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Abstract: Sickle cell disease (SCD) is a hereditary disorder characterized by the abnormal shape of red blood cells due to a mutation in 

the HBB gene on chromosome 11. This condition leads to various symptoms, including severe pain, fatigue, and complications such as 

vaso-occlusive crises. Traditional treatments have focused on symptom management, with recent advancements in therapies like 

hydroxyurea and monoclonal antibodies providing some relief but not addressing the root cause. The advent of CRISPR/Cas9 gene 

editing technology represents a significant breakthrough in the potential treatment of SCD, allowing for precise correction of genetic 

defects or reactivation of fetal hemoglobin production. Early clinical trials, particularly the CTX001 therapy, have shown promising 

results, leading to the first regulatory approval of a CRISPR-based treatment. However, challenges remain, including safety concerns, 

ethical implications, and accessibility issues, particularly in low-resource settings. Future advancements in gene editing techniques and 

delivery systems, alongside equitable healthcare policies, are crucial for the widespread adoption of CRISPR therapies in SCD 

management. This review highlights the transformative potential of CRISPR/Cas9 in addressing the genetic basis of SCD and the 

ongoing journey towards effective and accessible treatments.  
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1. Introduction 
 

Sickle cell disease is an inherited, autosomal recessive group 

of disorders that gets its name from the crescent or sickle-

like shape of red blood cells in patients, which was first 

described by Herrick. This disease includes sickle cell 

anemia (SCA), HbSC and HbSβ-thalassaemia, all of which 

are caused by a point mutation on Chromosome 11. Early 

symptoms include jaundice, extreme tiredness or fussiness, 

and painful swelling of hands and feet. Severe pain, fatigue, 

and fever, along with chest pain, coughing, shortness of 

breath, and sudden weakness or numbness on one side of the 

body, can also be observed as symptoms. Priapism is also a 

common symptom which could lead to erectile dysfunction. 

Despite the severity and constant research, a definitive cure 

for this disease was not developed until recently. Earlier 

treatments focused on minimizing symptoms and preventing 

complications. The emerging technique of CRISPR gene 

editing has somewhat revolutionized the treatment of 

diseases like SCD, allowing in vivo DNA editing as opposed 

to before, when extraction of tissue samples was required for 

genome editing. However, there remain challenges and 

limitations, including safety, ethical and regulatory issues.  

 

Molecular Pathophysiology of SCD 

Hemoglobin is a tetrameric protein which consists of two α-

globin and two β-globin chains, each associated with a 

cofactor, Haem, which is capable of binding to oxygen. 

These globin chains are encoded by duplicate copies of the 

HBA and HBB genes, respectively. A single point mutation 

in the HBB gene present on chromosome 11 replaces the 

17th nucleotide from thiamine to adenine, which in turn 

causes the addition of the hydrophobic amino acid valine at 

the sixth residue in place of the hydrophilic glutamic acid. 

This substitution results in the expression of the βs allele, 

which gives rise to mutant Hemoglobin S. The β1 chain of 

Hemoglobin S, in the presence of acidic or hypoxic 

conditions, binds with the β2 chain of another Hemoglobin S 

molecule, which leads to a polymer nucleus. The 

accumulation of these polymers in a red blood cell disrupts 

its architecture and dehydrates it causing physical and 

oxidative stress and thus leading the cell to lose its structural 

integrity and assuming a sickle-cell shape.  

 

The aggregation of sickle erythrocytes with neutrophils, 

platelets and endothelial cells leads to stagnant blood flow, 

referred to as vaso-occlusion. Hemoglobin polymer bundles 

also cause lysis of erythrocytes which in turn leads to release 

of these polymers into the blood circulation. Oxygenated Hb 

promotes endothelial dysfunction by converting endothelial 

Nitric Oxide into nitrate and methanoglobin.  
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Figure 1 

 

The most common clinical manifestation of sickle cell 

disease, a vaso-occlusive crisis (VOC) occurring when blood 

flow is blocked by sickled red blood cells (crescent-shaped) 

to the point that tissues and organs become deprived of 

oxygen, causing pain. 

 

Reference: Bell V, Varzakas T, Psaltopoulou T, Fernandes 

T. Sickle Cell Disease Update: New Treatments and 

Challenging Nutritional Interventions. Nutrients. 2024 Jan 

15;16(2):258. doi: 10.3390/nu16020258. PMID: 38257151; 

PMCID: PMC10820494 

 

Treatment Strategies Applied in the Past 

Various treatments have been used to prevent complications 

in SCD patients. Options primarily consisted of transfusion, 

pain management and hydroxyurea until therapies, including 

luspatercept and crizanlizumab which reduced vaso-

occlusive episodes in SCD patients However, none of them 

came close to being a curative factor for this debilitating 

disease.  

 

Blood transfusions help manage severe anemia and 

prevention of strokes, especially in children. However, long-

term transfusion therapy can lead to iron overload and 

alloimmunization.  

 

Elevated levels of fetal Hemoglobin (HbF) (comprising of 

2 α and 2 γ-chains) inhibit the polymerization of sickle 

hemoglobin and are associated with improved morbidity and 

mortality in patients. Hydroxuurea (hydroxycarbamide), a 

ribonucleotide reductase inhibitor, remains the most 

commonly used treatment for increment in HbF levels, 

which also reduces the frequency of pain crises, acute chest 

syndrome, and the need for transfusions. However, there are 

concerns about its long term effect. 

 

L-glutamine is believed to reduce oxidative stress in red 

blood cells, although its precise mechanisms are not fully 

understood and is therefore used to decrease the frequency 

of pain crises in patients above 5 years of age.  

 

Voxelator, a small-molecule drug, approved by the FDA in 

2019 and the EMA in 2022, reduces hemolytic anemia by 

stabilizing the oxygenated state of hemoglobin and 

inhibiting HbS polymerization.  

 

Crizanlizumab, a monoclonal antibody targeting P-selectin, 

was approved to reduce the frequency of vaso-occlusive 

crises (VOCs). It works by preventing the adhesion of 

sickled cells to the vascular endothelium, which plays a 

central role in the inflammatory cascade that leads to VOCs. 

Administered monthly, crizanlizumab has been shown to 

significantly lower the rate of pain crises. 

 

All these therapeutic treatments, however useful in reducing 

complications, do not touch the underlying cause of SCD. 

Looking at the global burden that SCD is, there seems an 

urgent need for curative and accessible therapies, 

particularly in resource–limited regions.  

 

Potential Curative Strategies 

Unlike symptomatic therapies, curative treatments aim to 

address the underlying cause of SCA and either eliminate 
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genetic defects or replace the defective hematopoietic 

system. 

 

Allogenic hematopoietic stem cell transplantation 

(HSCT) is the most established curative option of all which 

comprises of transplantation of healthy hematopoietic stem 

cells from a compatible donor to the recipient, providing 

high long-term survival and disease-free rates. However, 

there is always a risk of graft rejection, leading to graft-

versus-host disease and immune-suppression related 

complications. Further, the limited availability of suitable 

donors and the high costs make this treatment strategy 

relatively inaccessible.  

 

This brought us the most recent and the most promising of 

all, gene-editing technologies, more specifically 

CRISPR/Cas9 based therapies. These approaches are aimed 

towards either correcting the defect in HBB gene or 

inducing expression of fetal Hemoglobin (HbF) by targeting 

regulatory genes like BCL11A. CRISPR technology is based 

on autologous transplant of hematopoietic stem cells which 

eliminates the risk of graft rejection. Early-phase clinical 

trials have attained positive results, and while still being 

under development, CRISPR/Cas9 technology could provide 

a cure for SCD once and for all.  

 

The Rise of CRISPR/Cas9 Technology 

Clustered Regularly Interspaced Short Palindromic Repeats 

(CRISPR) provide a gene editing technology which allows 

researchers to manipulate genomic elements or turn on or off 

genes rather quickly, easily and cheaply. The origin of this 

technique comes from the ability of certain bacteria and 

archaea to immunize themselves from viral infections by 

storing fragments of that specific viral DNA into their own 

genome. These stored segments are known as CRISPR and 

they guide the Cas9 endonuclease to recognize and cut 

complementary sequences present in viral DNA during 

secondary infection.  

 

Jennifer Doudna and Emmanuelle Charpentier, in 2012, 

proposed this technique as a potential alternate for zinc-

finger nucleases and transcription-activator–like effector 

nucleases mechanisms. They described this now widely 

used genome-editing technique as “efficient, versatile, and 

programmable by changing the DNA target-binding 

sequence in the guide chimeric RNA”.   

 

The CRISP-Cas9 system consists of two components: 

1) Cas9 enzyme: It is an endonuclease enzyme which 

consists of two domains, each cleaving a single DNA 

strand at the specific site as guided by gRNA. The Cas9 

protein thus leaves the target DNA with a site-specific 

double stranded break. 

2)  Guide RNA (gRNA): A single transcript that directs 

Cas9 protein to the specific site within the genome to be 

cleaved. The transcript includes a 20 nucleotide spacer 

sequence that is complementary to target DNA and a 

scaffold sequence that is the binding site of Cas9. 

 

The CRISPR/Cas9 technique holds several advantages over 

the previously developed gene editing mechanisms such as 

being easy to design, cost effective and high-throughput. 

 

Since its discovery, CRISPR/Cas9 has emerged as a 

powerful tool in medicine, agriculture and biotechnology. It 

is a considered as a potential tool for curing genetic diseases, 

developing healthier crops and eliminating infectious 

diseases.  

 

Majority of the total known 6,000 genetic diseases do not 

have a definite cure and gene therapy is the latest 

advancement in biotechnology that aims to find the antidote 

for these genetic diseases. Between 1998 and August 2019, 

22 mechanisms of gene therapy have been approved for the 

treatment of human diseases, one of which is CRISPR/Cas9. 

 

CRISPR in Sickle Cell Disease 

The application of CRISPR/Cas9 technology in SCD can be 

viewed as a revolution in precision medicine. The 

technology directly targets the underlying root of the genetic 

disease. There can be two approaches of CRISPR towards 

treatment of SCD in a patient. Since, SCD arises from a 

single-point mutation (Glu6Val) in the β-globin gene (HBB), 

the first one is the precise correction of the mutant HBB 

allele using homology-directed repair i.e., correction of 

mutation in patient derived hematopoietic stem cells (HSCs) 

and subsequent transplantation. However, this approach still 

faces challenges in efficiency. The other approach focuses 

on reactivation of the silenced fetal hemoglobin (HbF) gene. 

This is done by knocking out regulatory elements like the 

BL11A erythroid-specific enhancer using CRISPR/Cas9 to 

increase expression of HbF which compensated for the 

defective adult hemoglobin and therefore prevents sickling. 

The edited HSCs are then reinfused into the patient after 

myeloablation, offering a potentially curative, one time 

treatment. The basis of this strategy lies in the ex vivo 

therapy CTX001 which was developed by CRISPR 

Therapeutics and Vertex Pharmaceuticals which has shown 

positive response in clinical trial with treated patients 

independent of transfusion and significantly low frequency 

of vaso-occlusive crises.  

Beyond these two approaches, other gene targets like 

ZBTB7A, LCR (locus control region), and other base editing 

techniques are also being developed to ensure efficacy and 

safety. Overall, CRISPR-Cas9 is a transformative approach 

for the treatment of SCD, that focuses on a curative 

approach rather than limiting to symptomatic control.  

 

Clinical trials utilizing CRISPR/Cas9 for the treatment of 

CSD have shown remarkable results and granted hope for 

the permanent resolution for this disease. The most 

advanced and publicized trial is CLIMB-121, for the ex 

vivo therapy CTX001. This therapy was approved by the 

U.S. FDA under the name Casgevy™ in late 2023, making 

it the first CRISPR-based therapy to receive regulatory 

approval. Other clinical trials such as the homology-based 

repair and base editing are undergoing exploration with high 

hopes. Various studies are being led by institutions like 

NIH, Boston Children’s Hospital, and UCSF for the 

aspects that still require improvement. However, the results 

of clinical trials depict the immense potential that this 

technique possesses. 

 

Safety and Ethical Considerations  

Despite the immense potential of this technique, it poses 

new challenges because it is different from conventional 
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gene therapy. For instance, the knocking out methodology 

may cause adverse complications by off-target effects i.e., 

generating unintended mutations or cleavage at non-targeted 

sites. This may disrupt essential genes or mechanisms 

leading to consequences, such as severe as oncogenesis. 

Another key limitation of CRISPR/Cas9 therapy is a need 

for myeloablading conditioning which uses high dose 

chemotherapy and is essential before transplantation of 

edited stem cells, but also can lead to risks of infection, 

organ toxicity, and infertility, which makes it unsuitable for 

many patients. Safer, non-toxic alternatives of myeloablation 

are being explored, such as antibody based conditioning. 

 

Moreover, insertion-deletion mutations (INDELS) and 

large genomic arrangements that can be generated from 

double stranded breaks may harm genomic stability, 

especially in hematopoietic stem cells. 

 

This technique may raise concerns over equity and justice 

in healthcare due to currently being available only in clinical 

trials or in high-resource environments. The high cost of ex 

vivo gene manipulation may restrict access of this technique 

towards low- and middle-income areas where the problem of 

SCD impacts the most. While there are no ethical issues 

involving alterations in somatic cells, any kind of 

manipulation in germ cells, even if unintentional leads to a 

bigger debate concerning ethics in genetic engineering. 

 

Table 1 

Investigational gene-edited autologous cell therapy products for sickle cell disease 

 
Reference: Leonard A, Tisdale JF. Gene therapy for sickle cell disease. Hematology Am Soc Hematol Educ Program. 2023 Dec 

8;2023(1):542-547. doi: 10.1182/hematology.2023000487. PMID: 38066927; PMCID: PMC10727030. 

 

Although, early clinical trials have shown promising results 

in terms of safety and efficacy, the long-term effects of 

CRISPR-Cas9 treatment in SCD patients remain largely 

unknown. There could be potential underlying risks that are 

not yet understood such as delayed adverse effects, 

secondary malignancies, or overtime loss of therapeutic 

effects. This highlights the need for long-term surveillance 

of SCD patients treated using CRISPR/Cas9 technology. 

 

Future Aspects 

The future of CRISPR-Cas9 technique holds immense 

potential with the vigorous research that is going on to 

improve and master the technique. Improvement in gene 

editing platforms, such as base editing and prime editing 

might provide safer options without causing double standard 

breaks in DNA and therefore minimizing off target effects. 

In vivo delivery systems are being worked upon such as 

lipid nanoparticles or viral vectors, which negate the need 

for hematopoietic stem cell transplantation. Moreover, the 

search for alternatives for Myeloablation is also in progress. 

With the increase in availability of gene editing techniques, 

it is expected to become more common and therefore more 

cost effective which would ultimately make CRISPR-Cas9 

far more accessible to a normal person. AI driven 

Technologies could be used for generation of guide RNA or 

for automated editing platforms which could lead to 

technical advancement of the technique. 

 

However, achieving these future possibilities will depend 

not only on continued technical innovation but also on the 

establishment of strong regulatory systems, thorough long-

term safety surveillance, and fair access to ensure that 

CRISPR-based therapies reach all individuals affected by 

SCD worldwide. 

 

2. Conclusion 
 

Despite being a well-characterized genetic disorder, Sickle 

Cell Disease continues to impose a substantial burden due to 

limited curative options and resource constraints in affected 

populations. While past treatments have improved patient 

outcomes, they do not address the root genetic cause. The 

development of CRISPR/Cas9 has revolutionized the field 

of gene therapy by offering precise, efficient, and potentially 

curative solutions. With promising results from early clinical 

trials, CRISPR-based therapies have the potential to redefine 

SCD management. However, widespread adoption will 

depend on overcoming technical challenges, ensuring long-

term safety, and addressing ethical, regulatory, and 

accessibility concerns. Continued research and equitable 
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healthcare policies are essential to realize the full impact of 

these innovations on global SCD care. In conclusion, this 

marks only the beginning of what is going to be a long 

journey for CRISPR-Cas9 technology, given its tremendous 

promise for the future of genetic medicine.  
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