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Introduction

Sickle cell disease (SCD) is a group of inherited red
blood cell disorders caused by a structural abnor-
mality of hemoglobin leading to the characteristic
shape — “the sickle”. J. B. Herrick first described the
medical condition in 1910 as peculiar elongated and
sickle-shaped.!"] SCD occurs most frequently among
people in Sub-Saharan Africa, and less regularly
in parts of the Middle East, Indian subcontinent,
Mediterranean regions, and people of African origin.
Globally, over 300,000 children are annually born
with this diseasel?! with approximately 150,000
deaths per year, hence being recognized as a global
health problem. The average life expectancy of
persons with sickle cell disease is reported to be forty
to fifty years, which is often shorter for persons with
homozygous HbS or HbS/ B0 than for persons with
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compound heterozygous. [*!

The sickle hemoglobin, under normal conditions,
combines with oxygen or carbon dioxide forming a
biconcave shape termed as premeniscocyte, which
cannot be differentiated from the healthy red blood
cells. 3! Premeniscocytes have randomly distributed
hemoglobin and are as flexible as healthy cells.
However, when the oxygen or carbon dioxide
is removed, hemoglobin is transformed into an
uncombined state, and premeniscocyte undergo
sickling. Ingram in 1958 discovered the genetic
basis of the disease and demonstrated that the
disease is caused by the substitution of glutamic
acid (G_A_G) to valine (G_T_G) at position six
of the hemoglobin B-globin chain.[*! The amino
acid substitution results from point mutation of the
hemoglobin gene. SCD can occur when one inherits
homozygous HbS (HbSS) or compound heterozygous
with B-thalassemia mutations (HbS/ f0-thalassemia
and HbS/ B+-thalassemia, and other structural p-
globin variants such as HbC-African Americans,
HbD-Indian/Pakistan, HbE-Asian, HbO-Arab).

Persons with SCD may suffer from acute or chronic
complications. Severe complications of sickle cell

1Pharmacogenomics and Genomic Medicine Group, School of Medical Sciences, College of Health and Allied

Sciences, University of Cape Coast, Cape Coast, Ghana
Address for correspondence:

George Nkansah Rost Fordjour, Pharmacogenomics and Genomic Medicine Group, School of Medical Sciences, College of Health
and Allied Sciences, University of Cape Coast, Cape Coast, Ghana. E-mail: fordjour.george.nr@gmail.com

Journal of Medical Sciences and Health/Sept-Dec 2022/Volume 8/Issue 3 271


fordjour.george.nr@gmail.com

Fordjour: Current state of sickle cell disease management

disease include but are not limited to, painful
episodes, acute chest syndrome, stroke, and hepatic
and splenic sequestration. The disease may also
lead to life-threatening chronic complications such
as osteomyelitis, and damage or injury to the liver,
lung, kidney, brain, eyes, and heart. The current
disease-modifying therapies of SCD that prevent and
treat these complications include red blood cell
transfusion, L-glutamine, crizanlizumab, voxelotor,
and hydroxyurea. However, the only promising
cure, to date, remains allogeneic hematopoietic
stem cell transplant which has shown excellent
potential recently. Gene therapy is also a potential
therapeutic strategy currently under investigation. In
this paper, I outlined the advances and constraints
of hematopoietic stem cell transplantation as a cure
for SCD. I also highlighted strategies to improve
the procedure through regimen modification to
reduce transplant-related toxicities and associated
complications based on meticulous considerations of
current research outcomes.

Summary of the pathophysiology of sickle
cell disease

SCD has a complicated pathway of contributory
pathologies, and although polymerization of sickle
cells is central in vaso-occlusive crises, the hypoth-
esis that it is solely responsible for vascular
obstruction and sickle cell-related painful crises is no
longer valid.

In a low condition of oxygen concentration, intracel-
lular hemoglobin becomes insoluble and polymerizes
into tubulin fibers producing the sickling shape.[®!
The inflexible and rigid cells aggregate and block
tissue depriving cells of blood flow and oxygen,
leading to ischemic damage or tissue necrosis.

The low antioxidant capacity of sickle cells caused by
defective intracellular signaling pathways, less nitric
oxide (NO) and adenosine triphosphate (ATP) may
lead to oxidative damage. The highly reactive oxygen
species may damage cellular membrane proteins
and also cause hemolysis. The abnormal membrane
proteins at the cell surface contribute to the
interaction between sickle cells and healthy RBCs,
and other blood cells. The release of hemoglobin
into plasma traps NO and adversely lowers NO
content since arginase-1 activity, responsible for
NO production, is lower in sickle cells. The lower
NO concentration causes vasoconstriction of the
vessels contributing to acute chest syndrome, cardiac
ischemia, and stroke.

Also, microRNAs are dysregulated in sickle cells and
are partly responsible for abnormal erythropoiesis by
silencing important RNA molecules. The process can
lead to abnormal activation of adhesive receptors,
such as RBC intercellular adhesion molecule-4
and basal cell adhesion molecule. These surface
molecules mediate the interaction between sickle
cell and endothelium, leukocytes, and platelets.
Other adhesive proteins such as mitogen-activated
protein kinase ERK % , E-selectin and P-selectin are
upregulated in sickle cell disease and contribute to
disease pathology and severity. [6]

Aside from the interaction between sickle cell and
leukocytes and platelets caused by adhesive proteins
on sickle cells, multiple inflammatory cytokines,
such as IL-4, IL-10, macrophage inflammatory pro-
tein (MIP-1a) and tumor necrosis factor-alpha (TNF-
o) are also elevated in SCD resulting in the extreme
inflammation and painful episodes associated with
the disease.[”®!

As a result of the multiple contributory pathways of
the disease pathology, it is challenging to strategize
therapy that can address all the mechanisms and
pathways. There have been short-term and long-
term treatment therapies that address specific path
(s) of the disease pathology. Curative strategies have
also been postulated. However, there are adverse
limitations of such procedures, and detailed studies
ought to be carried out.

Current treatment options

Most of the treatment options for sickle cell disease
remain largely palliative and while it may improve
quality of life, persons with sickle cell disease
may still suffer from extreme sickling crises, end-
organ damage/injury, and reduced life expectancy.
Current therapies for SCD include fetal hemoglobin
inducing agent-hydroxyurea, RBC transfusion, L-
glutamine, anti-adhesive agent — crizanlizumab, and
hemoglobin oxygen-affinity modulator — voxelotor.
Crizanlizumab and voxelotor were granted acceler-
ated approval based on their effect on a surrogate
endpoint, therefore further research and trials are
required to verify and establish their clinical benefits.

Hydroxyurea

Hydroxyurea, also known as hydroxycarbamide, is
an antineoplastic oral drug used to treat chronic
myelogenous leukemia, melanoma, and inoperable
ovarian cancer. The chemical compound first syn-
thesized by Dresler and Stein in 1869, was initially
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approved by US FDA as an anticancer agent in
1967.19 The drug received approval from the FDA
for use in treating adults with SCD in 1998 based
on the evidence of hydroxyurea inducing HbF in the
mid-1980s.[1%11 Various studies have supported the
drug’s effect on reducing acute painful episodes and
acute chest syndrome and inducing HbF. [3-15]

Although hydroxyurea is widely believed to induce
HbF synthesis, the mechanism of action for HbF
induction remains not completely established. How-
ever, the well-established mechanism of action
of hydroxyurea as HbF inducer is the blockage
of synthesis of deoxyribonucleotides, DNA syn-
thesis, and repair through reversible inhibition
of ribonucleotide reductase.['®! The inhibition of
ribonucleotide reductase in the S-phase, where DNA
synthesis is highly expressed leads to the transitory
arrest of erythropoiesis. The recovery from the
arrested state leads to stress erythropoiesis consisting
of erythropoietin induction and recruitment of
early erythroid progenitors that maintain their HbF-
producing ability, resulting in mature erythrocytes
with actively expressing y-gene.['” The erythroid
stress-related HbF expression may occur as a
result of the changes in the erythroid environment
such as a change in erythropoietic kinetics, signal
transduction, or others.

L-glutamine

The USA Food and Drug Authority in 2017
announced the commercial availability of L-
glutamine (under the brand “Endari”) as the second
drug for the treatment of SCD.['® Glutamine
is a precursor for the synthesis of glutathione,
nicotinamide adenine dinucleotide and arginine,
compounds central to the protection of red blood
cells against oxidative stress or damage and also
maintenance of normal vascular tone.[”! Sickle red
blood cells absorb and utilize L-glutamine at a higher
rate that exceeds the amount the body produces. The
mechanistic use of the drug is to supplement the low
L-glutamine levels caused by the decreased redox
potential of sickle red blood cells which may lead to
oxidative stress or damage to the cell. Supplementing
the low levels of L-glutamine causes a subsequent
increase in naturally occurring redox agents such as
nicotinamide adenine dinucleotide and nicotinamide
adenine dinucleotide hydrogenase which in turn
prevent oxidative stress. L-glutamine has been
shown to significantly decrease the frequency of
vaso-occlusive episodes and incidence of acute
chest syndrome with negligible side effects by

neutralizing the oxidative stress in sickle red blood
cells and making the cells flexible to carry oxygen
throughout the body. In addition, L-glutamine acts
as an antioxidant to protect red blood cell protein
and lipid against oxidation, red blood cell fragility,
and phosphatidylserine exposure. [2°]

Crizanlizumab

On November 15, 2019, crizanlizumab was also
approved for treating SCD after several reports of
the drug reducing the frequency of vaso-occlusive
crises in adults and young people >16 years with
SCD.?Y Crizanlizumab is a humanized monoclonal
antibody that binds to P-selectin expressed on the
surface of endothelial cells and platelets.??] P-
selectin is expressed by these cells during activation
processes such as inflammation.?®] This initiates
the adherence of leukocytes to the endothelium
through the P-selectin glycoprotein ligand 1 (PSGL-
1) on leukocytes. Activated platelets may also bind
to PSGL-1 on the surface of leukocytes. Normal RBCs
do not express PSGL-1 on their surfaces. Sickle RBCs
are, on the other hand, known to possess surface
glycoprotein similar to PSGL-1 which adheres to acti-
vated endothelium, forming an aggregate that causes
obstruction of the vasculature, vaso-occlusion, and
tissue ischemia. [?4] Crizanlizumab, an anti-P-selectin
monoclonal antibody, inhibits the binding of (PSGL-
1), thereby preventing interactions with leukocytes
and sickle cells. Inhibition of these interactions
also eliminates subsequent local hypoxia that may
lead to the upregulation of P-selectin in endothelial
cells, HbS polymerization, and severe vaso-occlusive
crises.

Voxelotor

Voxelotor, a Hb oxygen-affinity modulator, was also
granted accelerated approval by the US FDA on
November 19, 2019, based on evidence of increasing
Hb.[?!l The compound inhibits HbS polymerization
and the sickling of HbS-containing RBCs. The
mechanism of voxelotor in reducing the sickling
of RBC is through increasing the proportions of
oxygenated HbS in SCD patients. Oxygenated HbS
has a biconcave shape similar to normal Hb, flexible
and randomly distributed, thereby preventing vaso-
occlusion. The drug safety reported by Hutchaleelaha
et al.[?] was fairly high with over 30% of cases of
vomiting and nausea, 50% with diarrhea, and others
with gastroenteritis and headache.
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RBC transfusion

About ninety percent of adults with SCD must have
received at least one red blood cell transfusion
making blood transfusion a mainstay of treatment
for SCD!?%] along with hydroxyurea. RBC transfusion
can be given to treat complications of sickle cell or as
intermittent preventive treatment to protect against
complications.?”] Blood transfusion is, in some
cases, given to treat stroke in children with abnormal
transcranial Doppler.[?8]. Transfusion increases the
oxygen capacity of the blood, especially in people
with anemic-SCDs, and reduces the complications of
vaso-occlusion. People with severe anemia usually
require a simple transfusion in which normal blood
cells are given without removal of one’s blood.
However, with mild anemia, exchange transfusion
may be necessary to lower the concentration of
HbS through dilution. RBC transfusion may follow
either a restriction policy where simple transfusion
is given to reach a pre-specified Hb target or a
liberal policy in which transfusion reduces HbS
percentage below a pre-selected threshold.[?°! RBC
transfusion has generally improved the quality of
life of people with SCD, albeit the risk, including
the transmission of transfusion-associated infections,
alloimmunization, iron overload, acute or delayed
hemolytic transfusion, and increased complexity of
compatibility testing. Therefore, the benefits and
risks must be assessed before transfusion.

Hematopoietic stem cell transplantation

Although advances have been achieved in treatment
to control complications and crises of SCD, the
safety and accessibility of these drugs have always
been a universal issue. To date, hematopoietic
stem cell transplantation (HSCT) or bone marrow
transplantation remains the only cure for SCD
with gene therapy also considered a promising
strategy. Considering how skeptical most healthcare
professionals and SCD patients are about current
treatments, curative therapy should have been an
accomplishing discovery. However, HSCT with its
several concerns including the selection of patients
(age, disease severity, and end-organ injury), risk of
short-term toxicity, long-term adverse effects (graft-
vs-host disease, sterility), graft failure, selection of
conditioning regimen, and availability of suitable
donor, have limited its prospects. This paper focuses
on current advances made in HSCT, especially to
overcome such limitations, recent challenges, and
the way forward.

Several factors may be considered in the selection
of patients for HSCT. The eligibility for HSCT, in
contrast, is based on individual benefits-and-risks
analysis. The procedure is only recommended for
patients whose benefits of cure outweigh the risks
of transplant-associated toxicities where a suitable
donor is available. Age and suitable donors are the
most significant factors of mortality and success of
HSCT. Studies show that pediatric patients with
human leukocyte antigen (HLA)-matched sibling
donors using a myeloablative conditioning regimen
is, by far, the most successful transplant.[3%:31 A
worldwide survey of HLA-identical sibling HSCT
reported a 5-year overall survival (OS) rate of 95%
and 81% for patients < 16years and those >16,
respectively; with corresponding event-free survival
(EFS) of 93% and 81%; 9% increase on hazard ratio
for treatment failure (graft rejection or death) per a
year increment in age; and hazard ratio for acute
graft-vs-host disease (GvHD) was 4% for every 1-year
increment in age. [*%

Selection of conditioning regimen

Myeloablative regimen, the standard conditioning
for HSCT, has been associated with transplant-
related toxicities, veno-occlusive disease of the liver,
hemorrhage, secondary malignancy, graft failure, and
sterility.[33-35] Attempts in preventing these adverse
effects mostly seen in adults have resulted in newer
regimens such as non-myeloablative and reducing-
intensity conditioning regimens. HSCT using these
approaches is aimed at producing mixed chimerism
for stable disease control. However, an engraftment
threshold that allows the improvement of the disease
remains controversial. Previous studies have also
heavily associated these approaches with a high
rate of engraftment failure, higher incidence of
GvHD, and prolonged immunosuppression which
put patients at risk of infections. A study by
Nickel et al.,[®®! which has been replicated in other
studies, prompted the use of alemtuzumab non-
myeloablative regimen using HLA-matched sibling
HSCT with no GvHD or transplant-related mortality
and an EFS rate of 90%. 3738

Matched unrelated donor

With the chances of an individual finding a matched
sibling donor within the 16 to 20% range, efforts have
been made to expand the availability of transplant
donors for most SCD patients.[?53% Advances in
HSCT have led to the use of matched unrelated, cord
blood, and haploidentical donors.
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A study by Shenoy et al.l*°! using a reducing-
intensity conditioning regimen including alem-
tuzumab, fludarabine, and melphalan reported a 10%
graft rejection, 76% and 69% incidence of 1- and 2-
year EFS, respectively, and corresponding 86% and
79% rates of OS, using matched unrelated donor. The
rate of acute GVHD on day 100 was 28% and chronic
GvHD was 62% in the first year. Severe GvHD-related
death was also reported in the second year.

In 2019, a prospective study on adolescents and
young adults, 17 — 36 years, was conducted using a
reduced-intensity regimen with both HLA-identical
sibling donors and HLA-allele matched unrelated
donors. The progress and success of unrelated
transplants were still very low. One-year OS for
sibling and unrelated transplants were 94% and 80%,
respectively, and corresponding EFS of 94% and
60%[41]

Cord blood donor

The use of unrelated cord blood for the treatment of
SCD is currently discouraged due to the high rate of
graft rejection, GvHD, and post-transplant infections.
A study conducted by Kamani and colleagues
in 2012 using reduced-intensity conditioning with
alemtuzumab, fludarabine, and melphalan, resulted
in a 1-year EFS of 37.5%, acute GvHD of 25%, and
chronic extensive GvHD of 12.5%.!4%] Despite EFS
not meeting the prespecified target, the reduced-
intensity conditioning used in the study was reported
to have a positive safety profile and therefore
new approaches with improved engraftment can be
adopted for unrelated cord transplants in persons
with severe SCD.

In a more recent study, Abraham et al.[*?! tested
the previous reduced-intensity conditioning regimen
with thiotepa in nine children to see the effect
on engraftment. The findings showed increasing
engraftment with 1-year EFS and OS rates of 78% and
100%, respectively, but the incidence of acute GvHD
and viral infections of 44% and 78% were still very
high.

Unlike unrelated cord blood, related cord blood
transplant has been very successful in SCD.
Reports by Lacotelli et al.[*l on patients with
hemoglobinopathies that received HLA-identical
sibling cord blood had a 6-year EFS and OS of 90%
and 97%, respectively in SCD patients. Graft failure
was observed in 10.4%, eleven of the 96 patients
(11%) experienced acute GvHD and no incidence of

chronic extensive GvHD. Aside from the difficulty
in obtaining HLA-identical related cord blood for the
majority of SCD patients, there have been reports
of significant delay in the time of engraftment for
neutrophils and platelets, #5461 which place SCD
patients at increased risk of viral infection. [47]

Haploidentical donor

With continuous efforts to expand the HSCT donor
pool, haploidentical transplants, which use half-
matched donors, have seen major improvements in
the conditioning regimen with promising outcomes.
Haploidentical transplants have previously been
associated with high transplant morbidity, graft
failure, and extensive GvHD. Also, the transplant
procedure of haploidentical cells has itself been
reported to cause a decline in cardiac, pulmonary,
and renal functions. Haploidentical transplant uses
half-matched donor cells or one HLA-matched
haplotype, making donors easily accessible.

In attempts to develop a safe HLA-haploidentical
peripheral blood stem cell transplant approach for
patients with severe organ damage, Fitzhugh et al. [4°]
used alemtuzumab non-myeloablative regimen with
and without post-transplant cyclophosphamide. The
conditioning regimen without cyclophosphamide
had all patients rejecting graft after 7 months of
transplantation. In patients that received cyclophos-
phamide, graft failure decreased significantly to 50%,
and acute and chronic GvHD was diagnosed in
16%. Two of the 21 patients died as a result of
pulmonary hypertension, congestive heart failure,
and infections. In a similar study with a thiotepa-
augmented non-myeloablative regimen, 93% stable
engraftment, and 100% OS were achieved after
6 months. Five of the 15 patients that received
cyclophosphamide developed acute GvHD and 6
patients had chronic GvHD. Other complications
reported in the study were mainly asymptomatic
viral infection, occurring in nine patients, and one
case each of typhlitis, gastritis, and gastrointestinal
bleeding. [4°]

A recent study by Foell et al.[%! using CD3/CD19
and of/CD19 T-cell depleted haploidentical cells
achieved 100% primary engraftment. The recorded
rates of EFS and OS were 100% and 88%, respec-
tively, where all surviving patients are free of SCD-
related disease and complications. The incidence
of GvHD was considerably high with 28% and
16% developing acute GvHD and chronic GvHD
respectively. Viral reactivation was reported in 52%,
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and 4% each with macrophage activation syndrome
and veno-occlusive disease of the liver.

Conclusion

Despite current advances in the management of
persons with SCD, the mechanism of action, safety,
and clinical benefits of these drugs remain elusive
to most scientists. Universal clinical trials need to
be initiated and carried out under strict conditions
and analysis to firmly establish the safety and
benefits of these drugs. Gene therapy as a cure
for SCD is an interesting and promising field
of research but its safety and efficacy are yet
to be established. Allogeneic HSCT is the only
curative strategy for persons with SCD. However,
concerns about donor availability and transplant-
related complications had limited the use of HSCT.
Recent studies have discovered new approaches to
expand the donor pool and prevent some transplant-
associated complications. Most of these approaches
met the prespecified target of event-free survival rate,
however, the incidence of transplant-related diseases
was considerably high.

Aside from using human leukocyte antigen (HLA)-
matched sibling donors, all efforts to expand the
donor pool have resulted in a high incidence of
transplant-related conditions that are most deadly
to recipients. However, reports from studies using
haploidentical peripheral stem cells are encouraging
and demonstrate a safer and feasible procedure that
could be adopted as an alternative cure for SCD
patients. Also, different conditioning regimens have
been shown to result in transplant-related toxicities.
Therefore, extensive research is needed to elucidate
the best regimen for different donor cells with
potential curative alternatives to SCD.

Abbreviations
ATP: Adenosine triphosphate

CD: Cluster of differentiation

DNA: Deoxyribonucleic acid

EFS: Event-free survival

ERK: Extracellular signal-regulated protein kinase
FDA: Food and Drug Authority

GvHD: Graft versus host disease

Hb: Hemoglobin

HLA: Human leukocyte antigen

HSCT: Hematopoietic stem cell transplantation
MIP: Macrophage inflammatory proteins

NO: Nitric Oxide

OS: Overall survival

PSGL-1: P-selectin glycoprotein ligand 1

RBC: Red blood cell

RNA: Ribonucleic acid

SCD: Sickle cell disease

TNF: Tumor necrosis factor

Declarations

Availability of data and materials
Not applicable

Competing interests
The author declares no competing interests

Funding
Not applicable

Acknowledgments

The author thanks Dr. Ruth Ayanful-Torgby (CSIR-
Water Research Institute) for providing scientific
support and Dr. Robert Peter Biney (University of
Cape Coast) for editing the manuscript.

References

1. Herrick JB. Peculiar elongated and sickle-shaped red
blood corpuscles in a case of severe anemia. 1910.
Yale Journal of Biology and Medicine . 2001;74(3):179-
184. Available from: https:/www.ncbi.nlm.nih.gov/
pmc/articles/PMC2588723/.

2. Chakravorty S, Williams TN. Sickle cell disease: a
neglected chronic disease of increasing global health
importance. Archives of Disease in Childhood.
2015;100(1):48-53. Available from: https://doi.org/10.
1136/archdischild-2013-303773.

3. Pauling L, Itano HA, Singer SJ, Wells IC. Sickle
Cell Anemia, a Molecular Disease. Science.
1949;110(2865):543-548. Available  from:

https://doi.org/10.1126/science.110.2865.543.

276 Journal of Medical Sciences and Health/Sept-Dec 2022/Volume 8/Issue 3


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2588723/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2588723/
https://doi.org/10.1136/archdischild-2013-303773
https://doi.org/10.1136/archdischild-2013-303773
https://doi.org/10.1126/science.110.2865.543

Fordjour: Current state of sickle cell disease management

10.

11.

12.

13.

14.

15.

Ingram VM. Abnormal human hemoglobins: I.
The comparison of normal human and sickle-cell
hemoglobins by “fingerprinting”. Biochim Biophys
Acta. 1958;28(3):539-584. Available from: https://doi.
org/10.1016/0006-3002(58)90516-x.

Brittenham GM, Schechter AN, Noguchi CT.
Hemoglobin S polymerization: primary determinant
of the hemolytic and clinical severity of the sickling
syndromes. Blood. 1985;65(1):183-189. Available
from: https://pubmed.ncbi.nlm.nih.gov/3965046/.
Kaul DK, Finnegan E, Barabino GA. Sickle Red
Cell-Endothelium Interactions. Microcirculation.
2009;16(1):97-111. Available from: https://doi.org/10.
1080/10739680802279394.

Pathare A, Kindi SA, Daar S, Dennison D.
Cytokines in Sickle Cell Disease. Hematology.
2003;8(5):329-337. Available from: https:

//doi.org/10.1080/10245330310001604719.
Knight-Perry J, Debaun MR, Strunk RC, Field ]J.
Leukotriene pathway in sickle cell disease: a potential
target for directed therapy. Expert Review of
Hematology. 2009;2(1):57-68. Available from: https:
//doi.org/10.1586/17474086.2.1.57.

Mcgann PT, Ware RE. Hydroxyurea therapy for
sickle cell anemia. Expert Opinion on Drug Safety.
2015;14(11):1749-1758. Available from: https://doi.
org/10.1517/14740338.2015.1088827.

Letvin NL, Linch DC, Beardsley GP, Mcintyre
KW, Nathan DG. Augmentation of Fetal-
Hemoglobin Production in Anemic Monkeys
by Hydroxyurea. New England Journal of
Medicine. 1984;310(14):869-873.  Available from:
https://doi.org/10.1056/NEJM198404053101401.

Platt OS, Orkin SH, Dover G, Beardsley GP, Miller B,
Nathan DG. Hydroxyurea enhances fetal hemoglobin
production in sickle cell anemia. Journal of Clinical
Investigation. 1984;74(2):652-656.  Available from:
https://doi.org/10.1172/jci111464.

Habara A, Steinberg MH. Minireview: Genetic
basis of heterogeneity and severity in sickle cell
disease. Experimental Biology and Medicine.
2016;241(7):689-696. Available from: https:
//doi.org/10.1177/1535370216636726.

Charache S, Terrin ML, Moore RD, Dover GJ, Bar-
ton FB, Eckert SV, et al. Effect of Hydrox-
yurea on the Frequency of Painful Crises in Sickle
Cell Anemia. New England Journal of Medicine.
1995;332(20):1317-1322. Available from: https://doi.
org/10.1056/nejm199505183322001.

Steinberg MH, Lu ZHH, Barton FB, Terrin ML,
Charache S, Dover GJ. Fetal Hemoglobin in Sickle Cell
Anemia: Determinants of Response to Hydroxyurea.
Blood. 1997;89(3):1078-1088. Available from: https:
//doi.org/10.1182/blood.V89.3.1078.

Strouse JJ, Lanzkron S, Beach MC, Haywood C,
Park H, Witkop C, et al. Hydroxyurea for Sickle

Cell Disease: A Systematic Review for Efficacy and
Toxicity in Children. Pediatrics. 2008;122(6):1332—

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

1342. Available from: https://doi.org/10.1542/peds.
2008-0441.

Chapman RT, Kinsella JT. Ribonucleotide reductase
inhibitors: a new look at an old target for radiosensitiza-
tion. Frontiers in Oncology. 2011;1(56):1-6. Available
from: https://doi.org/10.3389/fonc.2011.00056.

Baliga BS, Pace BS, Chen HHH, Shah AK, Yang
YMM. Mechanism for fetal hemoglobin induction
by hydroxyurea in sickle cell erythroid progenitors.
American Journal of Hematology. 2000;65(3):227—
233.  Available from: https://doi.org/10.1002/1096-
8652(200011)65:3%3C227::aid-ajh9%3E3.0.co;2-v.
U.S. Food & Drug Administration, FDA approves new
treatment for sickle cell disease. 2017. Available
from: https://www.fda.gov/news-events/press-
announcements/fda-approves-new-treatment-sickle-
cell-disease.

Quinn TC. 1-Glutamine for sickle cell anemia: more
questions than answers. Blood. 2018;132(7):689-693.
Available from: https://doi.org/10.1182/blood-2018-03-
834440.

Balushi HA, Hannemann A, Rees D, Brewin J, Gibson
JS. The Effect of Antioxidants on the Properties of Red
Blood Cells From Patients With Sickle Cell Anemia.
Frontiers in Physiology. 2019;10(976). Available from:
https://doi.org/10.3389/fphys.2019.00976.

Ballas KS. The Evolving Pharmacotherapeutic
Landscape for the Treatment of Sickle Cell Disease.
Mediterranean Journal of Hematology and Infectious
Diseases. 2020;12(1):e2020010. Available from: https:
//doi.org/10.4084/MJHID.2020.010.

Ataga KI, Kutlar A, Kanter J, Liles D, Cancado R,
Friedrisch J, et al. Crizanlizumab for the Prevention
of Pain Crises in Sickle Cell Disease. New England
Journal of Medicine. 2017;376(5):429-439. Available
from: https://doi.org/10.1056/NE]JMoa1611770.
Gutsaeva DR, Parkerson JB, Yerigenahally SD, Kurz JC,
Schaub RG, Ikuta T, et al. Inhibition of cell adhesion
by anti-P-selectin aptamer: a new potential therapeutic
agent for sickle cell disease. Blood. 2011;117(2):727—
735. Available from: https://doi.org/10.1182/blood-
2010-05-285718.

Matsui NM, Borsig L, Rosen SD, Yaghmai M, Varki
A, Embury SH. P-selectin mediates the adhesion
of sickle erythrocytes to the endothelium. Blood.
2001;98(6):1955-1962. Available from: https://doi.org/
10.1182/blood.v98.6.1955.

Hutchaleelaha A, Patel M, Washington C, Siu V,
Allen E, Oksenberg DE, et al. Pharmacokinetics and
pharmacodynamics of voxelotor (GBT440) in healthy
adults and patients with sickle cell disease. British
Journal of Clinical Pharmacology. 2019;85(6):1290—
1302.  Available from: https://doi.org/10.1111/bcp.
13896.

Chou ST. Transfusion therapy for sickle cell disease:
a balancing act. Hematology. 2013;2013(1):439-446.
Available from: https://doi.org/10.1182/asheducation-

Journal of Medical Sciences and Health/Sept-Dec 2022/Volume 8/Issue 3

277


https://doi.org/10.1016/0006-3002(58)90516-x
https://doi.org/10.1016/0006-3002(58)90516-x
https://pubmed.ncbi.nlm.nih.gov/3965046/
https://doi.org/10.1080/10739680802279394
https://doi.org/10.1080/10739680802279394
https://doi.org/10.1080/10245330310001604719
https://doi.org/10.1080/10245330310001604719
https://doi.org/10.1586/17474086.2.1.57
https://doi.org/10.1586/17474086.2.1.57
https://doi.org/10.1517/14740338.2015.1088827
https://doi.org/10.1517/14740338.2015.1088827
https://doi.org/10.1056/NEJM198404053101401
https://doi.org/10.1172/jci111464
https://doi.org/10.1177/1535370216636726
https://doi.org/10.1177/1535370216636726
https://doi.org/10.1056/nejm199505183322001
https://doi.org/10.1056/nejm199505183322001
https://doi.org/10.1182/blood.V89.3.1078
https://doi.org/10.1182/blood.V89.3.1078
https://doi.org/10.1542/peds.2008-0441
https://doi.org/10.1542/peds.2008-0441
https://doi.org/10.3389/fonc.2011.00056
https://doi.org/10.1002/1096-8652(200011)65:3%3C227::aid-ajh9%3E3.0.co;2-v
https://doi.org/10.1002/1096-8652(200011)65:3%3C227::aid-ajh9%3E3.0.co;2-v
https://www.fda.gov/news-events/press-announcements/fda-approves-new-treatment-sickle-cell-disease
https://www.fda.gov/news-events/press-announcements/fda-approves-new-treatment-sickle-cell-disease
https://www.fda.gov/news-events/press-announcements/fda-approves-new-treatment-sickle-cell-disease
https://doi.org/10.1182/blood-2018-03-834440
https://doi.org/10.1182/blood-2018-03-834440
https://doi.org/10.3389/fphys.2019.00976
https://doi.org/10.4084/MJHID.2020.010
https://doi.org/10.4084/MJHID.2020.010
https://doi.org/10.1056/NEJMoa1611770
https://doi.org/10.1182/blood-2010-05-285718
https://doi.org/10.1182/blood-2010-05-285718
https://doi.org/10.1182/blood.v98.6.1955
https://doi.org/10.1182/blood.v98.6.1955
https://doi.org/10.1111/bcp.13896
https://doi.org/10.1111/bcp.13896
https://doi.org/10.1182/asheducation-2013.1.439
https://doi.org/10.1182/asheducation-2013.1.439

Fordjour: Current state of sickle cell disease management

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

2013.1.439.

Yawn BP, Buchanan GR, Afenyi-Annan AN, Ballas SK,
Hassell KL, James AH, et al. Management of Sickle Cell
Disease Summary of the 2014 Evidence-Based Report
by Expert Panel Members. Survey of Anesthesiology.
2014;312(10):1033-1048. Available from: https://doi.
org/10.1001/jama.2014.10517.

Adams RJ, Mckie VC, Hsu L, Files B, Vichinsky E,
Pegelow C, et al. Prevention of a First Stroke by
Transfusions in Children with Sickle Cell Anemia
and Abnormal Results on Transcranial Doppler Ul-
trasonography. New England Journal of Medicine.
1998;339(1):5-11. Available from: https://doi.org/10.
1056/nejm199807023390102.

Vinchisky EP, Haberkern CM, Neumayr L, Earles AN,
Black D, Koshy M. A comparison of conservative
and aggressive transfusion regimes in the perioperative
management of sickle cell disease. N Engl ] Med.
1995;333(4):206-219. Available from: https://doi.org/
10.1056/nejm199507273330402.

Bernaudin F, Socie G, Kuentz M, Chevret S, Duval
M, Bertrand Y, et al. Long-term results of related
myeloablative stem-cell transplantation to cure sickle
cell disease. Blood. 2007;110(7):2749-2756. Available
from: https://doi.org/10.1182/blood-2007-03-079665.
Vermylen C, Cornu G, Ferster A, Brichard B, Ninane
J, Ferrant A, et al. Haematopoietic stem cell
transplantation for sickle cell anaemia: the first 50
patients transplanted in Belgium. Bone Marrow
Transplantation. 1998;22(1):1-6. Available from: https:
//doi.org/10.1038/sj.bmt.1701291.

Gluckman E, Cappelli B, Bernaudin F, Labopin M,
Volt F, Carreras J, et al. Sickle cell disease: an
international survey of results of HLA-identical sibling
hematopoietic stem cell transplantation. Blood.
2017;129(11):1548-1556. Available from: https:/doi.
org/10.1182/blood-2016-10-745711.

Bhatia M, Sheth S. Hematopoietic stem cell trans-
plantation in sickle cell disease: patient selection and
special considerations. J Blood Med. 2015;6:229-238.
Available from: https://doi.org/10.2147/jbm.s60515.
Gluckman E. Allogeneic transplantation strategies
including haploidentical transplantation in sickle
cell disease. Hematology. 2013;2013(1):370-376.
Available from: https://doi.org/10.1182/asheducation-
2013.1.370.

Shenoy S. Hematopoietic stem-cell transplantation
for sickle cell disease: current evidence and opinions.
Therapeutic Advances in Hematology. 2013;4(5):335—
344.

Nickel RS, Flegel WA, Adams SD, Hendrickson JE,
Liang H, Tisdale JF, et al. The impact of pre-existing
HLA and red blood cell antibodies on transfusion
support and engraftment in sickle cell disease after
nonmyeloablative hematopoietic stem cell transplanta-
tion from HLA-matched sibling donors: A prospective,

single-center, observational study. eClinicalMedicine.
2020;24(100432). Available from: https://doi.org/10.

37.

38.

39.

40.

41.

42.

43.

44.

45.

1016/j.eclinm.2020.100432.

Saraf SL, Oh AL, Patel PR, Jalundhwala Y, Sweiss K,
Koshy M, et al. Nonmyeloablative Stem Cell Trans-
plantation with Alemtuzumab/Low-Dose Irradiation to
Cure and Improve the Quality of Life of Adults with
Sickle Cell Disease. Biology of Blood and Marrow
Transplantation. 2016;22(3):441-448. Available from:
https://doi.org/10.1016/j.bbmt.2015.08.036.

Guilcher GMT, Monagel DA, Nettel-Aguirre A, Truong
TH, Desai SJ, Bruce A, et al. Nonmyeloablative
Matched Sibling Donor Hematopoietic Cell Transplan-
tation in Children and Adolescents with Sickle Cell
Disease. Biology of Blood and Marrow Transplantation.
2019;25(6):1179-1186. Available from: https://doi.org/
10.1016/j.bbmt.2019.02.011.

Mentzer WG, Heller S, Pearle PR, Hackney E, Vichinsky
E. Auvailability of related donors for bone marrow
transplantation in sickle cell anemia. Am J Pediatr
Hematol Oncol. 1994;16(1):27-36.  Available from:
https://europepmc.org/article/med/8311169.

Shenoy S, Eapen M, Panepinto JA, Logan BR, Wu J,
Abraham A, et al. A trial of unrelated donor marrow
transplantation for children with severe sickle cell
disease. Blood. 2016;128(21):2561-2567. Available
from: https://doi.org/10.1182/blood-2016-05-715870.
Krishnamurti L, Neuberg DS, Sullivan KM, Kamani
NR, Abraham A, Campigotto F, et al. Bone marrow
transplantation for adolescents and young adults with
sickle cell disease: Results of a prospective multicenter
pilot study. American Journal of Hematology.
2019;94(4):446-454. Available from: https://doi.org/10.
1002/ajh.25401.

Kamani NR, Walters MC, Carter S, Aquino V,
Brochstein JA, Chaudhury S, et al. Unrelated Donor
Cord Blood Transplantation for Children with Severe
Sickle Cell Disease: Results of One Cohort from the
Phase II Study from the Blood and Marrow Transplant
Clinical Trials Network (BMT CTN). Biology of Blood
and Marrow Transplantation. 2012;18(8):1265-1272.
Available from: https://doi.org/10.1016/j.bbmt.2012.01.
019.

Abraham A, Cluster A, Jacobsohn D, Delgado D,
Hulbert ML, Kukadiya D, et al. Unrelated Umbilical
Cord Blood Transplantation for Sickle Cell Disease
Following Reduced-Intensity Conditioning: Results of
a Phase I Trial. Biology of Blood and Marrow
Transplantation. 2017;23(9):1587-1592.  Available
from: https://doi.org/10.1016/j.bbmt.2017.05.027.
Locatelli F, Kabbara N, Ruggeri A, Ghavamzadeh A,
Roberts I, Li CK, et al. Outcome of patients with
hemoglobinopathies given either cord blood or bone
marrow transplantation from an HLA-identical sibling.
Blood. 2013;122(6):1072-1078. Available from: https:
//doi.org/10.1182/blood-2013-03-489112.

Kurtzberg J. Update on umbilical cord blood
transplantation. Current Opinion in Pediatrics.
2009;21(1):22-29. Available from: https://doi.org/10.

278

Journal of Medical Sciences and Health/Sept-Dec 2022/Volume 8/Issue 3


https://doi.org/10.1182/asheducation-2013.1.439
https://doi.org/10.1182/asheducation-2013.1.439
https://doi.org/10.1001/jama.2014.10517
https://doi.org/10.1001/jama.2014.10517
https://doi.org/10.1056/nejm199807023390102
https://doi.org/10.1056/nejm199807023390102
https://doi.org/10.1056/nejm199507273330402
https://doi.org/10.1056/nejm199507273330402
https://doi.org/10.1182/blood-2007-03-079665
https://doi.org/10.1038/sj.bmt.1701291
https://doi.org/10.1038/sj.bmt.1701291
https://doi.org/10.1182/blood-2016-10-745711
https://doi.org/10.1182/blood-2016-10-745711
https://doi.org/10.2147/jbm.s60515
https://doi.org/10.1182/asheducation-2013.1.370
https://doi.org/10.1182/asheducation-2013.1.370
https://doi.org/10.1016/j.eclinm.2020.100432
https://doi.org/10.1016/j.eclinm.2020.100432
https://doi.org/10.1016/j.bbmt.2015.08.036
https://doi.org/10.1016/j.bbmt.2019.02.011
https://doi.org/10.1016/j.bbmt.2019.02.011
https://europepmc.org/article/med/8311169
https://doi.org/10.1182/blood-2016-05-715870
https://doi.org/10.1002/ajh.25401
https://doi.org/10.1002/ajh.25401
https://doi.org/10.1016/j.bbmt.2012.01.019
https://doi.org/10.1016/j.bbmt.2012.01.019
https://doi.org/10.1016/j.bbmt.2017.05.027
https://doi.org/10.1182/blood-2013-03-489112
https://doi.org/10.1182/blood-2013-03-489112
https://doi.org/10.1097/mop.0b013e32832130bc
https://doi.org/10.1097/mop.0b013e32832130bc

Fordjour: Current state of sickle cell disease management

46.

47.

48.

49.

1097/mop.0b013e32832130bc.

Danby R, Roche V. Current strategies to improve
engraftment in cord blood transplantation. Journal of
Stem Cell Research & Therapy. 2014;4(2):1-15. Avail-
able from: https://doi.org/10.4172/2157-7633.1000172.
Mehta RS, Dave H, Bollard CM, Shpall EJ. Engineering
cord blood to improve engraftment after cord blood
transplant.  Stem Cell Investigation. 2017;4(6):41.
Available from: https://doi.org/10.21037/sci.2017.05.
01.

Fitzhugh CD, Hsieh MM, Taylor T, Coles W, Roskom
K, Wilson D, et al. Cyclophosphamide improves
engraftment in patients with SCD and severe organ
damage who undergo haploidentical PBSCT. Blood
Advances. 2017;1(11):652-661. Available from: https:
//doi.org/10.1182/bloodadvances.2016002972.

Fuente JDL, Dhedin N, Koyama T, Bernaudin F, Kuentz
M, Karnik L, et al. Haploidentical Bone Marrow
Transplantation with Post-Transplantation Cyclophos-
phamide Plus Thiotepa Improves Donor Engraftment

50.

in Patients with Sickle Cell Anemia: Results of an
International Learning Collaborative. Biology of Blood
and Marrow Transplantation. 2019;25(6):1197-1209.
Available from: https://doi.org/10.1016/j.bbmt.2018.11.
027.

Foell J, Kleinschmidt K, Jakob M, Troeger AM, Corba-
cioglu S. Alternative donor: aft/CD19 T-cell-depleted
haploidentical hematopoietic stem cell transplantation
for sickle cell disease. Hematology/Oncology and Stem

Cell Therapy. 2020;13(2):98-105.

How to cite this article: Fordjour GNR. The Current
State of Sickle Cell Disease Management: A Concise
Review on Stem Cell Transplant as a Cure. ] Med Sci
Health 2022; 8(3):271-279

Date of submission: 22.05.2022
Date of review: 23.06.2022

Date of acceptance: 28.09.2022
Date of publication: 03.12.2022

Journal of Medical Sciences and Health/Sept-Dec 2022/Volume 8/Issue 3

279


https://doi.org/10.1097/mop.0b013e32832130bc
https://doi.org/10.1097/mop.0b013e32832130bc
https://doi.org/10.4172/2157-7633.1000172
https://doi.org/10.21037/sci.2017.05.01
https://doi.org/10.21037/sci.2017.05.01
https://doi.org/10.1182/bloodadvances.2016002972
https://doi.org/10.1182/bloodadvances.2016002972
https://doi.org/10.1016/j.bbmt.2018.11.027
https://doi.org/10.1016/j.bbmt.2018.11.027

