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Abstract

Gene therapy and genome editing technologies have revolutionized modern medicine by allowing for the precise correction of
genetic defects and novel therapeutic approaches for diseases that were previously considered untreatable. It is a technique that
treats or prevents various diseases by replacing, correcting or inactivating faulty genes. Among these technologies, CRISPR-Cas
systems have emerged as particularly simple, flexible, and rapidly expanding in their clinical applications. This review aims to
synthesize the latest advances in gene therapy and CRISPR technologies, including mechanisms, delivery systems, therapeutic
applications, clinical trials, challenges, and future perspectives. Recent developments such as base editing and prime editing have
significantly improved the accuracy and safety of genome modification approaches. In addition, advances in viral and non-viral
delivery systems have enhanced the efficiency of therapeutic gene transfer into target tissues. Current clinical trials have
demonstrated promising outcomes in the treatment of inherited blood disorders, cancers, and metabolic diseases. The integration
of artificial intelligence and bioinformatics tools is also improving guided RNA design and minimizing off-target effects in
genome editing applications. Ethical considerations and regulatory frameworks remain essential for ensuring the safe and
equitable implementation of these technologies in clinical practice. We conclude that despite the hurdles, high costs, long term
safety monitoring, and immune system reactions to vectors, CRISPR-based strategies are on the verge of revolutionizing the
practice of medicine with innovative, accurate solutions to hard hereditary, oncologic, and infectious diseases.
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1. Introduction

Gene therapy and CRISPR (Clustered Regularly Interspaced Gene therapies usually involves the introduction, deletion, or
Short Palindromic Repeats) technologies have opened a new  alteration of genetic material in a patient's cells to treat or pre-
frontier in the field of precision medicine by allowing for the ~ vent disease [1]. However, gene therapy lacked specificity in
direct manipulation of the human genome for therapeutic ends.  terms of inserting genes at desired locations in the genome.
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CRISPR systems, derived from the bacterial adaptive immunity
system, enable the precise targeting and editing of DNA se-
quences using guide RNAs and Cas nucleases, making genome
manipulation more accessible and efficient than previous tech-
nologies such as zinc-finger nucleases and TALENS [4, 7]. Re-
cent reviews have emphasized that CRISPR technology has
rapidly transformed biomedical research by providing efficient,
accurate, and cost-effective genome editing tools for studying
gene function and developing therapeutic strategies [10]. Thus,
CRISPR technology has emerged as one of the most significant
technologies in the field of research. It is being researched for
its potential use in the treatment and cure of various diseases
such as cancer and infections.

2. Historical Context and Mechanisms

2.1. Early Gene Therapy Strategies

Conventional gene therapy started with viral vectors that
carried therapeutic genes into cells to supplement deficient
ones [2, 3]. Of all the viruses used for gene therapy, adeno-
associated virus and lentiviral vectors were found to be the
most efficient vectors for gene therapy, showing relatively sta-
ble gene expression and lower toxicity when compared to ear-
lier viruses used in gene therapy experiments. However, gene
therapy experiments were also associated with some limita-
tions. These limitations pointed to the need for genome editing
technologies that are capable of making precise changes to
DNA sequences in the genome. However, Adeno-associated
virus (AAV) and lentiviral vectors have been the most popular
because of their relatively benign integration patterns and ef-
ficient delivery [8].

2.2. CRISPR-Cas Systems

CRISPR-Cas9 and other variants of Cas (e.g., Casl2a)
brought about the ability to program genetic editing [4, 7].
This allows researchers to selectively target any region of the
genome using specifically designed guide RNAs [6]. The
Cas9 protein induces a double strand break in the targeted re-
gion, which is then repaired by the cell's machinery, allowing
insertions, deletions, or corrections [4, 6]. Unlike previous ge-
nome editors, the CRISPR-Cas9 system has revolutionized
genome editing through its simplicity of action. The main ad-
vantage of the CRISPR genome editors is their high program-
mability, as changing the DNA sequence requires only the
modification of the 20-nucleotide RNA sequence of the guide
RNA (sgRNA). In addition to genome editing, engineered
CRISPR systems have been developed for transcriptional ac-
tivation and gene regulation, enabling genome-scale control
of gene expression and expanding the functional applications
of CRISPR technologies beyond simple DNA cleavage [9].

Technologies such as base editing and prime editing have
improved the accuracy of editing by allowing the direct mod-
ification of individual nucleotides without inducing double-
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strand breaks, thus lowering the chances of off-target muta-
tions [16]. These newer techniques represent an important step
toward safer genome editing because they reduce the need for
DNA breaks and allow more precise nucleotide modifications.

3. Delivery Systems for Therapeutic
Editing

The efficient delivery of gene and CRISPR components is
still a significant challenge [18]. The following are some of
the most common methods used:

Viral Vectors: AAV and lentiviral vectors are still the most
popular due to their high transduction efficiency [1].

Non-viral Nanoparticles: Lipid nanoparticles and polymers
are currently being developed for safe and repeated use [11].

Physical Methods: Electroporation and microinjection al-
low precise targeting but lack scalability and translational po-
tential [18].

One of the biggest challenges in the clinical application of
genome editing technologies is the efficient delivery of ge-
nome editing components into the body. The delivery process
involves the transportation of large molecules such as the Cas
nucleases and the guide RNA into the targeted cells, which is
not an easy process due to the biological barriers that may be
encountered in the process. However, the most commonly
used delivery vehicles in genome editing technologies, espe-
cially the CRISPR technologies, are the viral vectors such as
the adeno-associated virus and the lentivirus, which have the
highest delivery efficiency compared to the non-viral delivery
vehicles such as the lipid nanoparticles that can be used as
safer delivery vehicles due to the possibility of repeated dos-
ing [18]..

4. Clinical Applications

4.1. Genetic Disorders

Applications for CRISPR and gene therapy have rapidly
progressed from proof-of-concept to clinical trials [14]. Clin-
ical trials have shown significant efficacy in inherited disor-
ders such as sickle cell disease and beta-thalassemia using ed-
ited stem cells [5].

Recent studies have shown the efficacy of CRISPR editing
in correcting specific mutations in metabolic and muscular
disorders, thus proving its broad-spectrum potential [12, 14].
CRISPR technologies have shown promising applications in
gene and cell therapy by enabling precise correction of dis-
ease-causing mutations and enhancing the development of
next-generation therapeutic approaches [13].

4.2. Oncology

CRISPR has shown immense potential in cancer therapy by
improving immunotherapeutic approaches, including CAR-T
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cells engineered to improve tumor specificity and reduce im-
munosuppressive effects [15, 17]. CRISPR-mediated gene ed-
iting has also demonstrated potential in cancer therapy, in-
cluding experimental strategies targeting hepatocellular carci-
noma through modification of oncogenic pathways and tumor
suppressor genes [18].

4.3. Cardiovascular and Other Diseases

Preliminary clinical results have shown that CRISPR ther-
apies can modulate genes responsible for lipid metabolism,
thus providing hope for the treatment of cardiovascular dis-
eases by permanently reducing harmful levels of cholesterol
[16].

4.4. Blood Disorders

Among the most advanced are those that target hemoglobi-
nopathies and blood disorders, as there are several trials al-
ready ongoing [5, 14].

5. Challenges and Ethical Implications

Despite the immense progress, the following challenges
still exist:

Off-Target Effects: There is a possibility of unwanted mod-
ifications, which can lead to toxic mutations [9].

Delivery Efficiency: The safe and precise delivery of the
gene to different tissues is still a challenge [18].

Ethical Implications: Germline editing has raised serious
ethical questions regarding the long-term genetic modification
of the human species, unequal access, and long-term implica-
tions [9].

Regulatory Barriers: The differences in regulations across
the globe make it challenging to adopt them on a larger scale
[16].

6. Future Outlook

The future of gene therapy and CRISPR technology will be
shaped by:

Improved Precision Technology: The development of base
and prime editors to overcome off-target issues [18].

Expanded Therapeutic Indications: The application of
CRISPR technology to more prevalent diseases, including
common ones [16].

Al Integration: The development of machine learning algo-
rithms to design guide RNA and predict off-target sites, mak-
ing it more efficient and safer [16].

Ethical Guidelines: The development of proper ethical
frameworks for its safe and effective use in the clinical set-
ting [9]. Despite its transformative potential, CRISPR-
based therapies still face challenges including off-target
mutations, delivery efficiency, and long-term safety con-
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cerns that must be addressed before widespread clinical im-
plementation [11].

In addition to the technological advances in the field, the
successful clinical application of CRISPR-based treatments
will also depend on the improvement in the safety and regula-
tion of the applications of genome editing technologies. The
monitoring of the patients over time will be necessary in order
to understand the potential risks involved in the unintended
changes in the genes. Moreover, the ethical concerns sur-
rounding the use of genome editing technologies, especially
in the context of germline editing, will need to be addressed
properly through guidelines and regulations at the interna-
tional level. It is therefore necessary that there is continued
collaboration and cooperation between scientists and policy-
makers in the effective application of technology in the man-
agement and treatment of human diseases [11].

Abbreviations

CRISPR Clustered Regularly Interspaced Short
Palindromic Repeats

Cas CRISPR-associated Protein

CRISPR-Cas9 CRISPR-associated Protein 9 System

SgRNA Single-guide RNA

gRNA Guide RNA

DNA Deoxyribonucleic Acid

RNA Ribonucleic Acid

AAV Adeno-Associated Virus

CAR-T Chimeric Antigen Receptor T-cell

TALENSs Transcription Activator-Like Effector
Nucleases

ZFNs Zinc Finger Nucleases

LNPs Lipid Nanoparticles

DSB Double-Strand Break

HDR Homology-Directed Repair

NHEJ Non-Homologous End Joining

Al Acrtificial Intelligence

ML Machine Learning

HCC Hepatocellular Carcinoma

iPSCs Induced Pluripotent Stem Cells

MRNA Messenger RNA

ncRNA Non-coding RNA

ex vivo Outside the Body

in vivo Inside the Body

FDA Food and Drug Administration

WHO World Health Organization

GMP Good Manufacturing Practice
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