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   As cura tive ther apy using allo ge neic hema to poi etic stem cell trans plan ta tion as well as gene ther apy and gene editing 
remains inac ces si ble to most patients with sickle cell dis ease, the avail abil ity of drug ther a pies that are safe, effi  ca cious, 
and afford able is highly desir able. Increasing prog ress is being made in devel op ing drug ther a pies based on our under-
stand ing of dis ease path o phys i  ol ogy. Four drugs, hydroxy urea, L - glu ta mine, crizanlizumab, and voxelotor, are cur rently 
approved by the US Food and Drug Administration, with mul ti ple oth ers at var i ous stages of test ing. With the lim ited 
effi  cacy of indi vid ual agents, com bi na tions of agents will likely be required for opti mal   out comes.  

   LEARNING OBJEC TIVES 
    •  Appreciate the general approaches to the management of SCD based on disease pathophysiology 
   •  Describe the results of important drug trials in sickle cell disease, particularly those that resulted in drug approvals 

by regulatory agencies, while highlighting ongoing drug trials 
   •  Describe our approach to using approved drug therapies for the management of patients with sickle cell disease    

    CLINICAL CASE 
  A 28  year  old man with hemo glo bin SS (HbSS) sickle cell 
dis ease (SCD) com pli cated by ret i nop a thy, acute chest 
syn drome (ACS), nephrop a thy, and fre quent pain epi sodes 
requiring healthcare utilization was seen in clinic for fol
low up. He was on hydroxy urea ( ∼ 20    mg / kg / d, his max i
mum tol er ated dose) and losartan (25    mg / d) and was fairly 
adher ent. Laboratory stud ies showed a white blood cell 
count (WBC) of 6.2     ×     10 9  / L; an Hb level of 9.7    g / dL; a mean 
cor pus cu lar vol ume of 110 fL; a plate let count of 292     ×     10 9  / L; 
an abso lute neu tro phil count of 3.5     ×     10 9  / L; an abso lute 
retic u lo cyte count of 114.8     ×     10 9  / L; a cre at i nine level of 
0.8     mg / dL; and a cystatin C level of 0.8     mg / L. Hb elec
tro pho re sis showed a sickle Hb (HbS) level of 81.2 % ; fetal 
Hb (HbF), 15.6 % ; and HbA2, 3.2 % . Given his fre quent pain 
epi sodes, options for opti miz ing his care were discussed.  

   Introduction 
 SCD affects mil li ons of indi vid u als world wide. 1  Although a 
rare dis ease in the United States, an esti mated 230 000 
chil dren (representing the vast major ity of world wide 
births) were born with sickle cell ane mia (refer ring to HbSS 

and HbS β  0 ) in sub  Saharan Africa in 2010. 2  In addi tion to 
the pres ence of HbS, SCD is char ac ter ized by hemo lytic 
ane mia, vaso  occlu sive com pli ca tions, and pro gres sive 
end  organ dys func tion. The mor tal ity rate for chil dren with 
sickle cell ane mia remains high in sub  Saharan Africa, with 
esti mated rates of 36.4 %  for those youn ger than 5 years 
and 43.3 %  for those youn ger than 10 years, 3  but most chil
dren in resource  rich countries live to adult hood. 4  Despite 
increased sur vival to adult hood, indi vid u als with SCD 
in resource  rich nations have a reduced life expec tancy 
com pared to the gen eral pop u la tion. 5  8  SCD can be cured 
fol low ing allo ge neic stem cell trans plan ta tion and pos si
bly fol low ing gene ther apy and gene editing. However, 
as most patients do not have access to these poten tially 
cura tive treat ments, the avail abil ity of safe, effec tive, and 
afford able drugs remains highly desir able. 

 This article reviews impor tant his toric and recent drug 
tri als for SCD, high light ing reg u la tory agency – approved 
drug ther a pies and our approach to the use of these agents. 

 Pathophysiology 
 The devel op ment of effec tive drug ther a pies for SCD 
requires an ade quate under stand ing of its path o phys i  ol
ogy. The pri mary event in the path o phys i  ol ogy of SCD 
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is the poly mer i za tion of HbS fol low ing deox y gen ation.9 The 
poly mer i za tion of HbS depends on sev eral fac tors, includ ing 
the degree of HbS deox y gen ation, the intra cel lu lar HbS con
cen tra tion, and the amount of HbF.9 HbS poly mer i za tion as 
well as its mul ti ple con se quences, includ ing endo the lial cell 
injury, endo the lial dys func tion, increased oxi dant stress, inflam
ma tion, coag u la tion and plate let acti va tion, and com ple ment 
acti va tion, is a ther a peu tic tar get in SCD. The clin i cal man i fes
ta tions of SCD appear to be driven by 2 major path o phys i
o log i cal pro cesses: vasoocclu sion with ische miareperfusion  
injury and hemo lytic ane mia.1 SCD may also be divided into 2 
overlapping subphenotypes: vis cos ityvasoocclu sion (char ac
ter ized by higher Hb lev els, pos si bly increased blood vis cos ity, 
and clin i cal com pli ca tions such as acute pain epi sodes, ACS, 
and avas cu lar necro sis of bone) and hemo ly sisendo the lial  
dys func tion (char ac ter ized by lower Hb and higher lev els of 
mark ers of hemo ly sis, includ ing retic u lo cyte count, indi rect  
bil i ru bin and lac tate dehy dro ge nase, and clin i cal com pli ca tions 
such as leg ulcers, priapism, stroke, and pul mo nary hyper ten
sion).10 This clas si fi ca tion, while con tro ver sial, may facil i tate an 
increased under stand ing of the patho bi  ol ogy of SCDrelated 
com pli ca tions and the effects of ther a peu tic agents. The path
o phys i  ol ogy of SCD is beyond the scope of this arti cle and is 
reviewed else where.11

Drug tri als for SCD
Although SCD affects mul ti ple body organs, most tri als of 
poten tially dis easemod i fy ing drugs have focused on acute 
pain epi sodes (com monly referred to as vasoocclu sive cri ses, 
or VOCs) as their pri mary end point. The gen eral approaches to 
the man age ment of acute pain epi sodes are sup port, inter ven
tion, and pre ven tion (Figure 1). No drugs have been approved 
for short en ing the dura tion of acute vasoocclu sive com pli ca
tions (Table 1). As such, acute pain epi sodes are usu ally man
aged supportively. The major ity of drug tri als have focused on 

dis easemod i fy ing ther a pies to pre vent acute pain epi sodes. 
For many years, hydroxy urea was the only drug approved by 
the US Food and Drug Administration (FDA) for sickle cell ane
mia. More recently, how ever, 3 other drugs, Lglu ta mine, cri
zanlizumab, and voxelotor, have been approved for SCD. The 
fol low ing sec tions focus on phase 3 and select mul ti cen ter 
phase 2 stud ies of dis easemod i fy ing agents.

Drugs that inhibit HbS poly mer i za tion
Multiple mech a nisms can pre vent HbS poly mer i za tion: 1) inhi bi
tion of sickle fiber inter mo lec u lar con tacts; 2) increase in HbF; 
3) decrease of intra cel lu lar HbS con cen tra tion; 4) increase of 
oxy gen affin ity; and 5) decrease in 2,3diphosphoglycerate 
con cen tra tion.12

Hydroxyurea, an inhib i tor of ribo nu cle o tide reduc tase, is 
thought to exert its ther a peu tic effects largely by induc ing HbF, 
although the mech a nisms of HbF induc tion remain unclear. 
Hydroxyurea was approved for adults based on the results of the 
dou bleblind, pla cebocon trolled, mul ti cen ter trial of hydroxy
urea in 299 patients with sickle cell ane mia, which showed sig
nifi  cant reduc tions of VOCs (median, 2.5 vs 4.5 cri ses per year; 
P < .0001), hos pi tal i za tions due to cri ses (median annual rates, 1.0 
vs 2.4; P < .001), ACS (25 vs 51 patients; P < .0001), and blood trans
fu sions (48 vs 73 patients; P  =  .001; and 336 vs 586 units of blood; 
P  =  .004) fol low ing treat ment with hydroxy urea vs pla cebo.13 
Similar find ings were observed in the mul ti cen ter BABY HUG 
trial in which treat ment with hydroxy urea sig nifi  cantly reduced  
dis easerelated acute com pli ca tions in young chil dren with sickle 
cell ane mia.14 Based on this, a National Heart, Lung, and Blood 
Institute (NHLBI) expert panel strongly recommended offer ing 
hydroxy urea to chil dren as young as 9 months with sickle cell ane
mia.15 Hydroxyurea was approved in the United States for chil dren 
aged 2 years or older in 2017 based on find ings from an open 
label, sin glearm trial that showed sig nifi  cant decreases in acute 
vasoocclu sive events and trans fu sion require ments.16 Although 

Figure 1. Approaches to the management of SCD. Of the diseasemodifying therapies, 4 drugs, hydroxyurea, Lglutamine, crizan
lizumab, and voxelotor, are currently approved by the FDA. In the absence of longterm data, gene therapy and gene editing are 
referred to as “potentially curative therapies.”
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no sig nifi  cant dif fer ences were observed in the inten tiontotreat 
anal y sis, hydroxy urea reduced the risk of con ver sion from con
di tional to abnor mal transcranial Dopp ler (TCD) veloc ity com
pared with obser va tion (0 vs 50%; P  =  .02) in post–host anal y sis of 
a mul ti cen ter trial.17 In indi vid u als with abnor mal TCD on chronic 
blood trans fu sion and no severe vasculopathy, hydroxy urea was 
also noninferior to chronic red blood cell (RBC) trans fu sion in pre
vent ing stroke.18 In this trial the final modelbased TCD veloc i ties 
for stan dard trans fu sions vs hydroxy urea were 143  cm/s (95% CI, 
140146) vs 138 cm/s (95% CI, 135142), with a dif fer ence of 4.54 
(95% CI, 0.108.98; P  =  8.82  ×  10−16 for noninferiority, and P  =  .023 
for supe ri or ity post hoc). In the REACH study, the treat ment of 
606 chil dren from 4 subSaharan countries with hydroxy urea sig
nifi  cantly increased total Hb (an increase of 1.0  g/dL; 95% CI, 0.8
1.0) and HbF lev els (an increase of 12.5%; 95% CI, 11.813.1) and 
decreased the rates of vasoocclu sive pain (98.3 vs 44.6 events 
per 100 patientyears; inci dence rate ratio [IRR], 0.45; 95% CI, 0.37
0.56), RBC trans fu sions (43.3 vs 14.2 events per 100 patientyears; 
IRR, 0.33; 95% CI, 0.230.47), and mor tal ity (3.6 vs 1.1 deaths per 
100 patientyears; IRR, 0.30; 95% CI, 0.100.88) when com pared 
with the pre treat ment period.19 In a dou bleblind, par al lelgroup, 
phase 3 trial of 220 chil dren with sickle cell ane mia and abnor
mal TCD veloc i ties conducted in Nigeria, no sig nifi  cant dif fer ence 
was seen in the stroke inci dence rate with lowdose hydroxy
urea (10  mg/kg) com pared with mod er atedose hydroxy urea 
(20  mg/kg), although the inci dence rate for all cause hos pi tal i za
tion was lower with mod er atedose hydroxy urea.20 Furthermore, 
no sig nifi  cant dif fer ence in the inci dence rates of the pri mary out
come mea sures (stroke, tran sient ische mic attack, and death) was 
seen with lowdose vs mod er atedose hydroxy urea for sec ond ary 
pre ven tion of stroke.21

Voxelotor is an HbS poly mer i za tion inhib i tor that revers ibly 
binds to Hb and sta bi lizes it in the oxy gen ated (relaxed) state.22 
In the mul ti cen ter phase 3 HOPE study, 274 patients (12 years 
and older) with SCD were ran dom ized to receive a daily dose 
of 1500  mg of voxelotor, 900  mg of voxelotor, or pla cebo for 72 
weeks. In the inten tiontotreat anal y sis, 51% (95% CI, 4161) of 
par tic i pants who received 1500  mg/d achieved a Hb increase 
of greater than 1  g/dL from base line after 24 weeks of ther apy 
com pared to 7% (95% CI, 112) in the pla cebo group. Treat
ment with voxelotor at 1500  mg/d also resulted in a sig nifi  cant 
increase in Hb (mean change, 1.14  g/dL vs −0.1  g/dL; P < .001) 
and sig nifi  cant decreases in indi rect bil i ru bin (mean change, 
−29.1% vs −3.2%; P < .001) and per cent retic u lo cyte count (mean 
change, −19.9% vs 4.5%; P < .001) com pared to pla cebo.23 Sim
ilarly, a Hb increase of more than 1  g/dL from base line after 24 
weeks of voxelotor was observed in 47% of chil dren with HbSS 
or HbSβ0 in the HOPE KIDS1 trial.24

Senicapoc, a potent blocker of the Gardos chan nel, a cal cium 
acti vated potas sium chan nel of inter me di ate con duc tance in 
RBCs, improves RBC hydra tion by reduc ing the loss of sol ute and 
water. However, an increase in Hb (mean change, 0.59  g/dL vs 
−0.1  g/dL; P < .001) and decreases in per cent retic u lo cyte count 
(mean change, −2.46% vs −0.79%; P < .001) and indi rect bil i ru bin 
(mean change −16.6  µmol/L vs −0.3  µmol/L; P < .001), both mark
ers of hemo ly sis, fol low ing senicapoc admin is tra tion were not 
accom pa nied by a sig nifi  cant reduc tion in acute pain epi sodes.25 
Magnesium inhib its K+ efflux through the potas sium chlo ride 
cotrans port chan nel in RBCs and con se quently pre vents RBC 
dehy dra tion. Treatment with intra ve nous (IV) mag ne sium when 

com pared with pla cebo did not shorten the length of hos pi tal i
za tion (median, 56 hours; interquartile range [IQR], 27.0109.0 vs 
47 hours [IQR, 24.099.0]; P  =  .24), reduce opi oid use (median, 
1.46  mg/kg vs 1.28  mg/kg mor phine equiv a lents; P  =  .12), or 
improve qual ity of life in chil dren and young adults who were 
hos pi tal ized for acute pain epi sodes.26 Table 2 lists actively 
recruiting stud ies of antisickling agents.

Antioxidant, antiadhesive, and anti-inflam ma tory agents
Oxidative stress is a major con trib u tor to the path o phys i  ol ogy of 
SCD. Lglu ta mine, a con di tion ally essen tial amino acid, is a pre
cur sor for nic o tin amide ade nine dinu cle o tide (NAD), increases 
the NAD redox ratio within sickle RBCs, and may improve RBC 
health by reduc ing oxi da tive stress. In a mul ti cen ter, pla cebo
con trolled trial of 230 patients with HbSS or HbSβ0, Lglu ta mine,  
admin is trated twice daily, sig nifi  cantly reduced acute pain 
epi sodes (3.0 vs 4.0; P  =  .005) and hos pi tal i za tions (2.0 vs 3.0; 
P  =  .005) com pared to pla cebo.27 Treatment with Lglu ta mine 
also resulted in a sig nifi  cantly lower cumu la tive num ber of hos pi
tal days and fewer occur rences of ACS com pared with pla cebo. 
Treatment with another anti ox i dant, Nacetylcysteine (NAC), at 
a dose of 600  mg twice a day for 6 months did not sig nifi  cantly 
decrease the rate of SCDrelated pain days per patientyear, 
days of hos pi tal admis sion, num ber of admis sions, or days with 
home anal ge sic use com pared with pla cebo.28

Antiadhesion agents may improve flow in the micro vas cu
la ture by reduc ing abnor mal cellcell (RBC, leu ko cyte, plate let, 
endo the lial cell) inter ac tions. Crizanlizumab, a human ized mono
clo nal anti–Pselectin anti body, blocks the inter ac tion between 
Pselectin (expressed on acti vated endo the lial cells and plate
lets) and Pselectin gly co pro tein ligand 1. In the SUSTAIN trial, a 
mul ti cen ter, ran dom ized, pla cebocon trolled phase 2 trial, cri
zanlizumab admin is tered at a dose of 2.5  mg/kg or 5  mg/kg via 
IV every 4 weeks (fol low ing an ini tial load ing dose) in a 52week 
period was com pared with pla cebo in indi vid u als with SCD.29 
Treatment with highdose crizanlizumab (5  mg/kg) resulted in 
a sig nifi  cantly lower median rate of pain ful cri sis (1.63 vs 2.98; 
P = .01), a lower median rate of uncom pli cated cri sis (1.08 vs 2.91; 
P = .02), and lon ger median times to occur rence of the first (4.07 
months vs 1.38 months; P = .001) and sec ond pain cri ses (10.32 
vs 5.09 months; P  =  .02). The ben e fit in reduc ing pain cri sis was 
observed regard less of the ongo ing use of hydroxy urea, pain 
cri sis fre quency in the pre vi ous 12 months, or SCD geno type. 
However, recently reported results from the phase 3 STAND trial 
showed no sig nifi  cant dif fer ence between either crizanlizumab 
at 5  mg/kg or 7.5  mg/kg and pla cebo on the annu al ized rates of 
VOC lead ing to a healthcare visit over the first year postrandom
ization, although there were no new safety con cerns.30 Based on 
these results, the Euro pean Medicines Agency’s Committee for 
Medicinal Products for Human Use con cluded that the ben e fits 
of crizanlizumab do not out weigh its risks and recommended the 
rev o ca tion of its mar ket ing autho ri za tion in the Euro pean Union.

Rivipansel (pre vi ously called GMI1070) is a smallmol e cule pan 
selectin inhib i tor with highest affin ity to Eselectin. In a mul ti
cen ter phase 2 trial, rivipansel reduced the cumu la tive IV opi oid 
dose dur ing acute pain epi sodes by 83% com pared to pla cebo.31 
However, in a mul ti cen ter, pla cebocon trolled phase 3 trial 
(RESET), no ben e fit was seen with rivipansel in short en ing the 
times to read i ness for dis charge, hos pi tal dis charge, or dis con
tin u a tion of IV opi oids.32 In a post hoc anal y sis, the early ini ti a tion 
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of rivipansel within 26.4 hours of cri sis onset resulted in clin i cally 
mean ing ful reduc tions in median time to read i ness for dis charge 
by 56.3 hours (from 122.0 to 65.7 hours; haz ard ratio [HR], 0.58; 
P  =  .033), median time to dis charge by 41.5 hours (from 112.8 
to 71.3 hours; HR, 0.54; P  =  .010), and time to dis con tin u a tion 
of IV opi oids by 50.5 hours (from 104.0 to 53.5 hours; HR, 0.58; 
P  =  .026), com pared with pla cebo.32 Sevuparin, a lowmolec u lar 
weight hep a rinderived poly sac cha ride with antiadhesive prop
er ties but min i mal anti co ag u lant activ ity, did not shorten the 
times to VOC res o lu tion or dis con tin u a tion of IV opi oids vs pla
cebo when admin is tered dur ing acute pain epi sodes.33

Poloxamer188, a non ionic block copol y mer sur fac tant that 
improves micro vas cu lar blood flow and reduces hydro pho bic 
cellcell inter ac tions, has been eval u ated in patients hos pi tal ized 
for acute pain epi sodes. In an ear lier study, poloxamer188 sig
nifi  cantly short ened the dura tion of acute pain epi sodes when 
com pared with pla cebo (mean, 133 hours [stan dard devi a tion, 
41] vs 141 hours [stan dard devi a tion, 42]; P  = .04).34 However, with 
an absence of doc u men ta tion of the study’s cri sis res o lu tion cri
te ria in approx i ma tely 24% of par tic i pants (30% in the pla cebo 
arm vs 18% in the poloxamer188 arm), another trial was con
ducted. This sub se quent study showed no sig nifi  cant dif fer ence 
in the time to dis con tin u a tion of IV opi oids when poloxamer188 
was com pared to pla cebo (81.8 hours vs 77.8 hours; P  = .09).35

Multiple agents have been eval u ated to mit i gate the effects 
of inflam ma tion in SCD.36 Regadenoson, a par tially selec tive 
aden o sine A2A recep tor ago nist that decreases the acti va tion of 
invari ant nat u ral killer T cells, did not decrease the dura tion of 
hos pi tal i za tion (3.96 days vs 3.99 days; P  =  .80), total opi oid use 
(median mor phine equiv a lent dose, 0.03  mg/kg/h vs 0.04   mg/ 
kg/h; P  = .34), or pain scores (−2.68 vs −2.80; P = .91) when com
pared with pla cebo.37 Treatment with SC411, a docosahexaenoic 
acid ethyl ester for mu la tion, for 8 weeks sig nifi  cantly reduced 
lev els of Ddimer (P  = .025) and sol u ble Eselectin (P  = .0219) and 
increased Hb (mean change, 0.97  g/dL vs 0.33  g/dL; P  = .04) when 
com pared with pla cebo.38 Canakinumab (ACZ885), a mono clo nal 
anti–inter leu kin 1 beta anti body, was well tol er ated in a 6month 
study. Although the trial did not achieve its prespecified pri mary 
end point for diaryreported daily pain scores, treat ment with 
canakinumab resulted in reduc tions in mark ers of inflam ma tion 
(highsen si tiv ity Creac tive pro tein, abso lute counts of leu ko cytes, 
mono cytes) and num ber/dura tion of hos pi tal i za tions as well as 
trends for improve ment in pain inten sity, fatigue, and absences 
from school or work when com pared with patients in the pla cebo 
arm.39 Montelukast, a leu ko tri ene inhib i tor, did not sig nifi  cantly 
decrease lev els of sol u ble vas cu lar cell adhe sion mol e cule 1 and 
reported pain when com pared to pla cebo fol low ing 8 weeks of 
treat ment.40 Actively recruiting stud ies of anti ox i dants, antiadhe
sive and antiinflam ma tory agents are shown in Table 3.

Nitric oxide and related agents, antiplatelet agents,  
and anti co ag u lants
Abnormalities of the nitric oxide (NO)cyclic gua no sine mono
phosphate (cGMP)depen dent sig nal ing path way may play a 
role in the inflam ma tion and vas cu lar dys func tion seen in SCD. 
As a result of ongo ing hemo ly sis, scav eng ing of NO, and sub se
quent endo the lial dys func tion, NO and related agents may pro
vide ben e fit to patients with SCD. In a phase 2 mul ti cen ter study 
of SCD patients expe ri enc ing acute vasoocclu sive epi sodes, 
inhaled NO did not sig nifi  cantly shorten the median time to  

res o lu tion of vasoocclu sive epi sodes (73 hours [95% CI, 46.0
91.0] vs 65.5 hours [95% CI, 48.184.0]; P = .87) or the median 
length of hos pi tal i za tion (4.1 days [IQR, 26] vs 3.1 days [IQR, 
1.76.4]; P  = .30) or reduce the median opi oid usage (2.8  mg/kg 
[1.46.1] vs 2.9  mg/kg [1.19.9]; P  = .73) or the rate of ACS when 
com pared to pla cebo.41 In a sep a rate study, inhaled NO did not 
reduce the rate of treat ment fail ure in adult patients with mild to 
mod er ate ACS.42 Largi nine is an obli gate sub strate for NO pro
duc tion. In a mul ti cen ter, dou bleblind, pla cebocon trolled study 
of chil dren in Nigeria, oral Largi nine ther apy admin is tered within 
6 hours of pre sen ta tion for a pain cri sis sig nifi  cantly reduced total 
anal ge sic usage, quan ti fied using the mean anal ge sic med i ca tion 
quan ti fi ca tion scale (73.4 [95% CI, 62.484.3] vs 120.0 [96.7143.3]; 
P < .001), pain scores (1.50 [1.231.77] vs 1.09 [0.941.24]; P  = .009), 
time to cri sis res o lu tion (75.8 ± 36 hours [95% CI, 63.488.2] vs 
93.3 ± 32.7 hours [95% CI, 81.7104.9]; P  = .02), and the total length 
of hos pi tal stay (105 hours [IQR, 72144] vs 141 hours [IQR, 117205]; 
P  = .002).43 However, patients treated with sildenafil, a phos pho
di es ter ase5 inhib i tor that increases NOmedi ated effects by 
inhibiting cGMP deg ra da tion, expe ri enced more seri ous adverse 
events, pre dom i nantly hos pi tal i za tion for pain, but no clin i cal 
ben e fits when com pared to pla cebo.44

Platelet acti va tion occurs in SCD at steady state, with fur ther 
acti va tion dur ing acute pain epi sodes.4549 Although ticlopidine 
was pre vi ously shown to decrease the num ber, the mean dura
tion, and the sever ity of acute pain epi sodes,50 more recent 
phase 3 tri als of the newergen er a tion P2Y12 recep tor block
ers, prasugrel and ticagrelor, did not show a ben e fit in reduc
ing the fre quency of vasoocclu sive epi sodes com pared to 
pla cebo.51,52 Tinzaparin, a lowmolec u larweight hep a rin, sig nif
i cantly reduced the dura tions of acute pain epi sodes (mean dif
fer ence in dura tion of pain ful cri ses, −1.78 days; 95% CI, −1.94 to 
−1.62; P < .0001) and hos pi tal i za tion (mean dif fer ence in dura tion 
of hos pi tal i za tion, −4.98 days; 95% CI, 5.48 to −4.48; P < .0001) 
when com pared to pla cebo.53 However, it is uncer tain whether 
the ben e fi cial effects were a result of its anti co ag u lant or antiad
hesive effects. Table 4 shows actively recruiting tri als of NO and 
related agents, antiplatelet agents, and anti co ag u lants.

Our approach to the use of approved drugs
As most patients have lim ited access to cura tive ther a pies, 
phar ma co ther apy may offer the best hope for improved patient 
out comes at this time. In the absence of clin i cal tri als com par
ing avail  able drugs, the choice of ini tial ther apy may be guided 
by a patient’s clin i cal pre sen ta tion as well as the avail abil ity and 
cost of drugs (Table 5). Patients with fre quent vasoocclu sive 
com pli ca tions (such as acute pain epi sodes or ACS) may obtain 
ben e fit from the use of hydroxy urea, Lglu ta mine, and crizanli
zumab, while hemo lytic ane mia may be improved with the use 
of hydroxy urea and voxelotor. Despite the neg a tive results of 
the STAND trial, we con tinue to use crizanlizumab on a caseby
case basis as sev eral stud ies other than the SUSTAIN trial sug
gest a ben e fit to decreas ing the fre quency of pain ful epi sodes 
lead ing to health cen ter vis its.5456 As approved drug ther a pies 
have lim ited clin i cal effi cacy, most com pli ca tions related to SCD 
are unlikely to be ame lio rated by a sin gle drug. Consequently, 
patients are most likely to obtain max i mum ben e fit using a 
com bi na tion of drugs with dif fer ent mech a nisms of action and 
non over lap ping side effects. While more data are nec es sary to 
eval u ate the effects of drug com bi na tions, pre vi ous stud ies of 
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Lglu ta mine, crizanlizumab, and voxelotor showed that these 
agents in com bi na tion with hydroxy urea were ben e fi cial, with
out increased tox ic ity.

CLINICAL CASE (con tin ued)
In the absence of iden ti fi able pre cip i tat ing fac tors and fol
low ing con fir ma tion of adher ence with hydroxy urea, other 
treat ment options for acute pain epi sodes were exten sively 
discussed. While con tinu ing hydroxy urea, the patient began on 
Lglu ta mine because he wished to avoid monthly infu sion clinic 
vis its. He was, how ever, switched to crizanlizumab due to poor 
tol er ance of Lglu ta mine. He expe ri enced a sub stan tial reduc
tion in the fre quency of acute pain epi sodes over the next year.

Conclusion
Although SCD is an orphan dis ease in the United States, it is 
com mon world wide. With advances in the under stand ing of  

dis ease path o phys i  ol ogy, mul ti ple drugs have been approved by 
reg u la tory agencies, with more in var i ous stages of clin i cal test
ing. The devel op ment of new drugs for SCD offers oppor tu ni ties 
to test drug com bi na tions in the hope of improved clin i cal out
comes. Although the major ity of drug tri als in SCD have eval u ated 
acute pain epi sodes as the pri mary clin i cal end point, other SCD 
related com pli ca tions and sur ro gate end points are increas ingly 
being assessed. Demonstrating the ben e fit of drug ther a pies on 
endorgan dys func tion in SCD will pro vide fur ther evi dence for 
their role in improv ing patient out comes.
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Table 5. Summary char ac ter is tics of FDA-approved drugs for SCD

Hydroxyurea L-glu ta mine Crizanlizumab Voxelotor

Age (years) ≥2 ≥5 ≥16 ≥4

Genotypes HbSS, HbSβ0 thal as se mia All geno types (only stud ied 
in HbSS, HbSβ0 thal as se mia)

All geno types All geno types (major ity with 
HbSS, HbSβ0 thal as se mia)

Mechanism of action Multiple, but pri mar ily by 
increas ing HbF pro duc tion

Uncertain, but thought  
to increase NAD redox 
poten tial; may decrease 
cell adhe sion

Anti–Pselectin inhib i tor 
(decreases adhe sion of 
WBC, RBC to  
endo the lium and pos si bly 
of plate lets to WBC)

Decreases HbS poly mer i za
tion by increas ing Hboxy gen 
affin ity

Route of admin is tra tion Oral (cap sules/tab lets) Oral (pow der) IV Oral (tab lets)

Clinical effects of  
ther apy

Decreased fre quency of VOC, 
decreased fre quency of ACS, 
decreased hos pi tal i za tion, 
decreased RBC trans fu sion 
require ment, decreased 
stroke risk

Decreased fre quency of 
VOC, decreased fre quency 
of ACS, decreased  
hos pi tal i za tion

Decreased fre quency of 
VOC in phase 2 SUSTAIN 
trial. Results of recent 
phase 3 STAND trial 
showed no ben e fit.

Increased Hb

Effect size for pri mary 
end point (NNT)

44% decrease in VOC per year 
(median from 4.5 to 2.5);  
IRR, 0.56

25% decrease in VOC in 48 
wk (median from 4 to 3); 
IRR, 0.75

45% decrease in cri sis  
rate per year (median 
from 3 to 1.6); IRR, 0.55

7fold increase in the Hb 
respond ers (7 to 51) at 24 
wk, inci dence pro por tion 
ratio = 7.3a

Common toxicities Myelosuppression, skin  
hyper pig men ta tion, nail  
dis col or ation, ter a to ge nic ity, 
decreased sperm counts,  
nau sea and vomiting

Constipation, nau sea, 
head aches, abdom i nal pain

Nausea, arthral gia Headache, diar rhea, nau sea

Pharmacokinetics Excreted via kid neys. 
Adjust dose for eGFR 
<60  mL/min/1.73 m2

Use with cau tion with 
hepatic and renal 
impair ment, but no 
recommended dose adjust
ment

No dos age adjust ments in 
man u fac turer label ing for 
renal and hepatic  
impair ment (not tested in 
ESRD)

No dos age adjust ment for 
renal impair ment, but not 
yet stud ied in ESRD requir ing 
dial y sis. Dose reduc tion for 
severe liver dis ease (Child 
Pugh class C)

Cost $ $$$ $$$$$ $$$$$

ACS, acute chest syndrome; eGFR, esti mated glo mer u lar fil tra tion rate; ESRD, endstage renal dis ease; HbF, fetal hemoglobin; HbS, sickle hemoglobin; 
IV, intravenous; NAD, nicotinamide adenine dinucleotide; NNT, num ber needed to treat; VOC, vasoocclusive crisis.
aPatients treated with 1500  mg of voxelotor had 7.3 times the increased pro por tion of Hb respond ers (>1  g/dL increase from base line at 24 weeks).

Data adapted from Rai and Ataga.62
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Novo Nordisk, Fulcrum Therapeutics, Agios Pharmaceuticals, 
Pfizer; con sul tancy: Roche, Biomarin; data mon i tor ing com
mit tee: Vertex.

Off-label drug use
Parul Rai: nothing to disclose.
Kenneth I. Ataga: nothing to disclose.
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