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Abstract
This systematic review provides an overview of recent developments in ex vivo CRISPR/Cas9 applications to gene editing to

address hemoglobinopathies, predominantly sickle cell disease and 1 -thalassemia. The papers published between 2020 and 2025
were evaluated and discussed molecular techniques, such as non-homologous end joining (NHEJ), homology-directed repair
(HDR), base editing, and prime editing. BCL11A enhancer editing and fetal hemoglobin reactivation are the most advanced
strategies clinically and with current evidence. The other factor leading to these promising outcomes in preclinical research is the
possibility of base editing and prime editing to allow a more precise genetic correction, with less risk of causing a double-strand
DNA break. Many important challenges still need to be solved, including off-target effects, genetic mosaicism, delivery efficiency,
and clonal hematopoiesis after treatment, when mutations occurring in HSCs confer a proliferative advantage to those cells, resulting
in malignancies— the risk of genotoxicity due to the high cost and need for special treatment centers. Conclusion: ex vivo CRISPR-
based therapy is a powerful new therapeutic option in hemoglobinopathies that we hope to implement clinically, but still, it is
hindered by hurdles in long-term safety and in translational considerations of access and cost .
Keywords : CRISPR/Cas9, hemoglobinopathies, sickle cell disease, 2 -thalassemia, fetal hemoglobin.
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Introduction

1.1 Genetic and Clinical Burden of
Hemoglobinopathies.

Hemoglobinopathies are a collection of
inherited disorders that impact on the structure
or synthesis of hemoglobin, the molecule that
carries oxygen in red blood cells. Mutations in
the globin g enes are the main cause of these
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disorders and affect the synthesis of normal
hemoglobin chains, either through qualitative
defects (structural defects) or quantitative
deficiencies in their formation. Among them,
the most frequent and most clinically significant
forms are sickle cell disease (SCD) and fB-
thalassemia which cause significant morbidity
and mortality on the global level [1].
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The pathophysiology of sickle cell disease is a
one-nucleotide deletion in the HBB gene which
changes hemoglobin S (HbS). It leads to a single
amino acid replacement (position 6), which
significantly = changes the  biochemical
characteristics of Hemoglobin of Hemoglobin
A. Each time HbS molecules bind deoxygenated
hemoglobin, they polymerize, distorting the red
blood cells into a rigid crescent-moon, or sickle,
shape-this loss of normal morphology leads to
reduced cell deformability, which disrupts
microcirculatory flow [2].

Sickling of red blood cells has multidimensional
and systemic pathophysiological effects. Sickle
cells stick to the vascular endothelium and block
small blood vessels, resulting in vaso-occlusive
events. Later, these lead to a condition of
ischemia, tissue damage and the serious pain
crises that define the disease. Moreover,
sickling and unsickling do cause membrane
damage, which in turn causes hemolysis and
chronic anemia [3].

On the other hand, the pB-thalassemia is caused
by mutations that inhibit or prevent the
production of 4 chains of -globin. This defect in
the assembly of erythroid precursors in the
marrow leads to ineffective erythropoiesis and
to the destruction of erythroid precursors in the
marrow. The surplus a-globin chains
accumulate into dissolvable and insoluble forms
that destroy the erythroid progenitors in the
course of developing red blood cells, and result
in severe anemia and requires chronic
transfusion therapy [4].

Throughout the entire night,
hemoglobinopathies are the most common
cause of disease, and a very high mortality rate
is seen in a few geographic areas (sub-Saharan
Africa, the Middle East, South Asia, and the
Mediterranean). These areas have a high
malaria burden due to genetic, environmental,
and evolutionary factors, including malaria
protection due to having specific hemoglobin
variants. This implies that there are millions of
individuals on the planet who are impacted,
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even healthcare systems [5].
Hemoglobinopathies cause a myriad of
complications in patients despite effective
treatment. These include chronic anemia,
recurrent infections, organ damage and stroke,
and pulmonary hypertension with greater
morbidity and mortality. The complications
concern the background history and genetic
background of people, as well as environmental
issues, social determinants of health, and the
access of healthcare resources [6].

These disorders are also a great socioeconomic
burden, both in the clinical and economic sense.
They require more hospitalization, medication
and transfusions in their whole life. These
medical expenses are huge and more so in the
low to middle income nations that have low
resources [6].

Therefore, hemoglobinopathies not only present
a clinical and genetic challenge, but are also an
important global health burden. Existing
therapies primarily offer long-term control, but
not elimination and effective regular regimens
of treatment have limits to providing functional
bioactivity- highlighting an urgent need to
develop novel curative modalities, including
genome editing technologies capable of offering
a direct means of intervention on the cause of
disease [6].

1.2 Constraints in Hematopoietic Stem Cell
Transplantation and Conventional Gene
Therapy.

The long-held theory of hemoglobinopathies is
that hematopoietic stem cell transplantation
(HSCT) can be a potentially curative treatment.
It operates by transplanting donor substitute and
functional stem cells that have the potential to
produce normal hemoglobin in lieu of the
defective hematopoietic stem cells of a patient.
When successful, HSCT can have a long-term
disease remission, or even a permanent cure [7].
While HSCT offers therapeutic promise, it is
associated with key limitations. The most
demanding is that donor must be provided
preferably a sibling who is compatible in the
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HLA. But the vast majority of patients do not
have access to such donors, and this treatment is
not accessible by most of the affected people in
the world [8].

The other significant limitation is that graft-
verified-host disease (GVHD) may occur in
which transfused donor immune cells can
proliferate and assault the recipient tissues.
GVHD not only has mild forms but also life-
threatening forms, and it is still one of the most
dangerous complications of transplantation. It
can as well be incompatible with the graft,
particularly in patients who have undergone
multiple transfusions or who are immunologic
sensitive [9].

There are extra risks of pretransplant
conditioning regimens. These regimens are
usually chemotherapy or radiation which is used
to kill the cancer and other cells in the bone
marrow of a patient. They are necessary to
successful engraftment, but they also result in
significant toxicity, such as infertility, organ
damage and increased risk of infection [10].
Conventional gene therapy has also been
developed as an alternative strategy, entailing
the delivery of a functional -globin gene into
autologous hematopoietic stem cells with the
help of viral vectors. The strategy does not
require a donor and decreases the chance of
immune rejection. There have been positive
results in the trials, which have shown a
decrease in transfusion needs and hemoglobin
levels [11].

Gene therapy, on the other hand, involves a viral
vector that is more complex. Random insertion
of the therapeutic gene in the genome may
trigger oncogenes or silence tumor suppressor
genes leading to insertional mutagenesis.
Uneven therapeutic benefit could also be a
result of varying expression of the gene
insertion [11].

Another limitation is the complexity and high
cost of the manufacturing process of gene
therapy. The cost of treatment is expensive as
well as scaled down by the requirement to have
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specialized production facilities to make the
viral vectors and process patient-derived cells
[9].

These shortcomings demonstrate the necessity
of more specific, effective and safer treatment
options. But in the case of gene therapy of blood
diseases, there is a huge obstacle; the actual or
possible introduction of genes into other genetic
loci which can lead to downstream effects of
malignant transformation. Genome editing
technologies offer an open entry point and
prominent amongst this category have so far
been CRISPR/Cas9 which overcomes the
challenges of random gene(s) insertion by
targeting modification of specific regions of
interest within the genome of the patient, and
emerged in more recent years, laboratory-
developed vectors (gets around the problems
associated with delivering such types elsewhere
in former cases) [7].

1.3 Historical Background of CRISPR/Cas9
in Hematologic Disorders.

The CRISPR/Cas9 system was first identified as
part of the bacterial adaptive immune response,
which protects against viral infections.
Scientists later adapted this system into a
powerful genome-editing instrument that could
be used to make targeted changes to the DNA
with precision [12].

CRISPR/Cas9 adaptation: Adaptation of
CRISPR/Cas9 to mammalian cells has been a
breakthrough in the history of genetic
engineering. Researchers can target the Cas9
nuclease to any locus in the genome by
designing complementary guide RNAs that are
specific to that DNA sequence [5].
CRISPR/Cas9 has been the most typical method
in this field of the study in hematologic
disorders due to the more accessible
hematopoietic stem cells. They are easy to
isolate off patients, can be edited ex vivo, and
reinfused after genetic repair, making them
natural targets to therapeutic genome editing
[7].

The first demonstration of CRISPR/Cas9 usage
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in hemoglobinopathies was the repair of the
sickle mutation itself. However, the challenges
linked to homology-directed repair made
researchers refer to other ways such as the
reactivation of fetal hemoglobin [8].

One of the breakthroughs in this field has been
the identification of BCL11A which is an
effective repressor of the fetal hemoglobin
expression. Crisis PR/Cas9-mediated genetic
disruption of the erythroid-specific enhancer of
BCL11A resulted in significant upregulation of
fetal hemoglobin; thus, providing a
compensatory ~ mechanism  when  adult
hemoglobin production fails [1].

It is a particularly good method used in
preclinical and clinical trials, leading to better
patient outcomes. A novel paradigm of
hemoglobinopathy treatment with the ability to
induce fetal hemoglobin without alteration of
the 3-globin gene per se [11].

Over time, increasingly advanced CRISPR
technologies were created, such as base editing
and prime editing. What prevents genome
instability is the absence of double-strand
breaks, which allows targeted conversion of
nucleotides [8].

CRISPR/Cas9-based treatments are rapidly
emerging in clinical trials, and they are going to
leave the bench beside the bedside. Together,
this development highlights the ethical and
practical implications of genome editing when
it comes to the treatment of hereditary blood
disorders [12].

2. Molecular Underpinnings of gene editing
approach.

2.1 NHEJ-Mediated Editing: Reactivation of
Fetal Hemoglobin.

The primary DNA repair pathway in mammals
is non-homologous end joining (NHEJ), which
is a component of CRISPR/Cas9 genome
editing. Having no homologous template, NHEJ
repairs the Cas9 nuclease-induced DNA double-
strand breaks. However, this mending process is
prone to errors and frequently leads to an
insertion or deletion (indel) at the cut site [13].
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Notably, the error-prone character that NHEJ
exhibits in therapeutic genome editing can be
used to the advantage of crippling gene
function. Otherwise, researchers can silence a
gene or a regulatory element that is among the
pathology of a disease using NHEJ. This is
particularly useful with hemoglobinopathies,
where modifications of the gene function may
be used to provide better therapy [14].

In this regard, transcription factor BCL11A is a
prime target since it suppresses the expression
of fetal hemoglobin (HbF) after birth. When
developing normally, HbF is replaced by fetal
hemoglobin (HbA). Nevertheless, induction of
HbF in adults greatly reduces the -clinical
manifestations of sickle cell disease and -
thalassemia [15].

Molecular disruptions of the BCLI11A
erythroid-specific enhancer by CRISPR/Cas9
decrease transcription of this repressor in red
blood cell progenitors. Because hematopoietic
tissues are the only ones targeted, this specific
disruption of hematopoietic tissues can increase
HbF production but does not compromise
BCLI11A functions in other tissues, severely
limiting its systemic effects [16].

This approach is clinically relevant, with the
examples of patients with hereditary persistence
of fetal hemoglobin (HPFH), who have
naturally high levels of HbF and benign disease
phenotype. However, since the approaches
based on NHEJ are effective in curing infections
by merely approximating this natural condition
using genome editing, we should be careful
when referring to these therapeutic approaches
as curative [17].

Such NHEJ-based editing is one of the most
efficient repair mechanisms compared with
other repair mechanisms, such as homology-
directed repair (HDR). The reason why NHE] is
highly effective in noncycling hematopoietic
stem cells is due to the fact that it is active in the
entire cell cycle [18].

But this method is limited too. Being a random
event, the indel formation may lead to variable
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editing effects and even cause alteration of
adjacent regulatory factors. Too much editing
could also impact the long-term health or
development of a cell [19].

Nonetheless, despite these challenges, however,
NHEJ-mediated editing is now the most
clinically advanced approach to the
management of hemoglobinopathies. It is the
basis of currently used and tested CRISPR-
based therapies because it is highly efficient,
relatively easy to use, and has been shown to be
highly successful in clinical trials [20].

2.2 Editing via HDR-Mediated Editing:
Accurate Mutation Repair.

HDR (homology-directed repair) is a highly
specific DNA repair pathway that allows
precise repair of mutations. Unlike NHEJ, HDR
involves the use of a homologous donor DNA
template which guides repair and allows
specific nucleotide modifications at the target
site [21].

HDR has been prompted by the requirement to
correct a mutation in the B-globin gene directly
when it is pathogenic. This could imply in the
case of sickle cell disease, the replacement of
the mutated HbS allele by the wild type
(normal) HbA sequence, and can therefore be
made to restore normal hemoglobin activity
[22].

Specificity of HDR offers an attractive
therapeutic strategy that does not alter the native
regulatory conditions of the gene. In this ways, it
ensures that the corrected gene gets expressed at
physiological levels yet prevents abnormal
expression of the gene/non-specific effects [23].
Conversely, HDR is not as efficient as NHEJ,
specifically in the hematopoietic stem cells.
This is because HDR is only permissive at
certain points in the cell cycle, that is at S and
G2 stages, when a sister chromatid is available
to serve as a template to repair [24].

One of them is the competition between HDR
and NHEJ. NHEJ is also often preferentially
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used by cells, resulting in unwanted indels as
opposed to site-specific repair in the event that
a donor template is present. In the same manner,
there are further restrictions that are created due
to the acquisition of donor templates. The target
templates may be administered as single or
double strands of DNA or as viral vectors, each
with its own limitations in terms of efficiency,
toxicity and immunogenicity [25].
Nevertheless, in spite of these obstacles, the
efficiency of HDR has increased tremendously
in the past few decades. The donor design, cell
cycle synchronization, and the introduction of
chemical NHEJ inhibitors have all been
demonstrated to increase the efficiency of
generation of accurate edits. Although HDR-
based methods are not as advanced yet in the
clinic as NHEJ-based methods, they
nevertheless are of great interest. They have
been considered as a pillar to curative therapy of
hemoglobinopathies in the future [26].

2.3 Next-Generation Tools: Base Editing and
Prime Editing.

The shortcomings of the double-strand break
method of genome-editing using the
CRISPR/Cas9 system have motivated the
development of next-generation genome-
editing methodologies. Among these, base
editing and prime editing are innovations, which
means that physically modified DNA in the
double-strand breaks is provided, which is a less
disruptive modification. Base editing allows
one base to be directly converted into another,
without producing double-strand breaks. It may
accomplish this by catalytically inactivating a
Cas9 protein to a deaminase, which is an
enzyme that chemically edits specific bases in
the DNA at the target site [27].

Base editing can also be applied to
hemoglobinopathies where engineered
mutations of natural bases are expected to target
regions with elevated production of fetal
hemoglobin. To illustrate this, mutations in the
v-globin promoter can erase the binding sites of
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the repressors or may introduce the binding sites
of the activators, thus increasing the level of
HgF. However, there are certain limitations of
base editing. It can only repair certain types of
nucleotide changes (transitions) and therefore
not all disease mutations can be repaired
directly. In addition, any non-specific mutations
in bystanders could be detected in instances
where there were two or more bases that are
targetable [28].

Conversely, prime editing is a general
technique, able to form any base exchange, and
small insertions and removals. It uses a Cas9
nickel fusion protein with the reverse
transcriptase enzyme, along with a special RNA
guide known as the prime editing guide RNA
(pegRNA). This system allows much more
precise  search-and-replace edits to Dbe
performed without needing to break the two
strands or having to obtain a donor DNA
template. In theory, prime editing can directly
correct the sickle mutation and thus is an
immensely appealing therapeutic option [29].
3. Key Technical Challenges

3.1 Genetic Mosaicism

Genomic mosaicism is a significant barrier to
the field of genome editing, and denotes the
occurrence of multiple genetically distinct cell
lineages in an individual. What nonuniform
editing entails in terms of CRISPR/Cas9 DNA
is that cells are mosaic when not all the cells
have been edited. Particularly, ex vivo editing
of hematopoietic stem cells to generate a pure
corrected cell population is of great significance
here. This might lead to edited and unedited
cells, should editing be inefficient or at other
time points [30].

Among the numerous causes of mosaic is the
delay in editing after cell division. As CRISPR
elements may be inherited by daughter cells,
with varying CRISPR outcomes, heterogeneity
is possible. This is also contributed by
variability of the DNA repair pathways. A
certain proportion of cells will be successfully
edited, whereas other cells might have indels or
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no change [31].

Mosaicism can limit therapeutic efficacy since
unedited or partially edited cells may continue
to synthesize defective hemoglobin. Therefore,
the proportion of edited cells that can be
harvested is a key parameter to clinical efficacy.
Newer developed advanced techniques,
including single-cell sequencing, enable
evaluation of the results of editing at the single-
cell level. The methods provide important data
on the levels and occurrence of mosaicism [32].
Some of the methods that are wunder
investigation to help reduce mosaicism would
be to optimize the delivery methods, improve
editing efficiency, and do continual screening of
successfully edited cells before they can be
reinfused into patients. And in fact, eradication
of genetic mosaicism is a precondition to
fulfilling both consistency and durability of
therapeutic effects related to CRISPR-mediated
solutions [33].

3.2 Off-Target Effects

One of the biggest safety concerns of genome
editing was still off-target effects. These are
where the CRISPR/Cas9 system introduces
unwanted mutations into regions of the genome
that are related, but not identical, to the target
sequence. Accidental insertions and deletions
can be especially harmful when they affect
genes that control the cell cycle, repair DNA
damage, or prevent cancer. Even the low
frequency off-target events at stimulating doses
could result in long-term risks in real-world-
based clinical use [34].

The guide RNA mainly offers the specificity of
CRISPR/Cas9 that defines the binding site on
the genomic sequence that is offered by the
specific guide RNA. Nevertheless, even off-
target sites may be cleaved as a result of partial
base pairing between the guide RNA and the
target. Several methods have been devised to
detect the off-target effects and mitigate this
issue. CIRCE-seq is an extremely potent
biochemical technique that allows detecting
genome-wide sites of off-target cleavage with
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extreme sensitivity [35].

The other significant methodology, besides
experimental methods, is the wuse of
computational methods to predict off-target
sites based on sequence similarity or
thermodynamic properties. Such anticipations
help in the designing of more precise guide
RNA. The existence or lack of off-target
mutations may frequently need experimental
validation, such as through deep sequencing.
The accuracy of detection and risk assessment
is improved by this hybrid approach [36].
Moreover, by further improving CRISPR
technology, high-fidelity Cas9 variants with
low off-target activity were developed. These
synthetic enzymes have the ability to enhance
specificity without necessarily losing a
significant portion of efficiency. Reducing off-
target effects is crucial in ensuring the safety of
genome editing in the clinic. This is indeed a
challenge but constant advancement in
detection, predictability and enzyme design are
mitigating the challenge [37-41].

3.3 Delivery Efficiency

Effective transfer of genome-editing reagents to
target cells is an essential predeterminer of the
success of CRISPR-based therapies. This is
particularly hard to do with gainful delivery that
maintains cell viability in hematopoietic stem
cells. Different modes of delivery have been
evolved, and each mode has its advantages and
disadvantages. Viral vectors that are effective
and potentially cause no issues in
immunogenicity and genomic integration are
lentiviruses and adeno-associated viruses
(AAV) [42-44].

It is believed that, in comparison to viral
delivery systems, non-viral delivery systems
including lipid nanoparticles are safer since they
are less likely to cause insertional mutagenesis.
They are however less efficient compared to
viral methods in stem cells. The gold standard
of editing hematopoietic stem cells is ex vivo
electroporation. It is based on treating electric
pulses to make the cell membrane temporarily
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permeable, allowing CRISPR components,
including Cas9 ribonucleoprotein complexes, to
enter the cells [45].

A benefit of electroporation is that it can be used
to deliver CRISPR components in a more
transient manner, reducing the time that
nucleases are active, and thus minimizing oft-
target activity. However it can also cause cell
stress or decrease viability. The choice of
delivery mode may greatly influence the
efficiency of editing and cell survival, and,
eventually, therapeutic outcome. This leads to
the fact that nowadays the primary subject of
research is optimization of delivery conditions
[46].

New approaches are attempting to maximize
delivery rates and reduce toxicity. These are
recently developed nanoparticles, improved
electroporation regimens, and targeted delivery
methods. Finally, when an effective, safe and
scalable delivery system of genome-editing
tools is developed, the successful validation of
CRISPR-based therapies can only be translated
into bench-to-bedside therapies [47-50].

4. Methodology

The research was a systematic review
evaluating the recent developments in ex vivo
CRISPR/Cas9-based gene-editing approaches
to hemoglobinopathies, with a specific focus on
sickle cell disease and B-thalassemia. Based on
an article cycle 0f 2020-2025, relevant literature
was obtained based on major electronic
repositories, namely PubMed, Scopus, and Web
of Science.

The search strategy used the keywords
CRISPR/Cas9, hemoglobinopathies, sickle cell
disease, 2-thalassemia and gene (both gene
editing, base editing, and prime editing). The
search was narrowed down using the search
operators of Boolean algebra (AND, OR), so as
to include as many studies in the literature
review as possible.

The lack of gene editing technologies, and
thoroughness of this review: In this scoping
review, inclusion criteria included peer-



Al-Shatrah Veterinary and Biological Sciences Journal
ISSN (Print): 2958-8952

Volume 2 , Issue 3, June 2026
Page 98 - 113

reviewed original articles, clinical trials, and
review papers written in English about GEs
found in studies of hematologic disorders, and
prioritizing those which addressed ex vivo
editing of hematopoietic stem cells and clinical
translation. The exclusion criteria comprised
conference abstracts that lacked full text, non-
English publications and studies that were
published prior to 2020 but were not identified
as highly influential.

Following screening of titles and abstracts, full-
text analysis of the data was done on all the
selected studies to determine quality and
relevancy. The included studies on editing
strategies (NHEJ, HDR, base editing, and prime
editing), efficiency, safety, off-target effects,
and clinical outcomes had their data extracted.
The analysis of the data was done based on the
general themes of this review: molecular

mechanisms, technical challenges, preclinical
models, and clinical applications. Findings were
systematically synthesized to outline the
prevailing situation of CRISPR technologies in
diagnosing and treating disease.

5. Results and Discussion

This evidence suggests that ex vivo CRISPR-
based gene editing may be a safe and potentially
curative intervention to sickle cell disease
(SCD) and B-thalassemia. Although the clinical
largely supports the BCLI11A
editing and fetal hemoglobin
reactivation methods, preclinical studies focus

evidence
enhancer

on their potential in the future as base and prime
editing. However, safety concerns, such as off-
target effects, clonal hematopoiesis, and long-
term genotoxicity should be constantly

monitored.

Table 1. Summary of Selected Studies on Ex Vivo CRISPR-Based Gene Editing Strategies for

Hemoglobinopathies

Study HDesign / Type HMain focus

Frangoul et al. [4]

Clinical trial

CRISPR-Cas9 editing for
sickle cell disease and B-

HKey results

Showed early clinical success of]
CRISPR-Cas9—edited autologous
hematopoietic stem cells, with

Frangoul et al. [5]

Clinical trial

autotemcel for
sickle cell disease

SEvere

thalassemia increased fetal hemoglobin and clinical
improvement in both diseases.
Demonstrated marked reduction or
Exagamglogene

elimination of vaso-occlusive crises
after treatment, supporting clinical
efficacy of BCL11A enhancer editing.

E;a:)%zzcg;)gene for Many treated patients achieved
Locatelli et al. [9]  ||Clinical trial . transfusion independence with
transfusion-dependent f- . . .
. sustained fetal hemoglobin production.
thalassemia
CRISPR-Cas9  promoter  editing
o\ increased fetal hemoglobin production
Sharma et al. [31] ||Clinical study Editing HBGI/HBG2 and supported its potential as a
promoters . .
therapeutic strategy for sickle cell
disease.
Clinical/translational |[BCL11A enhancer||Confirmed that BCLI1A enhancer
Fuetal. [18] i . . .
editing disruption can  reactivate  fetal
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HDesign / Type

HMain focus

HKey results

hemoglobin  and  improve  B-
hemoglobinopathy phenotypes.

Lattanzi et al. [7]

Preclinical study

B-globin gene correction
in HSCs

Demonstrated potential for durable
correction of the [B-globin gene in
human hematopoietic stem cells for
sickle cell disease.

Uchida et al. [39]

Preclinical study

Gene correction of]

CD34+ cells

Showed edited CD34+ cells could
engraft in xenograft mice and non-
human primates, supporting
translational feasibility.

Newby et al. [10]

Preclinical study

Base editing for sickle
cell disease

Base editing corrected the sickle
mutation and rescued disease features
in mouse models without causing
double-strand DNA breaks.

Zeng et al. [12]

Preclinical study

Base editing of human
HSCs

Demonstrated therapeutic base editing
of human hematopoietic stem cells
with a promising efficiency and safety
profile.

Liao et al. [8]

Preclinical study

Adenine base editing in
HSCs

Showed improved therapeutic adenine
base editing in human hematopoietic
stem cells, supporting future precision-
editing applications.

Cancellieri et al. [3]

Bioinformatics study

Off-target prediction

Introduced CRISPRitz as a rapid tool
for identifying potential CRISPR off-

target  sites, improving  safety
assessment.
. . . .. ||Showed that clonal hematopoiesis i
. Observational/genomic ||Clonal hematopoiesis in||. owe at clona 'ema F)pm.eSlS 1.S m
Liggett et al. [22] . . important safety consideration in patients
study sickle cell disease

receiving stem-cell-based gene therapies.

Table 2 demonstrated that genotypic correction

such as

transfusion

independence in [-

of 0 -thalassemia, sickle cell or increased fetal
hemoglobin revealed a range of moderate to
high levels of editing efficiency with a
significant increase in the expression of the
corresponding globin and either fen crude
sickling activity following targeted gene
modification. In clinical studies, significant
improvements in patient outcomes were evident
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thalassemia and predominant mitigation or
abolition of vaso-occlusive crises in sickle cell
disease. Preclinical research studies also
supported the potential therapeutic use of base
editing and promoter editing that highlighted
the improvement of hemoglobin expression and
reduced the expression of disease-related

cellular defects.
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Table 2. Results of CRISPR-based and base-editing therapeutic approaches to

hemoglobinopathies.
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Editing |Editing Main Clinical /

Disease / . . 2| quantitati|functiona | Off-target
Study [Type Model ™ techniqu efﬁoclen ve ! / safety
e cy %
outcome |response
from
84.5% to
36.3%

Ex-vivo CRISPR/Cas9-based gene editing has
been playing out the potential of phasing out
fundamental laboratory experimental research
and enter clinical use in hemoglobinopathies,
especially sickle cell disease and transfusion-
dependent B-thalassemia. The best evidence is
the work by Wang et al. [9], who reported the
successful use of CRISPR-Cas9-edited
autologous hematopoietic stem cells. These
studies demonstrated that there was an increase
in the production of fetal hemoglobin (HbF), the
prevention or abolition of vaso-occlusive crisis
in sickle cell disease, and other clinical benefits
including the fact that transfusion is
independent in most patients with 1 -
thalassemia. Identifying the regulatory elements
of genes involved in these processes (like the
BCLI11A enhancer) provides a molecular basis
for restoration of fetal hemoglobin expression,
to counter oxidative  stress-perpetuated
defective adult B-globin production.

And, perhaps, the power of this treatment lies in
the fact that it uses the hematopoietic stem cells
of the patient, and removes the need to find a
matched donor, and many of the complications,
which allogeneic stem cell transplantation
causes. There exist a number of studies
describing the BCL11A enhancer editing and
the HBG1/HBG2 promoter editing (Sharma et
al. [31] and Fu et al. [18]) which could support
the idea that the most clinically advanced
method currently is the reactivation of fetal
hemoglobin. This is not so much like a repair of
the mutation that causes a particular disease but
rather more of a correction to the defect of the
germline. Rather, it restores normal functioning
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by reinstating endogenous pathway of
protective hemoglobin. Specifically, it applies
to the case of sickle cell disease and p-
thalassemia since different mutations cause the
problem, but the induction of fetal hemoglobin
can be used to alleviate both conditions.
Preclinical testing also provides necessary
assistance in further development. The survival,
engraftment, and maintenance of corrected
hematopoietic stem cells in experimental
models demonstrated by Lattanzi et al. [7] and
Uchida et al. [39] are important to the long-term
therapeutic success. The results suggest that
long-term  engraftment may become a
possibility with the use of edited CD34+ cells;
nonetheless, this will depend on the ability to
optimize target editing efficiencies, stem cell
fitness, and  long-term  hematopoietic
remodelling to translate to clinical.

Two of the future generations of strategies that
immediately succeed mutagenesis are base
editing and prime editing. This was introduced
by Newby et al. [10] and Zeng et al. [12] as a
precision gene-editing technology, which has
the advantage of correcting or modifying
disease-related sequences but does not actually
produce any breaks in the strands of the DNA
molecules [8]. This could assist to mitigate the
hazards of chromosomal rearrangements,
massive deletions, and undesirable repair
effects [37]. Analzalone et al. Reviews Reviews
by Anzalone et al. Similarly, Chen and Liu [38]
note that prime editing may have greater
application potential in areas where very precise
manipulation of the genome 1is required,
although its clinical use in hemoglobinopathies
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is currently in its infancy. Therefore, base and
prime editing might be safer or more mutation-
biased platforms as they progress through
discovery, although CRISPR-Cas9 nuclease
editing is currently the most clinically advanced
platform.

Despite these innovations, safety continues to
be a major issue. It is also required to do long-
term follow-up to exclude off-target editing,
non-specific ~ genomic  changes, clonal
expansion, and the possibility of malignancy.
The study of Cancellieri et al. [3] revealed that
bioinformatics analysis (e.g., CRISPRitz) can
be helpful in predicting the off-target location
and add to a more secure evaluation prior to
clinical implementation. Moreover, Goyal et al.
[21] and Liggett et al. [22] identified the
necessity of monitoring and future surveys in
order to evaluate the clonal hematopoiesis and
the possibility of genotoxicity after gene-based
therapies. These concerns have strong
implications on the implications of the edited
hematopoietic stem cells reintroduced into the
patient after a transplant, since this high number
of cells may linger on the patient long after the
transplant.

Overall, the reviewed studies indicate that ex
vivo CRISPR-based therapy is a promising
therapeutic approach to the management of
hemoglobinopathies. Although there is an ever-
growing body of evidence to support the clinical
effectiveness of both BCL11A enhancer editing
and fetal hemoglobin reactivation, base editing
and prime editing may help in achieving even
greater accuracy and safety in the future. Long-
term safety data, cost-effectiveness, access to
special treatment centers and de-escalation of
conditioning-related toxicity will be the key
factors in broadening clinical adoption.
Conclusion

Lastly, ex vivo CRISPR/Cas9 gene editing is a
promising curative treatment of hereditary
diseases such as sickle cell disease and [-
thalassemia, which targets the genetic and
regulatory  mechanisms  underlying the
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pathogenesis of the disease. The best clinical
approach is BCL11A enhancer editing, which
re-expresses fetal hemoglobin and results in
positive clinical outcomes. Base editing, and
prime editing, on the other hand, could provide
safer and more precise alternatives in the future.
Nonetheless, the long-term monitoring of
genotoxicity remains complicated by the
concern about off-target effects, mosaic,
efficient delivery, and such issues as clonal
hematopoiesis. Therefore, the therapy based on
CRISPR could be proclaimed as a
breakthrough, yet more long-term studies are
required before the therapy could become
accessible to many.

Recommendations

Long-term follow-up should consider safety,
durability and late adverse events. To conclude,
these studies have developed efficient methods
of editing but one future concept is to refine
these methods of delivering, in order to increase
efficiency whilst maintaining the viability of
stem cells. Base editing and prime editing are
less risky approaches to precision-editing that
need to be explored further. Off-target
identification and screening of genomic safety
should be conducted in a standardized manner
before being applied clinically. This
necessitates attention to the minimization of
costs of treatment and the increase of access in
the high-burden regions.
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