HemaSphere

Powered by EHA

Review

OPEN ACCESS

Research in Sickle Cell Disease: From Bedside to

Bench to Bedside

Gabriel Salinas Cisneros'?, Swee Lay Thein'

Correspondence: Swee Lay Thein (sl.thein@nih.gov).

Abstract

Sickle cell disease (SCD) is an exemplar of bidirectional translational research, starting with a remarkable astute observation of the
abnormally shaped red blood cells that motivated decades of bench research that have now translated into new drugs and genetic
therapies. Introduction of hydroxyurea (HU) therapy, the only SCD-modifying treatment for >30 years and now standard care, was
initiated through another clinical observation by a pediatrician. While the clinical efficacy of HU is primarily due to its fetal hemoglobin
(HbF) induction, the exact mechanism of how it increases HbF remains not fully understood. Unraveling of the molecular mechanism
of how HU increases HbF has provided insights on the development of new HbF-reactivating agents in the pipeline. HU has other
salutary effects, reduction of cellular adhesion to the vascular endothelium and inflammation, and dissecting these mechanisms has
informed bench—both cellular and animal—research for development of the 3 recently approved agents: endari, voxelotor, and
crizanlizumab; truly, a bidirectional bench to bedside translation. Decades of research to understand the mechanisms of fetal to
adult hemoglobin have also culminated in promising anti-sickling genetic therapies and the first-in-human studies of reactivating an
endogenous (y-globin) gene HBG utilizing innovative genomic approaches.

Introduction

Sickle cell disease (SCD) can trace its first description in
the Western literature to a case report in 1910 by Herrick! of
a young dental male student from Grenada with severe mal-
aise and anemia. Hallmarks of the disease were noted then:
“healing ulcers” predominantly on the legs that lasted about
a year; anemia with a “hemoglobin (Dare) 40 per cent” and
jaundice (“tinge of yellow in the sclerae”), and a disease with
“acute exacerbations.” Herrick!? also made a remarkable obser-
vation that the “red corpuscles varied much in size,” and that
“the shape of the reds was very irregular,” but what especially
attracted his attention was “the large number of thin, elongated,
sickle-shaped and crescent-shaped forms.” He surmised “that
some unrecognized change in the composition of the corpuscle
itself may be the determining factor” (Figure 1).

It was not until almost 40 years later in 1949 when Pauling
and his collaborators® discovered that the “...unrecognized
change in the composition of the corpuscle” was due to an altered
hemoglobin (Hb) structure, thus SCD became the first disease to
be understood at a molecular level. The abnormal Hb was later
shown to result from the substitution of glutamic acid by valine
at position 6 of the B-globin chain of Hb* that arose from an A>T
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base change (Table 1).° Genetic simplicity of the sickle mutation
in a compact gene encoding an abnormal Hb that was relatively
accessible through a simple blood draw has lent SCD to many
proof-of-principle and validation experiments for many years.
This was facilitated by the globin genes among the first to be
cloned and fully analyzed by DNA sequencing.®” SCD became
a role model for molecular genetics, leading the way in break-
through discoveries in areas of DNA diagnostics, population and
epidemiological genetics, and more recently, genetic therapies.®’
Certainly for the last century, studies of SCD and genetics of Hb
have contributed and benefited other medical conditions more
than SCD itself. In the last 10 years, however, we have gained
a much better understanding of the sickle pathophysiology. We
have also gained incredible insights on the switch from fetal to
adult Hb'" with identification of key regulating factors such as
B-cell lymphoma/leukemia 11A (BCL11A)'"'? that together, with
major advances in genetic and genomic technologies,'>* have
translated into genetic-based approaches for treating SCD.

Here we take readers through the key discoveries, which
showcases the bidirectional bench to bedside research in SCD
highlighting the leaps in our understanding that have contrib-
uted to new therapeutic options in its management.

The history of SCD pathophysiology—from
bench to bedside to bench

After building an electrophoresis machine, Pauling’ was able
to separate normal adult hemoglobin (a2$2, HbA) from abnor-
mal sickle hemoglobin (225, HbS) and describe SCD at a
molecular level for the first time. But, many questions remained
unanswered, such as how HbS lead to the formation of these
“thin, elongated sickle-shaped” red cells, the key phenotype in
sickle pathophysiology, motivating an enormous amount of
basic science studies on the Hb polymer structure,'s thermody-
namics,'®!” and kinetics'® of HbS polymerization. Since polym-
erization of HbS can only occur when HbS is deoxygenated,*
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Figure 1. The first documented observation of sickle-shaped red blood cells. Historical figure from 1910, taken from the publication by Herrick' with title
“Peculiar elongated and sickle-shaped red blood corpuscles in a case of severe anemia.” (Reproduced with permission from JAMA Intern Med. 1910;6:517—-

521. Copyright © 1910 American Medical Association. All rights reserved.)

increasing HbS oxygen affinity as a therapeutic approach has
been discussed for many years, culminating in the development
of oxygen affinity modifying drugs such as voxelotor (also
known as Oxbryta or GBT440). Importantly, increasing oxy-
gen binding to HbS could also compromise oxygen delivery,
as first discussed by Beutler,?* an effect that is detrimental in
a disease characterized by tissue/organ damage due to oxygen
deprivation.

A key bedside observation that fetal Hb (HbF) had beneficial
effects was first hypothesized by the pediatrician Watson?' in
1948, who noted that African American infants with SCD were
less prone to have “sickling” events in the first few months of life
during which HbF gradually disappears from the blood (Table 1).
Since then, multiple observational studies between 1970s and
1990s demonstrating a milder form of SCD in those patients with
higher levels of HbF have been published. Clinical and popula-
tion studies elucidated that the level of HbF in adults is under
2 levels of genetic control.”> Common genetic variation, histor-
ically referred to as heterocellular hereditary persistence of fetal
hemoglobin (HPFH), is characterized by modest increases of HbF
(1%—4% of total Hb) that are unevenly distributed among the

red blood cells (RBCs). Although the HbF increases are modest in
healthy adults, co-inheritance of heterocellular HPFH on a back-
ground of stress erythropoiesis, such as SCD, leads to increases
in HDbF levels as high as 25% with immense clinical benefits.
Although familial, the inheritance pattern of heterocellular HPFH
was not clear until 20 years ago, when genetic studies showed
that common HbF variation behaved as a quantitative trait and
the levels are predominantly genetically controlled.?* To date, 3
quantitative trait loci are known: the hemoglobin gene complex
(HBB) on chromosome 11p (Xmn1-Gy site), the BCL11A gene
on chromosome 2, and the HBS1L-MYB intergenic region on
chromosome 6q.>* In contrast, rare variants, historically referred
to as pancellular HPFH, are inherited in a Mendelian fashion
as alleles of the HBB complex. Carriers for pancellular HPFH
have substantial increases in HbF levels of 15% to 30% that are
homogeneously distributed among the RBCs. Pancellular HPFH
is caused by substantial DNA deletions within the HBB cluster
or specific single base changes in the promoters of the y-glo-
bin genes.” Persistence of HbF production has no clinical con-
sequences in healthy adults, but ameliorate symptoms of SCD.
Indeed, inheritance of a Mendelian form of HPFH in trans to a 3°
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(HbA, 02p2): consists of 2 a.-globin and 2 3-globin chains and is the most common human hemoglobin tetramer, accounting for about 97% of the total red blood cell hemo-

globin in adulthood

(HbF, a2y2): consists of 2 a.-globin and 2 y-globin chains. This is the predominant form in the fetus and declines in the first weeks after birth
(HbS, a:2p%2): consists of 2 a-globin and 2 mutant 3-globin chains. HbS is the most common type of hemoglobin variant and the basis of sickle cell trait and sickle cell anemia
Sickle cell disease is caused by the presence of HbS, and includes different sickle genotypes classified according to the hemoglobin abnormality:

HbSS: homozygous mutation in 3-globin (Glu to Val at position 6)

HbSC: compound heterozygotes of HbS (Glu to Val at position 6 and Glu to Lys at position 6)
HBS/ thal: compound heterozygotes of HbS with beta thalassemia, the latter can be either beta zero or beta plus, depending on whether beta globin is absent of present but in

reduced amounts, respectively

Other less common sickle genotypes include compound heterozygotes of HbS with HbD Punjab (HbSD Punjab) and HbS with HbE (HbSE)

HDAS refers to heterozygotes or carriers of the HbS mutation: these individuals have HbS of 30%—40% and are asymptomatic. Under extreme conditions, such as physically
stressful sports and severe dehydration, HbAS individuals may suffer vaso-occlusive episodes and pain. HbAS individuals are protected against falciparum malaria and can pass

the mutant allele to their children

HbA = hemoglobin A; HbD = hemoglobin D; HbE = hemoglobin E; HbF = hemoglobin F; HbS = hemoglobin S; HbSC = hemoglobin SC; HbSS = hemoglobin SS.

allele (HbS/HPFH) may eliminate clinical consequences of SCD,
motivating enormous research on understanding how fetal HbF
is repressed in adults.?®

Translating clinical benefits of hydroxyurea
to an improved understanding of sickle
pathophysiology

The beneficial effect of HbF led to the first study of hydroxy-
urea (HU) in 2 patients with the HbSS form of SCD, also
referred to as sickle cell anemia (see Table 1) in 1984, in which
measurable and sustainable increases in HbF could be achieved
with minimal toxicity, but no change in clinical course could
be observed in the short period of study.?” Nonetheless, these
encouraging preliminary results motivated numerous clinical
trials of HU, first in adults®® and then in pediatric patients with
SCD?; its overall safety profile and efficacy led to US Food and
Drug Administration (FDA) approval of HU for treatment of
SCD in adults in 1998 and in children in 2017.

Our understanding of sickle pathophysiology has also been
greatly helped by the use of humanized sickle mouse models,
which has provided new insights on adhesion, inflammation,
and interactions of the sickled RBCs with their microenvi-
ronment—rvasculature, neutrophils, monocytes, platelets, and
the upregulation of vasculature cyto-adhesion molecules.’**!
Molecules such as P- and E-selectin, fundamental in the adhe-
sion and activation of white blood cells, specially neutrophils,
to the vasculature have been found to represent an important
component of the pain crisis pathophysiology and have become
therapeutic targets.*?

As polymerization of deoxy-HbS is the key event that trig-
gers the downstream consequences of SCD, several therapeu-
tic approaches have focused on mitigation of this root cause,
utilizing both genetic and pharmacological anti-sickling strate-
gies. The best-established strategy is induction of HbF synthesis
borne out not only by the plentiful clinical and epidemiologi-
cal studies, but also by the kinetics and thermodynamics of the
polymerization process itself. Studies of HbS polymerization
kinetics posit that the delay time relative to the transit time
through the microcirculation is a major determinant of whether
polymerization results in irreversible sickling and hence sever-
ity in SCD. The amino acid sequence of y-globin chain is suf-
ficiently different from B° such that little or no y-globin takes
part in the fiber formation, so the primary effect of HbF (a2vy2)
is to simply dilute the intracellular concentration of HbS."
Because HbS polymerization is highly sensitive and dependent
on intracellular HbS concentration,® even a small decrease in
HbS concentration is therapeutic because more cells can escape
the small vessels before sickling occurs. Strategies that reduce

HDS intracellular concentration, such as increasing HbF or the
red cell volume (ie, mean corpuscular volume [MCV]), increase
the delay time to sickling, while strategies that reduce adher-
ence and shorten transit time should be therapeutic. HU inhibits
ribonucleotide reductase causing reversible myelosuppression.
Although the exact mechanism of HbF induction is unclear, a
primary mechanism relates to the subsequent recovery or “stress
erythropoiesis” and release of early erythroid progenitors that
synthesize more HbE. This causes the uneven distribution of
HbF among the RBCs,** one of the reasons proposed for the
variable clinical response between SCD patients.>3¢ Otherwise,
HU-induced HbF increase would be much more effective.

Advances in our understanding of the molecular mechanisms
regulating the fetal to adult Hb switch have led to the genera-
tion of new agents that do not rely on causing “stress erythropoi-
esis” and they fall into 2 main groups: those that affect chromatin
regulators (such as decitabine on DNA methylation and histone
deacetylase [HDAC] inhibitors) and others that affect DNA-
binding transcription factors. Contemporaneous genome-wide
association studies'>!? identified BCL11A as the first key repres-
sor protein for silencing of the fetal (y) globin genes joined later
by zinc finger and BTB domain-containing protein 7A (ZBTB7A),
also known as leukemia related factor (LRF).>” In 2018, key stud-
ies by 2 groups showed that BCL11A and ZBTB7A each bind
to a cognate recognition site within the y-globin promoter.>**
Besides its role as y-globin repressor, BCL11A is also essential for
B-lymphoid development.* Identification of the key erythroid-spe-
cific enhancer elements*' was critical and important in the devel-
opment of the clinical trials aimed at downregulating BCL11A
using 2 different genetic approaches—lentiviral short hairpin
RNA (shRNA) and clustered regularly interspaced short palin-
dromic repeats (CRISPR)/CRISPR-associated nuclease-9 (Cas-9)
editing.*** Another genetic approach for reactivating endogenous
v-globin to produce high HbF is to mimic the naturally occurring
HPFH variants in the y-globin promoters by genome-editing to
disable binding of BCL11A or ZBTB7A/LRF repressors.!®* In
theory, correcting the sickle mutation (rs334) is the most direct
approach, as the same base change is present in all §° alleles, but
homology-directed DNA repair is limited by the efficiency at
which the correction is achieved and the concomitant generation
of insertions/deletions and conversion of the ° gene to a B-thal-
assemia allele.*

New therapeutic drug targets that have
evolved from molecular dissection of SCD
pathophysiology

HU was originally an anti-neoplastic agent in the treat-
ment of patients with myeloproliferative diseases, in whom it
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Figure 2. Pathophysiology of SCD. Polymerization of HbS under a state of deoxygenation is the fundamental event in the pathophysiology of SCD. These
sickled RBCs become activated and interact via pro-inflammatory cytokines with the endothelium, WBCs, especially neutrophils/monocytes, and platelets. There
is increased expression of pro-adhesive molecules (selectins) in the endothelial vasculature, which promote the adhesion of WBC, a key component of vaso-oc-
clusion physiology. Platelet activation promotes further cytokine release and inflammation and also a hypercoagulable state by secreting coagulation and tissue
factors. These damaged “sickle” RBCs are prone to destruction, leading to the continual release of cell-free hemoglobin which leads to depletion of hemopexin
and haptoglobin. Consequently, the bioavailability of nitric oxide is reduced, leading to vascular dysfunction and end-organ damage. Both pathways triggered by
the polymerization of HbS perpetuate the chronic state of inflammation seen in SCD facilitating end-organ damage. ESL-1 = E-selectin ligand-1; HbS = hemoglobin S;
NET = neutrophil extracellular trap; RBC = red blood cell; ROS = reactive oxygen species; SCD = sickle cell disease; WBC = white blood cell.

has been shown to induce variable moderate increases in HbF
and MCVs,* but HU is now probably best known as standard
therapeutic agent for SCD.**® While the clinical efficacy of HU
relates predominantly to the level of HbF increase, it also has
other salutary therapeutic effects—such as reducing cellular
adhesion, hemolysis, and inflammation.* Molecular dissection
of these mechanisms led to new insights on the pathophysiol-
ogy of SCD (Figure 2) and new therapeutic targets on vaso-oc-
clusion (endari), HbS polymerization (voxelotor), and vascular
adhesion (crizanlizumab) that were approved by the FDA in the
last 5 years (Table 2).

Endari (L-glutamine)

L-glutamine is an essential amino acid that evolved as an
anti-sickle agent through its role as a precursor for the synthesis
of glutathione, nicotinamide adenine dinucleotide (NAD), and
arginine, all of which protect erythrocytes from oxidative dam-
age and indirectly maintain vascular tone.’®! Early studies by
Nihara et al*? in 7 SCD patients showed significant increases
in nicotinamide adenine dinucleotide - hydrogen (NADH) and
NAD redox potential, but no change in Hb concentration. In
a follow-up study, erythrocytes from SCD patients who were
administered L-glutamine decreased endothelial adhesion in
vitro; findings interpreted as glutamine having a role in main-
taining RBC membrane integrity and its interaction with the
blood vessels and adhesion molecules.”* In 2017, L-glutamine
became the second drug to be licensed by the FDA for patients 5
years or older with SCD (Table 2). The approval was based on
a double-blind phase III trial in which 230 children and adults

with either HbSS or HbS/B® thalassemia were randomized to
receive L-glutamine or placebo for 48 weeks. Compared to pla-
cebo, L-glutamine was associated with 25% reduction in the
number of vaso-occlusive crisis (VOC) events (median 3.0 ver-
sus 4.0; P = 0.005), 30% lower hospitalization rates (median 2.0
versus 3.0; P = 0.005), and reduced number of episodes of acute
chest syndrome, respectively. Although there were significant
increases in NADH and NAD redox potential, and decreased
endothelial adhesion of ex vivo treated sickle erythrocytes, there
were no changes in Hb or reticulocyte counts.’* To date, how-
ever, L-glutamine has been rejected by the European Medicines
Agency because of its relatively small therapeutic effects, and
concerns on the high drop-out rate of 36% in the treatment
arm, and 24 % in the placebo arm.

L-glutamine appears to be reasonably well tolerated, but
adherence is poor due to its taste and route of administration
(twice daily as oral powder). As it is an amino acid, one should
be cautious in its use among SCD patients in whom renal and
hepatic dysfunction are not uncommon.

Voxelotor (Oxbryta/GBT440)

Voxelotor (also known as Oxbryta or GBT440) is the sec-
ond anti-sickling agent that was approved by the FDA in
November 2019 for the treatment of SCD in patients aged 12
years and older (Table 2). Voxelotor is anti-sickling because
it stabilizes the oxygenated state of Hb through revers-
ible binding to the amino terminus of alpha chain of Hb.*
The phase III Hemoglobin Oxygen Affinity Modulation to
inhibit HbS Polymerization (HOPE) study (ClinicalTrials.gov:
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Drug Mechanism of Action Phase Others/ClinicalTrials.gov
Targeting HbS polymerization
Hydroxyurea Ribonucleotide reductase inhibitor. The exact mechanism of HbF induction ~ FDA approved
remains unknown
Voxelotor Binds specifically to the N-terminus of the alpha subunit of HbS and FDA approved
stabilizes the oxygenated state of HbS
Panobinostat HDAC inhibitor: increase levels of y-globin and inducing production of HbF  Phase 1 NCT01245179: active, not recruiting
Vorinostat HDAC inhibitor: increase levels of y-globin and inducing production of HbF  Phase 2 NCT01000155: terminated early due to poor recruitment
IMR-687 Phosphodiesterase 9 inhibitor: increasing cGMP increasing the production  Phase 2 NCT04053803: enrolling by invitation
of HbF
FT-4202 PK activator: decreasing 2,3-DPG and decreasing the risk of red cell Phase 2/3 NCT04624659: recruiting
deoxygenation
AG-348 (Mitapivat) PK activator: decreasing 2,3-DPG and decreasing the risk of red cell Phase 1/2 NCT04610866: recruiting
deoxygenation
Targeting pro-adhesive molecules
Crizanlizumab Monoclonal antibody against P-selectin FDA approved
Rivipansel Pan-selectin inhibitor with predilection for E-selectin Phase 2 NCT02187003: results recently published at ASH 2020
Targeting inflammation
L-glutamine Increase NADH and NAD redox potential and decrease endothelial adhesion  FDA approved in
the United States
Regadenoson Adenosine A2A receptor agonist: in vitro studies show decrease iNKT activity Phase 2 NCT01788631: completed
Canakinumab IL-1p inhibitor: targeting IL-1{3 which is an end product of inflammation in SCD Phase 2 NCT02961218: completed, results not published

2,3-DPG= 2,3-diphosphoglycerate; ASH = American Society of Hematology; cGMP= cyclic guanosine monophosphate; FDA = Food and Drug Administration; HbF = hemoglobin F; HbS = hemoglobin S; HDAC=
histone deacetylase; IL-1f3 = interleukin 1 beta; iINKT = invariant natural killer T cell; NAD = nicotinamide adenine dinucleotide; NADH = NAD + hydrogen (H); PK = pyruvate kinase; SCD = sickle cell disease.

NCT03036813) was a randomized, placebo-control study of
274 patients of all SCD genotypes, age 12-65 years, in which
voxelotor showed dose-dependent increase in Hb and decrease
hemolysis markers, suggestive of decreased sickling.*® Although
these findings did not correlate with a decrease in the number
of pain crises in patients with SCD, the promising findings led
to FDA approval in November 2019 for patients older than
12 years old with SCD. There is some concern, however, that
Hb molecules with the drug bound are in a conformation that
delivers very little oxygen, especially detrimental in a disease
characterized by decreased oxygen delivery,’” in which case, the
increase in Hb needs to be about the same as the concentration
of the drug-bound, nonoxygen delivering Hb. Hopefully, these
concerns are addressed in current multicenter phase III clinical
studies in both adults (ClinicalTrials.gov: NCT03036813) and
children (ClinicalTrials.gov: NCT02850406). In the meanwhile,
it remains important to continue to monitor closely the patients
while on this medication, particularly in those with prior stroke
and silent cerebral infarcts. It should also be noted that HbS-
voxelotor complexes, while useful in monitoring voxelotor
therapy, causes interference with determination of HbS frac-
tion in routine laboratory techniques—isoelectric-focusing gel,
high-performance liquid chromatography, and capillary zone
electrophoresis—of Hb fractionation.®

Crizanlizumab

Adhesion of the sickle erythrocytes and neutrophils with the
vascular endothelium leads to upregulation of endothelial adhe-
sion molecules—vascular cell adhesion molecule-1, intercellular
adhesion molecule-1, and E and P selectins, facilitating vaso-oc-
clusion. Crizanlizumab is a humanized monoclonal antibody that
selectively inhibits P-selectin. The study to assess safety and impact
of SelG1 with or without hydroxyurea therapy in sickle cell disease
patients with pain crises (SUSTAIN) was a phase II multicenter,
randomized, placebo-controlled double-blind study in which cri-
zanlizumab was tested in 198 patients with SCD (on or not on
HU) for its ability to reduce VOCs over a period of 52 weeks.
Results showed a significant reduction of sickle cell-related pain

crises per year in the high dose arm (5 mg/kg) as compared to the
placebo (1.63 versus 2.98), and a low incidence of adverse events.
Patients on the treatment arm also had an increased time-to-first
VOC compared with placebo. Although side effects were relatively
fewer in patients on crizanlizumab, 1 patient had an intracranial
bleed. A phase III is currently ongoing to assess safety and efficacy
of crizanlizumab, as this medication may alter platelet function.
In November 2019, crizanlizumab (Adakveo) was FDA approved
for reduction of VOCs in patients with SCD, 16 years or older
(Table 2).%¢° It should be noted that crizanlizumab is a preventive
therapy, administered intravenously over 30 minutes on week 0,
2, and every 4 weeks thereafter. There are recent concerns with
crizanlizumab due to the increased reports of serious infusion and
post-infusion reactions (https://www.crizanlizumab.info/), causing
hematologists to discontinue therapy.®!

Promising medications in the pipeline

Rivipansel (also known as GMI1070) is another agent target-
ing cell adhesion (Table 2), which was developed as a pan-selec-
tin inhibitor, but has greatest activity against E-selectin. A phase
I, randomized, placebo-controlled multicenter study in ado-
lescents and adults showed the drug to be safe, and markedly
reduced use of opioids during hospitalization (83% reduction
compared to placebo) as well as a trend toward a faster reso-
lution of VOC (41 versus 63h).6> A phase III study of rivipan-
sel in patients 6 years and older hospitalized for a pain crisis
(ClinicalTrials.gov: NCT02187003) was recently completed,
and although the drug did not reach its primary or key second-
ary endpoints, analyses suggested that early administration of
rivipansel in vaso-occlusive events may reduce hospital stay and
intravenous opioid use in pediatric and adult patients (https://
doi.org/10.1182/blood-2020-134803). Although interesting,
the clinical impact of rivipansel and its timely use as a preven-
tive medication may be limited for the general SCD population.

All SCD patients have elevated pro-inflammatory cytokines
(interleukin [IL]-6, tumor necrosis factor alpha [TNFa], and
IL-1), neutrophils, heme and other molecules with inflammatory
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potential, referred to as damage-associated molecular patterns.’? A
number of anti-inflammatory agents have been investigated includ-
ing corticosteroids and regadenoson, an adenosine A,, receptor
agonist. Humanized sickle mouse demonstrated elevated levels
of invariant natural killer T cells (iNKT) implicating their role in
the pathogenesis of ischemia-reperfusion injury.®> Reduction of
this subset of T cell (iNKT) activity ameliorated the inflammatory
injury in the lungs in sickle mice,* prompting studies in patients
with SCD.®%¢ Unfortunately, results showed that low-dose infu-
sion of regadenoson was not sufficient to produce a statistically
significant reduction in the activation of iNKT cells or in mea-
sures of clinical efficacy.®® Another study utilized the anti-INKT
cell monoclonal antibody NKTT120. High intravenous doses of
NKTT120 were shown to decrease iNKT cells in adults with SCD.
It should be noted, however, that the subjects in the study were
in steady-state when iNKT cell activation was significantly lower
compared to VOC.% The implication is that, to be effective in
VOC, much higher doses of NKTT120 (NKT Therapeutics, Inc.)
may be needed.

IL-1p is a cytokine that is central in the inflammatory response
and has also been shown to be elevated in subjects with SCD.¢7¢%
Canakinumab is a humanized monoclonal antibody targeting
IL-1B and has been approved by the FDA for treatment of rheu-
matological disorders in 2009. Its broader role as an inflamma-
tory agent was demonstrated in subjects with previous myocardial
infarcts,® motivating an ongoing randomized double-blind pla-
cebo-controlled phase II study of subcutaneous canakinumab
in patients with SCD aged 8-20 years old (ClinicalTrials.gov:
NCT02961218) (Table 2). Preliminary results suggest that canak-
inumab improves pain scores, sleep, and school/work attendance
(https://doi.org/10.1182/blood-2019-123355).

Despite high levels of HU-induced HbF, some patients continue
to have sickle-related manifestations, which has been attributed
to the uneven distribution of HbF among the RBCs. An alter-
native to increasing HbF synthesis that does not mimic stress
erythropoiesis is to increase access of the transcription factors to
the y-globin genes by manipulation of the chromatin regulators
(such as decitabine on DNA methylation and HDAC inhibitors).
Hypermethylation of the upstream y-globin promoter sequences
is believed to be important in the Hb switch during which the
v genes are silenced by DNA methyltransferase 1 (DNMT1).7°
This led to the use of S-azacytidine, a first generation DNMT1
inhibitor, but it was quickly abandoned due to its toxicity and
carcinogenicity.”’ Decitabine, an analogue of 5-azacytidine, is also
a potent DNMT1 inhibitor with a more favorable safety profile,
but decitabine is rapidly deaminated and inactivated by cytosine
deaminase if taken orally. To overcome this limitation, a clini-
cal study combines decitabine and tetrahydrouridine (THU), a
cytosine deaminase inhibitor, as a therapeutic strategy for induc-
ing HbF (ClinicalTrials.gov: NCT01685515). A phase I study
showed that decitabine-THU led to the inhibition of DNMT1
protein with induction HbF increase, and more importantly,
HbF-enriched RBCs (F cells) increased to 80%. These agents did
not induce cytoreduction but increased platelets count, which can
be problematic in SCD patient and require further evaluation.”

HDAGC:s are another group of regulatory molecules involved in
epigenetic silencing of the y-globin genes and have been considered
as therapeutic targets for HbF induction (Table 2). Panobinostat
is a pan HDAC inhibitor currently being tested in adult patients
with SCD as a phase I study (ClinicalTrials.gov: NCT01245179).
Increasing cellular cyclic guanosine monophosphate (cGMP) lev-
els has also been proposed as one mechanism of HbF increase by
HU.” Phosphodiesterase 9 (PDE9) degrades cGMP, and it has
been shown to be present in activated RBCs and neutrophils of
patients with SCD. PDE9 inhibitors have been studied in clinical
trials in patients with SCD with interesting results demonstrating
elevation of HbF without deleterious effects in the bone marrow.”

Exciting drugs in the pipeline with anti-sickling properties
have also been derived from a combination of bench and clinical

Bidirectional Translational Research in Sickle Cell Disease

observations. HbS polymerizes only when deoxygenated and
its oxygenation is influenced by a few factors. One key factor
influencing Hb oxygenation is the concentration of 2,3-diphos-
phoglycerate (2,3-DPG) in the RBC. Increased intracellular 2,3-
DPG decreases oxygen binding and stabilizes the deoxygenated
form (T form) of Hb, promoting sickling.' It has been noted
more than 50 years ago that 2,3-DPG levels in RBCs from SCD
patients were significantly higher than that in healthy RBCs,”
and that adding 2,3-DPG to both healthy and SCD RBCs reduces
Hb oxygen affinity.” Decreasing 2,3-DPG as a therapeutic target
has long been proposed by Poillon et al”® when they showed that
considerable reduction of 2,3-DPG in sickle erythrocytes signifi-
cantly reduced the sickling tendency. 2,3-DPG is an intermediate
substrate in the glycolytic pathway, the only source of ATP pro-
duction in RBCs. As pyruvate kinase (PK) is a key enzyme in the
final step of glycolysis, enhancing its activity in red cells presents
a very attractive therapeutic anti-sickling strategy as this leads
to a decrease in 2,3-DPG, which increases Hb oxygenation with
inhibition of the sickling process. Additionally, the concomitant
increase in ATP levels restores ATP depletion in sickled RBCs
and improves RBC membrane integrity. Currently, there are 3
ongoing phase I/II clinical studies of PK activation in SCD: 2
studies utilizing Mitapivat/AG-348 in HbSS patients in steady-
state  (ClinicalTrials.gov: NCT04000165; NCT04610866),
and another (FT-4202) in healthy subjects and SCD patients
(ClinicalTRials.gov: NCT03815695) (https://doi.org/10.1182/
blood-2020-134269). Preliminary data showed that AG-348
data was well-tolerated and safe in subjects with SCD, and sup-
port dose-dependent changes in blood glycolytic intermediates
consistent with glycolytic pathway activation accompanied by
increases in Hb level and decreases in hemolytic markers (https://
doi.org/10.1182/blood-2019-123113).

Mitapivat is also currently in phase IVIII clinical trials in
humans with PK deficiency”® (Clinical Trials.gov: NCT02476916,
NCT03548220,NCT03559699), as well as in an ongoing phase
IT study in subjects with nontransfusion-dependent thalassemia
(ClinicalTrials.gov: NCT03692052).

Evolution of the curative approaches for SCD

Allogeneic transplantation

Hemopoietic stem cell transplantation (HSCT) had not been
considered as a therapeutic option for SCD until 1984, prompted
by the successful reversal of SCD in an 8-year-old SCD child
who developed acute myeloid leukemia (AML).”” The patient
received HSCT for the AML from a HLA-matched sister who
was a heterozygous carrier for HbS (hemoglobin AS [HbAS])
(Table 1). She was cured of her leukemia and at the same time,
her sickle cell complications also resolved.”””® This successful
HSCT demonstrated that reversal of SCD could be achieved
without complete reversal of the hematological phenotype to
normal hemoglobin genotype (HbAA), and as long as stable
mixed hemopoietic chimerism after HSCT can be achieved.”

The outcomes for both children and adults who receive HLA-
matched sibling donor hematopoietic stem cells (HSCs) are now
excellent.’$! Key milestones in making HLA-matched sibling
donor HSCT an accepted curative option include: (1) the devel-
opment of less intense conditioning regimens expanding alloge-
neic transplantation to adult patients who otherwise would not
be able to tolerate the intense myeloablative conditioning® and
(2) that to reverse the sickle hematology, regardless of whether
donors have normal hemoglobin genotype, HbAA, or are carriers
for HbS (HbAS), only a minimum of myeloid chimerism of 20%
is sufficient.®® Transplantation of HLA-matched sibling donor
HSCs cures SCD, but to date, relatively few (~2000) patients with
an average age of 10 years have benefited; the vast majority is
excluded due to donor availability, toxicity related to myeloabla-
tive conditioning, and graft-versus-host disease (GvHD).81:8485
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To enable allogeneic HSCT as a therapeutic option to more
patients with SCD, there is a major need to expand alterna-
tive donor sources of HSCs that include related haploidentical
HSCs, matched unrelated donors, and cord blood. Of these, the
most promising is related haploidentical allogeneic HSCT due
to donor availability; post-transplantation cyclophosphamide
has also improved safety with increased cure rates.®*-%

While the overall survival was 94% in a study of unrelated
cord blood transplantation for pediatric patients with SCD and
thalassemia, the disease-free survival was not so good at about
50% in the SCD population.’” Compared to unrelated cord
blood transplantation, related cord blood transplantation offers
a better probability of success with a 2-year disease-free survival
of 90% and a low risk of developing acute GvHD (11%) or
chronic GvHD (6%) in pediatric patients with SCD.?

There are multiple clinical trials ongoing at this point at
ClinicalTrials.gov that are assessing different techniques to
improve the outcome of patients with SCD undergoing alloge-
neic HSCT. For more details of the different allogeneic HSCTs,
we refer to a recent review.”!

Gene Editing and Gene Therapies for Sickle Cell Disease.
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Autologous transplantation and genetic therapies

The genetic simplicity of the sickle mutation affecting an
HSC lends itself to genetic therapies, an approach that elimi-
nates the need to find a donor and thus, available to all patients
(Table 3). Since these are the patient’s own stem cells, there is no
need for immunosuppression, avoiding the risks of GvHD and
immune-mediated graft rejection. Following gene modification in
vitro, the patient’s own stem cells are reinfused after chemother-
apy conditioning. Currently, there are 3 broad approaches: (1)
Addition of lentiviral vectors (LVs) that express different versions
of non- or anti-sickling genes, or a y-globin coding sequence in a
B-globin gene to increase HbF levels and decrease HbS; (2) addi-
tion of a LV that expresses erythroid-specific shRNA for BCL11A
to downregulate its expression, thereby increasing y-globin
expression; and (3) editing of the BCL11A gene to delete the reg-
ulatory element controlling its expression in erythroid cells.

A critical component in autologous HSCT is the amount and
quality of CD34* cells that can be obtained from the patient.
Historically, granulocyte colony-stimulating factor (GCS-F) had

Title ClinicalTrials.gov Status

Mechanism

Notes

Gene therapies using lentiviral globin addition

Lentiviral 3-A-T87Q globin vector

BB305 lentiviral vector encoding the human (3-A-
T87Q globin gene

Results published: DOI: 10.1056/
NEJMoa1609677

NCT03207009 and NCT02906202
related but for patients with
B-thalassemia

hematopoietic stem and progenitor cells
in SCD

Safety and efficacy of LentiGlobin BB305in  NCT02151526 Completed

[-thalassemia and SCD (March 10,
2020)

A study evaluating the safety and efficacy NCT02140554 Active, not

of the LentiGlobin BB305 drug product in recruiting?

severe SCD

Gene transfer for patients with SCD NCT02186418 Active, not
recruiting

Safety and feasibility of gene therapy with NCT04091737 Active, not

CSL200 recruiting

Stem cell gene therapy for SCD NCT02247843 Recruiting

Safety and efficacy of gene therapy of the NCT03964792 Recruiting

SCD with the lentiviral vector expressing the

[BAS3 globin gene in patients with SCD

Gene transfer for SCD NCT03282656 Suspended”

A study evaluating gene therapy with BB305 NCT04293185 Suspended®

lentiviral vector in SCD

Gene therapies using gene editing techniques

Transplantation of CRISPR/Cas-9 corrected ~ NCT04774536 Not yet

hematopoietic stem cells (CRISPR_SCD0O01) recruiting

in patients with severe SCD

Safety and efficacy of CRISPR/Cas-9 NCT03745287 Recruiting

modified CD34+ hHSPCs

Safety, tolerability, and efficacy of BIWO003 ~ NCT03653247 Recruiting

for autologous hematopoietic stem cell

transplantation in patients with severe SCD

Safety and efficacy of genome-edited NCT04443907 Recruiting

Autologous CD34+ hematopoietic stem cells trans-
duced ex vivo with gamma-globin lentiviral vector
Autologous enriched CD34+ cell fraction that contains
CD34+ cells transduced with lentiviral vector encod-
ing human +y-globinG16D and shRNA734

[BAS3 lentiviral vector-modified autologous peripheral
blood stem cell transplant

Consists of autologous human CD34+ hematopoietic
stem and progenitor cells that are enriched in CD34+
cells which have been transduced ex vivo with the
lentiviral vector, expressing an BAS3

Lentiviral anti-BCL11A shRNA

CD34+ hematopoietic stem cells collected by
plerixafor mobilization and apheresis, transduced with
BB305 lentiviral vector encoding the human -A-
T87Q globin gene

Autologous CD34+ cell-enriched population that
contains cells modified by the CRISPR/Cas-9 ribonu-
cleoprotein

Autologous CD34+ hHSPCs modified with CRISPR/
Cas-9 at the erythroid lineage-specific enhancer of
the BCL11A gene

CD34+ cells transfected ex vivo with zinc finger
nuclease messenger ribonucleic acid targeting the
BCL11A locus

Genome-edited autologous HSPC investigational drug
product. Drugs: 0TQ923 and HIX763

Study paused per DSMB pending
investigation of adverse event
occurrence in an unrelated gene
therapy study involving sickle cell
patients (last update February 2021)
Study suspended due to the occur-
rence of a suspected unexpected
serious adverse reaction (last
update March 2021)

Part C would include pediatric
patients that received one of both
experimental drugs

aCurrently not recruiting due to 2 long-term follow-up patients developed myeloid malignancies.
bCurrently suspended due to findings of NCT02140554.

BAS3 = anti-sickling beta globin gene BAS3; BCL11A = B-cell ymphoma/leukemia 11A; CRISPR/Cas-9 = clustered regularly interspaced short palindromic repeats/CRISPR (C) associated nuclease-9;
DSMB = Data and Safety Monitoring Board; hHSPCs = human hematopoietic stem and progenitor cells; SCD = sickle cell disease; ShRNA = short hairpin RNA.
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been used to obtain such cells in non-SCD patients, but the ele-
vated white cell counts from GCS-F mobilization of CD34* in SCD
patients increases the risk of triggering acute severe pain, acute chest
syndrome, and even death, and is thus contra-indicated in patients
with SCD. Bone marrow harvest is another source, but CD34+ cells
obtained from bone marrow harvests are suboptimal in quantity
and quality, thus requiring multiple harvests, each harvesting proce-
dure increasing the risk of triggering acute pain crisis. Development
of plerixafor as an alternative approach has been crucial in optimi-
zation of CD34* collection in patients with SCD. Plerixafor blocks
the binding between chemokine CXC-receptor 4 and the stromal
cell triggering mobilization of CD34* cells into the peripheral blood
stream without the uncontrolled increase of total white blood cells.
Plerixafor in association with hyper-transfusion therapy has become
the preferred way of mobilizing HSCs in patients with SCD.”>-

Two clinical trials (Table 3) have evolved from preclinical stud-
ies in SCD mice that showed that erythroid-specific down regu-
lation of BCL11A is feasible and that it resulted in therapeutic
elevation of HbE One approach utilizes an shRNA embedded
in a microRNA contained within a LV to limit knockdown of
BCL11A to erythroid precursors.* Of 6 patients with a median
18 months (range 7-29 mo) post-therapy, stable HbF induction of
20.4% to 41.15% was observed and the HbF was broadly distrib-
uted among the erythrocytes with F cells of 59% to 94%. Sickle
complications were reduced or absent in all patients.*> The other
approach utilized CRISPR-Cas editing to disrupt the key eryth-
roid-specific enhancer in BCL11A leading to near normal Hb in
3 patients with HbF of >40% that was distributed pancellularly.*

Among the ongoing clinical trials on genetic therapy (Table 3),
the most promising with the largest clinical experience relies on
a lentivirus expressing a mutated p-globin B™? (LentiGlobin
BB305) with anti-sickling properties.”” (https://ash.confex.com/
ash/2020/webprogram/Paper134940.html) At the time of this
review, 47 patients with SCD have been treated in 2 related clinical
trials (ClinicalTrials.gov: NCT02140554 and NCT04293185).”
Unfortunately, reports of myelodysplasia and AML in 3 patients led
to a temporary pause in enrolment; the clinical trial was allowed
to resume when further investigation demonstrated integration of
the LV to a nononcogenic gene with no disruption in expression
of other genes in the vicinity. The conclusion was that the LV is
unlikely to be implicated in cancer development.”®* Exclusion of
busulfan and insertional mutagenesis in these therapy-related leu-
kemias, isolated reports of leukemias in SCD patients, with or with-
out HU, pre-or post-transplantation,'® suggests that SCD patients
may have a relatively increased risk of AML or myelodysplasia due
to damage to hemopoietic stem cells related to chronic stress eryth-
ropoiesis. If so, it may be prudent to prescreen individuals with
SCD for preleukemic progenitor cells as well as somatic muta-
tions in genes involved in epigenetic regulation (DNMT3A, TET2,
ASXL1), which are associated with an increased risk of developing
blood cancers, referred to as clonal hematopoiesis of indeterminate
potential (CHIP) origin. It has also been suggested that curative
therapies should be performed in younger patients prior to acqui-
sition of such CHIP variants or all patients should be screened for
such variants prior to undergoing marrow conditioning.

Worldwide impact of SCD

SCD may have first appeared in the Western literature in 1910,
but the clinical spectrum of SCD has been recognized in West
Africa for centuries'®! and probably existed in American slaves
during the slavery period before 1910.'2 Due to migration pat-
terns, SCD is now worldwide, affecting millions globally, and the
numbers are increasing.!%!%* Nevertheless, SCD remains drasti-
cally more prevalent in historically malaria-endemic areas, such
as sub-Saharan Africa, where carriers (HbAS) for the sickle muta-
tion have a substantial protection against Plasmodium malariae
infection. In a recent meta-analysis of SCD prevalence in sub-
jects <5 years old, the birth prevalence of HbAS was estimated
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at >16,000 per 100,000 live births in Africa; much higher when
compared to 800 per 100,000 live births in Europe.!-'%7

In 2010, an estimated 300,000 newborns were affected—pro-
jected to increase to 400,000 in 2050—of which more than 75%
is in Africa. Unfortunately, 50%-80% of the infants born annu-
ally with SCD in Africa will not reach their fifth birthday. In the
Republic of Congo, almost 12.5% of the pediatric patients hospi-
talized have SCD and the estimated annual cost of care for each of
these patients is above 1000 United States dollars (USD).'% Trained
personnel, access to vaccines, antibiotic prophylaxis, implementa-
tion of newborn screening, and blood products—all fundamental
for the care and management of patients with SCD—are still lim-
ited resources in developing countries.'® The socioeconomic bur-
den of SCD in Africa, and worldwide, will continue to increase
with growth of the world’s population and human migration.

Although groundbreaking research is being performed in devel-
oped countries, access to the new medications—L-glutamine, vox-
elotor, and crizanlizumab—is limited in developing countries. In
the meanwhile, studies have shown that HU is safe in malaria-en-
demic sub-Saharan Africa with no difference in incidence of malaria
between children either on or off HU. The overall clinical benefit
from HU therapy may even protect the recipients from severe effects
of malaria.""®"2 It should be noted, however, that prior to these
studies, HU has already been demonstrated to be safe and effective
as an alternative to regular blood transfusion therapy for prevention
of secondary stroke in children with sickle cell anemia.!"?

Conclusions

SCD epitomizes the bidirectional translational research common
to many other diseases. An astute observation of “elongated, sick-
le-shaped and crescent-shaped” RBCs has spurred the way to the
uncovering of the first disease at a molecular level. Since then, SCD
has been at the forefront of human genetic discovery, which has now
translated into the first-in-human studies of reactivating an endog-
enous (y-globin) gene utilizing innovative genomic approaches. A
cure for this debilitating disease through HSCT and gene therapies
is now within reach, but likely to remain available to a minority of
the patients for the next few decades. A major unmet need for the
vast majority now is a small molecule that targets the root cause of
the disease and that can be taken orally. As new drugs and treat-
ments are developed, it is essential that we find ways to make them
accessible to all patients in both high- or low-resource countries.
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