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Abstract

Sickle Cell Anemia (SCA) is a globally prevalent, monogenic, life-threatening blood disorder
with a complex pathology that remains obscure. A deepened understanding of the malady in
the recent years has led to pharmaceutical advancements that target pathophysiology and
ultimately ameliorate associated multivariate clinical manifestations. Abnormal cell to cell
interactions, endothelial adhesion, induced oxidative stress, intracellular erythrocyte
dehydration and concentration levels of fetal hemoglobin are a few factors know to play a key
role in microvascular obstruction in individuals with hemoglobin S. All of which have recently
been manipulated in-vitro to pharmaceutically alter clinical complications, disease progression
and mortality patterns.

The purpose of this paper is to provide a condensed overview of recent discoveries made within
SCA pathology and subsequent pathologic based therapeutic agents. A general overview of the
molecular basis of the malady, global prevalence and the efforts toward advancing stem cell
transplantation technology will also be discussed.
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Introduction

Sickle Cell Disease (SCD) denotes a group of pleiotropic hemoglobinopathies that
mechanically affect the body’s vasculature. Of the various forms, Sickle Cell Anemia (SCA)
or homozygous Hemoglobin S (HbS) is the most common. It is characterized by the production
of abnormally shaped red blood cells, which can obstruct and damage circulation, initiating a
cascade of atypical cell interactions [1]. Decreased organ perfusion to the kidneys, spleen,
nervous, cardiovascular, respiratory and urinary systems become imminent in the absence of
appropriate pathophysiology specific therapy [2]. Sickle cell crisis is the most prevalent clinical
complication associated with SCA and usually precedes multivariate symptoms correlating
with decreased organ perfusion and functioning.

There are 100 million carriers of heterozygous Hemoglobin AS or Sickle Cell Trait (SCT)
worldwide. Global prevalence suggests a long standing selective pressure against falciparum
malaria and consecutive carrier migration from malaria endemic regions [3]. SCT carriers
demonstrate minimal, if any clinical complications throughout one’s lifetime. Nevertheless,
300,000 babies are born to these carriers each year with a 25% chance of their children
inheriting SCD. The benefits of SCT genotyping and fetal screening has directly impacted
mortality and morbidity patterns in resource accessible regions [4]. Limited access to frontline
therapies and proper medical follow in malaria endemic and developing regions are great
attributors to disease prevalence. Moreover, a deepened understanding of the complex
pathology of SCA in the past decade has encouraged researchers to shy away from panoptic
therapies and gear toward development of pathology- modifying interventions that ultimately
decline global incidences on a greater scale.

Inheritance of the sickle cell gene causes a non-conservative missense mutation at the beta
globin chain [5]. The exchange of hydrophobic valine with hydrophilic glutamic acid on the
6" position of beta globin induces hemoglobin S to sickle in anoxic and acidic
microenvironments; also referred to as the deoxy-sickle hemoglobin phase. Mechanical
obstruction of the micro-vessels by recurring red cell sickling has been typically estimated as
the sole reason for decreased organ perfusion and tissue infarction; yet recent scientific
progress proves otherwise. Further demystification of the mechanistic complexity of HbS has
led to pharmaceutical advancements aimed to target abnormal endothelial interactions,
inflammation and red cell dehydration in individuals with the life compromising disease.
Manipulation of vasoactive factors in-vitro has demonstrated encouraging results for new oral
therapeutic agents anticipated to impact individuals in developing regions [6,7].

Frontline SCD therapies such as hydroxyurea and blood transfusions vary in clinical efficacy
from patient to patient and is not readily accessible in impoverished regions. Stem cell
transplantation is the only curable option for SCD yet advancements in donor transplantation
and remain limited. Although a thorough investigation of the complex, multivariate
pathophysiology of SCD does not fall within the scope of this review, emphasis will be placed
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on disease targeting agents that are being studied to date that perpetuate a less hindering clinical
outcome in those suffering from SCA.

Increasing Fetal Haemoglobin Concentration

Increased levels of fetal hemoglobin (HbF) has long been understood to improve SCA related
clinical complications. Having 2 alpha and 2 gamma chain tetramers physiologically inhibits
HbF from entering the deoxy-sickle hemoglobin phase. Contrary to adult hemoglobin, fetal
hemoglobin decreases the likelihood of HbS polymerization [8]. During gestation, fetal
hemoglobin predominates until its regression to less than 1% at nearly 6 to 12 months after
birth. This phenomenon accounts for why most SCD infants are asymptomatic in the first few
months [9]. Moreover, baseline fetal hemoglobin concentrations fluctuate amongst haplotypes
of the sickle cell gene. Senegal and Saudi-Indian haplotypes manifest higher HbF levels in
adulthood and thus demonstrate a milder clinical expression contrary to the other beta S-globin
haplotypes [10]. Pharmacologically inducing fetal hemoglobin levels strongly correlates with
a reduction in episodes of pain crises, hemolysis and longer survival [11].

For over 30 years, Hydroxyurea (HU) remains the therapeutic standard for modifying SCD
pathogenesis and increasing HbF. HU is mechanistically known to inhibit the formation of
deoxyribonucleotides, thereby trapping cells in the synthesis stage of the cell cycle and
stimulating erythropoiesis [12]. Consequentially, the intercalation of fetal and adult
hemoglobin (HbA) hinders the polymerization of HbS and subsequent red cell sickling. HU
related studies have also proved that clinical efficacy is not only a result of HbF production but
also a demotion of abnormal blood cell interactions, endothelial adherence, blood viscosity and
premature intravascular hemolysis [13]. The Multi-Center Study of Hydroxyurea (MSH) was
a prominent placebo controlled randomized trial for adults in 1999 that revealed a 44%
reduction in pain crisis in the placebo group. Furthermore, fewer episodes of acute chest
syndrome, splenic sequestration, transfusion induced hospitalizations and priapism were also
reported [14]. In 2011, HU was considered by the Food and Drug Administration (FDA) to be
an appropriate therapy for children over 2 years old. The BABY HUG study was the first
placebo-controlled randomized trial of HU in adolescents that even included infants with mild
clinical complications. Of note, the placebo group demonstrated a 5 times higher dactylitis
occurrence and 3 times higher incidence of acute chest syndrome [15].

Hydroxyurea for children is arguably underused in malarial-endemic regions where the greatest
sickle cell burden prevails [16]. The NOHARM, placebo controlled multicenter study was one
of the first of its kind to test the efficacy of HU on children in malaria-endemic Uganda. HU
recipients had demonstrated benefits similar to trials performed in non-malarious regions;
including a less frequent SCA-related clinical outcome, a notable decrease in reticulocyte
formation, splenic sequestration and the need for blood transfusion compared to the placebo
group [17]. Despite the encouraging results, the demand for optimal HU dosing and proper
regimen monitoring remains a challenge. With the maximum dosage being 35 mg/kg in order
to avoid cytopenia and toxicity, HbF induction via hydroxyurea is considered lower than the
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magnitude expected to completely prevent SCA related clinical complications [18]. In fact,
studies have proven that HbF induction via Hydroxyurea varies amongst individuals with
reports of baseline regression status post 2 years of treatment [19]. Moreover, rates of non-
adherence to HU secondary to an unvaried treatment outcome is also a contributor of the
delayed decline in disease prevalence [20]. Thus, the need for a robust HbF inducing agent is
imminent in effectively treating mortality rates in heath-impoverished regions.

Pharmacological advancements in HbF biochemistry resulted in the genetic manipulation of
HbF gene silencer, DNMT1. 5-aza-2’-deoxycytidine (decitabine) functions to bind and deplete
DNMT1 and therefore upregulate fetal hemoglobin in erythrocytes [21]. The first human study
on the efficacy of decitabine in HbF induction was performed in 2017 and demonstrated an
encouraging outcome for larger trials forthcoming. The randomized trial administered
decitabine with the oral multidrug resistant transporter, tetrahydrouridine (THU) in order to
expand bioavailability and counteract pharmacologic limitations. The randomized, phase /11
study revealed an increase in fetal hemoglobin levels to 80% of total erythrocytes in the treated
group. A decline in levels of cellular adhesion and reticulocyte production were also noted
[22]. Although decitabine has potential toxicities as does HU, this HbF inducer demonstrates
a greater efficacy even in patients non-responsive to Hydroxyurea. While the demand for more
research remains, oral interventions that genetically manipulate the HbF gene may allow less
follow-up need in regions that may not have access.

Oxidative Stress and Vascular Tone

The aberrant biochemistry of SCA promotes premature intravascular hemolysis. This occurs
when sickled red cells release free hemoglobin polymers into the blood plasma via the free
hemoglobin scavenging mechanism. This consequentially impairs the synthesis and circulation
of nitric oxide thus impedes on vascular constriction [23]. Normal levels of nitric oxide
maintain vascular tone by stimulating the vascular endothelium to relax. Accumulation of
hemoglobin in the plasma are reported to be avid scavengers of nitric oxide thus reducing its
bioavailability [24]. Moreover, nitric oxide depletion is a precursor to vasospasms even in
larger vessels. Inability to maintain a proper vascular tone attributes to SCA-related
cerebrovascular disease, priapism and chronic leg ulcers [25]. Progressive elevation of
pulmonary vascular tone and vascular remodeling are also commonly manifested in individuals
with SCA. In one study, 20 autopsies were performed on individuals with Hemoglobin S. It
was reported that 75% of these individuals demonstrated signs of pulmonary hypertension [26].
Pharmaceutical prevention of intravascular hemolysis directly correlates with ameliorating
clinically related outcomes.

The sickle red cell release of oxygenated hemoglobin into the endothelium increases the risk
of oxidative stress and induces intravascular hemolysis. Furthermore, the production and
release of highly reactive ferric heme and iron in the blood plasma promotes the generation of
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hydroxyl radicals and ultimately oxidative damage [27]. In a 2019 study of 147 individuals,
blood analysis via biochemical testing revealed an increased level of hydroxyl radicals and
nitric oxide production prevalent in the SCD group. Aberrant blood element interactions not
directly affected by the HbS mutation paves the way for ischemic reperfusion injury and
supports elevated inflammatory tone [28]. Evidence supports that alteration of hemoglobin
capacity is a precursor to chronic inflammatory disease [29]. Studies that effectively target the
reduction of oxidative and nitrosative stress in SCD remain in progression. Although proving
the efficacy of nitric oxide inhalation therapy was unsuccessful, a new therapeutic agent that
deters oxidative stress has recently been the 1% FDA approved SCA-pathology targeting
therapy since Hydroxyurea 30 years prior [14].

L-Glutamine is known for its increased uptake by sickled red cells in comparison to normal
erythrocytes [30]. NAD+ uptake by cells slow oxidative damage hereby discouraging various
clinical expressions. Although the pathologic mechanism is not fully understood, the efficacy
of L-glutamine in reduction of VOC occurrences is an evidence-based phenomenon. In 2018,
a double- blind phase 3 trial demonstrated a significant reduction in sickle cell related pain
crises after receiving L-glutamine orally over the course of 48 weeks. A large portion of these
participants were also noted as intolerable to hydroxyurea [31].

Targeting SCA Pathophysiology

Atypical Endothelial Interactions

Heterocellular aggregates are understood to propagate the phenomenon of vascular occlusion
[32]. The lifespan of an erythrocyte in a healthy individual is 120 days and is drastically
shortened to 12 days in a person with sickle cell anemia; stimulating the increased production
of reticulocytes rich in adhesion molecules. Both sickled erythrocytes and reticulocytes express
more endothelial adhesion relative to normal erythrocytes [33]. This phenomenon is attributed
to the mechanistic role of extracellular matrix proteins and molecular interactions amongst
blood formed elements and the vascular endothelium.

When leukocyte concentrations rise, so does its tendency to adhere to the endothelium, platelets
and each other. Modifying the expression of adhesion on cell endothelium is currently being
investigated. Clinicians have studied ways to chemically block leukocytes and other adhesion
mediated molecules in order to reduce blood viscosity and impede Vaso-Occlusive pain
episodes (VOC) [34]. Of note is the inhibition of the adhesion mediated molecule P-selectin, a
molecule known for upregulation in endothelial cells. A placebo controlled, phase I
experiment tested crizanlizumab and its effectiveness; a humanized antibody proven to bind to
P-selectin and inhibit cell to cell related adhesion. A total of 198 adult patients were involved
and those who received high dose crizanlizumab resulted in a significant decline (62.9%) in
sickle cell pain crisis [35]. Studies also support the benefit of an antiplatelet agent in treatment
of sickle cell related complications. Prasugrel functions to inhibit platelet activation and
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adenosine diphosphate mediated agglutination. The drug was studied in multiple phase 1
placebo controlled settings and demonstrated a reduction in platelet surface P-selectin in adults
with SCA [36,37].

Prevention of Erythrocyte Dehydration

Sickled erythrocyte dehydration plays an important role in diminished organ perfusion [38].
Maintenance of intracellular volume and proper ion concentrations is imminent in avoidance
of erythrocyte dehydration. Yet it is a fate in repeated sickling. Several channels are critically
involved but emphasis has been placed on the irregular functioning of the Kalium-Chloride
Cotransport system (KCC) and Gardos channel in SCA. KCC activity increases in proportion
to repeated sickling; functioning pathologically in sickle cells to overshoot its target
hemoglobin concentration and priming the reticulocyte to sickle [39]. HbS polymerization
activates a nonselective cation leaky pathway in a fraction of sickle cells upon deoxygenation.
Calcium permeabilization promotes membrane protein digestion via activation of proteolytic
enzymes like phospholipase and protease. One clinical investigation demonstrated a notable
decline in erythrocyte KCC activity and permeabilization in the presence of magnesium
intercellularly. Magnesium as an oral supplement for patients with sickle cell anemia
demonstrated a notable improvement in erythrocyte dehydration [40]. Nevertheless, red blood
cell magnesium levels, not serum magnesium is encouraged to be used as a determinant of
SCA-related hospitalizations. Evidence shows that a patient with a lower concentration of
erythrocyte magnesium strongly correlates with the increased risk of more frequent VOC
episodes [41].

Although pharmacologically targeting the gardos channel in-vitro has not been as successful
as KCC modifications, a deepened understanding of its biochemistry has encouraged
researchers to find efficient ways to upregulate potassium in SCA. Nevertheless, binding of
upregulated vasoactive substance ET1, a potent vasoconstrictor, alters the mechanism of the
gardos channel in an anoxic environment. Senicapoc is a gardos channel blocker that has been
tested to increase intracellular potassium levels and counteract dehydration. In a phase 11 study,
145 patients received oral. Senicapoc over the course of 52 weeks. Data showed a notable
increase in hemoglobin levels and a reduction in dense erythrocytes. Although the rate in which
hemolysis improved relative to the placebo group was deemed insignificant, research is still in
progress for pharmaceutically targeting erythrocyte dehydration for SCA.

Stem Cell Transplantation

Allogenic Hematopoietic Stem Cell Transplantation (HSCT) is the sole curative possibility for
sickle cell patients who present with a severe clinical presentation. To date, human leukocyte
antigen Matched Sibling Donor (MSD) HSCT has the highest event free survival rates of 93 to
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97% [31]. Reports show that transplant recipients have absolute resolution of their sickle cell
related complications; including no further organ reperfusion damage or episodes of vaso-
occlusion [42]. Studies even report reduced levels in toxicities from 22.6% to 3% with the use
of reduced-intensity conditioning regimens such as Antithymocyte Globulin (ATG) which
limit the likelihood of organ transplant rejection [35].

Notwithstanding the success of allogenic MSD-HSCT, the donor pool for engraftment
recipients remain low since only 20% of minorities have a matched sibling donor [24]. The
World Marrow Donor Association reports only 33% of African Americans having a match;
attributed to having a less common more diverse haplotype. The battle continues in HSCT
donor pool expansion although recent efforts in using alternative donor sources has
demonstrated an encouraging outcome. Of note is Matched Unrelated Donor (MUD) HSCT
although mitigating occurrences of graft versus host disease remains limited with varied results.
Walters et al., reported a 1 to 2 year event free survival rates of 76% and 69% respectively and
overall survival of 96% and 79% in recipients of Haploidentical HSCT. Moreover, rates of
Graft Versus Host Disease (GVHD) were reported to be higher (62%) compared to having a
related donor [29]. The use of post-transplant cyclophosphamide which functions to impede
alloreactive T-cells in MUD HSCT has been recently used in a series of pilot studies to impede
high levels of GVHD [17]. Bolanos et al., was a study that used a haploidentical sibling, parent
or child donor and cyclophosphamide as a non-myeloablative conditioning regimen which
resulted in a 43% graft failure rate [42]. Nevertheless, lack of larger studies on HSCT donor
expansion and a standard criterion for donor recipients remain barriers treatment efficacy.

Conclusion

Although the genetic basis of sickle cell anemia is well reported, the quest for a deepened
understanding of its complex pathogenesis continues. This has encouraged scientist globally to
find ways in which therapeutic agents can target elements that exacerbate vaso-occlusion and
hemolysis. Understanding the roles of increasing HbF production, prevention of cellular and
sickle red cell adhesion, inflammation, no depletion and hemolysis have paved the for oral
therapeutic advancements for SCD. Although there is a demand for more clinical trials and
analysis, efforts toward producing effective treatment options that are available globally are at
its all-time high.
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