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Abstract 

Thalassemia is a widespread hereditary blood disorder, characterized by defective or impaired production 

of the 𝛂 or 𝛃-globin chains that make up hemoglobin. This imbalance leads to ineffective erythropoiesis, 

anemia and additional associated symptoms. Current therapeutic strategies largely rely on hematopoietic 

stem cell (HSC) transplantation as a curative approach. However, recent research illustrates the use of 

stem cell therapy and CRISPR/Cas gene editing technology as alternative treatment options. Beyond 

HSCs, mesenchymal stem cells (MSCs) can potentially ameliorate clinical manifestations due to their 

ability to differentiate into diverse cell types, while induced pluripotent stem cells (iPSCs) are re-

engineered somatic cells that can be genetically modified for thalassemia treatment. Advances in clustered 

regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein (Cas) include the 

reactivation of fetal hemoglobin through editing of the erythroid-specific enhancer of BCL11A, direct 

correction of HBB mutations, and genetic alterations in iPSCs. This review synthesizes a variety of 

research, examining the therapeutic potential of stem cell therapy and CRISPR/Cas technology in the 

treatment of thalassemia. 
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1. Introduction 

Thalassemia is a prevalent inherited single-gene blood disorder, which hinders the body’s capability to 

synthesize normal hemoglobin. It is an autosomal recessive condition attributed to deletions or mutations 

in the genes that encode the 𝛂 and 𝛃 globin chains of adult hemoglobin, resulting in 𝛂-thalassemia and 𝛃-

thalassemia respectively. Due to the unequal globin chain production, anemia, inefficacious 

erythropoiesis, and iron dysregulation may occur. The symptoms (in moderate to severe cases) include 

iron overload, pale or yellowish skin (jaundice), enlarged spleen, bone deformities, delayed puberty etc 

[1]. 

Approximately, thalassemia occurs in 4.4 per 100,000 live births worldwide [2]. It is the most predominant 

in the Middle East, Mediterranean countries, Central Asia, Southern China, South Asia, and Southeast 

Asia. With nearly 42 million carriers of 𝛃-thalassemia, India accounts for the highest number of children 

affected by thalassemia. Annually, 10,000 to 15,000 infants are diagnosed with thalassemia major, and 

the average carrier frequency across the country is 3-4% [3]. Carrier screening and prenatal diagnosis can 

significantly reduce the incidence of severe thalassemia by identifying at-risk couples early or before 
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pregnancy [4]. Genetic counseling enables parents to gain greater insight into the disorder, its health 

implications, genetic transmission, associated risks, and strategies to prevent transmission, thereby 

equipping them with the knowledge to make informed decisions [5]. 

Currently, treatments for moderate to severe thalassemia include regular blood transfusion therapy to 

supply functional red blood cells and iron chelation therapy to manage iron overload caused by frequent 

transfusions. Allogenic hematopoietic stem cell transplantation (HSCT) serves as the only curative 

approach; however, there is limited accessibility due to the difficulty of finding a matched donor. There 

are also several risks associated with it, such as graft failure, graft-versus-host disease, and 

immunosuppressant related health complications, particularly when alternative donors are used [6]. 

Stem cell therapy involves utilizing stem cells’ abilities to self-renew, differentiate into specialized cell 

types, and proliferate to produce therapeutic effects. These effects include the regeneration of damaged 

tissues, support of organ recovery and modulation of inflammatory responses [7]. While HSCT is the only 

curative treatment currently, research efforts have been dedicated to investigating autologous stem cells, 

MSCs and the combination of induced pluripotent stem cells with gene therapy for treating thalassemia. 

CRISPR/Cas (Clustered Regularly Interspaced Short Palindromic Repeats) is a specific genome-editing 

tool that facilitates the precise modification of DNA base sequences. CRISPR/Cas9-mediated correction 

of autologous induced pluripotent stem cells (iPSCs), followed by their subsequent transplantation and 

potential differentiation into normal red blood cells, may serve as a promising therapeutic solution for 

thalassemia [8, 9]. Additionally, CRISPR/Cas9 is being studied for its prospect of reactivating fetal 

hemoglobin through BCL11A erythroid-specific enhancer editing and direct correction of HBB mutations. 

Advancements in technology and tools in recent years have enabled researchers to explore stem cells and 

CRISPR/Cas9 gene editing as possible treatments for thalassemia. Here, we review the emerging research 

and current literature on stem-cell based therapies and CRISPR/Cas gene editing as potential curative 

approaches for thalassemia. 

 

2. Pathophysiology of Thalassemia 

Thalassemia consists of a heterogeneous group of inherited blood disorders defined by defective or 

decreased production of the alpha or beta globin chains. These abnormalities lead to imbalanced globin 

synthesis, ineffective erythropoiesis, and hemolytic anemia, thereby hindering the oxygen-carrying 

capacity of erythrocytes [10]. This section outlines the pathophysiological mechanisms, including genetic 

mutation and their impact on red blood cell function. 

2.1 Thalassemia Pathogenesis 

Thalassemia refers to a diverse group of genetic blood disorders, characterized by mutations or deletions 

disrupting the globin chain subunits of hemoglobin. This results in insufficient hemoglobin production 

and the buildup of insoluble unpaired globin chains that cause red blood cell injury and impair their 

survival. Consequently, affected individuals suffer from ineffective erythropoiesis and hemolytic anemia 

due to accelerated destruction of red blood cells [1, 10]. Thalassemia follows an autosomal recessive 

pattern of inheritance [11]. There are more than 200 mutations identified to cause thalassemia. For gene 

expression, two defective gene copies, one from each parent, are required. Heterozygotes, who carry only 

one mutated allele, do not exhibit noticeable symptoms, but can pass the abnormal gene to their child, 

thereby possibly contributing to the prevalence of thalassemia in the next generation [10]. 
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Figure 1: Structure of normal hemoglobin 

(pdb_00001a3n) 

 

2.2 Alpha thalassemia 

Alpha-thalassemia arises from deletions or mutations in the genes that code for alpha-globin chains, 

particularly HBA1 and HBA2, which are present on chromosome 16 [1]. This results in impaired 𝛂-globin 

synthesis. The 𝛂-globin gene consists of 4 alleles, and the severity of 𝛂-thalassemia is determined by the 

number of mutated or deleted alleles, ranging from mild to severe. One allele deletion (silent carrier) is 

the mildest type and is largely asymptomatic. The loss of two 𝛂-globin alleles leads to 𝛂-thalassemia trait, 

also referred to as 𝛂-thalassemia minor, which is generally mild. The loss of three alleles is more severe, 

causing HbH disease (𝛂-thalassemia intermedia). The most severe form, 𝛂-thalassemia major, results from 

the deletion of all four alleles. Consequently, no 𝛂-globin chains are produced. During the fetal period, 

excess gamma chains assemble to form tetramers, resulting in Bart hydrops fetalis [1, 10, 12]. The highest 

prevalence of 𝛂-thalassemia is in tropical and subtropical countries, including Southeast Asia and the 

Mediterranean [12]. 

 
Figure 2: Structure of hemoglobin Bart’s 

(pdb_00001i3d) 
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2.3 Beta thalassemia 

Beta-thalassemia results from deletions or mutations in the beta-globin gene (HBB), located on 

chromosome 11. Frameshift insertions or deletions, nucleotide substitutions, along with large deletions 

within the 𝛃-globin gene are some genetic defects that can occur. These mutations lead to diminished or 

absent 𝛃-globin chain synthesis. This imbalance in the 𝛂/𝛃-globin chain ratio causes the accumulation of 

free 𝛂-globin, triggering chronic anemia, ineffective erythropoiesis, compensatory hematopoietic 

expansion and iron overload [13]. Disease severity is classified into three types: 𝛃-thalassemia minor, 𝛃-

thalassemia intermedia, and 𝛃-thalassemia major [1, 10]. In 𝛃-thalassemia minor, heterogenous mutation 

(𝛃+-thalassemia) causes the reduced synthesis of 𝛃 chains. This type is considered mild and typically 

asymptomatic. 𝛃-thalassemia major (Cooley’s anemia) is the result of homozygous mutation (𝛃0-

thalassemia) of the 𝛃-globin gene, leading to the complete absence of beta chains. Due to the unstable 

bead protein chain, there is a hemolytic precipitation, shorter red blood cell cycle, vascular occlusion and 

a shorter survival period [14]. 𝛃-thalassemia is the mostly prevalent in Mediterranean countries, Central 

Asia, Middle East as well as India, Southern China, South America, and countries in the north coast of 

Africa [15]. Clinical manifestations include jaundice, endocrine abnormalities, growth retardation, 

hepatosplenomegaly, and severe anemia [16]. 𝛃-thalassemia intermedia is an intermediate between the 

two types which presents mild to moderate clinical symptoms. Depending on blood transfusion 

requirements, patients can be further classified into two categories: transfusion-dependent thalassemia 

(TDT) and non-transfusion-dependent thalassemia [14]. 

 

 
Figure 3: Hemoglobin A2 and Hemoglobin E 

(pdb_00001nqp) 

 

2.4 Clinical Manifestations 

Table 1: Thalassemia types, severity, and complications. 

Type Severity Complication Reference 

𝛂-Thalassemia   [11, 12] 

http://www.ijfmr.com/


 

International Journal for Multidisciplinary Research (IJFMR) 
 

E-ISSN: 2582-2160   ●   Website: www.ijfmr.com       ●   Email: editor@ijfmr.com 

 

IJFMR260588430 Volume 8, Issue 5, September-October 2026 5 

 

a.     𝛂-

Thalassemia 

Silent Carrier 

b.     𝛂-

Thalassemia 

Trait 

c.     𝛂-

Thalassemia 

Intermedia 

d.     𝛂-

Thalassemia 

Major 

 

a.     Asymptomatic 

b.     Mild 

c.      Moderate to 

severe 

d.     Severe 

a.      No significant 

symptoms 

b.     Mild microcytic 

anemia 

c.      Moderate to 

severe anemia, 

jaundice 

d.     Hydrops fetalis, 

intrauterine 

anemia, edema, 

hepatosplenomeg

aly, skeletal 

deformities, 

cardiovascular 

deformities 

 

𝛃-Thalassemia 

a.      𝛃-

Thalassemia 

Minor 

b.     𝛃-

Thalassemia 

intermedia 

c.      𝛃-

Thalassemia 

Major 

 

a.      Mild 

b.     Moderate 

c.      Severe 

 

 

 

a.      Asymptomatic 

b.     Milder anemia, 

jaundice, 

splenomegaly, 

bone deformity, 

extramedullary 

hematopoiesis, 

c.      Severe anemia, 

stunted growth, 

jaundice, iron 

overload, 

hepatosplenomeg

aly, bone 

deformity, 

pulmonary 

hypertension 

[1, 16, 17] 

 

2.5 Current Treatments 

Various treatments have been implemented to manage thalassemia and alleviate symptoms. These include 

blood transfusions for patients with thalassemia major, iron chelation therapy, splenectomy, bone marrow 

transplantations, HSCT, gene editing methods, cholecystectomy. Additionally, drugs such as Luspatercept 

[18] and hydroxyurea [15] have demonstrated increased HbF levels and offer improvements in transfusion 

burden. However, certain treatments present challenges which require immediate attention. For example, 

in patients with thalassemia major, the regular breakdown of transfused red blood cells contributes to iron 

overload due to the accumulation of excess iron in various tissues and organs. To remove the extra iron 

from the body, iron chelation therapy is administered using iron chelators, such as deferasirox, 
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deferoxamine or deferiprone [19]. Currently, allogeneic hematopoietic stem cell transplantation (allo-

HSCT) remains the sole curative therapy for TDT. However, there are some limitations that accompany 

this treatment method [11]. The risk of opportunist infections, graft rejection, and graft-versus-host disease 

(GVHD) are potential complications. Additionally, a major obstacle is the access to compatible donors, 

thereby limiting the widespread use of this treatment [1]. 

 

3. Stem Cell Therapy 

Stem cell therapy treatments include HSCT, in which hematopoietic stem cells are obtained from bone 

marrow, peripheral blood or umbilical cord blood, either from the patient themself or from a human 

leukocyte antigen (HLA)-matched donor [11]. Autologous-HSCT and CRISPR/Cas edited iPSCs, along 

with the use of MSCs as treatment possibilities are being researched. 

 

 
Figure 4: Overview of Three Stem Cell-Based Therapies for Treatment of Thalassemia, Including 

Allogenic Hematopoietic Stem Cell Transplantation (HSCT), Mesenchymal Stem Cells (MSCs), and 

Induced Pluripotent Stem Cells (iPSCs). 

 

3.1 Overview 

Stem cells are undifferentiated cells capable of self-renewal and differentiation into a variety of specialized 

cell types [20]. They can be classified into five categories based on their differentiation potential. 

Totipotent cells have the ability to form embryonic tissues and specialize into every cell type. Pluripotent 

cells can develop into all cell types of the body (arising from the three germ layers). Multipotent cells can 

give rise to only one kind of germ layer tissue. Oligopotent cells can specialize into a few closely related 

cell types and unipotent cells, which are the most limited in differentiation potential, result in only one 

cell type [20, 21]. Additionally, embryonic stem cells, isolated from the inner cell mass of a blastocyst, 
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are pluripotent [22]. Mesenchymal stem cells are a type of multipotent stem cells derived from a variety 

of neonate and adult tissues, with the capacity to differentiate into diverse cell types. There are multiple 

sources of stem cells, including adult tissues such as adipose tissue and bone marrow, as well as neonatal 

tissues such as the umbilical cord or placenta [21]. 

Induced pluripotent stem cells (iPSCs) are rapidly transforming the world of regenerative medicine [23]. 

Obtained from somatic cells, they are re-engineered back into a pluripotent state using reprogramming 

mechanisms, making it less invasive to harvest compared to traditional sources [20]. Stem cells are 

essential in regenerating damaged cells and tissues in the human body or replacing these cells with new, 

functional cells by delivering exogenous cells into a patient [24]. Such therapies can be of autologous or 

allogeneic sources. Autologous sources involve using the patient’s own cells; thus, it is also termed as 

self-to-self therapy. Allogeneic sources utilize cells from a healthy donor [24]. 

3.2 Hematopoietic Stem Cell Transplantation 

Presently, allogeneic hematopoietic stem cell transplantation (HSCT) using a matched donor is regarded 

as the standard curative treatment for TDT. HSCs are multipotent stem cells, mainly located in bone 

marrow, capable of differentiating into all blood cell lineages, including red blood cells, white blood cells, 

and platelets. They are fundamental to the maintenance of the body’s immune system and continuous 

blood supply, while also offering considerable therapeutic applications in treating blood disorders such as 

thalassemia [25]. 

Patients with severe 𝛃-thalassemia or TDT may rely on bone marrow as the main source of HSCs [11], 

with the best clinical outcomes achieved using bone marrow from a human leukocyte antigen (HLA) 

matched sibling donor [26, 27]. If such a donor is unavailable, an HLA-matched unrelated donor can serve 

as an alternative. 

Providing healthy HSCs helps restore normal red blood cell production, thereby alleviating anemia 

symptoms. Alternate sources of HSCs include umbilical cord blood and peripheral blood stem cells. HSCT 

introduces hematopoietic progenitor cells capable of generating normal red blood cells, thus restoring 

effective erythropoiesis, correcting anemia, and reducing hemolysis. Ultimately, this reduces the lifelong 

need for blood transfusions and chelation therapy [11]. 

Nevertheless, there are limitations that must be taken into account. Donor limitation serves as a major 

drawback as an HLA-matched sibling donor is available to approximately 25% of patients, leaving the 

majority to depend on unrelated donor registries that may restrict or delay transplantation [28]. The most 

significant issue is graft versus host disease (GVHD) which arises in around 30-70% of transplanted 

patients [29]. It occurs when transplanted donor cells (graft) target recipient tissue (host), resulting in 

multi-organ damage, reduced quality of life, and increased morbidity and mortality [30]. Therefore, it 

significantly hinders transplant success and contributes to substantial disease progression, hospitalization 

and mortality rates [31]. 

3.3 Mesenchymal Stem Cell Transplantation 

Mesenchymal stem cells (MSCs) are multipotent stem cells that can differentiate into various mesodermal 

lineages [32]. They also regulate the immune system and encourage tissue repair, making it a subject of 

great interest. They are non-hematopoietic stem cells that can be obtained from multiple tissue sources, 

including bone marrow, umbilical cord blood, adipose tissue, dental pulp, and placental tissue [32]. Their 

versatility and clinical safety profile, along with their capacity for self-renewal, differentiation into 

multiple lineages, and immunomodulatory functions makes them a candidate for therapeutic applications 

in diseases like thalassemia. Thus, MSCs can potentially alleviate severe symptoms of thalassemia, such 
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as osteoporosis, rarefaction of bone, myocardial infarction, immune system damage, liver cirrhosis, and 

pulmonary fibrosis [11, 33]. Moreover, allogeneic MSC transplantation may employ healthy MSCs to 

boost the activity of HSCs, possibly ameliorating the symptoms [11]. 

Liver fibrosis is a common complication in TDT patients. The therapeutic use of bone marrow-derived 

MSCs in its alleviation has been widely debated. Although MSCs possess anti-inflammatory properties, 

stimulate hepatocyte regeneration, decrease hepatocyte apoptosis, and enhance liver function, their clinical 

effectiveness and safety is still uncertain [34]. The impact of co-transplantation of bone marrow-derived 

MSCs with HSCs on the reduction of liver fibrosis and transplantation outcomes has been evaluated. 

However, there is currently no significant improvement in liver fibrosis and transplant outcomes, such as 

OS, TFS, TRM, acute and chronic GvHD. 

3.4 Induced Pluripotent Stem Cell 

Induced pluripotent stem cells (iPSCs) are adult somatic cells that are genetically reprogrammed to a 

pluripotent state, allowing them to differentiate into nearly any cell type [35]. The somatic cells are 

reprogrammed by introducing four transcription factors: Oct4, Sox2, Klf4, and c-Myc [35]. These factors 

allow iPSCs to resemble ESCs in terms of their pluripotency and self-renewal capabilities. In 𝛃-

thalassemia, the defective 𝛃-globin gene can be altered using CRISPR-Cas technology. These cells can 

then differentiate into hematopoietic stem cells and progenitor cells and be transferred into the patient 

[15]. The usage of iPSCs overcomes limitations of donor availability and immune rejection, whilst 

providing personalized treatment [36]. However, there are challenges in effective engraftment of the cells 

and proliferation of iPSC-derived HSCs in the bone marrow [37]. 

 

4. CRISPR/Cas Gene Editing in Thalassemia 

Currently, HSCT continues to be the only curative option for TDT patients. However, drawbacks such as 

graft versus host disease and limited donor availability are obstacles for thalassemia patients. CRISPR/Cas 

technology is revolutionizing gene editing technology, especially by combining it with iPSCs. This can 

provide an efficient, personalized treatment for thalassemia patients, while overcoming challenges of 

donor shortages and immune rejection [36]. 
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Figure 5: CRISPR/Cas-based Therapeutic Strategies for the Treatment of Thalassemia, Including the 

Reactivation of Fetal Hemoglobin (HbF) Through the Disruption of the BCL11A Erythroid Enhancer, 

Direct Correction of HBB gene, and Editing of Induced Pluripotent Stem Cells (iPSCs). 

 

4.1 Overview 

Clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein (Cas) is 

a highly precise and efficient gene editing tool [38]. Based on the immune response of bacteria against 

viruses, CRISPR/ Cas technology relies on two vital components: the Cas endonuclease (most commonly 

Cas9), and the guide RNA (gRNA). The gRNA is programmed to target specific cells by altering its base 

sequence [38]. The gRNA directs Cas9 to the predetermined target site, due to its complementary base 

sequence. Subsequently, Cas9 enzyme cleaves the DNA, creating a double-stranded break (DSB). The 

cell’s own repair mechanisms modify DNA (additions, deletions of genetic material, or replacement with 

altered sequence) either through non-homologous end joining (NHEJ) or homology-directed repair (HDR) 

pathways [39, 40]. Repair via NHEJ lacks precision and can result in gene mutations, while HDR is an 

extremely accurate process, which can correctly mend DNA strands. CRISPR/Cas9 confers multiple 

advantages, in comparison to older genetic engineering technologies, such as zinc finger nucleases (ZFNs) 

and TALENs. The ability to program CRISPR/Cas9 to target exact DNA sequences with high accuracy, 

precision, high efficiency and speed, cost effectiveness and flexibility encourages its widespread adoption 

[38]. This underscores its immense value, especially pertaining to potential therapeutic interventions. 
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4.2 CRISPR-Cas Based Therapeutic Strategies for Thalassemia 

4.2.1 Reactivating Fetal Hemoglobin using BCL11A Editing 

Before birth, the body produces fetal hemoglobin (HbF) which consists of two 𝛂 and two 𝛄-globin chains. 

After birth, zinc finger transcription factor BCL11A contributes to the developmental shift from 𝛄 globin 

to adult 𝛃-globin by suppressing the expression of 𝛄-globin and HbF [41]. Reactivating HbF can 

compensate for the reduced 𝛃-globin synthesis, thereby ameliorating severe symptoms. Single-nucleotide 

polymorphisms (SNPs) located in the erythroid-specific enhancer of BCL11A (locus on chromosome 2) 

have been identified using genome-wide association studies. These SNPs are associated with persistently 

elevated levels of HbF and less severe disease manifestation, making BCL11A a vital target for treatment 

[17]. Therefore, CRISPR/Cas9 gene editing has been employed to target and disrupt the erythroid-specific 

enhancer of BCL11A in hematopoietic stem cells and progenitor cells (HSPCs), reducing its expression 

and restoring 𝛄 globin production [14]. This has been demonstrated by Frangoul et al., which utilized 

CRISPR technology to alter CD34+ HSPCs to produce CTX001. The modified cells were then re-infused 

into the patients following myeloablative conditioning, resulting in sustained HbF induction with no off-

target effects. Increased HbF levels help restore the balance between 𝛂 and 𝛃-globin chains, improving 

erythrocyte function and reducing 𝛃-thalassemia symptoms [42]. 

4.2.2 HBB Gene correction 

In this approach, CRISPR/Cas9 protein is programmed to target the mutated HBB sequence in autologous 

CD34+ HSPCs. Guided by gRNA, CRISPR/Cas9 introduces a double stranded break at the target mutation 

site. Subsequently, a donor DNA template with the correct sequence is provided, and the cell uses HDR 

pathway to mend the break and substitute the mutated sequence with the normal 𝛃-globin sequence. Thus, 

enabling the production of normal adult hemoglobin [43]. 

A recent advance was reported by Yang et al., who developed a universal CRISPR-based strategy with 

the ability to correct multiple HBB mutations using CRISPR-Cas9/sgRNA ribonucleoprotein complexes 

combined with recombinant adeno-associated virus 6 (rAAVg)-mediated HDR. This was accompanied 

with reduced off target effects. The corrected HSCs differentiated into red blood cell precursors, 

showcasing the feasibility of direct gene repair as a therapeutic strategy for thalassemia [43]. 

Additionally, Almaeen et al. reported the successful isolation of CD34+ cells from the peripheral blood of 

𝛃-thalassemia patients who had the IVS-1-110 mutation. After inducing a double stranded break and 

knocking out the mutation, the cells were induced to undergo erythroid differentiation, thus restoring 

normal 𝛃-globin expression [44]. 

However, direct HBB correction faces several challenges. HDR is typically less efficient than NHEJ repair 

mechanisms, especially in quiescent stem cells. Despite advancements, there may be off-target effects, 

chromosomal rearrangements, or genomic instability. Among these potential drawbacks, the cell-cycle 

dependence of HDR, complexity of donor template delivery, and extended manufacturing timeline for 

autologous cell therapy remain limitations [45]. 

4.2.3 CRISPR/Cas edited Induced Pluripotent Stem Cells 

The combination of induced pluripotent stem cells (iPSCs) with CRISPR/Cas9 gene-editing technology 

has emerged as a promising treatment for thalassemia. It involves somatic cells derived from a patient 

being reprogrammed into a pluripotent state, which are able to differentiate into multiple cell lineages. 

CRISPR/Cas9 is then used to directly correct mutations in the HBB gene through HDR, restoring normal 

hemoglobin levels. Afterwards, edited iPSCs can be differentiated into hematopoietic stem cells and 

progenitor cells, which are then transferred back into the patient [15]. Li et al. demonstrated how multiplex 
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CRISPR/Cas9 can target concurrent 𝛂 and 𝛃-thalassemia mutation in amniotic cells, successfully 

correcting both B41-42 (TCTT) deletion mutation in the HBB gene and heterozygous Westmead mutation 

in the HBA2 gene [46]. The corrected hiPSCs maintained normal pluripotency and were able to 

differentiate into hematopoietic progenitors, while exhibiting minimal off-target effects. This approach is 

advantageous because it is economical, enables precise gene correction and multilineage differentiation 

[46]. However, barriers such as efficiency and long-term functional engraftment still limit its wide-spread 

adoption [11]. 

 

4.3 CRISPR/Cas Targets for Thalassemia Treatment 

Table 2: Potential Gene Targets for CRISPR/Cas 9, Type of Thalassemia, Mechanism and 

Therapeutic Effects 

Gene Type of 

Thalassemia 

Mechanism Therapeutic Effect 

HBB [43] 𝛃-thalassemia Direct correction 

of disease-causing 

mutations 

 

Restores normal b-

globin production 

BCL11A (B-cell 

Lymphoma/Leukemia 

11) [17] 

𝛃-thalassemia Disruption of 

BCL11A 

erythroid specific 

enhancer 

Reactivated HbF 

production to 

compensate for reduced 

B-globin 

 

HBA1/HBA2 [47, 48] 𝛂-thalassemia Direct mutation 

correction 

Restores normal a-

globin production 

HBG1/HBG2 (gamma 

globin) [47, 49] 

𝛃-thalassemia Edits promoter 

regions of gamma 

globin genes 

Increases HbF 

production and reduces 

disease severity 

 

KLF1(Krueppel-like 

Factor 1) [50, 17] 

𝛃-thalassemia Knock out of 

KLF1 reduces 

BCL11A activity 

Enables HbF production 

 

4.4 Technical and Regulatory Challenges 

Although CRISPR offers a promising therapeutic option for patients with thalassemia, there are several 

drawbacks in the clinical setting. A major concern is off-target effects, in which cleavages occur at 

unintended sites, disrupting normal genes and causing harmful mutations that can lead to undesirable 

outcomes [38, 51]. Moreover, direct HBB gene correction relies on the HDR repair mechanism, which is 

substantially less efficient than NHEJ. However, the use of high-fidelity enzymes and a double-nicking 

strategy have been shown to minimize off-target effects and maintain an acceptable level of efficiency. 

Due to double-stranded breaks, there is a risk of large deletions, chromosomal rearrangements, and other 

unintended consequences that can harm the patient [38]. Another challenge is the effective, controlled and 

safe delivery of gene-editing components. While viral vectors have shown high delivery efficiency, 

concerns regarding insertional mutagenesis, immunogenicity, and reduced packaging capacity remain. In 
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contrast, non-viral systems offer lower immunogenicity, higher cargo versatility, and improved safety, but 

suffer from reduced targeting specificity and inconsistent delivery [17]. 

Additionally, thorough preclinical assessment is required to establish off-target activity, genotoxicity, and 

safety, alongside product consistency, before receiving regulatory approval. The lack of standardized 

guidelines for emerging editing technologies and the complexity of manufacturing gene-edited cells 

continue to hinder the wide-spread implementation. 

Furthermore, the high cost of gene-editing therapies serves as a significant barrier, particularly in low- and 

middle-income countries, where thalassemia is highly prevalent and access to advanced therapeutic 

options remains limited [52]. 

 

5. Future Directions 

Future advances in thalassemia treatment are likely to improve with regards to precision, safety, and 

accessibility of stem cell and CRISPR-based therapies. 

Beyond HSCs, MSCs can potentially alleviate severe complications associated with thalassemia, such as 

osteoporosis, heart conditions, pulmonary fibrosis, and immune-related disorders, while CRISPR-edited 

iPSCs offer a direct curative approach. Next-generation gene editing technologies, including base editing 

and prime editing, may enable the direct correction of HBB mutations without inducing double-stranded 

DNA breaks [17]. This advancement may reduce off-target effects and genotoxicity. Additionally, 

artificial intelligence (AI) is expected to be integral in the development of gene therapies by improving 

RNA guide design, predicting off-target effects, and identifying optimal editing targets [53]. This will 

likely expedite the rate of novel therapy discoveries. Moreover, researchers are investigating in vivo gene-

editing approaches, thereby removing the need for ex-vivo stem cell transplantation, along with reducing 

treatment complexity and cost [14, 17]. A major priority is increasing global accessibility [51]. Therefore, 

efforts to simplify and optimize manufacturing processes, develop less toxic conditioning regimens, and 

establish scalable treatments will be pertinent to ensure that patients in regions with high-prevalence of 

thalassemia can receive treatment [52]. Continued monitoring of treated patients is required to establish 

long-term safety, durability, and effectiveness of these therapies [14, 17]. 

 

6. Conclusion 

Stem cell therapy and CRISPR/Cas gene editing represent major advancements in thalassemia treatment, 

providing curative approaches through disease correction and symptom alleviation. While managing 

thalassemia currently depends on HSC transplantation, MSCs and iPSCs demonstrate promising potential 

to expand and improve treatment options. Recent developments in gene therapy with CRISPR/Cas have 

facilitated the direct editing of the HBB gene in autologous stem cells to restore effective hemoglobin 

production, editing of BCL11A erythroid-specific enhancer to reactivate fetal hemoglobin production, or 

the use of genetically-modified iPSCs. However, challenges, such as off-target effects, treatment-related 

risks, inefficient delivery or repair mechanism, high costs, complex manufacturing process, and limited 

accessibility, continue to restrict widespread implementation. Research into base editing, prime editing, 

AI-assisted optimization of gene-editing systems, and more affordable delivery methods may further 

improve the safety, precision, and availability of these therapies. As research continues to overcome 

limitations, stem cell therapy and CRISPR-based treatments serve as significant prospects for the 

treatment of thalassemia. 
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