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Abstract: Gene therapy is the administration of foreign genomic material into the host 
tissue to modify the expression of a gene product or to change the biological properties of 
cells for therapeutic use. Initially, the major objective of gene therapy was to manage genetic 
diseases, but now different disorders with several patterns of acquired and inherited disorders 
are targets of gene therapy. Over three decades, the advancement of Genome engineering 
technologies facilitated gene therapy for the prevention and management of intractable 
diseases. Researchers are advancing with cautious optimism that safe and effective treatment 
will give to patients with single-gene disorders and complex acquired disorders. To date, over 
3000 genes associates with disease-causing mutations, and about 2600 gene therapy trials are 
undergoing for the management of various disorders. This review summarizes the principles 
of genome-editing approaches, such as zinc finger nucleases, transcription activator-like 
effector nucleases, meganucleases, and the CRISPR/Cas9 system with the underlying 
mechanisms. This review also explains the types of gene delivery systems as viral [adeno-
viral, adeno association, herpes simplex virus] and nonviral delivery systems (physical: DNA 
bombardment, electroporation) and (chemical: Cationic lipids, cationic polymers). Finally, 
this review summarizes gene therapy medicines approved to treat cancer in detail, including 
names, indications, vectors, and mode of gene therapy. Gene therapy becomes an alternative 
to an existing management for different diseases. Therefore, gene products with safe vectors 
and better biotechnologies play a significant role in the prophylaxis and management of 
various disorders in the future. 
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Background
After DNA helical structure discovery, the world continuous staircase outburst of 
several advanced technologies, which are currently heading toward translation into 
clinical practice. Over the last decades, several molecular techniques developed that 
help to edit the DNA codes and modify mRNA by post-transcriptional modifica-
tions. Gene therapy is the delivery of specific genetic material to modify the 
encoding of a gene product or to change the biological properties of tissues for 
the management of various disorders.1 Gene therapy overcomes the limitations 
associated with the recombinant therapeutic use of peptides, such as low bioavail-
ability, instability, severe toxicity, clearance rates, and high production cost.2 Gene 
therapies act by different mechanisms including, replacing malfunction genes with 
the therapeutic genes, gene knockdown, or deactivating problem genes, and insert 
a new gene to treat a disease.3 Gene therapy can be done in either somatic or 
germline cells. In somatic cells, gene therapy only the modified tissues will be 
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affected, but in germline cell gene therapy, genetic 
changes transmit to the offspring. So, there is no clinical 
trial on human germline gene therapy.4 Currently, somatic 
gene therapy is safe for the management of several dis-
orders in human beings. Gene therapy effectively treats 
several diseases due to increased understanding of disease 
pathogenesis and improved gene delivery technologies.5 

Gene therapy uses genetic material (ie, RNA or DNA) via 
a vector that facilitates the delivery of foreign genetic 
material into the host organ. The genetic material is admi-
nistered into the target organ (in vivo gene therapy) or 
used to modify cells taken from the host that are then re- 
administered (ex vivo gene therapy). Gene therapy aims to 
provide a functional gene copy of the damaged gene(s), 
increase the availability of disease-modifying genes or 
suppress the activity of a damaged gene.6,7 Gene therapy 
has a broad spectrum of applications, from gene replace-
ment and knockdown for genetic disorders including can-
cer, hemophilia, hypercholesterolemia, and 
neurodegenerative diseases to vaccination, each with dif-
ferent requirements for gene administration.8 Gene deliv-
ery systems consist of three components: a gene that 
expresses essential therapeutic peptides, a plasmid-based 
gene encoding system that regulates the activity of a gene 
in the target organ, and a gene delivery system that reg-
ulates the administration of the encoding gene to host 
tissue.9

Gene Editing Tools
Conventional gene therapy mostly depends on viral-based 
delivery of genes that either randomly integrates into the 
host genome (eg retroviruses) or remains as extrachromo-
somal DNA copy (eg AAV]) and expresses a protein that 
is missing or mutated in human disorder. In contrast to 
traditional gene therapy, gene editing provides more ver-
satile tools for gene therapy, for example, precisely correct 
point variants, place an extra, healthy gene at a safe geno-
mic location or disrupt a gene. The Current gene-editing 
process depends on the introduction of endogenous dou-
ble-strand DNA breaks (DSBs) and repair mechanisms. 
When DSBs occur by nucleases, cellular DNA repair 
mechanisms are activated. There are two main mechan-
isms for repairing double-strand breaks, non-homologous 
end joining (NHEJ) and homology-directed repair (HDR). 
Genome-editing nucleases can be modified to recognize 
and break the genome at specific DNA sequences, result-
ing in DSBs, which are efficiently repaired by either NHEJ 
or HDR.10,11

NHEJ repair damaged DNA without a homologous 
template. Due to this reason, NHEJ may lead to deletions 
or insertions of nucleotides in the damaged loci; thus, it is 
error-prone. HDR differs from NHEJ since it repairs DNA 
damages using a homologous template. Generally, having 
used a homologous sequence, this form of DNA repair has 
less chance to cause errors. From a clinical viewpoint, 
HDR is favorable for restoring mutations in genes or for 
integrating genes for therapeutic purposes.10–13

Currently, there are four different gene-editing nucle-
ase enzymes available based on their structures: meganu-
cleases, zinc-finger nucleases, transcription activator-like 
effector nucleases, and CRISPR-associated nucleases.

Meganucleases (MNs)
Are sequence-specific endonucleases that recognize unique 
large (14–40 bp) target sites. It has low cytotoxicity that 
makes it an attractive tool for genome editing. Existing 
engineering techniques include the creation of fusion pro-
tein from existing MN domains and engineering MN spe-
cificity via the direct alteration of protein residues in the 
DNA-binding domain. The complexity in re-engineering 
and low editing efficiency limits the uses of MNs.14

Zinc Finger Nucleases (ZFNs)
Artificially produced by fusing site-specific zinc finger 
protein with the non-specific cleavage domain of the 
FokI restriction endonuclease. The DNA-binding compo-
nent has 3–6 zinc finger repeats, and each can identify 
between 9 and 18 base pairs. ZFN has three zinc fingers 
that each identifies three base pair DNA sequence to form 
a three-finger array that attaches to nine base pair target 
sites and the non-specific cleavage domain.14,15 ZFPs deli-
ver a site-specific DSB to the genome and facilitate local 
homologous recombination that enhances targeted genome 
editing. The ZFN-encoding plasmid-based targeted admin-
istration of the required genes decreases the limitations of 
viral administration. If ZFNs are not specific at the target 
site, off-target break may occur. Such off-target breakage 
may cause DBS that causes cell death. An Off-target break 
may facilitate the random integration of donor DNA.15,16

Transcription Activator-Like Effector 
Nucleases (TALENs)
Are artificial DNA nucleases formed by fusing a DNA- 
binding domain with a nonspecific nuclease domain 
derived from Fok I endonuclease that specifically cut the 
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required DNA sequence.15 TALE effectors DNA-binding 
domain has a repeating unit of 33–35 conserved amino 
acids. Each repeat is similar, except positions 12 and 13, 
which are variable and have a strong correlation with 
specific nucleotide recognition. DNA cleavage domain is 
nonspecific from FokI endonuclease. The FokI domain 
acts as a dimer that needs two constructs with unique 
DNA binding for sites in the target genome. Both the 
number of amino acids between the TALE DNA binding 
domain and the FokI cleavage domain are essential for 
better activity. TALEN uses to edit genomes by inducing 
DSB that cells respond to with repair mechanisms.17,18

CRISPR-Cas
CRISPR is a heritable, adaptive immune system of bac-
teria that provides them with the memory of previous virus 
infections and defends against re-infection. Contrary to the 
human adaptive immune system, CRISPR is passed on to 
the next generation of bacteria, rendering the colony 
immune to future virus infections. CRISPR immunity 
depends on the integration of the invader’s DNA (virus 
or plasmid) into the bacterial genome.19 CRISPR helps the 
bacterium to identify the viral sequences and break. 
CRISPR stands for Clustered Regularly Interspaced Short 
Palindromic Repeats, which are interrupted by “spacer” 
sequences. These “spacer” sequences are viral sequences 
integrated during past viral infections when transcribed 
into short RNA sequences, are capable of guiding the 
Cas endonuclease to complementary sequences of viral 
DNA. Upon target identification, Cas binds to the viral 
DNA and cleaves it, protecting the prokaryotic cell from 
infection.20,21 CRISPR immune system modified to create 
a gene-editing tool that can target changes to the DNA. 
The most common is CRISPR/Cas9, which posses the 
Cas9 endonuclease and a short noncoding guide RNA 
(gRNA) that contains two components: a target-specific 
CRISPR RNA (crRNA) and a helper trans-activating RNA 
(tracrRNA). The gRNA unit guides Cas9 to a specific 
genomic locus via base pairing between the crRNA 
sequence and the target sequence.22 CRISPR-Cas- 
mediated gene repair, disruption, insertion, or deletion 
are thus finding applications in several areas of biomedical 
research, medicine, agriculture, and biotechnology.22,23

Gene Delivery Technologies
Since the emergence of recombinant DNA technology that 
helps gene-therapy, how to effectively and safely admin-
ister gene products is the major challenge. Vector is 

a vehicle that uses to deliver the gene of interest. An 
ideal vector can administer a gene to a specific tissue, 
accommodate enough foreign gene size, achieve the level 
and duration of transgenic expression enough to correct 
the defect gene, non-immunogenic, and safe. Delivery of 
the gene products done by Viral Vectors, Bactofection, and 
none viral Vectors (chemical and physical) method as 
summarized in Figure 1.24 The most important step in 
achieving gene therapy is choosing the vectors.

Viral Vectors Used for Gene Delivery
Viruses were the first and the most widely used vectors to 
administer genes into the target tissue. Viral vectors ensure 
that almost all cells can infect, without affecting cell 
viability. Viruses have distinctive features that make 
them suitable for gene delivery in clinical practice. 
Surface proteins on viruses interact with their host recep-
tors, which activate endocytosis. Once entered, viruses 
release their genome into the nucleus for viral gene 
expression.25,26 Herpes simplex virus (HSV), adenovirus 
(Ad), adeno-associated virus (AAV), and lentivirus (LV) 
are the most important viral vectors.27,28

Bacterial Mediated Gene Transfer 
(Bactofection)
Some bacteria specifically target tumor cells leading to RNA 
interference (RNAi) and gene silencing by inhibiting RNA 
activity, such as protein synthesis. Several in vivo and 
in vitro studies revealed that intracellular bacteria such as 
Salmonella spp., Listeria monocytogenes, Shigella flexneri, 
Bifidobacterium longum, E. coli, and Yersinia enterocolitica 
use to deliver plasmids pro-drug converting enzymes and 
cytotoxic agents into the target cell.29 Phase I trial is under-
going by using Listeria, Bifidobacterium, Salmonella, 
Shigella, and Clostridium gene therapy against cancer. 
Another clinical trial is ongoing on the effects of 
Lactococcus synthesizing interleukin 10 against colitis in 
Phase II.30,31

Chemical-Based Nonviral Vectors
Viral-vectors-based gene transfer displays better and long-term 
gene encoding but has some limitations like immunogenicity, 
less specific to the target cell, carcinogenicity, high cost and 
cannot deliver large genome size. Non-viral methods display 
better advantages due to relatively safe, can deliver a large 
genome, and ease for production.32–35 Chemical vectors, also 
known as non-viral vectors grouped as organic and inorganic 
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vectors. The organic vectors consist of cationic lipid-based 
vectors: synthetic cationic polymers-based vector and peptide- 
based vectors. These cationic organic vectors form complexes 
with negatively charged DNA via an electrostatic bond. The 
complexes protect the genomic material and enhance cell 
uptake and intracellular delivery. Generally, non-viral vectors 
help to deliver small DNA, large DNA (plasmid DNA), and 
RNA (Si RNA, m RNA) into the target tissue.36–38 Physical 
methods use different mechanical forces to facilitate the 
administration of gene material into the host tissues. It is an 
alternative to viral and chemical methods to decrease barriers 
that limit DNA delivery into the host tissues.39 It is feasible to 
deliver genes into target tissues by mechanical force. Indeed, 
there are several methods, and most have a similar mode of 
gene delivery, ie, physically formed transient pores in the cell 
membrane through which the genetic material enters into the 
host cell.40,41 Needle and jet injection, hydrodynamic gene 
transfer, electroporation, sonoporation, magnetofection, and 
gene gun bombardment are examples of physical DNA deli-
vering methods.42–44

Gene Therapy for Cancer 
Treatment
Cancer occurs due to disrupting the normal cell prolifera-
tion and apoptosis process. Advances in cancer therapy 

need a novel therapeutic agent with novel mode of action, 
several mechanisms of cell death, and synergy with con-
ventional management. Gene therapies possess all these 
profiles. Several gene therapy approaches were developed 
for the management of cancer, including anti-angiogenic 
gene therapy, suicide gene therapy, immunotherapy, 
siRNA therapy, pro-apoptotic gene therapy, oncolytic vir-
otherapy, and gene directed-enzyme prodrug therapy.45 

By November 2017, greater than 2597 clinical trials 
were conducted on gene therapy in the world. Among 
these trials, greater than 65% are associated with cancer, 
followed by monogenetic and cardiovascular diseases.8 

The use of CAR T cell therapy showed promising results 
for the management of both myeloid and lymphoid leu-
kemia. Until August 2019, only 22 gene products were 
approved for the treatment of different disorders. Most 
gene products used for the treatment variety types of 
cancers as shown in Table 1. Immuno-gene therapy is 
a potential treatment approach for the treatment of p53- 
deficient tumors (Imlygic, Gendicine, Yescarta, and 
Kymriah.47

Oncolytic Virotherapy
Oncolytic virotherapy (OV) is the most promising 
approach for tumor immunotherapy. OV uses 

Figure 1 Overview of the delivery systems used in gene therapy.
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replication-competent viruses that can proliferate selec-
tively at tumor cells. Oncolytic viruses grouped as natu-
rally occurring or genetically modified viruses. Natural 
occurring viruses like parvoviruses, and Newcastle dis-
ease viruses that selectively replicate in tumor cell with-
out genetic modification. The second virus category, 
such as vesicular stomatitis viruses, adenoviruses, 
measles viruses, HSV and vaccinia viruses, genetically 
modified to improve the safety, tumor-specificity, and 
decrease virus pathogenicity. The therapeutic use of 
oncolytic viruses for cancer treatment is an immune- 
related treatment alternative. Oncolytic viruses act by 
directly lyses tumor cells and by introducing wild-type 
tumor suppressor genes into cells that lack the tumor 
suppressor gene.48,49 Change in p53 gene function is 
present in half of all malignancies, and the induction 
of wild-type p53 gene re-establishes the normal p53 
expression. Several recombinant OVs expressing p53 
were developed with the aim of producing more potent 
OVs that act in combination with host immunity or with 
other treatments’ modality to destroy tumor cells.49,50

Gendicine (Recombinant Human P53 
Adenovirus [Ad5RSV-P53])
Was the first approved gene product for the manage-
ment of neck and head squamous cell carcinoma in 
2003.50 Gendicine is a non-replicative an adenoviral 
vector, where the E1 gene is replaced with the tumor 

suppressor p53 cDNA gene. The expression of p53 in 
tumor cells triggers the antitumor effect by activating 
the apoptotic pathway, inhibit damaged DNA repair, 
and anti-apoptotic activity. P53 gene mutation is pre-
valent in several cancers. Therefore, Gendicine induces 
the expression of p53 restores its activity and destroys 
the tumor cells. Generally, Gendicine management 
showed 30–40% complete response and 50–60% partial 
response with a total response rate of 90%–96% in 
different therapeutic use. Up-to-date greater than 
30,000 patients managed by Gendicine.50,51

Oncorine (rAd5-H101)
It is the first replicative, oncolytic recombinant ad5 
(rAd5-H101) approved to treat refractory nasopharyn-
geal cancer. Loss of p53 gene linked with drug resis-
tance and survival rate reduction in non-small cell 
cancer patients.50 Oncorine is an ad5 virus with 
a deletion in the E1B 55K gene. Host cell p53 gene 
inactivation is essential for wild-type to block the acti-
vation of apoptotic pathway. The removal of the E1B 
55K gene inhibits viral proliferation in normal cells, 
allowing only proliferate in p53-deficient host cells. In 
tumor cells, viral proliferation causes oncolysis that is 
the mechanism to treat solid tumors. Following cancer 
cell lysis, adenoviruses release and infect another cell 
activating a serious of Oncorine-mediated cell 
death.52,53

Table 1 Gene Therapies Products Approved for Therapeutic Use

Trade Name  
(Proper Name)

Date of Approval and 
Approving Agency

Vector and 
Modified Gene

Indication Route of 
Administration

Ref

Gendicine 2003 State Food and Drug 

Administration of China

Adenoviral vector 

P53

Head and neck squamous cell 

carcinoma

In vivo [50]

Oncorine  

(Recombinant Human 

Adenovirus Type 5 
Injection)

2005 State Food and Drug 

Administration of China

Adenovirus Type 5 Head and neck and esophagus 

cancer, Nasopharyngeal cancer, 

etc.

In vivo [53]

Kymriah™ 

(tisagenlecleucel)

August 2017 FDA CD19-specific CAR 

T Lentiviral vector

Acute lymphoblastic leukaemia Ex vivo [60]

Yescarta™  

(axicabtagene ciloleucel)

October 2017 FDA CD19-specific CAR 

T Y-Retroviral vector

Non-Hodgkin lymphoma Ex vivo [63]

Imlygic  

(talimogene 

laherparepvec, T-Vec)

2015 FDA GM-CSF HSV-1 Melanoma In vivo [48]

Biologics: Targets and Therapy 2021:15                                                                                    submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                          
71

Dovepress                                                                                                                                                                 Belete

http://www.dovepress.com
http://www.dovepress.com


Imlygic (Talimogene Laherparepvec)
It is a genetically modified oncolytic HSV-1 approved in 
Europe in 2015 for the management of non-resectable meta-
static melanoma. Imlygic is the first oncolytic virus used for 
the management of advanced melanoma.48 The replacement 
of γ34.5 and α47 genes with the human granulocyte- 
macrophage colony-stimulating factor (GM-CSF) gene 
modifies the HSV-1 gene. The γ34.5 gene deletion causes 
tumor cell-selective replication and suppression of patho-
genicity. The γ34.5 gene blocks protein synthesis of the host 
cell during viral infection. Thus, suppressing γ34.5 seizes 
the virus proliferation in normal cells. In tumor cells, the 
γ34.5 gene deleted HSV-1 can replicate. The α47gene inhi-
bits the host cell transporter associated with antigen presen-
tation. The depletion of α47gene reduces MHC class 
I expression that increases antitumor immune activity.53 

Besides, two human GM-CSF genes inserted into the virus 
providing high levels of GM-CSF production, and stimulate 
immune responses. Administration of Imlygic causes apop-
tosis of tumor cell enhanced antigen presentation and 
increased antitumor response.49,54

Rexin-G (Mx-dnG1)
Is the first targeted injectable vector approved for the man-
agement of metastatic cancers. It is a replication- 

incompetent retroviral vector showing a SIG-binding peptide 
to bind to abnormal Signature (SIG) proteins in the tumor 
cell that increase vector concentration in tumor cells and 
express a dominant-negative human cyclin G1 inhibitor. 
After the entrance into the tumor cells, Rexin-G synthesizes 
cytocidal dnG1 proteins that inhibit the cell cycle in the G1 
phase resulting in apoptosis of cancer cells.55,56

Chimeric Antigen Receptor (Car) 
T Cell Therapy
T cells destroy infected and tumor cells by detecting non-
self antigens with the T cell receptor (TCR). CAR T is a T 
cell transduced with a chimeric antigen receptor specific to 
a tumor-associated antigen. CAR is “chimeric” because it 
contains the antigen-binding site of the B cell receptor and 
an intracellular TCR activation domain. CAR has three 
domains, an extracellular domain that has cancer-specific 
epitopes (scfv region) made from light (VL) and heavy 
(VH) chains of immunoglobin that target antigen (such as 
CD19), a transmembrane domain, and intracellular TCR 
derived stimulatory domains as showed in Figure 2. The 
scfv component binds to the target antigen in the MHC 
independent way leading to CAR clustering and stimulat-
ing T-cell via intracellular region that posses the TCR- 
derived CD3ζ chain, with or without co-stimulatory 

Figure 2 Schematic diagram of CAR-T-cell products.
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domains. Stimulated CAR T-cells give target-specific 
memory cells that inhibit tumor relapse.57 CD19-targeted 
CAR T cells were the first CARs to be studied. CD19 is 
a promising target due to its expression limited to the 
B cell. First-generation, CD19-targeted CAR T cells were 
safe but ineffective. Second-generation CARs have 
a costimulatory domain with the CD3ζ activation domain 
show enhanced T cell activity. Two second-generation, 
CD19-targeted CARs are in clinical use contain a 41BB 
costimulatory domain (19-BBz) and a CD28 costimulatory 
domain and those with more than one additional co- 
stimulatory molecule are known as “third-generation” 
CAR.57–59

Kymriah (Tisagenlecleucel)
It is the first FDA approved CAR T-cell-based gene pro-
duct to treat relapsed B-cell acute lymphoblastic leukemia. 
Kymriah has autologous T cells, modified with the lent 
virus to encode a CAR consist of a murine single-chain 
antibody fragment (scFv) selective for CD19, an intracel-
lular domain 4–1BB (CD137), and CD3 zeta with CD8 
transmembrane hinge. After binding to CD19 antigen- 
expressing cells, Kymriah initiates the antitumor effect 
via the CD3 domain. The intracellular 4–1BB co- 
stimulatory domains enhance the antitumor activity. The 
CD19 antigen is a 95-kD glycoprotein encoded as 
a surface antigen in diffuse large B-cell lymphoma 
(DLBCL) and other B-cell lymphomas.60,61 High response 
rates were recorded in patients with refractory DLBCL in 
Phase 2 clinical trials. The response rate was 50% at 3 
months, 43% with a complete response at 6 months, and 
there were no patients with a complete response at 6 
months who had a relapse by the median of 28.6 months.62

Yescarta (Axicabtagene Ciloleucel)
It is another CAR T-cell therapy used for the management 
of aggressive non-Hodgkin lymphoma. It is CD19 antigen- 
specific ex-vivo modified autologous T cells infected with 
a gamma-retroviral. It encodes a CAR comprising an 
extracellular murine anti-CD19 single-chain variable frag-
ment fused to a cytoplasmic domain that possesses CD28 
and CD3-zeta co-stimulatory domains.63,64

Zalmoxis (Allogenic T Cells Encoding 
LNGFR and HSV-TK)
Allogeneic hematopoietic stem cell transplantation (allo- 
HSCT) uses for the management of several hematopoietic 

malignancies. But, acute graft-versus-host-disease 
(aGvHD) and Graft rejection are barriers to its success. 
The treatment strategy for haplo-HSCT depends on T-cell 
depletion or administration of lymphotoxin agents like 
cyclophosphamide after stem cell infusion to selectively 
deplete activated alloreactive lymphocytes but causes pro-
longed immunodeficiency post-transplantation. Thus, 
treatment to enhance immune reconstitution after trans-
plantation is necessary.65 Zalmoxis is a genetically mod-
ified allogeneic T cell using a retroviral vector encoding 
a human low-affinity nerve growth factor receptor 
(ΔLNGFR) and HSV-TK Mut2 to transduce the allogeneic 
T immune cells. The ΔLNGFR expression uses as 
a marker of the transduced T cells, and the HSV-TK 
Mut2 expression provides the suicide gene induction dur-
ing the administration of the prodrug ganciclovir (GCV). 
Administration of the genetically modified donor T cells to 
T cell-depleted transplant patients (HSCT) reconstitutes 
the immunity to defend from infections. But, donor cells 
may specifically act as the host cells leading to Graft 
Versus Host Disease (GVHD). In this case, induction of 
suicide gene by GCV administration may kill the donor 
T cells encoding HSV-TK and control GVHD. Zalmoxis is 
a potential curative agent for HSCT patients when the 
matched donor does not exist. Zalmoxis provides post- 
transplant GvHD control, Graft versus Leukemia (GvL) 
improvement, relapse decrease, and immune reconstitution 
causes reduced infection.52,66

Gene Silencing
Gene silencing therapy is RNA interference (RNAi)- 
mediated knockdown of specific genes in tumor cells. 
RNAi is single or double-stranded noncoding RNAs (21 
ribonucleotides) that induce sequence-specific degradation 
of complementary mRNAs via the cells’ internal 
machinery.67 siRNA is vital because most genes do not 
have inhibitors due to a lack of ligand binding sites and 
amino acid sequence homology with other proteins that 
limit target selectivity. RNAi consists of microRNA 
(miRNA), Small Interfering RNA (siRNA) and short hair-
pin RNA (shRNA). Two decades later after the discovery 
of RNAi, ONPATTRO™ (patisiran) approved for the first 
time for the management of the polyneuropathy of heredi-
tary transthyretin-mediated (hATTR) amyloidosis.68 

Tumor suppressor genes, oncogenes, genes involved in 
cancer progression, and drug-resistance are promising tar-
gets for gene silencing by RNAi-based cancer treatment 
due to selective gene silencing effect and relatively fewer 
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adverse effects than conventional chemotherapy.69 The 
merits of RNAi in cancer treatment are targeting several 
genes of different cellular pathways involved in cancer 
progression and develop a drug for a specific patient.70 

Several studies conducted on animals revealed that target-
ing vital proteins in the cell cycle, such as Protein kinase 
N3 (PKN3), kinesin spindle protein (KSP), and polo-like 
kinase 1 (PLK1) by siRNA displayed a potent antitumor 
effect. Several liposomal siRNA dose preparations are in 
Phase 1 trials, such as treatments for pancreatic cancer 
(PKN3 siRNA), liver cancer (CEBPA siRNA), and neu-
roendocrine tumors (PLK1 siRNA).71

Suicide Gene Therapy
Suicide gene therapy uses viral or bacterial genes into 
malignant cells that metabolize non-toxic prodrug into 
a toxic compound. Several suicide gene systems were 
identified including the HSV-thymidine kinase gene (HSV- 
TK) with ganciclovir (GCV) and the cytosine deaminase 
gene (CD) with 5-fluorocytosine (5-FC).72 Gene-mediated 
cytotoxic immunotherapy is one strategy where an adeno-
viral vector possessing the herpes virus thymidine kinase 
gene (AdV-TK) is administered locally into the tumor site 
that causes local expression of the HSV-TK gene to the 
synthesis of viral thymidine kinase that converts GCV to 
GCV monophosphate. The next step is the administration 
of GCV that is a substrate of HSV-TK and phosphorylated 
to produce GCV monophosphate. Then, cellular kinases 
metabolize GVC-monophosphate into GVC-triphosphate. 
GCV triphosphate is a deoxyguanosine triphosphate ana-
log, incorporated into the DNA chain causing chain termi-
nation and tumor cell death.73

The anti-tumor effect of the TK/GCV system showed 
promising results in animal models. A study on hormone- 
refractory prostate cancer patients treated with HSV-TK 
delivered by adenovirus followed by GCV. The result 
showed response was at the surrogate marker level and 
safe. Several studies are in Phase III trials.74 The cytosine 
deaminase (CD) enzyme exists in fungi and bacteria but 
not in mammalian cells, metabolizes cytosine into uracil. 
CD metabolizes the non-toxic prodrug 5-FC into 5-FU, 
which is subsequently metabolized by cellular enzymes 
into 5-FdUMP, 5-FdUTP, and 5-FUTP. Inhibition of thy-
midylate synthase and production of (5-FU) DNA and 
RNA are the mode of cell death induced by the CD/5-FC 
suicide system. 5-FU uses for cancer treatment but 
requires a high dose. This suicide system results in tumor- 
targeted chemotherapy with few side effects. The CD/ 

5-FC system improved by the inclusion uracil phosphor-
ibosyltransferase (UPRT) gene that phosphorylates 5-FU 
to 5-fluorouridine mono-phosphate, the first step of its 
pathway to activation.75 The anti-tumor effect of the CD/ 
5-FC combination showed a better efficacy in animal 
models. A study on refractory cancer patients that 
involved intratumoral administration of TAPET-CD atte-
nuated Salmonella bacterium encoding the E. coli CD 
gene in three patients. The study showed a significant 
effect and lack of side effects. An oncolytic adenovirus 
possessing a CD/HSV-1 TK gene was used in a phase 
I study in patients with prostate cancer. The result showed 
that the transgene encoding persistence in the prostate for 
3 weeks after administration.76

Anti-Tumor Angiogenesis
Tumor-driven angiogenesis several growth factors are 
involved, such as vascular endothelial growth factor 
(VEGF), fibroblast growth factor-2 (FGF-2), angiopoietins 
or IL-8, to secure oxygen and nutrients supply. Two major 
approaches are being pursued to block tumor angiogenesis. 
The first approach is down-regulation of pro-angiogenic 
factors expression, such as VEGF, and the second 
approach is up-regulation of expression of anti- 
angiogenic factors such as angiostatin, endostatin, and 
human soluble FMS-like tyrosine kinase receptor. 
Despite the successful therapeutic use of mAb like 
Bevacizumab for targeted therapy of cancer, the produc-
tion and administration of therapeutic mAb are limited due 
to costly production. Therefore, gene-based studies were 
done to develop an angiogenesis-targeted cancer 
treatment.77,78

Conclusion
Gene therapy represents a novel alternative for the man-
agement of diseases that have no satisfactory cure. Gene 
therapy for cancer treatment has good progress in the last 
three decades, few drugs approved, while others are still in 
trials. Relatively gene therapy has better safety with toler-
able adverse effects than chemotherapy for the treatment 
of cancer. In the future, tumor genomic analysis, assess-
ment of host humoral and cellular immunity will facilitate 
a better selection of the most appropriate patient for gene 
therapy. Recent progress in developing safe and effective 
vectors for gene delivery, and understanding the activity of 
nucleases facilitate future genome editing as new treat-
ment approaches for untreatable diseases like cancer.
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The success of using autologous and allogenic chi-
meric antigen receptor integrated T-lymphocytes in med-
iating adoptive immunotherapy enhances the safety and 
effectiveness of gene therapy. Besides, the enhanced bio-
logical research, cheaper gene vectors will be available in 
the market, which increases gene therapy accessibility for 
most cancer patients. This will change the future of cancer 
treatment, from generalized cancer treatment strategies to 
individualized cancer treatment, based on the patient’s 
specific genome, immune status, and genetic profile of 
the tumor. Gene therapy is expected to be fast, effective, 
less toxic, and inexpensive, with higher cure rates. In 
November 2017, more than 2597 clinical trials are 
ongoing in several countries and a few of them are listed 
in Table 2. Until August 2019, 22 gene medicines had 
been approved by the drug regulatory agencies from var-
ious countries.79 Gene therapy gradually accepted by the 
government and the public since the 1980s and has 
become an important alternative to the existing treatments 
in the past few years. Therefore, gene therapy drugs, with 
safe vectors and advanced biotechnologies, would play 
a greater role in the prophylaxis and management of can-
cer in the future.
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