decrease hospitalizations to 47% and pain

crises to 43% [38], adherence to hydroxyurea always

remained a challenge [39]. Moreover, patients taking

hydroxyurea still experience end-organ damage, crisis

episodes, and decreased life expectancy [40].

The trials on L-glutamine use in SCD patients paved

the way for FDA’s approval of L-glutamine. In preclin-

ical studies, it was found that sickle RBCs transport

threefold more glutamine as compared with reticulo-

cyte controls [41]. Similarly, in a trial on the pharma-

cokinetics (PK)/pharmacodynamics (PD) of oral

glutamine supplementation, increased glutamine and

arginine levels in RBCs were noted [42].

1pt?>In the pilot study in 1998, almost all patients

reported improvement in quality of life, although the

study was not randomized, and the sample size was

quite small. The statistically significant improvement in
NADH levels in the participants using L-glutamine laid

the foundation for further trials investigating the effi-

cacy of L-glutamine. In the phase II clinical trial, the

reduction in the mean number of hospitalizations was

statistically significant in the L-glutamine drug group as

compared with the placebo group at 24 weeks of fol-

low-up. Although there were a decrease in hospital

admissions and painful sickle cell crisis events at 48

weeks of follow-up, there was no statistically significant

difference between the L-glutamine and the placebo

groups, possibly because of the smaller sample size in

that study. In the phase III clinical trial, the difference

in sickle cell crisis episodes between the L-glutamine

and placebo groups was statistically significant. Most of

the patients in this trial were administered hydroxyurea

concomitantly, as its benefits are well documented and

proven [43]. Subgroup analysis with and without

hydroxyurea also revealed a statistically significant dif-

ference between the L-glutamine and placebo groups

regardless of hydroxyurea usage.

As far as the safety profile is concerned, L-gluta-

mine has shown promising safety results in all these

trials. There were no serious adverse events reported in

any of the trials that could be attributed to L-glutamine

use; however, patients with co-morbidities were not

included in these clinical trials.

In the phase I/II clinical trial, voxelotor exhibited a

substantial, durable, and rapid reduction in hemolysis

in the limited number of patients. The affinity of oxy-

gen, hemoglobin levels, and markers of hemolysis

showed improvement in a dose-dependent fashion. The

reduction in hemolysis was independent of hydroxyurea

use. The maximum dose used was 1,000 mg. The

adverse events in voxelotor groups were comparable to

those in the placebo group without any safety concerns.

In the phase III trial, an increased dose of 1,500 mg

was used. The increased dosage of voxelotor has pro-

duced better outcomes as compared with low doses

https://doi.org/10.1016/j.exphem.2020.08.008
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without causing any severe side effects. Anemia was

improved irrespective of baseline hemoglobin level or

use of hydroxyurea. The improvement in hemolysis

was consistent with the impact of voxelotor on HbS

polymerization. In the phase I/II trial, vaso-occlusive

episodes were seen in patients when they were not tak-

ing voxelotor, but the results were inconclusive. How-

ever, in the phase III trial, it was clear that the

incidence of vaso-occlusive crisis episodes did not

increase with voxelotor use. An abandoned SCD drug,

senicapoc, was also a hemoglobin polymerization

inhibitor. Senicapoc prevented polymerization by inhib-

iting Gardos channels of sickle cell RBC, which

resulted in increased viscosity of blood and an increase

in vaso-occlusive pain episodes [44]. In contrast, voxe-

lotor acts by causing allosteric changes in hemoglobin,

leading to increased affinity on sickle cell RBCs. This

mechanism does not lead to an increase in viscosity or

increase in vaso-occlusive episodes.

Ataga et al. [21] conducted the first trial on crizanli-

zumab in SCD patients in 2017. The annual rate of

sickle cell pain crisis was reduced by 45.3% in the cri-

zanlizumab group as compared with the placebo group.

In a subgroup of patients treated with hydroxyurea, the

annual crisis rate was 32.1% lower in the crizanlizu-

mab group as compared with the placebo group. Simi-

larly, in non-hydroxyurea-treated patients, annual crisis

episodes were reduced significantly in the crizanlizu-

mab group as compared with the placebo group. In the

post hoc analysis by Kutlar et al. [22] in 2019, the per-

centage of VOC-free patients taking hydroxyurea was

33.3% in the crizanlizumab group as compared with

17.5% in the placebo group. It is noticeably clear that

crizanlizumab significantly reduced VOC and delayed

time to first VOC despite therapy with hydroxyurea.

Similarly, the annual rate of crises decreased to 32.1%

in patients taking crizanlizumab (5 mg/kg) versus pla-

cebo, even in patients with continued hydroxyurea ther-

apy [21]. Also, no significant changes were observed in

hemolytic variables between the crizanlizumab and pla-

cebo groups.

The safety profiles of crizanlizumab and placebo

therapy were comparable. The incidence of serious

infections was similar in the crizanlizumab and placebo

groups in both analyses, but the trial only included

patients without any co-morbidity.

VOC episodes lead to multiple acute and chronic

complications that are associated with increased mor-

tality. Similarly, the improvement in hemolysis and

hemoglobin level is crucial in preventing end-organ

damage. Hemolytic anemia is associated with stroke,

renal failure, silent infarcts, pulmonary hypertension,

and early mortality. Therefore, all three drugs can

decrease mortality in SCD [45−47]. However, the com-

pleted trials did not assess the effects of these drugs on
other complications, such as priapism, gallstones, and

nephropathy. In addition, the trials did not assess effi-

cacy and safety in pregnant or comorbid patients.

Trials on other drugs with a similar mechanism,

such as prasugrel, sevuparin, rivipansel, and senicapoc,

have not revealed any clinically significant improve-

ments in SCD patients in phase II/III clinical trials [48

−51].

L-Glutamine, crizanlizumab, and voxelotor did not

significantly increase treatment-related adverse events.

The targets of action of these drugs also differed from

each other, so it is possible to add the three drugs

together with hydroxyurea, especially for patients who

experience sickle cell complications with a two-drug

combination.

SCD drugs have low compliance because of the

daily dosing schedule [39]. Crizanlizumab has the ben-

efit of a single dose in 4 weeks, which can increase

compliance with this drug. However, the drug can only

be given in the form of a 30-min-long infusion. Com-

pliance with crizanlizumab can be increased if a sim-

pler form of administration is developed. In epidemics

or pandemics such as COVID-19, crizanlizumab can

help reduce the number of pharmaceutical visits.

L-Glutamine, voxelotor, and crizanlizumab are

almost 20−50 times more expensive than hydroxyurea,

which can be a hurdle in the extensive use of these

drugs, especially in the case of crizanlizumab and vox-

elotor. Although the reduction in hospitalization can

compensate for the expense of these drugs, reductions

in the cost of crizanlizumab and voxelotor are needed

for these drugs to be used as primary treatment options

for SCD [52,53].

Matched SCT is the best curative treatment avail-

able, but matched donors are found for only a limited

number of patients. Other curative treatments under

consideration are haplo-identical SCT and gene ther-

apy. Haplo-identical SCT broadens the availability of

donors to almost all SCD patients. Still, an increase in

mortality caused by complications of SCT, especially

graft-versus-host disease, has limited its use in SCD

patients. Recent trials have reported improvement in

outcomes with refined preparative regimens and radia-

tion therapy [54,55]. There remains a need for more

randomized clinical trials to reach any definitive con-

clusion. Gene therapy is also being tested for SCD

patients. Matched donors are not required with gene

therapy, and treatment-related complications are limited

as compared with SCT. There are six ongoing clinical

trials assessing the efficacy and safety of gene therapy

in SCD patients, but the results are not yet available

[56−61]. The ongoing clinical trials are assessing the

efficacy in different types of SCD based on the types

of mutations and types of vectors available. Gene ther-

apy is an expensive treatment, and expert skills are

https://doi.org/10.1016/j.exphem.2020.08.008
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required to conduct this procedure. Collection of a suf-

ficient number of stem cells can be a major factor in

determining the outcome.

Haplo-identical HSCT and gene therapy are currently

being tested, and a limited number of fully matched donors

are available, the best possible treatment is pharmacological

management with drug combinations. Gene therapy has the

potential to become a major curative option for SCD

patients in the future. Still, it will take a certain amount of

time to train the professionals with new techniques, obtain

long-term outcomes, and make gene therapy cost-effective

and widely available.

Conclusions

With gene therapy and haplo-identical HSCT still under

experimentation, pharmacological management is the best

available treatment for patients for whom matched HSCT

donors cannot be found. All three drugs—L-glutamine,

voxelotor, and crizanlizumab—are well tolerated without

any alarming adverse effects. L-Glutamine was tested in

patients ≥5 years old, voxelotor in those ≥12 years old,

and crizanlizumab in those ≥16 years old. L-Glutamine

and crizanlizumab reduce the number of vaso-occlusive cri-

sis episodes and hospitalizations, regardless of hydroxyurea

use. However, these two drugs do not improve hemoglobin

levels. On the other hand, voxelotor improves hemoglobin

levels and prevents hemolysis in SCD patients regardless

of hydroxyurea use. In the trials on voxelotor, the increase

in hemoglobin levels was not associated with an increased

number of VOC episodes. More multicenter, randomized,

double-blind clinical trials are needed to determine the effi-

cacy and safety of these drugs in all age groups and in par-

ticipants with different health conditions.

Limitations

Only one randomized clinical trial with a low risk of bias

was available. In the trials on L-glutamine and crizanlizu-

mab, a significant number of participants left the treatment

without reaching the end phase. Moreover, different clinical

trials tested the efficacy and safety at different doses in a

specific age group. Despite these limitations, our review is

able to provide a comprehensive assessment of the efficacy

and safety of L-glutamine, voxelotor, and crizanlizumab in

sickle cell disease.

Acknowledgments

No funding or sponsorship was received for publication

of this article.

Conflict of interest disclosure

The authors declare no conflicts of interest.

References
1. Rees DC, Williams TN, Gladwin MT. Sickle-cell disease. Lan-

cet. 2010;376:2018–2031.
2. Sedrak A, Kondamudi NP. Sickle cell disease. StatPearls. Trea-

sure Island, FL: StatPearls; 2020 August 16.

3. Houwing ME, de Pagter PJ, van Beers EJ, et al. Sickle cell dis-

ease: clinical presentation and management of a global health

challenge. Blood Rev. 2019;37:100580.

4. Galloway SJ. Harwood-Nuss Al. Sickle-cell anemia—a review.

J Emerg Med. 1988;6:213–226.

5. Field JJ, Nathan DG. Advances in sickle cell therapies in the

hydroxyurea era. Mol Med. 2014;20(Suppl 1):S37–S42.

6. Zhu X, Hu T, Ho MH, et al. Hydroxyurea differentially modu-

lates activator and repressors of g-globin gene in erythroblasts

of responsive and non-responsive patients with sickle cell dis-

ease in correlation with Index of Hydroxyurea Responsiveness.

Haematologica. 2017;102:1995–2004.

7. Chou ST, Fasano RM. Management of patients with sickle cell

disease using transfusion therapy: guidelines and complications.

Hematol Oncol Clin North Am. 2016;30:591–608.

8. Leonard A, Tisdale JF. Stem cell transplantation in sickle cell

disease: therapeutic potential and challenges faced. Expert Rev

Hematol. 2018;11:547–565.

9. Chirico EN, Pialoux V. Role of oxidative stress in the pathogen-

esis of sickle cell disease. IUBMB Life. 2012;64:72–80.

10. Niihara Y, Zerez CR, Akiyama DS, Tanaka KR. Increased red

cell glutamate in sickle cell disease: evidence that increased glu-

tamine availability is a mechanism for increased total NAD.

J Investig Med. 1995;43:131a.

11. Hutchaleelaha A, Patel M, Washington C, et al. Pharmacokinet-

ics and pharmacodynamics of voxelotor (GBT440) in healthy

adults and patients with sickle cell disease. Br J Clin Pharmacol.

2019;85:1290–1302.

12. Pavan AR, Dos Santos JL. Advances in sickle cell disease

treatments. Curr Med Chem. 2020. https://doi.org/10.2174/

0929867327666200610175400.

13. Matsui NM, Borsig L, Rosen SD, et al. P-Selectin mediates the

adhesion of sickle erythrocytes to the endothelium. Blood.

2001;98:1955–1962.

14. Turhan A, Weiss LA, Mohandas N, Coller BS, Frenette PS. Primary

role for adherent leukocytes in sickle cell vascular occlusion: a new

paradigm. Proc Natl Acad Sci USA. 2002;99:3047–3051.

15. Aschenbrenner DS. Two new drugs for sickle cell disease. Am J

Nurs. 2020;120:24.

16. Higgins JPT, Altman DG, Gøtzsche PC, et al. The Cochrane

Collaboration’s tool for assessing risk of bias in randomised tri-

als. BMJ. 2011;343:d5928.

17. Niihara Y, Macan H, Eckman JR, et al. L-Glutamine therapy

reduces hospitalization for sickle cell anemia and sickle b˚-thal-

assemia patients at six months: a phase II randomized trial. Clin

Pharmacol Biopharm. 2014;3:116.

18. Niihara Y, Miller ST, Kanter J, et al. A phase 3 trial of L-gluta-

mine in sickle cell disease. N Engl J Med. 2018;379:226–235.

19. 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;133:1865–1875.

20. Vichinsky E, Hoppe CC, Ataga KI, et al. A phase 3 randomized trial

of voxelotor in sickle cell disease. N Engl J Med. 2019;381:509–519.

21. Ataga KI, Kutlar A, Kanter J, et al. Crizanlizumab for the pre-

vention of pain crises in sickle cell disease. N Engl J Med.

2017;376:429–439.

22. Kutlar A, Kanter J, Liles DK, et al. Effect of crizanlizumab on

pain crises in subgroups of patients with sickle cell disease: a

SUSTAIN study analysis. Am J Hematol. 2019;94:55–61.

23. Niihara Y, Zerez CR, Akirama DS, Tanaka KR. Oral

L�glutamine therapy for sickle cell anemia: I. Subjective clini-

cal improvement and favorable change in red cell NAD redox

potential. Am J Hematol. 1998;58:117–121.

http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0001
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0001
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0002
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0002
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0003
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0003
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0003
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0004
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0004
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0005
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0005
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0006
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0006
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0006
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0006
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0006
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0006
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0007
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0007
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0007
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0008
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0008
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0008
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0009
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0009
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0010
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0010
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0010
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0010
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0011
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0011
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0011
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0011
https://doi.org/10.2174/0929867327666200610175400
https://doi.org/10.2174/0929867327666200610175400
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0013
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0013
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0013
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0014
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0014
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0014
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0015
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0015
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0016
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0016
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0016
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0016
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0017
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0017
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0017
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0017
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0017
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0018
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0018
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0019
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0019
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0019
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0020
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0020
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0021
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0021
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0021
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0022
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0022
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0022
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0023
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0023
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0023
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0023
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0023
https://doi.org/10.1016/j.exphem.2020.08.008


18 M.A. Ali et al. / Experimental Hematology 2020;92:11−18
24. A voxelotor for sickle cell anemia patients at highest risk for

progression of chronic kidney disease. Available at: https://Clin-

icalTrials.gov/show/NCT04335721. Accessed January 8, 2020.

25. Dose escalation study to evaluate the safety, tolerability, PK and

PD of voxelotor in patients with SCD. Available at: https://Clin-

icalTrials.gov/show/NCT04247594. Accessed January 8, 2020.

26. Study to evaluate the effect of GBT440 on TCD in pediatrics

with sickle cell disease. Available at: https://ClinicalTrials.gov/

show/NCT04218084. Accessed January 8, 2020.

27. Pediatric open-label extension of voxelotor. Available at: https://Clini-

calTrials.gov/show/NCT04188509. Accessed January 8, 2020.

28. Study exploring the effect of crizanlizumab on kidney function in

patients with chronic kidney disease caused by sickle cell disease.

Available at: https://ClinicalTrials.gov/show/NCT04053764.

Accessed January 8, 2020.

29. A study to evaluate the safety and efficacy of crizanlizumab in

sickle cell disease related priapism. Available at: https://Clini-

calTrials.gov/show/NCT03938454. Accessed January 8, 2020.

30. Study of two doses of crizanlizumab versus placebo in adolescent and

adult sickle cell disease patients. Available at: https://ClinicalTrials.

gov/show/NCT03814746. Accessed January 8, 2020.

31. Study to assess the effect of long-term treatment with voxelotor

in participants who have completed treatment in Study GBT440-

031. Available at: https://ClinicalTrials.gov/show/NCT03573882.

Accessed January 8, 2020.

32. Study of dose confirmation and safety of crizanlizumab in pedi-

atric sickle cell disease patients. Available at: https://Clinical-

Trials.gov/show/NCT03474965. Accessed January 8, 2020.

33. Pharmacokinetics and pharmacodynamics study of SEG101 (cri-

zanlizumab) in sickle cell disease (SCD) patients with vaso-

occlusive crisis (VOC). Available at: https://ClinicalTrials.gov/

show/NCT03264989. Accessed January 8, 2020.

34. Study to evaluate the effect of GBT440 in pediatrics with sickle cell

disease. Available at: https://ClinicalTrials.gov/show/NCT02850406.

Accessed January 8, 2020.

35. Zaidi U, Shamsi TS, Farzana T, et al. Capacity building of stem

cell transplantation facilities in Pakistan: joint efforts of NIBD,

government, and private-sector institutions. Blood Adv. 2019;3

(Suppl 1):41–44.

36. Dew A, Collins-Jones D, Artz A, et al. Paucity of HLA-identical

unrelated donors for African-Americans with hematologic malig-

nancies: the need for new donor options. Biol Blood Marrow

Transplant. 2008;14:938–941.

37. Broder MS, et al. The cost of hematopoietic stem-cell transplantation

in the United States. Am Health Drug Benefits. 2017;10:366–374.

38. Quarmyne MO, Dong W, Theodore R, et al. Hydroxyurea effec-

tiveness in children and adolescents with sickle cell anemia: a

large retrospective, population-based cohort. Am J Hematol.

2017;92:77–81.

39. Badawy SM, Thompson AA, Liem RI. Beliefs about hydroxy-

urea in youth with sickle cell disease. Hematol Oncol Stem Cell

Ther. 2018;11:142–148.

40. Steinberg MH, Barton F, Castro O, et al. Effect of hydroxyurea on

mortality and morbidity in adult sickle cell anemia: risks and benefits

up to 9 years of treatment. JAMA. 2003;289:1645–1651.

41. Niihara Y, Zerez Akiyama DS, Tanaka KR. Increased red cell

glutamine availability in sickle cell anemia: I. Demonstration of

a several fold increase in active glutamine transport in intact red

cells. Blood. 1994;84(10 Suppl 1):405A.

42. Morris CR, Kuypers F, Hagar RW, et al. Metabolic fate of oral

glutamine supplementation within plasma and erythrocytes of

patients with sickle cell disease: preliminary pharmacokinetics

results. Blood. 2010;116:1636.

43. Hsu L, Saha A. Featured clinical topic: summary of the 2014 NHLBI

guidelines to manage sickle cell disease. Available at: https://www.
aap.org/en-us/Documents/soho_clinical_topic_sickle_cell.pdf.

Accessed January 8, 2020.

44. Ataga KI, Smith WR, De Castro LM, et al. Efficacy and safety

of the Gardos channel blocker, senicapoc (ICA-17043), in

patients with sickle cell anemia. Blood. 2008;111:3991–3997.

45. Kato GJ, Piel FB, Reid CD, et al. Sickle cell disease. Nat Rev

Dis Primers. 2018;4:18010.

46. Ohene-Frempong K, Weiner SJ, Sleeper LA, et al. Cerebrovas-

cular accidents in sickle cell disease: rates and risk factors.

Blood. 1998;91:288–294.

47. Ware RE, de Montalembert M, Tshilolo L, Abboud MR. Sickle

cell disease. Lancet. 2017;390:311–323.

48. Ataga KI, Reid M, Ballas SK, et al. Improvements in haemolysis

and indicators of erythrocyte survival do not correlate with acute

vaso-occlusive crises in patients with sickle cell disease: a phase

III randomized, placebo-controlled, double-blind study of the

Gardos channel blocker senicapoc (ICA-17043). Br J Haematol.

2011;153:92–104.

49. Heeney MM, Hoppe CC, Abboud MR, et al. A multinational

trial of prasugrel for sickle cell vaso-occlusive events. N Engl J

Med. 2016;374:625–635.

50. Efficacy and safety of rivipansel (GMI-1070) in the treatment of

vaso-occlusive crisis in hospitalized subjects with sickle cell disease.

Available at: https://ClinicalTrials.gov/show/NCT02187003.

Accessed January 8, 2020.

51. Sevuparin infusion for the management of acute VOC in subjects with

SCD. Available at: https://ClinicalTrials.gov/show/NCT02515838.

Accessed January 8, 2020.

52. Fingar KR, Owens PL, Reid LD, Mistry KB, Barrett ML. Char-

acteristics of inpatient hospital stays involving sickle cell dis-

ease, 2000−2016: Statistical Brief #251. Healthcare Cost and

Utilization Project (HCUP) Statistical Briefs. Rockville, MD:

Agency for Healthcare Research and Quality; 2019 September 3.

53. Onasanya O, Park JE, Zafari Z. PCN125 novel anti-sickling agents

and hydroxyurea versus chronic transfusions in sickle cell disease: a

cost-effectiveness analysis. Value Health. 2020;23:S45.

54. Bola~nos-Meade J, Cooke KR, Gamper CJ, et al. Effect of

increased dose of total body irradiation on graft failure associ-

ated with HLA-haploidentical transplantation in patients with

severe haemoglobinopathies: a prospective clinical trial. Lancet

Haematol. 2019;6:e183–e193.

55. Pawlowska AB, Cheng JC, Karras NA, et al. HLA haploidentical

stem cell transplant with pretransplant immunosuppression for

patients with sickle cell disease. Biol Blood Marrow Transplant.

2018;24:185–189.

56. A study evaluating gene therapy with BB305 lentiviral vector in

sickle cell disease. Available at: https://ClinicalTrials.gov/show/

NCT04293185. Accessed January 8, 2020.

57. CSL200 gene therapy in adults with severe sickle cell disease.

Available at: https://ClinicalTrials.gov/show/NCT04091737.

Accessed January 8, 2020.

58. Safety and efficacy of gene therapy of the sickle cell disease by trans-

plantation of an autologous CD34+ enriched cell fraction that contains

CD34+ cells transduced ex vivo with the GLOBE1 lentiviral vector

expressing the bAS3 globin gene in patients with sickle cell disease

(DREPAGLOBE). Available at: https://ClinicalTrials.gov/show/

NCT03964792. Accessed January 8, 2020.

59. Gene transfer for sickle cell disease. Available at: https://Clini-

calTrials.gov/show/NCT03282656. Accessed January 8, 2020.

60. Stem cell gene therapy for sickle cell disease. Available at:

https://ClinicalTrials.gov/show/NCT02247843. Accessed January

8, 2020.

61. Gene transfer for patients with sickle cell disease. Available at:

https://ClinicalTrials.gov/show/NCT02186418. Accessed January

8, 2020.

https://ClinicalTrials.gov/show/NCT04335721
https://ClinicalTrials.gov/show/NCT04335721
https://ClinicalTrials.gov/show/NCT04247594
https://ClinicalTrials.gov/show/NCT04247594
https://ClinicalTrials.gov/show/NCT04218084
https://ClinicalTrials.gov/show/NCT04218084
https://ClinicalTrials.gov/show/NCT04188509
https://ClinicalTrials.gov/show/NCT04188509
https://ClinicalTrials.gov/show/NCT04053764
https://ClinicalTrials.gov/show/NCT03938454
https://ClinicalTrials.gov/show/NCT03938454
https://ClinicalTrials.gov/show/NCT03814746
https://ClinicalTrials.gov/show/NCT03814746
https://ClinicalTrials.gov/show/NCT03573882
https://ClinicalTrials.gov/show/NCT03474965
https://ClinicalTrials.gov/show/NCT03474965
https://ClinicalTrials.gov/show/NCT03264989
https://ClinicalTrials.gov/show/NCT03264989
https://ClinicalTrials.gov/show/NCT02850406
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0035
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0035
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0035
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0035
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0036
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0036
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0036
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0036
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0037
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0037
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0038
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0038
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0038
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0038
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0039
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0039
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0039
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0040
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0040
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0040
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0041
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0041
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0041
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0041
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0042
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0042
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0042
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0042
https://www.aap.org/en-us/Documents/soho_clinical_topic_sickle_cell.pdf
https://www.aap.org/en-us/Documents/soho_clinical_topic_sickle_cell.pdf
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0044
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0044
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0044
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0045
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0045
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0046
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0046
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0046
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0047
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0047
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0048
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0048
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0048
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0048
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0048
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0048
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0049
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0049
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0049
https://ClinicalTrials.gov/show/NCT02187003
https://ClinicalTrials.gov/show/NCT02515838
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0052
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0052
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0052
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0052
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0052
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0053
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0053
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0053
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0054
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0054
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0054
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0054
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0054
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0054
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0055
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0055
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0055
http://refhub.elsevier.com/S0301-472X(20)30356-8/sbref0055
https://ClinicalTrials.gov/show/NCT04293185
https://ClinicalTrials.gov/show/NCT04293185
https://ClinicalTrials.gov/show/NCT04091737
https://ClinicalTrials.gov/show/NCT03964792
https://ClinicalTrials.gov/show/NCT03964792
https://ClinicalTrials.gov/show/NCT03282656
https://ClinicalTrials.gov/show/NCT03282656
https://ClinicalTrials.gov/show/NCT02247843
https://ClinicalTrials.gov/show/NCT02186418
https://doi.org/10.1016/j.exphem.2020.08.008


Supplementary table 1. Search history.

Search database Search term Results

PubMed (sickle cell anemia) AND (((((voxelotor) OR (crizanlizumab)) OR (glutamine)) OR (GBT440)) OR (Seg101)) 86

Clinicaltrials.gov Voxelotor OR GBT440 AND sickle cell anemia = 13

Crizanlizumab OR Seg101 AND sickle cell anemia = 7

Glutamine AND sickle cell anemia = 5
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