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Gene Therapy: Basics and UPSC Relevance

Description

The field of biotechnology has emerged as amajor area of focus within the Science and Technology
section of the civil services examination syllabus..Among the various breakthroughs in medical science,
gene therapy stands out as a sophisticated intervention that alters-the genetic material of a living cell to
treat or prevent disease. For a Civil Services aspirant, understanding this topic requires analyzing the
foundational scientific mechanisms alongside the regulatory, socioeconomic, and ethical issues that
influence its implementation in India.

The relevance of this subject is heavily demonstrated by recent question trends in both the Civil
Services Preliminary and Mains examinations. The Union Public Service Commission frequently tests
candidates on their ability to distinguish between conceptual therapeutic methods and their real-world
applications. By shifting the medical focus from managing permanent symptoms to correcting the
genetic cause of inherited and acquired disorders, gene therapy has altered the landscape of public
health and modern therapeutics.

A serious evaluation of this domain shows that it is not merely a medical topic but a multi-sectoral
subject involving intellectual property rights, clinical trial regulations, and bioethics. As we observe
increasing public and private investments in indigenous healthcare solutions, analyzing the fundamental
principles of genetic intervention becomes essential for writing balanced and high-scoring answers.

What is Gene Therapy?

Gene therapy is an experimental technique that uses genetic material to treat, prevent, or cure chronic
diseases by modifying the expression of a persona??s genes. Instead of using conventional
pharmaceutical drugs or surgical procedures, this approach introduces a functional gene into the
patienta??s body to offset the effects of a defective, missing, or mutated gene. The primary objective is
to achieve a permanent or long-term therapeutic effect by addressing the root cause of a pathological
condition at the cellular level.
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The process targets both monogenic disorders, which are caused by a mutation in a single gene, and
complex polygenic conditions. Initially conceived as a solution for rare hereditary diseases like severe
combined immunodeficiency and cystic fibrosis, the scope of this science has broadened significantly. It
now encompasses targeted treatments for various forms of acquired diseases, particularly terminal
cancers and progressive cardiovascular disorders.

How Gene Therapy Works: Methods Used

To understand the operational mechanics of gene therapy, one must examine the specific methods
used to modify cellular function. The introduction of genetic material into target cells cannot happen
directly; it requires precise delivery mechanisms and biological modifications.

Gene Insertion and Deletion Mechanisms

The most common method involves inserting a functional copy of a gene into the genome to take over
the function of a corrupted ornon-working gene. This is often described as gene addition. Alternatively,
if a mutated gene is actively causing harm by.producing a toxic protein, the therapeutic process focuses
on blocking or knocking out the expression ofithat specific gene. In advanced applications, the
mechanism involves repairing the abnormal gene directly through-precise nucleotide changes, returning
the native sequence to its normal functional state.

Vector Delivery Systems

Because naked DNA or RNA cannot easily cross the cell membrane or resist enzymatic degradation in
the body, scientists use delivery vehicles called vectors. These vectors are categorized into viral and
non-viral delivery systems. At this stage, one issue becomes clear: the choice of vector determines the
safety and efficiency of the entire procedure.

¢ Viral Vectors: Viruses have a natural biological ability to parasitize host cells and inject their
genetic material. In gene therapy, the pathogenic parts of the virus are carefully removed and
replaced with the therapeutic human gene. The primary viral vectors utilized are Retroviruses,
Adenoviruses, and Adeno-associated viruses (AAV). Retroviruses integrate their genetic payload
directly into the host cella??s chromosomes, ensuring long-term gene expression as the cell
divides, whereas adenoviruses generally leave the gene outside the host chromosome, reducing
integration risks but limiting the duration of effect.

e Non-Viral Vectors: To avoid the immune reactions sometimes triggered by viral vectors, non-viral
alternatives are deployed. These include physical methods like electroporation, which uses brief
electrical pulses to create temporary pores in cell membranes, and chemical vehicles like
liposomes or nanopatrticle formulations that encapsulate the genetic material to aid its entry into
the target cell.

Types of Gene Therapy and its Uses

Gene therapy is classified into two distinct forms based on the type of cells being modified. This
classification forms the basis of both the therapeutic applications and the legal boundaries governing
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the science.
Somatic Gene Therapy

Somatic gene therapy involves the transfer of therapeutic genes into the non-reproductive cells of the
body, such as bone marrow cells, skin cells, or liver tissue cells. Any genetic modification introduced
using this route is strictly confined to the individual patient and cannot be passed on to future
generations.

The practical uses of somatic therapy are extensive. It is heavily used in treating blood disorders like
Thalassemia and Hemophilia by correcting the genetic pathways responsible for hemoglobin production
and clotting factors. It has also shown immense utility in oncology through Chimeric Antigen Receptor
T-cell (CAR-T) therapy, where a patienta??s own immune cells are genetically programmed to
recognize and destroy malignant tumors.

Germline Gene Therapy

Germline gene therapy refers to the/modification of reproductive cells, specifically spermatozoa,
oocytes, or early-stage embryos. Because the genetic alterations are integrated into the reproductive
lineage, the changes are permanent and inherited by all subsequent generations.

While theoretically capable of permanently eliminating devastating hereditary disorders from a family
line, germline therapy is not used clinically. The unpredictability of multi-generational genetic changes
has led to global prohibitions on its application in human subjects.

Challenges and Ethical Concerns in Gene Therapy

Despite its immense therapeutic promise, gene therapy faces significant technical barriers and
profound ethical dilemmas that complicate its widespread adoption. This point needs attention, as
technological advancement cannot be evaluated in isolation from societal risk.

Safety and Immunological Risks

One of the primary technical challenges is the human immune response. The human body often
recognizes viral vectors as foreign pathogens and mounts a severe inflammatory reaction, which can
lead to organ failure or nullify the therapeutic gene.

There is also the significant risk of insertional mutagenesis, an event where the therapeutic gene
integrates into the host genome at an incorrect location. If the gene accidentally inserts itself into the
middle of a tumor-suppressor gene, it can inadvertently trigger oncogenesis, leading to the
development of leukemia or other cancers.

Ethical Dilemmas and Access Disparities

The ethical discourse around genetic modification is intense. The prospect of germline modification
raises the threat of eugenics and the creation of &??designer babies,a?s where genetic technologies
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could be used for non-medical enhancements like physical appearance or cognitive traits. This blurs the
line between therapeutic correction and biological optimization.

Furthermore, economic access presents a major systemic hurdle. Gene therapies are currently among
the most expensive medical treatments in the world, with single-dose regimes costing millions of
dollars. This creates a severe global equity issue, leaving these life-saving interventions entirely out of
reach for lower-income populations and developing nations.

Gene Therapy Status in India and Global Progress

The international landscape of gene therapy has moved rapidly from laboratory experimentation to
commercial approval. Regulatory bodies like the United States Food and Drug Administration (FDA)
and the European Medicines Agency have approved several gene therapies for spinal muscular
atrophy, inherited blindness, and blood cancers.

India has actively entered this.advanced biopharmaceutical sector to develop local capacities. The
national focus is centered on, driving dewn costs and reducing complete reliance on imported
biomedical products.

A major milestone in Indiad??s domestic biotechnology capability was achieved with the regulatory
approval and launch of NexCAR19, the countrya??s first indigeneus CAR-T cell gene therapy for
specific blood cancers. Developed through a collaborative effort involving the Indian Institute of
Technology Bombay, Tata Memorial Hospital, and industry partners, this treatment represents a
massive step forward in affordability. While international variants of cell and gene therapies cost crores
of rupees, the indigenous version has brought down costs significantly, demonstrating that India can
innovate successfully within advanced biological fields.

To regulate these advancements safely, the Department of Biotechnology, under the Ministry of
Science and Technology, has established the National Guidelines for Gene Therapy Product
Development and Clinical Trials. This framework provides clear pathways for scientific research,
manufacturing standards, and clinical trial mechanisms, ensuring that Indian developments align with
international safety criteria while catering to the unique disease burden of the domestic population.

UPSC Perspective

Prelims Focus

For the Preliminary Examination, candidates must thoroughly master the basic biological concepts and
technical terms related to gene therapy. Questions frequently target the structural differences between
viral vectors like Adeno-associated viruses and retroviruses, focusing on how they interact with host
DNA.

Candidates must also understand the clear distinction between somatic gene therapy and germline
modification, along with the operational definition of CAR-T cell therapy. Tracking recent current affairs
milestones, such as the approval of NexCAR19 and the institutions involved in its development, is
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equally important.
Mains Focus

In the Mains examination, gene therapy questions are generally analytical and fall under General
Studies Paper Il (Science and Technology). Aspirants must be prepared to write essays or answers
evaluating the socio-economic impact of these therapies in India.

The focus should be on discussing how indigenous technology development promotes health security
and aligns with the vision of self-reliance. Answers must carefully weigh the balance between scientific
innovation and the regulatory safeguards required to handle the long-term bioethical risks of genetic
engineering.

¢ Analyze the balance between health innovation and ethical boundaries in genetic treatments.
o Evaluate the role of public-private partnerships in making advanced biotech affordable in India.

Common Student Confusion

e Misunderstanding: Students frequently confuse gene‘therapy with gene editing, using the terms
interchangeably in their answers.

e Correction: Gene therapy is a broad approach that focuses on introducing an entirely new,
functional gene into a cell to supplement or mask a faulty gene without necessarily changing the
original DNA sequence. Gene editing, using tools like CRISPR-Cas9, involves making ultra-
precise, structural cuts and changes directly to the existing native DNA sequence inside the
genome to fix the error in situ.

e Misunderstanding: There is an impression that all gene therapies modify the DNA permanently
and the changes will always be passed on to the patienta??s children.

e Correction: This is factually incorrect. Somatic gene therapy, which represents all currently
approved human treatments, only alters non-reproductive cells like blood or muscle cells. The
changes remain localized to that individual patient and are never passed down to future
generations. Only germline therapy changes hereditary lineages, and it is universally banned from
clinical use on humans.

Short Revision Points

e Core Concept: Gene therapy modifies or introduces genetic material into a patienta??s cells to
treat or cure a disease by addressing its root genetic cause.

o Key Delivery Vectors: Uses modified viruses (Retroviruses, Adenoviruses) or non-viral
mechanisms (Liposomes, Nanoparticles) to safely transport genes into cells.

e Two Major Types: Somatic therapy treats non-reproductive body cells (non-heritable); Germline
therapy modifies reproductive cells or embryos (heritable, legally restricted).

e Primary Challenges: High risk of severe immune reactions, potential for causing unintended
genetic mutations (insertional mutagenesis), and extreme treatment costs.
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¢ Indian Progress: The launch of NexCAR19 highlights Indiad??s capability in low-cost,
indigenous CAR-T cell gene therapy, regulated under strict National Guidelines issued by the
Department of Biotechnology.

FAQs

1. Is gene therapy available in India?

Yes, gene therapy is available in India. The country recently approved and launched its first indigenous
CAR-T cell gene therapy, known as NexCAR19, for treating specific types of blood cancers and
lymphomas.

2. What is the difference between gene editing and gene therapy?

Gene therapy involves introducing external functional genetic material into a cell to treat a condition,

whereas gene editing makes precise-changes, cuts, or repairs directly to the cella??s existing native
DNA sequence.

3. What are the main risks of gene therapy?

The primary risks include severe immune system reactions against the delivery vectors, toxic side
effects, and insertional mutagenesis, where the new gene accidentally disrupts healthy genes and
triggers malignancy.

Now this becomes important: preparing this domain for the civil services examination requires a
balance between clear scientific concepts and a strong understanding of socio-economic impacts.
Candidates must be skilled at linking biological innovations to institutional policies and national
development goals. Developing this comprehensive framework is essential for handling the dynamic
nature of the Science and Technology section. For students seeking an organized strategy to master
these challenging areas, SHRI RAM IAS provides expert mentorship and updated study material
designed for the current exam pattern. Regarded as the best IAS coaching in Delhi, SHRI RAM IAS
helps aspirants develop the analytical depth and conceptual clarity required to score well in both the
Prelims and Mains examinations.
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