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Introduction
The Adeno-Associated Virus (AAV) vector has emerged as a promising 

tool in gene therapy, offering an efficient, safe, and versatile platform for 
delivering therapeutic genes to a wide range of tissues. Its success is rooted in 
its unique structural features and biological characteristics, which make it an 
ideal candidate for addressing various genetic and acquired disorders. Over 
the past few decades, significant advancements in AAV vector engineering 
and production have expanded its potential for clinical applications, solidifying 
its role as a cornerstone in modern gene therapy. Structurally, AAV is a small, 
non-enveloped virus with a single-stranded DNA genome of approximately 
4.7 kilobases. The genome is flanked by Inverted Terminal Repeats (ITRs), 
which are essential for viral replication and packaging. The ITRs serve as 
the only viral elements required for the vector’s functionality, allowing for the 
replacement of the remaining viral genes with therapeutic DNA sequences. 
This feature enhances the safety profile of AAV vectors by eliminating the 
risk of viral replication or integration into the host genome. The viral capsid, 
composed of 60 protein subunits forming a icosahedral structure, is another 
critical feature. It determines the vector’s tissue tropism, immune evasion 
capabilities, and packaging efficiency. Advances in capsid engineering, 
including the development of synthetic capsids and directed evolution, 
have enabled the creation of AAV variants with enhanced specificity and 
transduction efficiency for target tissues.

Description
One of the most compelling aspects of AAV vectors is their ability to 

transduce both dividing and non-dividing cells, making them suitable for 
treating a variety of tissues, including the liver, central nervous system, skeletal 
muscle, and retina. AAV vectors are characterized by their low immunogenicity 
and minimal inflammatory responses compared to other viral vectors, such 
as adenovirus and lentivirus. These properties significantly reduce the risk 
of adverse reactions, allowing for safer repeated administrations when 
necessary. However, pre-existing immunity to AAV, driven by natural exposure 
to the virus, remains a challenge in clinical settings. Strategies such as capsid 
modification, immune suppression, and plasmapheresis are being explored 
to mitigate this issue. Therapeutically, AAV vectors have been instrumental 
in addressing monogenic disorders, where the introduction of a functional 
gene can correct a genetic defect. Notable examples include hemophilia, 
Spinal Muscular Atrophy (SMA), and Leber Congenital Amaurosis (LCA). In 
hemophilia, AAV-mediated delivery of clotting factor genes has demonstrated 
long-term efficacy, reducing the need for frequent protein replacement therapy. 
For SMA, the use of AAV to deliver the SMN1 gene has transformed the 
treatment landscape, offering significant improvements in survival and motor 

function for affected infants. Similarly, AAV vectors have been used to deliver 
genes to the retina in LCA, restoring vision in patients who would otherwise 
face progressive blindness [1].

Beyond monogenic disorders, AAV vectors are being explored for complex 
diseases, including neurodegenerative conditions, cardiovascular diseases, 
and certain cancers. In Parkinson's disease, for instance, AAV vectors have 
been used to deliver genes encoding dopamine-synthesizing enzymes, 
addressing the underlying neurotransmitter deficiency. For cardiovascular 
diseases, AAV-based gene therapies aim to promote angiogenesis, improve 
myocardial function, or modulate cholesterol metabolism. In oncology, AAV 
vectors are being engineered to deliver therapeutic payloads, such as tumor-
suppressor genes, pro-apoptotic factors, or immune-modulatory molecules, 
directly to cancer cells. The scalability and efficiency of AAV vector production 
are critical for its therapeutic success. Current manufacturing platforms, 
including transient transfection of HEK293 cells and baculovirus-insect cell 
systems, have been optimized to produce high-titer and high-purity vectors. 
Advances in purification techniques, such as affinity chromatography, further 
enhance the quality of the final product, ensuring its safety and efficacy in 
clinical applications. However, the high cost of AAV vector production remains 
a significant barrier, particularly for large-scale treatments or conditions 
requiring high doses. Efforts to streamline production processes and develop 
alternative manufacturing strategies are ongoing to address this challenge [2].

Despite its numerous advantages, AAV-based gene therapy is not without 
limitations. The vector’s relatively small packaging capacity restricts its ability 
to accommodate large genes or multiple regulatory elements. Researchers are 
exploring strategies such as dual-vector systems, where the therapeutic gene 
is split between two vectors that reassemble in the target cell, or miniaturized 
gene cassettes that retain functionality within the size constraints. Additionally, 
the long-term stability of transgene expression remains a concern, particularly 
in rapidly dividing tissues where episomal AAV genomes can be diluted over 
time. Integration of the AAV genome into the host DNA, although rare, has also 
been observed and raises concerns about potential insertional mutagenesis. 
Ongoing studies aim to better understand and mitigate these risks. The 
development of AAV vectors continues to benefit from advances in molecular 
biology, bioinformatics, and synthetic biology. High-throughput screening and 
next-generation sequencing technologies have enabled the identification of 
novel capsid variants with enhanced properties. Computational modeling 
and artificial intelligence are being employed to predict and design capsid 
modifications, accelerating the pace of innovation. Moreover, the integration 
of regulatory elements, such as tissue-specific promoters and insulators, into 
AAV vectors enhances their precision and minimizes off-target effects, further 
improving their therapeutic potential [3].

The regulatory landscape for AAV-based therapies has evolved alongside 
these scientific advancements, with several products now approved for clinical 
use. The success of these therapies has spurred interest from both academia 
and industry, driving further investment in research and development. 
Collaborative efforts among stakeholders, including researchers, clinicians, 
regulatory agencies, and patient advocacy groups, are critical for overcoming 
the remaining hurdles and ensuring equitable access to these life-changing 
treatments. In conclusion, AAV vectors represent a powerful tool in the 
arsenal of modern medicine, combining unique structural features with broad 
therapeutic applications. Their versatility, safety, and efficacy make them 
a cornerstone of gene therapy, offering hope for patients with previously 
untreatable conditions. As the field continues to advance, the potential of AAV 
vectors to transform healthcare and address unmet medical needs becomes 
increasingly apparent. With ongoing innovation and collaboration, the future 
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of AAV-mediated gene therapy is poised to achieve even greater milestones, 
unlocking new possibilities for precision medicine and personalized care [4,5].

Conclusion 
The journey of Adeno-Associated Virus (AAV) vectors from basic 

research to clinical applications has been marked by significant progress in 
understanding their biology, engineering their properties, and overcoming 
their limitations. As non-pathogenic members of the Parvoviridae family, AAVs 
have gained attention due to their ability to deliver genetic material safely 
and effectively to a variety of cells and tissues. Their replication-deficient 
nature and inability to cause disease further enhance their appeal as a gene 
delivery system. These attributes have made AAV vectors one of the most 
widely studied platforms for therapeutic interventions targeting genetic, 
metabolic, and degenerative disorders. AAV’s structural simplicity belies its 
versatility. The viral genome, consisting of two open reading frames (Rep and 
Cap) flanked by Inverted Terminal Repeats (ITRs), is remarkably compact, 
enabling its manipulation for therapeutic purposes. The Cap gene encodes 
the capsid proteins VP1, VP2, and VP3, which assemble into a protective 
icosahedral shell. This capsid not only shields the genetic payload but also 
interacts with cell surface receptors to mediate tissue-specific targeting and 
transduction. Over the years, advances in capsid engineering have expanded 
the repertoire of available AAV serotypes and variants, enhancing their ability 
to cross biological barriers, evade immune detection, and achieve precise 
targeting of specific tissues or cell types.
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