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Recent decades have witnessed unprecedented progress in
biotechnology, particularly in gene editing and cell therapy,
which have shifted paradigms in disease treatment and
regenerative medicine. Gene editing allows scientists to
precisely alter DNA sequences, offering the potential to
correct genetic defects at their source.
Concurrently, cell therapy uses live cells to repair or replace
damaged tissues and modulate immune responses [1]. The
fusion of these technologies provides promising avenues for
tackling previously untreatable conditions such as
monogenic diseases, refractory cancers, and
neurodegenerative disorders.
However, technical, ethical, and safety challenges persist,
necessitating ongoing research and rigorous oversight [2].

This article provides a comprehensive overview of gene
editing and cell therapy, highlighting major techniques,
clinical applications, challenges, and future prospects

Gene editing and cell therapy represent transformative approaches in modern medicine, enabling precise manipulation of
genetic material and cellular functions to treat a broad range of diseases, including genetic disorders, cancers, and
degenerative conditions. Advances in gene editing technologies such as CRISPR-Cas9, TALENs, and base editing,
combined with innovations in cell therapy—including hematopoietic stem cell transplantation, CAR-T cell therapy, and
induced pluripotent stem cells (iPSCs)—have propelled these fields into clinical reality. This article reviews the principles,
methodologies, clinical applications, challenges, and future directions of gene editing and cell therapy. It also discusses
ethical considerations and regulatory frameworks essential for their responsible implementation.
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CRISPR-Cas Systems
CRISPR-Cas9, derived from bacterial adaptive immunity
[4], 

Gene Editing Technologies
Gene editing refers to methods that enable precise modification
of an organism’s genome. The major platforms include:

Zinc Finger Nucleases (ZFNs)

ZFNs are engineered proteins that combine a DNA-binding
domain (zinc finger motifs) with a nuclease domain, enabling
targeted DNA cleavage followed by repair that allows gene
disruption or correction [3].

Transcription Activator-Like Effector Nucleases (TALENs)

TALENs function similarly to ZFNs but use transcription
activator-like effectors for DNA binding. They offer improved
specificity and modularity.
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Sickle Cell Disease and β-Thalassemia: CRISPR-based editing
of hematopoietic stem cells to reactivate fetal hemoglobin
production.

Leber Congenital Amaurosis: In vivo CRISPR therapies to
restore vision.

Gene editing is being explored to create HIV-resistant immune
cells by disrupting CCR5 co-receptor genes [Table 1].

CAR-T therapies targeting CD19 have shown remarkable
remission rates in refractory B-cell malignancies. New targets
and off-the-shelf allogeneic CAR-T cells are under
development.

Stem cell therapies aim to regenerate damaged tissues in
conditions such as spinal cord injury, myocardial infarction,
and osteoarthritis.

Infectious Diseases

Regenerative Medicine

Cancer Immunotherapy

Genetic Disease Correction

Gene editing has been used experimentally and clinically to
correct mutations causing diseases such as:

utilizes a guide RNA to direct the Cas9 nuclease to specific DNA
sequences for cleavage. It is more efficient, versatile, and easier to
design than ZFNs or TALENs, making it the most widely used
gene editing tool [5].

Base editing enables conversion of single DNA bases without
double-strand breaks, reducing off-target effects.

Prime editing expands capabilities to insert, delete, or replace DNA
sequences precisely without requiring donor DNA templates.

Cell therapy involves administration of living cells to patients to
repair or replace damaged tissues, or to modulate immune
functions.

Hematopoietic Stem Cell Transplantation (HSCT)

HSCT replaces diseased or damaged bone marrow with healthy
stem cells, primarily used in hematological malignancies and
genetic blood disorders like sickle cell disease and thalassemia.

Chimeric Antigen Receptor T-Cell Therapy (CAR-T)

CAR-T therapy involves genetically engineering a patient’s T cells
to express synthetic receptors targeting specific cancer antigens.
This approach has revolutionized treatment of certain leukemias
and lymphomas.

Mesenchymal Stem Cells (MSCs)

MSCs possess regenerative and immunomodulatory properties,
used experimentally for autoimmune diseases, graft-versus-host
disease, and tissue repair.

Induced Pluripotent Stem Cells (iPSCs)

iPSCs are adult cells reprogrammed to a pluripotent state capable
of differentiating into any cell type, providing a renewable source
for cell therapy and disease modelin

Clinical Applications

Cell Therapy Modalities

Base Editing and Prime Editing

Challenge Description Potential Solutions

Off-target Effects

Unintended genetic
modifications can
cause harmful
mutations.

Improved guide
RNA design, high-
fidelity Cas variants

Immune Response

Host immune
system may
recognize and attack
edited cells or gene-
editing components.

Immunosuppressive
regimens,
hypoimmunogenic
editing tools

Delivery Efficiency

Host immune
system may
recognize and attack
edited cells or gene-
editing components.

Viral vectors,
nanoparticles, ex
vivo editing

Ethical Concerns

Germline editing
raises profound
ethical questions
regarding consent
and long-term
effects.

Robust regulatory
frameworks, public
engagement

Table 1: Key Challenges in Gene Editing and Potential Solutions
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