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Abstract

Gene therapy is a revolutionary intervention in the treatment of genetic diseases since it is an
intervention that aims at the very source of diseases, through editing and modification of genes. More
recent innovations in gene editing systems, such as CRISPR-Cas9, CRISPR-Cas12, and prime editing,
have greatly increased the accuracy and effectiveness of gene therapies, enabling more specific
therapies. The opportunities of personalized medicine are also extended by the creation of RNA-based
therapies and the use of artificial intelligence (Al) and machine learning, which will allow
customizing treatments to the specifics of the genetic makeup. Despite these advances, issues like
delivery systems, immune reactions, and regulatory barriers, still remain as barriers to the universal
use of gene therapies. Nevertheless, the current clinical trials on diseases, such as Cystic Fibrosis,
Duchenne Muscular Dystrophy, and Sickle Cell Anemia, and the possibility to cure such complicated
illnesses as cancer and neurodegenerative diseases support the increasing role of gene therapy in
contemporary medicine. Gene therapy is the future, which will transform the way diseases are treated
around the world.
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INTRODUCTION TO GENE THERAPY

Gene therapy is defined as the process of specific alteration, replacement, or manipulation of genes
in the cells of a patient to prevent or treat diseases with the possibility of a therapeutic result as
opposed to the treatment of the symptoms. The idea was developed in the late 20th century, and the
initial experimentation on humans started in the 1970s, and the first trials were undertaken in the
1980s. Regardless of the first issues connected with the safety and technical complications, some
important achievements were made, among which was the approval of the first commercial gene
therapy product in China in 2003. Since it has been found that the technologies of gene delivery, such
as the adeno-associated virus (AAV), and gene editing systems, such as CRISPR/Cas9, have
transformed the field by enabling the targeting of disease-causing mutations with great specificity [1].
This advance has increased the therapeutic capabilities of gene therapy to treat genetic disorders,
blood diseases, and metabolic disorders, and this
differs from the traditional curative methods,
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whereby the main concern is on the symptoms of
the illnesses and never the cause of the illness.
There are thousands of clinical trials in progress
today worldwide, and regulatory bodies have
approved several drug therapies based on gene
therapy that include hemophilia, spinal muscular
atrophy, and hereditary eye diseases. Not only
have these developments provided access to the
treatment of rare and previously incurable
illnesses, but also the development of gene
therapies against more common conditions such as
cardiovascular diseases and neurodegenerative
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diseases [2]. The field of gene therapy keeps changing and continues to change due to rising levels of
investment, strategic alliances, and growth of commercial innovation. Biotech companies, as well as
pharmaceutical giants are investing heavily in gene therapies in the realization of the potential they
possess in transforming treatment of various genetic disorders. Nonetheless, there are still issues such
as the complicated manufacturing nature, delivery system immunization, high treatment prices, and
long-term monitoring of safety [3]. Further, the ethical issues of the germline gene editing, fair access
to the treatment, and the future outcomes of the use of genetic manipulation on human evolution are
also being discussed. Nevertheless, all these challenges have not diminished the fact that the fast
developments in the field of gene therapy are a revelation that can revolutionize the future of the
medical profession in terms of ensuring patients with hereditary ailments that cannot be cured can
now have a shot and that personalized medicine could be a reality. Since the technology is still in its
early stages, it can be anticipated that the genetic therapies will not just cure the genetic diseases but
will also transform how we deal with disease prevention and treatment in the decades to come [4].

MECHANISMS AND TECHNIQUES IN GENE THERAPY

Gene therapy entails a variety of sophisticated methods that alter or substitute defective genes.
Gene therapy is based on the development of new gene-editing technology, such as using CRISPR-
Cas9, Zinc Finger Nucleases (ZFNs), and Transcription Activator-Like Effector Nucleases
(TALENS), to redefine or substitute defective genes in cells. Guide RNA CRISPR-Cas9, which
directs the Cas9 protein to specific DNA sequences, has been the most utilized technique because of
its simplicity, high efficiency, and low cost, making it possible to make specific gene modifications
with possible uses in genetic diseases such as cystic fibrosis, sickle cell anemia, and cancer [5].
Although ZFNs and TALENSs also make double-strand breaks in DNA using engineered proteins, they
are not as popular as CRISPR but are more likely to cause reduced off-target effects, providing high
specificity to diseases in which precise corrections are essential such as muscular dystrophy and
haemophilia. Another critical aspect is the delivery of genes, in which viral vectors, such as adeno-
associated viruses (AAV), lentiviruses, and retroviruses, have proven to be very effective in the
transfer of genes, but with some limitations such as immune response and capacity [6]. Alternatively,
less risky forms of gene delivery, which are non-viral vectors, are liposomes and nanoparticles.
Together with the advances in viral and non-viral vectors, these methods are currently under
investigation to cure a variety of genetic disorders, providing the promise of a permanent cure since
genetic defects are directly addressed. The benefits, drawbacks, and uses of those methods of gene-
editing are summarized in Table 1, emphasizing the idea of the methods in treating various genetic
illnesses, some of which are rare and previously incurable [7].

Table 1. Comparison of common gene editing techniques and their applications.

Technique Mechanism Strengths Weaknesses Common
applications

CRISPR-Cas9 Utilizes guide RNA to direct |Simple, efficient, |Potential off-target |Cystic fibrosis,
the Cas9 protein to specific cost-effective effects, immune sickle cell anemia,
DNA sequences for cutting response cancer.

Zinc Finger Nucleases|Engineered proteins to High precision, Complex design, |Muscular

(ZFNs) recognize and bind to specific |lower off-target  |expensive dystrophy,
DNA sequences, inducing effects hemophilia.
double-strand breaks

Transcription Uses transcription activator-  |Highly precise, Difficult to design, |HIV, cancer, and

Activator-Like like effectors to bind DNA and |customizable expensive genetic disorders.

Effector Nucleases|induce breaks

(TALENS)

APPLICATIONS OF GENE THERAPY IN GENETIC DISORDERS

Genetic disorder treatment has also become more promising, as the latest technology of gene-
editing applies. Cystic Fibrosis and Duchenne Muscular Dystrophy (DMD) are conditions that have
been considered as incurable, but there has been a breakthrough that presents hope to the patients. In
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the case of Cystic Fibrosis, a faulty CFTR gene leads to the formation of thick mucus, which covers
the lungs and the digestive system, and gene therapy will be used to insert an acceptable version of
this gene, thus restoring normal functioning. On the same note, in DMD, a mutation in the dystrophin
gene causes gradual degeneration of the muscles [8]. Gene therapy can be used to provide the chance
of providing the appropriate gene or repair the mutation that is present, thereby ending or reversing
the process of muscle wasting. In addition to these commonly known disorders, there are other rare
diseases, such as Spinal Muscular Atrophy (SMA), that are also receiving the new technology of gene
therapy. In SMA, an abnormally defective SMNI1 gene is the cause of weakness in the muscles;
however, gene replacement therapy has shown good outcome in which viral vectors are utilized to
transfer an active copy of a normal SMN1 gene which can cure the disorder [9]. Although these
advancements have been groundbreaking, much more needs to be done on the ethical and safety front.
The issue of off-target effects, or unwanted changes to the genome, is still a problem, especially with
the application of gene -editing systems like CRISPR-Cas9. Additionally, there is the idea of germline
editing, the process of genetic modification of embryos that are transferred to the next generation,
which triggers a deeper moral discussion on the consequences of the permanent change in the human
genome. Accessibility also comes into play since gene therapies are very expensive, and hence, not
everybody may have access to them as required [10]. Figure 1 provides a more in-depth explanation
of how technologies, such as CRISPR-Cas9, operate through the step-by-step process of gene editing.
The step includes a guide RNA leading the Cas9 protein to a certain spot on the DNA where it leaves
a double-strand break. The break is then re-constituted either by insertion of another gene or
correction of the mutation, which then puts the normal functioning back. These developments not
only demonstrate how enormous the potential of gene therapy is but also bring out the challenges of
taking these technologies to clinical practice [11].

1. Targeting DNA Sequence

Guide RNA + Cas9 Protein

Mutated Gene |11, 9

l

3. Gene Editing

/j\Z m— Repairing Mutation

Figure 1. Mechanism of CRISPR—Cas9 gene editing.

CHALLENGES IN GENE THERAPY
Gene therapy has demonstrated tremendous potential in alleviating genetic malady, however, there
are still major obstacles on the use of gene therapy. Delivery mechanisms are one of the greatest
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barriers; viral vectors, such as adeno-associated viruses (AAV) and lentiviruses, are the most common
vectors as they can effectively deliver genes but have drawbacks as they have limited payload space,
they may cause an immune response, and they can cause insertional mutagenesis whereby the inserted
gene would alter important genes in the host genome. Non-viral vectors, such as liposomes and
nanoparticles, are a safer alternative, as they eliminate most of the risks that viral vectors risk, but
they tend to be less effective at gene delivery [12]. The toxicity problems and the immune response is
also among the critical challenges with gene therapy because the immune system of the body can
perceive viral vectors or modified cells as foreign and thus causing immune attacks. This may lead to
inflammation, allergy or other more serious results, like the development of cytokine storms, whereby
an excessive response of the immune system may cause widespread tissue damage. Moreover, viral
vectors are toxic, so they can be destroyed by the immune system, or, in certain instances, the viral
vectors can result in cell damage or even cancerous development because of undesirable genetic
integration [13]. One more significant challenge is regulatory hurdles because gene therapies must
pass a long period of clinical trials to demonstrate their safety, long-term effectiveness, and possible
adverse effects. It is a complicated process since the long-term outcomes of gene therapy have not
been fully comprehended, and genetic modifications may have unforeseen outcomes that may be
realized after many years. Besides, the expense of gene therapies is still prohibitive as developing and
delivering such treatment requires specialized infrastructure and resources, and it is costly to
manufacture them [14]. Consequently, the issue of equitable access is of concern especially in low-
resource environments, where patients will not be able to access the benefits of such therapies due to
the high cost. FDA and the EMA have the challenging responsibility of making sure that gene
therapies are safe and effective and making it available to the general population. This is a tradeoff of
safety, efficacy, cost, and access that is one of the greatest impediments to successful gene therapy.
These types of delivery, immune response, toxicity, and regulatory issues will be key in overcoming
gene therapy to achieve its potential as a viable and accessible treatment option to genetic diseases
which will ultimately change how medical treatment of previously untreatable diseases will be treated
[15].

RECENT BREAKTHROUGHS IN CLINICAL TRIALS

Gene therapy clinical trials have recently made new breakthroughs that have shown great
advancements in the treatment of genetic disorders and rare diseases. Among the most remarkable
success stories is Zolgensma, a gene therapy of Spinal Muscular Atrophy (SMA) disease, which
involved the use of a viral carrier to deliver to patients a functional copy of SMNI1 gene. This
treatment has demonstrated considerable effectiveness in preventing the development of SMA, which
is a life-threatening disorder that causes muscle weakness and atrophy [16]. The other notable
development is the application of Luxturna, a gene therapy of Leber congenital amaurosis (LCA)
which is a rare genetic disorder that leads to blindness. Luxturna, which provides a normal copy of the
RPE65 gene, has now been successful in restoring the vision of patients with the inherited retinal
disease. Coupled with these therapies that are approved, other genetic disorders are also undergoing
clinical trials that are performing well. Hemophilia B clinical trials, which entail the introduction of
the missing clotting factor by means of gene transfer, have shown a lasting therapeutic effect, which
has lessened the frequency of clotting factor injections in patients and boosted their quality of life
[17]. On the same note, gene therapy in sickle cell anemia is bearing fruit with clinical trials being
done to correct the genetic mutation causing the disease using CRISPR-Cas9. These advancements
are a new dawn in the management of genetic illnesses, and more is being done to enhance the
efficiency, safety, and accessibility of gene therapies. These and other current studies are summarized
in Table 2 and demonstrate that the field of gene therapy has a growing potential in the treatment of
common and rare genetic diseases [18].

FUTURE DIRECTIONS IN GENE THERAPY
The future of gene therapy is poised to transform the medical field with the next generation gene
editing instruments as well as possibilities of its large-scale usage in a variety of medical disciplines.

© STM Journals 2026. All Rights Reserved 22



Research & Reviews: A Journal of Biotechnology
Volume 16, Issue 1
ISSN: 2231-3826 (Online), 2347-7245 (Print)

Although the current technologies, such as CRISPR-Cas9 and ZFNs, have shown promise, continuous
process, is aimed at advancing the accuracy, efficiency, and safety of the modifications in genes [19].
More recent technologies, like the CRISPR-Cas12 and CRISPR-Cas13, which enable more specific
edits not only in DNA but also in RNA, are broadening the range of gene therapy to target diseases
that are based on RNA. In addition, novel technologies, such as base editing and prime editing, can
make a highly specific modification in the genome without causing double-strand breaks, minimizing
the risk of undesired genetic mutations. Such developments will enable gene therapy to play a major
role in personalized medicine where its treatment is based on the genetic profile of an individual and
provide more effective and specific therapy to a variety of diseases [20]. Incorporation of artificial
intelligence (AI) and machine learning (ML) into gene editing technologies will further fasten the
creation of such individualized therapy, improving the design and discovery of novel therapies. The
potential of gene therapy has been expanded to encompass other complex diseases like cancer, heart
disease and neurodegenerative diseases in addition to hereditary diseases. Figure 2 presents these new
trends in gene therapy and personalized medicine with the focus on the changes in technologies and
the transformative effect on healthcare. As technology advances, gene therapy will be more effective,
affordable, and accessible and eventually enhance patients, as well as increase its use in a wide range
of diseases [21].

Table 2. Summarizes recent breakthroughs in clinical trials.

Breakthrough Disease targeted | Gene therapy approach Key outcomes Status
Zolgensma Spinal Muscular Viral vector delivery of  |Significant improvement in motor Approved.
Atrophy (SMA) the SMN1 gene function, halting disease progression.
Luxturna Leber Congenital  [Delivery of the RPE65 Restored vision in patients with this Approved.
Amaurosis (LCA) |[gene to retinal cells inherited retinal disorder.
Hemophilia B Hemophilia B Gene transfer of the Long-term therapeutic effects, reduced |Ongoing
Gene Therapy Factor IX gene need for clotting factor infusions. Trials.
Sickle Cell Anemia|Sickle Cell Anemia [CRISPR-Cas9 to correct |Improved hemoglobin production, Ongoing
(CRISPR) the HBB gene mutation  |reduced symptoms of sickle cell disease. |Trials.
Next-Generation § RNA-Based
Gene Editing Tools Therapies
Improved Precision, a0~ " Targeting Diseases
Reduced off-Traget Effects Involving RNA for
« CRISPR-Cas12 f Expanded Treatment Options

« Prime Editing

« CRISPR-Cas13 i . w

Integration of Applications '
Al and Machine Learning g‘eyor:id Genetic
Accelerating Therapy Lorgers

’ « Treating Cancer,
Heart Disease and

. 5 " . Neurodegenerative

_— s R N Conditions

Developmentand =
Optinizing Treatments

Applications Beyond
Genetic Disorders

Personalized Medicine

Tailored Gene Therapies _
Based on Individual « Treating Cancer, Heart Disease
Genetic Profiles and Neurodegenerative Conditions

Figure 2. Emerging trends and future directions in gene therapy.
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CONCLUSION

To sum up, gene therapy is on the brink of medical innovation, and it is with this that it has
provided unparalleled opportunities to treat and possibly cure genetic disorders due to its ability to
provide solutions to the cause of diseases. The quality and efficiency of gene therapies have been
increasingly refined over the years with the development of new gene editing technologies, such as
CRISPR-Cas9, CRISPR-Cas12 and prime editing, making them more accessible to a wide variety of
conditions. The development of RNA-based therapies along with the use of Al and machine learning
is increasing the therapeutic options, which will allow treating individuals with greater specificity,
according to their genetic profile. Although these issues still exist, such as the delivery mechanisms,
immune reactions, and regulatory barriers, the achievements that have been achieved so far
demonstrate the potential transformation that gene therapy can bring. The future of gene therapy is
bright as clinical trials continue to show success in treating not only genetic disorders but also highly
complex diseases such as cancer, neurodegenerative conditions and others. As research continues,
further advancement in innovation and better regulatory systems, the application of gene therapy can
change how we look at treating diseases and make the future where personalized and precision
medicine is commonly available to patients everywhere in the world a reality.
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