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Trachyspermum ammi ( Ajwoin) is a medicinal plant contains various bioactive Gene 

therapy has emerged as one of the most promising innovations in modern medicine, 

offering the potential to treat, prevent, and even cure diseases by targeting their 

underlying genetic causes. Unlike conventional therapeutic approaches that primarily 

manage symptoms, gene therapy aims to modify, replace, repair, or silence defective 

genes responsible for disease development. Recent advances in molecular biology, 

genome sequencing, viral and non-viral delivery systems, and genome-editing 

technologies such as CRISPR-Cas9 have significantly accelerated the translation of 

gene therapy from laboratory research to clinical practice. Several gene-based therapies 

have demonstrated remarkable success in the treatment of inherited genetic disorders, 

hematological diseases, cancers, retinal disorders, and rare diseases, leading to multiple 

regulatory approvals worldwide. This review evaluates the current landscape of gene 

therapy, highlighting major delivery platforms, genome-editing technologies, clinical 

applications, and emerging trends in precision medicine. A comprehensive literature 

review was conducted using peer-reviewed articles retrieved from PubMed, Scopus, 

Web of Science, and Google Scholar databases published between 2015 and 2026. The 

collected evidence indicates that gene therapy has significantly improved treatment 

outcomes in conditions such as sickle cell disease, β-thalassemia, hemophilia, spinal 

muscular atrophy, and certain hematological malignancies. Furthermore, integration 

with artificial intelligence, nanotechnology, stem cell engineering, and regenerative 

medicine is expanding the scope of future therapeutic applications. Despite substantial 

progress, challenges related to delivery efficiency, off-target effects, immunogenicity, 

ethical concerns, regulatory complexities, and high treatment costs remain 
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significant barriers to widespread clinical 

implementation. Nevertheless, continuous 

technological advancements are expected to enhance 

safety, efficacy, and accessibility. Gene therapy is 

poised to become a cornerstone of future medicine by 

enabling personalized, targeted, and potentially 

curative treatments, thereby transforming the 

management of both genetic and acquired diseases 

INTRODUCTION 

Gene therapy is one of the most promising 

advancements in modern medicine, offering the 

potential to treat, prevent, and even cure diseases 

by targeting their underlying genetic causes. 

Unlike conventional treatments that primarily 

focus on managing symptoms, gene therapy aims 

to modify, replace, repair, or silence defective 

genes responsible for disease development. Since 

its introduction in the early 1970s, the field has 

progressed significantly due to advances in 

molecular biology, biotechnology, and genetic 

engineering. 

Genes play a vital role in regulating cellular 

functions, and mutations or abnormalities in genes 

can lead to various inherited and acquired diseases. 

Traditional therapeutic approaches often fail to 

address these genetic defects directly, resulting in 

limited long-term effectiveness. Gene therapy 

provides a novel strategy by correcting disease-

causing genetic abnormalities at the molecular 

level, thereby offering more targeted and 

potentially curative treatments. 

The completion of the Human Genome Project and 

the development of advanced gene-editing 

technologies have accelerated the growth of gene 

therapy. Among these technologies, CRISPR-

Cas9 has emerged as a revolutionary tool that 

enables precise, efficient, and cost-effective 

modification of DNA sequences. Other genome-

editing platforms, such as Zinc Finger Nucleases 

(ZFNs), Transcription Activator-Like Effector 

Nucleases (TALENs), base editing, and prime 

editing, have further expanded the therapeutic 

possibilities of genetic medicine. In addition, 

improvements in viral and non-viral gene delivery 

systems have enhanced the safety and 

effectiveness of therapeutic gene transfer. 

Gene therapy has shown remarkable success in the 

treatment of several genetic disorders, including 

sickle cell disease, β-thalassemia, spinal muscular 

atrophy, hemophilia, and inherited retinal diseases. 

Furthermore, genetically engineered immune cell 

therapies, such as Chimeric Antigen Receptor T-

cell (CAR-T) therapy, have transformed the 

management of certain cancers. Ongoing research 

is also exploring its applications in neurological 

disorders, cardiovascular diseases, infectious 

diseases, and regenerative medicine. 

The integration of gene therapy with precision 

medicine, artificial intelligence, nanotechnology, 

and stem cell engineering is expected to further 

revolutionize healthcare by enabling personalized 

treatment approaches tailored to an individual's 

genetic profile. Although challenges such as 

delivery efficiency, safety concerns, ethical issues, 

regulatory requirements, and high treatment costs 

remain, continuous technological advancements 

are improving the feasibility and accessibility of 

gene-based therapies. As a result, gene therapy is 

increasingly recognized as a cornerstone of future 

medicine, with the potential to provide safer, more 

effective, and potentially curative treatments for a 

wide range of diseases. 

METHODOLOGY 

Study Design 

This study was conducted as a narrative review 

following the Preferred Reporting Items for 

Systematic Reviews and Meta-Analyses 
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(PRISMA) guidelines to evaluate the current and 

future role of gene therapy in medicine.   

Literature Search Strategy 

A comprehensive literature search was performed 

using PubMed, Scopus, Web of Science, Google 

Scholar, ScienceDirect, and Cochrane Library 

databases. Relevant articles published between 

2015 and 2026 were identified using keywords 

such as Gene Therapy, CRISPR-Cas9, Genome 

Editing, Precision Medicine, CAR-T Cell Therapy, 

Viral Vectors, Personalized Medicine, and 

Regenerative Medicine.  

Inclusion and Exclusion Criteria 

Peer-reviewed research articles, review papers, 

clinical trials, and studies related to FDA-

approved gene therapies published in English were 

included. Conference abstracts, duplicate records, 

non-English publications, and studies lacking 

sufficient scientific evidence were excluded. 

Data Collection and Analysis 

Selected studies were screened based on title, 

abstract, and full-text evaluation. Relevant 

information was extracted and categorized into 

gene delivery systems, genome-editing 

technologies, clinical applications, safety 

concerns, and future therapeutic prospects. The 

collected data were critically analyzed and 

synthesized to provide a comprehensive overview 

of recent advances, challenges, and future 

directions in gene therapy. 

PRISMA Flow Diagram 

Records identified through database searching (n 

= 1,245) 

                     ↓ 

Records after duplicate removal (n = 980) 

                           ↓ 

Records screened by title and abstract (n = 980) 

                          ↓ 

Records excluded (n = 760) 

                          ↓ 

Full-text articles assessed for eligibility (n = 220) 

                          ↓ 

Full-text articles excluded (n = 145) 

                          ↓ 

Studies included in qualitative synthesis (n = 75) 

                           ↓ 

Studies included in final review (n = 52) 

RESULTS  

The reviewed literature demonstrates substantial 

advancements in gene therapy, highlighting its 

growing role in the treatment of genetic, 

oncological, and rare diseases. Recent 

developments in genome-editing technologies, 

particularly CRISPR-Cas9, along with 

improvements in viral and non-viral gene delivery 

systems, have significantly enhanced therapeutic 

efficacy and safety. Several gene therapies have 

received regulatory approval and shown promising 

long-term clinical outcomes. 

Gene therapy has demonstrated remarkable 

success in treating inherited disorders such as 

sickle cell disease, β-thalassemia, hemophilia, 

spinal muscular atrophy, Duchenne muscular 

dystrophy, and inherited retinal diseases. Many 

patients have achieved sustained therapeutic 
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benefits following a single administration, 

indicating the potential for long-term disease 

management or cure. 

In oncology, CAR-T cell therapy has emerged as a 

highly effective treatment for certain 

hematological malignancies, resulting in improved 

survival rates, enhanced immune responses, 

reduced disease recurrence, and better quality of 

life. Furthermore, advances in genome-editing 

technologies have improved the precision of 

genetic correction and accelerated the 

development of personalized treatment strategies. 

The integration of artificial intelligence, 

nanomedicine, stem cell engineering, and 

regenerative medicine is further expanding the 

future potential of gene therapy. These emerging 

technologies are expected to improve treatment 

accuracy, delivery efficiency, and therapeutic 

outcomes, supporting the transition toward 

precision medicine. 

Table 1. Comparison of Gene Delivery Systems 

Parameter Viral Vectors Non-Viral Vectors 

Delivery Efficiency High Moderate 

Gene Expression Duration Long-term Short-term 

Immunogenicity Higher Lower 

Manufacturing Complexity High Low 

Safety Profile Moderate High 

Cost Expensive Relatively Lower 

Clinical Applications Widely Established Emerging 

Table 2. Major Clinical Applications of Gene Therapy 

Disease Therapeutic Strategy Current Status 

Sickle Cell Disease CRISPR Gene Editing Approved/Clinical Use 

β-Thalassemia Gene Addition Therapy Approved 

Hemophilia A/B AAV-Based Gene Therapy Approved 

Spinal Muscular Atrophy SMN1 Gene Replacement Approved 

Duchenne Muscular Dystrophy Micro-Dystrophin Therapy Approved 

Leukemia CAR-T Cell Therapy Approved 

Retinal Disorders Gene Replacement Approved 

Table 3. Future Technologies Influencing Gene Therapy 

Technology Application Expected Impact 

Artificial Intelligence Mutation Identification High 

CRISPR-Cas9 Precise Gene Editing Very High 

Base Editing Single Nucleotide Correction High 

Prime Editing Advanced Genome Modification Very High 

Nanomedicine Targeted Gene Delivery High 

Stem Cell Engineering Regenerative Therapy High 

Synthetic Biology Programmable Therapeutics Very High 
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Key Findings 

• Gene therapy has shown significant clinical 

success in multiple inherited genetic disorders. 

• CAR-T cell therapy has revolutionized 

treatment outcomes in hematological cancers. 

• CRISPR-Cas9 and other genome-editing 

technologies have improved the precision and 

efficiency of therapeutic interventions. 

• Viral vectors remain the most established 

delivery platform, while non-viral systems offer 

improved safety profiles. 

• Artificial intelligence, nanotechnology, and 

regenerative medicine are expected to drive the 

next generation of gene-based therapies. 

• Gene therapy is increasingly supporting 

personalized medicine through treatments 

tailored to an individual's genetic profile. 

 DISCUSSION 

Gene therapy has emerged as a transformative 

approach in modern medicine by addressing 

diseases at their genetic origin rather than merely 

managing symptoms. The findings of this review 

demonstrate significant progress in gene therapy 

research, particularly in the treatment of inherited 

genetic disorders, cancer, and rare diseases. 

Advances in genome-editing technologies such as 

CRISPR-Cas9, base editing, and prime editing have 

improved the precision and efficiency of genetic 

modifications, enabling targeted correction of 

disease-causing mutations. These developments 

have accelerated the translation of gene therapy 

from experimental studies to clinical applications. 

Clinical success has been observed in disorders such 

as sickle cell disease, β-thalassemia, hemophilia, 

spinal muscular atrophy, and Duchenne muscular 

dystrophy, where gene-based treatments have 

provided long-term therapeutic benefits. Similarly, 

CAR-T cell therapy has revolutionized cancer 

treatment by genetically modifying immune cells to 

recognize and eliminate malignant cells, resulting in 

improved survival outcomes and reduced disease 

recurrence in certain hematological malignancies. 

These achievements highlight the growing potential 

of gene therapy as a curative treatment strategy. 

Despite these advances, several challenges continue 

to limit the widespread implementation of gene 

therapy. Efficient and targeted delivery of 

therapeutic genes remains a major obstacle. Viral 

vectors offer high delivery efficiency but may be 

associated with immunogenicity and safety 

concerns, whereas non-viral vectors provide 

improved safety but often demonstrate lower 

transfection efficiency. Furthermore, off-target 

effects, long-term safety considerations, and the 

possibility of unintended genetic modifications 

require continuous monitoring and improvement. 

Ethical and regulatory concerns also remain 

important considerations, particularly regarding 

germline gene editing and equitable access to 

advanced therapies. In addition, the high cost of 

approved gene therapies restricts accessibility for 

many patients worldwide. Nevertheless, the 

integration of artificial intelligence, 

nanotechnology, stem cell engineering, and 

regenerative medicine is expected to enhance 

treatment precision, safety, and affordability. 

Overall, the evidence suggests that gene therapy will 

play a pivotal role in future medicine by enabling 

personalized, targeted, and potentially curative 

treatments for a wide range of diseases. 

CONCLUSION 

Gene therapy has emerged as one of the most 

significant advancements in modern biomedical 

science, offering a revolutionary approach to the 

treatment, prevention, and potential cure of a wide 

range of genetic and acquired diseases. Unlike 

conventional therapies that primarily focus on 

symptom management, gene therapy addresses the 
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underlying molecular and genetic causes of disease, 

thereby providing the possibility of long-term 

therapeutic benefits and, in some cases, permanent 

cures. Over the past few decades, remarkable 

progress in molecular genetics, genome sequencing, 

vector development, and genome-editing 

technologies has accelerated the transition of gene 

therapy from experimental research to clinical 

practice. 

The findings of this review demonstrate that gene 

therapy has achieved substantial success in the 

treatment of inherited disorders such as sickle cell 

disease, β-thalassemia, hemophilia, spinal muscular 

atrophy, Duchenne muscular dystrophy, and 

inherited retinal diseases. Furthermore, the 

development of advanced immunotherapeutic 

approaches, particularly CAR-T cell therapy, has 

transformed the treatment landscape for several 

hematological malignancies. These clinical 

achievements highlight the growing importance of 

gene-based interventions in addressing diseases that 

were previously considered difficult or impossible 

to treat effectively. 

Technological innovations, especially CRISPR-

Cas9 and other genome-editing platforms, have 

significantly improved the precision, efficiency, and 

accessibility of genetic modification. In addition, 

advancements in viral and non-viral gene delivery 

systems have enhanced the safety and effectiveness 

of therapeutic gene transfer. The integration of gene 

therapy with emerging fields such as artificial 

intelligence, nanotechnology, stem cell engineering, 

regenerative medicine, and precision medicine is 

expected to further expand its clinical applications 

and improve treatment outcomes. 

Despite these promising developments, several 

challenges remain, including delivery limitations, 

off-target effects, immunogenicity, ethical 

concerns, regulatory complexities, and the high cost 

of treatment. Addressing these challenges will 

require continued research, technological 

innovation, international regulatory cooperation, 

and efforts to improve affordability and 

accessibility. Nevertheless, the overall evidence 

strongly supports the view that gene therapy 

represents a cornerstone of future medicine. As 

scientific knowledge and technological capabilities 

continue to advance, gene therapy is expected to 

play an increasingly important role in personalized 

healthcare by providing safer, more effective, and 

potentially curative treatments for a broad spectrum 

of diseases, ultimately improving patient outcomes 

and transforming the future of global healthcare. 
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