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ABSTRACT 

Gene therapy and CRISPR technology offer a surgical strike for 
genetic disturbances: they furnish precise modifications of genetic 
material to treat and potentially cure genetic disorders, cancers, 
and infectious diseases. It involves the introduction, variation, or 
removal of genes with a view to correcting genetic defects; somatic 
and germline edits fall thereunder. CRISPR-Cas9 represents a new 
class of molecular tools for gene editing that can ensure targeted, 
potent, efficient, and essentially reproducible DNA modifications, 
thereby facilitating the design of genetic therapies. The review 
explains the basic concepts of gene therapy and other ways of 
delivering genes, FDA-approved gene therapy applications, and 
workings and applications of the CRISPR-Cas system; it discusses 
how CRISPR is an adjunct for drug development, personalized 
medicine, and clinical applications regarding cancer and 
pathological conditions of interest in neurology and infectious 
diseases. Without a doubt, retrofitting these novel potentials holds 
immense therapeutic value; current obstacles, such as off-target 
performances, delivery efficiencies, and ethical dilemmas, remain 
significant roadblocks to preventing the widespread acceptance of 
these technologies. The future direction looks at the refinement of 
the CRISPR technology, enhancement of gene delivery systems, 
and application of Artificial Intelligence for a better precision in 
genetic medicine. Thus, the review describes the enormous 
promise of gene therapy and CRISPR technologies, while the 
implementation of these technologies faces a multitude of 
scientific, ethical, and regulatory hurdles.  
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1. Introduction 

1.1 Overview of Gene Therapy 

Gene therapy cures or prevents disease by 

correcting genetic defects and includes the 

introduction, alteration, or elimination of 

genes within a patient's cells [1]. Somatic 

gene therapy is one type for non-

reproductive cells and does not influence 

the future generation and germline gene 

therapy that alters the reproductive cells 

and raises numerous ethical issues [2]. 

The majority of the therapeutic genes use 

viral vectors that make use of engineered 

viruses, but non-viral vectors have also 

been used, such as nanoparticles [3]. Gene 

therapy is used to treat monogenic diseases 

(sickle cell anemia and cystic fibrosis), 

cancer, infectious diseases, and neurological 

disorders [4]. 

Technological advances have delivered 

CRISPR-Cas9, cancer CAR-T cell therapy, 

and RNA-based therapy such as mRNA 

vaccines [5]. Gene therapy is monitored by 

the FDA, and considerations of ethics 

encompass germline editing and universal 

access [6].Gene therapy in the future is all 

about precision medicine, in vivo gene 

editing, and integrating it with other 

therapy for enhanced efficiency [7]. While 

promising, the science of gene therapy will 

have to deal with scientific, ethical, and 

safety concerns in its development [8]. 

1.2 Introduction to CRISPR Technology 

CRISPR (Clustered Regularly Interspaced 

Short Palindromic Repeats) is a gene-

editing technology allowing scientists to 

edit the organism's DNA with precision and 

efficiency [9]. Discovered initially as part of 

the bacterial innate immune system, 

CRISPR acts by using guide RNA and an 

enzyme, usually paired up with Cas9, to 

target and cut the particular DNA 

sequences, so unaltered genetic material can 

be added, removed, modified [10]. 

First, the CRISPR-Cas9 system works by 

designing a guide RNA that complements 

the desired DNA sequence [11]. Then, the 

Cas9 enzyme employs that guide RNA to 

verify and modify the target DNA sequence 

[12]. The DNA is cut in that particular 

location. That break is then repaired by 

some of the cell's own add-on repair 

mechanisms, either introducing new genetic 

material or disabling a previously harmful 

gene [13]. CRISPR is simple, powerful, 

efficient, and versatile, which is the reason 

why it is a great research, medical, and 

biotechnological tool [14]. 

Applications of CRISPR technology range 

from genetic disorder treatments, 

developing disease-resistant crops, and 

researching gene function to its use in 

redesigning therapies to cure diseases such 

as cancers, sickle cell, and muscular 

dystrophies [15]. It threatens to be the 

technology that might permanently change 

humanity, especially since it raises ethical 

questions for germline editing that may 

affect future generations [16]. Nevertheless, 

CRISPR is fast transforming genetic 

research and paving avenues for novel 

innovations in science and medicine [17]. 

1.3 Significance in Drug Development 

It is an extraordinary innovation ending all 

shackles in drug discovery as it knows how 

to create new avenues to speed up research, 

improve precision, and develop completely 

novel ways of treating patients [18]. Most 

significantly, its fame hangs on precision 

gene editing-enabled scientists to really cut 
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genes and study disease mechanisms for 

possible drug targets and advanced 

therapeutic development [19]. 

Targeted Identification and Validation: 

Scientists use knock-out or selective 

modification techniques for genes, using 

CRISPR, to perceive disease phenotypes for 

identification and validation of potential 

drug targets with activity, while also 

reducing the budget and time incurred in 

early-stage drug discovery [20]. 

Modeling Diseases: CRISPR provides model 

systems at the cellular and animal level that 

more closely mimic genetic disease by 

inserting specific mutations [21]. This model 

will be revelatory in drug candidate testing 

and disease progression understanding [22]. 

Personalized Medicine: CRISPR will create 

medications for patients according to their 

genetic signatures [23]. One could use 

CRISPR in modifying cells obtained from 

patients to cure genetic diseases and cancers 

in a fine and precise manner [24].  

Developing Gene Therapy: CRISPR is 

developing therapies that include replacing 

or modifying genes that have defects, as 

with sickle cell anemia or beta-thalassemia, 

and even a few forms of inherited blindness 

[25].  

Drug Screening: One can perform large 

library screening on CRISPR-edited cell 

lines for an identification of compounds 

that highly interacted with specific genetic 

pathways or mutations [26]. 

2. Fundamentals of Gene Therapy(Table 1) 

2.1 Table 1: Types of Gene Therapy (Germline vs. Somatic) 

Aspect Somatic Gene Therapy Germline Gene Therapy 

Target Cells 
Non-reproductive (somatic) cells 

(e.g., skin, muscle, organs) 

Reproductive cells (sperm, eggs) or 

early embryos 

Inheritability 
Changes are not inherited by future 

generations 

Changes are heritable and passed to 

offspring 

Applications 

Treats genetic disorders (e.g., cystic 

fibrosis, sickle cell anemia), cancers, 

and other diseases 

Potential to eliminate genetic diseases 

from a family line or introduce 

beneficial traits 

Ethical Concerns 
Widely accepted, as it affects only the 

individual 

Highly controversial due to heritability 

and potential for "designer babies" 

Current Status 

Approved for clinical use in certain 

conditions (e.g., inherited blindness, 

blood disorders) 

Not approved for use in humans; 

largely experimental 

Advantages 

- Does not affect future generations 

- Proven success in treating specific 

diseases 

- Could permanently eradicate genetic 

disorders 

- Prevents transmission of genetic 

diseases 

Challenges 

- Ensuring efficient delivery to target 

cells 

- Avoiding immune responses 

- High risk of unintended consequences 

(e.g., off-target effects) 

- Ethical and regulatory hurdles 
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Aspect Somatic Gene Therapy Germline Gene Therapy 

- Long-term gene expression 

Examples 

- CAR-T cell therapy for cancer 

- Treatment for inherited retinal 

diseases 

- Experimental research in animal 

models 

- Theoretical applications in humans 

2.2 Gene Delivery Methods (Viral & Non-

Viral Vectors) 

They are viruses modified to introduce 

genes into their cells, providing very high 

levels of gene expression efficiency and 

long-term expression [27]. These include 

adenovirus, retrovirus, lentivirus, and AAV 

(adeno-associated viruses); their algos are 

due to immune responses, limited carrying 

capacity, and insertional mutagenesis [28]. 

Treatments of genetic disorders, cancers, 

and inherited retinal diseases use these 

vectors [29]. 

Non-viral delivery systems are liposome, 

nanoparticles, electroporation, or gene guns 

and are considered safer, easier and 

carrying larger payloads of genetics but less 

efficient and usually transitory [30]. The 

applications of non-viral delivery are DNA 

vaccines, cancer therapy, and gene editing 

[31]. 

In short, virus vectors deliver efficiently but 

unsafe treatment, while non-viral vectors 

deliver safely but ineffectively [32]. The 

choice between the two vectors depends on 

the specific application, target tissue, and 

what one expects from the treatment [33]. 

Improvements of both methods are 

ongoing, therefore raise the possibilities of 

gene therapy [34]. 

2.3 Current FDA-Approved Gene Therapies 

The FDA so far has given approvals to a 

handful of gene therapy treatments. These 

gene therapy treatments mostly target 

infrequent genetic disorders and some 

cancers. Noteworthy examples include:  

Luxturna (voretigene neparvovec): 

Approved in 2017, Luxturna is used to treat 

patients with inherited retinal diseases such 

as Leber congenital amaurosis that are due 

to mutations in the RPE65 gene [35]. It uses 

an adeno-associated virus (AAV) vector to 

deliver a functional copy of the RPE65 gene 

to retinal cells [36]. 

Zolgensma (onasemnogene abeparvovec): 

Approved in 2019, Zolgensma treats spinal 

muscular atrophy (SMA), a serious 

neuromuscular disorder with genetically 

base mutation in the SMN1 gene [37]. It 

uses an AAV vector to introduce a 

functional SMN1 gene, which improves 

muscle function and survival [38]. 

Kymriah (tisagenlecleucel): Approved in 

2017, Kymriah is a CAR-T cell therapy for 

some specific types of B-cell acute 

lymphoblastic leukemia (ALL) and large B-

cell lymphoma [39]. The patient T cells are 

modified and targeted to destroy the 

malignant cancer cells [40]. 

Yescarta (axicabtagene ciloleucel): 

Approved in 2017, Yescarta is another CAR-

T cell therapy used to treat large B-cell 

lymphoma [41]. It works similarly to 

Kymriah in that it reprograms T cells to 

attack cancer cells [42]. 

Tecartus (brexucabtagene autoleucel): 

Approved in 2020, Tecartus is a CAR-T cell 

therapy for mantle cell lymphoma and B-
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cell precursor ALL [43]. It uses genetically 

engineered T cells to attack cancer cells [44]. 

Abecma (idecabtagene vicleucel): Approved 

in 2021, Abecma is a new CAR-T cell 

therapy against multiple myeloma [45]. It 

targets the B-cell maturation antigen 

(BCMA) on myeloma cells [46]. 

Skysona (elivaldogene autotemcel): 

approved in 2021, Skysona is a lentiviral-

derived gene therapy for cerebral 

adrenoleukodystrophy (CALD), a rare 

degenerative neurodisorder [47]. The vector 

delivers a functional ABCD1 gene into 

hematopoietic stem cells [48]. 

Hemgenix (etranacogene dezaparvovec): 

Approved in 2022, Hemgenix is used to 

treat hemophilia B by replacing the 

functional factor IX gene using an AAV 

vector [49]. This lessens the frequency of 

required clotting factor infusions [50]. 

These are really great advances in the 

treatment of previously untreatable diseases 

[51]. They bring all the patients with rare 

genetic disorders as well as some cancers 

close on the cure[52]. However, they are 

usually very expensive and require to be 

administered in a very specialized center 

[53]. 

3.CRISPR-Cas System: Mechanism and 

Applications 

3.1 CRISPR-Cas9 Mechanism 

The CRISPR-Cas9 is a gene-editing tool in 

general derived from bacteria [54]. It 

employs guide RNA (gRNA) as an indirect 

approach to a particular DNA sequence 

where the Cas9 enzyme takes up the 

target[55].  It was known to create a double-

strand break. This break is typically 

repaired by the cell through either non-

homologous end joining (NHEJ), which 

possibly disrupts the gene, or homology-

directed repair (HDR), which allows the 

insertion of precise edits when it has a 

repair template[56]. CRISPR-Cas9, thus, can 

be used to knockout, correct, or insert a 

gene, and it is a very potent tool for 

research, medicine, or biotechnology [57]. 

The challenges, such as off-target effects 

and delivery to the target sites, are still 

being worked on [58]. 

3.2 CRISPR Variants (Cas12, Cas13, Base 

Editing, Prime Editing) 

Cas12 - Cleaves DNA, creating sticky ends, 

with a collateral destruction of ssDNA. For 

use in gene editing and DNA detection 

(e.g., SHERLOCK) [59].  

Cas13 - Targets RNA, producing collateral 

degradation of RNA. For use in RNA 

editing and virus detection [60]. 

Base Editing - Alters single bases of DNA 

(A→G, C→T) without cutting. Best suited 

for very precise gene corrections [61]. 

Prime Editing - In tiny insertions, deletions, 

or replacements, pegRNA + reverse 

transcriptase are utilized to achieve DNA 

manipulation, avoiding double-strand 

breaks. Most flexible tool for editing [62]. 

3.3 Table 2 Applications in Genetic Disorders 

CRISPR Variant Application Targeted Disorders 

Cas9 & Cas12 Gene knockout & correction Sickle cell anemia, Cystic 

fibrosis 

Cas13 RNA-based therapies ALS, Huntington’s disease 

Base Editing Precise single-base Genetic blindness, Metabolic 
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corrections (A→G, C→T) disorders 

Prime Editing Complex DNA modifications 

(insert, delete, replace) 

Duchenne muscular 

dystrophy, Tay-Sachs 

disease 

4. Gene Therapy and CRISPR in Drug 

Development 

4.1 Target Identification and Validation 

Target identification-the term itself suggests 

that it could potentially be gene, protein, or 

RNA-based, which becomes disease-centric 

and can thus be topic-specific concerning 

drug discovery endeavours (Table 2) [63]. 

Methods are: 

CRISPR Screens - Determine essential 

genes. 

Genomics & AI - This can actually help in 

predicting the promising targets. 

Proteomics & Transcriptomics-Analysis of 

disease pathways. 

Image Validation: Proves the target would 

be a potential target in terms of 

identification of its role to disease and in 

druggability. 

Techniques: 

CRISPR Knockouts and Base Editing - Gene 

function testing. 

RNA Interference (RNAi) - Gene silencing. 

Animal Models and Cell Assays - Effect 

validation. 

4.2 Drug Discovery and Screening 

Drug Discovery and Screening 

Drug discovery looks for new therapeutic 

agents with the ability to achieve a cure for 

diseases [64]. The study of mechanisms of 

action of the diseases flowing from there, 

the choices of possible therapeutic targets, 

and the design of possible interacting 

molecules with these targets are of interest 

[65]. 

Although drug discovery has been 

awakening a great many new doors 

through combinatorial chemistry, genomics, 

bioinformatics, and CRISPR technology, 

there indeed is a positive hold of these 

towards the updating of the drug [66].   

Drug discovery by screening large numbers 

of compounds against a given biological 

target is termed high-throughput screening 

(HTS) [67]. This practice will take a lead in 

identifying lead compounds with suitable 

therapeutic effects[68]. Furthermore, in this 

direction, using AI-based in silico models, 

virtual screening has been developed for the 

identification of interacting drug targets, 

thereby reducing laboratory testing burdens 

[69].   

CRISPR screening provides an impetus for 

drug discovery by enabling genome-wide 

approaches for finding key genes involved 

in the disease pathway [70]. On the other 

hand, CRISPR could serve as a rationale to 

develop disease models for better validation 

of drug targets and for testing the efficacy 

of candidate therapeutics in an accurate and 

efficient way, thereby speeding the 

identification of drug candidates with 

maximum specificity and minimum toxicity 

[71].   

Another name for lead optimization is the 

next process after selecting lead drug 

candidates for increasing efficacy, safety, 

and stability [72]. Preclinical studies are 

then performed in the cell line and animal 

models to elucidate parameters leading 

toward clinical relevance [73]. CRISPR, with 
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the implementation of drug discovery and 

their screening concepts, keeps fine-tuning 

the broader work and will definitely present 

targeted and viable therapies [74]. 

4.3 Personalized and Precision Medicine 

Medicine personalized to an individual's 

genetic profile, lifestyle, and environment 

rather than a one-size-fits-all method, 

treatment will be considered [75]. Precision 

medicine has a subset of medicine 

personalized to use genetic insights in 

creating targeted therapies and Gene 

therapy and CRISPR technology have 

revolutionized this area by enabling precise 

genetic modifications for root treatment of 

diseases [76]. 

CRISPR focuses on editing gene at the 

molecular level with high specificity in 

correcting the mutations causing diseases 

[77]. Such treatment is designed to repair 

the faulty genes for long-term or even 

permanent cure for such genetic disorders 

as sickle cell disease and cystic fibrosis [78]. 

In cancer, CRISPR enhances development 

into such biomedical areas as personalized 

immunotherapies, like the CAR-T cell 

therapy, where immunocytes of the patient 

are engineered to target cancer in a better 

way [79]. 

Gene therapy also paves the way for the 

development of drugs targeted at gene 

modifications that are responsible for drug 

metabolism[80]. By this approach, one can 

tailor drug dosages according to the genetic 

profile of an individual, minimizing side 

effects and getting better treatment 

outcomes [81]. CRISPR-based gene 

modifications are used to develop 

personalized medicines for neurological 

diseases like Huntington's disease and ALS. 

In this case, gene editing will prevent the 

disease progression [82]. 

As it progresses with research, CRISPR and 

gene therapy further promise transforming 

drug development through patient-specific 

therapies, eliminating the trial and error in 

treatment selection, and leading to 

enhanced overall clinical results [83]. 

Integration of genomics data with artificial 

intelligence and CRISPR-based 

interventions still paces the advances 

toward personalized and precision 

medicine [84]. 

5. Clinical Applications 

5.1 Cancerized Therapy 

CRISPR serves as an enhancement for CAR-

T cell therapy to make immune cells 

effectively target and destroy cancer. It also 

helps dislodge oncogenes and, thereby, 

individualized cancer therapy [85]. 

5.2 Rare Genetic Disorders 

Gene therapy and CRISPR stand for a cure 

for diseases like sickle cell disease and 

cystic fibrosis by correcting faulty genes, 

restoring the normal functioning of 

proteins, and averting symptoms of the 

disease [86].  

5.3 Neurological Disorders 

Huntington's disease, ALS, and other 

neurodegenerative disorders that are 

targeted on such famous genes are being 

examined through CRISPR path [87]. 

5.4 Infectious Diseases 

 The dissection of CRISPR provides the 

backbone for the upcoming antiviral agents 

targeting HIV and various other members 

of the viral family by directly targeting and 

disabling their genetic materials to achieve a 

possible functional cure [88]. 

6. Challenges and Ethical Considerations 
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6.1 Off-Target Effects and Safety Concerns 

Off-target mutations hassle CRISPR-

mediated gene editing most because they 

can lead to unsafe modifications and also 

recreational safety concerns [89]. Their 

botheration includes immunological 

response, carcinomas, or novel genetic 

diseases [90]. Researchers are thus working 

up Cas9 variants along with advanced 

bioinformatics tools, which hold a promise 

for improvement in specificity while 

lowering risk [91]. 

6.2. Delivery Efficacy and Immunogenicity 

It is the delivery of CRISPR components 

along with gene therapy vectors to the 

intended cells, which is again one of the 

crucial challenges that researchers are 

facing on in biology [92]. A few benefits in 

the use of viral vectors (AAV, lentivirus) 

have already been shown, but some 

concerns have been raised due to potential 

uncontrolled immune response that might 

limit treatment efficiency [93]. By contrast, 

electroporation and lipid nanoparticles have 

been found to be more effective but less 

immunogenic, hence promising as a 

nonviral delivery method [94]. More 

complications like continuous gene 

expression and accurate targeting will be 

obvious for this approach [95].  

6.3. Socio-Legal and Ethical Concerns  

Eventually, these changes result in genetic 

disparity and unintentional rupture, in turn 

causing moral issues arising from genome 

editing and designer babies [96]. In 

enlightening this, agencies like that of the 

FDA and EMA have put strict regulations 

on gene therapies to ensure safety and 

ethical consideration in their therapeutic 

application [97]. All other societal issues are 

then public acceptance and fair access by 

patients to the treatment[98]. 

7. Future Perspectives 

7.1. Emerging CRISPR Technologies (Base 

Editing, Epigenome Editing) 

CRISPR is advancing past classic gene 

editing and instituting base editing and 

epigenome editing that are truly refined 

and have less collateral damage [99]. Base 

editing allows for the changing of one DNA 

letter with no concomitant cutting of the 

strand: it is amazing for the fixing of point 

mutations in the widespread sickle cell 

anemia [100]. Epigenome editing expresses 

modulation of gene activities without 

changing the actual sequence to provide 

possible therapeutic pathways for disorders 

associated with abnormal gene expression, 

like cancer and neurological diseases [101]. 

7.2. Smarter and Safer Delivery Methods 

The safe and effective delivery of these 

gene-editing tools into relevant cells is a 

major challenge[102]. Lipid nanoparticles 

(LNPs)—the same delivery system used in 

the mRNA COVID-19 vaccines—have now 

developed as non-viral vectors that deliver 

CRISPR [103]. This method elicits less 

immune response. Although Adeno-

associated viruses (AAVs) remain a 

common option for gene therapy, scientists 

are modifying them to minimize their risk 

of eliciting an immune response and 

improve their capacity to target tissues 

[104]. Other techniques, such as 

electroporation and biodegradable carriers, 

are currently being explored to provide 

gene delivery with higher precision [105]. 

7.3. The Future of Drug Development with 

CRISPR 

http://www.ijipls.co.in/


International Standard Serial Number (ISSN): 2249-6807 

129 Full Text Available On www.ijipls.co.in 

 

CRISPR and gene therapy are ushering in 

the era of personal applications and 

treatments that will last in time [106]. They 

are capable of targeting not just symptoms 

but also the genetic problematic of the 

disease [107]. With AI and machine 

learning, scientists can further refine which 

genes to target and further develop their 

target ideas accordingly [108]. The next shift 

is in vivo gene editing, in which CRISPR 

tools are injected directly into a patient's 

body with the aim of real-time gene 

correction [109]. Expanding on the impact 

on health care, CRISPR is beginning to be 

tested for application beyond rare diseases: 

with autoimmune diseases, aging disease, 

and regenerative medicine [110]. 

8. Conclusion 

Gene therapy, CRISPR, and other 

technologies have revolutionized 

medication development by precisely 

altering genes to treat genetic abnormalities, 

cancer, and other ailments. CRISPR allows 

for focused genome editing, whereas gene 

therapy adds, changes, or removes genes to 

fix genetic flaws. Personalized medicine in 

disease modeling and advancements in 

drug development were among them. 

Some of the FDA-approved gene therapies-

Luxturna, Zolgensma, and CAR-T cell 

therapies-Kymriah, Yescarta-now shine 

brightly in the landscape of clinical 

successes. Emerging new variants such as 

Cas12, Cas13, base editing, and prime 

editing broaden the CRISPR toolbox and 

increasingly expedite drug discovery via 

target identification, drug screening, and 

precision medicine. 

However, there is still an off-target effect, 

delivery efficacy, immunogenicity, and 

ethical challenges. These are some aspects 

that would warrant intense scrutiny during 

research. Such future modern medicine can 

hype an AI, bioinformatics, and genetic tool 

marriage to safe and effective treatment 

individualized for each patient. 
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