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deficiency, hemophilia, beta-thalassemia, and sickle cell disease, and have also shown potential in
treating cancers and infectious diseases, including HIV. Several gene therapy products have received
Keywords regulatory approval for clinical use; however, concerns regarding their long-term efficacy and safety

Gene therapy, strategies, remain. Methodology: This review summarizes the current status of gene therapy by discussing major
advantages, disadvantages,

L OE . therapeutic approaches, including ex vivo and in vivo gene delivery, genome editing, somatic gene
germline, in vivo, ex vivo.

therapy, and germline gene therapy. It also examines the clinical outcomes of approved gene therapies
and evaluates their associated safety challenges. Results and Discussion: Advances in gene therapy
have demonstrated encouraging clinical outcomes, particularly for inherited genetic disorders. Somatic
gene therapy has shown promising efficacy and an acceptable safety profile in approved clinical
applications. In contrast, germline gene therapy still faces substantial technical, ethical, and safety
concerns, limiting its clinical translation despite its potential to prevent hereditary diseases.
Conclusion: Gene therapy represents a transformative strategy for treating genetic and acquired
diseases. While somatic gene therapy has become a viable clinical option, germline gene therapy
requires further technological refinement and rigorous safety evaluation before widespread clinical
application. Continued research is expected to improve the safety, efficacy, and therapeutic potential

of gene-based interventions.

1. INTRODUCTION gene into target cells is a core concept of gene therapy. Based on
Gene therapy can be summarized as transferring genetic material e kind of viral genome, these gene therapy vectors are

to cure a disease or improve a patient's clinical condition. categorized as RNA or DNA viral vectors. Many RNA viral
Reprogramming viruses into genetic shuttles that deliver atarget  \octors are derived from basic retroviruses such as murine
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leukemia virus. These vectors cannot transduce nondividing
cells, a major limitation. This problem may be addressed by
developing novel retroviral vectors derived from lentiviruses
such as the human immunodeficiency virus (HIV). The most
common DNA viral vectors are adenoviruses and adeno-
associated viruses. Although existing vector systems can
transfer genes into cells in vivo, the best delivery vehicle has not
yet been identified [4]. As a result, existing viral vectors should
be used with extreme caution in humans, and vector research
needs further advancement.
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Figure 1: Basic concept of gene therapy
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A gene therapy medicinal product is defined by the European
Medicines Agency (EMA) as a “Biological medicinal product
containing an active substance that is a recombinant nucleic
acid used in or administered to humans to regulate, repair,
replace, add, or delete a genetic sequence, and the therapeutic,
prophylactic, or diagnostic effect is directly related to the
recombinant nucleic acid. In gene therapy medicinal products,
vaccines against infectious diseases are not authorized.”

Nucleic acids are negatively charged, highly hydrophilic
biomolecules. These polymers combine to form the most basic
component of a living organism. The US Food and Drug
Administration (FDA) defines gene therapy as products “that
are supplied as nucleic acids, viruses, or genetically modified
microbes and exert their effects by transcription and/or
translation of transferred genetic information and/or integration
into the host genome. The products can be utilized to alter cells
in vivo or to transfer cells ex vivo before administering them to
the recipient.” [5]

2. MATERIALS AND METHODS
The review searched databases including PubMed, Google

Scholar, and ScienceDirect for research and review articles and
books relevant to the terms or combinations of terms. We
reviewed several articles and books to gain a solid understanding

of gene therapy/nucleic acid-based drug delivery systems. Books
on genetics helped inform the article. We collected articles on
the history of gene therapy and its advantages and disadvantages.

3. GENE TRANSFER SYSTEMS AND DELIVERY
STRATEGIES
Genetic materials are introduced into a patient's cells through

several processes. These processes involve taking blood or tissue
samples from patients and grafting them back into the patient's
body [7]. The processes are discussed below, along with the
diseases each currently treats.

3.1 Ex-vivo gene therapy
Ex vivo gene therapy
hematopoietic stem cells (HSCs), which are important in blood
and immunological disorders, cancer, and inheritable conditions
affecting organs and tissues readily accessible via blood cells.

is most commonly used with

Early gene therapy research used murine viral vectors and was
mostly inefficient because genetically transformed HSCs were
poorly retained. The first reports of successful gene therapy trials
involving ex vivo transfer of ¢ cDNA encapsulated in Moloney
murine leukemia virus into autologous HSCs of patients with X-
SCIDs were published in 2000. The euphoria aroused in the
medical and scientific communities was rapidly quenched by the
development of leukemia in multiple individuals in two distinct
clinical locations in Europe. Clinical trials were canceled, and
concerns about gene therapy safety were reaffirmed. The study
is still ongoing to determine the success rate of gene therapy in
treating leukemia.

3.2 In vivo gene therapy

In vivo gene transfer techniques may introduce the gene therapy
vector directly to the desired organ or distribute it via the
circulatory system into vessels supplying that organ. In vivo
gene transfer offers an advantage over ex vivo techniques
because it eliminates the time-consuming (and costly) process of
removing cells from the patient, modifying them in vitro, and
returning the genetically modified cells to the patient.

In vivo gene therapy is favorable because it is straightforward
and requires only a small amount of material delivered to the
brain. These characteristics make it an excellent tool for
targeting a single, tiny portion of the brain. Viral entry and
protein production may activate dangerous endogenous viruses,
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a drawback of in vivo gene transfer. Random mutagenesis may
also produce replication-competent recombinant viruses [11].
Retroviruses, for example, can incorporate themselves into the

host genome and trigger inadvertent malignant modification.
Even in an ‘immune-privileged' organ like the brain,
inflammation and immune responses are of special concern.
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Figure 2: In vivo vs. Ex vivo

The introduction of highly adaptable genome-editing tools in
recent years has allowed researchers to incorporate sequence-
specific alterations into the genomes of a diverse range of cell
types and species quickly and affordably. Clustered regularly
interspaced short palindromic repeats (CRISPR)-CRISPR-
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associated protein 9 (Cas9), transcription activator-like effector
nucleases (TALENS), zinc-finger nucleases (ZFNs), and homing
endonucleases or mega nucleases are the fundamental
technologies currently most commonly used for facilitating the
editing of genomes.

Cas9
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Figure 3: Genome-editing tools

3.3 Germ-line gene therapy

Germline gene therapy alters genes, so the offspring develops a
new trait. Germline gene therapy is contentious. It would insert
‘'normal’ human DNA into the parents' eggs or sperm, or into the
fertilized egg or early embryo. The purpose is to alter the
offspring's inherited genetic makeup.

This might be done to prevent a hereditary condition or to
introduce a 'enhancing' genetic variation. No human germline
gene therapy studies have been conducted, and the scientific

community informally bans such research. Both its practicality
and value are questionable. However, it is used in plants and
animals to produce more productive and disease-free offspring.

3.4 Somatic gene therapy

In somatic gene therapy, genes are introduced into somatic cells.
The ethical implications of somatic gene therapy have been
intensively debated, and a consensus has formed authorizing
genetic manipulation of a patient's somatic cells to treat serious
illnesses.
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Somatic tissue gene therapy treatments include direct
complementation of nDNA, mitochondrial gene modifications,
and other methods to complement pathogenic mtDNA
alterations [28]. In a mouse model of Antl deficiency, an nDNA
null mutation was successfully generated in muscles by infusion
of an adeno-associated virus (AAV)-borne Antl cDNA. In
future decades, this method will most likely be employed to
treat mitochondrial myopathies and cardiomyopathies.
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Figure 4: Germline gene therapy

3.5 Choosing the Vector

Choosing DNA or RNA viral vectors for gene therapy depends
on several criteria, including treatment objectives, target-cell
properties, and safety concerns. Viral vectors such as lentiviral
vectors can transduce specific cell types, including dividing and
non-dividing cells, and the target cell type is crucial for gene
therapy. While DNA vectors, when incorporated into the host
genome, provide stable, long-term expression, RNA vectors,
such as mRNA, allow only temporary transgene expression. In
gene therapy, safety is paramount. RNA vectors are considered
safer because they do not integrate with the genome, which
lowers the possibility of insertional mutagenesis. RNA and DNA
vectors elicit immune responses, and mMRNA vaccines provide
potent but brief responses. Vector immunogenicity affects gene
therapy goals and treatment success. Another crucial factor is the
vector delivery technique. Certain delivery strategies may suit

specific vectors better. Adeno-associated viruses (AAVS), for
instance, are frequently used in in vivo gene therapy because
they can infect many tissues.

3.6 Genome editing tools

The effectiveness, precision, and safety of genome editing
methods such as CRISPR-Cas9, TALENs (Transcription
Activator-Like Effector Nucleases), and ZFNs (Zinc Finger
Nucleases) vary. Every technology offers a unique set of benefits
and drawbacks. For precise genome alterations, CRISPR-Cas9
is highly effective, while TALENSs are also effective but may
require more design effort. ZFNs are also efficient, although
they can be more difficult to design and use than other nucleases.
Technological developments in CRISPR attempt to reduce off-
target effects; careful design and optimization of TALENSs and
ZFNs can enhance specificity. Because of the potential for off-
target effects, genome editing tools like CRISPR-Cas9,
TALENS, and ZFNs raise safety questions. ZFNs and TALENSs
use comparable delivery mechanisms, while CRISPR-Cas9 uses
a range of delivery methods, such as viral vectors and lipid
nanoparticles. Gene therapy and functional genomics research
are appealing applications for these technologies, but safety
concerns must be carefully considered. TALENSs and ZFNs may
suit certain design parameters or delivery preferences;
nevertheless, careful design and validation are necessary [46]. In
clinical contexts, the choice of genome-editing techniques
depends on safety, target-cell properties, and therapeutic use.
CRISPR-Cas9 is widely used because of its efficacy, although
other techniques are also useful.

3.7 Principle behind gene transformation

Griffith's experiment explains how a non-virulent pneumococcal
strain became virulent. In that study, he infected mice with an
amalgam of live bacteria from the non-virulent R form of Type
I pneumococcus and heat-inactivated bacteria from the virulent
S form of Type Il pneumococcus [19]. The results surprised him
because they revealed that the mice developed pneumonia
infections and died. Griffith also extracted colonies of Type Il
pneumococcus S from the blood of these mice. Because the
original virulent S form of Type Il pneumococcus was heat-
inactivated, he deduced that not only the R form but also the
pneumococcal type had to change from Type I to Type Il. This
was a once-in-a-lifetime incident [32]. A year later, Dawson and
Sia verified Griffith's findings and even developed an in vitro

transformation  process. Afterward, new investigations
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supplemented previous efforts 21. Only in 1941 did Avery and
McCarty dedicate themselves to purifying the transforming
identify the component responsible for
transformation. McCarty and Avery finally discovered that
deoxyribonucleic acid (DNA) caused the transformation. This
occurred in 1944, and most geneticists, including Avery,
believed that genes had to be protein-based. Since then,
scientific understanding of the molecular foundation of life has
changed significantly, and DNA has become an emotive topic.
In 1990, the first therapeutic gene transfer was performed on an
ADA patient, and China was the very first nation to approve a
gene therapy-based medicinal product in 2003 [22].

substance to

Gene therapy has cured illnesses that were previously incurable
or unresponsive to conventional treatments. SMA (spinal
muscular atrophy), for example, is a dreadful childhood
disorder. Only 8% of individuals with monogenic motor neuron
illness caused by an SMN1 mutation survived 20 months
without constant ventilatory assistance [34]. In contrast, in a
clinical study, all children who received the gene therapy
Zolgensma lived to be 20 months old with improved motor
function [25].

Meanwhile, concerns about gene therapy's safety and ethics have
been raised since its inception. Several experimental studies,
particularly in the early days of gene therapy, failed to deliver
therapeutic benefits or had unforeseen severe outcomes,
including patient deaths. Fortunately, most safety issues have
been resolved or will be in the near future because of major
improvements in research [30]. Nonetheless, discussions on
gene therapy continue, fueled in part by the development of new
technologies such as germline gene editing. In this article, we
will examine the history of gene therapy, the techniques used,
and its benefits and drawbacks [30].

Initial gene therapy experiments for SCID-X1, an
immunodeficiency disorder characterized by a deficiency of T
cells, impaired B-cell function, the absence of natural killer
(NK) cell proliferation, and a shortage of -chain (c) dependent
cytokines, verified the concept that gene-corrected cells had an
edge in selection and could thus effectively reconstitute immune
competency in treated patients. However, using a murine
retroviral vector for ex vivo gene transfer led to leukemia in five
of the twenty people treated, raising safety concerns about
retroviral vectors. In contemporary gene therapy approaches,
self-inactivating (SIN) viral vectors have reduced the risk of

insertion-related mutagenesis and clonal dominance [38].
Germline editing raises safety and ethical concerns, including
unforeseen repercussions and societal injustices. To fully
understand these risks and potential biases, more research is
needed [40]. The complex concept of consent in germline editing
raises concerns about future generations and the impact on social
norms. The potential for designer babies and regulatory
challenges requires international cooperation to ensure
appropriate guidelines and governance for future generations.
Major obstacles include safety management, unresolved ethical
questions, equity and consent principles, avoiding social
repercussions, and coordinating regulatory standards across
nations [41].

3.8 Ethical dilemmas for human trials

Prioritizing safety is crucial, since preclinical findings suggest
realistic safety expectations, particularly regarding unintentional
DNA modifications. Researchers can manage risks by increasing
them progressively and starting with smaller doses. When safety
data are limited, guidelines call for scientific justification, ethical
trial design, and avoiding germline cells to prevent heritable
genetic changes. To prevent inheritable genetic changes without
adequate safety information, most guidelines recommend
restricting gene therapy to somatic cells exclusively.

Until we better understand potential risks, guidelines prefer gene
therapy techniques that influence gene expression rather than
make permanent DNA changes. To ensure ethical and scientific
rigor, experts from a variety of fields should oversee gene
therapy trials in a multidisciplinary manner and avoid
enhancement uses such as intelligence or athletic ability [49].

4. RESULT AND DISCUSSION
Gene therapy has brought new hope to science. Treatment of

hereditary diseases, cancer, as well as several other previously
untreatable non-genetic diseases are now possible with gene
therapy. Scientists have studied gene transfer methods since the
early days, but technological advances have now made it
possible to implement these theories.

From the studies we reviewed while writing this article, we
found that although gene therapy has brought a new ray of hope
in science, it also has drawbacks. There are some ethical
restrictions in the practice of gene therapy. The biggest issue
comes in practicing germline gene therapy in humans. In some
cases, the body may not respond to the therapy, and the immune
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system may attack the protein produced by the newly added gene
as foreign material. While treating complex non-genetic diseases
like diabetes, heart disease, and neurodegenerative disorders
with gene therapy presents ethical and scientific challenges, it
also presents enormous potential for advancement.

Targets in complex illnesses are ambiguous because they
involve numerous genes, epigenetics, and environmental
interactions. Editing more than one gene creates ethical
ambiguities, challenges delivery, and increases safety hazards.
Because gene editing is harder to access than treatments for
hereditary disorders, it raises ethical questions in human trials.
By altering disease-related pathways, reducing the need for
ongoing care, slowing neurodegeneration, targeting multiple
genetic factors in complex diseases, and enabling regenerative
capacity to address underlying biology such as heart damage,
gene therapy can treat incurable conditions. So, while major
challenges remain, the potential rewards of moving gene therapy
into complex disease areas could be revolutionary advances in
treatment. Careful translation is warranted.

5. CONCLUSION
Gene therapy treats genetic disorders and some non-genetic

disorders in a personalized manner. It also treats acquired and
previously incurable diseases. It is an advanced drug delivery
system that can improve quality of life by reducing a patient's
dependence on traditional treatments. While gene therapy
promises to treat several diseases, it also has some challenges. It
is highly expensive, less accessible, and carries the risk of
rejection by the body’s immune system. Gene therapy is
particularly effective for hereditary illnesses caused by single
gene mutations. Developing successful gene therapies for
complicated, non-genetic disorders is more difficult. Ethical
issues of gene therapy are also a big concern. Another challenge
is insufficient gene transfer and targeting the correct site. The
safety of transferring genes with a viral vector is also
questionable.

Further research is needed to optimize liposomal chemotherapy
delivery, improve biomarker-based response prediction, assess
safety effects on healthy cells, and explore liposomes' potential
to augment other therapies, such as immunotherapy. Future
directions include using anti-cancer liposomes as a neoadjuvant
to shrink tumors before surgery; imaging-enabled therapies to
visualize drug delivery and release within tumors; and targeted
liposome binding, stimuli-triggered release, and imaging-

enabled therapies. Liposomal delivery technology could be more
effective against breast cancer with enhanced targeting,
controlled release, imaging integration, and
combinations, while addressing knowledge gaps will advance
the field.

innovative

Further studies on the immunogenicity, durability, and off-target
effects of gene therapies are needed to improve specificity,
understand potential unintended editing effects, determine
whether higher doses are needed, and prevent harmful immune
responses. Wider illness objectives, such as HIV, cancer, heart
disease, and complicated neurological disorders, are part of the
future scope. Delivery barriers may be overcome by the
synergistic potential of combination medicines and in vivo gene
editing.

Individualized manufacturing, delivery barriers, and high costs
of custom gene therapies pose significant challenges to wider
availability, particularly in less wealthy nations, necessitating
adaptation of regulatory and payment models. In addition,
ethical considerations surrounding gene editing and the potential
for misuse also need to be addressed. Furthermore, collaboration
among governments, pharmaceutical companies, and research
institutions is crucial to accelerate the development and
accessibility of gene therapies worldwide. Further innovation to
address these gaps and limitations, as well as expansion into new
disease areas, will continue advancing the scope of gene therapy
in the future. But challenges remain.
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