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ABSTRACT

Sickle cell disease (SCD) is one of the world’s most common severe
monogenic disorders affecting millions of people worldwide and
represents a significant public health problem. The last two decades have
seen a major increase in knowledge about the cascade of events that
follow the polymerization of hemoglobin, the main pathophysiological
event in SCD, including impaired biorheology and increased adhesion-
mediated vaso-occlusion, hemolysis-mediated endothelial dysfunction,
and inflammation. As a result, several distinctive therapeutic targets have
been discovered, and a few drugs with innovative mechanisms of action
are already on the Market. In contrast, several others are the focus of
ongoing trials. This narrative review aims to describe some of the more
recent data in the SCD literature regarding pathophysiology and novel
treatments.
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Introduction

Sickle cell disease (SCD) is a group of inherited
disorders characterized by chronic hemolysis and
vaso-occlusive episodes, resulting in tissue
ischemia and severe pain, progressive multiorgan
damage that predisposes patients to multiple
chronic conditions, functional limitation, poor
quality of life, reduced life span, and detrimental
effects on the psychosocial well-being of those

affected, their families, and communities’*.

Although SCD was the first monogenic disease
described in the scientific literature over a century
ago, it remains an illness with high morbidity and
early mortality. SCD affects an estimated 30 million
people; over 300,000 children are born with SCD
yearly, 75% of whom are in Africa®>®.

SCD is a group of inherited disorders, including
sickle cell anemia [Hemoglobin (Hb) SS], responsible
for the most common genotype and the most
severe variant of SCD, and sickle-HbC disease
(HbSC), sickle B°-thalassemia (HbSBY), and sickle B*-
thalassemia (HbSB"). Less common Hb mutants,
such as O%®, DMt or E, may be inherited in

compound heterozygosity with B° to result in SCD3“.

Vaso-occlusive crises (VOCs) are one of the
hallmarks of SCD, the most frequent complication
among children and adults, and a substantial cause
of acute and chronic complications, hospitalization,
and increased mortality’™. In the last two decades,
the availability of mouse models of SCD has
allowed both the
pathogenesis of sickle cell-related organ damage(s)

characterization of the

and the identification of new pathophysiology-
based therapeutic options in addition to HU. This
narrative review aims to describe some of the more
recent data in the SCD literature regarding

pathophysiology and novel treatments'™.

New insights into the pathophysiology
of sickle cell disease

The polymerization of Hb under deoxygenation is
the main pathophysiological event in SCD,
described more than 70 years ago. The last two

decades have seen a major increase in knowledge
about the cascade of events that follow the
polymerization of hemoglobin and the ensuing
sickling of red blood cells. Based on current
evidence, the main pathophysiological mechanisms
of SCD encompass four significant processes:
hemoglobin S polymerization, impaired biorheology
and increased adhesion-mediated vaso-occlusion,
hemolysis-mediated endothelial dysfunction, and
These

processes collaborate to promote acute and

inflammation, as shown in Figure 1.

chronic pain, end-organ injury, and failure in SCD’”.

Hemoglobin polymerization
SCD is a genetic disorder resulting from a point
mutation in the sixth codon of the B-globin gene
for hemoglobin (Hb), which results in the substitution
of the hydrophilic glutamic acid residue (Glu) by a
hydrophobic valine residue (Val). The mutant Hb,
HbS, polymerizes upon deoxygenation, decreasing
fluidity and
erythrocytes to assume a sickle morphology

causing the
7,8,10

cell membrane

The hallmark of sickle cell pathophysiology is the
intraerythrocytic polymerization of deoxyhemoglobin
S. Upon deoxygenation, the normal conformational
change of the tetramer exposes on its external
surface a hydrophobic B¢ valine (instead of the
hydrophilic glutamate of HbA), resulting in
decreased solubility and a tendency of
deoxyhemoglobin S tetramers to aggregate or
polymerize. The rate and degree of this
polymerization determine the severity of sickle
erythrocytes' rheologic impairment and the change

in morphology for which the condition was named?®'°.

The polymerization rate and extent are correlated
with the intracellular concentration of HbS, the
type and fractional content of other Hbs present
(particularly HbF), and the percent oxygen
saturation. These variables correlate with the rate
of hemolysis in SCD’#1°,

Vaso-occlusion
Vaso-occlusion leading to ischemia is the

predominant pathophysiology responsible for
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acute systemic painful vaso-occlusive crisis (VOC)
and the requirement for emergency medical care
by SCD patients. Increased plasma viscosity due to
chronic hemolysis and reduced sickle erythrocyte
deformability due to Hb polymerization and
dehydration contribute to impaired blood flow
through capillaries and postcapillary venules of
tissues with high oxygen demand. Poorly
deformable sickle erythrocytes may become
mechanically sequestered in the microcirculation
to promote transient vaso-occlusion.
Epidemiological evidence indicates that an
inflammatory or environmental stimulus, including
infection, hypoxia, dehydration, acidosis, or other

unidentified factors, often initiates VOC*/#'",

Sickle erythrocytes exhibit abnormally increased
adherence to vascular endothelial cells and
subendothelial extracellular matrix proteins. The
sickling-dependent  damage of erythrocyte
membranes also promotes exposure to adhesion
molecules and binding motifs not generally
expressed on erythrocytes, such as phosphatidyl
serine (PS) and intercellular adhesion molecule-4
(ICAM-4). As a result of chronic anemia, the bone
marrow undergoes stress reticulocytosis and
releases immature erythrocytes repleted of
adhesion molecules such as a4B1 integrin (VLA-4)
and CD36. 7,11,12 The overexpression of these
cellular adhesion molecules causes the adhesive
interactions of erythrocytes and reticulocytes with
inflammatory and endothelial cells, promoting
vaso-occlusion in SCD. Endothelial dysfunction and
sterile inflammation, which are hallmarks of SCD,
may contribute to upregulation of selectins (P- and
E-), vascular-cell-adhesion-molecule-1 (VCAM-1),
ICAM-1, and interleukin-8 (IL-8) on endothelial
cells. The inflammatory milieu in SCD may also
promote the activation of neutrophils, monocytes,
and platelets, leading to increased adhesion to

each other and activated endothelium*®7~.

Hemolysis

Although  the
sickling axiom provides a basic understanding of

deoxygenation-polymerization-

SCD, there is an increasing appreciation that
interactions of sickle cells with other cells and
proteins contribute to the hemolytic and vaso-
occlusive processes. The chronic hemolytic nature
of SCD leads to chronic depletion of nitric oxide
from the release of arginase and free heme, which
is associated with impaired cleavage of large von
Willebrand factor multimers by ADAMTS 13 and
the activation of tolllike receptor 4 (TLR4)*>77.

Blood coagulation activation, resulting in
enhanced thrombin generation and evidence for
platelet hyperreactivity, has been demonstrated in
patients with SCD during steady-state and vaso-
occlusive episodes. It has been suggested that the
exposure of RBC membrane phosphatidylserine
and circulating activated endothelial cells in SCD
patients contributes to hypercoagulability by
providing procoagulant surfaces. The correlation of
elevated white blood cell counts to increased
mortality and adverse outcomes identified by
epidemiologic studies of SCD patients suggests

that neutrophils also participate in vaso-

occlusion*®7:9-12,

© 2024 European Society of Medicine 3



Hemolysis HbS polymerization

Sickling

~ ———— ;
A Endothe!lal Oxygen saturation ! Vaso-occlusion Ko
= dysfunction v \\\
g > 7 \
y Fe2 H,0, OH' et \ / + Impaired theology
[ Cellfree N ‘ / - Adhesion between sickled ‘
| Hb % — Oxidation —»> & \ [ erythrocytes, neutrophils, \
( 5 N\ Fat \ [ endothelium and platelets ‘
Fe NO NO; ®
o; ﬁ\ |

oxidase

‘ \ T R,
\ NADPH - T\ . J \/QP

\ : . O &
. Sterile N =
inflammation

IL- 1;7 L-18 \ e

NETs .
/
TLR4} { DAMPs A ( \
Inflammasome N
activation e
Ischemia-
reperfusion injury

Figure 1. Molecular pathophysiology of sickle cell disease. (a) A single-nucleotide polymorphism in the fglobin gene leads to the
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substitution of valine for glutamic acid at the sixth position in the fglobin chain. Following deoxygenation, the mutated hemoglobin
(HbS) molecules polymerize to form bundles. The polymer bundles result in erythrocyte sickling (clockwise), which in turn results in
(b) impaired rheology of the blood and aggregation of sickle erythrocytes with neutrophils, platelets, and endothelial cells to
promote stasis of blood flow, referred to as vaso-occlusion. Vaso-occlusion promotes ischemia-reperfusion (I-R) injury (clockwise).
(a) Hemoglobin (Hb) polymer bundles also promote hemolysis or lysis of erythrocytes (counterclockwise), which (c) releases cell-free
Hb into the blood circulation. Oxygenated Hb (Fe?*) promotes endothelial dysfunction by depleting endothelial nitric oxide (NO)
reserves to form nitrate (NOs~) and methemoglobin (Fe3*). Alternatively, Hb can react with H2Oz through the Fenton reaction to
form hydroxyl free radical (OH*) and methemoglobin (Fe3*). Also, NADPH oxidase, xanthine oxidase (XO), and uncoupled endothelial
NO synthase (eNOS) generate oxygen free radicals to promote endothelial dysfunction. Methemoglobin (Fe®*) degrades to release
cell-free heme (counterclockwise), which is a significant erythrocyte damage-associated molecular pattern (DAMP). (d) Reactive
oxygen species (ROS) generation, Toll-like receptor 4 (TLR4) activation, neutrophil extracellular trap (NET) generation, release of
tissue or cell-derived DAMPs, DNA, and other unknown factors (?) triggered by cell-free heme or I-R injury can contribute to sterile
inflammation by activating the inflammasome pathway in vascular and inflammatory cells to release IL-1BFinally, sterile inflammation
further promotes vaso-occlusion through a feedback loop by promoting the adhesiveness of neutrophils, platelets, and endothelial
cells. (Sundd et al. 2019)

Phenotypic heterogeneity and sub- blood transfusions, and treatment of infections,
infectious diseases®. These factors may explain

phenotypes

A single sickle mutation cannot explain the clinical

much of the clinical variability, why some

individuals have very severe diseases with frequent

heterogeneity of the disease phenotype within the vaso-occlusive complications and early morbidity

same family in this multifactorial disorder. The and death at a very young age, whereas others can

clinical phenotype of SCD varies widely, influenced go unnoticed until adulthood.

by additional cellular, genetic modifiers of disease

severity, including factors that affect HbF level Based on the clinical heterogeneity of the disease,
(African haplotypes of the HBB cluster; genetic two sub-phenotypes of SCD have emerged, one
variation of an erythroid-specific enhancer of attributed to "viscosity-vasoocclusion" and the
BCL11A), co-inheritance of o-thalassemia; and other to "hemolysis-endothelial dysfunction"™.
nongenetic modifiers that include environmental The vaso-occlusive subphenotype is manifested
factors (climate and air quality, altitude) as well as clinically by self-limited pain crises, acute chest
socioeconomic factors, which are assessed, for syndrome and osteonecrosis, stroke, acute splenic
example, based on access to medical care, safe sequestration, hepatic sequestration, and organ
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failure such as renal disease and functional
asplenia. Patients with the hemolytic sub-
phenotype are more likely to develop a
proliferative vasculopathy and organ dysfunction
as they age, manifesting as pulmonary
hypertension, diastolic left heart disease, renal
dysfunction (proteinuria, albuminuria, and chronic
kidney dysfunction), priapism, leg ulcers, elevated
systolic systemic blood pressures, stroke, and
sudden death. Although some overlapping
between the sub-phenotypes is expected, clinical
profiling to differentiate symptoms more typical for
an individual patient with SCD is an innovative
approach that may help direct personalized
therapies for a specific sub-phenotype by targeting

the predominant mechanism?'*'>,

Clinical manifestations

ANEMIA

In SCD patients, the erythrocyte lifespan is
shortened from the standard 120 days to
approximately 10 to 25 days, resulting in moderate
to severe hemolytic anemia (ranging from 6 to 11
g/dL). The anemia is generally well tolerated
because of compensatory cardiovascular changes
and increased levels of 2,3-DPG'2.

HbSS is associated with the most severe anemia,
most frequent pain, and shortest life expectancy,
although there is tremendous heterogeneity in
these variables even within this genotype.

HbSBP-thalassemia can closely mimic HbSS despite
the smaller red blood «cells, lower MCH
concentrations, and higher levels of HbF and HbA,
associated with this genotype’*.

Patients with HbSC generally live longer and have
less severe anemia (~20% are not anemic), higher
MCH concentrations, and less frequent pain. Still,
they have more frequent ocular and bone
complications that may be explained by the
increased hematocrit combined with the higher
(MCHC) and
dehydration. This results in higher whole-blood

MCH  concentration cellular

viscosity, which may increase the likelihood of

vaso-occlusion. Patients with HbSB*-thalassemia

have less severe anemia and pain than patients
with HbSB’-thalassemia. This results from smaller
cells, lower MCHC, increased content of HbF and
HbA2, and, most importantly, the presence of
significant amounts (10% to 30%) of HbA that

interfere with polymerization®*.

Although patients have chronic anemia, several
conditions can exacerbate this anemia and lead to
acute symptomatic anemic events. The transient
aplastic crisis resulting from erythroid aplasia is
often caused by human parvovirus infection as well
as other infections, which may result in severe or
life-threatening anemia. Lesser degrees of bone
marrow  “suppression” are associated with
different infections. Sudden anemia may be caused
by acute splenic sequestration in children with
HbSS or SB° (and in adults with HbSC or SB*-
thalassemia) or, less frequently, hepatic
sequestration, concomitant glucose-6-phosphate
(G6PD)

superimposed autoimmune hemolysis. Chronic

dehydrogenase deficiency, or
exacerbations of anemia may result from folate,
iron deficiency, or reduced erythropoietin levels

caused by chronic renal insufficiency™™.

ACUTE AND CHRONIC COMPLICATIONS

SCD is a multisystem disorder. Vaso-occlusion
typically causes acute complications, including
ischemic damage to tissues, resulting in severe
pain or organ failure. Acute chest syndrome is a
typical example of organ failure in SCD and one of
the leading causes of hospitalization and death
SCD  patients. The usual
complications of SCD are shown in Figure 2.

among clinical

Chronic complications fall into two main groups:
those related to large vessel vasculopathy
(cerebrovascular disease, pulmonary hypertension,
priapism, leg ulcer, and retinopathy) and those
caused by progressive ischemic organ damage
(hyposplenism, renal failure, heart failure, bone
disease, and liver damage). The risk of life-
threatening septicemia and meningitis because of
encapsulated organisms, such as Streptococcus
pneumoniae, is markedly increased in children with

SCD. This susceptibility is related to functional and

© 2024 European Society of Medicine 5
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because of deficient production

anatomic asplenia and decreased opsonization antibodies. The risk for such infections persists into
natural adulthood™.
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Figure 2. Common Clinical Complications of Sickle Cell Disease (Piel et al., 2017)

Novel therapies for sickle cell disease hematopoietic stem cell transplantation (HSCT),

and gene therapy. In the last two decades, the

Despite remarkable achievements in epidemiological availability of mouse models of SCD has allowed

and pathophysiologic knowledge, life expectancy both the characterization of the pathogenesis of

for patients with SCD is reduced by about 30 years, sickle cell-related organ damage(s) and the
even with the best medical care, and the quality of identification of new pathophysiology-based
life is often poor. Fortunately, the current therapeutic options, in addition to HU. These
understanding of the cellular, molecular, and include agents such as |-glutamine, crizanlizumab,

and voxelotor. (Figure 2)781¢-20

biophysical pathobiology of SCD has inspired
several current and potential future therapeutic

approaches to prevent disease morbidity?3#1¢.

The management of SCD patients may include
hydroxyurea (HU), folic acid, blood transfusion, iron
chelation,  antibiotic  therapies, vaccination,

© 2024 European Society of Medicine 6
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Figure 3. Disease-modifying treatments to prevent vaso-occlusive morbidity in SCD

The HU is an inhibitor of the ribonucleotide
reductase drug with many beneficial effects for
treating people with SCD, including increasing
fetal Hbconcentration in RBCs, improving nitric
oxide metabolism, and reducing red cell-
endothelial interaction and erythrocyte density.
Such disease-modifying effects have been shown
to decrease VOCs, acute chest syndrome (ACS),
the number/length of hospitalizations, and the
need for transfusions, noticeably reducing the
mortality rate and improving overall survival. In the
last two decades, the availability of mouse models
of SCD has allowed both the characterization of the
pathogenesis of sickle cell-related organ
damage(s) and the identification of new
pathophysiology-based therapeutic options, in
addition to HU. These include agents such as |-
glutamine, crizanlizumab, and voxelotor. Blood
transfusion currently represents a supportive
therapy to manage anemia, vasculopathy, and
VOCs and to prevent serious complications,
particularly the risk of primary and secondary
stroke. The HSCT is a potentially curative
procedure, although its use is restricted to a few
patients due to the high cost, toxicity, and limited

availability of suitable donors. In addition to HSCT,
gene therapy is being explored as a curative option
for SCD. Gene therapy aims to replace a patient's
abnormal gene with new genetic material; it offers
a potential cure for SCD without the need for a
bone marrow donor or the toxicity associated with
traditional conditioning regimens for HSCT.
(Sundd et al. 2019)

Hydroxyurea

The HU is an inhibitor of the ribonucleotide
reductase drug with many beneficial effects for
treating people with SCD, including increasing
fetal Hb concentration in RBCs, improving nitric
oxide metabolism, and reducing red cell-
endothelial interaction and erythrocyte density.
Such disease-modifying effects have been shown
to decrease VOCs, acute chest syndrome (ACS),
the number/length of hospitalizations, and the
need for transfusions, noticeably reducing the
mortality rate and improving overall survival for
adults and children with SCD??*#2",

The main indications for HU are patients with three

or more VOCs per year, two or more acute chest

© 2024 European Society of Medicine 7
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syndrome events per year, symptomatic anemia in
all immunized patients, organ damage such as
chronic leg ulcers, priapism, pulmonary hypertension,
hemolysis with high LDH, and transcranial Doppler
velocities between 160 and 200 cm/s. HU s
dispensed free of charge to patients who meet
these criteria. For patients with indication, HU is
recommended for individuals older than nine
months, at 15 mg/kg/day for the initial dose and
up to 35 mg/kg/day, depending on haematologic
toxicity. The optimal dose is defined as a stable
daily dose that causes mild myelosuppression
without other laboratory toxicities. Most HU
benefits are usually observed after 2-3 months of
treatment, and the results remain stable once a

stable dose is reached and taken regularly®'"-%4,

Irrespective of the question of optimal dosage, HU
is underutilized both in low- and high-resource
countries because of healthcare infrastructure
deficiencies, poor compliance, and fear of toxicity,
particularly worries about the toxic effect on
spermatogenesis.25 HU's benefit/risk ratio in SCD
strongly argues for its wider use. Approximately
one-third of adults will have a poor reaction,

demonstrating the need for additional agents®®%,

Modulation of oxidative stress

L-GLUTAMINE

The role of oxidative stress in the pathophysiology
of SCD is complex. Reactive oxygen species
generation affects the integrity of the red blood
cell membrane, with a dose-dependent effect on
membrane rigidity and decreased elasticity. Both
red cell and leukocyte adhesion have been shown
to increase with superoxide production in SCD?®%.

Sickle red cells have a lower redox ratio than
normal red cells, contributing to the disease's
pathophysiology. Glutamine is a precursor for
synthesizing glutathione (GSH), nicotinamide
adenine dinucleotide (NAD), and arginine, which
protect erythrocytes from oxidative damage and

indirectly maintain vascular tone®%,

L-glutamine  therapy, which increases the

proportion of reduced nicotinamide adenine

dinucleotide in sickle red blood cells and

presumably reduces oxidative stress and
potentially painful events, was tested in a
randomized  controlled  clinical  trial.  The
randomized study included 230 patients (aged 5 to
58 years) with either HbSS or SB°- thalassemia with
a history of 2 or more crises during the previous
year. Patients randomized to I-glutamine had
significantly fewer sickle cell crises than patients
receiving placebo (median 3.0 versus 4.0 crises).
Fewer hospitalizations (median 2.0 versus 3.0) and
episodes of acute chest syndrome occurred in the
study group. The majority of subjects on both arms
were on hydroxyurea. L-Glutamine (Endari) was
approved by the United States Food and Drug
Administration (FDA) in 2017. Endari is available in
powder form and is mixed with room temperature
food at doses of 5 to 15 grams based on weight

and given twice daily®?¢.

Oral administration of L-glutamine raised the redox
ratio within sickle cells. It was associated with
patient-reported clinical improvement, although its
mechanism of action is not entirely understood?¢?’.

Antisickling agents

VOXELOTOR
Voxelotor is an oral HbS polymerization inhibitor
that reversibly binds to Hb's alpha chain and
modulates its affinity for oxygen, preventing HbS
sickling®. Voxelotor is an oral therapy that modifies
Hb to increase the affinity between Hb and oxygen.
The modified Hb is
polymerization and sickling of HbS. In the pivotal
3 HOPE trial,

hemoglobin and reduced markers of chronic

thought to avoid

phase voxelotor increased
hemolysis. While subsequent abstracts report
improvement in pain episodes, recent publications
failed to show a consistent improvement in pain
with voxelotor therapy®®. Treatment side effects
include gastrointestinal complaints reported to
respond to dose reductions. Voxelotor was
approved by the FDA in 2019 for children over 12
years old and adults. In 2021, the FDA approved

voxelotor for children over four years. The

© 2024 European Society of Medicine 8



recommended dose for patients over 40 kg or
adults is 1500 mg/day?®?°.

GBT021601

GBT021601, a next-generation HbS polymerization
inhibitor, has an increased oxygen affinity compared
to Voxelotor, leading to higher Hb occupancy.
19,20 GBT021601 is being investigated in a phase
2/3 clinical trial for adult and pediatric sickle cell
disease patients (NCT05431088). Preliminary results
showed a mean (standard deviation) increase in Hb
from baseline was 2.67 (1.52) g/dL for the 100- mg
group (n = 12) and 3.17 (1.82) g/dL for the 150-mg
group (n=11) after 12 weeks of treatment. A favorable
trend toward reduction from baseline was
observed in markers of hemolysis. For 27 patients
with = 1 VOC at baseline, the baseline annualized
VOC rate was 2.30 (95% confidence interval (Cl)
1.81-2.92), and the on-study annualized VOC rate
was 1.16 (95% Cl 0.55-2.43) with a median (range)
on-study duration of 0.4 (0.03-0.41) years™®.

Antiadhesion molecules

CRIZANLIZUMAB

Crizanlizumab is a humanized immunoglobulin
monoclonal antibody produced using recombinant
DNA technology. It binds to and inhibits P-selectin,
blocking the interaction with its ligand, PSGL-
1.19,20 The safety and efficacy of crizanlizumab in
preventing SCD-related pain crises were evaluated
in a double-blind, randomized, placebo-
controlled, phase 2 trial (SUSTAIN); this trial
included 198 randomized patients 16 to 65 years
of age who received 2.5 mg/kg, 5 mg/kg or
placebo intravenously, with two loading doses two
weeks apart, and then every four weeks for 52
weeks. In the intent-to-treat analysis, the median
annual rate of painful crises was 1.63 in the high-
dose crizanlizumab group compared to 2.98 in the
placebo group (a 45.3% lower rate with the drug)
and 2.01 in the low-dose crizanlizumab group. The
reduction in the annual crisis rate was more
significant for patients not receiving HU (32.1% vs.
50%) and for patients with a genotype other than
HbSS (34.6% vs. 50.5%)%3".

The overall incidences of severe and adverse

events among the patients treated with
crizanlizumab were similar to those among patients
who received a placebo. The incidence of AEs
leading to discontinuation was generally low in
both dose groups (0-8.0% in the crizanlizumab arm
vs. 0-8.7% in the placebo arm across all subgroups).

No treatment-related AEs led to death®3’.

A post hoc analysis of the SUSTAIN study
evaluated only patients receiving 5 mg/kg
crizanlizumab versus placebo. Efficacy endpoints
were the proportion of VOC event-free patients,
time-to-first VOC, time-to-second VOC, and types
of VOC, including uncomplicated crises and acute
chest syndrome. A more significant proportion of
patients in the crizanlizumab group (n.24/67;
35.8%) than patients in the placebo group
(n.11/65; 16.9%) did not experience a VOC,
independent of the number of events in the year
before the study, genotype and HU use. Time-to-
first VOC was also increased in the treatment
group, with a more significant effect in the group
of patients not using HU (HR: 0.40; 95% Cl 0.17-
0.93) and in the non-HbSS genotype subgroup
(HR: 0.30; 95% CI 0.11-0.81). Finally, the median
rate of uncomplicated VOCs was lower for
crizanlizumab 5 mg/kg than placebo across all
subgroups, but no statistical analysis was shown for
this endpoint. The rates of treatment-related AEs
and SAEs,
investigator's judgment, were higher in patients

determined according to the
treated with crizanlizumab than in patients treated
with a placebo across all subgroups. However, the
incidence of AEs leading to discontinuation was
generally low in both dose groups (0%-8.0% in the

crizanlizumab arm vs. 0-8.7% in the placebo arm)?*2.

Subsequently, the STAND trial (NCT03814746),
which is a phase 3, multicenter, randomized,
double-blind study to assess the efficacy and safety
of two doses of Crizanlizumab versus placebo, with
or without hydroxyurea therapy in adolescent and
adult SCD patients with frequent VOCs, showed no
difference  between

statistically  significant

Crizanlizumab 5 mg/kg or Crizanlizumab 7.5 mg/kg
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and placebo in annualized rates of VOCs (pain
crises) leading to a healthcare visit over the first-
year post-randomization. These findings were
inconsistent with previous trial results from
SUSTAIN. STAND trial results did not suggest new
safety concerns with Crizanlizumab. EMA withdrew
Crizanlizumab from use in the European Union in
2023. However, the FDA continues to approve it
for use in adults and pediatric patients aged 16
years or older with sickle cell disease to reduce the

frequency of vaso-occlusive crises®.

INCLACUMAB

Inclacumab is another anti-P selectin monoclonal
antibody developed for treating and preventing
cardiovascular diseases. Three studies are
registered at clinicaltrials.gov evaluating inclacumab
for preventing VOCs in SCD patients?*.
NCT04927247 is a randomized, double-blind,
multicenter study of a single dose of inclacumab
compared to a placebo. The study aims to evaluate
the number of readmissions in 90 days due to
VOCs in SCD patients aged 12 years or older.
Recruiting ends in December 2023, and follow-up
will be completed in 2024. The second study
already recruiting patients is NCT04935879, a
randomized, double-masked, placebo-controlled
trial evaluating inclacumab infusions every 12
weeks for 48 weeks. The primary outcome measure
is the rate of VOCs during the treatment period.
This study will recruit patients over 12 years old and
is expected to be completed in October 2023.
Participants in both studies can participate in an
open-label extension study (NCT05348915) of
inclacumab every 12 weeks to evaluate its safety

(primary outcome) and efficacy over five years®.

Activators of pyruvate kinase activity

MITAPIVAT

Mitapivat (AG-348) is a novel, first-in-class oral
small molecule allosteric activator of the pyruvate
kinase enzyme. Mitapivat has been shown to
significantly upregulate both wild-type and
numerous mutant forms of erythrocyte pyruvate

kinase (PK), increasing adenosine triphosphate

(ATP) production and reducing levels of 2,3-
diphosphoglycerate. Mitapivat has been an FDA-
approved PK deficiency treatment since 2022 and

is well tolerated in this patient group’”.

A phase 1 proof of concept study showed a mean
hemoglobin increase of 1.2 g/dL at the 50 mg BID
dose level, with 9 of 16 (56.3%) patients achieving
a hemoglobin response of a =1 g/dL increase

compared with baseline in patients with SCD**

The ESTIMATE study was a phase 2, investigator-
initiated, open-label, single-center study that
evaluated the safety plus efficacy and provided
proof of concept for Mitapivat treatment in SCD
patients. Van Dijk et al. showed that treatment with
Mitapivat improves anemia, Hb-oxygen affinity,
and sickling parameters and reduces hemolysis in
patients with SCD in the 8-week dose-finding
period. An increase in Hb level of =1 g/dL from
baseline was achieved in 75% (6/8) of participants.
Mitapivat was well tolerated™®.

RISE UP (NCT05031780) is a phase 2/3 study that
aims to determine the recommended dose of
Mitapivat and evaluate its efficacy and safety in
sickle cell disease patients. The study is expected
to be completed in 2025. The FDA has granted
Mitapivat orphan drug designation in the U.S.A.

A second-generation molecule AG-946 has
completed a phase 1 trial (NCT04536792)%.

ETAVOPIVAT

Etavopivat (FT-4202) is another selective activator
of PKR, which increases PKR activity, resulting in
decreased 2,3-DPG and increased ATP.¥ Data
from the phase 1 study showed that Etavopivat 400
mg once daily was generally well tolerated. A
subsequent  phase 2/3  trial  (HIBISCUS,
NCT04624659) will identify doses and confirm
efficacy and safety in sickle cell disease patients.®®
The study completion date is the end of 2026.

Hematopoietic stem cell

transplantation

Allogeneic transplantation is a curative therapy for

people with sickle cell disease.20 In a recent
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assessment of outcomes from 3 transplant
registries that included 1000 recipients of HLA-
identical sibling transplants performed between
1986 and 2013, the 5-year overall survival for
children under 16 years was 95%, with an event-
free survival of 93%. For those over 15, the overall

survival and event-free survival were 81%7737,

The indications for HSCT can be classified into
clinical, laboratory, and radiological markers of
disease severity plus end organ damage.35
Alternative sources such as umbilical cord blood,
unrelated matched, and haplotype donors are now
being investigated. These alternative donor options
and nonmyeloablative conditioning regimens have
shown some promise but remain investigational.
As these further
development, consideration of long-term effects of

efforts are undergoing
transplants, such as loss of fertility and secondary
malignancies, should also be considered®.

Finally, the availability of HSCT is limited for various
reasons, including infrastructure, e.g., the number
and capacities of centers delivering transplants in
different countries around the world. There are
efforts to improve the global availability of HSCT
shortly. Other limitations include the cost of
treatment, acceptability, and the availability of

suitable donors®?4°,

Gene therapy

Gene therapy includes transplantation of genetically
modified autologous hematopoietic stem cells.
Stem cells get mobilized from the SCD patient, i.e.,
the recipient, from peripheral blood. The stem cells
get altered genetically after the recipient
undergoes conditioning chemotherapy followed
by infusion of the modified stem cells. 8 Different
Technologies are used to modify genes genetically:
1) gene addition, 2) gene silencing, 3) gene
editing, and 4) gene correction. Examples include
1) Lentiglobin BB305, 2) Suppression of BCL11A, 3)
Gene therapy targeting BCL11A, and 4) Introducing

non-sickling hemoglobin, respectively’”.

We kindly refer to two excellent in-depth reviews

discussing gene therapy in SCD published

recently*’*2. We have selected two gene therapy

products that have recently been approved.

Exagamglogene autostemcel (Exa-cel) was the first
gene therapy for SCD approved by the MHRA in
England in November 2023 and FDA approved in
December 2023. Exa-cel uses a CRISPR-Cas9 to
disrupt the BCL11A erythroid enhancer to increase
HbF. A mean proportion of HbF > 20% and Hb
level >11 g/L were found three months post-
infusion. Most patients (n = 29/30, 96.7%) in the
primary efficacy group did not experience a VOC
for 12 months after the Exa-cel infusion. All patients
remained free from hospitalization at 12 months.
The mean VOC-free duration was 22.4 months
(14.8 to 45.5 months). The study reported rapid,
robust, and durable increases in HbF levels®.

Lovotibeglogene autostemcel (lentiglobin bb1111,
Lovo-cel) adds functional copies of a modified
beta-globin gene (B T87Q) in stem cells. It showed
a high and sustained level of HbA expression, with
a reduced HbS resulting in the resolution of VOCs
and hemolysis markers*“. There was one acute
myeloid leukemia case reported, which was not
related to the gene therapy itself but due to a
combination of causes, including the genetically
predisposition abnormal bone marrow niche in
SCD* and the conditioning chemotherapy®’. FDA
approval was granted for Lovo-cel in December
2023. In conclusion, gene therapies promise to
cure sickle cell disease, but long-term information
on safety and efficacy is needed. Currently, this
treatment is not yet accessible for SCD patients.

Discussion

The polymerization of intracellular hemoglobin in
SCD leads to a complex cascade that includes
vaso-occlusion, ischemia, reperfusion injury,
anemia, pain, end-organ damage, and reduced life
expectancy. For over three decades, HU was the
only available option for SCD treatment with a
disease-modifying impact. In the last few years, a
better understanding of SCD pathophysiology has
led to developing several drugs that may prevent

end-organ damage and increase life expectancy in
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New insights into the pathophysiology and novel therapies for sickle cell disease

SCD patients. The long-term outcomes of these Conflict of Interest:
treatments, the role of real-life observation, and
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post-marketing studies are needed to understand
the potential of each novel therapy better and, .
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possibly, to design multi-agent trials of drugs with
different mechanisms of  action and None.
nonoverlapping toxicities. Despite the increase in
therapeutic options, the paramount challenge will Acknowledgements:
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available globally since 95% of SCD patients are in

countries with limited resources.
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