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Summary

Dr. John Herrick described the first clinical case of sickle cell anaemia (SCA) in the United States
in 1910. Subsequently, four decades later, Ingram and colleagues characterized the Ato T
substitution in DNA producing the GAG to GTG codon and replacement of glutamic acid with
valine in the sixth position of the BS-globin chain. The establishment of Comprehensive Sickle
Cell Centers in the United States in the 1970s was an important milestone in the development of
treatment strategies and describing the natural history of sickle cell disease (SCD) comprised of
genotypes including homozygous haemoglobin SS (HbSS), HbSB°thalassaemia, HbSC and HbSP
*thalassaemia, among others. Early drug studies demonstrating effective treatments of HbSS and
HbSpOthalassaemia, stimulated clinical trials to develop disease-specific therapies to induce fetal
haemoglobin due to its ability to block HbS polymerization. Subsequently, hydroxycarbamide
proved efficacious in adults with SCA and was Food and Drug Administration (FDA)-approved in
1998. After two decades of hydroxycarbamide use for SCD, there continues to be limited clinical
acceptance of this chemotherapy drug, providing the impetus for investigators and pharmaceutical
companies to develop non-chemotherapy agents. Investigative efforts to determine the role of
events downstream of deoxy-HbS polymerization, such as endothelial cell activation, cellular
adhesion, chronic inflammation, intravascular haemolysis and nitric oxide scavenging, have
expanded drug targets which reverse the pathophysiology of SCD. After two decades of slow
progress in the field, since 2018 three new drugs were FDA-approved for SCA, but research efforts
to develop treatments continue. Currently over 30 treatment intervention trials are in progress to
investigate a wide range of agents acting by complementary mechanisms, providing the rationale
for ushering in the age of effective and safe combination drug therapy for SCD. Parallel efforts to
develop curative therapies using haematopoietic stem cell transplant and gene therapy provide
individuals with SCD multiple treatment options. We will discuss progress made towards drug
development and potential combination drug therapy for SCD with the standard of care
hydroxycarbamide.
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Introduction

Sickle cell disease (SCD) is a global health condition that affects more than 20 million
people worldwide with over a billion dollars spent in the United States (US) covering annual
healthcare costs.! In the US, approximately 100,000 people mostly of African descent are
affected and 1 in 375 African—American infants are diagnosed with SCD annually by
universal newborn screening.2 Compared to the general population, the average life span for
individuals with SCD is 48 years of age; however, many adults live to 70 years in well-
resourced countries. By contrast, there remains a staggering 50-80% mortality rate in the
first five years of life for underdeveloped countries, such as sub-Saharan Africa, providing
the impetus for the World Health Organization to declare SCD a global health problem in
2006 and calling for worldwide efforts to develop affordable and efficacious treatment
options.3-5

Sickle cell disease is a group of inherited disorders, of which homozygous haemoglobin S
(HbSS) and HbSBCthalassaemia or sickle cell anaemia (SCA) are the most common and
clinically severe phenotypes.® Other compound heterozygote forms of SCD include HbSC,
HbSpCthalassaemia, HbSpB*thalassaemia and other B-globin chain variants combined with
HbS. Under hypoxia, acidosis or dehydration conditions, HbS polymerizes and forms linear
elongated fibres that distort red blood cells (RBCs), leading to a chronic haemolytic anaemia
and acute episodes of pain due to vaso-occlusive (VOC) obstruction of blood flow and tissue
ischaemia. The ensuing ischaemia/reperfusion injury leads to the generation of reactive
oxygen species and endothelial cell activation with increased adhesion molecule expression,
and activation of neutrophils, monocytes and platelets leading to a chronic inflammatory
state in SCD. Additionally, intravascular haemolysis of sickle RBCs leads to nitric oxide
(NO) depletion by cell-free Hb, contributing to endothelial dysfunction. Moreover, the RBC
membrane is damaged by deoxy-HbS polymerization through lipid peroxidation leading to
phosphatidylserine exposure, and generation of a hypercoagulable state. These mechanisms
contribute to the development of chronic organ damage including sickle nephropathy,
pulmonary hypertension, avascular necrosis of bone, chronic lung disease and ultimately to a
shortened life expectancy.’

Standards of care

Comprehensive Sickle Cell Programmes that implement patient-centred medical home
principles early in infancy achieve high uptake of preventative care measures and patient
satisfaction. Recently, the National Heart, Lung and Blood Institute released an Expert Panel
Report that includes evidence-based guidelines for the treatment of SCD.10 While a full
discussion of the current standards of care is beyond the scope of this review, a few major
recommendations in childhood made major impact on survival in early childhood. Based on
the landmark finding in the Prophylactic Penicillin Study 1,11 universal newborn screening
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was established in the US to enable early diagnosis and treatment of infants with SCD to
reduce morbidity and mortality.1? It is recommended that all infants with HbSS and
HbSBOthalassaemia receive penicillin prophylaxis and PPV23 (23-valent-pneumococcal
polysaccharide) vaccine to prevent invasive pneumococcal disease.1? There exists a
devastating 10% rate of central nervous system involvement as stroke in the first 20 years of
life for individuals with SCA.13-15 The Stroke Prevention Trial in Sickle Cell Anemia
demonstrated a 90% relative reduction in risk of stroke in high-risk children receiving
regular blood transfusions.18 The standard of care guidelines'” recommend that children
with SCA receive annual transcranial Doppler screenings from 2 to 16 years of age. The
implementation of early diagnosis, education and recommended treatment and screenings, in
a patient-centred medical home setting, is essential to address the medical vulnerabilities of
this population.18

FDA-approved treatments for SCD

The human HBB (B-like globin genes) locus is composed of five developmentally regulated
globin genes arranged from 5’- HBEI1-HBG1-HBG2-HBD-HBB-3’ on chromosome 11, in
the order of expression during /n utero development. Located ~ 20 kb upstream of HBEI is a
regulatory element called the locus control region (LCR) consisting of five erythroid-specific
DNase | hypersensitive sites; each LCR element has core enhancer sequences, that bind
ubiquitous and erythroid-specific transcription factors to achieve normal haemoglobin
switching. The LCR regulates the expression of the HBB locus by direct interaction with the
individual globin gene promoters, facilitated by transcription factors, epigenetic remodelling
proteins and DNA looping.19 A complex combination of DNA-binding proteins, such as
GATAL, TAL1, E2A, LMO2, LRF/ZBTB7 and LDB1, mediate DNA looping of the LCR
with each globin promoter to enhance gene transcription.20-23 Molecular mechanisms that
control the switch from fetal haemoglobin (HbF; a»y») to adult HbA (a2f>) spawned
decades of research to move the field forward to develop novel drugs for treatment of SCD.
The regulation of globin gene transcription is tightly controlled by interaction of the LCR,24
and repressive transcription factors that bind to the H#BG promoters or HBD/HBB intergenic
region such as BCL11A.2° This factor is under intense investigation as a druggable target for
effective HbF induction.

In 1948, Dr. Janet Watson observed the delayed onset of clinical symptoms in early infancy
due to higher HbF levels during the first year of life.26 Additional evidence for the disease-
modifying properties of HbF are supported by the observation that patients with HbS who
co-inherited a genetic variant producing hereditary persistence of fetal haemoglobin (HbS-
HPFH) are relatively asymptomatic.2”28 The presence of HbF in sickle RBCs delays deoxy-
HbS polymerization. Several HPFH variants are produced by inherited deletions in binding
sites for cis-acting factors in the /BB locus producing a decrease in HbA production. In
addition, HBG promoter mutations are bound by negative transcription factors during
developmentally regulated globin gene switching; however, a point mutation in the Xmn1
site leads to elevated HBG expression in adults from different racial/ethnic populations.
Genetic mapping and later genome-wide association studies discovered quantitative trait loci
in the HBS1L-MYB intergenic region (6g23) and BCL11A (2p16) with potent HbF-
modulating abilities.28:2% A frequently asked question is what level of HbF is required for
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optimal modification of clinical disease severity? Historical data suggest that individuals
with HbF levels > 8 6%30 have less VOC episodes, acute chest syndrome and improved
survival while individuals with HoF > 20% are protected from stroke3! More recent clinical
studies by Estepp et al., support the use of hydroxycarbamide in children, and suggest that
the preferred dosing strategy is one that targets a HbF end-point > 20%.32 Another important
factor to evaluate in addition to HbF levels is the distribution of HbF in RBCs (F cells) to
achieve clinical efficacy. /n vitro studies demonstrated the ability of HbF to form
haemoglobin hybrids consisting of a,yp that inhibit HbS polymerization.33 Furthermore,
numerous naturally occurring HPFH variants lead to significant HbF levels in the majority
of RBCs (pancellular) producing benign clinical phenotypes. Thus, to achieve maximal
clinical benefit, it is critical that pharmacologic agents produce a pancellular HbF
distribution.

Hydroxycarbamide

The discovery that 5-azacytidine mediated HbF induction in adult baboons, spawned over
three decades of research to develop agents for clinical treatment.3# Other cytotoxic agents
had similar effects;3°-37 however, among them, hydroxycarbamide was most suited for
clinical trials.39 Subsequently, the landmark Multicenter Study of Hydroxycarbamide in
Patients with Sickle Cell Anemia (MSH) was completed in 1995 demonstrating the clinical
benefit of hydroxycarbamide in producing a decrease in VOC pain episodes in 50% of adult
patients.38:39 Although hydroxycarbamide has disease-modifying effects unrelated to HbF
induction, such as reduction in RBC adhesion and white blood cell counts,*? this agent
produces a heterocellular distribution of HbF synthesis. Hydroxycarbamide was approved
for use in adult patients with SCA by the US FDA in 1998, and subsequently by the
European Medicines Agency in 2007; use in children > 2 years of age with SCA was
approved in 2017. Hydroxycarbamide has a tolerable side effect profile when given by daily
oral dosing, and proven efficacy.3841 A recent paediatric clinical trial demonstrated that
hydroxycarbamide and phlebotomy were non-inferior to chronic blood transfusions in
children with SCA at higher risk for stroke determined by abnormal transcranial Doppler
screen.2 Over time, the HbF response to hydroxycarbamide may decline in some
individuals, thus creating a need to discover additional pharmacologic agents that induce
HbF by novel mechanisms or target downstream effects of HbS polymerization to develop
combination drug treatment and prevent chronic pain and progressive organ damage.

Mechanisms of fetal haemoglobin induction by hydroxycarbamide

Hydroxycarbamide is an S-phase-specific cytotoxic, anti-metabolic and anti-neoplastic
molecule; it is a potent inhibitor of ribonucleotide diphosphate reductase.*3 However, much
is still unknown about how hydroxycarbamide induces HbF synthesis. One of the most
widely accepted mechanisms is that hydroxycarbamide causes a ‘stress erythropoiesis’
response,**45 which alters erythroid differentiation kinetics, resulting in a release of
reticulocytes and RBCs with high HbF levels (Fig 1). Hydroxycarbamide also reacts with
haeme-containing proteins to release nitric oxide (NO).48 Previous studies provide data that
HbF induction occurs in response to activation of soluble guanosine monophosphate (sGC)
by hydroxycarbamide-derived NO.4748 Studies in SCD mouse models demonstrated that
cell signalling, involving hydroxycarbamide-induced NO-sGC-cyclic guanosine
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monophosphate (cGMP) and protein kinase signalling path-ways,*? is associated with HBG
activation.®0 In addition, hydroxycarbamide increases phosphorylation of p38 mitogen-
activated protein kinase, and dephosphorylation of extracellular signal-regulated kinase and
c-Jun N-terminal kinase,5! effects known to affect erythroid differentiation and induce HBG
expression. More recent studies implicate mechanisms involving microRNAs for explaining
variances in HbF levels achieved after hydroxycarbamide treatment in SCD patients. The
response to hydroxycarbamide was correlated with HbF levels at baseline (miR-494) and
maximum tolerated dose (miR-26b and miR-151-3p) microRNA expression.>2 Recent data
support the ability of hydroxycarbamide to downregulate BCL11A, KLFIand MYB through
miR-15a and miR-16-1 upregulation,® and 7AL 1 levels.>* There is evidence for an inverse
correlation of methylated of CpG islands in the #BGZ2 promoter in SCD patients and HbF
levels.52 Based on changes in protein levels of GATA-1, GATA-2 and BCL11A in sickle
erythroid progenitors generated in culture, a hydroxycarbamide responsiveness index was
proposed.>®

Recent FDA approval of new therapies

After two decades of clinical use, despite the requirement for regular monitoring of
peripheral blood counts and chemistries, hydroxycarbamide has proven to be a safe and
effective agent producing mainly reversible bone marrow suppression. Hydroxycarbamide is
recommended as the standard of care to be offered to children with SCA starting at nine
months of age and adults with severe clinical disease.10 Recently, three additional drugs
were FDA-approved including L-glutamine, crizanlizumab and voxelotor.56-59 The phase 3
L-glutamine clinical trial showed a decrease in the median number of VOC pain crises over
48 weeks, regardless of hydroxycarbamide use.89 L-glutamine increases the proportion of
reduced nicotinamide adenine dinucleotides in sickle RBCs, which reduces oxidative stress;
additional benefits included a decrease in the number of acute chest syndrome episodes. The
FDA granted approval of Endari (L-glutamine) for children > 5 years of age and adults with
SCA.50 The third disease-modifying drug, voxelotor (Oxbryta) is an HbS polymerization
inhibitor with a novel mechanism of action as the first-in-class therapy stabilizing the
relaxed (R-state), non-polymerizing confirmation of HbS (shifting the O, dissociation curve
to the left). The net result of treatment is a decrease in the concentration of deoxy-HbS.51
The recently completed phase 3 trial demonstrated a significant increase in total Hb levels
and reduction in worsening anaemia and haemolysis in people with SCA.%1 The most
recently approved crizanlizumab (Adakveo) is a monoclonal antibody against P-selectin that
produced a significantly lower frequency of VOC pain episodes regardless of concomitant
hydroxycarbamide use.58:62 Now that four FDA-approved drugs are available in the US as
disease-modifying therapies in SCA, treatment strategies combining hydroxycarbamide
(HbF induction) with drugs targeting other disease pathophysiology are possible. The
development of additional novel agents that further ameliorate clinical severity in an additive
and/or synergistic manner when combined with hydroxycarbamide, has ushered in an era to
develop personalized combination drug regimens for individuals with SCA and/or non-
responsive to hydroxycarbamide or with contra-indications for use.
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Development of novel clinical therapeutics

After numerous clinical trials failed to produce additional disease-modifying therapies, over
the last decade a renewed interest in developing drugs for SCD erupted. It is beyond the
scope of this review to discuss the large number of clinical interventions, behaviour and
psychosocial trials ongoing for SCD; therefore, we limit our discussion to active
interventional trials registered in Clinicaltrials.gov, excluding those related to continued
development of hydroxycarbamide, crizanlizumab, L-glutamine and voxelotor (Table I). The
agents discussed have made the leap to clinical trials, which is a significant achievement. We
organized our discussion into four broad categories including drugs that: (i) enhance
metabolic molecules in RBCs; (ii) inhibit HbS polymerization; (iii) targets abnormal
vascular physiology; and (iv) have general systemic effects (Fig 2).

Red blood cell metabolism targets

Soluble guanylate cyclase, a key enzyme in the NO signalling pathway, is rapidly attracting
interest as a therapeutic target for cardiovascular disease.53-%5 Two sGC agonists, riociguat
and olinciguat, are currently in clinical development for SCD. After NO binds a haeme
group in sGC, the synthesis of cGMP is stimulated to produce vaso-relaxation and inhibition
of smooth muscle proliferation, leukocyte activation and platelet aggregation.®6 In addition,
Cokic and others#”48 provided data that HbF induction by hydroxycarbamide involves
activation of sGC through the generation of NO. Early 7 vitro work57-69 showed that
treatment of normal and thalassaemia primary erythroid progenitors with protoporphyrin IX
(PPIX) (sGC activator) and bromo-sGC-activated HBG expression. Therefore, clinical and
experimental data provide the rationale for current clinical trials to develop combination
treatment with hydroxycarbamide and sGC activators.

Riociguat is the only FDA-approved medical therapy for chronic thromboembolic
pulmonary hypertension. A case series of six SCD patients demonstrated the safety and
tolerability of riociguat use in adults with SCD.”° Riociguat is a suitable vasodilator for
pulmonary hypertension without increasing VOC crises in SCD; a phase 2 trial at the
University of Pittsburgh is under way to develop riociguat (Table I). A second sGC activator,
olinciguat, was investigated in the phase 2-STRONG-SCD trial (Cyclerion, Boston, MA,
USA). Enrollment was recently completed, and results are expected to become available in
late 2020.

Pyruvate kinase mediates the transfer of a phosphate group from phosphoenolpyruvate to
adenosine diphosphate to produce pyruvate and ATP during glycolysis. Decreased
concentrations of 2,3-diphosphoglycerate causes a leftward shift in the oxygen dissociation
curve thus facilitating oxygen availability to tissues. Activation of pyruvate kinase is
predicted to increase ATP in sickle RBCs, decrease 2,3-diphosphoglycerate and HbS
polymerization. Another agent, FT-4202 is a novel, small-molecule allosteric activator of
erythrocyte pyruvate kinase-R predicted to decrease 2,3-diphosphoglycerate and HbS
polymerization and RBC sickling; the increase in ATP should promote RBC repair and
reduce chronic haemolysis. FT-4202 was well tolerated in healthy volunteers providing
rationale for a phase 1 clinical trial initiation in 2018. A second agent, AG-348 (mitapivat
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sulfate), previously developed for pyruvate kinase deficiency launched in 2020 as a phase 2
trial to determine efficacy in SCD.

IMR-687 is a small-molecule inhibitor of phosphodiesterase 9A that acts primarily on RBCs
with the potential to act on white blood cells and adhesion mediators implicated in the
pathophysiology of SCD. This agent is currently being studied in a phase 2 clinical trial in
adults with SCA. Another agent, imatinib mesylate (Gleevec) is an oral protein tyrosine
kinase inhibitor that targets the BCR-ABL tyrosine kinase, the constitutive active abnormal
molecule created by the Philadelphia chromosome in chronic myeloid leukaemia (CML)."t
Preclinical data in mouse models suggest that imatinib inhibited c-kit-mediated mast cell
activation, and resultant neurogenic inflammation causing chronic pain.”2 This agent was
used in two SCA patients who experienced reduced frequency of VOC episodes and pain
during imatinib treatment for Phl-positive CML; a phase 1 trial to determine its safety for
SCA launched in 2020.

Haemoglobin Finducers

Direct modification of DNA by methylation of its cytidine residues is associated with
transcriptional repression or gene silencing during development.”® The CpG nucleotides in
the y-globin promoters of adults (with lower HbF) are methylated by a group of enzymes
known as the DNA methyltransferases (DNMT). This process is completed over the first
year of life in normal infants.”# The development of DNMT inhibition, through gene
silencing in human erythroid precursors, using chemicals or DNMT1 knockout in transgenic
mice, results in reactivation of HBG transcription.”>"® These observations led to
investigations of DNMT1 inhibitors including cytidine 5-azacytidine and its analogue

2’ deoxy-5-azacytidine (decitabine) for HbF induction.’’-81 Decitabine incorporates into
DNAB82 and is a potent DNMTT1 inhibitor with a favourable safety profile. Parenteral
decitabine has been shown to be effective in increasing HbF in patients with SCD, including
those refractory to hydroxycarbamide therapy.83 However, oral administration of decitabine
is not effective, due to rapid degradation by intestinal cytidine deaminase. Newer regimens
incorporating oral administration of tetrahydrouridine before decitabine resulted in a
significant increase in F cells, HbF and total Hb level in people with SCD.84 In the US, the
FDA recently approved the combination of oral tetrahydrouridine and decitabine (INQOVI)
for use in myelodysplastic syndrome.8

Benserazide is an L-Dopa decarboxylase inhibitor, approved in Europe for Parkinson’s
disease for over two decades.8® To expand safe and orally bioavailable y-globin-inducing
agents for SCD and p-thalassaemia, a high-throughput drug screen was complete that
showed the ability of benserazide to increase y-globin promoter activity. Three lead drugs
were subsequently evaluated in erythroid progenitors, anaemic baboons and transgenic mice.
87 Benserazide produced > 20-fold induction of y-globin mRNA expression in anaemic
baboons and increased F-cell numbers by 3 5-fold in transgenic mice. Recently, a phase 1
clinical trial was opened, to test benserazide for safety and toxicity in p-thalassaemia
patients. Another agent, metformin, currently used in type 2 diabetes was shown to induce
HbF levels in primary erythroid cells through FOXO3silencing.88 Subsequently, a phase 1
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clinical trial was initiated in patients with SCA in 2017; the results of the trial outcome have
not been published.

Vascular targets

Pulmonary arterial hypertension is a progressive disease defined by an elevation in
pulmonary arterial pressure that can lead to right heart failure and death. Ambrisentan is a
selective endothelin receptor antagonist approved for the treatment of idiopathic, heritable
pulmonary arterial hypertension. This agent was tested in SCA in a phase 1, clinical trial
(Table 1), which is under analysis at this time.8? Intravenous immunoglobulin decreases
neutrophil adhesion to endothelium and red blood cell-neutrophil interactions in sickle cell
mice during VOC. In a phase | clinical trial SCA patients were treated with a single dose of
intravenous immunoglobulin, which showed a decrease in membrane-activated complex-1
(Mac-1) from baseline in low dose (200-400 mg/kg) with limited adverse events. These data
provide evidence that intravenous immunoglobulin can decrease neutrophil adhesion
through Mac-1 inhibition.? A phase 1, clinical trial is currently under way (Table 1).

Systemic targets

After intravascular haemolysis the Hb released in plasma will be oxidized into met-Hb,
which further disassociates into free haeme and globin chains. After the oxidation of free
haeme, it is bound and detoxified by haemopexin, a plasma protein with high binding
affinity.91 Haeme is a toxic and pro-oxidant molecule released in excessive amounts in SCA
and thalassaemia patients.2:93 When free haeme overwhelms the ability of haemopexin to
detoxify, haeme-iron loading of reticuloendothelial system macrophages and chronic
inflammation occurs.%495 To test the safety and tolerability of haemopexin (CSL8) a single-
dose exploratory trial in patients with SCA is scheduled to open in late 2020. A chronic
inflammatory state contributes to the most common clinical symptom of SCD, which is
VOC pain. Many opioid-based therapies, such as morphine, hydrocodone, codeine and
dilaudid, have addiction potential when used long-term on a daily basis. In addition, there is
a high risk of developing morphine-induced tolerance and hyperalgesia, creating a need to
develop non-opioid agents for pain treatment. Several clinical trials are in progress with the
primary end-point to decrease VOC pain episodes in SCD (Table I). Ticagrelor (Hestia3) is
an anti-platelet drug that will be evaluated for efficacy, safety and tolerability in children
with severe SCA. Ticagrelor blocks platelets, which may reduce symptoms of SCA caused
by ischaemia during VOC episodes. Ketamine is a non-opioid A-methyl-d-aspartic acid
(NMDA) receptor antagonist commonly used for anaesthesia, sedation and pain.%6:97 While
the identity of the active substances is unknown in SCD-101 (botanical drug), this agent has
a direct anti-sickling effect on RBCs; a multi-site phase 1 study in SCA patients is ongoing
to test this agent (Table I). Mometasone is a topical corticosteroid used to treat skin
conditions, such as eczema and psoriasis, and inflammation.98 A phase 2 trial will test the
ability of inhaled mometasone to reduce vascular cell adhesion molecule levels in SCA
patients. Studies have shown that SCA patients have a deficiency of essential omega-3 fatty
acids and supplementation supports a decrease in VOC pain.®® The primary objective of the
SC411 (omega-3 docosahexaenoic acid) phase 3 trial in SCD patients is to evaluate the
safety and tolerability of three different doses of SC411 and the primary end-point, number
of VOC episodes.
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Opportunities for precision medicine using combination therapy

The elucidation of the downstream effects of deoxy-HbS polymerization (ischaemia/
reperfusion injury, chronic inflammation, NO scavenging, endothelial cell activation,
increased expression of adhesion molecules, etc.), on one hand, and a better understanding
of the mechanisms of fetal-to-adult Hb switching over the past three decades have provided
the rationale to conceptualize combination therapies for SCD. These can be combination
anti-switching therapies, and/or combination of anti-switching and anti-sickling targeting
one or more downstream effects.® The proof of concept for combined therapies was
provided in two previous studies including Atweh er /190 demonstrating hydroxycarbamide
and butyrate resulted in higher HbF levels for individuals failing treatment with butyrate
alone. Moreover, Xu et a/191 demonstrated that erythroid-specific knockout of BCL11A in
SCD mice results in higher HbF expression, which was enhanced further with epigenetic
modifiers, such as the histone deacetylase inhibitor suberoylanilide hydroxamic acid, and the
DNMTL1 inhibitor 5-azacytidine. The challenge for the future is how to design/conduct
rational combination therapeutic regimens. These approaches will likely be guided by
severity of clinical phenotype, principles of combination chemotherapy for neoplastic
diseases (such as non-overlapping toxicities) and testing in preclinical animal models.
Combination of orally available, safe and well-tolerated agents will likely have a huge
impact on the global burden of SCD, especially in low-resource, developing countries.

Haematopoietic stem cell transplant cure

Several clinical trials are ongoing to expand haematopoietic stem cell transplant options for
patient with SCD. The Bone Marrow Transplantation vs. Standard of Care in Patients with
Severe Sickle Cell Disease (BMT CTN 1503) (STRIDEZ2) clinical trial will compare survival
and sickle-related outcomes in adolescents and young adults (age 15-40) with severe SCD.
Patients will be evaluated after bone marrow transplantation or standard of care (Table I)
with the primary outcome of two-year overall survival. This is a prospective phase Il
multicentre trial of haematopoietic stem cell transplantation based on availability of human
leukocyte antigen (HLA)-matched related or unrelated donor after confirmation of clinical
eligibility. The goal of the study is to establish that the difference in the proportion of
patients surviving is not significantly more than 15% lower in the donor arm at two years
after assignment to treatment arm. The study has so far enrolled 127 patients (64% of
projected 200) and will be closed at the end of November 2020.

The overwhelming majority of haematopoietic stem cell transplantations have been
performed in children with HLA-identical sibling donors and have resulted in excellent rates
of survival and cure of SCD. Increasingly, the use of alternate donors, such as non-sibling
HLA-matched donors, unrelated donors and haplo-identical donors, has the potential to
expand the applicability of haematopoietic stem cell transplantation. In view of the excellent
results with matching sibling donor stem cell transplantation for SCA, patient with cerebral
vasculopathy, silent infarcts, stenosis, or abnormal transcranial Doppler screen (with familial
HLA typing) should be offered this option. A more recent trial seeks to expand the donor
pool further. For example, the NCT04207320 trial (Table I) will investigate a safe and
curative approach to treating SCD using haploidentical haematopoietic stem cell
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transplantation using ap* T-cell depletion for children and adolescents with severe SCD.102
A second study, NCT03214354, will evaluate the safety and efficacy of a non-myeloablative
conditioning regimen for allogeneic haematopoietic stem cell transplantation in paediatric
patients with SCD who have a matched related major ABO-incompatible donor. The non-
myeloablative regimen used is alemtuzumab, total body irradiation and sirolimus for
immune suppression. This study will expand the access of haematopoietic stem cell
transplantation for patients with SCA who are currently not eligible because of donor
restrictions. The remaining 25 active haematopoietic stem cell transplantation protocols in
Clinicaltrials.gov for SCA are beyond the scope of this review.

Gene therapy cure

Gene therapy using ex vivo autologous haematopoietic stem cell transplantation removes the
limitation of matched related donor availability, decreases the need for immuno-suppressive
drugs, and trhe risk of graft- versus-host disease. There are several possible gene-editing
strategies to treat individuals with HbSS disease by gene therapy including correction of the
A to T point mutation in the A#BB locus or induction of HbF through: (i) #BG gene
addition; (ii) downregulation of BCL11A in an erythroid-specific manner targeting the exon
2 enhancer; or (iii) introduction of HPFH deletions. Creating HPFH mutations using
CRISPR-Cas9 technology was established as an alternative approach using /n vitro tissue
culture systems.103 Several HPFH mutations occur in the =118 to —114 region, upstream of
the HBG1 and HBGZ2transcription start sites that disrupt a cognate-binding element
(TGACC) for the repressor protein BCL11A. Proof-of-principal studies using CRISPR—
Cas9 technology demonstrated feasibility of this approach to induce HbF and recapitulate
naturally occurring HPFH mutations.104-109 Studies using the same approach to disrupt
expression of KLF1 (exons 2 and 3), a major transcription factor involved in HBG silencing
during haemoglobin switching resulted in reactivation of HbF expression.110.111

Correction of the HBB or high-level pancellular HbF expression could be curative, therefore
we will discuss gene therapy drugs currently in clinical trials to achieve both approaches.
112,113 |n 2014, the first SCA patient was successfully treated with gene therapy as part of a
phase 1/2 clinical trial (HGB-205). This is a lentivirus-based vector consisting of a modified
human B-globin gene that inhibits HbS polymerization.114 Fifteen months after treatment,
the level of anti-sickling B-globin remained ~ 50% of total B-like globin chains without
recurrence of VOC crises and correction of other biologic markers of severe disease.11®
Subsequently, the first clinical trial for SCD was opened in the US with the LentiGlobin
BB305 drug product. To date, over 20 patients have been treated with variations of BB305
and/or preparatory regimens combined with autologous transplant of ex vivo transduced
haematopoietic CD34* stem cells.}15 Most of the experience and safety data collected using
the LentiGlobin BB305 drug product comes from the non-randomized, open-label, multi-
site, single-dose, phase 1/2 study (NCT02140554) for adults and adolescents with severe
SCD.

Two methods to increase HbF expression have reached in-patient treatment. The phase 1/2
clinical trial NCT02186418 determined the feasibility and safety of a lentiviral vector-
comprised HBG was initiated in 2014. Subsequently in 2018, the FDA-approved ARU-1801
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as an orphan drug with gene therapy potential for SCD. ARU-1801 is expected to increase
HbF expression to prevent HbS polymerization and this drug is novel since engraftment
occurs with a reduced-intensity-conditioning regimen. Two adult HbS-BPthalassaemia
patients were treated and early results showed excellent safety, feasibility and rapid bone
marrow recovery. The drug also produced a significant amelioration of clinical symptoms
with 20% vector-derived HbF positive RBCs. Recent progress was also made to develop a
lentiviral vector carrying the short hairpin miR233 that mediates downregulation of
BCL11Avia RNA interference selectively in erythroid cells using a microRNA adapted
short hairpin RNA.116 After remarkable /n vitro data, supporting high-level HbF induction
and preclinical data demonstrating the production of the clinical-grade drug BCH-bbb694, a
pilot and feasibility clinical trial for the treatment of SCD was initiated (NCT03282656).
Other more experimental approaches to develop gene therapy for SCD include gene editing
using CRISR—Cas9 technology are under way. Recent studies showed a ~40% reduction in
BCL11A mRNA with gene knockout with a corresponding two-fold increase in HBG
mRNA transcripts and 30-40% HbF induction.117:118 Similar decreases in BCL11A
expression and increases in HBG transcription were observed in SCD-derived erythroid
progenitors. Subsequent preclinical studies with HbSS mice using CRISPR-Cas9
approaches increase the number of RBCs carrying HbF by 30-40%. In March 2020, the US
FDA cleared the start of a phase 1/2 clinical trial testing the CRISPR—Cas9-based drug,
0TQ923, in adults with severe SCA.

Future directions

Where do we go from here after five decades of laboratory, animal and clinical trials data
explicating the pathophysiology of SCD, and successful treatment of patients with broad
cytotoxic agents such as hydroxycarbamide and newer mechanism-based therapies? With
expanded knowledge of the pathophysiology of SCD, drugs that directly target HbS
polymerization in RBCs have launched new avenues for investigation. For example,
voxelotor emerging as a first-in-class agent was recently shown to be safe and effective to
use in SCA. Recently, the American Society of Hematology, Research Collaborative,
Clinical Trials Network was established in 2018 (https://www.ashresearchcollaborative.org/
clinical-trials-network) with the goal ‘to improve the lives of people affected by blood
diseases and to accelerate progress in hematology’. This network will facilitate the efficient
identification of clinical trial sites and allow testing of new drug candidates in the patient
populations most likely to benefit and will facilitate more rapid drug approval. This initiative
is a transformative, multi-faceted, patient-centric effort to improve outcomes for individuals
with SCD, both in the US and worldwide, by bringing together all medical and support staff
personal dedicated to improving the lives of people with SCD.

The race is not over — we have a lot more work to do. Now that we have preclinical HbSS
mouse models, which facilitate drug screening before human trials, we can rapidly test the
effects of drug combination therapies with hydroxycarbamide and other agents that work by
different mechanisms, such as L-glutamine and crizanlizumab that target downstream effects
of VOC episodes. Alternatively, combining hydroxycarbamide with other agents such as
decitabine, or other agents under development could produce additive HbF induction or be
offered to patients non-responsive to hydroxycarbamide (Table I). Potential development of
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novel therapies such as microRNAs, haemoglobin substitutes for acute anaemia, etc. are still
ongoing. Whether there is a class of other agents to be discovered using high-throughput
drug screens, computer modelling and/or artificial intelligence are new frontiers to be
explored.

Bone marrow transplantation and gene therapy efforts have been steady over the last 40
years, with haematopoietic stem cell transplantation (HSCT) moving forward, so that
families with sibling donors have the choice for safe treatment in medical centres with the
expertise to carry out these complex procedures. With the establishment of centres of
excellence and gene therapy efforts by many approaches, the stage is set to provide options
for cure for every child or adult using their own haematopoietic stems cells. We applaud Dr.
Francis Collins, Director of the National Institutes of Health, for supporting the Cure Sickle
Cell Disease Initiative (CURESCI) launched in September 2018 through the leadership of
the National Heart Lung and Blood Institute. This initiative will fund gene research therapy
efforts for academic faculty combined with the laudable efforts of pharmaceutical
companies, to bring gene therapy to a reality. We are all labouring (primary doctors,
haematologists, nurses, research staff, drug companies, American Society of Hematology,
National Institutes of Health and beyond), on behalf of families, to improve the quality of
care delivered and improved access to care, such that all patients benefit from these
wonderful advances.
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Fig 1.

Mechanisms of fetal haemoglobin (HbF) induction by hydroxycarbamide. Shown are the
various mechanisms by which hydroxycarbamide impacts the clinical symptoms of sickle

cell disease. The generation of nitric oxide (NO) by hydroxycarbamide leads to sGC

(soluble guanylyl cyclase) activation and subsequent cGMP-PKG signalling and p38 MAPK
(mitogen-activated protein kinase) phosphorylation and repression of ERK MAPK. Once
activated, p38 MAPK crosses into the nucleus and activates downstream transcription factors

ATF2 and CREBL1 to enhance HBGZ expression. Symbols: white circle, unmethylated
cytosine. Abbreviations: ATF2, Activating Transcription Factor 2; cGMP-PKG, cyclic

guanosine monophosphate-protein kinase g; CREB1, CAMP responsive element binding

protein 1; ERK, extracellular signal-regulated kinase; GATA2, GATA-binding factor 2;

RDR, ribonucleoside diphosphate reductase; SRBC, sickle red blood cells; WBC, white

blood cell.
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AG-348 (PK activator)
IMR-687 (PDE9 inhibitor)
Imatinib (TK ATP stabilization)
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Ketamine (NMDA receptor antagonist)
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Vascular Targets
» Crizanlizumab (P-selectin inhibitor)
» Ambrisentan (type A, ER inhibitor)

» Gamma Globulin (Fcy receptor blockade)

Fig 2.

Mechanisms of action of drugs under evaluation in human clinical trials. Shown is a
summary of the major cellular, vascular and system mechanisms by which FDA-approved
and other drugs improve the clinical severity of sickle cell disease. The effects have been
divided into four areas/targets as shown for the sake of discussion in the text. Abbreviations:
SsRBC, sickle red blood cells; HbS, haemoglobin S; sGC, soluble guanylyl cyclase; PK-R,
pyruvate kinase-R; PK; pyruvate kinase; TK, BCR/ABL tyrosine kinase ATP tyrosine
kinase, RDR, ribonucleoside diphosphate reductase; DNMT1, DNA methyltransferase 1;
DOPA, dihydroxyphenylalanine; ER, endothelial receptor; NMDA, N-Methyl-d-aspartic
acid or A-Methyl-d-aspartate; P2YR, purinergic.
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