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Preface

Sickle cell disease is the most common monogenetic disease, with millions affected 
worldwide. Sickle cell disease is an inherited, multisystem disorder characterized by 
chronic hemolytic anemia, painful ischemic episodes of vaso-occlusion, and progres-
sive organ failure. The vast majority of sickle cell disease births occur in sub-Saharan 
Africa. Due to the absence of newborn screening, 50% to 90% of these children will 
die undiagnosed in the first five years of their life. In contrast, in well-resourced 
countries, comprehensive care programs have increased life expectancy of sickle cell 
disease patients, with almost all infants surviving into adulthood. Therapeutic options 
for sickle cell disease patients are, however, still scarce. The only clinically available 
and notably safe disease-modifying treatment modalities are hydroxyurea and blood 
(exchange) transfusions. There are many pipelines of therapeutic options that will 
soon be available for those patients. Hematopoietic stem cell transplantation (HSCT) 
remains the only curative treatment option. Unfortunately, its use is limited by the lack 
of suitable donors and concerns about toxicity. Early results of gene therapy trials are 
promising and may form a potential alternative.

Marwa Zakaria
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Chapter 1

Hemolysis and Innate Immunity 
Contribution to Sickle Cell Disease 
Pathophysiology
Thiago Trovati Maciel, Rachel Rignault, Slimane Allali 
and Olivier Hermine

Abstract

Sickle cell disease, recognized as the prevailing global monogenic ailment and a 
severe hemoglobin disorder, presents persistent challenges. Despite a well-established 
understanding of its genetic and molecular foundations, the pathophysiology remains 
partially elucidated, limiting therapeutic interventions. There’s a growing acknowl-
edgment of the involvement of innate immunity—monocytes, neutrophils, comple-
ment and mast cells—in promoting inflammation, adhesion, and pain in sickle cell 
disease. In this chapter, we explore the significant roles of these emerging key players 
in the pathophysiology of sickle cell disease. Emphasizing recent evidence, we under-
score innovative therapeutic perspectives that could pave the way for more effective 
interventions in managing this complex disorder.

Keywords: sickle cell disease, hemolysis, inflammation, heme, hemoglobin, innate 
immunity

1.  Introduction

Sickle cell disease (SCD) is a life-threatening genetic hemoglobin disorder, marked 
by persistent hemolytic anemia, recurrent painful vaso-occlusive events, and progres-
sive damage to multiple organs. The global impact of SCD is significant, affecting 
millions of individuals worldwide, and projections suggest an increase to 400,000 
neonates born annually with the condition by 2050 [1]. The disease’s origins lie in 
a single nucleotide mutation of the β-globin gene, leading to the polymerization of 
abnormal deoxygenated hemoglobin S (HbS). This polymerization results in the 
obstruction of small vessels by sickle-shaped red blood cells (RBC) [2]. Despite 
this well-defined genetic and molecular basis, recent decades have unveiled a more 
intricate pathophysiology, extending beyond RBC involvement. This chapter seeks 
to delve into the intricate interplay with innate immunity, shedding light on the role 
of hemolysis in perpetuating chronic inflammation and influencing the diverse and 
often severe complications associated with SCD.
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2.  Understanding hemolysis in SCD

Hemolysis refers to the process where RBCs are destroyed and their contents 
released into the bloodstream. In the context of sickle cell disease, this process is exac-
erbated due to the abnormal shape and rigidity of the sickle cells, which makes them 
more prone to rupture. The HbS mutation, involving a single amino acid substitution in 
the β-globin chain, disrupts hemoglobin’s structure and function, initiating a cascade of 
events. Under normal conditions, hemoglobin exists as isolated units within RBCs when 
they are oxygenated. However, when HbS releases oxygen in peripheral tissues, the 
molecules tend to stick together and form long chains or polymers. These rigid poly-
mers distort the cell, causing it to bend out of shape. The resulting sickled RBCs are less 
flexible and more prone to deformation, leading to a shorter lifespan when compared to 
normal RBCs and impairing their ability to flow smoothly through blood vessels. These 
abnormal cells can get stuck, leading to vaso-occlusion and tissue damage [3].

SCD is characterized by chronic hemolysis, with roughly 66% occurring extra-
vascularly and 33% intra-vascularly [4]. This cellular breakdown plays a critical role in 
the pathological mechanisms and diverse clinical complications associated with SCD. 
Notably, both extravascular and intravascular hemolysis contribute to vaso-occlusive 
pain crisis and various other health problems experienced by individuals with SCD.

2.1  Extravascular hemolysis

Extravascular hemolysis in SCD is an intricate physiological process instigated 
by the distinctive polymerization of HbS within RBCs. This phenomenon holds 
profound consequences, precipitating marked alterations in RBC integrity and 
viability [5]. Macrophages play a pivotal role in the recognition and subsequent 
phagocytosis of these aberrant RBCs.

The process of macrophage phagocytosis, central to extravascular hemolysis, unfolds 
prominently in the spleen and liver within the reticuloendothelial system. Macrophages 
play a crucial role in protecting the body by clearing the contents of altered RBCs. This 
process, known as erythrophagocytosis, involves the phagocytosis of modified RBCs by 
macrophages, preventing the release of inflammatory hemoglobin and heme into the 
extracellular space [6]. Macrophages, particularly those in the splenic red pulp, are stra-
tegically located near RBCs and express specific molecules like SIRP-α. These molecules 
enable macrophages to identify and phagocytize damaged or senescent RBCs, as they 
interact with CD47 on the surface of healthy RBCs, providing an inhibitory signal [7]. 
Erythrophagocytosis leads to increased intracellular heme concentrations in macro-
phages, transforming them into erythrophagocytes for iron recycling. Simultaneously, 
antioxidative and anti-inflammatory pathways are activated to protect against hemolytic 
stress. This intricate process underscores the vital role of macrophages in maintaining 
homeostasis by efficiently clearing altered RBCs and managing their contents.

Splenic sequestration involves the critical trapping and retention of sickled RBCs. 
Splenic sequestration crises pose life-threatening risks attributable to acute anemia 
and organ enlargement [8]. The spleen is particularly susceptible to damage in SCD 
due to its open microcirculation, creating an environment conducive to in vivo deoxy-
genation and subsequent sickling of RBCs. This sickling process increases the expres-
sion of adhesion molecules and activates proteins that are typically dormant, leading 
to the adherence of RBCs to the spleen matrix or macrophages [9]. Additionally, non-
receptor mechanisms, such as the pro-adhesive roles of red cell sulphated glycolipids 
and phosphatidyl serine, contribute to enhanced clearance through phagocytosis, 
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contributing to the shortened lifespan of sickle RBCs. The impaired deformability of 
sickled RBCs further facilitates their trapping upstream by narrow inter-endothelial 
slits [8]. At the molecular level, the intricacies of splenic sequestration involve 
membrane rigidity. Oxidative damage profoundly impacts actin filaments, inducing 
a slow dissociation of the spectrin-actin-4.1 complex [10]. This rigidity significantly 
impedes the ability of sickled RBCs to regain their normal discoid shape upon expo-
sure to atmospheric oxygen.

Transitioning beyond the spleen, hepatic clearance in SCD substantively contrib-
utes to liver injury through mechanisms such as vaso-occlusion, intense hemolysis, 
and sterile inflammation. Approximately 10–40% of SCD patients experience hepatic 
dysfunction, a statistic corroborated by comprehensive clinical studies and patient 
cohorts [11]. Acute sickle hepatic sequestration is characterized by hepatomegaly 
resulting from the sequestration of sickled erythrocytes in the hepatic vasculature 
and spleen, accompanied by acute anemia. This condition shares clinical symptoms 
with acute sickle hepatic crisis, presenting with significant organ enlargement and 
a rapid decrease in hemoglobin levels, potentially leading to hypovolemic shock. It 
is crucial to note that acute sickle intrahepatic cholestasis, a severe variant of sickle 
hepatopathy, has a high mortality rate and is rare, primarily affecting individuals 
with homozygous HbSS genotypes. Clinical manifestations of this condition include 
transaminase elevations, hyperbilirubinemia, severe jaundice, renal failure, and 
coagulopathy. The pathophysiology involves sickling of erythrocytes within sinu-
soids, resulting in ischemia, hepatocyte injury, hepatocyte ballooning, and canalicu-
lar cholestasis. Acute sickle intrahepatic cholestasis demands careful attention due to 
its severe nature and potential life-threatening complications [12].

These insights into the sophisticated interplay of molecular events underscore 
the complexity of extravascular hemolysis in SCD, necessitating ongoing scientific 
inquiry for a comprehensive understanding and the development of effective thera-
peutic strategies.

2.2  Intravascular hemolysis

In the pathophysiology of SCD, intravascular hemolysis emerges as a pivotal 
process wherein RBCs succumb to destruction within the blood vessels, resulting in 
the release of cellular contents, notably hemoglobin and heme, into the bloodstream 
[13, 14]. The intricate mechanisms governing the breakdown of sickled RBCs within 
the bloodstream encompass several key forces, each contributing to the overall 
hemolytic cascade.

As sickled cells traverse the narrow microvasculature, they experience significant 
shear stress. This mechanical stress, particularly accentuated in hypoxic conditions, 
plays a direct role in rupturing the membranes of sickled RBCs, thereby triggering 
the process of hemolysis. The nuances of shear stress-induced hemolysis have been 
elucidated through advanced imaging techniques, such as microfluidic models and 
intravital microscopy, providing insights into the dynamic interplay between sickled 
RBCs and vascular shear forces [15].

The sickling phenomenon also disrupts the normal metabolism of RBCs, leading 
to an upsurge in the production of reactive oxygen species (ROS). These highly reac-
tive molecules induce significant damage to cellular components, encompassing RBC 
membranes and hemoglobin, thereby intensifying the hemolytic process. In addition, 
the accumulation of oxidative injury might also contribute to exposure of phospha-
tidylserine, and ultimately, RBC cell death and phagocytosis [16]. Scientific studies 
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employing mass spectrometry and advanced imaging technologies have allowed for a 
detailed exploration of the molecular pathways involved in sickle cell-induced oxida-
tive stress and its impact on hemolysis.

Despite the plethora of pathways contributing to ROS generation in SCD, patients 
typically exhibit compensated oxidative stress levels during steady states. However, 
this delicate balance between ROS production and antioxidants becomes disrupted 
during crises, characterized by excessive ROS generation, diminished antioxidant 
levels, or a combination of both [17]. Studies investigating antioxidant levels in SCD 
patients have yielded divergent outcomes, with certain studies reporting diminished 
activity of antioxidant enzymes such as glutathione peroxidase, superoxide dismutase 
and catalase, while others indicate elevated levels [18, 19]. These discrepancies may be 
attributed to variations in disease severity, encompassing factors such as hemolysis, 
lipid peroxidation, vaso-occlusive crisis, acute splenic sequestration, and pulmonary 
hypertension observed in these patients [20]. Regardless of the detected levels, the 
cumulative antioxidant capacity in SCD patients remains inadequate to counterbal-
ance excess ROS, thereby perpetuating oxidative stress [21].

The presence of extracellular hemoglobin and heme in the bloodstream, insuf-
ficiently neutralized by haptoglobin and hemopexin, contributes significantly to 
oxidative stress [22]. It is noteworthy that haptoglobin exhibits limited recyclability, 
and its levels can be depleted following extensive hemolysis, consequently allowing for 
the accumulation of free hemoglobin. Within the plasma milieu, liberated hemoglobin 
is prone to oxidation, resulting in the formation of higher hemoglobin iron oxidation 
states, such as methemoglobin (FeIII) and ferryl-hemoglobin (FeIV). These non-
functional hemoglobin forms exhibit an inability to bind molecular oxygen and readily 
release associated heme groups [23]. The released heme, often termed free heme, 
exhibits a high hydrophobicity, leading it to loosely bind to plasma acceptor proteins 
and lipids, rather than existing in its fully free form. In this loosely bound state, 
termed labile heme, it retains redox activity, readily exchanging with other proteins.

Hemoglobin can react with hydrogen peroxide, leading to the formation of 
hydroxyl free radicals and methemoglobin, especially when released into plasma and 
dissociated into dimers. During the process of intravascular hemolysis, the hemo-
globin released from lysed cells exhibits a pronounced affinity for nitric oxide (NO), 
a potent vasodilator. This avid binding results in NO depletion, fostering vasocon-
striction, reduced blood flow, and further damage to RBCs, thereby establishing a 
self-perpetuating cycle of hemolysis. This accelerated NO consumption significantly 
reduces NO bioavailability in individuals with SCD [24]. Further supporting this 
proposition, Gladwin et al. [25] observed a nullification of blood flow responses to 
the NO donor sodium nitroprusside in patients with the highest plasma heme levels. 
This observation implies that NO scavenging or inactivation, mediated by heightened 
plasma hemoglobin levels, significantly contributes to impaired vascular responsive-
ness. Recent studies have linked microvascular regulation impairment in SCD chil-
dren to peroxynitrite and oxidative stress markers [26].

Upon release from hemoglobin, labile heme initially binds to albumin, the 
predominant protein in plasma. Subsequently, it is transferred to hemopexin, the 
most effective heme-binding protein, even though its presence in plasma at lower 
concentrations [27]. The resultant hemopexin-heme complexes undergo recognition 
and clearance from circulation through the binding to and internalization by the 
scavenger receptor CD91 on hepatocytes and macrophages. This process is succeeded 
by heme catabolism, wherein heme is broken down by the heme-oxygenase (HO-1) 
system, facilitating ferrous iron recycling by ferritin [28].
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In instances of excessive hemolysis, the saturation and depletion of heme scavenging 
proteins lead to the accumulation of free heme in the plasma. The formation of low-
affinity complexes between free heme and plasma proteins fails to effectively restrain its 
redox activity [29]. Free heme, characterized by its pro-oxidant and pro-inflammatory 
potential, poses a cytotoxic threat to cells. Its extreme hydrophobicity facilitates easy 
penetration into the phospholipid bilayer and intercalation into lipid membranes, exac-
erbating heme toxicity. Consequently, the cytotoxicity of heme contributes to the activa-
tion of the innate immune response, cytokine release, and tissue damage, underscoring 
the multifaceted consequences of intravascular hemolysis in sickle cell disease [30].

2.3  Hemolysis-specific complications in SCD

Hemoglobin liberated during intravascular hemolysis undergoes a dynamic fate 
within the circulatory system. Its scavenging by haptoglobin, followed by complex for-
mation with CD163 (hemoglobin scavenger receptor) on macrophages and subsequent 
phagocytosis and degradation, depletes plasma haptoglobin. The accumulation of 
cell-free plasma hemoglobin becomes evident only when the hemolytic rate surpasses 
the scavenging capacity of plasma haptoglobin [14]. This accumulated hemoglobin 
engages in a stoichiometric reaction with NO, effectively inactivating it through a 
nearly diffusion-limited process, thereby perpetuating the intricate interplay between 
intravascular hemolysis and NO dynamics in the context of SCD. One of the primary 
complications linked to NO scavenging and hemolysis in SCD is pulmonary hyperten-
sion, a condition characterized by high blood pressure in the arteries that supply blood 
to the lungs. In SCD, decreased bioavailability of NO, which act as a potent vasodila-
tor, leads to vasoconstriction. This vasoconstriction can increase the pressure in the 
pulmonary arteries, leading to pulmonary hypertension [31]. Studies have shown that 
pulmonary hypertension is a significant predictor of mortality in adults with SCD.

Another complication specifically linked to hemolysis in SCD is leg ulcers. Leg 
ulcers are open sores that develop on the skin, usually on the lower legs. In SCD, these 
ulcers are believed to occur due to a combination of factors including impaired blood 
flow due to vaso-occlusion, local hypoxia, and inflammation. The hemolysis-associ-
ated reduction in NO bioavailability can further exacerbate these factors, leading to 
the development of leg ulcers [32]. Hemolysis in SCD can also lead to other complica-
tions such as renal dysfunction and stroke. The free hemoglobin and other cell-free 
heme proteins released during hemolysis can cause oxidative stress and inflammation, 
damaging various organs including the kidneys [13]. Similarly, the reduction in NO 
bioavailability can impair cerebral blood flow, increasing the risk of stroke.

3.  Contribution of innate immune cells to the pathophysiology of SCD

3.1  Monocytes and macrophages

Monocytes emerge as crucial players in the intricate pathophysiology of SCD. 
Notably, monocytosis is a prevailing feature in SCD, exhibiting positive correlation 
with hemolysis markers and an inverse relationship with hemoglobin levels [33]. 
Monocyte count in SCD children under hydroxyurea treatment is lower, hinting at 
potential positive impacts of the therapy [34]. In vitro studies unveil the heightened 
oxidative stress induced by SCD patients’ RBC on cultured human umbilical vein 
endothelial cells, escalating trans-endothelial migration of monocytes [35].
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Monocytes from SCD patients exhibit increased CD11b surface expression, along 
with heightened production of proinflammatory cytokines IL-1β and TNF-α, diverging 
from the subdued state of healthy control monocytes [36]. NADPH oxidase components’ 
upregulation results in increased superoxide anion production by SCD monocytes [37]. 
Furthermore, circulating tissue factor-positive monocytes spike in numbers, contribut-
ing to observed coagulation abnormalities in SCD patients. The expression of tissue 
factor on monocytes correlates positively with pain rate, C-reactive protein levels, and 
reticulocyte percentage, while inversely linked to hemoglobin concentration. This hints 
at hemolysis and inflammation influencing SCD monocyte activation [38].

Activated monocytes from SCD patients also play a pivotal role in endothelial cell 
activation via the nuclear factor (NF)-κB pathway. This activation leads to elevated 
expression of endothelial adhesion molecules such as E-selectin, intracellular adhe-
sion molecule 1 (ICAM-1), and vascular cell adhesion molecule 1 (VCAM-1) [36]. 
IL-1β and TNF-α, produced by SCD monocytes, mediate endothelial activation, as 
confirmed by neutralizing antibodies targeting these cytokines. In transgenic sickle 
mice, the monocyte–TNF-α–endothelial activation axis gains prominence, with 
TNF-α blockers showing more comprehensive benefits than IL-1β blockers [39].

Hypoxemia emerges as a suspected player in monocyte activation, with nocturnal 
oxygen saturation correlating inversely with CD11b expression in SCD children [40]. 
Platelet-monocyte aggregates increase in SCD patients, potentially pointing to 
platelet-induced monocyte activation [41]. Moreover, interactions with activated 
sickle RBC, circulating platelet-monocyte aggregates, and plasma fibronectin bridge 
formation further highlight the intricate network inducing monocyte activation [42].

Recent revelations spotlight a distinctive subset of patrolling monocytes express-
ing high levels of HO-1 in SCD patients [43]. These cells display remarkable abilities 
to scavenge cellular debris from damaged vascular endothelium, especially when 
exposed to heme. In mice, the absence of patrolling monocytes exacerbates vascular 
stasis in the presence of sickle RBC, hinting at their protective role against vaso-
occlusive crisis. Patrolling monocytes demonstrate enhanced survival by upregulating 
HO-1, countering the cytotoxic effects of RBC-engulfed material. Further exploration 
is warranted to unveil the full extent of their potential in removing other blood cells 
attached to the endothelium during vaso-occlusive crisis.

In SCD, liver macrophages undergo polarization towards an M1 pro-inflammatory 
phenotype, characterized by heightened TNF-α and IL-6 expression. This shift may 
contribute to liver damage, triggering monocyte recruitment, cytokine overproduc-
tion, hepatocyte apoptosis, and fibrosis [44]. Heme, a key player in this process, 
induces the phenotypic switch in macrophages. IL-1β, originating from macrophages 
and activated by heme through the NLRP3 inflammasome, emerges as a potential con-
tributor to SCD pathogenesis. Hemopexin administration attenuates the pro-inflam-
matory status of liver macrophages, offering insights into therapeutic avenues [45].

As the role of monocytes and macrophages in SCD unfolds, the landscape becomes 
more complex, offering new avenues for understanding and potentially mitigating 
the disease’s impact.

3.2  Neutrophils

Neutrophils emerge as pivotal contributors to the intricate pathophysiology of SCD. 
In steady-state SCD, the absolute neutrophil count is notably higher than in healthy con-
trols, correlating positively with disease severity [46]. Elevated leukocyte count in SCD 
patients serves as a risk factor for various complications, including early mortality, acute 
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chest syndrome, hemorrhagic stroke, and sickle nephropathy. Conversely, decreased 
neutrophil count, induced by hydroxyurea treatment, aligns with potential positive 
effects on the SCD phenotype, suggesting a delicate balance in managing neutrophil 
levels [47]. SCD patients exhibit an activated state of neutrophils, characterized by 
increased adhesive properties, particularly accentuated during vaso-occlusive crisis. 
Clinical manifestations in SCD are associated with the expression of adhesion molecules 
on neutrophils. Hydroxyurea shows potential benefits by suppressing neutrophil activa-
tion and rectifying dysregulated adhesion marker expression [48]. Neutrophil adhesion 
to activated endothelium involves various mediators, including endothelin-1. Elevated 
plasma levels of endothelin-1 in SCD patients upregulate TNF-α–induced Mac-1 expres-
sion on neutrophils. Targeting endothelin receptors, especially endothelin B receptor, 
attenuates neutrophil recruitment, suggesting therapeutic potential [49].

Intravital microscopy in SCD mice reveals heightened neutrophil adhesion not 
only to endothelium but also to sickle RBC in postcapillary venules [50]. E-selectin 
induces a secondary wave of signals leading to the clustering of activated macro-
phage-1 antigen (Mac-1) on adherent neutrophils, facilitating the capture of sickle 
RBC and platelets. Targeting E-selectin or Mac-1 in mice prevents neutrophil–RBC 
and neutrophil–platelet interactions, enhancing blood flow and mouse survival [51]. 
Clinical trials showcase promising results with selectin antagonists. Rivipansel, a 
pan-selectin antagonist, and crizanlizumab, specifically targeting P-selectin, demon-
strate efficacy in reducing vaso-occlusive events in SCD patients [52, 53]. Rivipansel 
exhibits improved blood flow and reduced opioid analgesic use. Crizanlizumab 
significantly reduces the median rate of vaso-occlusive crisis per year, leading to its 
approval by the US Food and Drug Administration.

SCD patients exhibit high proportions of aged neutrophils, positively correlated 
with endothelial adhesion, Mac-1 expression, and neutrophil extracellular trap 
(NET) formation [54]. Neutrophil aging appears linked to microbiota via TLR/Myd88 
signaling, offering insights into the impact of prophylactic antibiotic treatment. 
Elevated plasma heme levels during vaso-occlusive crisis promote NET formation, 
suggesting their involvement in acute chest syndrome pathogenesis [55]. Heme-
induced NETs may also contribute to susceptibility to infections by impairing neutro-
phils’ bactericidal capabilities.

The role of neutrophils in SCD spans a multifaceted landscape, from adhesive 
interactions to intricate signaling pathways. Therapeutic strategies targeting neutro-
phil dynamics show promise but demand further exploration to decipher their full 
potential in mitigating the complex pathophysiology of SCD. As research advances, 
the intricate dance between neutrophils, endothelium, and other blood components 
becomes clearer, offering hope for more effective interventions in the future.

3.3  Mast cells

Growing evidence implicates mast cells in SCD pathophysiology, particularly 
in chronic pain resembling mastocytosis and clinical signs of mast cell activation 
syndrome [56]. Plasma levels of mast cell mediators, including histamine and substance 
P, are elevated in steady-state, escalating during vaso-occlusive crisis [57, 58]. Histamine, 
negatively correlated with HbF levels, may contribute to SCD pathogenesis by promoting 
adhesion of sickle RBC. Substance P, acting as a primary pain neurotransmitter, further 
intertwines with mast cell activation, forming a cycle of activation and release.

Inhibition of mast cells, achieved through mast-cell stabilizers like cromolyn 
or c-kit/tyrosine kinase inhibitor imatinib, proves effective in reducing substance 
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P and tryptase levels, systemic inflammation, neurogenic inflammation, and 
hyperalgesia in SCD mice [59]. Results, replicated in transgenic SCD mice lacking 
mast cells, underline the therapeutic potential. Pre-clinical and clinical evidence 
with imatinib, demonstrating resolution of vaso-occlusive crisis [60, 61], prompts 
consideration for a clinical trial with c-kit/tyrosine kinase inhibitors in SCD 
patients.

In SCD mice, high-affinity opioid nociception receptor agonist AT-200, inhibiting 
substance P release from sensory nerve endings, exhibits superior antinociceptive 
effects compared to morphine. Morphine, commonly used for vaso-occlusive crisis in 
SCD patients, stimulates substance P release from mast cells, exacerbating neurogenic 
inflammation [59]. Human mast-cell degranulation induced by morphine through 
MAS-related G-protein-coupled receptor X2 (MRGPRX2) raises concerns about the 
drug’s impact.

Mast cells have recently emerged as key players of SCD pathophysiology, offer-
ing potential therapeutic targets. Understanding their roles in inflammation, organ 
damage, and pain opens avenues for precise interventions. The intricate interplay 
between mast cells and various molecular mediators demands further exploration 
for comprehensive management of SCD complications. As research advances, these 
cellular players may hold the key to unraveling the complexities of SCD and devising 
more effective treatment strategies.

3.4  Complement

Compelling evidence for complement activation in SCD is rooted in the consistent 
elevation of distinct complement activation fragments across diverse SCD patient 
cohorts, both during vaso-occlusive crisis and at baseline. Notably, elevated Bb 
levels during vaso-occlusive crisis highlight the involvement of the alternative [62]. 
Furthermore, the presence of complexes formed by C3 and properdin, indicative of 
alternative pathway activation, is consistently elevated. Specific indicators, such as 
increased C3a levels (with no parallel rise in C4d), underscore predominant alterna-
tive pathway activation during vaso-occlusive crisis, reinforcing the multifaceted 
nature of complement involvement [62].

Evidence for complement activation extends to the surface of SCD RBCs, fur-
ther substantiating alternative pathway activation. Increased C3d-bearing RBCs 
at steady state and a surge during vaso-occlusive crisis indicate active complement 
involvement [63]. In vitro models demonstrate specific alternative pathway activation 
in the presence of SCD RBCs, progressing to terminal pathway activation, heighten-
ing susceptibility to C5b-9-mediated lysis [64]. Moreover, incubation of SCD RBCs 
with normal human serum accentuates sC5b-9 release, emphasizing the distinct 
nature of complement dynamics in SCD [65].

Detection of complement products within SCD tissues offers a macroscopic 
dimension to complement activation. Renal involvement in SCD nephropathy is 
underscored by C3c and C9 deposition in the kidney [66]. Additionally, C5b-9, the 
final complement product, is observed in small skin vessels, providing evidence 
for intra-microvascular complement system activation [67]. Studies from HbSS 
mice underscores complement activation not only intravascularly, as evidenced 
by increased factor B cleavage during vaso-occlusive crisis, but also within tissues. 
Elevated C3 activation fragments and C5b-9 deposits in tissues like kidneys, livers, 
and lungs highlight the systemic complement involvement, especially post-hypoxia/
reoxygenation, a vaso-occlusive crisis model used in vivo [66].
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Extracellular release of hemoglobin and cell-free heme, hallmark features of 
SCD hemolysis, emerges as a major trigger for complement activation. Heme, with 
its broad protein-binding capacity, modulates the activity of several complement 
proteins. It influences classical pathway activation by altering C1q activity while 
promoting alternative pathway activation and amplification through interactions 
with C3 and its fragments [68].

The mounting evidence points unequivocally to complement activation in SCD 
patients, spanning alternative and terminal pathways, systemic compartments, RBC 
surfaces, and tissues. The intricate dynamics at play underscore the need for a com-
prehensive understanding of complement activation mechanisms in SCD. As research 
progresses, insights into these complexities could pave the way for targeted interventions 
aimed at modulating complement activation for improved outcomes in SCD patients.

4.  Impact of hemolysis on SCD inflammation

Hemolysis releases danger-associated molecular patterns like free-heme and free-
hemoglobin, triggering the activation of innate immune cells, primarily monocytes 
and macrophages. These activated cells churn out a plethora of pro-inflammatory 
cytokines, chemokines, and adhesion molecules, creating a chronic inflammatory 
milieu that underpins various SCD complications.

4.1  Inflammatory cascades triggered by hemolysis

In individuals diagnosed with SCD, there is an observed elevation of proinflam-
matory cytokines, such as TNF- α, IL-6 and IL-1β, induced by NF-κB signaling. These 
elevated levels are present both at baseline and during vaso-occlusive crisis. The height-
ened cytokine levels contribute to the activation of inflammatory cells, causing dam-
age to endothelial cells, and ultimately exacerbating vaso-occlusion (Figure 1) [36]. 

Figure 1. 
Proposed mechanism of inflammatory cascades triggered by hemolysis in SCD, involving heme, HbS, TLR4, 
and NF-kB activation. Intravascular hemolysis contributes to elevated levels of free heme and endothelial cells 
activation during vaso-occlusive events [69] and initiate the NLRP3 inflammasome pathway, leading to IL-1β 
release [70] and P-selectin (CD62P) externalization. Heme activates TLR4 through MD-2 binding [71, 72], 
inducing NF-κB activation and consequently production of inflammatory cytokines IL-6 and TNF-α. Chronic 
hemolysis in SCD results in elevated plasma heme, contributing to vaso-occlusion and lung injury, with heme-
induced TLR4 activation being a primary driver. The release of free HbS in SCD triggers monocyte activation and 
cytokine production [73]. Inhibiting TLR4 reduces vaso-occlusive crisis and protects against heme-mediated acute 
lung injury in mouse models, highlighting the significance of this HbS/heme activation through TLR4 signaling in 
regulating inflammation in SCD.
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Additionally, recent findings highlight increased levels of type 1 interferons (IFN-
α/β) in SCD patients, with potential implications during RBC transfusion and viral 
infections [74]. Despite these known associations, there is a gap in understanding the 
specific triggers for cytokine production in SCD.

4.2  Hemolysis, innate immunity and acute chest syndrome

Acute chest syndrome (ACS), a severe and potentially life-threatening form of 
acute lung injury in SCD, is characterized by fever, respiratory symptoms, and a new 
pulmonary infiltrate on chest radiograph [75]. Despite being a major contributor 
to morbidity and premature death in SCD patients, the underlying mechanisms of 
ACS remain incompletely understood, limiting therapeutic options. Various factors, 
including infection, hypoventilation during vaso-occlusive crisis, fat embolism, and 
thromboembolism, may contribute to ACS development. In cases of severe ACS with 
acute respiratory failure, the pathogenesis remains unclear. Ischemia/reperfusion and 
hemolysis-induced inflammation are suggested factors, potentially mediated by the 
activation of lung endothelium and innate immune cells [55].

The Cooperative Study of Sickle Cell Disease identified severe acute hemolysis 
as the sole predictor of sudden death due to ACS [76]. Ghosh et al. [55] reported in a 
mice model of SCD a mechanism of acute lung injury involving extracellular hemin 
that may have important ramifications for the diagnosis, prevention, and treatment 
of ACS. In this study, TLR4 expressed in the vessel wall was found to be essential for 
the pathogenesis of this murine model of acute lung injury, with therapeutic roles for 
targeting the acute adverse effects of plasma free heme with hemopexin and by TLR4 
blockade. Thus, a vascular inflammatory response to excess extracellular hemin may 
play a central role in the pathogenesis of ACS.

IL-6 emerges as a central proinflammatory cytokine, intricately woven into the 
fabric of cellular communication across various tissues. With a widespread cellular 
origin including macrophages, neutrophils, endothelial and smooth muscle cells, 
cardiomyocytes, and fibroblasts, IL-6 plays a pivotal role in diverse biological func-
tions, spanning hematopoiesis, oncogenesis, B cell differentiation, induction of acute 
phase proteins, and immune regulation [77].

Recent findings indicate a potential link between massive production of IL-6 in 
the lungs and ACS pathophysiology, independent of systemic inflammation. High 
sputum IL-6 levels (>6000 pg/mL) were associated with severe ACS forms, indi-
cating its potential as a marker of severity [78]. In a prospective study, C-reactive 
protein (CRP) and sputum IL-6 levels were identified as biological markers associ-
ated with ACS occurrence during vaso-occlusive crisis. The combination of sputum 
IL-6 > 150 pg/mL and/or CRP >150 mg/L showed higher sensitivity for predicting 
ACS than CRP alone, suggesting that pulmonary inflammation may occur inde-
pendently of systemic inflammation [79]. Early detection of sputum IL-6 during 
vaso-occlusive crisis may enable preventive treatment strategies, such as anti-human 
IL-6 receptor monoclonal antibody (e.g., tocilizumab) as recently reported in a case 
of severe ACS in a child with SCD and high IL-6 levels in endotracheal and pleural 
fluids [80].

Understanding the role of hemolysis in ACS is crucial for developing targeted 
therapeutic strategies. Interventions aimed at mitigating hemolysis-related pro-
cesses, such as anti-inflammatory agents, antioxidants, and agents that preserve 
nitric oxide bioavailability, may hold promise in preventing and managing ACS 
in individuals with SCD. Moreover, ongoing research continues to unravel the 
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intricate connections between hemolysis and ACS, providing opportunities for 
improved clinical management and outcomes.

4.3  Protective aspects of immune response

Within the realm of protective mechanisms, the immune response to hemolysis 
in SCD orchestrates a multifaceted defense strategy. Firstly, the complement system 
and macrophages act collaboratively to identify and eliminate senescent or hemolyzed 
RBCs, mitigating the accumulation of potentially harmful molecules within the circu-
lation. This orchestrated clearance mechanism serves as a critical bulwark against the 
detrimental effects of unchecked hemolysis.

Additionally, the innate immune system’s rapid and effective response against 
invading pathogens plays a pivotal role in averting infections that could trigger 
vaso-occlusive crisis in SCD. Pro-inflammatory cytokines, chemokines, and type I 
interferons orchestrate the activation and recruitment of immune cells, including 
macrophages, neutrophils, and natural killer (NK) cells. These immune effectors 
engage in phagocytosis, destruction, or secretion of antimicrobial substances, fortify-
ing the host’s defense against potential pathogens.

Furthermore, the immune response induces adaptive immunity, generating 
specific and enduring defenses against pathogens. Pattern recognition receptors 
(PRRs) stimulate the maturation and migration of dendritic cells, which, in turn, 
present antigens to T and B cells, activating and differentiating them. The comple-
ment system enhances this process by binding to complement receptors on B cells and 
follicular dendritic cells, bolstering the antibody response.

4.4  Deleterious consequences of immune response

Conversely, the immune response to hemolysis in SCD unveils a dark side marked 
by harmful consequences. Excessive or prolonged activation of the innate immune 
system sparks chronic inflammation and tissue injury, evident through the induction 
of adhesion molecules (e.g., VCAM-1, ICAM-1, and E-selectin) on the endothelium. 
These molecules facilitate the attachment and infiltration of leukocytes into tissues, 
releasing reactive oxygen and nitrogen species, proteases, and metalloproteinases that 
contribute to endothelial and surrounding cell damage.

Additionally, the immune response can trigger autoimmune and alloimmune reac-
tions in SCD. Exposure of RBC antigens prompts the production of autoantibodies or 
alloantibodies, targeting and destroying the patient’s own RBCs or transfused donor 
RBCs. This culminates in conditions such as hemolytic anemia, hemolytic transfusion 
reactions, or hyperhemolysis syndrome, exacerbating the clinical outcomes of SCD.

Moreover, impaired NO bioavailability due to hemolysis interferes with the 
NO signaling pathway, resulting in a dysregulated immune response. The reduced NO 
bioavailability leads to heightened inflammation and diminished regulation, as NO 
normally inhibits T cell activation and proliferation, influences the function of Th1 
and Th17 cells, modulates antigen-presenting cells, and regulates the production of 
pro-inflammatory cytokines.

In conclusion, hemolysis in SCD shapes innate immune responses by activating 
PRRs, modulating the complement system, and impairing NO bioavailability. These 
responses, inherently dual in nature, harbor the potential for both beneficial and 
detrimental effects on disease outcomes. The intricate balance between host defense 
and tissue damage, autoimmunity and allo-immunity, as well as inflammation and 



Current Practices in Sickle Cell Disease

12

regulation, remains pivotal. A comprehensive understanding of the mechanisms and 
consequences of the immune response to hemolysis in SCD holds promise for unveil-
ing novel insights and therapeutic interventions.

5.  Therapeutic strategies targeting hemolysis and innate immunity

(See Table 1)

Therapeutic Strategy Description Perspectives and Limitations

Hydroxyurea Induces fetal hemoglobin, reducing HbS 
polymerization and subsequent hemolysis.

Ongoing exploration across diverse 
patient populations for optimized 
impact and long-term safety.

Nucleic Acid 
Therapeutics

Explore antisense oligonucleotides and gene 
silencing for suppressing HbS or enhancing 
HbF.

Ongoing research refines mechanisms 
and offers alternatives to gene therapy.

Small Molecules Target specific pathways to prevent sickling 
and hemolysis without inducing HbF, 
facilitating more focused pharmacological 
interventions.

Cost effective approaches to cover large 
amount of patients world-wide.

Corticosteroids Provide transient relief during acute 
complications.

Challenges with prolonged use due to 
notable side effects, emphasizing the 
need for refined therapeutic strategies.

IL-1β Inhibitors Show promise in alleviating pain and 
reducing inflammatory markers.

Continued research is crucial for 
understanding long-term efficacy and 
safety.

IL-6 Inhibitors Under investigation for managing chronic 
inflammation and improving lung function 
in SCD.

Explore their impact on specific 
inflammatory pathways for therapeutic 
optimization.

Specific Toll-like 
Receptor Antagonists

Target receptors like TLR4 to minimize side 
effects in anti-inflammatory interventions.

Research is necessary to overcome risk 
of infection on SCD patients.

JAK Inhibitors Offer broader anti-inflammatory activity 
by suppressing cytokine receptor signaling 
pathways.

Pre-clinical research is needed to 
understand their role in modulating 
cytokine networks and long-term 
implications.

Precision Medicine Tailor therapies based on individual 
inflammatory profiles, aiming for maximum 
efficacy with minimal side effects.

Integration of advanced technologies 
and comprehensive patient profiling 
will be pivotal for this approach.

Stem Cell Therapy Based on mesenchymal stem cells with 
immunomodulatory properties to mitigate 
inflammation and promote tissue repair in 
SCD.

Research is necessary to explore 
mechanisms, optimal sources, and 
long-term effects for therapeutic 
development.

Nutritional 
Interventions

Optimize dietary intake and address 
micronutrient deficiencies to reduce oxidative 
stress and support immune function.

Evaluation of their impact on redox 
homeostasis for comprehensive disease 
management is necessary.

Table 1. 
Overview of therapeutic strategies for SCD. Summary of various therapeutic strategies for managing SCD, 
detailing their mechanisms, perspectives, and limitations. These strategies range from pharmacological 
interventions such as hydroxyurea and small molecules, to advanced approaches like nucleic acid therapeutics, 
stem cell therapy, and precision medicine. Each strategy’s potential benefits are weighed against ongoing research 
requirements and challenges to optimize their impact on diverse patient populations.
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6.  Conclusion: a path towards a brighter future

While dealing with the complexity of SCD is challenging, there’s hope for 
improved outcomes through advancing therapies. By focusing on reducing hemolysis, 
adjusting the body’s natural defense mechanisms, and tailoring treatments to each 
individual, we will not just manage problems one by one but create a future where 
SCD has much less impact. Achieving this optimistic vision relies on continuous 
research to better understand SCD, leading to improved care and quality of live for 
those affected.

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
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Chapter 2

Emerging Trends in Sickle Cell 
Disease and CRISPR/Caspases
Grace K. Ababio

Abstract

In this review chapter, sickle cell disease (SCD) overview, its diagnostic procedures 
and markers to date as well as the proposed model or pathways by which SCD oxidative 
stress activates caspases leading to a shrunken sickle cell are presented. Of the various 
approaches used to mitigate SCD effects, it is anticipated that the Clustered Regularly 
Interspaced Short Palindromic Repeats (CRISPR)/Caspases could possibly edit the 
sixth position alteration on the β-globin gene on chromosome 11. Even though CRISPR/
Caspases hold promise in sickle cell disease in the near future, it is also possible for it to 
create genomic chaos. Here, several schools of thought are presented as well.

Keywords: sickle cell disease, diagnostics, haplotypes, oxidative stress, inflammatory 
marker, CRISPR, caspases

1. Introduction

SCD is the commonest hemoglobinopathy [1] affecting millions of people world-
wide and this remains a public health concern. The disease evolved through four 
periods: the tribal medicine period in Africa [2], clinical recognition by Western 
medicine, an era of biochemical/molecular characterization [3, 4] with Venon Mason 
and Linus Pauling initiative [5, 6], and now an era of molecular therapy [7].

Even though SCD can cause extravascular and intravascular hemolysis [8, 9], it is 
normally characterized by normocytic intrinsic hemolytic anemia [10] brought on by 
defective hemoglobin and erythrocytes. Defective hemoglobin is due to a deficient zinc 
[11, 12] that does not favor hemoglobin binding to increase oxygen affinity. The defect 
is actually an amino acid alteration at the sixth position of the beta (β)-globin subunit 
on chromosome 11 [13]. This paves the way for an autosomal recessive inheritance [14].

Aside from this, SCD is a multifactorial disease-causing organ damage from 
acute events and or subacute events with a progression of chronic SCD. SCD displays 
phenotypic variability with severer and or life-threatening consequences with the 
hallmark being vaso-occlusive crisis (VOC) [15].

Several variants of SCD types exist with diverse disease presentations. For 
instance, HbAS is asymptomatic, as HbSC and HbCC have milder presentation while 
HbSS remains the severe form. In HbSS, elevated altitude, decreased oxygen, and or 
acidosis precipitate the sickling status [16]. HbF protects newborns with the defect 
from zero to 6 months [17, 18]. Individuals with the trait (heterozygotes) appear 
resistant to malaria.
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A myriad of SCD complications do exist [19], namely, autosplenectomy, aplastic 
crisis, splenic infarction or sequestration crisis, dactylitis, acute chest syndrome, hema-
turia, renal papillary necrosis, priapism, and bacterial infection, e.g., Salmonella spp.

2. Diagnostic methods

Microscopy, full blood count, hemoglobin electrophoresis, high-performance 
liquid chromatography (HPLC) [20], and skull X-rays are popular diagnostic meth-
ods used in detecting SCD status. From full blood count, low hemoglobin levels, high 
white blood cell count, high reticulocyte count, increased hematocrit, and possible 
platelet count increase are observed. On skull x-ray, “Crew cut” shape is seen due to 
bone marrow expansion from elevated erythropoiesis. On microscopic slides, sickle 
cells appear crescent-shaped. Even though cellulose acetate electrophoresis (Figure 1) 

Figure 2. 
Electrophoretogram from author’s lab [23]. Gel A shows 358 bp band size of the β-globin gene and gel B shows 
RFLP sizes of Dde1 and Mnl1 endonucleases. A 100 bp DNA ladder was used.

Figure 1. 
Cellulose acetate electrophoresis from authors lab.
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remains the highly utilized approach, possible molecular sieving effects seem to be 
a limiting factor. The cellulose acetate membrane is marked and made wet with an 
alkaline buffer prior to the start of the experiment. Saline (0.85%) washed red blood 
cells are placed at vantage points on the membrane; voltage and time are then set for 
the electrophoretic run. The migration of hemoglobin is determined by comparison to 
a reference hemoglobinopathy.

Starch–polyacrylamide gel electrophoresis was a chanced upon approach that 
provided a good resolution in author’s lab in a bid to investigate glyoxalase phenotypes 
in diabetes [21], however, electro-osmotic effect and variation in starch pore size 
from batch to batch was found to be the biggest challenge. In this chanced approach, 
hemolyzed red blood cells were run on a discontinuous 7.5% polyacrylamide and 
0.3% hydrolyzed starch with pH being 8.8 and a non-starch stacking gel with pH 
being 6.8. Tris-glycine, pH 8.9 was the electrophoretic buffer and the electrophoresis 
was performed for 2 hrs, 100 V, 55 mA at room temperature.

Even though starch–polyacrylamide gel electrophoresis (PAGE) was not exten-
sively explored in SCD, it gives very good resolution with the exception of it being 
expensive, laborious and time-consuming.

Polymerase chain reaction [22], restriction fragment polymorphisms (RFLP, 
Figure 2) [23] and single nucleotide polymorphisms [24, 25] were also explored, but 
these approaches were very expensive, laborious and time consuming as well.

For polymerase chain reaction, a 1 μl DNA, 2 μM of each primer set, 0.2 mM of 
each dNTP, 1 unit of DNA Hotstart polymerase and a buffer containing 2.5 mM MgCl2 
making a total of 20 μl was set for PCR reaction mix. Thermal cycling conditions 
included a 94°C for 15 minutes, 45 cycles involving 94°C for 30 sec, followed by 62°C 
for 30 sec and then 72°C for 60 sec with a final lengthening at 72°C for 10 minutes. 
PCR products were then run on 1.5% agarose gel electrophoresis and visualized with 
the imager. The forward 5′-AGGAGCAGGGAGGGCAGGA-3′ and reverse primer 
5′-CCAAGGGTAGACCACCAGC-3′ were able to give 358 bp PCR product which 
paved the way for Mnl1 and Dde I restriction enzymes to discriminate between the 
hemoglobin genotypes in RFLP. All RFLPs followed the manufacturer’s protocol and 
were resolved on 3% agarose gels.

3. Markers of SCD till date

Restriction endonucleases which were consistent with literature paved way for the 
determination of β-globin gene cluster of haplotypes in the author’s lab (article has 
reached publication stage). These haplotypes were Senegal, Benin, Bantu, Cameroon, 
and Arab-Indian [26]. This came to light when certain haplotypes were linked to SCD 
clinical outcomes [27]. However, phenotypic variation seems to be a limiting factor 
among individuals with common haplotype causing the previous notion to be seem-
ingly unreliable despite the high hopes of presumptive predictors of disease severity 
for optimal treatment.

Revolutionized methods also, only depicted historical value and or logistic con-
straints. Identified biochemical and clinical biomarkers are also not routinely incor-
porated in SCD care algorithms. Notwithstanding, extensive work on inflammatory 
markers [28–30] gained strides in SCD. Yet, there seems to be no reliable marker for 
SCD pain except vaso occlusive crisis, its hallmark.
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4. The paradigm shift

Of the varying approaches used in alleviating painful SCD outcomes, hydroxy-
urea [31], folate analogs [32], zinc supplements [33], transfusion and gene therapy 
[34] remain the widely utilized methods. SCD patients are zinc deficient, thus zinc 
supplementation remains an important approach in the treatment. Folate analogs 
on the other hand, inhibit dihydrofolate reductase in DNA synthesis. Hydroxyurea 
inhibits thymidylate synthase and promotes the release of tumor necrosis factor (TNF 
alpha). TNF alpha, a pro-inflammatory cytokine is involved in the ligand-receptor 
interactions of the extrinsic mitochondrial apoptotic pathway in SCD.

Following the intrinsic mitochondrial apoptotic pathway closely, it is anticipated 
and proposed in this write-up that oxidative stress can cause cytochrome C to be 
released from the mitochondria and cytochrome C will in turn activate the caspases 
which can duly alter cell shape (Figure 3).

However, a new paradigm shift which is currently being considered is CRISPR/
caspases in gene therapy.

5. CRISPR/caspases and SCD

CRISPR, a gene editing tool that made its discoverers, Doudna and Charpentier 
[35], received the Nobel prize, and is obtained from bacteria. It contains a guide RNA 
(gRNA) [36] and an endonuclease (caspase e.g., Cas9), which makes strand breaks at 
target sites. Thus, gene knock-outs or knock-ins could be created on chromosome 11, 

Figure 3. 
The proposed intrinsic mitochondrial apoptotic model by which SCD oxidative stress activate caspases leading 
to an altered cell shape. All arrows indicate stimulation or activation. Activated p53 induces cell cycle arrest 
and promote DNA repair and/or apoptosis. BAK/BAX regulate apoptotic caspase system. Cytochrome C is an 
important candidate in the life-supporting function of ATP synthesis (the energy currency).
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the β-globin gene, ensuring desirable outcomes in SCD. However, editing the SCD 
gene might require a dedicated and reliable facility to confine subjects for the neces-
sary procedure as well as financial obligations.

Sponsorships and or collaborators from pharmaceuticals like Sanofi, Vertex, 
Sangamo, and CRISPR therapeutics have ongoing clinical trials with a recognizable ID; 
while collaborators like Intellia Therapeutics, Graphite Bio, Novartis, UCSF Benioffs, 
IGI, and UCLA are yet to obtain IDs for their ongoing trials (Table 1), [37–40]. All 
these SCD clinical trials do have the same goal and this is to increase fetal hemoglobin 
levels (Table 1), [37–40]. The successful SCD clinical trials that utilized few subjects 
ranging from four to eight individuals seem not to have extensively involved off – target 
(the clinic – scale approach) and indels. Indels could be obtained from next-generation 
sequencing. Thus, it is therefore unsure of the possible clonal formation from indels.

Also, despite the fact that desirable events like homology-directed repair and 
non-homologous end joining remain the main goals of CRISPR/caspases, it is thus, 
possible to generate undesirable or unwanted events. Concerns on CRISPR/Cas9 had 
been on off-target activity [41]. However, several mechanisms to detect or predict risk 
as well as to reduce risk [42] have been proposed.

Yet still, according to Amendola et al. it is possible to generate micronuclei (for 
instance, GTG banding and fluorescence in situ hybridization could pick up micro-
nuclei) [43–45] and chromosomal bridges since one cannot quantify cell cycle in 
hematopoietic stem cell at the time of transplantation. Also, if rearrangements of 
chromosomes (such as 1- to 50-kb inversions/deletions, chromosome truncations, 
translocations, and combinations of these rearrangements) occur in progenitor cells, 
it is possible for unwanted event to occur.

6. Conclusion

In this write-up, it was indicated that, even though CRISPR/Cas9 holds the prom-
ise of modeling SCD for effective gene therapy, the unanticipated chaos for clinical 
applications should not be ignored. Much work is needed in this regard as we strive 
toward excellence in SCD treatments.

Manifestation Objective Target Sponsor Trial ID Reference

Sickle cell disease 
(SCD)

Increase fetal 
hemoglobin

BCL11A 
and Cas9 
reinforcement

Vertex Pharm. 
and CRISPR 
therapeutics

NCT03745287 [37]

transfusion-
dependent
β-thalassemia 
(TDT)

Increase HbF Improving 
Cas9 and 
BCL11A

CRISPR therapy 
and Vertex 
Pharmaceuticals

NCT03655678 [37]

SCD Elevate HbF ZFN and 
BCL11A 
enhancer

Sangamo 
Therapeutics 
and Sanofi

NCT03653247 [38–40]

TDT Improve HbF 
levels

BCL11A and 
ZFN reinforcer

Sanofi and 
Sangamo 
Therapeutics

NCT03432364 [38–40]

Other collaborators like Intellia Therapeutics, Novartis, Graphite Bio, UCSF Benioffs, UCLA and IGI have ongoing 
trials with the same objectives but are yet to receive the clinical trial ID.

Table 1. 
CRISPR SCD clinical trials.
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Abstract

Sickle cell disease (SCD) is an autosomal recessive hemoglobinopathy leading 
to hemolysis, increased endothelial adhesion, inflammation, and vasculopathy. 
While most children with SCD have normal pulmonary function, lung capacity and 
expiratory flows are lower compared to age- and racially matched controls. Airway 
obstruction dominates in children, with restrictive ventilatory defects becoming more 
prevalent in adolescents and young adults. Decreased pulmonary function, physician-
diagnosed asthma, airway hyperresponsiveness, wheezing, and sleep-disordered 
breathing are associated with more frequent episodes of acute chest syndrome and 
vaso-occlusive crisis. Chronic lung disease, thromboembolism, hypoxemia, and 
sleep-disordered breathing are associated with the development of pulmonary hyper-
tension and ventricular dysfunction which carry significant morbidity and mortality 
risk in adults. Most treatments for cardiopulmonary complications of SCD are based 
on guidelines developed for the general population. Although most guidelines do not 
recommend routine screening of asymptomatic children, patients with cardiopul-
monary symptoms should be monitored and treated by subspecialists in a multidis-
ciplinary setting. Disease modifying treatments such as hydroxyurea are attenuating 
some of the cardiopulmonary complications in SCD. More studies need to be done 
to assess the effects of newer disease modifying treatments targeting hemolysis and 
decreasing endothelial adhesion.

Keywords: child, complications, treatment, acute chest syndrome, pulmonary 
function, asthma, sleep-disordered breathing, ventricular dysfunction, pulmonary 
hypertension

1.  Introduction

Sickle cell disease (SCD) is a hemoglobinopathy resulting from mutations in the 
β-globin gene and is inherited in an autosomal recessive pattern [1]. Public health 
measures in developed countries have helped improve infant morbidity and mortal-
ity; however, the long-term complications from this condition represent a global 
health burden [2]. The point mutation in SCD is a substitution of valine for glutamic 
acid at the sixth position of the β-globin gene resulting in “sickled” hemoglobin that 
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is less soluble than normal adult or fetal hemoglobin (HbF). With deoxygenation, 
hemoglobin S becomes polymerized resulting in decreased erythrocyte flexibility 
forming the characteristic “sickled” shape. These changes alter cellular function, 
enhance endothelial adhesion molecule expression, impair microvascular flow, and 
promote hemolysis and vaso-occlusion leading to anemia, hemolysis, vasculopathy, 
and chronic inflammation [1]. Cardiopulmonary involvement is a major cause of 
morbidity and mortality in adults. There is growing evidence suggesting earlier 
onset of pulmonary function abnormalities, and predisposition to disorders, such as 
asthma, thromboembolism, sleep-disordered breathing (SDB), ventricular dysfunc-
tion, and pulmonary hypertension, in children with SCD [3–5]. It is the aim of this 
narrative review to summarize current literature describing cardiopulmonary compli-
cations of SCD in children and evolving treatments that may improve outcomes.

2.  Acute chest syndrome

Acute chest syndrome (ACS) is a known complication of SCD with high morbidity 
and mortality. Newer data suggest that repeated episodes of ACS may be associated 
with decreased lung function longitudinally in children, and increased inflammation 
[6]. Key factors in the pathogenesis of ACS include pulmonary infection, pulmonary 
infarction, and fat embolism. Identification of exact infectious etiology in children 
varies and can be identified in over two-thirds of cases, with viruses predominating 
[7]. Of note, since the initiation of pneumococcal vaccination with PCV-13 (13-valent 
pneumococcal conjugate vaccine), one cohort in France demonstrated a 41.8% 
decrease in ACS over time [8]. Diagnosis is clinical, and criteria are the following: new 
infiltrate on chest X-ray, hypoxemia, and respiratory signs/symptoms [1]. Treatment 
involves supplemental oxygen, empiric antibiotics to cover Mycoplasma pneumoniae 
and encapsulated organisms, chest physiotherapy and incentive spirometry, pain 
control, and, when indicated,  transfusion and ventilatory support [9].

3.  Pulmonary function abnormalities

Pulmonary function abnormalities have been demonstrated in infants and chil-
dren with SCD. Koumbourlis et al. [10] found evidence of lower airway obstruction 
and hyperinflation in 20 infants (aged 3–30 months) with SCD, particularly those 
with homozygous sickle cell disease (HbSS). Functional Residual Capacity (FRC) 
was elevated, maximum expiratory flow rates at FRC and time to reach peak expira-
tory flow were decreased. A cross-sectional study of 22 infants, 6–18 months of age, 
showed evidence of obstruction, independent of acute chest syndrome (ACS) or 
vaso-occlusive events (VOE). The investigators found normal lung function in 77% 
of infants with SCD but lower Forced Vital Capacity (FVC), lower forced expira-
tory flow at 0.5 seconds (FEF0.5), and forced expiratory flow at 25 to 75% of FVC 
(FEF25–75) compared with controls [11].

Despite the frequency of respiratory complaints in patients with SCD, longitudinal 
studies spanning progression of pulmonary function abnormalities from childhood 
to adulthood are limited. Cross-sectional studies reveal that 70–80% of school-aged 
children with SCD have normal lung function but values are reduced compared to 
age-, gender-, and race-matched healthy controls. Although international guide-
lines recommend the use of lower-limit-of-normal (LLN) criteria (which can vary 
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by age, height, and gender) to define abnormal lung function, several studies on 
children with SCD use cutoffs (such as a forced expiratory volume in 1 second 
(FEV1)/FVC < 0.70 or % predicted values below 80%) to distinguish normal versus 
abnormal [5]. Airway obstruction is the most common abnormality found in children 
(16–34%). Restrictive defects, which are usually found in adults with SCD, have been 
described less frequently in children (2–11%) [4, 5, 12–15]. It is not known if lung 
deficits in SCD are secondary to underlying airway inflammation or a result of pul-
monary injury following ACS or allergic disease [6]. Data from the Sleep and Asthma 
Cohort (SAC) showed that lung function patterns (obstruction, restriction, and 
nonspecific ventilatory defects) were not associated with future pain or ACS episodes 
over a 4-year follow-up period [15]. In a meta-analysis of case-controlled studies in 
1889 children from six countries, forced expiratory volume in 1 second (FEV1) % 
predicted (p < 0.00001) and FVC% predicted (p < 0.00001) were significantly lower 
than controls; while FEV1/FVC ratio, total lung capacity (TLC) % predicted, and car-
bon monoxide diffusing capacity of the lungs (DLCO) were not significantly different 
than controls. Pooled analysis also supported the worsening of pulmonary function 
with recurrent episodes of ACS [14]. Inflammation in ACS has been associated with 
lung function deficits. Analysis of data from children in a 2-year randomized control 
study to examine the effects of vitamin D on SCD found a significant decline in FEV1 
(p = 0.015) and FEF 25–75 (p = 0.039), in patients with a history of ACS. IP-10 level, 
a marker of TH-1 inflammation, was negatively correlated with changes in FVC in 
ACS patients, suggesting a role of interferon gamma-inducible chemokine receptors 
with lung function change. In patients with ACS, elevated levels of Th-2 inflamma-
tory markers (IL-4, IL-5, IL-13) and IL-6 (a marker of monocyte inflammation) 
were found to have a negative influence on FVC and FEV1 [6]. Investigators have 
emphasized the role of vascular factors on obstructive airway phenotypes in SCD. In 
a study of 25 children with HbSS and 25 age- and ethnic-matched controls, children 
with SCD had greater pulmonary capillary blood volume (p < 0.0001) and increased 
respiratory system resistance (R5% predicted, p = 0.0046, as measured by impulse 
oscillometry) compared to controls. Among the children with HbSS, pulmonary cap-
illary blood volume was positively correlated with R5% pred and the ratio of residual 
volume/total lung capacity (RV/TLC) and was negatively correlated with FEV1 and 
FEF 25–75, suggesting that increased resistance leading to airway obstruction in SCD 
may be related to increased cardiac output and increased pulmonary blood volume in 
response to chronic anemia [16].

More sensitive pulmonary function measurements may detect pulmonary func-
tion abnormalities earlier than spirometry or plethysmography. A recent study 
compared lung clearance index (LCI), a measure of ventilatory heterogeneity derived 
from a multiple breath washout technique, to changes in spirometry and body pleth-
ysmography in children with SCD versus controls. LCI (p = 0.0001), intra-acinar 
ventilation inhomogeneity (Sacin) (p = 0.04), z-scores for FEV1 (p = 0.002), FVC 
(p = 0.002), and TLC (p = 0.002) but not FEV1/FVC were significantly lower in SCD 
patients compared to controls. More patients (29%) had LCI >95th percentile of con-
trol subjects compared to patients with abnormal spirometry (23% had FEV1 < 5th 
percentile of the reference population). Significant differences from control subjects 
in LCI and Sacin but not in conductive ventilation inhomogeneity, (Scond) and normal 
FEV1/FVC ratio suggest that the lung function changes were due to patchy peripheral 
lung disease. The multiple breath washout technique may serve as an early marker of 
peripheral lung disease before abnormalities in spirometry and plethysmography are 
detected [17].
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Longitudinal cohort studies on children with SCD reveal a variable and incon-
sistent rate of decline in pulmonary function over time. A single-center longitudinal 
study in 312 children with SCD found an average decline in FEV1: 2.93% predicted 
per year for males, 2.95% predicted per year for females; average decline in TLC was 
2.15% predicted per year in males, 2.43% predicted per year for females. Although 
only 18% of children had abnormal lung function at 17 years of age, the predominant 
change from 8 years of age was an increase in the number of children with a restric-
tive pattern (2.6% at age 8 vs. 18.7% at age 17 years) [18]. A longitudinal study of 
two cohorts of SCD patients compared to controls revealed a 0.93% decline in FEV1 
over a 10-year follow-up. A younger cohort with a higher incidence of ACS episodes 
had a greater decline in FEV1 (1.45%) over a 2-year period and proportionately more 
children developed restrictive defects over time [13].

Treatment with disease modifiers may attenuate pulmonary function decline. A 
retrospective chart review of 62 children with SCD treated with hydroxyurea (HU) 
followed from 2000 to 2017 compared their spirometry to that of a group of untreated 
controls. FVC significantly increased in HU-treated children, while it decreased in 
controls (7.2 ± 17.1 vs. -3.4 ± 18.2, p < 0.01). HU is a disease modifier in SCD, resulting 
in increased fetal hemoglobin and decreased episodes of hemolysis [19].

Although universal screening for pulmonary function abnormalities is not recom-
mended by the National Heart, Lung, and Blood Institute (NHLBI) or the American 
Society of Hematology (ASH) for asymptomatic patients with SCD, it should be 
considered in children with symptoms of cough, wheezing, shortness of breath, and 
oxygen desaturation. Results should be interpreted, and patients managed based on the 
presence of underlying complications associated with SCD, such as sleep-disordered 
breathing, asthma/wheezing, and/or pulmonary hypertension [5].

4.  Asthma and airway hyperresponsiveness

Prevalence of asthma in non-Hispanic black children in the USA was reported to 
be 12.6% in 2017 by the Centers for Disease Control (CDC) [20]. Asthma is consid-
ered a distinct comorbidity in SCD and is associated with the higher rates of ACS, 
vaso-occlusive/pain crises, and mortality [1, 5, 21, 22]. The reported prevalence 
of asthma in children with SCD ranges from 8 to 53%, with several studies report-
ing a higher incidence of asthma in SCD compared to African American children. 
Differences in reported prevalence vary based on the definition of asthma, such 
as parental report of asthma, physician diagnosis of asthma, or use of an asthma 
medication [5, 15, 21, 22]. Multivariate logistic regression analysis of patients in the 
SAC cohort revealed that the presence of a parent with asthma (p = 0.006), wheezing 
causing shortness of breath, and/or wheezing with exercise (p = .0001) was 100% 
sensitive in identifying SCD children with asthma (physician-diagnosed asthma 
requiring asthma medications) [23].

Asthma and SCD have common inflammatory pathways. Diagnosing asthma in 
SCD patients is challenging since symptoms of cough, wheezing, shortness of breath, 
and chest pain, which are consistent with asthma, may also occur with chronic 
pulmonary inflammation, vasculopathy, and hemolysis in patients with SCD. The 
hallmarks of asthma pathophysiology, airway obstruction, and airway hyperreactiv-
ity from airway inflammation may be found in SCD patients, independent of an 
asthma diagnosis. Elevated serum IgE and leukotriene levels may also be found in 
SCD patients who have not been diagnosed with asthma [5, 24, 25]. SCD patients have 
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elevated serum IgE levels, a biomarker of allergic asthma. Serum IgE elevation may be 
secondary to nonspecific immune activation of TH-2 pathways after ischemia-reper-
fusion injury in the lung in SCD, leading to an increased risk for asthma [21, 23, 24]. 
Cysteinyl leukotriene levels are elevated in SCD patients at baseline and during acute 
pain and ACS episodes. They are most elevated in patients with physician-diagnosed 
asthma and may contribute to the pathogenesis of vaso-occlusive disease [25]. Asthma 
is more common in SCD patients with allergies than in those without. Forty-five 
percent of children and adolescents in the SAC with a physician diagnosis of asthma 
had at least two positive skin prick tests for common aeroallergens compared to only 
15% in those without asthma [23]. Although the prevalence of atopy in SCD is similar 
to that of the general population, reactivity to environmental allergens has been 
associated with increased incidence of ACS, independent of asthma diagnosis [21, 23]. 
Endothelial activation is considered the major pathway by which sickled red blood 
cells (RBCs) contribute to vaso-occlusion and consequently increased levels of pro-
inflammatory cytokines, such as IL-3, granulocyte-macrophage colony-stimulating 
factor (GM-CSF), prostaglandin 2 (PGE-2), tumor necrosis factor alpha (TNF-α), 
and IL-6. The heightened inflammation is associated with pulmonary function 
abnormalities and susceptibility to infection. Heightened TH-2 inflammation has also 
been demonstrated in SCD mice models sensitized to ovalbumin. Arginine deficiency 
is a common pathophysiologic feature of allergic asthma and SCD. In SCD, increased 
hemolysis of red cells leads to low arginine bioavailability and is associated with 
complications, such as pulmonary hypertension and vaso-occlusive pain episodes. In 
asthma associated with SCD, increased arginase released by hemolysis and increased 
pulmonary eosinophilic inflammation decreasing arginine uptake may have an  
additive effect [26].

Wheezing has been reported in 26% of SCD patients with ACS and may be a 
marker of SCD severity [24]. In a retrospective cohort study of 262 patients with 
SCD who presented to an urban emergency department over a 4-year period, 19% 
had at least one presentation in which wheezing was documented, although less than 
50% underwent an asthma diagnosis. Wheezing on physical examination was associ-
ated with more than twice the incidence of vaso-occlusive crises and ACS episodes, 
independent of an asthma diagnosis [27].

Airway hyperresponsiveness has been demonstrated in 17–77% of SCD patients 
and signifies airway lability secondary to bronchial inflammation [21, 24]. Leong was 
the first to describe airway hyperresponsiveness by cold air challenge or bronchodila-
tor administration in 64% of SCD patients, independent of an asthma diagnosis 
[28, 29]. Lactate dehydrogenase (LDH) is a marker of hemolysis and has been associ-
ated with hyperresponsiveness to methacholine, suggesting that chronic hemolysis 
leads to inflammation in SCD, independent of a diagnosis of asthma [21, 24].

A diagnosis of asthma has been associated with increased disease-related morbid-
ity in children with SCD. It is postulated that: (1) asthmatic bronchoconstriction-
induced ventilation-perfusion mismatch leads to local tissue hypoxia and subsequent 
red blood cell sickling and/or (2) increased inflammation from oxidative stress and 
increased endothelial adhesion molecule expression and vaso-occlusion trigger the 
cascade of pathophysiologic events leading to respiratory complications in SCD 
[3, 30]. A pooled analysis of three different cohorts of children with SCD, that is, 
Cooperative Study of Sickle Cell Disease (CSSCD), Silent Cerebral Infarct Transfusion 
(SIT), and SAC, resulted in a dataset of 1685 participants, a mean follow-up of 
6.1 years, and a total of 10,216 patient years with 23.1% diagnosed with asthma. Using 
negative binomial regression, with covariates of sex, age, hemoglobin, and white 
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blood cell count, a significant positive association was found between asthma diagno-
sis and pain (IRR = 1.34, p < 0.001) and ACS episodes (IRR = 1.89, p < 0.001) [21].

SCD patients should be screened for recurrent respiratory symptoms, including 
wheezing, shortness of breath, exercise limitation, a personal history of allergies/
atopy, and a family history of asthma, particularly a parental history of asthma 
[5, 24]. A validated asthma screening tool such as the Breathmobile questionnaire was 
found to have 87% sensitivity and 85% specificity in detecting a clinical diagnosis 
of asthma in school-aged children with SCD [31]. Referral to a pulmonary specialist 
should also be considered in patients with two or more episodes of ACS, the first 
episode of ACS in a child <4 years of age, life-threatening episode of ACS requiring 
RBC exchange transfusion, and concerns for sleep-disordered breathing [29]. Positive 
screening warrants further evaluation and management, including pulmonary func-
tion testing, which may reveal reversible airway obstruction supporting an asthma 
diagnosis and/or allergy testing if symptoms suggest that sensitization to environ-
mental allergens are exacerbating symptoms [5, 15, 24, 30, 32].

Treatment of the SCD patient with asthma includes optimization of SCD manage-
ment with the use of disease modifying therapy such as hydroxyurea, which has been 
shown to reduce morbidity and mortality [24]. When the diagnosis of persistent 
asthma is suggested by history (repeated wheezing and cough with a bronchodilator 
response, and personal and family history of atopy and asthma in a first-degree rela-
tive), therapy is based on NHLBI and GINA (Global Initiative for Asthma) guidelines 
[24]. The mainstay of therapy for patients with persistent disease includes anti-
inflammatory controllers such as inhaled corticosteroids (ICS) alone or in combina-
tion with long-acting bronchodilators (LABA) and leukotriene receptor antagonists. 
Oral steroids, which are usually used to treat asthma exacerbations, carry a risk for 
acute vaso-occlusive pain and hospital readmission in SCD patients and should be 
used cautiously. Inhaled corticosteroids have not been associated with increased vaso-
occlusive risk. While leukotriene receptor antagonists may have a role specifically in 
the treatment of asthma and SCD, they are associated with increased behavioral side 
effects compared to ICS [5, 21, 24, 30]. Further understanding of the inflammatory 
pathways in SCD may help to determine more effective treatments specific to this 
disorder.

5.  Sleep-disordered breathing

The spectrum of sleep-disordered breathing (SDB) encompasses obstructive sleep 
apnea (OSA), central sleep apnea (CSA), and sleep-related hypoventilation, which 
in combination with hypoxemia may significantly impact patients with SCD [4]. 
Though the underlying mechanisms are not clearly understood, it has been suggested 
that children with SCD are at increased risk for SDB, with an estimated prevalence 
of around 36% [32]. Children with SCD are at increased risk for OSA because of 
compensatory lymphoid hyperplasia and subsequent adenotonsillar hypertrophy 
following splenic infarction; however, the mechanisms behind CSA or sleep-related 
hypoventilation are less clear. In adults, CSA may be more prevalent because of 
chronic opioid use and comorbid congestive heart failure [4]. Sleep architecture and 
sleep efficiency may be disrupted because of SCD-associated pain, particularly that of 
VOE. Shapiro et al. found that in children with increased SCD-associated pain, both 
sleep duration and sleep quality decreased [33]. The reciprocal relationship, in which 
children with poor sleep quality are at increased risk for pain [34], has also been 
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shown. This is in addition to data that have shown that nocturnal oxyhemoglobin 
desaturations and nocturnal hypoxemia are prevalent in children with SCD (40%) 
and are associated with increased VOE [35].

Screening for SDB starts with a comprehensive sleep history and may be further 
strengthened with validated screening tools, such as the Sleep-Related Breathing 
Disorder scale, a component of the Pediatric Sleep Questionnaire (PSQ-SRBD) [36]. 
The gold standard for diagnosis of SDB is polysomnography (PSG); however, ASH 
does not recommend universal screening for SDB with PSG in asymptomatic children 
with SCD [34]. Instead, ASH recommends in-laboratory PSG for children who pres-
ent with snoring, witnessed apneas, obesity, excessive daytime sleepiness, unex-
plained daytime or nocturnal hypoxemia, and a history of pulmonary hypertension. 
While traditional risk factors for SDB, especially OSA, may be absent in patients with 
SCD, the optimal time for screening is unclear and further objective testing is neces-
sary. A 2020 prospective cohort study utilized the I’M SLEEPY sleep apnea question-
naire, previously validated in pediatrics, to screen for SDB in 100 children with SCD 
[34, 35]. Nineteen patients had a positive screen and were referred for PSG, of whom 
ten completed a PSG and seven had OSA. The most common responses included 
snoring, difficulty concentrating, and excessive daytime fatigue. The sensitivity and 
negative predicative values of this screen were 82 and 85%, respectively.

OSA is the result of recurrent upper airway obstruction and results in fragmented 
sleep and intermittent hypoxemia [37]. Among the general population in the United 
States, it is prevalent in 1–5% of children; however, it is thought that OSA may be 
more prevalent among those with SCD with reported prevalence between 5 and 79% 
[37]. Feld et al. retrospectively evaluated a cohort of children with both SCD and 
asthma who underwent PSG and reported an OSA prevalence of 59% that was also 
associated with both a lower nocturnal oxygen saturation nadir and a lower median 
daytime oxygen saturation [38]. In the SAC study, Rosen et al. identified an OSA 
prevalence between 10% (with an obstructive apnea-hypopnea index (OAHI) cutoff 
of ≥5 events/hr) and 41% (with an OAHI cutoff of ≥1 event/hr) among 243 children 
(median age 10 years), most of whom had HbSS [37]. There appears to be some vari-
ability in OSA classification, with the SAC study reporting predominantly mild OSA 
compared to a higher percentage of severe OSA reported in other studies [39].

OSA may affect other common SCD comorbidities. Feld et al. looked at the effect 
of OSA on clinical outcomes in children with SCD and found that, regardless of OSA, 
there was no difference in reported asthma severity [38]. Katz et al. performed a 
retrospective review of nearly 650 children with SCD who underwent screening for 
OSA over an 11-year period and compared SCD-associated complications in those 
with OSA (n = 136) to a matched-control set of children without OSA [40]. This study 
described an increase in the rate of SCD complications, notably hospitalizations for 
both ACS and pneumonia. Neurocognitive complications are described in both OSA 
and SCD; however, the association between OSA and SCD with respect to neurocog-
nitive complications is less understood [41]. A retrospective cohort study, utilizing 
the US Representative Kids’ Inpatient Database (KID), found that among 204,000 
pediatric hospital discharges for SCD during the study period covering 15 years, < 2% 
carried a diagnosis of OSA. Those with OSA were more likely to have neurological 
complications (3.45 vs. 2.17%, p = 0.0014), particularly seizures (2.91 vs. 1.66%, 
p = 0.0003), and were more likely to have ACS (11.27 vs. 8.85%, p = 0.003) [42].

Since upper airway lymphoid tissue hypertrophy is the most common cause of 
OSA in children, the American Academy of Pediatrics recommends adenotonsil-
lectomy (tonsillectomy and adenoidectomy (T&A)) as the preferred and first-line 
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treatment for OSA [43]. Complications following T&A among the general population 
include postoperative hemorrhage and pulmonary edema, velopharyngeal insuf-
ficiency, and nerve palsy [44]. Though the benefits of T&A in children without 
underlying SCD have been studied previously, the extent to which T&A provides 
improvement in symptoms related to OSA in patients with SCD is less clear. Farrell 
et al. recently performed a retrospective review of 132 children (≤ 18 years of age) 
with SCD (the majority of whom have HbSS disease) who underwent T&A for OSA 
as diagnosed on PSG [45]. This study found a significant improvement in several 
PSG parameters postoperatively, including a lower mean apnea-hypopnea index (7.6 
versus 1.3 events/hour, p = 0.0001), higher mean oxygen nadir (81.2 versus 89.3%, 
p = 0.0003), and a higher mean oxygen saturation (95.7 versus 97%, p = 0.016). 
Complications occurred in 11.4% of the population, with the most common compli-
cation being postoperative ACS. While the review of this cohort 12 months after T&A 
showed a significant decrease in the mean number of emergency department visits, 
there was no significant change in the frequency of VOE or ACS. A similar study by 
Liguoro et al. looked at postoperative data from a small cohort of children with SCD, 
19 patients in total, who underwent T&A and found that though there were improve-
ments in PSG parameters, including mean oxygen nadir as well as a decreased mean 
annual rate of ACS; there was no change in the incidence of VOE or hospitalization 
rates [46]. Based on these studies, it seems apparent that T&A is beneficial in patients 
with SCD with respect to OSA; however, long-term implications with respect to SCD-
related morbidity (i.e., ACS, VOE) are less clear. The impact that hydroxyurea may 
have on OSA in children is less well established. A 2017 chart review focused on two 
children with OSA, one of whom had concurrent HbSS disease and the other HbSβ° 
thalassemia, who had shown both improvement in symptoms and resolution in OSA 
confirmed on PSG approximately 1 year after initiation of hydroxyurea [47]. Whether 
well-established therapies such as hydroxyurea or newer medical therapies, including 
crizanlizumab and voxelotor, are viable treatments for patients with concurrent SCD 
and OSA is yet to be determined.

6.  Thromboembolism

Venous thromboembolism (VTE) and pulmonary embolism affect 25% of adults 
with SCD and carry increased risk for mortality but are not common in children [1]. 
A retrospective observational study of 1062 patients revealed an incidence of 0.2% 
primarily in children with central venous lines (CVLs) over a 12-year period [48]. 
Using the Pediatric Health Information System (PHIS) database with data from 48 
participating US institutions from 2009 to 2015, 1.7% of patients developed a VTE. 
The median age at diagnosis was 15.9 years. CVL placement, chronic renal disease, 
history of stroke, female sex, length of hospitalization, intensive care unit (ICU) 
utilization, and older age were significantly associated with VTE [49]. VTE is often 
overlooked in SCD because limb pain is attributed to VOE or chest pain to ACS. In situ 
microvascular thrombosis occurs in these patients and large vessel thrombi may not 
be seen, unless specialized tests are ordered [1, 4].

All three aspects of Virchow’s triad (hypercoagulability, endothelial dysfunction, 
and hemostasis) create a thrombogenic environment in SCD. Patients with SCD have 
both traditional and SCD-specific risks for hypercoagulability and thrombus forma-
tion [1]. Traditional risk factors include frequent hospitalization and immobilization, 
use of CVL for red cell exchange or chronic transfusion therapy, need for orthopedic 
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surgery for avascular necrosis of the hip or shoulder, cholecystectomy, splenectomy, 
and increased pregnancy-related VTE. SCD-related risk factors for VTE include 
impaired fibrinolysis and upregulation of cellular adhesion molecules. Alteration 
in sickled red cell structure leads to intravascular hemolysis and externalization of 
highly procoagulant phosphatidylserine on the red cell membrane. The sickled red 
cells are more adhesive to the endothelium and the capture of adhesive red cells, leu-
kocytes, and platelets to the endothelial wall triggers vaso-occlusion [1]. SCD patients 
have dysregulation of factors that initiate and perpetuate hemostasis, as evidenced by 
decreased levels of natural coagulants, such as protein C, protein S, antithrombin III 
(ATIII), factors V, VI, IX, and XII. SCD patients have increased circulating levels of 
antiphospholipid antibodies, and elevated plasma levels of thrombin-antithrombin 
complexes and prothrombin fragment 1 + 2 (a marker of thrombin and fibrin genera-
tion as well as platelet activation). During vaso-occlusive crises, increased tissue fac-
tor expression, increased circulating fibrinogen, von Willebrand factor, and clotting 
factors VII and VIII may predispose patients to VTE. Pulmonary emboli (PE) have 
also been associated with ACS episodes [4].

A study of 22,631 children with SCD (median age 10.8 years (range: <0.1–20.9)) 
utilizing the PHIS database from January 2010 to June 2021 revealed a prevalence of 
hospitalization for PE of 0.3%. The median age was 17.4 years (range: 6.6–20.9 yrs.) at 
PE diagnosis. Patients with PE had longer hospitalization and more frequent intensive 
care unit admissions than patients without PE (p < 0.001). Risk factors significantly 
associated with PE on multivariable analysis included older age, history of CVL, ACS, 
and exchange transfusion. Mortality was not significantly different between those 
with and without PE [50].

The d-Dimer test has limited predictive value in diagnosing PE associated with 
SCD since it may be elevated due to the chronic activation of the coagulation cascade. 
Current guidelines recommend a compression Doppler for patients suspected of 
having lower extremity deep venous thromboses (DVTs). Ventilation-perfusion scans 
may identify PE. Computed tomography pulmonary angiography (CTPA) is currently 
the test of choice for suspected PE [1, 3].

While anticoagulants are usually prescribed for adults with ACS, children are not 
routinely given anticoagulants, unless a diagnosis of embolism is made. Anticoagulant 
prophylaxis in children is reserved for those with additional thrombosis risk, aside 
from SCD. Antithrombotic therapy for proximal DVT or PE follows 2016 American 
College of Chest Physician and 2018 ASH guidelines for the treatment of pediatric 
venous thromboembolism with 3–6 months of anticoagulation [1, 3, 4, 51, 52]. For 
patients with SCD-PH and VTE, indefinite anticoagulation may be considered in 
patients without a significant bleeding risk. Duration of therapy may be altered based 
on clinical status, for example, resolution of VTE on imaging, bleeding risk, or recur-
rence of VTE [1, 34].

7.  Ventricular dysfunction

Sickle cell anemia has a profound impact on the cardiac anatomy and function in 
children with SCD. Cardiac dilation is well recognized in young children with SCD 
[53–56], with dilation leading to eccentric left ventricular hypertrophy. In addition, 
the left ventricle (LV) can develop both systolic and diastolic dysfunctions in children 
with sickle cell anemia, with diastolic dysfunction being much more common than 
systolic dysfunction.
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Cardiac dilation occurs in sickle cell anemia due to the state of chronic anemia, 
increased blood volume, and stroke volume [53, 57]. It has been found that the 
increased cardiac output in patients with SCD occurs due to this increased stroke 
volume, with a comparatively minimal increase in heart rate [53]. LV wall stress is 
directly increased by LV afterload and radius of the LV, and inversely related to wall 
thickness. As the radius of the LV increases with cardiac dilation, so does the LV wall 
stress. To compensate for this, the wall thickness increases, mostly to a degree to keep 
the LV wall thickness normal to mildly increased, which leads to eccentric hyper-
trophy [58]. Studies on children with SCD have shown that the majority (50–60%) 
of children have dilation of the left heart, with a smaller percentage (20%) having 
increased LV wall thickness, with left heart abnormalities correlating with severity of 
anemia [54, 59].

Systolic dysfunction of the left ventricle is not common in children with SCD. 
The prevalence of pediatric patients with decreased systolic function indicated by 
a decreased shortening fraction (SF) and ejection fraction (EF) is very low, rang-
ing from 0 to 5% [54, 55, 59, 60]. In adults, the prevalence of systolic dysfunction 
is only 9% [61]. SF and EF are LV function measurements highly influenced by 
preload, afterload, and heart rate; therefore, analyses of patients with SCD with 
these measures may not represent the heart’s actual contractility. Some more recent 
studies have analyzed LV contractility and systolic function using load-independent 
measurements and have found differing results. Some have shown LV contractility 
to be preserved [56], whereas others found a decrease in contractility [62]. The use 
of speckle tracking echocardiography can be used to identify abnormalities of LV 
“twist” in systole, with the normal LV having clockwise rotation at the base and 
counterclockwise rotation at the apex in systole. In a study performed by Di Maria 
et al., the basal LV rotation in systole was significantly lower in children with SCD 
[63]. In adults and adolescents, Braga et al. found that patients with SCD had signifi-
cantly decreased twist (sum of basal clockwise rotation and apical counterclockwise 
 rotation) in comparison with normal controls [64].

Both invasive and noninvasive measures of LV diastolic function in adults with 
sickle cell anemia have shown a high prevalence of LV diastolic dysfunction (DD). 
Cardiac catheterization performed on adults with pulmonary hypertension (PH) 
shows that ~50% also have DD [65]. Other studies have demonstrated a 65% preva-
lence of DD in adults with SCD and PH, and 20% in those without PH [66]. Using 
Doppler echocardiography assessment in adults, Sachdev et al. found that 18% of 
patients had diastolic dysfunction (defined as mitral inflow E/A < 1, where the E/A 
ratio denotes the ratio of the early (E) to late (A) ventricular filling velocities) and 
this group had higher risk of mortality with a risk ratio of 3.5. This study also found 
a further increased risk of mortality with DD and PH with a risk ratio for death of 
12 [61]. There is a growing collection of research on pediatric patients with SCD and 
the assessment of LV DD. Zilberman et al. demonstrated that echocardiogram (echo) 
markers of LV stiffness, the E/E’ ratios, were significantly higher in pediatric patients 
with SCD [67]. In 54% of pediatric patients with SCD, echo findings of elevated LV 
filling pressures (with septal E/E’ > 8) were identified by Olson et al. [68]. Alsaied 
et al. studied adults and children (age range 8–43 years, mean 21) with SCD and 
found a 30% prevalence of DD, which was associated with decreased exercise 
 capacity [69].

Hankins et al. evaluated children with SCD and iron overload; 77% had low E’ 
(mean mitral annular velocity), and all had elevated E/E’, both measures indicating 
diastolic dysfunction; there was no correlation with diastolic dysfunction and iron 
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deposition in the heart [70]. Johnson et al. studied children with SCD and found 
increased E/E’ ratios, and greater diastolic dysfunction was found in those with 
 sleeping and awake oxygen desaturations [71].

More recent research utilizing speckle tracking echocardiography and cardiac 
magnetic resonance imaging (cMRI) has provided further insights into the cause of 
this diastolic dysfunction. As noted previously, the use of speckle tracking echocar-
diography can be used to identify abnormalities of LV “twist” in systole, as well as 
the “untwisting” in diastole. In a study by Di Maria et al., the peak untwisting rate 
was significantly lower in children with SCD [63]. Other newer methods of assessing 
diastolic dysfunction include assessing left atrial (LA) strain with speckle tracking. 
Jhaveri et al. studied children with SCD and found a significant reduction in LA strain 
that correlated with the degree in decreased hemoglobin—for every decrease of 1 g/
dL of hemoglobin, there was decrease in LA strain by 3.2% [72].

Using cMRI along with echocardiogram findings, Desai et al. compared adults 
with SCD with normal controls and found that patients with SCD had an increased 
incidence of myocardial fibrosis, abnormal myocardial perfusion reserve index (both 
by cMRI), and DD (by echocardiogram), with 29% of patients having DD. The DD 
did not correlate with cardiac iron overload [73]. Niss et al. studied adults and chil-
dren with SCD; 29% met echo criteria for DD and 42% had diastolic abnormalities 
that did not reach the threshold for DD. Patients with DD had a greater prevalence 
of diffuse myocardial fibrosis on magnetic resonance imaging (MRI) (measured by 
quantifying the myocardial extracellular volume fraction, ECV). Greater ECV was 
associated with statistically significantly higher N-terminal pro hormone B-type 
brain natriuretic peptide (NT-proBNP) levels and correlated with the degree of 
anemia [74]. Alsaied & Niss et al. demonstrated that left atrial (LA) dysfunction (as 
measured by LA stiffness), and therefore, LV diastolic dysfunction were related to 
diffuse myocardial fibrosis (again by MRI ECV), exercise impairment, and increased 
tricuspid regurgitation velocities (TRVs) [69, 74].

8.  Pulmonary hypertension

Pulmonary hypertension (PH) is a leading cause of morbidity and mortal-
ity in adults with SCD [75]. PH is defined as a resting mean pulmonary artery 
pressure (PAP) over 20 mm Hg measured by right heart catheterization (RHC). 
Hemodynamically, PH is subdivided as precapillary PH if the pulmonary capillary 
wedge pressure (PCWP) or left ventricular end-diastolic pressure (LVEDP) at right 
heart catheterization is ≤15 mm Hg and as postcapillary PH if the PCWP or LVEDP 
is >15 mm Hg. About half of SCD-related PH patients have precapillary PH with 
potential etiologies of (1) a nitric oxide (NO) deficiency state and vasculopathy, 
consequent to intravascular hemolysis, (2) chronic pulmonary thromboembolism, or 
(3) upregulated hypoxic responses secondary to anemia, low oxygen (O2) saturation, 
and microvascular obstruction [53, 76]. The remainder have postcapillary PH second-
ary to left ventricular dysfunction, which is common in patients with SCD, possibly 
related to ventricular dilation and concentric hypertrophy of the myocardium as a 
response to chronic anemia and relative systemic hypertension [75].

The initial test of choice to screen for PH is transthoracic echocardiography 
(TTE). In general, the tricuspid regurgitation velocity (TRV) measured during TTE 
with estimated right atrial pressure is considered a valid estimate of systolic PAP. 
Other signs of PH on TTE include right ventricular hypertrophy and/or dilation, 



Current Practices in Sickle Cell Disease

42

systolic flattening of the interventricular septum, right atrial dilation, and increasing 
tricuspid regurgitation (TR). Once PH is diagnosed, further evaluation is needed to 
identify contributors to PH that might require focused treatment, such as hypoxemia 
due to sleep-disordered breathing including obstructive sleep apnea (OSA), venous 
thromboembolism, or portal hypertension. Because of the known association of OSA 
with PH in non-SCD populations, the clinical guidelines for diagnosis of PH in SCD 
recommend a formal sleep study for all SCD patients with an elevated TRV [77]. In 
addition, the evaluation for other contributors to PH typically includes laboratory 
testing (liver function tests, antinuclear antibody), pulmonary function testing, 
radionuclide ventilation-perfusion scan, and CTPA.

N-terminal-pro-hormone B-type brain natriuretic peptide (NT-proBNP) has been 
evaluated as potential screening tool for PH in the pediatric SCD population [78, 79]. 
In adults with SCD, the degree of NT-proBNP elevation correlated with mortality 
[80]. The cutoff level for NT-proBNP is not defined in children, although guidelines 
suggest NT-proBNP >160 pg./mL to be indicative of an elevated PAP. A retrospec-
tive study of children with SCD found a higher median NT-proBNP of 70 pg./mL in 
8–14-year-olds than age-matched controls. NT-proBNP levels were associated with 
markers of hemolysis, that is, reticulocyte count (r = .25, p = 0.01) and LDH r = .47, 
p.001). A positive correlation was found between NT-proBNP and diastolic left 
ventricular size (r = 0.28, p = 0.047) [81]. Hence, NT-proBNP and TTE as noninvasive 
tools may play a role in identifying PH, prior to RHC. Of note, NT-proBNP measure-
ments may be misleading in patients with renal insufficiency or left heart failure [77].

The reported prevalence of PH in the pediatric age group with SCD varies, with 
studies including older patient populations reporting a higher prevalence suggesting 
a disease progression from childhood into adulthood secondary to chronic hemolysis 
and systemic vasculopathy [82]. An analysis of pediatric studies combining almost 
1200 children revealed a prevalence of elevated TRV (>2.5 m/s) in 25%, while moder-
ate to severely elevated TRV (>3.0 m/s) was noted in 4% of children [83]. Children 
with more severe hemolysis, anemia, and acute chest episodes are at a higher risk for 
developing PH.

Universal screening for PH is not recommended by the NHLBI and ASH for 
asymptomatic patients with SCD. A screening for TTE is recommended in children 
with symptoms suggestive of PH (e.g., exercise intolerance, fatigue, peripheral 
edema, and chest pain) [84]. The American Thoracic Society (ATS) suggests a 
one-time TTE in asymptomatic children with SCD who are aged 8 to 18 years (sooner 
in those with severe hemolytic anemia) [85]. If the TRV is elevated (>2.5 m/s), the 
patient may require additional evaluation starting with an RHC. Once individuals 
with SCD reach adulthood (18 years of age), TTE is recommended every 1 to 3 years, 
using the shorter intervals for those with respiratory symptoms, TRV ≥2.5 m/sec on 
prior echocardiogram, greater frequency of pain episodes, prior thromboembolic 
events, or greater severity of hemolytic anemia [77].

A general approach to the management of SCD-related PH involves supportive 
care, use of SCD-specific therapies, and consideration of specific agents for PH. 
Examples of supportive care and treatment of comorbidities include oxygen therapy 
for those with low oxygen saturation, treatment of left ventricular failure in those 
with postcapillary PH, and anticoagulation for those with thromboembolism. SCD-
specific treatments, such as hydroxyurea or chronic transfusion therapy, may be of 
benefit by raising the hemoglobin concentration, reducing hemolysis, and prevent-
ing vaso-occlusive events that cause additional increases in PAP. A recent study by 
Dhar et al. found that hydroxyurea therapy was associated with a decrease in TRV in 
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children with SCD [55]. Another prospective study of 204 children with SCD found 
that hydroxyurea use was associated with an estimated 5% decline in TRV after 
2 years [86]. A carefully selected subgroup of symptomatic patients with RHC-
confirmed elevation in pulmonary vascular resistance (PVR) and normal PCWP 
should be referred to an expert in PH for close follow-up and consideration whether 
PH-targeted therapy should be attempted. Specific therapies for the treatment of PH 
include prostacyclin derivatives, endothelin receptor antagonists, and phosphodi-
esterase-5 inhibitors [87]. Bosentan, an endothelin receptor blocker, appeared to be 
well tolerated in a randomized, double-blind, placebo-controlled trial of patients with 
SCD and PH, although the small sample size precluded an analysis of its efficacy [88]. 
Another randomized, double-blind, placebo-controlled study designed to evaluate 
the safety and efficacy of sildenafil was prematurely halted after interim analysis 
showed that sildenafil-treated patients were likely to have more acute sickle cell pain 
crises (35%) compared with placebo-treated patients (14%) [89]. Therefore, response 
to PH-targeted therapies appears to be different in this patient population.

In adults with SCD, PH is associated with increased mortality [90]. While PH 
is not associated with a higher mortality in children with SCD, these children may 
be at increased risk of cardiopulmonary decline [91]. A comprehensive assessment 
for symptoms suggestive of PH should be performed at each visit, and if suspected, 
evaluation should begin with a TTE. Currently, there is not enough evidence to sug-
gest that early identification and treatment of children with SCD and elevated TRV 
improve survival. Treatment and follow-up of patients with confirmed PH should 
be performed at a center with experience in the treatment of pediatric PH, and this 
should occur in close conjunction with the hematology team.

8.1  Therapy

Treatment options for sickle cell disease include disease modifying treatments 
such as hydroxyurea, voxelotor, crizanlizumab, and red blood cell transfusions as 
well as curative or transformative therapies such as bone marrow transplantation and 
newly approved gene therapies.

Blood transfusions are lifesaving for individuals living with SCD. There are several 
instances where transfusions may be administered. They can be used to treat or 
prevent acute and chronic complications. Acute complications for which transfusions 
are recommended include splenic sequestration crisis, stroke, acute chest syndrome, 
aplastic crisis, or multiorgan failure [92]. Transfusions are not routinely recom-
mended for vaso-occlusive pain episodes, priapism, or avascular necrosis. Chronic 
transfusion therapy is usually reserved for primary or secondary prevention of stroke. 
Rarely, they are used in patients who continue to have recurrent episodes of vaso-
occlusive pain and acute chest syndrome, despite being on hydroxyurea. It is impor-
tant to consult with a sickle cell specialist if a blood transfusion is being considered 
as the volume to be given will need careful thought. Transfusion therapy may lead 
to immediate and/or delayed side effects including transfusion reactions—acute and 
delayed; increased viscosity, which may increase stroke risk; concern for fluid over-
load; iron overload; and alloimmunization. It is important to counsel families about 
these side effects so care may be sought immediately.

Hydroxyurea is the oldest Food and Drug Administration (FDA)-approved disease 
modifying treatment for individuals living with SCD. One of the main benefits of 
hydroxyurea is an increase in fetal hemoglobin, which prevents sickling. Additional 
benefits include improved RBC rheology and survival. The effects of hydroxyurea 



Current Practices in Sickle Cell Disease

44

on SCD have been studied for several decades. It reduces and prevents vaso-occlusive 
episodes, including pain and acute chest syndrome, transfusion requirements, and 
inpatient admissions. It has been shown to decrease morbidity and mortality [93]. 
It can prevent strokes in individuals with abnormal transcranial Doppler velocities, 
who do not have severe vasculopathy [94]. It is safe to administer in young children 
[95]. Hydroxyurea may be started as early as 9 months of age in individuals with 
sickle cell anemia (HBSS, HbSβ° thalassemia) to prevent any complications [84]. 
Current studies about hydroxyurea are looking at personalized dosing options [96]. 
Hydroxyurea is very well tolerated; myelosuppression is a potential side effect that 
requires monitoring.

Voxelotor is a novel oral disease modifying treatment approved by the FDA 
for adults and pediatric patients 4 years of age and older with sickle cell disease. It 
decreases the polymerization of HbS, which is responsible for much of the patho-
physiology in SCD. Voxelotor binds reversibly to the alpha-globin chain of Hb and 
increases its affinity for oxygen. It has been shown to increase baseline hemoglobin 
by >1 g/dL [97]. However, there are no current data thus far demonstrating reduc-
tion in the frequency of pain episodes [98]. It is generally well tolerated. The most 
common adverse reactions include headache and abdominal pain. They can interfere 
with measurement of hemoglobin subtypes via liquid chromatography, thus affecting 
laboratory interpretation of hemoglobin electrophoresis.

Crizanlizumab is an FDA-approved novel injectable therapeutic agent that is 
approved for adults and pediatric patients with SCD, regardless of genotype, aged 
16 years and older. In vaso-occlusive episodes, there is significant upregulation of 
P-selectin on the endothelial cells and platelets. These cell-to-cell adhesions are 
responsible for the pathogenesis of sickle-related pain crisis in individuals with SCD 
[99]. Crizanlizumab is a humanized monoclonal antibody that binds to P-selectin 
and inhibits the interaction between P-selectin and glycoprotein ligand 1, thereby 
decreasing adhesion [99]. In a phase 2 randomized, placebo-controlled trial, high-
dose crizanlizumab resulted in 35% reduction in pain-related episodes in participants 
taking hydroxyurea and 50% reduction in those not on hydroxyurea [99]. It is 
administered intravenously, starting every 2 weeks and then as monthly infusions. It 
is generally well tolerated and adverse effects include infusion reactions, arthralgia, 
diarrhea, pruritus, vomiting, and chest pain.

Hematopoietic stem cell transplantation (HSCT) has been utilized as a curative 
treatment for SCD for the past four decades. An analysis of 996 patients who under-
went HSCT between 2008 and 2017 shows that best outcomes are achieved when the 
donor is a human leukocyte antigen (HLA)-match sibling and the HSCT is performed 
before 13 years of age [100]. All patients with stroke, abnormal transcranial Doppler 
velocities, frequent acute painful events, and recurrent acute chest syndrome should 
be offered HSCT as a treatment option [101]. The risks related to HSCT are graft 
rejection, graft-versus-host disease, infections, infertility, and death.

Many people living with sickle cell disease do not have HLA-match donor. 
Therefore, gene therapy using patient’s own hematopoietic stem cells is an attractive 
alternative. There are three main approaches to gene therapy in sickle cell disease: 
(1) gene addition, (2) gene editing, and (3) gene correction. In LentiGlobin trials, 
patients’ stem cells were transduced with a lentiviral vector encoding a modified 
β-globin gene, which resulted in the production of an antisickling hemoglobin, 
HbAT87Q98. Thirty-five patients received treatment and engrafted. All of the 25 evalu-
able patients had complete resolution of severe vaso-occlusive events. Hemoglobin 
level increased from 8.5 to 11 gm/dl [101]. In another approach, CRISPR-Cas9 
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(Clustered regularly interspaced short palindromic repeats -CRISPR-associated 
protein 9) technology was used to target BCL11A (transcription factor B-cell lym-
phoma/leukemia 11A), a transcription factor that represses γ-globin expression and 
fetal hemoglobin [102]. One patient with transfusion-dependent thalassemia and one 
patient with sickle cell disease underwent this treatment, which resulted in pancel-
lular distribution of HbF in red blood cells and led to transfusion independence in the 
thalassemia patient and resolution of pain crises in the sickle cell patient. The Food 
and Drug Administration (FDA) has approved both these treatments in December 
2023 for patients with SCD ≥12 years with recurrent vaso-occlusive events.

9.  Conclusion

Sickle cell disease (SCD) is characterized by hemolysis, increased endothelial 
adhesion, inflammation, and vasculopathy. Various cardiopulmonary complications 
may occur in children including ACS, pulmonary function abnormalities, asthma, 
sleep disordered breathing, ventricular dysfunction, thromboembolism, and pul-
monary hypertension that may lead to more severe outcomes in adulthood. Repeated 
episodes of ACS may be associated with increased inflammation and decreased longi-
tudinal lung function in children. Increased airway hyperresponsiveness, leukotriene 
levels, and airway inflammation are seen in SCD patients. Children with SCD are at 
increased risk for asthma, sleep-disordered breathing, and obstructive sleep apnea, 
which have been associated with an increase in the rate of SCD complications such as 
VOE or ACS. Diastolic dysfunction associated with chronic anemia in SCD patients 
has been associated with decreased exercise capacity. Evidence of pulmonary hyper-
tension in children with SCD suggests a disease progression from childhood into 
adulthood, secondary to chronic hemolysis and systemic vasculopathy. While most 
guidelines do not recommend routine screening or testing for complications in chil-
dren, patients with symptoms, such as increased incidence of VOE or ACS, wheezing, 
shortness of breath, sleep-disordered breathing, or hypoxemia, should be screened 
and followed by specialists preferably in a multidisciplinary setting. Disease modify-
ing treatments such as hydroxyurea may attenuate some of the cardiopulmonary 
complications in SCD. More studies need to be done to assess the long-term effects of 
newer disease modifying and transformative therapies.
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Chapter 4

Innovations in Sickle Cell Care: 
Navigating the Dynamic Treatment 
Landscape
Oluwafemi Ajoyemi Ala

Abstract

Sickle cell anemia (SCA) is a genetic blood disorder characterized by the  presence 
of abnormal hemoglobin, leading to the formation of sickle-shaped red blood 
cells. This causes vaso-occlusive crises, chronic anemia, and organ damage. Recent 
advancements in SCA treatment, including genetic therapies like CRISPR-Cas9, stem 
cell transplantation, disease-modifying drugs such as hydroxyurea, and telemedicine, 
offer hope for improved patient outcomes. However, challenges such as access to 
care and high treatment costs persist. This review discusses recent advances in SCA 
treatment, highlighting the potential of these therapies to transform patient care and 
improve quality of life. SCA is a hereditary blood disorder caused by a mutation in 
the gene that encodes hemoglobin, a protein responsible for carrying oxygen in red 
blood cells. This leads to production of abnormal hemoglobin, hemoglobin S (HbS). 
When oxygen levels are low, HbS molecules can polymerize and cause red blood 
cells to become rigid and assume a sickle shape. These sickle-shaped cells can block 
blood flow, leading to vaso-occlusive crises, chronic anemia, and organ damage. 
Recent advancements in the treatment of sickle cell anemia have offered new hope 
for patients. However, on-going research activities offer hope for continued improve-
ments in the management of this complex disease.

Keywords: sickle cell anemia, genetic therapies, hematopoietic stem cell, 
transplantation, disease-modifying drugs, telemedicine, sickle cell disease, gene

1.  Introduction

Sickle cell anemia (SCA) is a hereditary blood disorder characterized by the 
presence of abnormal hemoglobin, which causes red blood cells to become rigid 
and assume a sickle shape. This leads to various complications, such as pain, organ 
damage, and increased risk of infections. SCA is caused by a mutation in the gene 
that encodes the beta-globin subunit of hemoglobin, resulting in the production of 
abnormal hemoglobin known as hemoglobin S (HbS) [1–3]. When oxygen levels are 
low, HbS molecules can polymerize and cause red blood cells to become stiff and 
sickle-shaped. These sickle cells are prone to breaking down prematurely, leading to 
anemia, and can also block blood flow, causing vaso-occlusive crises.
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Historically, SCA was associated with high mortality rates, particularly in child-
hood [4, 5]. However, advances in the understanding of the disease and its manage-
ment have led to significant improvements in outcomes for patients. The discovery 
of the genetic basis of SCA in the 1950s paved the way for the development of new 
treatment strategies. The introduction of penicillin prophylaxis in the 1980s signifi-
cantly reduced the risk of infections, a major cause of morbidity and mortality in SCA 
patients.

In recent years, there has been a growing recognition of the need for comprehen-
sive care for SCA patients, including preventive measures, early intervention, and 
on-going monitoring. This approach, known as comprehensive care, aims to prevent 
complications, manage symptoms, and improve the overall quality of life for SCA 
patients. Comprehensive care includes regular monitoring of growth and develop-
ment, screening for complications such as stroke and kidney disease, and providing 
access to multidisciplinary care teams.

Advances in the management of SCA have also been driven by improvements in 
supportive care, such as blood transfusions, pain management, and management of 
acute chest syndrome, a serious complication of SCA characterized by inflammation 
and blockage of blood vessels in the lungs. The development of disease-modifying 
therapies, such as hydroxyurea, has also significantly improved outcomes for 
SCA patients by reducing the frequency of vaso-occlusive crises and the need for 
hospitalization.

Despite these advancements, challenges remain in the management of SCA. 
Access to care, particularly for patients in low-resource settings, remains a major bar-
rier to optimal treatment. Additionally, the high cost of treatment can be prohibitive 
for many patients, particularly in countries without universal healthcare coverage. 
Furthermore, there is a need for more targeted therapies that address the underlying 
genetic and molecular mechanisms of SCA, as current treatments mainly focus on 
symptom management.

Thus, significant advancements have been made in the management of sickle cell 
anemia, leading to improved outcomes and quality of life for patients. However, there 
is still much work to be done to address the remaining challenges and develop more 
effective therapies for this complex and debilitating disease. Continued research, 
advocacy, and investment in healthcare infrastructure are crucial to improving care 
and outcomes for SCA patients worldwide.

2.  Genetic therapies

Genetic therapies have emerged as a promising avenue for the treatment of sickle 
cell anemia (SCA). These therapies aim to address the underlying genetic mutation 
responsible for the disease, offering the potential for a cure or long-term manage-
ment of symptoms. Recent advancements in genetic engineering techniques, such 
as CRISPR-Cas9, have sparked significant interest in the field of SCA treatment 
(Table 1) [7].

CRISPR-Cas9 is a revolutionary gene editing tool that allows for precise modifica-
tion of the DNA sequence. In the context of SCA, CRISPR-Cas9 can be used to target 
and correct the specific mutation in the beta-globin gene that leads to the production 
of abnormal hemoglobin. Early studies using CRISPR-Cas9 in animal models of 
SCA have shown promising results, with a significant reduction in sickle cell-related 
complications (Figure 1).
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Early trials of gene therapy for SCA have shown promising results, with some 
patients achieving a significant reduction in sickle cell-related complications. 
However, like CRISPR-Cas9 therapy, gene therapy is still in the early stages of devel-
opment, and more research is needed to determine its long-term safety and efficacy.

Figure 2 illustrates the process of CRISPR-Cas9 gene editing in sickle cell anemia. 
The CRISPR-Cas9 complex targets the specific mutation in the beta-globin gene, lead-
ing to a correction of the genetic defect and the production of normal hemoglobin.

Clinical trials using CRISPR-Cas9 in human patients with SCA are still in the 
early stages, but the results so far are encouraging. Some patients have experienced 
a complete remission of symptoms, including a reduction in the frequency of vaso-
occlusive crises and an improvement in overall quality of life. However, more research 
is needed to fully understand the long-term effects and safety profile of CRISPR-Cas9 
therapy in SCA patients.

In addition to CRISPR-Cas9, other genetic approaches are also being explored for 
the treatment of SCA. One such approach is gene therapy using lentiviral vectors to 

Therapy Description Current Status

CRISPR-
Cas9

Gene editing tool that allows for precise modification of the 
DNA sequence. Can be used to target and correct the specific 
mutation in the beta-globin gene in SCA patients.

Early stages of clinical 
trials; promising results 
so far

Gene 
Therapy

Uses lentiviral vectors to introduce a functional copy of the 
hemoglobin gene into hematopoietic stem cells. These modified 
stem cells can produce normal hemoglobin.

Early stages of 
development; promising 
results in trials

Table 1. 
Overview of genetic therapies for sickle cell anemia [6].

Figure 1. 
Schematic Representation of CRISPR-Cas9 Gene Editing in Sickle Cell Anemia [6, 7]. [CRISPR-Cas9 Gene 
Editing in Sickle Cell Anemia] (https://example.com/crispr-cas9.jpg).
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introduce a functional copy of the hemoglobin gene into hematopoietic stem cells 
[7, 9]. These modified stem cells can then be transplanted back into the patient, where 
they can produce normal hemoglobin and replace the defective red blood cells.

Genetic therapies hold great promise for the treatment of sickle cell anemia. 
Advances in gene editing techniques such as CRISPR-Cas9 and gene therapy using 
lentiviral vectors offer new hope for patients with this debilitating disease [6]. While 
more research is needed to fully understand the long-term effects and safety of these 
therapies, the early results are promising, and genetic therapies may soon revolution-
ize the treatment of sickle cell anemia.

Thus, genetic therapies are at the forefront of sickle cell anemia treatment 
research, offering the potential for a cure or long-term management of symptoms. 
While still in the early stages of development, therapies such as CRISPR-Cas9 and 
gene therapy show promise in correcting the genetic defect underlying sickle cell ane-
mia. Continued research and clinical trials are needed to fully understand the safety 
and efficacy of these therapies and to bring them to the patients who need them.

2.1  Stem cell transplantation

Hematopoietic stem cell transplantation (HSCT), also known as bone marrow 
transplantation, is a potentially curative treatment for sickle cell anemia (SCA), with 
the greatest cure rates attributed to this treatment plan. However, the use of HSCT is 
limited by the lack of suitable human leukocyte antigen (HLA)-matched donors and 
decreased application in older patients with significant morbidity (Table 2) [10, 11].

Myeloablative, HLA-identical sibling transplantation in children with sickle 
cell disease (SCD) offers excellent long-term survival, with overall and event-free 
survival rates of 95 and 92%, respectively. However, the risk of graft-versus-host-
disease, infections, infertility, and other long-term transplant complications further 
limits its widespread use [12–14].

HSCT procedure involves replacing the patient’s diseased bone marrow with 
healthy donor marrow that can produce normal hemoglobin. Stem cell transplanta-
tion offers the possibility of a permanent cure for SCA by providing a new source of 
healthy red blood cells.

Historically, stem cell transplantation was associated with significant risks, 
including graft rejection, graft-versus-host disease (GVHD), and transplant-related 

Figure 2. 
Pictorial Analysis of Gene Editing in Sickle Cell Anemia Disease [7, 8].
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mortality. However, recent advancements in transplant techniques have significantly 
improved outcomes and reduced these risks. One such advancement is the use 
of reduced-intensity conditioning (RIC) regimens [15], which are less toxic than 
traditional conditioning regimens, allowing the extension of this modality to children 
and adults with significant morbidity [15–18]. This has expanded the pool of eligible 
donors and increased the success rate of transplantation. However, these approaches 
are also associated with an increased risk of graft failure. Thus, the optimal RIC regi-
men that strikes the optimal balance between maximizing the rate of stable engraft-
ment while minimizing transplant-related morbidity and mortality is not fixed 
and thereby relatively unknown [5, 8, 16–21]. Alternative donor transplants, most 
prominently, partial HLA-mismatched related transplants (haploidentical), are being 
investigated with promising initial results [22].

In addition to reduced-intensity conditioning regimens, other advancements 
in stem cell transplantation for SCA include the use of gene-edited stem cells and 
haploidentical transplantation. Gene-edited stem cells are stem cells that have been 
genetically modified to correct the mutation that causes SCA. This approach offers 
the potential for a more precise and targeted treatment for SCA patients (Figure 3). 
Haploidentical transplantation involves using stem cells from a partially matched 
donor, typically a family member [5, 19–25]. This approach has the advantage of 
being more readily available than fully matched donors, making it a potentially more 
accessible treatment option for SCA patients.

Allogeneic transplant is curative for sickle cell anemia disease but has mainly 
been performed in children with severe disease, usually for overt strokes, recurrent 
acute chest syndrome, or recurrent vaso-occlusion pain episodes despite adherence to 
hydroxyurea therapy [21–27].

Also, for most of the cases seen globally, bone marrow-derived stem cells from 
HLA-matched sibling donors are primarily used, following myeloablative conditioning. 
Recent approaches are exploring the use of stem cells derived from blood, peripheral 
blood stem cells (PBSCT), and umbilical cord stem cells (UCBT) from a related new-
born baby. Updates on the results of HLA-matched sibling HSCT for sickle cell disease 
performed worldwide between 1986 and 2013, reported to the European Blood and 
Marrow Transplant, Eurocord, and the Center for International Blood and Marrow 
Transplant Research (CIBMTR), were recently published [5, 8, 16–26]. More so, another 
benefit of HSCT includes abating progressive organ dysfunction [21–26], which is 
associated with early death in older patients with sickle cell anemia disease (Table 3).

Technique Description Advantages Challenges

Reduced-intensity Uses less toxic conditioning 
regimens, reducing the risk 
of complications such as graft 
rejection and GVHD.

Expanded pool of 
eligible donors, 
increased success rate 
of transplantation.

Limited availability in 
some regions, high cost 
of transplantation.

Gene-edited stem 
cells

Involves genetically modifying 
stem cells to correct the 
mutation that causes SCA.

Potential for a more 
precise and targeted 
treatment.

Limited availability, 
long-term effects 
unknown.

Haploidentical 
transplantation

Uses stem cells from a partially 
matched donor, typically a 
family member.

More readily available 
than fully matched 
donors.

Increased risk of 
GVHD, long-term 
effects unknown.

Table 2. 
Comparison of stem cell transplantation techniques for sickle cell anemia [10, 11].
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It is worthy of note that for all genotypes, disease-related morbidity is the driving 
factor in pursuing an HSCT. Also, HSCT for adults with sickle cell disease is better 
tolerated with a low-intensity regimen but may require prolonged immune suppres-
sion to maintain stable mixed-donor chimerism (recipient and donor cells) (Table 4).

Clinical trials using these advanced stem cell transplantation techniques have 
shown promising results. Patients who have undergone stem cell transplantation 
have experienced a significant reduction in sickle cell-related complications and an 
improvement in overall quality of life. Some patients have even achieved a complete 
cure, with normal hemoglobin levels and no further need for transfusions.

Therefore, successful HSCT offers long-term protection from clinical and sub-clinical 
vaso-occlusion associated with sickle cell anemia disease, regardless of donor source, and 
minimizing late effects following HSCT is now a major therapeutic goal being constantly 
aimed. With a successful HSCT, end-organ complications that commonly develop in 
patients with sickle cell anemia disease, including stroke, pulmonary hypertension, acute 
chest syndrome, proteinuria, and haematuria, are usually not observed in patients after 
such transplant process, as defined by the stable engraftment of donor cells [23, 31–38].

Another major concern that has to be ruled out in order to measure the success of 
HSCT is gonadal insufficiency and infertility; specifically ovarian failure in females 
and low testosterone levels in males or hypogonadotropic hypogonadism. Thus, to 
ascertain the success of HSCT in this situation, health-related quality of life  
(QOL), which is determined by measures of physical, psychological, and social 
functioning, must have significantly improved after a certain period, starting from 
say 1 year, following successful HSCT.

Figure 3. 
Suggested Approaches for HSCT for patients with Sickle Cell Anemia Disease [5, 8, 18–24].
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The successes recorded so far with HSCT concerning improved transplant out-
comes for patients with sickle cell disease have also increased the demand for HSCT 
for patients with SCD from low-income countries, despite the huge cost implications. 
The HSCT demand is partly driven by the lack of standard care (hydroxyurea, chronic 
blood transfusion therapy, and comprehensive care programs) in their countries of 
origin, and is largely dependent on family preference and socio-economic status. 
However, facilities for both acute and late-effects management post-transplant are 
usually lacking in these low-income countries. Thus, following HSCT in high-income 
countries, patients living in low-income countries usually need long-term follow-up 
care abroad at significant costs. Medical facilities in low-income countries should 
address local challenges such as parasitaemia, malnutrition, availability of blood 
products, and other laboratory support services while developing a long-term strategy 
for managing patients who have undergone the procedure [33–37, 39, 40]. For patients 
residing in low-income countries seeking HSCT abroad, extensive discussion with the 
patient and family regarding the risk-benefit ratio, as well as a contingency plan to 
manage transplant-related complications for at least 2 years after the procedure at a 
hospital with adequate transplant expertise, are warranted.

Lastly in the section, there are still on-going trials that will help determine the true 
impact of HSCT on safety, progressive vasculopathy, and chronic organ dysfunction; 

Myeloablative matched sibling donor 
transplant and related cord blood 
transplant

Non-Myeloablative matched 
sibling donor transplant

Partially mismatched related 
donor (haploidentical) BMT

Advantages

• Potential for cure

• Large cumulative experience

• Good rates of engraftment

• Attenuates progressive

• vasculopathy/end-organ damage

• Disease-free survival: 85%

• Overall survival: 97%

• (Long follow up: 10–15 years)

• Does not exclude recipients 
with chronic organ damage

• More applicable to adults 
with severe SCD

• Disease-free survival: 79%

• Overall survival: 95%

• (Long follow up: 
5–10 years)

• Does not exclude recipients 
with end-organ damage

• Available to most patients 
(more than 50% of patients 
with SCD will have a suitable 
donor)

• Disease-free survival: 58%

• Overall survival: 100%

• (Follow up: < 5 years)

Disadvantages

• Limited availability (∼10% of SCD 
patients with suitable donor)

• Patient with end-organ damage usu-
ally excluded

• Not recommended in adults with 
severe SCD

• Graft rejection

• Transplant-related mortality

• Complications such as acute lung 
injury, infertility, endocrine and 
metabolic issues, and chronic GVHD

• Limited availability (∼10% 
of SCD patients with suit-
able donor)

• Higher risk of graft failure

• Limited experience

• Graft rejection

• Transplant-related 
mortality

• Late effects such as endo-
crine and metabolic issues 
and chronic GVHD

• Limited experience

• Higher risk of graft rejection

• Late effects

GVHD: Graft-versus-host disease; SCD: Sickle cell disease.

Table 3. 
Advantages and disadvantages of different transplant approaches in patients with severe sickle cell disease  
[5, 12–14, 28, 29].
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these will also help put more clarity and equally clear doubts as to whether patients 
with sickle cell anemia disease are at greater risk for declining organ function or 
whether RIC regimens offer better outcomes following HSCT. Thus, more research is 
needed to further improve the safety and efficacy of stem cell transplantation and to 
make it a more accessible treatment option for all sickle cell anemia patients.

3.  Disease-modifying therapies

Disease-modifying therapies play a crucial role in the management of sickle cell 
anemia (SCA), aiming to reduce the frequency and severity of painful crises, improve 
quality of life, and prevent long-term complications. These therapies target various 

Matched sibling donor 
transplant

Matched unrelated donor 
transplant (MUD)

Partially mismatched related 
donor (haploidentical); 
unrelated cord blood 
transplant

Overt stroke or central nervous 
system event lasting >24 h

Overt stroke or any neurologic 
deficit lasting >24 h

Recurrent stroke despite adequate 
chronic blood transfusion 
therapy or progressive central 
nervous system changes

Impaired neuropsychological 
function with abnormal cerebral 
magnetic resonance imaging and 
angiography

Elevated TCD velocity 
unresponsive to hydroxyurea or 
chronic blood transfusion therapy

Severe SCD symptoms 
unresponsive to hydroxyurea 
therapy

Elevated TCD velocity 
unresponsive to hydroxyurea or 
chronic blood transfusion therapy

Recurrent acute chest syndrome 
despite hydroxyurea therapy

Recurrent acute chest syndrome 
despite hydroxyurea therapy

Recurrent severe pain episodes 
despite hydroxyurea therapy

Recurrent severe pain episodes 
despite hydroxyurea therapy

Red cell alloimmunization 
(transfusion support) plus 
established indication for chronic 
blood transfusion therapy

Red cell alloimmunization plus 
established indication for chronic 
blood transfusion therapy

Pulmonary hypertension or an 
echocardiographic finding of 
tricuspid valve regurgitant jet 
velocity ≥ 2.7 m/s

Pulmonary hypertension or an 
echocardiographic finding of 
tricuspid valve regurgitant jet 
velocity ≥ 2.7 m/s

Bone and joint involvement

Recurrent priapism Recurrent priapism

Sickle nephropathy Sickle nephropathy

Bone and joint involvement

Sickle retinopathy

Stage I or II sickle cell lung disease

AVN = avascular necrosis; TCD = transcranial Doppler; VOE = vaso-occlusive pain episodes; SCD: Sickle cell disease.

Table 4. 
Current indications for HSCT in patients with severe sickle cell disease unresponsive to hydroxyurea therapy [22, 26, 30].
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aspects of the underlying pathophysiology of SCA, including the production of 
abnormal hemoglobin and the adhesion of sickle cells to blood vessel walls, which 
worsen vaso-occlusion (Table 5) [23, 26, 31–37, 39, 42].

Hydroxyurea is one of the oldest and most widely used disease-modifying thera-
pies for SCA. It works by increasing the production of foetal hemoglobin, which can 
substitute for the abnormal hemoglobin S and reduce sickle cell-related complica-
tions. Clinical studies have shown that hydroxyurea can reduce the frequency of 
painful crises, hospitalizations, and the need for blood transfusions in SCA patients. 
It is also associated with improvements in overall survival and quality of life.

Newer drugs, such as voxelotor (formerly known as GBT440) and crizanlizumab, 
offer more targeted approaches to treating SCA. Voxelotor is a hemoglobin oxygen 
affinity modulator that works by increasing the affinity of hemoglobin for oxygen, 
preventing the polymerization of hemoglobin S and the formation of sickle cells. 
Clinical trials have shown that voxelotor can significantly reduce the percentage of 
sickle cells in the blood and improve hemoglobin levels in SCA patients.

Crizanlizumab is a monoclonal antibody that targets P-selectin, a cell adhesion mole-
cule involved in the adhesion of sickle cells to blood vessel walls. By inhibiting P-selectin, 
crizanlizumab reduces the adhesion of sickle cells and the formation of vaso-occlusive 
events. Clinical trials have demonstrated that crizanlizumab can reduce the frequency of 
painful crises and the need for hospitalizations in SCA patients [23, 26, 31–37, 39].

In addition to these pharmacological therapies, on-going research is exploring the 
use of gene therapy to boost the production of foetal hemoglobin and prevent sickle 
cell complications. Gene therapy approaches aim to introduce a functional copy of the 
hemoglobin gene into stem cells, allowing them to produce normal hemoglobin and 
reduce the production of abnormal hemoglobin S. Early studies using gene therapy 
for SCA have shown promising results, with some patients achieving sustained 
increases in foetal hemoglobin levels and improvements in clinical outcomes.

Table 6 illustrates the mechanism of action of disease-modifying therapies in 
sickle cell anemia. Hydroxyurea increases the production of foetal hemoglobin; 
voxelotor increases the affinity of hemoglobin for oxygen, and crizanlizumab targets 
P-selectin to reduce the adhesion of sickle cells to blood vessel walls.

Before concluding this section, it would be unfair not to mention the impact of 
pain initiatives and management in the assessment of sickle cell anemia disease. It 
is, therefore, imperative to understand the synergy of the drugs and therapies used 
in the management of pain with the other disease-modifying therapies; this synergy 
helps to get the best clinical, socio-economic, and humanistic outcomes from the 
management of sickle cell disease, and also equally promote the lives of the patients 
while seeking permanent answers in terms of therapies. Here below are some of the 

Therapy Mechanism of Action Clinical Status

Hydroxyurea Increases production of foetal hemoglobin, which 
can substitute for abnormal hemoglobin S.

Widely used; proven efficacy in 
clinical trials

Voxelotor Increases the affinity of hemoglobin for oxygen, 
preventing the polymerization of hemoglobin S.

FDA-approved for the treatment 
of SCA

Crizanlizumab Targets P-selectin, a cell adhesion molecule involved 
in the adhesion of sickle cells to blood vessel walls.

FDA-approved for the prevention 
of vaso-occlusive crises in SCA

Table 5. 
Overview of few disease-modifying therapies for sickle cell anemia [26, 37, 41].
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illustrations of the efforts that have been made to standardize the management of 
pain globally and also discuss the processes involved in the management of severe 
pain, especially in an emergency room (Figures 4 and 5).

Therefore, disease-modifying therapies play a crucial role in the management of 
sickle cell anemia, offering targeted approaches to reduce the frequency and severity 
of complications. Hydroxyurea, voxelotor, and crizanlizumab, are examples of thera-
pies that have shown promise in improving outcomes for SCA patients. On-going 
research into gene therapy holds the potential to further improve treatment options 
and ultimately find a cure for this complex and debilitating disease.

4.  Telemedicine and remote monitoring

Telemedicine and remote monitoring have transformed the landscape of sickle 
cell anemia (SCA) management, offering new avenues for patient care, particularly 
in rural and underserved areas. These technologies encompass a wide range of 

* means FDA approved July 2017.
** means FDA approved November 2019.
*** means Terminated in February 20, 2020 due to failure to meet primary endpoints.

Table 6. 
Mechanism of action of various disease-modifying therapies in sickle cell anemia [26, 43, 44].
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applications, including virtual consultations, remote monitoring of vital signs, and 
electronic health record (EHR) systems, all of which contribute to improved patient 
outcomes and quality of life.

One of the key advantages of telemedicine in SCA management is its ability to 
bridge the gap between patients and healthcare providers, allowing for more frequent 
and convenient access to care. This is especially important for SCA patients, who 
often require regular monitoring and may experience sudden severe symptoms that 

Figure 4. 
Evidenced-Based Standard Practice of Care Algorithm for Vaso-Occlusive Pain Episodes [26, 45–47].
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necessitate immediate attention. Telemedicine enables patients to consult with health-
care providers remotely, reducing the need for frequent hospital visits and improving 
overall adherence to treatment regimens.

Remote monitoring technologies also play a crucial role in SCA management, 
allowing for the continuous monitoring of vital signs and disease progression. For 
example, wearable devices can track parameters such as heart rate, oxygen saturation, 
and activity levels, providing valuable insights into a patient’s health status. These 
devices can alert healthcare providers to potential complications, enabling early 
intervention and preventing serious health issues.

In addition to improving patient care, telemedicine and remote monitoring 
technologies have facilitated the participation of SCA patients in clinical trials and 
research studies (Table 7). By allowing patients to participate remotely, these tech-
nologies have expanded the pool of eligible participants and increased the diversity of 
study populations, leading to a better understanding of the disease and its treatment.

With the use of telemedicine and remote monitoring technologies in the manage-
ment of sickle cell anemia, patients can consult with healthcare providers, access 
medical records, and monitor their condition remotely, improving overall health 
outcomes and quality of life.

Looking ahead, future advancements in telemedicine hold the potential to further 
enhance patient care and support for those living with SCA. For example, artificial 
intelligence (AI) algorithms can analyze large datasets of patient information to iden-
tify patterns and predict disease progression, enabling more personalized treatment 

Figure 5. 
Chart of Severe Acute Pain Management for Sickle Cell Disease in the Emergency Room [45, 46, 48, 49].
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approaches. Additionally, telemedicine platforms can be integrated with EHR systems 
to provide a seamless and comprehensive view of a patient’s health history, enabling 
more informed decision-making by healthcare providers.

Thus, telemedicine and remote monitoring technologies have revolutionized the 
management of sickle cell anemia, offering new opportunities for patient care and 
support. These technologies have improved access to care, adherence to treatment, 
and patient engagement, leading to better outcomes for SCA patients. Continued 
advancements in telemedicine hold the potential to further enhance patient care and 
support for those living with this complex and challenging disease.

5.  Patient education and support programs

Patient education and support programs play a critical role in the management 
of sickle cell anemia (SCA), empowering patients to take control of their health and 
improve their quality of life. These programs provide a range of services, including 
disease education, lifestyle modification guidance, and psychosocial support, all 
aimed at helping patients cope with the challenges of living with a chronic illness.

One of the key components of patient education programs is disease management 
education. Patients with SCA often require specialized care to manage their condi-
tion effectively. Education programs provide patients with information about their 
disease, including its causes, symptoms, and treatment options. This information 
helps patients make informed decisions about their care and empowers them to com-
municate effectively with their healthcare providers.

Lifestyle modification guidance is another important aspect of patient education 
programs for SCA. Patients with SCA can benefit from making changes to their lifestyle, 
such as adopting a healthy diet, staying hydrated and avoiding activities that can trigger 
a sickle cell crisis. Education programs provide patients with practical tips and strategies 
for managing their lifestyle to minimize the impact of SCA on their daily lives.

Psychosocial support is also a crucial component of patient education programs 
for SCA. Living with a chronic illness can be challenging, and patients may experience 
feelings of isolation, anxiety, or depression. Education programs provide patients 
with the tools and resources they need to cope with these challenges, including access 
to mental health services, support groups, and counseling.

Benefit Description

Increased access to care Allows patients in rural and underserved areas to consult with 
healthcare providers remotely.

Improved adherence to treatment Enables patients to monitor their condition and adhere to 
treatment regimens more effectively.

Enhanced patient engagement Encourages patients to take a more active role in managing their 
health and well-being.

Early detection of complications Allows for the early detection of potential complications, enabling 
timely intervention.

Facilitates participation in clinical trials Enables patients to participate in clinical trials and research 
studies remotely.

Table 7. 
Benefits of telemedicine and remote monitoring in sickle cell anemia management [48, 50].
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Patient engagement in their care is a key goal of patient education programs for 
SCA. Studies have shown that patients who are actively involved in their care are 
more likely to adhere to their treatment regimens and achieve better health outcomes. 
Patient education programs help patients develop the skills and confidence they need 
to actively participate in their care, leading to improved overall health and well-being.

Peer support networks and advocacy groups also play a vital role in supporting 
patients with SCA. These groups provide a platform for patients to connect with 
others who are living with the same condition, share experiences, and provide mutual 
support. Peer support networks and advocacy groups also work to raise awareness 
about SCA and advocate for better access to care and treatment for patients.

Table 8 illustrates the components of patient education and support programs for 
sickle cell anemia, including disease management education, lifestyle modification 
guidance, psychosocial support, and patient engagement.

It would be unfair to conclude this section without mentioning the influence of the 
attitude of patients, the level of knowledge of sickle cell anemia disease by health-
care providers who are crucial stakeholders, and the overall social determinants of 
treatment-seeking traits among the disease sufferers, as they all impact on the health 
outcomes and education of patients in terms of symptoms prevention and/or allevia-
tion, as well as the reduction in rates of incessant hospitalization.

Figures 6 and 7 are meant to further explain some issues surrounding the 
knowledge of health workers, attitude of patients, and some social determinants as 
highlighted.

Component Description

Disease management 
education

Provides information about the causes, symptoms, and treatment options for 
sickle cell anemia.

Lifestyle modification 
guidance

Offers practical tips and strategies for managing lifestyle factors that can impact 
SCA.

Psychosocial support Provides access to mental health services, support groups, and counseling for 
emotional support.

Patient engagement Empowers patients to take an active role in their care and make informed 
decisions about treatment.

Table 8. 
Components of patient education and support programs for sickle cell anemia [24, 31, 35, 51].

Figure 6. 
Theory of Self-Care Management for Sickle Cell Disease [36, 39].



71

Innovations in Sickle Cell Care: Navigating the Dynamic Treatment Landscape
DOI: http://dx.doi.org/10.5772/intechopen.1005752

Therefore, patient education and support programs are essential for empowering 
patients with sickle cell anemia, in order to manage their condition effectively. These 
programs provide patients with the information, tools, and support they need to 
cope with the challenges of living with a chronic illness. By educating and supporting 
patients, these programs help to improve treatment adherence, health outcomes, and 
overall quality of life for individuals with sickle cell anemia.

6.  Public health initiatives

Public health initiatives are crucial in addressing the challenges of sickle cell ane-
mia (SCA) by raising awareness, improving access to care, and supporting affected 
individuals and communities. These initiatives encompass a range of strategies, 
including education, screening, and advocacy, aimed at reducing the burden of SCA 
and improving outcomes for patients [23, 31–37, 39].

One of the key components of public health initiatives for SCA is raising aware-
ness about the disease among healthcare providers, policymakers, and the general 
public. Many people are unaware of the impact of SCA and the importance of early 
diagnosis and treatment. Public health campaigns can help educate the public about 
SCA, its symptoms, and the available treatment options, leading to earlier diagnosis 
and better outcomes for patients.

Efforts to educate healthcare providers about SCA are also critical. Many health-
care providers may not be familiar with the unique challenges faced by patients with 
SCA or the latest treatment guidelines [36, 37]. Public health initiatives can provide 
training and resources to healthcare providers to improve their knowledge and 
understanding of SCA, leading to better care for patients.

Screening programs are another important component of public health initiatives 
for SCA. Screening can help identify individuals with SCA or sickle cell trait carriers, 

Figure 7. 
Social Determinants of Sickle Cell Disorders – The Sickle Cell, Individual, Community Knowledge and 
Environment (SICKLE) Model [36, 39, 52].
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allowing for early intervention and treatment [36]. Screening programs can also pro-
vide valuable data for public health researchers to better understand the prevalence of 
SCA and its impact on communities [36–37, 39].

Family planning and genetic counseling are also key aspects of public health initia-
tives for SCA. Individuals who are carriers of the sickle cell trait have a 25% chance 
of passing the disease on to their children if their partner is also a carrier. Genetic 
counseling can help individuals understand their risk and make informed decisions 
about family planning, reducing the prevalence of SCA in future generations.

Such other information as seen above will also help to elaborate the importance of 
the various components of public health initiatives for sickle cell anemia, including 
raising awareness, educating healthcare providers, screening programs, family plan-
ning, and genetic counseling.

In likewise manner, challenges that hamper the effects of public health initiatives 
can also have a lasting impact on the outcomes of health, both either expected or 
unintended as the case may be, once policies and initiatives are distorted (Table 9).

Furthermore, assessment and analysis of data on the causes of death as well as 
the path to death of sickle cell disease sufferers are very important in public health 
research, as these will help to give futuristic projections to causes of mortalities and 
possible ways of avoiding such future occurrences (Figure 8) (Table 10).

Challenges/Burden of SCD in Nigeria Government policies and programmes to address the 
challenges

• The 2018 National Demographic Health Survey 
(NDHS) report for the country put the prevalence of 
SCD to be highest in the South West (2%), lowest in 
the South (0.3%) and 21% HbAS and 5% HbAC for 
southwest and overall prevalence of 1% among the 
children below 5 years

• Establishment of six zonal Centres of Excellence for 
SCD which are equipped with HPLC for early detec-
tion and comprehensive care of diagnosed babies

• Creation of a National Desk for SCD at the FMoH

• Review of the existing National Guideline for the 
Management and Control of SCD

• SCD is among the top 10 non-communicable diseases 
(NCDs) causing significant disability, morbidity and 
mortality impacting negatively on the attainment of 
Sustainable Development Goals (SDGs) 1, 3, 4 and 10

• Protocol for the Universal Newborn Screening for 
SCD

• Poor integration of SCD prevention and control 
services with other health and nonhealth services 
especially maternal and child health services

• Expansion of the national immunization schedule to 
include pneumococcal and influenza vaccination for 
children with SCD

• Cultural beliefs and ignorance (myths) about SCD 
across the country

• Launching of the National Multisectoral Action Plan 
for SCD and other Prioritized NCDs

• Too many uncoordinated activities of NGOs in SCD 
community in Nigeria

• Streamlining and coordinating activities of NGO/
CSOs in the SCD community

• Non-prioritization of SCD due to poor understand-
ing of the contribution and linkage of the disease to 
poverty and mortality indices in Nigeria by the major 
development partners

• High level advocacy resulting in legislative frame-
works that ensure SCD is accorded priority attention 
required considering the high burden of the disease

• Inability of government to mobilize the much-needed 
resources for SCD interventions

• Multilateral collaboration and partnerships with 
international organization such as WHO and local 
industries and NGOs

• Scaling up high level advocacy and dialog for SCD

Table 9. 
Example of feedback from policymakers (hospital management staff and government representatives from 
Nigeria’s Federal Ministry of Health) to assess the challenges and resolutions [19, 35, 45].
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Figure 8. 
Flowchart showing prevalence, cause-specific mortality, and total sickle cell disease mortality estimation process 
[35, 45, 48, 53].

Experience/Challenges Strategies/Expectations

Access • Provision of more specialized sickle 
cell centres

• Capacity building, enhancement, and 
job protection for health workers to 
enable them put in their best

• Delay before accessing care. Quantified to be about 2 h or more 
before talking to a doctor. Turnaround time for investigations 
can take up to 3 days for one consultation

• Difficulty in accessing a preferred healthcare worker

• Healthcare workers are unfriendly

• Specialist SCD centres are few and difficult to access

• Unorthodox, and uncertified care is very much available and 
easy to access

Contextual knowledge (knowledge of healthcare providers on 
needs of patients)

• Every clinic day should be a unique 
journey with exciting new things to 
look forward to

• Family support is poor

• Clinic days are too routine and rigid and often difficult to fit 
into individual patient’s schedules

Communication • Provision of more specialized sickle 
cell centres and employment of more 
healthcare providers especially social 
workers and haemoglobinopathy 
counselors

• Healthcare workers are too much in a hurry to write drugs and 
dismiss a patient without listening to the problems of the patient

• The guinea pig mentality. Sometimes patients believe that 
everything done for the patient is just to make him/her give 
blood for research

Comprehensiveness

• Consultations not holistic as social and spiritual issues are 
seldom attended to

• Multidisciplinary team management
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Thus, public health initiatives play a critical role in addressing the challenges of 
sickle cell anemia by raising awareness, improving access to care, and supporting 
affected individuals and communities. Continued investment in these initiatives is 
essential to reduce the burden of SCA globally and improve outcomes for patients.

7.  Collaborative research efforts

Collaborative research efforts have been instrumental in advancing our under-
standing of sickle cell anemia (SCA) and developing new treatment options for this 
complex disease. These collaborative efforts involve partnerships between academia, 
industry, and patient advocacy groups, bringing together diverse expertise and 
resources to address the challenges of SCA comprehensively.

One of the key outcomes of collaborative research efforts in SCA is the identifica-
tion of novel drug targets. Researchers have identified specific pathways and molecules 
involved in the pathogenesis of SCA, leading to the development of targeted therapies 
that can modify the course of the disease. For example, drugs targeting the adhesion of 
sickle cells to blood vessel walls, such as crizanlizumab, have shown promise in reduc-
ing the frequency of vaso-occlusive crises in SCA patients (Figures 9 and 10).

List of some of the therapies and drugs developed through collaborative efforts is 
shown in Table 11.

Another important outcome of collaborative research efforts is the development 
of innovative therapies for SCA. Gene therapy, for example, offers the potential for a 
cure by introducing a functional copy of the hemoglobin gene into stem cells, allow-
ing them to produce normal hemoglobin. Clinical trials using gene therapy for SCA 
have shown promising results, with some patients achieving sustained increases in 
foetal hemoglobin levels and improvements in clinical outcomes. Another beauty of 
world-class collaborative efforts that resulted in a major breakthrough is the gene 
therapy and editing process towards the erasing of sickle cell anemia disease.

Experience/Challenges Strategies/Expectations

• Lack of counseling that may lead to the philosophy “once I am 
fine, no need to go to the clinic”, self-medication and patronage 
of quacks may then follow

• Health education and public enlight-
enment for all

• Improvement of emergency care and 
blood transfusion services• Stigma

Coordination

Emergency care and blood transfusion are inefficient

• The National Health Insurance Service (NHIS) is unfriendly to 
patients. Many times, routine drugs for SCD are not available in 
the scheme or out of stock

• Government should make NHIS more 
friendly and effectively accommodate 
sickle cell patient

• High cost of services • Increase health insurance coverage 
and inclusion of hydroxyurea in NHIS 
drugs list

• Cost implications, an average of 10,000 naira ($20) on drugs 
monthly, excluding transport, investigations, consultation fee 
and others

• Important drugs for care such as hydroxyurea are expensive and 
difficult to access

Table 10. 
Quality of healthcare services (examples of feedback from patients’ care givers, patients, and support 
non-governmental organizations in some hospitals in Nigeria) [19, 35, 45, 54].



75

Innovations in Sickle Cell Care: Navigating the Dynamic Treatment Landscape
DOI: http://dx.doi.org/10.5772/intechopen.1005752

Figure 11 illustrates the collaborative nature of research efforts in sickle cell 
anemia, involving partnerships between academia, industry, and patient advocacy 
groups.

Figure 9. 
Translating Clinical Care of Sickle Cell Disease to low-resource Countries through International Research 
Collaborations (A) [45, 48].

Figure 10. 
Translating Clinical Care of Sickle Cell Disease to low-resource Countries through International Research 
Collaborations (B) [45, 48].
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Drug compound Drug action

Target: Erythrocyte rheology. Reducing polymerization, and improving cellular hydration

Hydroxyurea* Increases HbF. reduces HbS polymerization

Senicapoc* Improves RBC dehydration

Metformin* Increases HbF

Aes-103* Prevents HbS polymerization

Voxelotor* Prevents HbS polymerization

Target: Reducing cellular adhesion and vaso-occlusion

Hydroxyurea* Improves red cell rheology

Crizanlizumab* P-selectin inhibitor

Rivipansel* Pan-selectin inhibitor

Intravenous lg* Neutrophil integrin Mac-1 inhibition

Tinzaparin* Reduces RBC adhesion

Dalteparin* Reduces RBC adhesion

Sevuparin* Reduces RBC adhesion

Eptifibatide* Inhibits platelet aggregation

NKTT120* iNKT-blocking monoclonal antibody

Ticagrelor* Inhibits platelet aggregation

Prasugrel* Inhibits platelet aggregation

Target: improving endothelial dysfunction

Hydroxyurea* Nitric oxide donor

L-glutamine* Nitric oxide donor

Haptoglobin* Hemoglobin scavenger

Oral or intravenous nitrite* Nitric oxide donor

Arginine* Nitric oxide donor

Inhaled nitric oxide* Nitric oxide donor

Antioxidants* Reduce production of ROS

Target: Improving sterile inflammation

Haemopexin/haptoglobin* Haem/Hb-binding proteins, antioxidant

MP4CO* Modulates HO-1 and inflammation

Various anti oxidants* Reduce crisis and inflammation

TLR4-inhibition** Mediates haem-induced inflammation

DNAse-1** Dissolves NET produced by neutrophils

Canakinumab* IL-1β inhibitor

Montelukast* Cysteinyl leukotrienes receptor antagonist

Simvastatin* Statin therapy to protect vascular endothelium

Anakinra** IL-1 inhibitor

* means U.S. Food and Drug Administration (FDA).
** means Under investigation.

Table 11. 
Short list of currently approved drugs and study trials of potential future treatments for sickle cell disease through 
various collaborative efforts [26, 37, 55–57].
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Large-scale clinical trials are also a key focus of collaborative research efforts in 
SCA. These trials are essential for evaluating the safety and efficacy of new treat-
ments and providing evidence-based guidelines for clinical practice. Collaborative 
efforts between researchers, healthcare providers, and patient advocacy groups have 
enabled the initiation of large-scale clinical trials, such as the HOPE Study, which is 
evaluating the use of gene therapy in SCA patients.

On-going research is focused on developing curative therapies, improving trans-
plant outcomes, and addressing the long-term complications of sickle cell disease.

Thus, collaborative research efforts have been instrumental in advancing our 
understanding of sickle cell anemia and developing new treatment options for this 
complex disease (Figure 12). By working together, researchers, healthcare providers, 
and patient advocacy groups are making significant strides towards improving the 
lives of individuals affected by sickle cell anemia.

Figure 11. 
Collaborative Efforts to Showcase the Beauty of Gene Therapy and Editing [58–63].

Figure 12. 
Development of Curative Therapies for Sickle Cell Anemia Disease [22, 58–60].
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8.  Future directions

Future directions in the treatment of sickle cell anemia (SCA) hold great promise, 
with on-going advancements in genetic therapies, stem cell transplantation, and 
disease-modifying therapies. These advancements are expanding treatment options 
and improving outcomes for patients with SCA, bringing us closer to a future where 
SCA is a manageable chronic illness rather than a life-threatening condition.

Genetic therapies, such as gene editing using CRISPR-Cas9 and gene therapy 
using lentiviral vectors, offer the potential for a cure for SCA by correcting the genetic 
mutation responsible for the disease. Clinical trials using these therapies have shown 
promising results, with some patients experiencing a complete remission of symp-
toms. On-going research is focused on further improving the safety and efficacy of 
these therapies and expanding access to them for all SCA patients.

Stem cell transplantation remains the only cure for SCA, and recent advancements 
in transplant techniques, such as reduced-intensity conditioning regimens and hap-
loidentical transplantation, have significantly improved outcomes and reduced risks 
associated with the procedure. On-going research is exploring new approaches to 
stem cell transplantation, such as the use of gene-edited stem cells, to further improve 
outcomes and expand access to transplantation for all SCA patients.

Disease-modifying therapies, such as hydroxyurea, voxelotor, and crizanlizumab, 
continue to be a cornerstone of SCA treatment, offering targeted approaches to 
reducing the frequency and severity of complications.

On-going research is focused on developing new disease-modifying therapies that 
target specific pathways involved in the pathogenesis of SCA, with the goal of further 
improving outcomes for patients.

Figure 13 illustrates the future directions in sickle cell anemia treatment, includ-
ing advances in genetic therapies, stem cell transplantation, and disease-modifying 
therapies.

Advances in understanding the underlying mechanisms of SCA are also driving 
research towards more targeted and effective treatments. For example, researchers 
are investigating the role of oxidative stress, inflammation, and endothelial dysfunc-
tion in the pathophysiology of SCA, with the aim of developing new therapies that 
target these pathways. Additionally, research into the role of the microbiome in SCA 
may lead to new treatment strategies that modulate the gut microbiota to improve 
outcomes for patients.

The value of prevention in sickle cell anemia disease is important in several con-
texts. Pre-conception screening of couples to avoid high-risk pregnancies is recom-
mended, and females need relevant information on how to manage their pregnancy 
for better outcomes. Studies have shown that the prevalence of ischaemic stroke by 
the age of 20 years is ≥11%, with the highest stroke rates occurring in early childhood. 
Transcranial Doppler ultrasound is also used to identify patients at the highest risk 
who may benefit from transfusion therapy [64, 65]. Prophylactic erythrocytapheresis 
addresses the problem of slow red blood cell transfusion, reducing the concentration 
of sickle hemoglobin-containing red cells, thereby improving symptoms of crises 
quickly [55]. For the prevention of infection in children with sickle cell anemia disease, 
prophylactic antibiotics initiated as early as 3 months of age are highly recommended.

Finally, the future of sickle cell anemia treatment holds great promise, with 
on-going advancements in genetic therapies, stem cell transplantation, and disease-
modifying therapies. Continued investment in research and healthcare infrastructure 
is essential to realize this promise and ensure that all SCA patients have access to the 



79

Innovations in Sickle Cell Care: Navigating the Dynamic Treatment Landscape
DOI: http://dx.doi.org/10.5772/intechopen.1005752

latest and most effective treatments. Collaboration between researchers, healthcare 
providers, and patients is essential and also fundamentally key to achieving this goal 
and improving outcomes for individuals affected by SCA.

The field of sickle cell anemia healthcare and treatment has seen significant 
advancements in recent years, offering new hope for patients and improving their 
quality of life. However, sickle cell anemia disease is a global disease; it is no longer 
only a disease in developing countries but is becoming more widespread in Europe 
and across the world. For example, all through the period that the world experienced 
the devastating spread of SARS-CoV-2 (COVID-19), it was a major challenge for 
healthcare providers as the global pandemic presented unprecedented challenges in 
managing care for patients with sickle cell anemia disease. There are serious unmet 
needs to address if patients are to be treated successfully, especially because the 
pathophysiology of sickle cell anemia disease is extremely complex, making it dif-
ficult to find a unique treatment.

Also, there are a number of barriers to the management of vaso-occlusion and other 
associated challenges. Several studies showed that levels of patient pain are underesti-
mated if they are only measured via healthcare facilities, indicating a need to improve 
patients’ experiences of acute care. Studies have also shown that approximately, 25% 
of vaso-occlusion reported are most of the time managed by patients at home. From 
the patient’s perspective, this is largely, but not exclusively, because of perceived poor 
medical experiences at the emergency room (ER) or hospital, which then prevent the 
patients from seeking further medical assistance when needed [48, 66].

In addition to the overcrowded and stressful hospital/ER environment, barriers to 
vaso-occlusion (VOC) management include poor transition from pediatric to adult 

Figure 13. 
Advances in Sickle Cell Anemia Disease over the last few Decades [22, 58–60].
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care, the stigma associated with having sickle cell anemia disease, ethnicity, and 
requiring opioids for pain control. Patients with sickle cell anemia disease also wait 
longer to see an ER physician than, for example, a patient with a long bone fracture, 
which may be because of a lack of experience with sickle cell anemia disease, or a lack 
of empathy as a result of the aforementioned stigma (Figure 14).

Furthermore, the effects of medication on fertility rates and pregnancy are also of 
concern to patients. Most current research works have shown no clear evidence exists 
of a negative effect of hydroxyurea therapy on fertility, but further research is needed 
as more treated patients reach adulthood (Figures 15 and 16) [70, 71].

Optimum management of vaso-occlusion can be facilitated by pain action plans 
designed to educate patients on strategies to prevent triggers, advise on self-care 

Figure 14. 
Example of Pain Action Plan - Patients using Traffic Light Color Coding for Highlights [26, 45, 60, 67].

Figure 15. 
Overview of Complications from Sickle Cell Disease – Childhood and Adulthood [22, 58–60, 68].
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strategies to manage pain at home and inform patients when to seek medical 
assistance. Pain action plans also encompass guidance for acute pain management, 
discharge planning to prevent rebound-pain exacerbation, and co-ordination of care 
after discharge [45]. This preventative approach helps patients to recognize their pain 
severity and manage their vaso-occlusion accordingly (Figure 17).

Strategies to overcome these barriers include patient plans, day hospitals, and 
structured transition programmes. In this decade of new drug development, there 
is a need to examine the potential role of combination therapies. Hydroxyurea is a 

Figure 16. 
Overview of the Comparison of the Characteristics and Complications of Sickle Cell Disease versus Geriatrics 
[22, 58–60, 69].

Figure 17. 
Template - Clinical Management of Acute Pain and other aspects of Sickle Cell Disease [26, 45, 46, 60, 67].
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well-established drug and most trials are based on patients already on this treatment; 
adding another drug may become the standard of care in the future [67, 72–75].

However, because of the global distribution of patients especially in developing 
countries, there is a need to consider the cost of new therapies. Many people do not 
have access to safe blood transfusions, therapeutic options, or even iron chelation and 
to address the unmet needs of sickle cell anemia disease worldwide, global collabora-
tion is needed to develop treatments and protocols.

Thus, by working together, we can continue to advance the field and improve 
outcomes for individuals living with this challenging disease.

9.  Summary of chapter/conclusion

Sickle cell anemia (SCA) is a complex genetic disorder that has historically 
posed significant challenges for patients and healthcare providers. However, recent 
advancements in SCA healthcare and treatment offer new hope for patients and are 
transforming the landscape of SCA management. This chapter has explored some 
of the key advancements in SCA treatment, including genetic therapies, stem cell 
transplantation, disease-modifying therapies, telemedicine, patient education and 
support programs, public health initiatives, collaborative research efforts, and future 
directions in SCA treatment.

Genetic therapies, such as gene editing using CRISPR-Cas9 and gene therapy 
using lentiviral vectors, offer the potential for a cure for SCA by correcting the genetic 
mutation responsible for the disease [58, 76]. These therapies have shown promising 
results in clinical trials, with some patients experiencing a complete remission of 
symptoms [59, 60].

Stem cell transplantation remains the only cure for SCA, and recent advancements 
in transplant techniques have significantly improved outcomes and reduced risks 
associated with the procedure [77–80].

Disease-modifying therapies, such as hydroxyurea, voxelotor [81, 82], and 
crizanlizumab, offer targeted approaches to reducing the frequency and severity of 
complications in SCA patients.

Telemedicine and remote monitoring technologies have revolutionized the 
management of SCA, especially in rural and underserved areas, by providing patients 
with access to healthcare providers, medical records, and condition monitoring 
remotely. Patient education and support programs have empowered patients with 
SCA to better manage their condition, providing information on disease manage-
ment, lifestyle modifications, and psychosocial support [83, 84]. Public health 
initiatives aimed at raising awareness about SCA and improving access to care have 
played a crucial role in improving outcomes for patients, leading to earlier diagnosis 
and better treatment outcomes [85–88].

Collaborative research efforts between academia, industry, and patient advocacy 
groups have been instrumental in advancing our understanding of SCA and develop-
ing new treatment options. These partnerships have led to the identification of novel 
drug targets, the development of innovative therapies, and the initiation of large-
scale clinical trials.

Future directions in SCA treatment hold great promise, with on-going advance-
ments in genetic therapies, stem cell transplantation, and disease-modifying 
therapies.
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Chapter 5

Screening of Newborn with  
Sickle Cell Disease in the View  
of Resource-Limited Setting
Runyararo Mashingaidze Mano

Abstract

Sickle cell disease (SCD) is a genetic hemoglobinopathy and has its highest 
prevalence in sub-Saharan Africa. It has contributed significantly to the morbidity 
and mortality in children under 5 years. In developed countries, newborn screen-
ing (NBS) followed by comprehensive care and community involvement have 
reduced SCD-related deaths by 10-fold. The life expectancy of SCD patients has also 
improved. Current practices in most resource-limited settings are mainly based on 
diagnosing symptomatic children upon presentation to health facilities. However, 
some countries in these settings have started introducing NBS. The common screen-
ing methods being used include high-performance liquid chromatography and 
isoelectric focusing. Despite some progress made in NBS, there have been some chal-
lenges. Some of these include the cost of screening, lack of qualified personnel, and 
the turnaround time for the results. In order to improve the care of children with SCD 
in resource-limited settings, there is a need to move toward point-of-care testing.

Keywords: sickle cell, resource limited, practice, newborn, screening

1.  Introduction

Sickle cell disease (SCD) is a monogenic disorder with a complex genotype– 
phenotype correlation, influenced by both genetic and environmental factors [1, 2]. 
The disease is characterized by a mutation in the β-globin gene, leading to the substi-
tution of valine for glutamic acid [3]. The clinical diversity of SCD is influenced by 
genomic polymorphisms, including coinheritance of α-thalassemia and haplotypes 
in the β-globin gene cluster [2]. These genetic modifiers, such as fetal hemoglobin 
concentration and α-thalassemia, play a significant role in the disease’s severity 
and clinical manifestations [1, 3]. Understanding these genetic factors is crucial for 
predicting disease severity, guiding therapeutic interventions, and improving genetic 
counseling and prenatal diagnosis [1].

Sickle cell disease (SCD) is a significant global health concern, particularly 
prevalent in sub-Saharan Africa, the Mediterranean, the Middle East, and  
India [4]. Its incidence is increasing due to global migration, and it has been  
recognized as a public health problem by the World Health Organization [5].  
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It affects approximately 5% of the world’s population, with varying estimates 
across continents [6]. The prevalence of sickle cell disease in newborn populations 
in developing countries, such as Nigeria, remains high, highlighting the need for 
further progress in early diagnosis in these regions [7]. A systematic analysis of the 
burden of SCD over 21 years from 2000 to 2021 has shown an annual increase in the 
incidence of SCD by 13.7% to 515,000 cases in 2021. Additionally, the prevalence 
of SCD increased by 41.4% globally from 5.46 million in 2000 to 7.4 million in 2021 
[6]. The majority of children born with SCD (50–90%) dies before their 5th birth-
day, approximately 150,000–300,000 annually in Africa. This potentially accounts 
for 5–10% of the region’s total child mortality [6, 8, 9]. The disease is associated 
with a range of clinical complications, and there is a need for cost-effective diagno-
sis and efficient health interventions [10].

Early detection of sickle cell disease through newborn screening (NBS) is impera-
tive. The main goal of NBS is to detect congenital disease in pre-symptomatic infants 
so that treatment may be commenced as early as possible to prevent, or ameliorate, 
the long-term consequences of the condition [11]. For a disease to be considered for 
NBS, it should meet the Wilson and Jungner criteria [12, 13]:

1. The condition sought should be an important health problem.

2. There should be an accepted treatment for patients with recognized disease.

3. Facilities for diagnosis and treatment should be available.

4. There should be a recognizable latent or early symptomatic stage.

5. There should be a suitable test or examination.

6. The test should be acceptable to the population.

7. The natural history of the condition, including development from latent to 
declared disease, should be adequately understood.

8. There should be an agreed policy on which to treat patients.

9. The cost of case-finding (including diagnosis and treatment of patients diag-
nosed) should be economically balanced in relation to possible expenditure on 
medical care as a whole.

10. Case-finding should be a continuous process and not a “once and for all”  
project [12, 13].

In developed countries, newborn screening (NBS) for SCD among under-5 chil-
dren has been shown to improve their survival and also reduce mortality by 10 folds 
due to interventions done before development of complications [10]. In England, for 
example, the implementation of the screening program resulted in the identification 
of a high number of carriers and those with SCD [14]. Results from this study were 
further supported by another study by Shook in the USA [15], which emphasized the 
effectiveness of newborn screening in improving child health.
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2.  Evolution of sickle cell disease newborn screening

Sickle cell disease was first described in 1910 by Herrick and Irons, who observed 
the irregularly shaped blood cells in a 32-year-old dental student, Walter Clement Noel, 
who died suddenly after presenting with joint pain and shortness of breath [16, 17]. 
He was a native of Grenada and had just returned home after graduation [16, 17]. The 
discovery of the abnormal red blood cells was groundbreaking in medical history, and 
this led to a deeper understanding of the disease, its clinical features, and pathophysiol-
ogy. It also paved the way for further research into the molecular characteristics and 
behavior of sickle hemoglobin [18]. Moreover, it was later confirmed to be caused 
by an autosomal recessive inherited hemoglobinopathy, the gene responsible for the 
transmission of the disease being introduced into the new world during the 17th 
century [19, 20]. This was further clarified in 1949 by Pauling and his associates, who 
identified the abnormal hemoglobin (Hb) responsible for the sickling phenomenon. 
Neel and Beet further described the inheritance of the disease [20]. The confirmation of 
the autosomal recessive nature of sickle cell disease has been a significant milestone in 
understanding and managing this condition [21].

The foundation of newborn screening stems from the work of Robert Guthrie, a 
microbiologist who had a disabled child initially thought to be due to phenylketonuria 
(PKU), although he tested negative [22]. This discovery led to massive and rapid 
screening of children with similar clinical features. Over the years, more and more dis-
eases, including PKU, hypothyroidism, galactosemia, and congenital adrenal hyperpla-
sia, have been added to list of newborn screening in many parts of the developed world 
[11]. Concerning sickle cell disease NBS, it was not until the early 1970s that some 
form of sickle cell screening was introduced in the Unites States of America following 
pressure from the African American Advocacy groups [23]. New York piloted universal 
newborn screening program in 1975, with the rest of the states adopting the screening 
throughout the late 1990s and into 2000s. The initial screening programs targeted at-
risk populations, primarily African Americans. However, this resulted in 30% of cases 
being missed, which resulted in the introduction of universal screening [24].

Prior to NBS, sickle cell disease was diagnosed in symptomatic individuals using 
blood films, solubility, and sickling test. A study at Makerere University of Health 
Sciences in Uganda was carried out to determine the reliability of sickling and solubil-
ity tests and peripheral blood film method for screening for SCD [25]. The study 
reported that peripheral blood smear (PBF) had a sensitivity of 35.0%, specificity 
of 96.7%, and accuracy of 90.5%. It had simple preparation and a turnaround time 
(TAT) of 44 minutes and was inexpensive [25]. Unfortunately, the test depends on the 
pathologist’s skills and does not differentiate between different types of SCD [25]. It 
detects sickle cells which are usually absent in the new born due to high levels of fetal 
hemoglobin (HbF) [26]. Solubility was noted to have a sensitivity of 65%, specificity 
of 90.0%, and accuracy of 85% [25]. In contrast, sickling had a sensitivity 45.0%, 
specificity 95.6%, and accuracy of 92.5% [25]. Both tests are easy, inexpensive, fast, 
and affordable, with TAT of 38 minutes for sickling and 70 minutes for solubility. 
Testing newborns shows false-negative result, does not differentiate between SCD 
types, and only detects sickling events [25].

Technical advancements in laboratory methods for sickle cell disease detection 
have also been achieved in developed countries [27]. The laboratory method employed 
for screening was the citrate agar electrophoresis using cord blood and later heel 
stick samples (dried blood spot) [27]. Currently in developed countries, a majority of 
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hemoglobinopathy NBS programs use the combination of isoelectric focusing (IEF) 
and high-performance liquid chromatography (HPLC) as primary screening methods 
[23]. However, traditional laboratory-based screening methods may not be feasible in 
resource-constrained settings. As such, point-of-care tests (POCTs) offer a promising 
alternative for SCD newborn screening in such settings [28].

3.  Current NBS in resource-limited settings

In resource-limited settings, NBS programs are yet to be established fully. Some 
countries have introduced NBS as part of research. Major screening programs have 
started in parts of Uganda, Tanzania, Nigeria, Haiti, and India [29–33]. Different 
laboratory methods were used for screening, the main ones being laboratory based.

3.1  Traditional laboratory methods

Traditional laboratory methods used so far include:
High-performance liquid chromatography [34]: It uses the principles of cation 

exchange for the separation and determination of the relative percentage of normal and 
abnormal hemoglobin (Hb) [35]. Additionally, HPLC separates hemoglobin in sample 
by passing them through a column filled with a solid adsorbent material [36]. Each 
component in the sample interacts slightly differently with the adsorbent material, caus-
ing different flow rates for different components and leading to the separation of the 
components as they flow out the column [35]. This is the method used to identify and 
quantify relative fractions of Hb F, Hb A2, Hb S, Hb C, Hb Barts, and other Hb variants. 
HPLC is also used to quantify Hb A2 and Hb F for carrier screening [37]. However, there 
is a chance of misdiagnosing the new variants that mimic HbS. It is expensive and needs 
trained personnel and may not be practical in resource-limited areas.

Isoelectric focusing (IEF) [38]: It utilizes agarose gels to separate hemoglobin (Hb) 
fractions and variants based on their isoelectric points. Hb A and Hb F are clearly 
resolved by this method [39]. Hb C can also be distinguished from Hb E and Hb O, 
and Hb S can be distinguished from Hb. Detects HbS and HbA easily even in a high 
concentration of HbF. HbDPunjab can easily be separated from HbS. A small volume 
of blood is needed and dried blood spot samples can be used. It has a turnaround time 
(TAT) of 45 minutes [39]. However, it is expensive and requires highly trained staff to 
interpret the results [39].

Electrophoresis [40]: Hemoglobin electrophoresis either at acidic or alkaline pH can 
be used as a primary or confirmatory method of identification [35]. Hemoglobin is 
separated into bands based on mobility of the variant and charge. It is reliable and has 
the ability to distinguish most types of sickle cell disease including heterozygous [39]. 
The electrophoresis can identify and quantify HbF, Hb A, Hb A2, Hb S, Hb C, Hb 
Barts, and others. However, it is expensive and requires skilled technicians [39].

Deoxyribonucleic acid (DNA) analysis Polymerase chain Reaction (PCR): This test 
requires special enzymes to amplify specific parts of the genetic materials to millions 
using specific primers. PCR can detect well-known single genes or several genes in 
a single tube [39]. The PCR program involves denaturation, annealing, and elonga-
tion, which is repeated for 20 to 40 thermal cycles [39]. Afterward the results are 
detected by gel electrophoresis, sequencing, or melting curve analysis or monitoring 
the change in the florescence [39]. Melting curve analysis or high-resolution melt-
ing (HRM), which is simple, sensitive, and cost effective for mass screening of SCD 
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genotypes, detects βS mutations [41]. Another low-cost, simple PCR-based technique 
has been developed using bidirectional allele-specific amplification (ASA) and a hot 
star system to provide more specific single-tube genotyping where the point mutation 
of sickle cell anemia is used as single nucleotide polymorphism (SNP) [42]. Another 
PCR technique, amplification refractory mutation system (ARMS), is considered to 
be simple for detecting point mutation or small deletion [43]. The ARMS principle 
uses primers with specific sequences to allow for amplification of DNA in the pres-
ence of the target allele. Hence, the detection of the target allele is based on the 
presence of the PCR product [43]. These PCR techniques mentioned above, although 
considered simple, are relatively expensive and require specialized personnel [39].

Restriction fragment length polymorphism (RFLP): RFLP is used to detect sickle 
cell disease based on restriction enzymes, which remove the recognition site at 
the β-mutated gene [44]. MtsII is one of the first described restriction enzymes 
(Figure 1) [39]. In homozygous, the enzyme cuts both genes, and two bands appear. 
In the sickle trait, (β AβS), no cut is made in the βS, so a single band appears, but the 
βA gene is cleaved, and two bands appear [39]. In sickle cell anemia homozygous 
(βSβS), there is no enzyme cutting due to the mutation in both genes, so a single wide 
band appears [39]. Another restriction enzyme used in sickle cell detection is Ddel. 
In this case, the enzyme removes the restriction site Ddel, 5’-GTNAG-3′. Bands with 
different lengths appear depending on the presence or absence of sickle cell anemia 
mutation [45]. A study by Ngole et al. in 2021 [46] from the Democratic Republic of 
Congo in newborn babies using RFLP reported a decrease in cost by half compared 
with IEF for sickle cell disease NBS. Despite this cost reduction, RFLP remains time 
consuming and expensive and requires experts in the area [39].

DNA microarray and sequencing techniques: DNA microarrays are designed with 
known DNA sequences that are specific to particular genes or regions of interest [47]. 
These probes are typically short sequences of single-stranded DNA [47]. The microar-
rays have been in genomic wide association studies (GWAS) used to identify SNPs [2]. 
Sanger sequencing, also known as the chain-termination method, is a technique used 
for DNA sequencing. It was developed by Frederick Sanger and his colleagues in 1977. 

Figure 1. 
Restriction fragment length polymorphism (RFLP) for sickle cell anemia: (a) normal gene (βAβA); (b) sickle cell 
trait (βAβS); and (c) sickle cell anemia (βSβS) [39].
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In Sanger sequencing, DNA is replicated in vitro using a DNA polymerase enzyme, 
with the addition of modified nucleotides called dideoxynucleotides (ddNTPs) [47]. 
In resource-limited settings, Sanger sequencing was used for validation of laboratory 
methods for sickle cell disease NBS [48]. Next-generation sequencing (NGS) is a new 
technology used for DNA and RNA sequencing and variant/mutation detection [48]. 
The sequencing techniques help with precision medicine. However, the exorbitant 
cost and the need for qualified personnel limit the techniques to validation in a 
research set up in resource-limited settings [48].

The traditional laboratory methods’ disadvantages

• Require trained personnel

• Equipment is expensive to purchase and maintain.

• May be limited to centralized laboratories, which may not be easily accessible

• Turnaround time is long.

• Difficult to implement on a large scale for resource-limited settings

• Consumables expensive

3.2  Point-of-care tests

Point-of-care tests (POCT), which provide timely results needed for prompt 
management, have revolutionized the diagnosis of sickle cell disease in developing 
countries [49]. According to the World Health Organization, an ideal diagnostic 
point-of-care test (POCT) must be Affordable, Sensitive, Specific, User friendly, 
Rapid/Robust, Equipment free, and Deliverable (ASSURED) [50]. The ASSURED 
criteria represent three main attributes that are significant for a diagnostic test, which 
are accessibility, affordability, and accuracy [50]. The advancement of the digital 
age has led to a revision of the ASSURED criteria to REASSURED: Real-time con-
nectivity, Ease of specimen collection, Affordable, Sensitive, Specific, User-friendly, 
Rapid and robust, Equipment-free or simple, and Deliverable to end-user (Table 1) 
[51]. Additionally, the POCT should strengthen healthcare systems, ensure system 
efficiency, and improve patient outcome [51]. For sickle cell disease, the POCT should 
distinguish SCD from sickle cell trait (SCT) and diagnostic accuracy in the newborn 
period when hemoglobin F (HbF) predominates and when hemoglobin S (HbS) levels 
are relatively low [51].

The POCTs below have been used in resource-limited settings for NBS for sickle 
cell disease and fulfill most of the ASSURED criteria.

3.2.1  SickleSCAN

SickleSCAN is a qualitative lateral flow immunoassay which uses polyclonal anti-
bodies [52]. The kit is supplied as a cassette with tests and can be stored for up to two 
years at room temperature [52]. Sampling technique is by finger or heel prick and can be 
used on venous blood [52]. Sample reading is straightforward: positive results are seen 
as bands on the cassette, and minimum training is needed [52]. Turnaround time for the 
result: 3–5 min [53]. Bands do not fade on the cassette and are available for comparison 
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with the result of confirmatory testing [53]. It has a sensitivity (on-field conditions) 
of >94·9% [54] and specificity (on-field conditions) of >99·2% [54], with an overall 
diagnostic accuracy of 99%29 [55]. The average cost per test is US$2·19 to < US$ 5 [55].

3.2.2  HemoTypeSC

This is a competitive lateral flow assay incorporating monoclonal antibodies [28]. 
The kit is supplied as dipsticks in a test tube and is stable at room temperature [28]. 
Sampling technique is by finger or heel prick [28], and sample reading is counterin-
tuitive: the absence of a band is the positive result, and rigorous training is needed 
[28]. It has a turnaround time of 10 minutes for the result [56]. The test has a sensitiv-
ity (on-field conditions) of >93·8% [57], specificity (on-field conditions) of >99·2% 
[57], and overall diagnostic accuracy of >99% [57]. HemotypeSC has an average cost 
per test of US$1·49 to < US$5 [57]. Even though the test strips can be mounted on 
paper with the results, they are available for comparison with the result of confirma-
tory testing for a limited period because the test strip paper shows a sign of fragmen-
tation with time (Figures 2 and 3) [53, 54].

3.2.3  Microchip-based cellulose acetate electrophoresis test ‘gazelle’

The test uses Hb electrophoresis on a much smaller machine, which can be used 
at the community level [59]. The device is operated by rechargeable lithium batteries 

Real-time connectivity Tests connected to reader or mobile phone

Ease of collection Non-invasive specimens

Affordable Affordable to end-users and health systems

Sensitive Low false-negative rate

Specific Low false-positive rate

User-friendly Simple testing procedure with limited training

Rapid and Robust Tests available at time of visit without additional transport or special 
storage conditions (within 15 min to 2 h)

Equipment-free and 
environmentally friendly

Ideally does not require special equipment or can be operated using 
battery or solar power

Delivered to those who will 
benefit

Accessible to those who need testing the most

Table 1. 
Reassured criteria [11].

Figure 2. 
SickleSCAN step by step [58].



Current Practices in Sickle Cell Disease

98

that can test all day on a single charge [60] and also carries advanced features like 
WiFi, GPS, and Bluetooth-enabled connectivity for easy tracking of samples and can 
connect to a printer wirelessly [60]. The turnaround time is 8 minutes [60]. The test, 
however, requires skilled personnel to carry out and interpret (Figure 4).

Figure 4. 
Gazelle Hb variant [58].

Figure 3. 
HemotypeSC test step by step [58].
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Table 2 is adopted and summarizes the POCTs for sickle cell disease. It highlights 
studies that used the different screening tools and their sensitivity.

3.2.4  Other point-of-care tests

Paper-based Sickle test (microfluid assessment) (Figure 5) [64].
This screening method is inexpensive and requires non-skilled personnel [39]. 

TAT is approximately 20 minutes. It has a sensitivity of 94.25% (for detection of HbS 
presence) [65–67] and specificity of 97.7% (for detection of HbS presence) [65–67]. 

Test HemoTypeSC Sickle Scan Gazelle Hb Variant

Technology LFIA – Monoclonal abs to 
HbA, S, C

LFIA – Polyclonal 
abs to HbA, S, C

Modified cellulose acetate 
electrophoresis detecting Hb A, F, 
S C, E, A2

Time 10 min 5 min 8 min

Equipment None None Requires electrical supply.

Field 
Validation

Ghana (n = 384) [61]
Sensitivity: 100%
Specificity: 100%
Nigeria (n = 1121) [53]
Sensitivity: 93·4%
Specificity: 99·1%
Nigeria (n = 3603) [62]
Sensitivity: 100%
Specificity: 100%
India (n = 1559) [61]
Sensitivity: 98·1%
Specificity: 99·1%

Haiti (n = 1372) 
[57]
Sensitivity: 90%
Specificity: 97%
Tanzania (n = 652) 
[32]
Sensitivity: 98·7%
Specificity: 92·6%
Mali (n = 80) [28]
Sensitivity: 100%
Specificity: 100%
Togo (n = 209) [28]
Sensitivity: 94·9–
100% (genotype 
dependent)
Specificity: > 99·2%

Nigeria (n = 315) [63]
Sensitivity: 100%
Specificity: 98%
Nigeria, Thailand, India, USA 
(n = 768) [63]
Overall diagnostic accuracy: 
98·4%

Strengths Accurate in young infants 
with high HbF
Competitive against gold 
standard
Low cost
Validated within the infant 
screening framework 
(Nigeria)

Accurate in young 
infants with high 
HbF
Competitive against 
gold standard
Low cost
Validated within 
the infant screening 
framework (Haiti)
Easy, intuitive 
result interpretation

Accurate in infants
Can detect non-HbS, HbC 
variants
Quantitation of HbF, HbS
Automated results
Digital upload and data storage
Possible linkage to malaria and 
hemoglobin testing with the same 
machine

Limitations Counterintuitive 
interpretation of results
Limited to genotypes 
containing HbA, S, and C 
[geographical limitation]
Unable to diagnose 
beta-thalassemia

Limited to 
genotypes 
containing HbA, S 
& C [geographical 
limitation]
Weak HbA band

Requires validation in the NBS 
setting
Requires moderately complex 
laboratory processing
Currently unable to detect beta-
thalassaemia variants
Requires battery power/electrical 
supply

Table 2. 
Summary of the Common POCTs for newborn screening for sickle cell disease (Adapted from Serving lives [58].
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In terms of cost, the automated equipment cost US$ 300 to 500 [64]. Interpretation 
may be difficult as it requires a scanner for interpretation [35, 65]. The shortfall, 
however, cannot distinguish HbSC and HbAS. In addition, blood clotting interferes 
with the test [64], and the interpretation of results may be susceptible to human 
error [64].

HemeChip (Microengineered Electrophoresis) (Figure 6). It is reliable and able to 
distinguish most types of sickle cell disease including compound heterozygotes [64]. 
It is low cost and easy to use and has robustness and rapid testing [64]. The results 
for HemeChip are comparable to standard electrophoresis tests [64], Additionally, 
there is possible integration with mobile devices and works on principles of clinical 
standard electrophoresis [64]. Unfortunately, high HbF concentration present in 
newborns less than 4 weeks of age may affect test results. The cost per test is approxi-
mately US$0.9, with the cost of equipment being $500 (for automated detection) 
[39]. Its turnaround time (TAT) is less than 10 minutes, and it has a sensitivity of 
89–100% [64] and specificity of 82–89% [64]. However, it requires skilled interpre-
tation and is web-based and automated, and this is out of reach of most resource-
limited regions [35].

Aqueous multiphase System (AMPS) (density-based test to separate Hb in different 
density fluids) (Figure 6) [35, 64].

It is a rapid test with a TAT of 10 minutes [64]. However, it needs batching for 
centrifuge operation, and this need for bulky centrifuges limits applicability to POC 
settings [64]. The other major drawback is its inability to distinguish between HbAA 
and HbAS [64]. Furthermore, inaccuracies are due to high HbF levels and health and 

Figure 5. 
Automated analysis of paper-based sickle test [39].
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treatment conditions, and genetic factors affect RBC density [64]. In addition, the 
equipment is expensive (cost US$150–1600) [64]. The sensitivity is 90–91% (for the 
identification of HbSS and HbSC with two-phase and three-phase AMPS) [64], and 
specificity is 88% [64].

4.  Gaps in screening

Few countries have established SCD newborn screening programs in resource-
limited settings, and research has identified significant gaps in resource-limited 
settings, particularly in sub-Saharan Africa. Conventional diagnostic methods are 
often cost-prohibitive and require specialized equipment and electricity, leading to 
delayed or missed diagnoses [67, 70]. Additionally, there is lack of qualified person-
nel, and laboratories are poorly resourced. The development of low-cost, rapid, and 
equipment-free paper-based tests and point-of-care diagnostics, like HemoTypeSC™, 
have shown promise in improving the practicality and accuracy of SCD screening in 
these settings [28, 67]. These innovations have the potential to reduce the overall cost 
of screening and increase the reach of universal newborn SCD screening programs. 
Other gaps include lack of awareness and regular monitoring of affected babies. Lack 
of policymakers’ involvement, including financial commitments, is a major gap in the 
establishment of NBS programs [71]. Moreover, challenges in referral and follow-up 
persist, with delays in treatment. As a result, patients present with acute crisis, which 

Figure 6. 
Illustrations of emerging technologies in SCD [39]. “(A) Paper-based Hemoglobin solubility [68]. A droplet of 
blood mixed with Hb solubility buffer is dropped on chromatography paper, and a blood stain is allowed to form. 
The stain on paper is analyzed and the color intensity profiles are used to determine the Hb type in the sample. 
(B) Sickle Scan™ lateral flow immunoassay [55]. The test specimen consisting of a drop of blood mixed with 
Hb solubility buffer is dropped onto the sample loading zone. The solution then diffuses to the test zones where 
Hb is captured by color-conjugated antibodies. The type of Hb is determined by the appearance of a blue line at 
the different test zones along the test strip. (C) Density-based separation [69]. The blood sample is mixed with 
aqueous polymeric solutions in capillary tubes. Upon centrifugation, the precipitation of a dense RBC layer at the 
bottom of the tube indicates SCD. (D) Microengineered electrophoresis (HemeChip) [35]. After loading the blood 
sample mixed with DI water into the chip, an applied electric field causes Hb separation. Due to the differences in 
mobility among Hb types, each type will travel a unique distance across the paper strip”.
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is potentially prevented if babies are diagnosed early. Many a times, patients are lost 
to follow-up due to lack of proper follow-up guidelines [72].

5.  Best practice for the establishment of NBS for SCD in resource-limited 
settings

Sickle cell disease newborn screening in low-resource settings can help iden-
tify affected infants early, allowing for timely intervention and management. 
Traditional laboratory methods are expensive and require skilled personnel. POCTs 
that meet the ASSURED/REASSURED criteria seem to be the best way to expand 
NBS for SCD in resource-limited settings [11]. However, implementing point-
of-care tests for SCD in such settings requires a thoughtful approach to ensure 
effectiveness, affordability, and sustainability. Some of the best practices to put into 
consideration are:

5.1  Screening test selection

The choice of screening test should be based on the ASSURED/REASSURED 
criteria and be suitable for the local context. Additionally, it should be offered free 
of charge for families or made affordable [51]. Equally important, the test should be 
validated for use in the target population [51]

5.2  Community engagement

Community engagement is a crucial aspect of implementing newborn screen-
ing (NBS) for sickle cell disease (SCD) in sub-Saharan Africa [73, 74]. Community 
engagement is important to ensure local communities participate and that aware-
ness about SCD, its inheritance pattern, and impact of early screening is raised 
[73, 74]. Equally important, there is a need for continuous multilevel evaluation 
by stakeholders, [73, 74]. In addition, community engagement promotes cultural 
sensitivity and addresses cultural beliefs and misconception, as well as the involve-
ment of community leaders in program development cements the program [73, 74]. 
Engaging individuals with SCD in patient-centered research is also vital, as demon-
strated by Mayo-Gamble in Tennessee in 2020 [75], who trained Community Health 
Ambassadors to serve as liaisons between researchers and the SCD community. 
In addition, individuals with sickle cell may identify research and management 
priorities. Lastly, a study by Hines [76] in 2011 presents a successful model for 
engaging patients and their families with SCD education, research, and community 
awareness. The above studies collectively underscore the importance of commu-
nity engagement in NBS for SCD and provide valuable insights into its successful 
implementation.

5.3  Integration of NBS into existing health programs

Integrating SCD screening into existing maternal and child health programs helps 
to reach a wider community. In Tanzania, for instance, NBS was successfully inte-
grated as part of the immunization program [53]. In Ghana, the integrated screening 
program resulted in the training of nurses and midwives [77]. The drawbacks with 
integration include inadequate nursing staff [77], shortage of screening supplies [77], 
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and delay in receiving screening results (if traditional laboratory method is used 
rather than POCT) [77]. Successful integration requires partnership with program 
leaders, professionals, patients, and families. There is need to leverage resources from 
existing programs [71].

5.4  Stakeholder collaboration

Establishment of collaborative network for implementing and sustaining SCD 
newborn screening considers [78]: engagement of healthcare providers [78], govern-
ment agencies [78], non-governmental organizations [78], community leaders, and 
resource-rich countries. International collaborations can lead to national guideline 
creation, improved clinical care, and research [78]. Full partnership, proper planning, 
and financial issues need to be addressed before program launch. In addition, rigorous 
program management is required to ensure its full effect and long sustainability [78].

5.5  Training and capacity building

Training of healthcare workers and community health volunteers to perform 
screening test and interpret results accurately is paramount [79, 80]. In the same vein, 
a sustainable training program for new personnel is required [79, 80]. In addition, 
training on proper counseling and support to families is needed [79, 80].

5.6  Sample collection and handling

There is need to develop standardized procedure for collection, labeling, and 
transporting of blood samples [67]. Furthermore, proper disposal of processed 
samples is required [67]. Equally important, challenges and solutions related to 
sample handling in resource-limited settings should be identified [67].

5.7  Quality control and assurance

Quality control and assurance include implementation of a rigorous quality 
control program to monitor and maintain accuracy and reliability of screening tests 
[28], ensuring expiry dates are documented and followed for testing [28] and regular 
calibration and maintenance of testing equipment where applicable [28].

5.8  Data management and record keeping

A successful program requires the review or design of systems for data manage-
ment including patient record and test results [64]. Considering the use of technology 
and electronic records where feasible to be explored [64]. In addition, confidentiality 
of sensitive patient information by using secure and reliable data storage methods 
should be ensured [64].

5.9  Follow-up and referral system

A successful screening program requires the development of well-defined referral 
protocols for infants with positive screening results including confirmatory test-
ing and access to specialized care and appropriate management [72]. In addition, it 
should ensure families understand the importance of follow-up care [72].
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5.10  Counseling and support services

Provision of counseling and support services to families of infants diagnosed 
with SCD to help them understand the disease, manage/cope with its challenges, 
and access appropriate care and treatment is required [81]. Of equal importance 
is addressing any stigma and discrimination that may arise as a result of a positive 
result. In the same vein, culturally sensitive and effective training programs for coun-
selors are of great importance [81]. The importance of early initiation of prophylactic 
therapy and parental education cannot be ignored [82].

5.11  Advocacy and policy influence

Government input is required for a successful screening program. The government 
should support and spearhead policy changes to integrate SCD screening into the 
national health system [71, 83]. Additionally, it must work toward securing funding 
for long-term sustainability of the program and avail funds for medicine and testing 
kits. It is important to note that the government is a key stakeholder involved in policy 
development and implementation [71, 83].

5.12  Monitoring and evaluation

Monitoring and evaluation are the backbone of any program. It is important 
to ensure that there is continuous monitoring and evaluation of program’s per-
formance including the number of infants screened [84], evaluation of positive 
cases identified and follow-up outcomes and use data to make improvements and 
adjustments as needed. Furthermore, evaluation of the effectiveness of train-
ing programs and ensuring accurate and consistent screening [84] form part of 
monitoring and evaluation. Assessment of key metrics tracked and the impact of 
screening on SCD diagnosis and management are needed [84].

6.  Conclusion

Sickle cell disease can be a debilitating condition contributing significantly to 
morbidity and mortality worldwide. The World Health Organization estimates 
that 70% of SCD deaths in Africa can be preventable with simple, cost-effective 
interventions such as early identification of SCD patients by newborn screening 
and subsequent provision of comprehensive care. Much thought and commitment, 
including the choice of screening methods, have to be put into consideration prior to 
the establishment of newborn screening. Considerable efforts into development of 
point-of-care test have taken place over the years, and this move is likely to improve 
the coverage of SCD newborn screening program in resource-limited settings.
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Chapter 6

The Quality of Life of Children 
with Sickle Cell Disease (SCD)
Sampson Weytey

Abstract

Sickle cell disease (SCD) is known to be a major genetic condition that affects the 
populations of almost all the nations of the world, especially the African continent. 
Evidently, the trait of SCD has been said to have its roots in the soil of Africa, with 
an estimated prevalence rate between 10% and 40% among the entire population 
and among 300,000 children worldwide. SCD among children born in Africa has 
been estimated to have a prevalence rate of 75–85% and a mortality rate of 50–80% 
among children under 5 years. SCD is an inherited disorder in which there is a gene 
mutation that results in the abnormal sickle-shaped formation of the red blood cell 
(RBC) responsible for transporting oxygen throughout the body. The RBC, therefore, 
becomes harder, making it difficult to pass through smaller blood vessels, hence 
obstructing adequate blood flow and oxygen supply to the body cells and tissues. 
There are more devastating complications associated with SCD that have been linked 
with children than with adults, which include dactylitis and hand-foot syndrome, 
infections. SCD-related challenges have been well-documented, and studies have 
shown that the presence of these difficulties impacts daily living and subsequently, 
health-related quality of life (HRQOL) right from childhood. Most children in low- 
and middle-income countries (LMICs) are thought to pass away before reaching 
adulthood, with over 500 children with SCD dying each day due to inadequate access 
to appropriate treatment. Therefore, this chapter attempts to provide a thorough 
overview of the quality of life of children with SCD.

Keywords: quality of life, sickle cell disease, genetic, red blood cell, children, Africa, 
susceptibility, infection

1.  Introduction

Millions of people worldwide are currently affected by sickle cell disease (SCD), 
the most prevalent hereditary hematologic illness that accounted for approximately 
305,000 births in 2010 [1]. It is estimated that 200,000 neonates are impacted by 
sickle cell disease annually worldwide [2]. In the US, 70,000–100,000 people have 
sickle cell disease (SCD), and 2000 newborns are diagnosed with the condition 
every year [3, 4]. One in 300–400 African American births has it recognized among 
them [5]. Serious morbidities and early mortality are risks for children with sickle 
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cell disease [6]. The first 3 years of life have the highest death rate of 50–90% among 
infants born in Africa [7].

Sickle cell disease (SCD) is a hereditary hemoglobin illness characterized by 
heterogeneity that results in endothelial dysfunction, vaso-occlusion, and persistent 
hemolytic anemia [8]. Multiple organ damage is frequently the result of these physi-
ological disturbances during infancy and childhood [9]. Hemoglobin SC illness, sickle 
β thalassemia, and homozygous hemoglobin S (HbSS) disease are the three most 
prevalent forms of sickle cell disease [9, 10]. Because of their similar severity, sickle 
cell anemia and HbSS illness are frequently referred to as one another [11]. Only two 
structural hemoglobin (Hb) variants—Hb S and Hb C—achieve high frequency in 
Africa, despite the fact that over 700 Hb variants have been found [3]. Homozygous 
SCD is the most prevalent subtype of SCD globally [12]. The β-globin S (βS) muta-
tion, which codes for sickle cell hemoglobin (Hb S), is present in two copies in these 
[13]. There are other names for homozygous SCD, including sickle cell anemia, Hb SS, 
SS, SS illness, and sickle cell disease-SS [14]. A recent global mapping of the βS allele’s 
distribution using precise georeferenced data shows a strong correlation with the 
historical distribution of Plasmodium falciparum malarial endemicity [15].

SCD is one of the most well-known congenital illnesses in the world today [11]. It 
originated in Africa and was carried to the United States by the restricted movement 
of slaves [16]. Sickle cell disease (SCD) affects up to 3% of births in certain regions of 
sub-Saharan Africa, where it is widespread [17]. The early-life mortality of 50–90% 
among infants born in Africa with SS illness is consistent with the generally held 
belief that this ailment is linked to extremely high child mortality [18].

The last several decades have seen a significant improvement in the survival 
rate of young children with sickle cell disease [19]. Preventive penicillin, successful 
immunizations against Streptococcus pneumoniae and Haemophilus influenzae type B, 
and newborn screening are thought to be primarily responsible for the notable decline 
in early childhood mortality [20]. The various pathogenic processes causing organ 
malfunction and sickle cell events have been better understood within the last three 
decades [14]. Effective interventional techniques have been identified in a series of 
clinical trials [21]. Interventions that increase survival, avoid complications, treat 
acute events, and lessen end-organ damage are all part of the care for individuals 
with sickle cell disease (SCD) [21, 22]. Due to the higher risk of acute sickling com-
plications and unexpected mortality, surgery under general anesthesia is one of the 
specific scenarios or circumstances in which patients with sickle cell disease (SCD) 
require particular care [23].

2.  History behind sickle cell disease

Studies reveal that the mutation responsible for sickle cell disease originated in 
Africa thousands of years ago as a defense against malaria, which has historically 
been a leading cause of death in that continent [7]. The lack of the spleen was the 
main discovery made during the autopsy of an executed runaway slave, which may 
have been the earliest modern mention of sickle cell disease [11]. African slaves in 
the US reportedly showed resistance to malaria but were more likely to get leg ulcers 
[9]. First documented in 1910 [17], the aberrant properties of the red blood cells 
gave rise to the name of the illness by Ernest E. Irons (1877–1959) who was an intern 
of Chicago cardiologist and medical professor James B. Herrick (1861–1954) [16]. 
American physician James B. Herrick initially reported the hereditary disorder known 
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as sickle cell disease in 1910 [19]. Before the twentieth century, SCD was recognized 
in a few regions of Africa [11]. As sickle cell disease developed throughout time, it 
was referred to by several names in African tribal languages [6]. People in western 
Africa gave the illness unique names that conjured up images of sudden, excruciating 
episodes or death, or that alluded to children who would die and then reincarnate as 
their own siblings [11, 24].

The mutation has appeared at least three times independently in Africa, according 
to the DNA structure surrounding the β-globin locus of HbS [7]. These mutations are 
known as β-globin haplotypes and are named after the countries where they were ini-
tially identified: Senegal, Benin, and Central African Republic or Bantu [24]. The HbC 
characteristic is thought to be a relatively recent mutation that is restricted to West 
Africa [2]. It is found at high frequencies (>20%) in central Ghana and Burkina Faso, 
in only 2% of Nigerians, and is absent from East and Central Africa with the exception 
of those who are descended from West Africans [14]. Regarding the kind and location 
of α- and β-thalassemia genes in Africa, there is a paucity of information [11, 24, 25]. 
SCD is one of the most well-known congenital illnesses in the world today [24].

3.  Epidemiological studies

Worldwide, some 300,000 babies are born with sickle cell disease (SCD) each 
year, and the SCD population is well-documented in nations, including the United 
States, the United Kingdom, and Jamaica [26]. However, as more than 75% of SCD 
cases are found in sub-Saharan Africa, the cohort of SCD patients makes up just 1% of 
all SCD cases worldwide [27]. It is evident that Africa has the highest SCD mortality 
rate as well as the largest prevalence [28]. The majority of sickle cell disease patients 
reside in Africa, where the condition is poorly understood [29]. It is well-known, 
nevertheless, that the disease manifests itself in Africa more severely than it does 
elsewhere in the world [30].

SCD patients who are children have a greater death rate [30]. According to reports, 
most of these youngsters pass away in their early years if treatment is not received 
early [30, 31]. Research conducted in Nigeria revealed death rates as high as 90% 
[31], although more recent projections indicate that this percentage has dropped 
and is more likely to reach 50% in 20 years’ time [32]. Africa’s death rate is compa-
rable to that of the United States and the United Kingdom in the early 1960s [33]. 
Nonetheless, substantial mortality reductions have been attained with early diagnosis 
and thorough treatment [1]. According to recent data, increased survival rates have 
been reached [30]; in the USA, 85.6% of patients survive to age 18 [34], in Jamaica, 
84% to age 16, and in the UK, 99.0% to age 16 [34, 35]. With a birth frequency of 
one in 2415 in metropolitan France, SCD has emerged as the most prevalent genetic 
disease in France [22]. A 1998 study conducted on around 56,000 hospital patients in 
Bahrain revealed that 24% of respondents carried the gene mutation that causes sickle 
cell illness, 18% of respondents had the sickle cell trait, and 2% of babies had the 
condition [11].

As a result, SCD is highly prevalent at birth in Africa [35]. SCD, which was 
previously uncommon, has been brought to South Africa via internal migration, 
primarily from West and Central Africa [36]. The World Health Organization (WHO) 
designated sickle cell disease (SCD) as a public health priority in 2006 due to the high 
birth prevalence of SCD and its associated impact [20]. While the life expectancy for 
SCD patients is currently estimated to be between 45 and 55 years old in high-income 
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settings, most children in low- and middle-income countries (LMICs) are thought to 
pass away before reaching adulthood, with over 500 children with SCD dying each 
day due to inadequate access to appropriate treatment [2]. Current estimates indicate 
that 90% of SCD cases occur in LMICs and 90% of SCD-affected children in LMICs 
pass away before turning five, underscoring this glaring difference [12].

The sickle cell trait is common in Saudi Arabia, but it is more prevalent in the 
eastern province [37]. The trait is most prevalent among the tribal peoples of central 
India (southern Tamil Nadu and Kerala), with a smaller concentration in the south 
(southeastern Gujarat, Maharashtra, Madhya Pradesh, Chhattisgarh, and western 
Odisha) with trait frequencies as high as 40% reported [32]. The Asian haplotype is 
named after these regions because the DNA structure surrounding the β-globin locus 
is different from that of African peoples, indicating that this is the fourth distinct 
instance of the HbS mutation [1]. This haplotype is frequently linked to frequent 
α-thalassemia and high amounts of fetal hemoglobin, both of which have the ability 
to prevent sickling and improve the clinical course [5]. In India and the Arabian Gulf, 
sickle cell disease is primarily known as SS illness [8].

4.  Clinical manifestations of SCD among children

SCD is essentially a multisystem condition that affects practically every organ 
system in the body, despite its origins being an aberration of the red blood cell [31]. 
The most frequent diseases or consequences that were documented were discomfort, 
priapism, avascular necrosis (AVN) of the hips and shoulders, and asthma [26]. Prior 
research on hemoglobinopathies suggests that in response to pain or AVN, parent 
reports of physical functioning, sleep, and rest decreased [37]. Almost all functioning 
and weariness scores in children were negatively impacted by sickle pain and asthma 
to higher amount [7]. The term “crises” refers to a variety of symptoms that can 
include leg ulcers, discomfort, fever, anemia, exacerbation of jaundice, and specific 
syndromes, including acute chest syndrome (ACS) and acute splenic sequestra-
tion (ASS), dactylitis and hand-foot syndrome, growth retardation, delayed sexual 
maturation, underweight, and increased susceptibility to infections [2]. Also, facial 
droop, hemiparesis, seizures, dysarthria, headaches, and/or aphasia are common 
presentation symptoms [23].

5.  Pathophysiology of SCD

The pathogenesis of this disease is primarily caused by hemoglobin polymerization, 
which results in erythrocyte stiffness and vaso-occlusion [11]. However, the signifi-
cance of hemolysis, chronic anemia, and vasculopathy has already been shown [12]. 
People with sickle cell disease (SCD) are not anemic at birth, but they acquire chronic 
hemolytic anemia throughout their lives due to the synthesis of adult hemoglobin [33]. 
Acute periods of hemoglobin decrease, or “anemic crises,” may occur in between [4]. 
The cause of sickle hemoglobin (HbS) is a substitution at position six of the β-globin 
polypeptide chain between the amino acid valine and glutamic acid [7]. The β-globin 
gene on chromosome 6 has a single-base mutation in codon 6 that results in the 
replacement of the sequence “GAG” for “GTG” [11]. Red blood cells (RBCs) carrying 
HbS become less malleable and take on a “sickle” shape when deoxygenated due to the 
aberrant amino acid in the β-globin chain, forming lengthy insoluble polymers [16].
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It was previously believed that the defective stiff sickle red blood cell blocking 
small blood vessels was the only cause of the clinical repercussions [38]. Nonetheless, 
there is mounting evidence that a number of intricate processes that are not exclusive 
to the RBC are responsible for the pathophysiology of the different clinical episodes, 
both acute and chronic [8]. These include changes in the red cell membrane that cause 
the cell to become less sensitive to oxidative stress, the concentration of HbS, and 
other hemoglobin variations, such as fetal hemoglobin (HbF), within the cell, which 
decreases the cell’s capacity to polymerize [8] and modified membrane lipids that lead 
to enhanced stiffness [1]. Furthermore, to mediate vaso-occlusion within the macro- 
and microvasculature, adhesion molecules such as integrins (α4 β1), (αv β3), their 
receptors (VCAM-1, ICAM-4), and selectins interact with endothelial cells, RBC, 
and a variety of soluble proteins within the plasma, such as thrombospondin (from 
platelets) and von Willebrand factor from endothelial cells [12–16].

Ultimately, strong evidence supports the involvement of nitric oxide (NO) in 
sickle cell disease [17]. Basal vasodilator tone is strongly regulated by NO [21]. 
Moreover, it prevents cellular adhesion molecules from being expressed [18]. There is 
more hemoglobin in the plasma than haptoglobin can scavenge due to the increased 
hemolysis in sickle cell disease [13]. As a result, aberrant “cell-free” hemoglobin is 
produced, which circulates in plasma and reduces the concentration of NO by binding 
to and consuming it [19]. Vasoconstriction enhanced leukocyte, endothelial cell, and 
erythrocyte adhesiveness, and platelet aggregation are the outcomes of this [7].

6.  Laboratory and diagnostic investigation of SCD

With variations in the percentage of two other hemoglobin, HbF and HbA2, 
in RBCs, the laboratory diagnosis of sickle cell disease (SCD) is predicated on the 
presence of HbS, and the lack of appreciable decreases in HbA [2]. Hemoglobin 
levels in the 6–8 g/dl range and a high reticulocyte count are found in individuals 
with hemoglobin S disease (HbS) [17]. This is because the bone marrow produces 
extra red blood cells to make up for the destroyed sickled cells [14]. In order to 
confirm the sickle phenotype (SS/AS/SC/Sβ-thalassemia), screening procedures 
commonly available include the sodium metabisulphite sickling test, sickle solubility 
tests, and confirmation testing utilizing electrophoresis and chromatography [22]. 
High-performance liquid chromatography (HPLC), isoelectric focusing (IEF), and 
hemoglobin electrophoresis are the three most employed assays [16]. DNA-based 
techniques accurately characterize the genotype [38], however, screening (sickling or 
solubility test) and confirmation of the sickle phenotype by gel electrophoresis, IEF, 
or HPLC are typically required for diagnosis for clinical purposes [12].

7.  Complications of SCD

The genetic hemoglobin anomaly that causes sickling of red blood cells, anemia, 
and problems from vaso-occlusion is known as sickle cell disease (SCD) [29]. In 
children, SCD can frequently result in excruciating pain and potentially fatal conse-
quences affecting several organ systems [15]. Many millions of disability-adjusted life 
years are thought to be lost annually as a result of SCD, especially in poor nations [39]. 
The health impact of hemoglobinopathies alone is equivalent to that of major illnesses 
and communicable disorders [40]. According to reports, 14% of kids with SS-SCD 
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may be functionally asplenic at 6 months of age [19]. This percentage then appears 
to rise over time, with affected pediatric patients being impacted at 1 year, 58% at 
2 years, 78% at 3 years, and 94% at 5 years [8]. In addition to arterial endothelial 
damage and chronic hemolysis, sickle cell disease (SCD) raises the risk of acute and 
long-term organ system damage [28]. The majority of organs, including the brain, 
kidneys, lungs, bones, and cardiovascular system, gradually deteriorate as a result of 
repeated bouts of vaso-occlusion and inflammation [12].

The development of cerebrovascular illness and cognitive impairment is one of the 
primary issues associated with sickle cell disease in children [12]. Fever, dactylitis, and 
splenic sequestration are common problems in infants [29]. It has been documented that 
encapsulated organism infections, such as Streptococcus pneumonia, can affect children 
with sickle cell disease (SCD) [2]. This increased severity of sickle cell disease is a result 
of these viral illnesses [12]. In the past, 11% of people with SCD had experienced an 
ischemic or hemorrhagic stroke before turning 20 years [33]. Also, facial droop, hemipa-
resis, seizures, dysarthria, headaches, and or aphasia are common presenting complica-
tions [23]. In patients with sickle cell disease (SCD), acute chest syndrome (ACS) is the 
primary cause of death and the second most frequent cause of hospitalization [2].

Sickle cell disease, or hemoglobin S homozygosis, is the most frequent genotype 
and presents with the most severe clinical presentation of SCDs, even though other 
genotypes result in a lower life expectancy [6]. Patients with SCD have a higher death 
rate and a lower survival rate, according to several research [12–15]. Acute splenic 
sequestration and infections are the main causes of death before the age of 10 [30]. 
From the first year of life onward, acute complications and organ dysfunction are 
linked to significant morbidity in sickle cell anemia [38]. The USA, UK, and Jamaica 
have high rates of infection-related mortality, acute splenic sequestration, and acute 
chest syndrome [11, 24–28], with the largest incidence occurring in children aged one 
to three [38]. Infections, ACS, ASS, and aplastic crises are the leading causes of death 
in the United States, the United Kingdom, and Jamaica [24].

8.  Various questionnaires used in assessing the health-related quality of 
life (HRQOL) of children with SCD

Evaluating the quality of life of children affected by sickle cell disease is essential 
[19]. This is done to comprehend their overall health, pinpoint areas in which they might 
require assistance, and customize interventions aimed at enhancing their quality of life 
[40]. While there are several methods and questionnaires available for assessing the 
quality of life of children with sickle cell disease (SCD), the most widely used ones are the 
Patient-Reported Outcomes Measurement Information System (PROMIS), the Pediatric 
Quality of Life Sickle Cell Disease Module (PedsQL SCD), Child Health Questionnaire, 
and Pediatric Quality of Life Inventory (PedsQL) 4.0 Generic Core Scales [41]. These 
questionnaires are used to evaluate juvenile sickle cell disease patients’ quality of life [40]. 
They address a number of domains, including pain, exhaustion, worry, despair, physical 
capabilities, relationships with peers, sleep difficulties, and pain interference [42, 43].

9.  Quality of life of children with SCD

SCD-related challenges have been well-documented, with studies showing that 
the presence of these difficulties impacts daily living and subsequently, health-related 
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quality of life (HRQOL) of children [13]. An individual’s overall assessment of the 
social, psychological, and physical facets of their existence is represented by the multi-
faceted concept of quality of life (QOL) [5, 6]. It is a subjective rating that functions as 
a broad gauge of well-being that takes into account a variety of functional aspects [9]. 
Children with sickle cell disease (SCD) may be more susceptible to low quality of life 
since they are already at risk for a wide range of morbidities that affect many aspects 
of their functioning [5]. By keeping an eye on the health-related quality of life of chil-
dren with sickle cell disease (SCD), one can gain a better knowledge of health status 
variations, identify potential SCD-related issues, and assess the need for therapeutic 
care [8]. Overall health-related quality of life and all of its subdomains are viewed by 
parents and children with SCD as being lower than it has been reported among healthy 
children [6]. As a result, effective therapeutic initiatives to enhance quality of life may 
signify significant advancements in the medical care of kids with SCD [10].

The majority of newborns diagnosed with sickle cell disease (SCD) during newborn 
screening are directed to their nearby hemoglobinopathy clinic for consistent monitor-
ing [44]. Families may find it challenging to make their first appointment with the 
pediatric hematologist, especially if no family members have had SCD in the past [7]. 
Although the high quantity of fetal hemoglobin in infancy is usually protective, there 
are perhaps several difficulties that newborns with sickle cell disease face [28]. Disease-
related issues have the potential to have a long-term detrimental influence on HRQL 
since children and adolescents are going through important periods in their physical, 
cognitive, and social-emotional development [12]. For instance, compared to their 
peers, children with SCD who experienced frequent pain reported missing up to 8 weeks 
of school and participating in fewer sports and other extracurricular activities [8]. Also, 
about 60% of teenagers in a different study stated that difficulties associated with their 
sickness, such as discomfort, infection, pneumonia, and subsequent hospital stays, 
affect their ability to perform academically [15, 16]. Illness-related chronic absenteeism 
affects social functioning and, consequently, HRQL [17, 18]. Furthermore, a number of 
studies have shown that children with sickle cell disease (SCD) had worse quality of life 
and more depressed symptoms when their parents provided them with less assistance 
[12]. A child’s well-being may be impacted by the psychological and emotional effects of 
SCD since they may also experience despair, anxiety, and social isolation [13].

10.  Management and prevention of SCD

The most severe type of sickle cell disease (SCD), sickle cell anemia (HbSS), 
causes 95% of children to survive their first 10 years of life, according to several 
empirical studies [5–8]. It is possible that advancements in early survival have only 
caused the mortality load to shift to later childhood [15]. Literature reports that 
children with sickle cell anemia (HbSS) have a survival rate of just 85.6% (95% confi-
dence interval [CI]: 73.4–97.8) at the age of 18 [34, 35]. A number of straightforward 
interventions, such as newborn screening and infection prevention with penicillin 
prophylaxis and polyvalent pneumococcal vaccination, have all but eliminated 
elevated mortality from sickle cell disease (SCD) in children under the age of five 
in North America [13]. The United Nations has recognized sickle cell disease (SCD) 
as a global public health concern due to its debilitating effect on red blood cells and 
high rates of morbidity and mortality among younger people [45]. The World Health 
Organization (WHO) with this regard has also recommended more than 50% of its 
member states to establish SCD control programs [23].
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In the United States, the use of oral penicillin against SCD has significantly 
reduced its rate of mortality [25], and many high-income nations now mandate that 
SCD patients to receive both antipneumococcal vaccination and penicillin prophy-
laxis [22, 23]. A number of SCD problems can also be avoided with certain therapies, 
such as hydroxyurea (HU) and routine transfusions [19], while for acute complica-
tions, analgesics, antibiotics, and blood transfusions are frequently required [14–19]. 
Hydroxyurea (HU) has been shown to be beneficial on rates of acute chest syndrome 
(ACS), vaso-occlusive crisis (VOC), hospitalization, and death in both adult and 
pediatric clinical trials [28]. Furthermore, increasing knowledge is being gained 
regarding the effectiveness of hydroxycarbamide and blood transfusions in prevent-
ing these problems [12].

In high-resource nations, such as the United States, the morbidity and death 
rates for children with sickle cell disease (SCD) have significantly decreased as 
a result of early detection through newborn screening programs, prophylactic 
therapy, and comprehensive care programs that include hydroxyurea therapy and 
bone marrow transplantation [41]. Patients with SCD in Africa can benefit from 
many of these therapies in the same ways [42]. The SCD burden in Africa can be 
decreased by newborn screening for the disease and by forming alliances between 
high-resource nations and African nations to fund healthcare worker training, 
research, and knowledge exchange [43–45]. For children with sickle cell disease 
(SCD), screening and preventive interventions—such as immunization and infec-
tion prophylaxis—have greatly improved results [46]. Evidence-based treatments, 
such as transfusion and hydroxyurea, are crucial in stopping the advancement of 
some problems [47].

Additionally, by collaborating and educating primary care physicians and 
pediatric hematopathologists to provide SCD-specific healthcare management, 
problems related to the disease can be reduced [48]. In order to lessen the impact of 
sickle cell disease (SCD) in the African region, the WHO Africa has recommended a 
number of public health interventions [48, 49]. These include raising awareness of 
the disease, preventing it, detecting it early, and improving the care given to affected 
individuals by providing efficient clinical, laboratory, diagnostic, and imaging 
facilities that are tailored to various levels of the healthcare system [50, 51]. Also, 
screening newborns, educating healthcare professionals, creating treatment proto-
cols, offering genetic counseling, patient support groups, advocacy, and research are 
all  recommended [51].

11.  Conclusion

It is well-recognized that sickle cell disease (SCD) is a serious genetic ailment 
that affects people worldwide, mostly on the African continent. This condition 
has an estimated frequency rate of 10–40% across the total population and among 
300,000 children worldwide. The trait of SCD is said to have originated in Africa and 
was carried to the United States by the restricted movement of slaves. According to 
empirical studies over the years, the prevalence of SCD among children born in Africa 
is 75–85%, and the mortality rate is 50–80% for children under five. Also, it is well-
documented in nations including the United States, the United Kingdom, Jamaica, 
Saudi Arabia, and India. Many millions of disability-adjusted life years are thought 
to be lost annually as a result of SCD, especially in poor nations. A gene mutation 
causes the sickle-shaped development of red blood cells (RBCs), which are essential 
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for carrying oxygen throughout the body. As a result, the RBC hardens and becomes 
more difficult to squeeze through tiny blood vessels, preventing the body’s cells and 
tissues from receiving enough blood flow and oxygen.

Aplastic crisis, vaso-occlusive events, splenic sequestration, infections, under-
weight, delayed sexual maturation, dactylitis and hand-foot syndrome, growth 
retardation, and infections are just a few of the debilitating consequences of sickle 
cell disease (SCD) that have been linked to children. Research indicates that these 
issues have an impact on day-to-day functioning and, in turn, health-related qual-
ity of life (HRQOL) of children affected by it. About 60% of teenagers in different 
studies have stated that difficulties associated with their sickness, such as discomfort, 
infection, pneumonia, and subsequent hospital stays, affect their ability to perform 
academically. For clinical purposes, diagnosis usually requires screening (sickling or 
solubility test) and confirmation of the sickle phenotype by gel electrophoresis, IEF, 
or HPLC. High fluid intake, folic acid supplementation, high doses of immunizations 
and antibiotics, pain management, and infection prevention may all be beneficial for 
those with sickle cell disease.
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Appendix and nomenclature

ACS acute chest syndrome
ASS acute splenic sequestration
AVN avascular necrosis
HbF fetus hemoglobin
Hb hemoglobin
HRQoL health-related quality of life
HU hydroxyurea
IEF isoelectric focusing
QoL quality of life
NO nitric oxide
PedsQL Pediatric Quality of Life Inventory
PROMIS Patient-reported Outcomes Measurement Information System
SCD sickle cell disease
VOC vaso-occlusive crisis
WHO World Health Organization
HPLC high-performance liquid chromatography
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