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   Hemoglobin S (HbS) poly mer i za tion, red blood cell (RBC) sick ling, chronic ane mia, and vaso - occlu sion are core to sickle 
cell dis ease (SCD) path o phys i  ol ogy. Pyruvate kinase (PK) acti va tors are a novel class of drugs that tar get RBC metab o-
lism by reduc ing the buildup of the gly co lytic inter me di ate 2,3 - diphosphoglycerate (2,3 - DPG) and increas ing pro duc tion 
of aden o sine tri phos phate (ATP). Lower 2,3 - DPG level is asso ci ated with an increase in oxy gen affi n ity and reduc tion in 
HbS poly mer i za tion, while increased RBC ATP may improve RBC mem brane integ rity and sur vival. There are cur rently 
3 PK acti va tors in clin i cal devel op ment for SCD: mitapivat (AG - 348), etavopivat (FT - 4202), and the sec ond - gen er a tion 
mol e cule AG - 946. Preclinical and clin i cal data from these 3 mol e cules dem on strate the abil ity of PK acti va tors to lower 
2,3 - DPG lev els and increase ATP lev els in ani mal mod els and patients with SCD, as well as infl u ence a num ber of poten tial 
path ways in SCD, includ ing hemo glo bin oxy gen affi n ity, RBC sick ling, RBC deformability, RBC hydra tion, infl am ma tion, 
oxi da tive stress, hyper co ag u la bil ity, and adhe sion. Furthermore, early - phase clin i cal tri als of mitapivat and etavopivat 
have dem on strated the safety and tol er a bil ity of PK acti va tors in patients with SCD, and phase 2 / 3 tri als for both drugs 
are ongo ing. Additional con sid er ations for this novel ther a peu tic approach include the bal ance between increas ing 
hemo glo bin oxy gen affi n ity and tis sue oxy gen deliv ery, the cost and acces si bil ity of these drugs, and the poten tial of 
mul ti modal ther apy with existing and novel ther a pies targeting dif fer ent dis ease mech a nisms in SCD.  

   LEARNING OBJEC TIVES 
    •  Learn the ther a peu tic mech a nisms of action of pyru vate kinase acti va tors in sickle cell dis ease 
   •  Evaluate the existing evi dence supporting the use of pyru vate kinase acti va tors in the treat ment of sickle cell dis ease  

  CLINICAL CASE 
  A 24 - year - old woman with sickle cell dis ease (SCD; hemo-
glo bin SS), com pli cated by chronic ane mia with a base-
line hemo glo bin of 6 to 7    g / dL and sig nifi   cantly ele vated 
hemo ly sis mark ers, alloimmunization, iron over load, dilated 
car dio my op a thy with pre served ejec tion frac tion, cho le li-
thi a sis requir ing cho le cys tec tomy, and occa sional acute 
pain epi sodes pres ents to an out pa tient clinic for fol low -
 up. She reports chronic fatigue and occa sional dyspnea on 
exer tion when walk ing up hills or fl ights of stairs. She has 
been on hydroxy urea for 2 years, with a max i mum tol er ated 
dose of 1500    mg daily due to cytopenias. She reports com-
pli ance with both hydroxy urea and deferasirox and would 
like to know if she has any other ther a peu tic options.  

 Chronic ane mia is a hall mark com pli ca tion of SCD. Anemia 
path o phys i  ol ogy in SCD begins with hemo glo bin S (HbS) 
poly mer i za tion and sick ling of red blood cells (RBCs), lead-
ing to intra vas cu lar and extra vas cu lar hemo ly sis, reduc ing 
RBC life span and the oxy gen deliv ery capac ity of blood, 
and resulting in tis sue hyp oxia and chronic ische mic organ 
dam age. 1  The focus of ther a peu tic devel op ment to address 
ane mia has targeted strat e gies to limit HbS poly mer i za-
tion in deox y gen ated sickle RBCs, includ ing increas ing 
fetal hemo glo bin (HbF) lev els, alter ing hemo glo bin oxy gen 
affi n ity, and RBC hydra tion. Remarkable clin i cal improve-
ments have resulted from these efforts, par tic u larly evi dent 
in hydroxy urea ’ s abil ity to increase HbF, reduc ing micro-
vas cu lar occlu sion, tis sue ische mia, and pain. 

 However, chronic ane mia remains a major con trib u tor 
to mor bid ity and mor tal ity in SCD, and bet ter treat ments 
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for ane mia have the poten tial to fur ther improve out comes in 
SCD. Low hemo glo bin con cen tra tion is asso ci ated with neuro-
cognitive impair ment in SCD, even in the absence of struc tural 
abnor mal i ties on mag netic res o nance imag ing.2 In a recent 
meta-anal y sis, a mod eled increase in hemo glo bin con cen tra tion 
of ≥1  g/dL was asso ci ated with a reduc tion in the risk of cere-
bro vas cu lar dis ease, albu min uria, ele vated esti mated pul mo nary 
artery sys tolic pres sure, and mor tal ity.3 In addi tion, prominent 
symp toms of ane mia, such as fatigue, are com mon in indi vid u als 
liv ing with SCD and greatly affect their qual ity of life and phys i-
cal func tion ing.4,5 However, there are no pro spec tive data dem-
on strat ing that rais ing hemo glo bin lev els can actu ally improve 
cog ni tive func tion or clin i cal out comes in SCD. At the same time, 
blood vis cos ity is abnor mally increased in SCD due to decreased 
sickle RBC deformability, increased adhe sion, and abnor mal 
vasoreactivity, such that exces sive increases in hemo glo bin 
con cen tra tion may lead to vis cos ity-related com pli ca tions.1 For 
exam ple, rapid and dra matic cor rec tion of ane mia with sim-
ple RBC trans fu sions has anec dot ally led to increased intra cra-
nial pres sure, sei zure, and stroke in patients with SCD.6-8 A few 
epi de mi o logic stud ies have also found a cor re la tion between 
increased hemo glo bin lev els and increased vaso-occlu sive cri sis 
(VOC) fre quency,9,10 and a phase 3 study of senicapoc (ICA-17043) 
was stopped early due to lack of effi cacy in terms of reduc tion of 
VOCs despite an observed increase in hemo glo bin and decrease 
in hemo ly sis.11 This high lights a fun da men tal knowl edge gap in 
the field surrounding the path o gen e sis of chronic micro vas cu-
lar tis sue ische mia in SCD: which pro cess con trib utes more to 
tis sue ische mia, the reduc tion in oxy gen con tent and deliv ery 
resulting from ane mia or vaso-occlu sion in the micro cir cu la tion, 
which may be wors ened by increased blood vis cos ity? Further 
research is needed to under stand how ther a pies for ane mia may 
influ ence or bal ance these com pet ing mech a nisms of hyp oxia.

While there are lim ited existing treat ment options for chronic 
ane mia in SCD, the ther a peu tic arena for SCD is rap idly expand-
ing. Blood trans fu sions are the main stay ther apy for severe ane-
mia but carry risks of iron over load, alloimmunization, hemo lytic 
trans fu sion reac tions, and hyperhemolysis in SCD. Hydroxyurea, 
the pri mary drug ther apy for SCD, has only a mod est effect on 
hemo glo bin level in adults, and patients who do not tol er ate or 
remain ane mic despite hydroxy urea need addi tional ther apy. 
Recombinant human eryth ro poi e tin (EPO) is the stan dard of care 
for ane mia of chronic kid ney dis ease, but there are lim ited and 
conflicting data on its effi cacy in SCD.12-15 In 2019, voxelotor, a 
hemo glo bin oxy gen affin ity mod i fier, was approved for SCD after 
a phase 3 study dem on strated a ∼1-g/dL increase in hemo glo bin 
in 51% of patients with SCD.16 More recently, early-phase stud ies 
of a novel drug class in clin i cal devel op ment, the pyru vate kinase 
acti va tors, have shown poten tial for rais ing hemo glo bin level 
and reduc ing sick ling and hemo ly sis in indi vid u als with SCD.

RBC ener get ics in SCD
Erythrocytes metab o lize glu cose through the Emb den-Myerhof 
path way to pro duce aden o sine tri phos phate (ATP), the sole 
source of energy for the cell. Although seem ingly inef fi cient, 
the path way also pro duces reduced nic o tin amide ade nine dinu-
cle o tide to reduce met he mo glo bin, glu cose-6-phos phate to 
drive the pen tose phos phate shunt to make nic o tin amide ade-
nine dinu cle o tide phos phate to reduce glu ta thi one and pro tect 
against oxi da tion of hemo glo bin, cyto skel e tal pro tein, and mem-

brane lip ids, as well as the Rapoport-Luebering shunt to gen-
er ate 2,3-diphosphoglycerate (2,3-DPG; Figure 1).17 2,3-DPG, H+, 
CO2, CO, tem per a ture, and HbF all  affect the oxy gen affin ity of 
hemo glo bin (p50, ie, the par tial pres sure of oxy gen at which 
50% of the hemo glo bin is sat u rated with oxy gen; Figure 2).17 An 
increase in 2,3-DPG shifts the oxy gen dis so ci a tion curve to the 
right and increases p50, while a decrease in 2,3-DPG decreases 
p50. Thus, increased levels of 2,3-DPG in SCD increase p50 and 
shift the oxygen dissociation curve to the right, favoring HbS 
deoxygenation and polymerization. In the last step of gly col y sis, 
phos pho enol pyr uvate (PEP) is cat a lyzed to pyru vate by pyru vate 
kinase (PK) and accounts for 50% of the RBC ATP pro duc tion. 
Depletion of ATP in SCD leads to insuf fi cient ATP for proper func-
tion ing of ATP-depen dent ion pumps such as the Na+/K+ pump, 
caus ing defec tive ion trans port, and Ca++ influx through Piezo1 
acti vates the Gardos chan nel, resulting in K+ outflux and RBC 
dehy dra tion, increased intra cel lu lar HbS con cen tra tion, and pro-
mo tion of HbS deox y gen ation and poly mer i za tion.18

PK acti va tion as a poten tial ther a peu tic approach in SCD
PK defi ciency is the most com mon enzyme defi ciency caus-
ing nonspherocytic hemo lytic ane mia and iron over load.  
PK-defi cient RBCs have increased 2,3-DPG and decreased ATP, 
with the oxy gen dis so ci a tion curve shifted to the right.19 Similarly, 
increased lev els of 2,3-DPG and decreased RBC ATP are seen in 
sickle RBCs,20,21 caus ing an increase in the p50 of hemo glo bin, 
HbS poly mer i za tion, and sick ling, as well as RBC dehy dra tion. 
Additionally, a recent study shows less PK sta bil ity and activ ity in 
sickle than con trol RBCs.22 Furthermore, coinheritance of PK defi-
ciency and sickle cell trait may induce sick ling, caus ing an SCD 
phe no type.23,24 There are 290 pyru vate kinase liver and red blood 
cell (PKLR) muta tions, with 276 being path o genic.17 Genetic var-
i ants of PKLR have shown to be asso ci ated with acute pain in 
patients with SCD25 and, together with the expected met a bolic 
effects, pro vide a poten tial ratio nale for the use of PK acti va tors 
as a ther a peu tic strat egy in SCD.

The tet ra meric R form of red cell PK (PKR) has low affin-
ity for PEP and can be increased by bind ing of fruc tose-1,6-
bisphosphate (FBP), the major allo ste ric acti va tor of PKR. FBP 
bind ing acts to increase PEP bind ing affin ity, pro mot ing tetram-
erization and sta bi liz ing the PKR enzyme in the tet ra meric state.26 
Recently, mitapivat and etavopivat (Figure 3) were devel oped 
as oral allo ste ric acti va tors to bind a pocket at the dimer-dimer 
inter face dis tinct from the FBP-bind ing domain. This results in 
an increase in PKR activ ity in wild-type and mutant enzymes. 
Mitapivat (AG-348) has since been approved by the US Food and 
Drug Administration (FDA) and shown in PK-defi cient patients to 
sig nifi  cantly increase the hemo glo bin level, decrease hemo ly sis, 
and improve patient-reported out comes.27 Thus, targeting acti-
va tion of PKR in sickle RBCs to lower 2,3-DPG and increase ATP 
lev els seems like a rea son able strat egy to increase hemo glo bin 
and decrease sick ling and hemo ly sis.

CLINICAL CASE (con tin ued)
Various treat ment options are reviewed with the patient, 
includ ing EPO and 3 recently approved drug ther a pies for 
SCD: voxelotor (a mod i fier of hemo glo bin oxy gen affin ity),  
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L-glu ta mine (an anti ox i dant), and crizanlizumab (a P-selectin 
inhib i tor). Due to her heavy alloimmunization and severe iron 
over load, chronic trans fu sion ther apy is not recommended. 
Given her severe ane mia and high hemo lytic rate, a clin i cal 
trial of a pyru vate kinase acti va tor is also con sid ered.

Preclinical and clin i cal stud ies of PK acti va tors in SCD
Mitapivat
Mitapivat acti vates both wild-type and mutant forms of the PK 
enzyme and has been eval u ated for the treat ment of PK defi-
ciency, SCD, and thal as se mia, as well as approved by the FDA 
for PK defi ciency in 2022. An ex vivo study of mitapivat treat-
ment on RBCs from patients with SCD found an increase in ATP 
and decreases in 2,3-DPG, p50, and point of sick ling (a mea sure 
of hyp oxia-induced sick ling using oxy gen gra di ent ektacytome-
try).22 Findings from a pre clin i cal study of mitapivat in the SCD 
(HbSS) Townes mouse model were mixed; in con trast to human 
data, the HbSS mice had higher PKR pro tein and ATP and lower 
2,3-DPG com pared to the con trol (HbAA) mice.28 Mitapivat did 
not sig nifi  cantly impact 2,3-DPG or hemo glo bin lev els but did fur-
ther increase ATP lev els and decrease spleen size, leu ko cy to sis,  

RBC reac tive oxy gen spe cies lev els, and RBC mito chon drial 
reten tion in HbSS mice, suggesting poten tial ben e fi cial mech-
a nisms apart from inhi bi tion of HbS poly mer i za tion by reduc ing 
2,3-DPG.

Figure 1. Mechanisms of action of pyruvate kinase activators.

Figure 2. Factors influencing the hemoglobin oxygen dissoci-
ation curve.
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Completed phase 1 and phase 2 sin gle-cen ter mul ti ple  
ascend ing dose stud ies (NCT04000165, EudraCT 2019-003438-18;  
Table 1) dem on strated prom is ing clin i cal effects of mitapivat 
in patients with SCD.29,30 Pharmacokinetic and phar ma co dy-
namic effects of mitapivat were dem on strated to be sim i lar to 
data from healthy vol un teers, with a dose-depen dent increase 
in serum drug and ATP lev els and a dose-depen dent decrease 
in 2,3-DPG lev els. In the phase 1 study,29 par tic i pants with 
SCD treated with mitapivat had a sig nifi  cant increase in mean 

 hemo glo bin of 1.2  g/dL, and 56.3% of par tic i pants achieved a 
≥1-g/dL increase in hemo glo bin from base line. Mean reduc tions 
in hemo lytic mark ers were observed as well. Furthermore, there 
was a trend toward decreased p50 and increased time to sick-
ling, t50; while not sig nifi  cant, these find ings sup port the mech-
a nism of action of decreas ing 2,3-DPG to increase hemo glo bin 
oxy gen affin ity and delay sick ling. The phase 2 study (ESTIMATE) 
showed sim i lar results, with a mean increase in hemo glo bin level 
of 1.3  g/dL and 1.1  g/dL dur ing the 8-week dose find ing and the 
1-year fixed-dose exten sion period, respec tively,30,31 as well as a 
sig nifi  cant increase in ATP and reduc tion in 2,3-DPG, hemo lytic 
mark ers, p50, and point of sick ling dur ing the exten sion period, 
presented as a con fer ence abstract.31

Most treat ment-related adverse events were non se ri ous in 
both stud ies. The phase 1 study reported 2 VOCs as related to 
drug, 2 VOCs not related to drug, and a seri ous adverse event 
(SAE) of pul mo nary embolism not related to drug.29 The first 
VOC that was pos si bly related to drug occurred dur ing the 
drug taper period, lead ing to a pro to col amend ment to extend 
the drug taper length. The sec ond pos si bly drug-related VOC 
also occurred dur ing drug taper, although in the set ting of self- 
reported VOC trig gers. The ESTIMATE study reported a mas sive 
pul mo nary embolism due to COVID-19 resulting in death and a 
grade 4 SAE of uri nary tract infec tion with hypo ten sion that were 
both unre lated to drug.30,31 During the exten sion period, 4 VOCs 
occurred, with 3 in the set ting of documented non com pli ance 
the week before. The mean annu al ized VOC rate and SCD-related 
hos pi tal admis sion days were decreased com pared to base line, 
although these dif fer ences were not sig nifi  cant.30,31 Overall, the 2 
stud ies con cluded that mitapivat was safe and tol er a ble in par-
tic i pants with SCD, and a phase 2/3 mul ti cen ter study, RISE UP 

Figure 3. Biochemical structures of first-generation pyruvate 
kinase activators.

Table 1. Summary of ongo ing and com pleted clin i cal tri als of pyru vate kinase acti va tors in sickle cell dis ease

Trial Subjects Study design Status

Mitapivat (AG-348) NCT0400016529 N = 17, age ≥18, HbSS Phase 1, open-label, mul ti ple ascend ing dose study Completed

ESTIMATE (EudraCT  
2019-003438-18)30,31

N = 9, age ≥16,  
HbSS, HbS/β0- or  
HbS/β+-thal as se mia

Phase 2, open-label, mul ti ple ascend ing dose 
phase, followed by fixed-dose exten sion study

Ongoing

NCT04610866 N = 15, age 18-70, HbSS Phase 1/2, open-label exten sion study Ongoing

RISE UP (NCT05031780) N = 267, age ≥16, any SCD 
geno type

Phase 2/3, ran dom ized, pla cebo-con trolled,  
dou ble-blind, followed by open-label  
exten sion study

Ongoing

Etavopivat
(FT-4202)

NCT0381569534-36 N = 130, healthy vol un teers 
and patients with SCD (any 
geno type) age 12-65

Phase 1, ran dom ized, pla cebo-con trolled,  
dou ble-blind, sin gle ascend ing and mul ti ple 
ascend ing dose study

Completed

NCT04987489 N = 60, age 12-65, patients 
with thal as se mia and any 
SCD geno type

Phase 2, open-label study Ongoing

NCT05725902 N = 12, age 12-21, HbSS  
or HbS/β0

Phase 2, open-label study Ongoing

HIBISCUS (NCT04624659) N = 344, age 12-65, any SCD 
geno type

Phase 2/3, ran dom ized, pla cebo-con trolled,  
dou ble-blind, followed by open-label exten sion 
study

Ongoing

HIBISCUS-KIDS 
(PACTR202209604592389)

N = 50, age 12 to <18, any 
SCD geno type

Phase 1/2, open-label, sin gle-arm, followed by 
exten sion study

Ongoing

AG-946 NCT04536792 N = 64, age 18-70, healthy 
vol un teers and patients 
with SCD (any geno type)

Phase 1, open-label, sin gle ascend ing and mul ti ple 
ascend ing dose study

Ongoing
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(Table 1), is in prog ress, with pri mary end points of hemo glo bin 
response, treat ment-emer gent adverse events (phase 2), and 
annu al ized rate of VOC (phase 3).

Etavopivat
Etavopivat (FT-4202) is another small-mol e cule PK acti va tor in 
clin i cal devel op ment for SCD and thal as se mia. Preclinical stud ies 
of etavopivat in the Berkeley sickle cell ane mia (BERK SCA) mouse 
model showed sig nifi  cantly decreased 2,3-DPG and increased 
ATP lev els, which were asso ci ated with decreases in p50, point 
of sick ling, num ber of irre vers ibly sick led cells on blood smear, 
and increased RBC deformability.32 In addi tion, treat ment with 
etavopivat led to a mean hemo glo bin increase of 1.7  g/dL, a sig-
nifi  cant reduc tion in hemo lytic mark ers, and a 28.5% increase in 
RBC half-life com pared to untreated BERK SCA mice, dem on-
strat ing clear mech a nis tic ben e fits of decreas ing 2,3-DPG and 
increas ing ATP in sickle RBCs. Ex vivo stud ies sim i larly showed a 
sig nifi  cant decrease in p50 and point of sick ling with etavopivat 
treat ment of RBCs from patients with HbSS and HbSC dis ease.33

While the full results of a com pleted phase 1/2 study of etavo-
pivat in SCD (NCT03815695; Table 1) have not yet been published, 
results to date have been presented as con fer ence abstracts.34-36 
In the 12-week open-label exten sion phase, the mean max i mal 
hemo glo bin increase from base line was 1.5  g/dL, with 73.3% 
achiev ing a hemo glo bin increase of >1  g/dL.34 Increases in hemo-
glo bin and decreases in hemo lytic mark ers were sig nifi  cant at all  
time points between 2 and 12 weeks of treat ment.

In line with the etavopivat pre clin i cal and mitapivat clin i cal data, 
2,3-DPG decreased and ATP increased from base line through out 
the 12 weeks of treat ment, followed by a return to base line after 
4 weeks of wash out.35 A sig nifi  cant decrease in mean p50, point 
of sick ling, and dense RBCs and an increase in RBC deformability 
were observed at 12 weeks of treat ment.34 Additionally, data from 
the 2-week and 12-week treat ment phases of the study dem on-
strated an increased mean corpuscular volume, decreased mean 
corpuscular hemoglobin concentration, increased anti ox i dant 
capac ity, and decreased mark ers of inflam ma tion, hyper co ag-
u la bil ity, adhe sion, and serum eryth ro poi e tin level, suggesting 
poten tial pleio tro pic sal u tary effects of PK acti va tion in SCD.34,35

Most safety events were grades 1 to 2, most com monly sickle 
cell pain events and head ache.34,36 On study, there were 2 SAEs 
of VOC unre lated to study drug and an SAE of left fem o ral vein 
deep vein throm bo sis pos si bly related to study drug. Compared 
to his tor i cal data, the annu al ized rate of VOC requir ing hos pi tal i-
za tion dur ing the 12-week treat ment period was lower, although 
this dif fer ence was not sig nifi  cant. A phase 2/3 ran dom ized, 
pla cebo-con trolled study (HIBISCUS; Table 1) in adults and ado-
les cents with SCD and a phase 1/2 open-label study (HIBISCUS- 
KIDS) in chil dren with SCD are ongo ing, with pri mary end points 
of hemo glo bin response and annu al ized VOC rate (HIBISCUS) 
and phar ma co ki netic assess ments plus safety and tol er a bil ity 
(HIBISCUS-KIDS), respec tively.

AG-946
AG-946 is a sec ond-gen er a tion PK acti va tor in clin i cal devel-
op ment for the treat ment of SCD and low-risk myelodysplastic 
syn drome. AG-946 dif fers pharmacokinetically and phar ma co-
dy nam i cally from first-gen er a tion mitapivat in that AG-946 has 
greater potency, a lon ger half-life (∼80-110 hours vs 3-6 hours), 
and more prolonged effects on 2,3-DPG and ATP lev els (observed 

at least 14 days after last dose in healthy con trols),37 which pro vi-
des a poten tial self-taper ing effect. Preclinical data presented in 
a con fer ence abstract dem on strated AG-946’s abil ity to nor mal-
ize lev els of gly co lytic inter me di ates, decrease 2,3-DPG lev els, 
and increase hemo glo bin lev els in a Townes HbSS mouse model, 
although it did not sig nifi  cantly affect ATP lev els or degree of 
RBC sick ling.38 Ex vivo treat ment of RBCs from patients with SCD 
with AG-946 also decreased p50 and point of sick ling, sim i lar 
to first-gen er a tion PK acti va tors.39 In an ongo ing phase 1 clin i cal 
trial, enroll ment in sin gle and mul ti ple ascend ing dose cohorts 
for healthy vol un teers has been com pleted and was deemed to 
be safe; this study is now enroll ing mul ti ple sequen tial dos ing 
cohorts in par tic i pants with SCD (NCT04536792).

CLINICAL CASE (con tin ued)
The patient elects to par tic i pate in a phase 2/3 clin i cal trial of 
a pyru vate kinase acti va tor. Her hemo glo bin level, hemo lytic 
mark ers, and rate of VOC will be mon i tored closely.

Concerns about increas ing hemo glo bin oxy gen affin ity
Recent con cerns were raised about the impor tance of oxy gen 
deliv ery by RBCs in ane mia and drugs that affect the oxy gen 
affin ity of hemo glo bin.40 Individuals with a nor mal hemo glo-
bin level have base line 20% hemo glo bin oxy gen unloading, 
while in ane mia, 30% is unloaded due to increased lev els of 
2,3-DPG. This com pen sa tory effect can be observed in PK defi-
ciency, which mark edly shifts the oxy gen dis so ci a tion curve to 
the right through increased 2,3-DPG, allowing for more oxy-
gen unloading; exer cise tol er ance on a bicy cle ergom e ter 
was greater in a PK-defi cient indi vid ual than an indi vid ual with 
hexo ki nase defi ciency, with a sim i lar hemo glo bin but lower 
2,3-DPG level. The arti cle reminds hema tol o gists of this basic 
phys i o logic prin ci ple when con sid er ing PK acti va tors or vox-
elotor, drugs that alter oxy gen affin ity but increase hemo glo bin 
by a mod est 1 to 2 g/dL. It is impor tant to keep in mind that 
com pared with other types of ane mias, the low er ing of 2,3-
DPG through PK acti va tion may increase the delay time in HbS 
poly mer i za tion and pre vent sick ling, pro vid ing a uniquely ben-
e fi cial effect in SCD. Further con cerns have been raised about 
cere bral oxy gen deliv ery with drugs that alter oxy gen affin ity 
in SCD,41 with conflicting evi dence in the lit er a ture; 1 recent 
con fer ence abstract showed that voxelotor treat ment in chil-
dren with SCD reduces cere bral met a bolic stress by improv-
ing cere bral oxy gen deliv ery,42 while another abstract showed 
no changes in cere bral blood flow and oxy gen met a bolic rate 
(CMRO2), despite increased cere bral oxy gen deliv ery due to 
improve ment of hemo glo bin lev els.43 These data reflect the 
com plex phys i  ol ogy under ly ing cere bral hemo dy nam ics and 
metab o lism in SCD, which requires fur ther inves ti ga tion.

Additional con sid er ations
While the pre clin i cal and clin i cal data to date for PK acti va tors are 
prom is ing, addi tional pla cebo-con trolled stud ies and dem on-
stra tion of effects on clin i cal out comes such as VOC fre quency are 
needed in the SCD pop u la tion. There has also been some con cern 
over with drawal of ther a peu tic effect with abrupt ces sa tion of  
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ther apy. In patients with PK defi ciency, treat ment ces sa tion at 
higher doses of mitapivat led to epi sodes of with drawal hemo-
ly sis and ane mia, prompting the addi tion of a drug taper, with 
no fur ther epi sodes of with drawal hemo ly sis on study.44 While 
there was no clear evi dence of with drawal hemo ly sis asso ci-
ated with the VOCs occur ring dur ing the clin i cal tri als in SCD, 
a sud den stop in drug dos ing due to non com pli ance or side 
effects could the o ret i cally trans late into an abrupt increase in 
2,3-DPG lev els and a con se quent shift of the oxy gen dis so ci a-
tion curve to the right, pro mot ing an acute increase in deoxy-
HbS poly mer i za tion, sick ling, and vaso-occlu sion. On the other 
hand, increased RBC ATP may improve RBC sur vival, which 
may pro vide a lon ger-term pro tec tive effect. The results of the 
ongo ing phase II/III stud ies of mitapivat and etavopivat should 
shed addi tional light on this ques tion.

Another con sid er ation is the cost of novel ther a pies and 
global access to these ther a pies. Insurance approval has proven 
a bar rier to access for recently approved drug ther a pies for 
SCD in the United States, and the out-of-pocket cost has been 
pro hib i tive for the use of these new drugs in low- and mid dle-
income countries (LMICs). As drug devel op ment advances in the 
SCD arena, more effort needs to be focused on equi ta ble dis tri-
bu tion of drug access to LMICs, where most of the SCD dis ease 
bur den is con cen trated.

Finally, with mul ti ple drug ther a pies now avail  able for SCD 
and numer ous novel ther a pies com ing down the pipe line, fur-
ther research into how to com pare, com bine, or sequence drug 
ther a pies is needed to estab lish data-driven guide lines for the 
treat ment of com pli ca tions in SCD. With existing and poten tial 
drugs targeting HbF induc tion, hemo glo bin oxy gen affin ity, RBC 
metab o lism, hemo ly sis, adhe sion, oxi da tive stress, and com ple-
ment acti va tion, we are approaching a real ity in which mul ti modal  
drug ther apy will hope fully usher in an era of pre ci sion med i-
cine in SCD,45 pro vid ing targeted treat ment of dif fer ent dis ease  
phe no types.
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