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Abstract
Site-specific genetic modification has become a realistic possibility after nearly 50 years of research in the field of gene editing/

therapy. With the need for introducing exogenous fragment DNA or removing/modifying endogenous gene in/from a specific site

in the genome of interest, precise genetic tools are being carefully designed for implementation. Creating Double Stranded Breaks

(DSBs) at targeted sites in the genome of interest followed by endogenous cell based repair (Homology Directed Repair (HDR) or

Non-Homologous End Joining (NHEJ)) results in genomic modifications [1]. With this approach, it is possible to carry out gene in-

sertion, augmentation, deletion, gene sequence modification and mutation correction, aiding in the development of better animal
disease models, ex vivo and in vivo gene repair and engineered cell based therapies.
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Gene editing tools
The main tools associated with gene editing are the viral vec-

tors and nucleases. Use of retroviral vectors (Ɣ-retroviral and later
Lentiviral vectors) kick started the first-generation gene therapy
for hematopoietic stem cells application. Also, uses of replication-

defective parvovirus (Adeno Associated Viral (AAV) vectors) start-

ed in the 1990s and continue to be explored for Hemophilia and
liver disorders, by isolating variants and engineering novel cap-

sids. Currently, AAV appears to be the most popular vector among

fication is carried out by creating targeted DSBs and introducing
exogenous DNA fragment (donor DNA) through HDR. Donor DNA
can be plasmid DNA, single stranded oligonucleotides or integrase-

defective lentiviral/AAV vectors [3-6]. Gene regulation (Switching
genes ON/OFF, modulation of expression levels, epigenetic regula-

tion) has also become a possibility with engineered CRISPR/Cas
[7,8].

Factors that significantly impact the efficiency of genome/gene

the other viral and non-viral vectors and is being shown to be safe

editing include: 1) Delivery of genome editing tools to the target

icity/immunogenicity, and optimal dosing have led to substantial

creating improved versions of nucleases and other edit tool compo-

by gene addition.

tification of binding/target sites) [13], 3) Tissue specific targeting

and effective in preclinical and clinical studies. Recent advances
and modifications in the viral vectors to reduce the risk of genotox-

clinical progress - both for prophylactic and therapeutic purposes
[2]. However, viral vectors could only be used for genome editing
Four versatile platform nucleases that have been widely used

include Zinc finger nucleases (ZFN), Meganucleases, Transcrip-

tion Activators Like Effector Nucleases (TALENs) and Clustered

cells (transfection/transduction efficiencies; dosage/expression
levels of the tool components) [9,10], 2) Specificity of nucleases (by

nents) [11,12] and sensitivity of detection of off-target effects (in

silico models, by whole genome sequencing and ChIP based idenin-vivo.

Gene editing in gene/cell therapy
Gene delivery in vivo involves targeting the genome editing com-

Regularly Interspaced Palindromic Repeats (CRISPR/Cas). These

ponents to specific organs/ tissues and target cell-specific expres-

generated. Gene deletion/knockout is carried out by targeting

treatment for neuromuscular disorder, spinal muscular dystrophy,

nucleases act by aiming at specific sites (using specific DNA bind-

ing proteins or guide RNA) in the target genome where DSBs are

coding regions resulting in indels/frameshift mutations/complete
removal of the enhancer or coding region. Gene correction/modi-

sion. Recently, antisense oligonucleotide (ASO), Nusinersen, was

approved by US-FDA and EMA. This therapy provides a promising
which is caused by deletion or loss of function mutations of SMN1

gene. Other AAV based gene therapies have also been approved by
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US-FDA/EMA between 2014 -2018 for hemophilia and inherited

protein based drugs, gene/cell based therapy might have a longer

On the other hand, ex vivo genome editing through cell engi-

become a possibility owing to the advancements made in genome

retinal dystrophy.

neering for cancer immunotherapies and blood disorders started

with gene editing in Hematopoietic stem cells for allogeneic bone
marrow transplantation. Later, autologous transplants of ex vivo

modified cells brought in more advantages which helped to avoid
immune complications. Engineered T cells are gradually becom-

lasting effect owing to the permanent genomic changes it can offer.
The germline modifications to avoid heritable diseases have now

editing tools. However, rigorous safety and efficacy studies with somatic cells are warranted for further consideration and implementation of germline editing.

As of now, more than 2500 clinical studies have been initiated

ing an efficient cancer therapy. To enhance T cell function, the cells

for a wide range of human disorders with more focus on cancer and

lular chimeric signaling domain that drives T cell activation. These

ciency and retinal dystrophy; Ɣ-retrovirus based therapy for treat-

are engineered with Chimeric Antigen Receptors (CAR) which can
bind to specific proteins or carbohydrates and activates intracel-

CAR-T cells are generated by stable transfer of CAR genes to estab-

lish sustained receptor expression. Preclinical and clinical studies
on CAR-T cells (using lentiviral, Ɣ-retroviral, transposons, CRISPRCas) have substantiated the theory. Some level of toxicity has been

noted with this strategy due to off-tumor effects and cytokine release syndrome. Universal CAR-T cells (‘off-the-shelf’ drugs) are an

attractive option which could be made possible with the help of
multiplex CRISPR technology to remove endogenous T cell receptors, introduction of CAR in T cells, and/or knock out of immune
check points [14].

monogenic diseases. So far, few gene therapies have been approved
by US-FDA/ EMA for AAV-based therapy for lipoprotein lipase defiment of Severe Combined Immunodeficiency (ADA-SCID); Autolo-

gous CAR-T cell therapies for non-hodgkins lymphoma and acute

lymphoblastic leukemia [15,16]. Strimvellis, Luxturna, Kymriah,
Yescarta, Kynamro, Nusinesren, to name a few, have all made it to
the clinic with very promising results. Gene-editing products have

moved to early phase of clinical trials, which include ZFN targeted

CCR5 gene (HIV infection) and CRISPR/Cas targeted T-cells for programmed death-1 (PD1) knockout to treat esophageal cancer.
Challenges and future aspects

While the gene and cell therapy offers promise, the hefty price

tags on these (ranging from $300,000 to $850,000) raise questions

on sustainability and true cost-benefit analysis of these therapies.
Broadly, insertional mutagenesis, genotoxicity, deleterious im-

mune responses, and excessive T cell activation, depending on the
mode of gene/cell therapy, are the bottle necks in the progress in

this field. Efficiency and long term safety of clinical translation of

genome engineering in specific targeted tissues remain a pressing
challenge. However, potential for this field in positively impacting

disease cure, therapies and personalized medicine have constantly

aided in continued progress in overcoming these hurdles through
development of strategies to mitigate the risks. The genetic dis-

orders and life-threatening diseases, that were once beyond our
reach and considered incurable, have now become treatable and
gene/cell therapy is making that possible to the great extend

Figure 1: A snapshot of gene/cell based therapy.
Ability to modify genome sequences has paved the way to cre-

ate treatment options for diverse inherited and acquired genetic/

epigenetic disorders in human, including major categories of diseases (hematological, neuromuscular, ocular, skin, respiratory disorders; cancer immunotherapies; anti-microbials). In contrast to
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