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Abstract

Gene therapy involves either the direct introduction of genetic material (DNA or RNA) into the
host cell (or organ), known as in vivo gene therapy, the re-introduction of the modified target
cells taken out of the host, or ex vivo gene therapy. Cancer is mainly caused by the non-
functioning of genes required for normal cell proliferation, and it has emerged as the leading
cause of death globally due to the absence of efficient and safe therapies as well as early
diagnostic modalities. Therapeutic trials using gene therapy have shown that they
considerably increase the survival rate and life expectancy of patients with cancer. There are
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many potential strategies for the treatment of cancer using gene therapy currently being used,
including (a) expressing a gene to induce apoptosis or increase tumor sensitivity to
conventional drug/radiation therapy; (b) inserting a wild-type tumor suppressor gene to
compensate for its loss/deregulation; (c) blocking the expression of an oncogene using an
antisense (RNA/DNA) approach; and (d) enhancing tumor immunogenicity to stimulate
immune cell reactivity. Gene therapy can employ many different genes, including anti-
angiogenesis, any suicidal gene, immunotherapeutic gene, siRNA gene, pro-apoptotic gene,
oncolytic gene, and gene-directed enzyme prodrug. Moreover, with advancements in gene
transfer technologies, various kinds of new treatment strategies have been developed that
complement conventional therapies used to treat cancer that are used to modify the DNA
directly, such as zinc finger nucleases (ZFNs), transcription activator-like effector nucleases
(TALENSs), clustered regularly interspaced short palindromic repeats/CRISPR-associated
protein 9 (CRISPR/Cas9), etc. Even though there has been a lot of progress in pre-clinical
research in both better targeting and expression in a tumor-selective way, there are still a lot
of problems that need to be fixed before it can be used in humans. These problems include
non-specific expression, low-efficiency delivery, and biosafety. This review will highlight gene
therapy's current challenges and future opportunities in cancer treatment.
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1. Introduction

About 50 years ago, scientists first proposed the idea of gene therapy, which introduces
recombinant genetic material into human cells to treat various diseases. As a result of the
challenging and constrained development process that produced this method as an effective
treatment, additional advancements were made [1]. Gene therapy is defined by the European
Medicines Agency (EMA) as “a biological medication that contains an active ingredient that is a
recombinant nucleic acid and is used or given to humans to alter, correct, add, replace, or delete
genetic sequences, and those therapeutic, prophylactic, or diagnostic effects are directly related to
that nucleic acid or to the gene expression product of that sequence.” Gene therapy drugs do not
contain contagious disease vaccines [2].

The history of gene therapy (Figure 1) begins with the first mention of natural genetic transfer in
1928 when F. Griffith discovered a process called transformation through the observation that a
heat-killed extract of a virulent pneumococcal strain could transform a non-virulent strain into a
virulent strain [3]. Then, other natural gene transfer techniques were also discovered, such as
conjugation and transduction [2]. Elisabeth and Wactaw Szybalski, in 1962, successfully corrected
HPRT-deficient mammalian cells using gene therapy by transferring normal DNA to diseased cells
[4]. In 1966, Edward Tatum explored the potential of gene therapy through viral vectors in somatic
cells [5]. A study by Rogers et al. (1968), built on Tatum's work, showed that virus-mediated gene
transfer could work. They used the wild-type (WT) Shope papilloma virus to introduce the arginase
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gene into two female pediatric patients with a urea cycle disorder, but the results were not positive
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Figure 1 Systematic timeline showing the development of gene therapy over the years.

Later on, in 1989, the first clinical protocol to insert a foreign gene into human immune cells was
approved by the FDA and the National Institutes of Health (NIH), and it was the first test performed
on terminallyill cancer patients [7]. Many clinical trials were conducted in subsequent years. In 1990,
the NIH made further advances and approved the first clinical trial of gene therapy against severe
combined immunodeficiency (SCID) in a four-year-old girl by transforming the normal adenosine
deaminase (ADA) gene. Despite receiving a lot of criticism from the media about the use of viruses
in gene therapy, the observed results were positive, showing immense success when the four-year-
old turned into a healthy 18-year-old, making this the first successful event in the history of gene
therapy [8]. However, a few trials also failed, as 18-year-old Jesse Gelsinger was injected with 38
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trillion recombinant adenovirus particles to treat ornithine transcarbamylase deficiency, resulting
in his death [9]. Despite this tragedy, scientists are still making progress because novel genetic
therapies promise to be far more effective than current approaches, such as protein therapy or
pharmacotherapeutics, in treating a wide range of diseases and defects.

In 2006, Kershaw et al. demonstrated that T cells exhibiting a response to the ovarian cancer-
related alpha-folate receptor (FR) were produced through genetic modification of the patient's T
cells. This was achieved by introducing a chimeric gene that combined an anti-FR single-chain
antibody with the signaling component of the Fc receptor gamma chain. However, the cells did not
sustain themselves for over a few days [10]. Following the success of initial clinical trials of gene
therapy, researchers have been delving deeper into gene therapy to find a safe, long-lasting, and
hopefully permanent cure to treat fatal diseases. At present, active clinical trials to treat SCID-X1
are taking place, wherein retroviral vectors are used to deliver a functional copy of the mutated and
dysfunctional genes for autologous hematopoietic stem and progenitor cells (HSPCs) [11] to
promote thymopoiesis [12]. Moreover, multiple gene therapies started becoming available for
clinical use, e.g., GLYBERA for Lipoprotein lipase deficiency (LPLD) [13], LUXTURNA for Leber
congenital amaurosis (LCA) type 2 [14], Betibeglogene autotemcel (beti-cel) gene-therapy
(ZYNTEGLO) for B-Thalassemia, and so on [15].

2. Types of Gene Therapy

Based on the target cell, gene therapy is classified into two categories, i.e., somatic cell gene
therapy and germline cell gene therapy (Figure 2). A recombinant gene is placed into a healthy
somatic cell in bodily cell gene therapy. In contrast, the same gene is inserted into the genome of a
germ cell or stem cell in germline gene therapy to replace a defective gene that is responsible for a
particular disease [16]. Based on the process, gene therapy is classified into three categories: ex vivo,
in vivo, and in situ (Figure 2). Ex vivo gene therapy removes diseased cells from the patient's body.
Then, they are treated outside the body by modifying genetically, allowing the disease's phenotype
to be corrected. The treated (or fixed) cells that have gained normal function are subsequently
infused into the patient’s body.

Figure 2 Types of gene therapies -On the basis of Target cells and Processes.

In vivo gene therapy, the diseased cells are treated in the patient’s body without taking them out
using different viral vectors, such as adenoviral vectors (AVs) or adeno-associated viral vectors
(AAVs). In this approach, the recombinant vector containing the gene of interest is infused
systemically into the patient's bloodstream or cerebrospinal fluid, which then attaches to the
specific cells and delivers the correct version of the gene into them. In situ, gene therapy is similar
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to in vivo gene therapy, but in this, the recombinant viral vector is directly injected into a patient's
body at the site of diseases such as a tumor or a suitable area of the brain [17].

3. Types of Cancer Therapy

With more than 10 million fatalities caused by cancer each year, it has become one of the main
reasons for death worldwide [18]. Endogenous or environmental factors continuously stress cells,
resulting in DNA damage. To preserve the accuracy and fidelity of genomic DNA, a sophisticated
mechanism has been developed by the host cell's i.e., DNA damage response (DDR) network, which
includes DNA repair mechanisms, apoptotic machinery, and cell cycle checkpoints [19-22]. Any of
these altered or mutated mechanisms trigger additional mutations in cells, which introduce
genomic instability. Along with the growing DNA damage accumulation, this genomic instability is a
defining characteristic of cancer [23].

The advancement of technology has led to new therapeutic methods for cancer treatment apart
from the standard ones, which include surgery, chemotherapy, and radiotherapy. Other methods,
like immunotherapy, hormone therapy, and stem cell therapy, have been developed recently and
are undergoing trials to increase the survival chances after cancer treatment (Figure 3).

RADIATION THERAPY

STEM CELL THERAPY

CHEMOTHERAPY
TYPES OF
CANCER P
IMMUNOTHERAPY TREATMENT

TARGETTED THERAPY HORMONE THERAPY

Figure 3 Types of cancer treatment - radiation therapy, stem cell therapy, surgery,
hormone therapy, targeted therapy, immunotherapy, and chemotherapy.

4. Other Therapies for Cancer Treatment
4.1 Stem Cell Therapy

The patient's stem cells are used as therapeutic agents in this treatment. Various modified and
unmodified patient’s stem cells are transplanted to induce cancer cell death or as carriers for other
medicinal drugs. Some types of stem cells, like hematopoietic stem cells, can also help enhance the
body's immune system against cancerous cells to treat cancer. However, stem cell therapy can
sometimes lead to tumorigenesis as it interacts with other cancerous cells, immune response-
related side effects, or dysfunction of tissues or organs. Hence, this approach has been proven less
effective, but these drawbacks have led to progress in cancer treatment, and now the immune
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system is being utilized to treat cancer. Immunotherapy has evolved from all these therapies and is
currently leading the race for cancer treatment [24].

4.2 Imnmunotherapy

Immunotherapy is a therapy that utilizes the immune system as a possible treatment for a
disease. It can stimulate or inhibit the immune response to treat or prevent the disease. The history
of immunotherapy is intertwined with that of cancer. German physicians Busch and Fehleisen were
the first to notice tumor regression independently in immunotherapy patients [25]. Later on, many
studies have shown the effect of immunotherapy on cancer regression [26, 27]. Immunotherapy
can be used in various ways, as discussed below (Figure 4).
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Figure 4 Various types of immunotherapies used against cancer - 1. Antibody-based
immunotherapy 2. Cytokine-based immunotherapy 3. immunosuppression reducing
immunotherapy 4. Cancer vaccines; 5. Viral based immunotherapy; 6. Adoptive cell
therapy using CAR-T.

4.2.1 Antibody-Based Therapy

Signaling that contributes to the proliferation of cancer cells can be blocked by initiating an
immune response against a particular antigen of the cell with the help of monoclonal antibodies.
The development of rituximab, an FDA-approved monoclonal antibody against the CD20 cell marker
of immature B cells involved in NK cell elimination, paved the road for many more monoclonal
antibody-based therapies for cancer, including non-Hodgkin’s lymphoma. Later, more antibody-
based drugs were approved, like 4-1BB (CD137) against CD137L found on tumor cells and antigen-
presenting cells, trastuzumab (Herceptin) for breast cancer, ipilimumab for blocking CTLA-4, and
nivolumab for inhibition of the PD-1 molecule.
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4.2.2 Cytokine-Based Therapy

In this type of therapy, various cytokines (such as interleukin 2) that have a role in immune cell
proliferation are used as immunostimulatory molecules that can stimulate the immune response
against cancer cells, such as metastatic kidney cancer or metastatic melanoma.

4.2.3 Immunosuppression-Reducing Therapy

It is a particular immunotherapy targeting tumor microenvironment (TME)-mediated
immunosuppressive pathways. Blood vessels, fibroblasts, immune cells, and extracellular matrix
comprise the TME, which can differ depending on the individual and the type of cancer. Targeting
the immunosuppressive nature of the TME, especially downregulation of MHC class | and FAS/TRAIL
molecules, and targeting enzymes, cytokines, and cells like Treg, can be a good strategy for cancer
treatment.

4.2.4 Cancer Vaccines

Cancer vaccines like Hepatitis-B (HBV) vaccines and human papillomavirus (HPV) vaccines are the
most common forms of immunotherapy being used. Cancer vaccines can be classified into two
groups: autologous and allogeneic.

Autologous vaccines are personalized vaccines made from patients' cells that are modified and
multiplied in the laboratory and re-injected into patients to evoke an immune response. The first
autologous vaccine was developed to treat castration-resistant prostate cancer, called sipuleucel-T.
In contrast, allogenic vaccines are prepared by growing the cells of other individuals in laboratories,
which can trigger immune responses against cancer cells [27, 28].

4.2.5 Oncolytic Viruses

This is a unique type of immunotherapy in which viruses are genetically modified by replacing
their pathogenesis genes with immunostimulatory genes that stimulate the immune response when
transferred to the cells to treat cancer. One of the first oncolytic viruses approved by the FDA was
the herpes simplex-1 virus T-VEC for treating metastatic melanoma. Pexa-Vec, CG0070, and G471
are a few others that have shown optimistic results in clinical trials [29].

4.2.6 Adoptive Cell Therapies

This therapy utilizes patient’s T cells, modified to target cancer cells. Though there are different
methods to modify T cells, the most popular one is CART therapy [27]. Even after so much
advancement, immunotherapy still has limitations, like immune-related adverse side effects, short-
life, and a high dose requirement. Novel immunotherapies like those targeting programmed cell
death (PD-1) or its ligand, chimeric antigen receptor (CAR)-T cell therapies, and nanomedicines can
prove to overcome such limitations [30].

4.2.7 Chimeric Antigen Receptor (CAR) T Cell Therapy

Chimeric antigen receptors (CARs) T cell therapy, or chimeric immune receptor T cell therapy, is
another immunotherapy-based approach to treating cancer. CAR uses recombinant techniques to
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modify T cell receptors to target cancer-specific antigens by recognizing the epitopes in an MHC-
independent manner [31]. These receptors have four parts: an antigen-binding domain, a
hinge/space region, a transmembrane domain, and an intracellular signaling domain [32]. All parts
have their specific functions. Antigen-binding domains mainly binds to the specific cell surface
receptors in cancer cells via their variable heavy and light chains, like monoclonal antibodies [33].

CAR-T cell-associated toxicities are also one of the concerns. Thus, engineering the CAR structure
such that its toxicity is limited to the tumor is essential. This can be done by decreasing affinity
toward antigen to micromolar, having tumor-specific co-stimulatory molecules, altering the hinge
and transmembrane regions to modulate cytokine secretion [34], and using human antibodies to
engineer CAR rather than murine-derived antibodies [32]. Having “off-switches” in CAR can regulate
the immune response (e.g., CD20 expression in CAR can help reduce CAR-T cells via rituximab
treatment) [35].

5. Gene Therapy for Cancer Treatment

Even with the great potential of the therapies discussed above, each has some limitations and
drawbacks. Significant limitations are their side effects, lack of a specific delivery system, lack of
specificity towards cancer cells, and cancer recurrence. To treat cancer, new treatment methods
are being investigated in which gene therapy can be used as an alternative that is highly targeted
towards the treatment of cancer. Various strategies of gene therapy have been developed recently
to treat cancer. Some of them are discussed below.

5.1 Strategies in Cancer Gene Therapy

As discussed earlier, in gene therapy, a regular or corrected version of a gene is mainly inserted
into the diseased cell to treat the disease caused by mutation or non-functioning of any gene.
Different gene therapy strategies have been developed to treat cancer by targeting other genes or

pathways in the cell (Figure 5).
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Figure 5 Strategies in gene therapy used for cancer treatment - Correction of genetic
defects, Gene Silencing, Suicide Gene Therapy, Anti-angiogenic Gene therapy, Gene
therapy-based immunomodulation, Induction of apoptosis, Gene editing techniques.

5.1.1 Correction of Gene Defects

Cancer is a multistage process that is mainly triggered by mutations in various genes concerned
in cell cycle regulation, progression, or death. In this type of gene therapy approach, a corrected or
standard version of a gene (such as the tumor suppressor gene, p53) is inserted into the cancerous
cells to compensate for the loss/deregulation caused by mutation. Most tumor mutations are
usually found in two types of genes: proto-oncogenes and tumor suppressor genes. Tumor
suppressor genes regulate generally cell cycle, differentiation, and apoptotic machinery, such as p53,
retinoblastoma gene (Rb), p16INK/CDKN2, and PTEN [36-39]. According to clinical research, the
transfer of wild-type p53 genes into non-small cell lung carcinomas using retroviral vectors
containing the human tumor suppressor p53 gene under the control of the beta-actin promoter
results in cancer cell apoptosis and tumor regression [40]. The first gene product against neck and
head squamous cell carcinoma to be approved was called Gendicine, a recombinant adenoviral
vector expressing the p53 gene rather than the E1 gene developed by Shenzhen SiBiono GeneTech
Co. Ltd [41]. Similar trials have been done for other tumor suppressor genes, such as Let-7. The
effectiveness of conventional cancer chemotherapy may be increased by replacing these tumor
suppressor miRNAs [42].

5.1.2 Gene Silencing

In certain cancers, some genes (such as oncogenes) become expressed or sometimes
overexpressed to dysregulate the cell cycle and its normal progression and cause cancer. So, this
strategy can be used in which genes are inserted in cells in such a way that they can initiate the RNAi
pathway, which further blocks or knocks down the expression of an oncogene using an antisense
miRNA or siRNA. In this strategy, small non-coding RNA (~21 nt) sequences bind to the target
sequence to create a DNA-RNA hybrid, which is then degraded by the degradation machinery [43].
This process is particular to knocking down the expression of a gene. Moreover, it is beneficial to
inhibit the expression of genes whose inhibitors have not yet been discovered [44]. For e.g., in many
tumors, myc gene is involved in cancer, which mainly affects stemness and heterogeneity within
tumors [45]. In melanoma and leukemia models, an encapsulated phosphorothioate c-myc
antisense oligonucleotide decreases the expression of c-myc, resulting in a less aggressive tumor
and increased survival [46]. Similarly, the k-ras gene plays an important role in expanding colorectal
cancer (about 40-60%) as the k-ras protein became permanently activated due to mutation. Studies
show that mutant-specific small interfering RNA against k-ras in pancreatic cancer cell lines
decreases tumor cell proliferation, angiogenic potential, and capacity to form malignant tumors and
increases tumor cell apoptosis [47, 48].

5.1.3 Suicide Gene Therapy

Suicide gene therapy, in which a transgene is introduced into the tumor and expressed, has
shown to be a successful strategy. Prodrug administration may occur after transgene delivery. When
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a transgene is expressed, it either produces a toxin for the cells or changes a prodrug, an inactive
drug, into an active toxic form that further kills cancer cells. Thus, this therapy is also known as toxin
gene therapy or gene-directed enzyme prodrug therapy (GDEPT).

In the first approach, a suicidal gene called inducible caspase 9 (iC9) causes the activation of the
apoptosis machinery in cancerous cells in non-small-cell lung cancer (NSCLC) through the oncolytic
or conditionally replicating adenoviruses (OAdV/CRAd) that are controlled by the mesenchymal
stromal cell (MSC) delivery system [49, 50].

Another suicide gene treatment tested in vitro delivers the gene for the enzyme cytosine
deaminase (CD) along with the prodrug 5-fluorocytosine (5-FC). One of the common medications
used in chemotherapy to treat hepatocellular carcinomas (HCC) is 5-fluorouracil (5-FU), which is
created when cytosine deaminase deaminates the chemical [51]. In another report, Herpes Simplex
Virus (HSV)-thymidine kinase (TK)-expressing tumor cells showed higher sensitivity towards
ganciclovir triphosphate. HSV-TK enzyme converts the prodrug ganciclovir into its active form,
ganciclovir triphosphate [52]. This strategy has demonstrated encouraging results in patients with
prostate cancer and malignant gliomas [53-55].

5.1.4 Anti-Angiogenic Therapy

Angiogenesis, also known as the development of new blood vessels, is a critical step in tumor
development, growth, and metastasis. As a result, there has long been interest in using it as an anti-
cancer method [56].

Interleukin-12 (IL-12), which has also been associated in several studies with an anti-angiogenic
effect, can boost the immune system. Nevertheless, systemic administration of recombinant IL-12
was associated with adverse reactions in clinical trials, including toxicity. According to the phase 1
study in malignant melanoma patients, intramural electroporation of plasmid IL-12 successfully
generates systemic anti-tumor immune-mediated effects without appreciable local or systemic
toxicity and improved survival, making it an effective tool for DNA plasmid gene transfer with
potential applications as a gene therapy that supports anti-tumor immunity [57, 58]. Various studies
suggest that the expression of the endostatin gene and Vastatin (a polypeptide of the NC1 domain
of type VIII collagen) gene in kidney cancer cells and hepatocellular carcinoma, respectively,
demonstrated an anti-angiogeneic effect, limiting tumor growth, and metastasis, increasing overall
survival [59, 60].

5.1.5 Expressing a Gene to Induce Apoptosis

Besides uncontrolled cell proliferation, invasion of apoptosis is one of the significant
characteristics imparted by cancer cells. Various direct and indirect mutations regarding the
expression of pro- and anti-apoptotic genes have been observed in tumors. Therefore, targeting the
induction of apoptosis machinery through gene therapy is the most common approach employed
in cancer gene therapy. It can be carried out by introducing genes that can code for an inducer,
mediator, or executioner protein in apoptosis [61, 62].

TNF-related apoptosis-inducing ligand (TRAIL) targets only malignant cells instead of normal cells
and induces apoptosis in those cancerous cells only. Therefore, TRAIL and its receptors have been
extensively studied. Griffith and coworkers first reported the possibility of TRAIL gene transfer
therapy [63]. The novel strategy involves genetically modifying human mesenchymal stem cells
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(hMSCs) with branched polyethyleneimine (bPEI) complexes and the TRAIL gene, which is a non-
viral vector strategy [64]. Another example of an apoptosis-inducer is melanoma differentiation-
associated gene-7 (mda-7)/Interleukin-24 (IL-24), which selectively induces apoptosis in various
cancers without negatively impacting the corresponding normal tissue. Malignant cells (such as non-
small cell lung cancer) can be made more sensitive to pro-apoptotic agents like initiator Casp8 by
selectively silencing anti-apoptotic genes through siRNA or microRNA [65, 66].

5.1.6 Gene Therapy-Based Immunomodulation

To eradicate the target cancer cells, immunotherapy typically involves enhancing the host
immune system. Circulating antibodies are a component of one arm of the immune system that B
cells (humoral immunity) secrete after membrane immunoglobulin (B cell receptors) activate them.
The cellular immunity (cell-mediated by T cells) mechanism allows the second arm to engage with
antigens on tumor cells [56].

Cellular therapies using techniques like chimeric antigen receptor (CAR)-T cells, engineered T cell
receptors, tumor-infiltrating lymphocytes (TILs), natural killer (NK) cells, and cytotoxic T
lymphocytes (CTLs) are gaining popularity. One of the first cell therapies to receive approval was
CAR-T cellimmunotherapy. This treatment uses T cells from the patient or a healthy donor that have
been genetically modified to produce antigen-specific receptors to cancer cells and then injected
back into the patient. The CAR has an intracellular domain (ICD) for signaling, a transmembrane
domain (TM), and a single-chain fragment variable (scFv) to find antigens that are specific to tumors.
The CD3 chain, which controls IL-2 secretion and has anti-tumor activity in vivo, transmits tyrosine
activation signals. T cells then use these signals to activate and kill their target cells. More
costimulatory molecules were added to boost the effectiveness of the second generation of CARs.
The third generation of CARs added another co-stimulatory domain to the design for enhancement.
The fourth-generation CARs were created to co-express some significant cytokines, such as IL-7, IL-
12, IL-15, or suicide genes, for a greater capacity of T cells to increase [67, 68].

5.1.7 Genome Editing - CRISPR/Cas9

Clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 is a widely used gene
editing technology for correcting genome errors and turning particular genes on or off in cells and
organisms. It is a defense system first found in E. coli and is present in bacteria to defend against
foreign DNA and RNA by recognizing and destroying them [69]. Its large laboratory and medical
applications, like rapid cell generation, animal model generation, functional genomic screening, and
direct imaging of cellular genomes with relative ease of handling [70, 71], make it one of the best
DNA editing techniques to be discovered compared to other engineered nucleases like TALEN and
Zinc-finger nucleases [72]. CRISPR/Cas system is divided into two classes. Class | systems (types |, llI,
and IV) consist of multi-subunit Cas-protein complexes and are found more in archaea than bacteria.
Class Il systems (types Il, V, and VI) that consist of a single Cas-protein are extensively used in genetic
engineering due to their simple structure [73]. Unlike the other DNA editing tools, CRISPR/Cas9
consists of two essential components:

Guide RNA (sgRNA) which is made of CRISPR RNA (crRNA), which recognizes the target DNA, and
a trans-activating CRISPR RNA (tracrRNA) that acts like a binding scaffold for Cas-9 nuclease [74].
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Cas9 (CRISPR-associated protein 9) is an endonuclease that induces double-stranded DNA breaks,
allowing genome modifications. It can bind sgRNA and specific target DNA with the help of its
protospacer adjacent motif (PAM) domain and create a double-strand break (DSB) in the target
sequence [72].

Two processes can repair the DSB generated by cas9. The first one is non-homologues end joining
(NHEJ), which can potentially cause insertion or deletion mutations (indels). However, this
mechanism is error-prone and leads to either loss of function, genomic rearrangements, or NHEJ-
mediated homology-independent knock-in [75]. The other method is homology-directed repair
(HDR), which utilizes assisted recombination of DNA donor templates (can be altered) to repair the
DSB. HDR leads to gain-of-function mutations and can be used to insert tags, reporters, etc. HDR
can be utilized for the introduction of [75].

Many scientists are researching to develop a therapy against HIV-1/AIDS based on CRISPR/Cas9
technology [76], but many other studies have demonstrated its use to target various genes causing
tumors [77, 78]. For example, PD1 was either singly targeted or in conjunction with the native TCR
(T cell receptor)-alpha constant chain (TRAC) and T cell receptor-beta constant chain (TRBC) genes
utilizing CRISPR-Cas9 gRNA-mediated KO [79]. A different team employed Cas9 to enhance CD19
CAR targeting to the TRAC locus in T cells [80]. This led to uniform CAR expression and boosted CAR-
T cell potency compared to CARs randomly inserted into the genome.

In vivo CRISPR therapies have also shown potential in preclinical studies. A study focused on
oncogenic gene fusions, which provided cancer cell selectivity due to the fusion, as well as the
disruption of a genetic defect that promotes tumor growth [81]. Another preclinical example used
nuclear factor-B (NF-B), which is only active in cancer cells, to trigger the transcription of CRISPR-
Cas13a components and cause oncogene silencing specific to cancer cells [82].

Many clinical trials have been done using various approaches to gene therapy to treat cancer
(Table 1).

Table 1 Number of gene therapy clinical trials in cancer treatment regarding targeted
gene, vector, toxicity issue, and clinical outcome.

Type of Gene Cancer Gene !
Vector Trial ID Reference
Therapy Targeted Targeted
. CEA and Vaccinia and fowl
Immunotherapy Pancreatic . NCT00088660  [83]
MUC-1 poX virus
Immunotherapy Kidney CD-80 Adenovirus NCT00040170 [83]
Gene transfer Glioblastoma HSVtk Mouse retrovirus NCT00001328 [83]
Head and .
Gene transfer neck P53 Adenovirus NCT00041613 [83]
] Osteoactivin/
Antibody-Based BREAST Rat Hepatoma cells NCT01156753  [84]
GPNMB
. Breast and . .
Antibody-Based . HER2/Erb2 mice Multiple [84]
ovarian
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6. Vectors for Therapeutic Gene Delivery

Gene therapy introduces genetic material into cancer cells without damaging non-cancer cells.
Targeted therapy in cancer is of utmost importance for successfully implementing gene therapy. For
the success of gene therapy, the delivery of the therapeutic gene to the targeted cell/tissue is crucial.
The therapeutic gene can be delivered into the cells by various means. The simplest way is to provide
nude DNA directly into the cells. However, the method has many limitations, such as more amount
and large size of DNA that can be provided. Moreover, nude DNA is more prone to nuclease
digestion. These limitations can be overcome using some carriers, usually known as ‘vectors’ [85].
These vectors are used in the CRISPER/Cas9 system, which lets scientists make big changes to
specific cells, like deletion of large DNA and genomic rearrangement in hematopoietic progenitors
and embryonic stem cells [86]. Additionally, it has also come with certain side effects, such as
nucleus structural flaws, micronuclei, and chromothripsis, a type of chromosomal rearrangement
that is flawed [87]. Overall, Cas9-expressing cell lines that were transported by vectors showed an
increased amount of DNA repair. This finding opens a new avenue for studying tumor heterogeneity
and cancer genomics, as well as potential therapeutic vulnerabilities [88, 89].

A vector should ideally be injectable, have in vivo target specificity, be regulatable, have the
ability to maintain prolonged gene expression, and be nonimmunogenic [90]. There are two main
strategies used in gene delivery: viral-based vectors and non-viral-based vectors (Figure 6) [91].
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Figure 6 Schematic Diagram of Gene Delivery Methods. Non-viral based - a.
Nanoparticles, b. Polymer material vectors, c. Liposomes, d. Gene gun, e. Change in
membrane permeability due to electric field, magnetic field, ultrasound frequency, and
hydrodynamic pressure, f. Microinjection, Viral based - g. Herpes Simplex virus, h.
Lentivirus, i. Retrovirus, j. Adenovirus, k. Bacteria based.

6.1 Viral Based Vectors
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Compared to other methods currently used, the viral-based gene delivery method is one of the
most effective ways to transfer genes. Recombinant DNA technology helps design viral-based
vectors by removing the disease-causing genes from viral vectors and replacing them with the
desired gene. Different viruses, including lentiviruses, retroviruses, adeno-associated viruses (AAV),
and adenoviruses, can be used as vectors to transport genes selectively to cancer cells. The selection
of a specific vector is influenced by several variables, such as its ability to package, host specificity,
gene expression profile, and propensity to trigger immunological responses, mainly when repeated
administrations are necessary [92].

Adenoviruses (AV) are non-enveloped viruses that can package up to 7.5 kb of foreign DNA in
their double-stranded DNA (dsDNA) genome. These viruses are most commonly used as delivery
systems for genes and other therapeutic agents. Many AV-based recombinant vectors have been
engineered to accommodate up to 14 kb of foreign DNA [93]. However, they tend to display short-
term expression and immunogenicity [94]. Another related virus known as AAV has been used
frequently. AAVs are small, non-enveloped viruses with a single-stranded DNA (ssDNA) genome.
Their packaging capacity is ~4 kb of foreign DNA. However, AAV vectors do not result in harmful or
pathogenic reactions. However, the effectiveness of delivery and transgenic expression has
decreased due to the significant immune responses caused by recurrent administration of AAV
vectors [92].

Another virus that can be used as a delivery system is the herpes simplex virus (HSV), a dsDNA-
enveloped virus responsible for latent infection in the brain ganglia. However, modifying HSV
expression vectors has made long-lasting transgene expression possible. These modifications
resulted in a circularized genome that stays as a viral episome instead of integrating into the host
cell's genome. HSV vectors can accommodate more than 30 kb of foreign genetic material. Even 150
kb of foreign genetic material can be packaged via engineered HSV amplicons [95]. Although non-
essential genes have been removed from the HSV genome, HSV vectors have been linked to rather
significant cytopathogenicity [96].

One of the most widely used RNA-containing viruses as vectors is retrovirus (RV). It is a single-
stranded RNA (ssRNA) enveloped retroviruses (RVs) with ~8 kb of packaging capacity. Engineered
self-inactivating RV (SIN-RV) safe vectors have been developed, with no instances of leukemia or
inadequate integration noted in clinical trials. However, insertional oncogenesis is uncommon
during RV therapy, suggesting that adenosine deaminase-deficient severe combination
immunodeficiency (ADA-SCID) differs from other inherited immunodeficiencies [97].

Lentivirus (LV) is a ssRNA-containing virus that can carry 8 kb of foreign genetic material and is
similar to RVs in most aspects. Even though some unfavorable events, including insertional
oncogenesis, have also been shown, LV-based vectors demonstrate low cell cytotoxicity and offer
better biosafety for therapeutic applications because of their different chromosomal integration
[98].

A bacteriophage-based vector known as the M13 phage has recently been developed. It is utilized
as an alternative vehicle for gene therapy with programmable specificity. However, the low
transduction efficiency is still a hurdle for its use in treatment. A recent in vitro trans-phage study
showed CD16+ NK cells can efficiently kill cancer cells expressing membrane-bound fragment
crystallizable (Fc) through antibody-dependent cell-mediated cytotoxicity (ADCC)-like mechanism.
A xenograft mouse model confirmed the tumor growth-suppressing potential [99].
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6.2 Non-Viral Based Vectors

Virus-based vectors have a few disadvantages, such as transient expression, immunological
reactions, safety, size of insert, etc., that can be overcome by using non-viral vectors. Non-viral
based vectors are synthetic vectors mainly made up of chemicals. These chemical carriers have
many advantages, such as protecting nucleic acid from degradation, sustainable release, enhanced
transfection efficiency, and efficient delivery of genes into target cells [100]. The non-viral vectors
can be made up of lipids, peptides, inorganic nanoparticles, and polymers [100].

Non-viral vector-based delivery methods are easy to produce, can deliver a large genome, and
are relatively safe [101]. Carriers of this delivery method can be classified as particle-based, physical-
methods, or bacterial-based vectors. A few are discussed below [102].

6.2.1 Particle Mediated Delivery

In this mechanism, various particles such as carbon nanomaterials, metal/metal oxide
nanomaterials, polyvinyl nanomaterials, liposomes, dendrimers, micelles, nanogels, and nanofibers
are used as delivery mechanisms to carry the gene into the cancer cells. Some of them are discussed
below [103].

Liposomes. Natural or manufactured lipids and surfactants are combined to create liposomes,
which are effective drug transporters and have a 40 nm to 500 nm size range. Its form resembles
the cell membrane in nature, and its lipid membrane and watery center allow it to transport both
lipophilic and hydrophilic substances. Liposomes provide good opportunities for gene transfer with
genetic materials, including DNA (antisense) oligonucleotides, siRNAs, DNAzymes, aptamers, and
ribozymes [104].

Lipoplexes. The lipids and polymers usually carry positively charged groups that interact with the
negatively charged DNA/RNA and form complexes known as lipoplexes and polyplexes [105]. The
positively charged groups on lipoplexes and polyplexes help compact DNA, provide protection from
nucleases, and enhance the uptake of DNA by the cells due to the negatively charged nature of cell
membranes [85, 106].

Mainly, three kinds of lipids have been used to form lipoplexes: cationic, anionic, and neutral.
The cationic lipoplexes are primarily used as vectors, either mono-valent cationic lipids or multi-
valent cationic lipids. In the gene therapy approach, N-[1-(2,3-dioleyloxy) propyl]-N,N,N-
trimethylammonium chloride (DOTMA) is the most widely used monovalent cationic lipids [107].
Other catioininc lipids are 1,2-bis(oleoyloxy)-3-(trimethylammonio) propane (DOTAP) [108] and 3
[N-(N’,N’-dimethylaminoethane)-carbamoyl] cholesterol (DC-Chol) [109] were synthesized for
higher transfection efficiency.

While DOSPA, (2,3-dioleyloxy-N-[2(sperminecarboxamido) ethyl]-N,N-dimethyl-I
propanaminium trifluoroacetate), is a multivalent cationic lipid that was derived from DOTMA. Its
structure is related to DOTMA except for a spermine group bound to the hydrophobic chains via a
peptide bond [110].

The presence of spermine group DNA became more compact, which enhanced stability [110].
Both the lipids are still used commercially. The combination of DOSPA with DOPE at a 3:1 ratio is
commercialized as a transfection reagent called Lipofectamine®. Since its launch in 1993, it has
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become the most commonly used transfection reagent in gene therapy, cited in more than 50,000
scientific papers as the “Gold Standard” for non-viral gene delivery [111].

The gold standard status was granted for the highlighted “high transfection” of DNA, siRNA, and
miRNA. The transfection was into a broad range of cells, including difficult-to-transfect cells [112],
compared to alternative transfection reagents (DC-Chol/DOPE formulation), as demonstrated by
Fiume et al. [113].

These lipoplexes face drawbacks, like short half-life and low transfection efficiency [85]. Many
modifications have been made to overcome these limitations. One of the modifications is
PEGylation, which reduces aggregation of particle aggregation and increases their half-time [114].

Another modification is incorporating a cholesterol domain in PEGylated lipoplexes, which
multifold enhances the transfection efficiency [115]. Some studies show that including helper lipids
such as DOPE also improves the transformation efficiency as it helps endosomal escape [116].

Polyplexes: When positive-charged cationic polymers are complexed with negatively charged
DNA/RNA, the complexes are known as polyplexes. These polyplexes are usually more stable and
compact DNA more efficiently than lipoplexes. The main polymers used for gene delivery are the
cationic and the amphiphilic polymers [85, 106]. Many kinds of polymers are used to prepare
polyplexes, such as Poly-I-Lysine (PLL), polyethyleneimine (PEl), polyamidoamine (PAMAM Poly
lactic-co-glycolic acid (PLGA). Polyethylenimine (PEl) is one of the most widely used cationic
polymers in gene delivery due to its high transfection efficiency, but it is non-biodegradability and
has high toxicity limit [85, 106]. These drawbacks can be overcome either by the addition of acrylate
(PLA) to branched PEI [117] or by adding amino acids histidine and lysine to low molecular weight
PEI (600 Da) [118].

Other strategies include developing novel dendriplexes, which improve transfection efficiency
and reduce toxicity levels [119]. He synthesized a dendriplex using amine-terminated carbosilane
dendriplexes via Huisgen cyclo-addition with an ammonium group per branch in its structure.

Nanoparticles: Various anticancer therapies successfully employ chemical medicines and siRNA
delivery systems based on polymer nanoparticles, as they enhance the efficacy of drugs and aid in
the delivery process. For instance, the poor stability of mTOR siRNA under biological circumstances
limits its ability for lung cancer treatment. Still, encapsulated in modified poly (amino-ether) (mPAE)
polymer while creating stable and biodegradable nanoparticles can knock down genes and cause
apoptosis in A549 and H460 lung cancer cells. The effective utilization of various cationic polymers
is based on electrostatic interactions [120].

In addition to polymer nanoparticles, lipids can be used to produce nanoparticles. Lipid-based
nanoparticles mainly consist of solid cores known as Solid-liquid core nanoparticles (SLNs). These
has been developed around the 1990s to deliver the DNA into cells [121]. These particles' average
size ranges from 40 to 1000 nm and are spherical in shape [122]. SLNs contain solid fat (0.1-30%
w/w) dispersed in an aqueous phase. Various lipids can be used to prepare SLNs such as triglycerides
(compritol), partial glycerides, fatty acids (stearic acid, palmitic acid), steroids (cholesterol), and
waxes (cetyl palmitate) along with emulsifiers which help in dispersion of the lipid component [123].

Peptides and Inorganic Nanoparticles: Apart from lipids and polymers, some peptides and
inorganic nanoparticles also used as vectors. Amino acids condense to form short chains ~10-20
residues are known as peptides. Synthetic peptides, usually made up of positively charged amino
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acids such as lysine or arginine, have shown role in condensing DNA and DNA delivery [124] used
TGN peptide in brain targeting. Inorganic nanoparticles are another category of chemical or non-
viral-based vectors for gene targeting. These inorganic nanoparticles can be easily prepared to cross
the cell membrane to deliver nucleic acids into the cells [125]. These nanoparticles usually comprise
gold, calcium phosphate, silica, magnetic compounds, and quantum dots [126-128].

Dendrimers: Nanoscale molecules known as dendrimers self-assemble and have three shells: an
outer shell, a symmetric center, and an inner shell. They act as suitable carriers for siRNA
administration because they have properties like minimal cytotoxicity, electrostatic interactions,
polyvalency, chemical stability, water solubility, and ease of surface modification [104].

Novel Type to Non-Viral Based Vectors: In gene therapy, vectors/carriers are delivered into the
body used to treat a disease. So, the carriers must be designed in such a way that they can respond
to or withstand the biological changes going on in the body. These vectors or carriers are bio-
responsive or innovative carriers that can respond to a natural change [100]. These vectors are
designed to respond to regular physical changes, such as ATP concentration, pH, temperature, and
redox potential [127, 129-133].

These vectors' physiochemical properties like DNA compaction, size, integrity, shape,
transfection efficiency etc, are significantly enhanced in response to the change in environmental
conditions [134]. A comparative analysis of the advantages and disadvantages of viral vectors vs
non-viral vectors is given in Table 2.

Table 2 Advantages and disadvantages of viral vectors vs non-viral vectors.

Viral based vectors Non-viral based vectors

. Less toxic and immunogenic
Ability to escape from endosomes ) )
Advantages Less expensive, comparatively safe

High transfection efficiency Easy to implement

High immunogenicity and cytotoxicit
8 & y y y Low efficiency, less ability to target

gene expression to the required area
Require numerous doses
It can damage certain types of cells

insertional mutagenesis, disrupting the
Disadvantages expression of tumor suppression gene

or activating an oncogene leading to

the malignant transformation of cells.

6.3 Bacterial Vectors

Another promising medium that has emerged is bacterial-mediated cancer therapy. It has shown
increased survival rates post-treatment in in vivo tumor models. Bacterial vectors have many unique
features, like specificity for a broad range, including the activation of immune responses at tumor
sites and easy removal due to antibiotic sensitivity. Bacterial vectors can be systemically
administered and provide tumor-cell-specific delivery of either DNA or a protein of interest [135].
Escherichia, Listeria, and Salmonella have commonly used bacteria for this purpose [136-139].

7. Perspective of Vector Design
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For a vector to be effectively utilized in gene therapy, its design and the mode of delivery must
be considered. Designing appropriate vectors for gene therapy requires overcoming several
limitations. Characteristics of a suitable vector while designing [100, 105].

The following points must be considered for designing a vector that can successfully deliver the
gene into the target cell.

1. Safe
Specific delivery of a gene to the target
High transfection efficiency
Can cross gene delivery barriers such as blood, tissue, endosomal, and nuclear
Non-immunogenic
Robust in design
Low toxicity
Can express transgene in targeted cells
Do not have off-target expression

10. Do not have overexpression-associated cytotoxicity

11. Can be produced in large amount

12. Low production cost

Each type of vector has its own advantages and limitations. There are several limitations of non-
viral vectors, such as extracellular stability of the delivery complex, internalization and the cellular

O e N U A WN

trafficking of the vector, and the level and the sustainability of expression of the therapeutic gene.
For instance, it was observed that systemic administration of nude plasmid DNA in mice's
bloodstream proved inefficient, as the exogenous DNA is degraded by nucleases [140]. The
remaining DNA accumulates in the non-parenchymal endothelial cells of the liver. However, no
detectable levels of transgene expression could be observed.

In contrast, using a hydrodynamic injection method (intravenous administration of plasmid DNA
in a large volume of saline solution at high pressure), significant expression of the transgene was
seen in the liver due to an enlargement in the liver fenestrae and generation of membrane pores or
forced vesicular internalization [141]. However, the hydrodynamic method is not feasible with
human gene transfer because of these morphological changes in cell membranes.

Considering the issue with the level of therapeutic gene expression, it depends on the type of
promoter used to drive expression. It is directly correlated with the efficiency of gene transfer in
vivo. Studies have indicated that tissue-specific promoters might be advantageous for targeted
transcription, but their utility is limited due to low gene transcription levels. Further development
using tissue-specific promoters, enhancers, and introns substantially increased the long-term
expression to therapeutic levels [142].

The immune system's capacity to identify CpG unmethylated motifs in bacterial DNA, to which
the immune cells respond by releasing cytokines and inciting inflammation, is another factor that
may restrict the effectiveness of gene expression. It has been observed that transgenic expression
levels can be raised by removing CpG motifs from bacterial genes expressed in mammalian systems
[143].

Similarly, various conditions must be met for the use of viral vectors in gene delivery. When using
adenoviral vectors for therapeutic gene delivery, it is implied that the virion must not undergo its
typical lysogenic life cycle after the gene is inserted into the target cell. Cell lysis would ensue from
this, impairing the transgene's expression. Making deletions in the E1 and E3 sections of the viral
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genome is one method; nevertheless, this has raised safety concerns. The outcome is replication-
defective viral particles, or first-generation adenoviral vectors [144].

Because systemic or local administration of adenoviral vectors triggers the immune response,
methods have been developed to get around this restriction on using these vectors for therapeutic
gene delivery. Modifying the adaptive immune response to the adenoviral vectors is one such tactic.
Tolerance to adenoviral vectors has been successfully induced in one pre-clinical research using a
dendritic cell-based approach [145]. The absence of pre-existing immunological memory against
non-human adenoviruses has been exploited in other ways, making such vectors appealing
instruments for gene therapy.

Limitations on insertional mutagenesis, cell type infectivity, internal promoter selection, and the
effects of vector elements on virus titer and transduction are all significant factors to consider while
developing a viral vector [140].

Hence, non-viral gene therapy vectors are less efficient at transduction and have restricted
specificity, which relies on functional groups linked to the delivery complex. This necessitates
laborious structural adjustments to attain a reliable and effective gene therapy delivery system. In
contrast to viral vectors, which primarily rely on helper cell lines to produce infectious particles,
non-viral vectors have a comparatively better safety profile and can be made on a massive scale due
to their chemical makeup. Furthermore, getting high-quality viral vectors at good titers might be
costly and complex. Compared to non-viral methods, viral vector transduction is significantly more
efficient. Their specificity, meanwhile, is limited to cells expressing the appropriate receptors
needed for the viral particle to internalize. One of the main issues restricting the therapeutic use of
viral vectors is their immunogenic and genotoxic effect in the case of integrative vectors.

Therefore, a "perfect" gene therapy vector would only be able to efficiently transduce a small
subset of target cells. A vector of this kind should also have a high safety profile, enabling systemic
administration without the risk of cytotoxic or genetic side effects.

8. Sequence of Gene

The deliberate selection and modification of genetic material to accomplish particular
therapeutic goals is a necessary part of the rational design of gene sequences for gene therapy [146].
Gene therapy aims to treat or prevent diseases by introducing, replacing, or modifying genetic
material within a patient's cells. Various genes of different pathways, such as repair, apoptosis, cell
cycle regulation, etc., have been exploited for gene therapy. All have distinct advantages and
disadvantages (Table 3).

Table 3 The advantages or disadvantages of different target genes used for clinical or
treatment outcomes.

Gene .
Advantage Disadvantage Reference
targeted
® p53 mutations are seen in at e Heterogeneity of p53
p53 least 50% of the cancers. causes different mutations  [147-149]
e The processes of apoptosis and within the same tumor,
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the cell cycle are crucial in
halting the growth of tumors.
p53 also controls biological
functions, such as DNA repair,
metabolism, and the
antioxidant response.

affecting therapy and
clinical course.

Some cells may develop
chemo-resistance,
bypassing p53-mediated
cell death

RB1 mutation is found in
several cancers such as
retinoblastoma, osteosarcoma,
bladder cancer and small-cell

RB1 is a critical protein for
normal development and

RB1 lung cancer. differentiation, requirin [150, 151]
RB1 halts cell division by i ,' d i 'g ’
o ) L cautious consideration in
binding to and inactivating E2F . )
- therapeutic targeting.
transcription factors,
preventing them from
promoting cell growth.
PTEN mutation occurs in 20- PTEN is involved in different
40% cancers including cellular functions such as
endometrial cancer, glial metabolic pathways, cell
tumors, prostate cancer, motility and angiogenesis
melanoma, non-small cell lung Overexpression of PTEN
cancer, and breast cancer. may lead to dysregulation
PTEN It is involved in P13/ATK such as increased energy [152-155]
pathway, which regulates cell expenditure.
survival and proliferation. PTEN functions in different
Mutation in PTEN leads to the subcellular compartments.
dysregulation of the pathway. Making it challenging to
Loss of PTEN function may also deliver therapeutic genes
lead to therapeutic resistance. effectively.
KRAS protein regulates MAPK
and PI3K/AKT pathways which
/ o P Y The heterogeneity of KRAS
are essential in cell growth and ]
) . mutation decreases
differentiation. ) i
KRAS therapeutic efficacy dueto  [156, 157]
e KRAS also regulates cell growth )
) varying tumor cell
and survival through the suboobulations
activation of RALGDS and RAL pop '
GTPases.
BRAF mutations commonly The lack of mutant
BRAF present in human cancers with specificity makes it difficult  [158, 159]

an 8% occurrence in all human

to determine the dose
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cancers, primarily in hairy cell e BRAF V600E mutation
leukemia (100%), melanoma inhibition may lead to
tumors (40%-50%) and thyroid paradoxical activation
carcinoma (10%-70%) which causes enhanced cell

e BRAF participates in MAPK/ERK proliferation.
pathway signalling which
regulates cell growth,
migration, and proliferation.
Loss in BRAF signalling leads to
continuous and unregulated
activation of the pathway.

The key steps and considerations in the rational design of gene sequences for gene therapy are:

Gaining a thorough understanding of the disease: identify genetic defects and disease
pathways.

Target Identification: Determine specific genes or pathways for intervention.

Therapeutic Gene Selection: Choose genes to replace, supplement, or inhibit.

Promoter and Enhancer Elements: Select elements for precise gene regulation.

Vector Design: Choose viral or non-viral vectors for gene delivery.

Immune Response: Minimize immune reactions to the gene or vector.

Codon Usage Optimization: Optimize for host codon usage for efficient translation.

With knowledge of molecular biology, genetics, virology, immunology, and other pertinent
domains, a multidisciplinary approach is necessary to design gene sequences for gene therapy
rationally. Technological developments in gene editing, like CRISPR-Cas9, also significantly improve
gene therapy treatments' specificity and accuracy.

The general design of genes has:

1.

Enhancer and Promoter: Selecting a potent, externally induced, tissue-specific promoter
guarantees high transgene expression in the targeted cells. Moreover, enhancers can increase
transgene expression, especially in tissue with low transcriptional activity. For instance, the
expression of the reporter gene increased 5.83 times as a result of the hyperthermia-inducible
hsp70 promoter. Due to the system's cell-type dependence, head and neck cancer gene
therapy clinical applications should be carefully considered [160].

. Codon optimization: maximizing the amount of protein produced and translation efficiency

by adjusting the transgene's usage to match the preferred codons of the target cells [161].

. Gene insulator sequences: Encircle the transgene with insulator sequences to prevent it from

being silenced or from affecting neighboring genes, ensuring safety [162].
Intron inclusion: By stabilizing the mRNA transcript and improving its export from the nucleus,
introns can boost the synthesis of proteins [163].

. Targeting sequences: By including targeting sequences in the vector or transgene, it becomes

possible to attach to particular target cell receptors, promoting effective delivery and cell
uptake [164].
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a) Codon harmonization: Reducing the likelihood of an immunological reaction against the
foreign protein can be achieved by coordinating the transgene's codon usage with the host
genome [165].

b) Immunogenic epitope removal: Removing putative immunogenic epitopes from the
transgene sequence can help lower the likelihood of immunological rejection even more
[166].

¢) Immune-modulatory sequences: By incorporating immune-modulatory sequences into
the vector, the immune system's reaction to the transgene and vector components can be
inhibited [167].

9. Methods to Deliver Genes

Many methods have been used to transfer genes into cells for gene therapy purposes. All the
methods can be divided into biological, chemical, mechanical and physical [168, 169]. Each method
has its advantage and disadvantages. Physical methods use various physical forces, such as
mechanical, electrical, sound, magnetic, etc., to introduce gene into the cells. Some of the methods
are discussed below.

9.1 Microinjection

Microinjection is a mechanical method that directly introduces DNA (or gene) and drugs into the
cells [170]. Over the past three decades, it has been one of the most widely used methods of physical
delivery methods to deliver nucleic acids [171].

This method uses microneedles made of glass or silica to inject specific DNA (or genes) directly
into the cytoplasm and nuclei [172].

The advantages are that it has better reproducibility is simple, painless, and safe. At the same
time, it can easily transport genetic material (such as DNA and siRNA) and macromolecule drugs
(like proteins and antibodies) [173]. This technique has a few challenges, like the syringe getting
contaminated and degraded when DNA vaccines cover the surface of these metal microneedles and
the generation of an immune response [174].

In a similar kind of method which uses high pressure to eject a liquid substance through the skin
is known as Jet injection method. There are various physical means to generate the instantaneous
energy to propel injection, depending on the desired injection depth or injection site, such as
compressed air or gas, mechanical, or pyrotechnic propulsion using gunpowder ignition. The
disadvantages include moderate efficiency and tissue damage [175].

Another technique known as Hydrodynamic gene transfer uses a large volume of gene editing
cargo rapidly injected in the bloodstream, increasing the hydrodynamic pressure of the cells in
multiple organs, which causes a temporary boost in membrane permeability and fixes cargo into
cells. This technique carries a high risk due to the use of large volumes of genetic material [176].

9.2 Ballistic Gene Delivery (Gene Gun)

It is another mechanical method of gene delivery into the cells in which DNA or genes are
transferred into the cells in a needle-free mechanism using a pressurized ballistic device [177]. It
was first developed by Sanford et al. to deliver DNA into plant tissues [178]. In this method, DNA or
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nucleic acid is coated on gold or tungsten nano- to micron-sized particles, which are then delivered
directly into the cells using a pressurized ballistic device (known as a gene gun). The pressure is
generated using either a helium discharge or a high-voltage electric spark [179]. Though this
technique has low cytotoxicity and causes less tissue damage, it has low efficiency [180]. Gene gun
delivery method has a great potential to deliver DNA/RNA vaccine genes into various tissues such
as the stratum corneum of the skin, epidermis, skeletal muscle fibers, neurons, and liver tissue in
vitro as well as in vivo [181-184].

9.3 Electroporation

This technique increases permeability in the plasma membrane by creating unstable aqueous
pores with the help of an electric field. This technique is handy due to its efficiency and capacity to
transfer large amount of DNA. A few of the disadvantages are its complexity and the requirement
for skilled technicians [185]. In this method, electric field is applied across the cell membrane to
change its permeability by creating transient pores through which any material can be transported
inside the cells. Neumann first developed this method in 1982 for transfecting the mouse lyoma
cells. Electroporation is used in many applications in biological science, such as delivery of drugs,
plasmids, and DNA [186]. The change in permeability is directly related to the electric field's
intensity (or strength) and duration of its exposure. Depending on the duration and electric field
intensity, the effect on permeability can be divided into four different phases- 1) no poration is
detected, 2) reversible poration, 3) non-thermal irreversible poration, and 4) thermal irreversible
poration [187].

Gene therapy is usually done in the reversible phase of poration, where pores are created in the
cell membrane reseal after the removal of the electric field [188]. This method is most widely used
to deliver genes (or DNA) in vitro as well as in vivo in various tissues or cells such as skin, liver,
muscle, tumor, mouse retinal cells, neurons, etc [189-191].

Recently, Wang et al. (2014) developed an electroporation based in vivo gene delivery system
for injecting DNA vaccines in which a minicircle DNA carrying a HIV-a-gag gene was transferred into
cells [192].

9.4 Magnetoporation

Magnetoporation is a similar physical approach used to transfer DNA (or genes) into the cells by
altering their porosity [186]. Chan first proposed it in 1996, and it was later presented by many other
authors [193-195]. In this method, when mixed with magnetofection reagent, DNA forms a
biomolecule/magnetic reagent complex, which is then transferred into the cells by applying a
magnetic field. It has been observed that under the influence of the magnetic field, the rate of
endocytosis and pinocytosis across the cell membrane became enhanced [179].

The efficiency of magnetoreception mainly depends on the type of mangnetofection reagent
(such as Fe304, y-Fe203, CoFe;04, NiFe;04, and MnFe204) and the stability of DNA-reagent complex
[196, 197]. While the technique is highly efficient and has low toxicity, transfection can be unstable
[198]. The advantages and Disadvantages of non-viral-based gene delivery mechanisms are
summarized in Table 4.
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Table 4 Advantages and Disadvantages of non-viral based gene delivery mechanisms

[186, 199].

Method of gene
delivery

Advantages

Disadvantages

Microinjection

Delivery material directly into
cytoplasm or nucleus

It can be used for many tissues

Any amount of DNA can be injected
No complications due to
immunogenicity

Specificity

Highly inefficient for single needles
Smaller-sized cells are difficult to
transfect

Need specialized training

Gene gun

DNA and other therapeutic agents
can be delivered directly into cells
Excellent method for skin, cornea

and epidermis transfection

Avoid inflammation

Lack of specificity

Limited amount of DNA can be
delivered

Can infect only a limited number of
cells

Variable amount of DNA delivered
in cells

Electroporation

Simplicity; Lower cost; No need for
vector, can transfect both dividing
and non-dividing cells.

Invasiveness, short-term pain,
tissue damage

Many parameters affect the
transfection efficiency

Low cell viability

Risk of inflammation in in vivo
applications

Magnetoporation

Non-invasive transfection reagents
increase the efficiency

Lower efficiency for nude DNA,
transfection reagents aggregation

Sonoporation

Non-invasive, ultrasound contrast
reagents increase the efficiency,
Lower transfection efficiency, Less
destructive

Lower precision, lower
reproducibility, tissue damage,
Poorly controlled

Optoporation

Less dependent on cell type, single
cell poration, Precise and efficient,
Non-invasive, Less cell death,
Controlled process, Can be used for
the inaccessible sites in body

low irradiation area, low
penetration capacity, Less efficient
for large population of cells, costly,
Need specialized training
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10. Cancers Treated with Gene Therapy
10.1 Breast Cancer

Breast cancer is the most prevalent cancer type among women worldwide, as evidenced by the
fact that in Asia, every 1 in 8 women suffers due to it [198]. Many genes controlling pathways such
as metastasis, apoptosis, and cell cycle regulation are mutated or overexpressed in breast cancer
[200].

The ERBB2 protein is an oncoprotein of the EGFR family that is overexpressed in 20% of invasive
breast cancers. It is known to increase breast cancer invasion and metastasis and has been linked
to poor patient survival. The discovery of ERBB2 pathway regulatory dysfunction in breast cancer
pathogenesis has caused the creation of ERBB2-targeted therapies. There was a study in which
breast cancer cells were transfected with the HSV1-tk gene under the transcriptional control of the
ERBB2 251 bp promoter (p256-TK).

This resulted in increased ganciclovir sensitivity without impacting normal cells [201, 202]. Even
though MDA-MB-231 cell line damage was noted, liposome administration employing a
combination of EGFR siRNA with other EGFR small molecule inhibitor(s) is potentially helpful for
treating triple-negative breast cancer [203]. Phase 1 clinical studies were conducted on a retrovirus
(MetXia-P450) that encodes the human cytochrome P450 gene and was injected into metastatic
cutaneous tumor nodules. Cyclophosphamide was then administered orally as a prodrug, and anti-
tumor activity was seen in a subset of patients. High expression of MUC-1 has been indicative of a
poor prognosis for breast cancer. An adenoviral-mediated suicide gene therapy is a promising
option using an enhancer region of 114 bp that can control the transcription of a heterologous
promoter [204]. Moreover, the release of anti-miR-155 in C57BL/6 mice with MDA-MB-231 cells has
inhibited tumor growth [205]. Another study discovered that an adeno-associated virus that
encodes soluble TRAIL could effectively inhibit the development of human-origin breast cancer in
nude mice. Chemotherapies and TRAIL gene therapy had additive and synergistic anti-tumor effects
[206].

10.2 Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) is among the leading cancers with the most significant mortality
rate due to late diagnosis and ineffective treatments, along with treatments having adverse effects.
Target gene therapy seems like a treatment method with much potential [207]. In HCC gene therapy,
a tumor-specific promoter AFP promoter is most commonly used for the expression of
sodium/iodide symporter (NIS)-like genes to improve radiotherapy efficiency [208] and increase
tumor sensitivity to chemotherapy due to the HSV1-tk gene [209].

Another study shown that the use of targeted gene therapy against HCC is human telomerase
reverse transcriptase (hTERT) and arginine deaminase (ADI) gene shows promising results in
inhibiting cancer progression [210, 211]. Several oncogenes have proven effective targets for siRNA-
mediated knockdown in various studies. These targets include Sphk2, Midkine, YAP, VEGF, Bmi,
AEG-1, and Notch1 [212]. Also, long non-coding RNAs (IncRNA) and micro-RNAs (miRNAs) function
as tumor suppressor genes. miR-214 is one example demonstrating how it inhibits the growth and
migration of HCC cells by targeting PDK2 and PHF6, suggesting a possible therapeutic target for HCC
patients [213].
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10.3 Lung Cancer

Lung cancer was the leading cause of mortality due to cancer, according to data from the WHO
[214], even though there have been several improvements in chemotherapy, surgery, and
radiotherapy. A study observed that, in the absence of other viral components, the vesicular
stomatitis virus (VSV) matrix protein (MP) promotes apoptosis in tumor cells. Hence, with the use
of the wild-MP gene, a construct pVAX-M recombinant plasmid was prepared. It induced apoptosis
causing suppression of malignant tumor growth in vivo and in vitro assays. Then, a phTERTM plasmid
was constructed, which encoded VSV MP under transcriptional control of the hTERT promoter. This
construct displayed anti-tumor activity, specifically against lung adenocarcinoma [215].

An example of a tissue-specific oncogene present in the case of lung cancer is thyroid
transcription factor 1 (TTF-1), a member of the Nkx2 transcription factors. Their expression levels
are associated with patient prognosis [216]; hence, they are a potential target for gene therapy. A
potent strategy against the expression levels is the use of the miR-7 expression vector under TTF-1
promoter transcriptional control (p-T-miR-7), which resulted in reduced tumor growth rate,
migration, and metastasis of lung cancer cells both in vivo and in vitro [217, 218].

Instead of the earlier mention, a promising approach is suicide gene therapy. A study was
conducted to understand herpes simplex virus-thymidine kinase/human interleukin-12 (HSV-
TK/hIL-12) fusion gene’s targeted anticancer impact, which is the human non-small cell lung cancer
(hNSCLC) promoter, also known as hSLPI, controls gene expression. The results indicated a targeted
antitumor effect on the regulation of hNSCLC by the fusion gene. Also, a more potent antitumor
effect was observed due to suicide gene and immune gene therapy instead of single gene therapy
[219]. In another study, a recombinant adenovirus (Ad-EC) that targets the EGFR and expresses
active revCASP3 while being driven by the tumor-specific SLPI promoter caused effective inhibition
of cancer cells. It was observed to effectively reduce EGFR expression and prevent Hep-2 cell growth
[220, 221].

Carcinoembryonic antigen (CEA) is a prognostic marker used in lung cancer and is a member of
the cell-surface glycoprotein family [222]. A study was carried out to direct the bacteriophage E
gene (pCEA-E) towards lung cancer cells (A-549 human and LL2 mouse cell lines), but not normal
lung cells (L132 human embryonic lung cell line). CEA was used as a tumor-specific promoter along
with paclitaxel (PTX) using cell culture, tumor spheroid models (MTS), subcutaneously generated
tumors, and lung cancer stem cells (CSCs). It was observed that pCEA-E induced significant inhibition
of cell proliferation and decrease in volume growth of A-549 and LL2 MTS, leading to intense
apoptosis compared to L132 MTS. Also, pCEA-E was observed to enhance the antitumor effects of
PTX when combined, which was also seen in A-549 CSCs that are pertaining to the cancer recurrence.
Hence, CEA promoters can be used to regulate lung cancer cells' production of the E gene,
particularly, and improve the efficacy of PTX against this type of tumor [223]. In another study, a
recombinant plasmid with the double suicide genes thymidine kinase (TK) and cytosine deaminase,
as well as the CEA promoter (CD), was constructed (pCEA-TK/CD). The study demonstrated that
pCEA-TK/CD transfection in the presence of prodrugs 5-flucytosine and ganciclovir reduced
inhibitory concentration 50 and promoted apoptosis and cyclomorphosis, making it a promising
gene therapy approach for treating lung cancer [224].

It has been found that human Wnt inhibitory factor-1 (hWIF-1) effectively works as an anti-
oncogenic for NSCLC gene therapy. Given the failure of viral vectors, development was focused on
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targeting NSCLC cells specifically, using SP5-2 peptide coated on PEI and branched PEI1800. When
administered to A549 cells, the vehicle had a 50% success rate for transfection, highlighting it as a
potential genetic vehicle for delivering therapeutic nucleic acids to cancer cells [225]. Due to
features like enhanced chemical stability, increased nucleic acid loading capacity, decreased
cytotoxicity, and controlled release, nanocarriers like nanostructured lipid carriers (NLC) have
emerged to show potential for non-viral vehicle-mediated gene therapy [226].

10.4 Pancreatic Cancer

The prognosis for pancreatic cancer is quite dismal, and it is very aggressive. Pancreatic cancer
was the seventh leading cause of cancer-related death worldwide because of a lack of proper
treatments, with 458,918 new cases and 432,242 deaths in 2018 [227]. Comparing pancreatic
cancer cells to normal cells reveals that the cholecystokinin type A receptor (CCKAR) promoter is
relatively more active. In the nude mouse xenograft model, the modified CCKAR promoter was
employed to direct the expression of a powerful pro-apoptotic gene called BikDD. Therefore, this
CCK/Mpd-Bik-DD/liposome can be a potential therapeutic for treating pancreatic cancer. Following
this, another group of researchers demonstrated a significantly enhanced antitumor effect and
increased patient survival without any substantial amount of toxicity in vivo pancreatic cancer using
an expression vector called “VISA” (VP16-GAL4-WPRE integrated systemic amplifier) using CCKAR
that targets the expression of BikDD [228, 229].

In pancreatic cancer, various mucins like MUC1, MUC4, MUC5AC, and MUC16 are overexpressed
and contribute to the disease's poor prognosis. Mucins are highly O-glycosylated proteins. Mucinl
(MUC1) and mesothelin (MSLN) are two proteins that are more common in pancreatic ductal
adenocarcinoma (PDA) than in normal pancreatic cells. These proteins are linked to how aggressive
pancreatic tumors are. Therefore, MUCL is a potential target for therapeutic studies to treat PDA.
Diphtheria toxin (DTA) inhibits cell protein synthesis, resulting in cytotoxic function. DTA was
transfected using the MUC1 promoter-driven luciferase construct and showed a cytotoxic effect
targeting only tumor cells. Further, the efficacy of the drug was improved by combining MUC1 with
MSLN-targeted DTA [230, 231]. The limitation of MUC1-based therapy is that MUC1 along with
MUC3 is usually expressed in gastrointestinal, colorectal, and breast epithelia; therefore, it may
impart some side effects after treatment [232].

A super promoter with improved and specific activity against pancreatic cancer using the human
insulin promoter was created. This promoter, called SHIP1 (synthetic human insulin super-promoter)
is used to target the expression of Pancreatic and duodenal homeobox 1 (PDX1), which is found to
be overexpressed in PDAC and insulinoma. PDX1 is a transcription factor that regulates vital
functions within the pancreas, like the expression of the insulin gene B-cell maturation, and
maintains its function. SHIP1 is regulated by viral thymidine kinase followed by ganciclovir (SHIP1-
TK/GCV), resulting in a cytotoxic effect on PDAC [233, 234].

Mesenchymal stem cells (hMSCs) have recently been created and used as a novel, non-viral
delivery system for anti-cancer therapy. It has been shown that genetically altered MSCs cause solid
tumors to undergo more apoptosis and restrict growth and angiogenesis [64]. Tumor necrosis factor
(TNF)-related apoptosis-inducing ligand (TRAIL), a member of the TNF cytokine superfamily, is one
of the most potent anti-cancer therapeutic targets. The hMSCs are modified using TRAIL and bPEI
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(branched polyethyleneimine) to increase their transfection efficiency, induce apoptosis in cancer
cells, and increase internalization, respectively [235, 236].

10.5 Colorectal Cancer

The second deadliest and third most prevalent cancer, colorectal cancer, has higher mortality
rates than all other cancers combined. Initially formed as adenomatous polyps, they progressively
form malignant tumors due to successive mutations [214, 237].

Fibroblast growth factor 18 is required during the embryonic development of cartilage and bone.
This growth factor is a part of the canonical Wnt signaling pathway, which tends to be heightened
in colon cancer cases. Consequently, there is an observed elevation of FGF18 expression in
colorectal cancers (CRCs). The presence of FGF18 appears to enhance CRCs' advancement and
aggressive behavior, thereby promoting their progression. In SW480 and HCT116 colon carcinoma
cell lines, the activity of FGF18 has been found to be elevated in contrast to normal human umbilical
cord colon cells. Furthermore, the targeted effectiveness of the FGF18 promoter within tumor cells
was validated by introducing the HSV1-tk (thymidine kinase) gene into CRC cells. This intervention
notably suppressed the growth of these cells upon exposure to ganciclovir treatment by inducing
apoptosis [238, 239].

Further, another modified promoter, pUCUPARTK (HSV1-tk under urokinase plasminogen
activator receptor), was used to target RAS signaling in CRC, another one of the most altered
mutated (KRAS) pathways besides Wnt signaling. RAS signaling is a positive regulator for uPAR, a
gene that encodes a serine protease. This protease aids in plasminogen's transformation into
plasmin, which is the active form. Similarly, following the administration of ganciclovir, an enhanced
cytotoxic effect was observed using Annexin-propidium iodide staining [240, 241].

COX-2 stands for cyclooxygenase-2, an enzyme responsible for initiating the oxidation of
arachidonic acid during the synthesis of prostaglandins. This process plays a critical role in the
emergence of cancer and the growth of tumors. In colon cancer, COX-2 is found to be excessively
active, being overexpressed in around 93% of cases, and similarly in rectal cancer, where it's over-
expressed in about 87% of cases. Studies have shown that the degree of overexpression of COX-2
correlates with the advancement of cancer and the mortality rates among patients diagnosed with
colorectal cancer [242-244]. Cox-2-mediated prostaglandin E2 (PGE2) overexpression plays a
significant role in tumor progression and aggressiveness. The engineered promoters, like COX-2-
PGDH (hydroxyprostaglandin dehydrogenase) and VEGFR1/flt-1 (vascular endothelial growth factor
receptor 1), decreased the proliferation and migration of colon cancer cells [245].

10.6 Prostate Cancer

Prostate cancer is the fifth leading cause of death among men on a global scale and is the second
most commonly diagnosed cancer. This disease claims the lives of 358,989 individuals annually and
poses a significant threat to older men [246].

As already mentioned numerous times, the HSV1-TK suicide gene has been exploited to construct
many promoters as a potent anti-tumor agent. Another synthetic promoter uses the glucose-
regulated protein 78 (GRP78) promoter, a promoter found to be active only in cancer cells instead
of normal cells. This GRP78 protein functions as a potent anti-apoptotic factor; this protein assumes
a pivotal role in safeguarding tumor cells against apoptosis. Moreover, it significantly contributes to
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the advancement of tumors, angiogenesis, metastasis, and the development of resistance to
therapeutic interventions. Under the regulatory action of the GRP78 promoter, the HSV1-TK suicide
gene expresses, and cells become susceptible to ganciclovir and its metabolites. Specifically, GCV-
diphosphate shows cytotoxic effects against prostate cancer [247-249].

Prostate cancer generally metastasizes preferentially to the bone during the initial
aggressiveness of the cancer. Therefore, targeting the human osteonectin promoter (hON-522E) is
gaining attention. This promoter regulates the expression of the osteonectin protein, which plays a
crucial role in cell adhesion, proliferation, and migration, and its expression is upregulated in
metastatic prostate cancers. A synthetic vector was engineered utilizing the hON-522E promoter to
control the transcription of an HSV1-TK suicide gene. This setup showcased the initiation of cell
death in vitro (specifically in PC3M cells) and exhibited a deceleration in the growth of prostate
tumors within a xenograft model. Notably, this effect was achieved without causing toxicity in other
organs [250, 251].

Prostate-specific antigen (PSA) is a cytoplasmic protein found within the cells of the prostate
gland as well as the epithelial cells lining the prostatic ducts. While its presence has been confirmed
in healthy prostate tissue, PSA is observed to be significantly elevated in prostate cancer cells. In
contrast, prostate-specific membrane antigen (PSMA) is an integral protein located on the
membranes of prostatic epithelial cells. Notably, PSMA expression is increased in prostate cancer,
particularly in cases involving metastasis. Hence, the promoters associated with these two proteins
emerge as promising contenders for guiding gene therapy in cases of prostate cancer. One strategy
involved the creation of a plasmid containing the thymidine kinase suicide gene, with its
transcriptional control governed by a fragment of the human PSA enhancer/promoter. To enhance
specificity, JC polyomavirus virus-like particles were employed as carriers of the recombinant
plasmid, benefiting from their affinity for androgen receptor-positive prostate cancer cells. In vitro
experiments revealed that PSAtk-VLPs, the constructed plasmid's capability to induce cell death in
22Rv1l prostate cancer cells, also demonstrated growth inhibition effects in a xenograft mouse
model. Similarly, a recombinant plasmid was engineered utilizing regulatory components from PSA
and PSMA (prostate-specific membrane antigen) to oversee the transcription of apoptin. The
transfection of the human prostatic adenocarcinoma cell line LNCaP with this plasmid notably
reduced cell viability by inducing apoptosis [252-255].

10.7 Bladder Cancer

Bladder cancer is a global burden, with an estimated 500,000 new cases and 200,000 deaths
annually. It encompasses a range of severity, from chronic non-invasive tumors to aggressive,
advanced stages requiring intensive treatment [256]. Bladder cancer is the 10th most common
cancer worldwide, being more common in men than women [257].

Mutations in the p53 gene are often observed during the early onset of the tumor, contributing
to the unregulated growth of cells [258]. A mutation in exons of the FGFR3 gene upstream of RAS
genes activates the RAS-MAPK pathway, producing more cell growth signals, and is often present in
70% of early tumors [259]. 13-27% of bladder tumors were found to have somatic mutations in the
PIK3CA oncogene, which codes for the catalytic subunit p110a of class-IA PI3-kinase [260]. RAS
oncogenes also showed mutations in about 13% of the cancers [261].
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Regardless of suitable cellular receptors for the chosen vector, transfection of the urothelium
posed the greatest obstacle to intravesical gene therapy, as indicated in the preceding sections. The
glycocalyx, which includes the glycosaminoglycan (GAG) layer and protects the urothelium,
performs numerous tasks, such as preventing bladder infections and, in the case of gene therapy,
preventing bladder infections caused by viral vectors [262]. A hopeful alternative has been made
available with the approval of the first gene therapy for genitourinary cancers, nadofaragene
firadenovec (Adstiladrin®) and interferon-a (IFNa) [263]. The Phase 3 trial validated the safety and
effectiveness of nadofaragene firadenovec. Its effectiveness can be further increased by selecting
patients based on traits or biomarkers that indicate sensitivity or resistance, such as the induction
of systemic anti-adenoviral antibodies, which means a durable positive clinical response to
nadofaragene firadenovec [264]. Finding substitute vectors that increase transfection efficiency in
order to provide more long-lasting therapeutic responses presents another development
opportunity. The transitory transgenic expression of IFNa owing to adenoviral immunogenicity is
one of the potential drawbacks of rAdIFNa/Syn3. Lentiviral vectors (LV) were examined in preclinical
models as a potential solution to this potential issue since they offer more consistent transgene
expression and are less immunogenic than adenoviruses. It has been demonstrated that LV vectors
expressing IFNa or B-gal may transduce normal bladder urothelium and murine bladder cancer cell
lines in a stable manner. Additionally, there is potential to enhance IFNa gene therapy to create
innovative combination approaches that target resistance mechanisms. Numerous therapeutically
relevant targets, such as PD-L1 and EGFR, were found in the trials assessing LV-IFNa gene therapy
and should be investigated further in conjunction with interferon gene therapy [265].

Gene delivery is essential as explained in the following example of bladder cancer treatment
using gene therapy. Adenoviral transgene expression is known to face several challenges. One of
them is that adenovirus entry is blocked by an anti-adherence layer composed of secreted
glycosaminoglycans (GAG) present on the luminal epithelial surface of the bladder. To overcome
this, a gene-based drug was developed, comprising a recombinant adenovirus encoding IFN (rAd-
IFN) and a novel small molecule excipient Syn3 for treating superficial bladder cancer [266].
Treatment with Syn3 produced consistently high gene transfer and expression in the urinary
bladders of rodents and pigs [267]. Also, studies have proved that Ad-IFNA (adenoviruses encoding
interferon-A) can overcome resistance to IFN-A protein both in vitro and in vivo and support
evaluation of intravesical Ad-IFNA/Syn3 for the treatment of superficial bladder cancer [263].

11. Limitations of Gene Therapy

Despite the broad utility of gene therapy, it has many limitations, such as specific delivery of
genes to the target cells, cleavage by nucleases present in the cells, impairment of cellular normal
function, homogenous expression level in all cells, off-target mutagenicity, and stability of the
recombinant vector [86-89].

12. Challenges in Gene Therapy

To unlock the potential of gene therapy, like a long-term therapeutic benefit or optimally a cure,
it is essential to understand the obstructions to therapeutic intervention and develop approaches
to bypass these difficulties. The most effective transgenic expression for suppressing a cancer-
associated gene, delivery of therapeutic genes to diseased tissue, and identification of suitable
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therapeutic gene(s) that can staunch disease progression are necessary for the success of cancer-
related gene therapy.

For gene therapy to be effective, precise regulation of therapeutic transgenes is essential, and
unwanted side effects need to be restricted. Gene expression also needs to be completely switched
off to avoid adverse effects. As a result, promoters and enhancers are essential components that
are crucial when determining the length and intensity of the best transgenic expression in particular
cells or tissues. Promoters come in two varieties: constitutive and inducible. Constitutive promoters
enable the ongoing transcription of the genes they are associated with. In certain instances,
malignant melanoma has been targeted by inserting a 200 bp enhancer element upstream of a
human tyrosinase promoter specific to pigment cells [268]. Limiting expression in healthy cells is
also crucial; for this purpose, silencers are utilized to keep the vector dormant in healthy normal
cells [269]. Yet, depending on the nature of the encoded product and the needs of the cell, not every
gene may require the regulation of transgenic expression.

Target-specific delivery of therapeutic genes is essential for the efficacy of a treatment. Therefore,
the intention of selecting a suitable vector for the delivery of therapeutic genes is fundamental.
Both the viral and non-viral delivery strategies have their share of complications. A notable
challenge with viral vectors, like adenoviruses, is the existence of prior immunity to specific
serotypes among humans stemming from natural infections or vaccinations. This can complicate
their systemic use. One possible approach to addressing this challenge is the implementation of a
heterologous prime-boosting regimen, which entails administering similar antigens using different
vectors [270]. Repeated viral infection can influence treatment's therapeutic response, so
immunosuppression must be considered in some cases [271]. Virus-based gene therapy primarily
depends on the strong binding between viral fiber proteins and specific host receptors associated
with particular virus strains or serotypes. When the target tissue has low receptor expression or
lacks it altogether, infection efficiency decreases. Additionally, using viruses as vectors raises safety
concerns about therapeutic genes being taken up by non-targeted cells or tissues. To address these
limitations, transductional retargeting is a common approach in viral gene therapy. This technique
involves modifying viral surface proteins to include ligands that selectively or exclusively bind to
receptors found on tumor cells [92].

Although nonviral approaches offer some benefits, such as safety and less immunotoxicity, they
are nevertheless thought to be less efficient than viral methods for delivery, including passing
through in vivo physiological barriers, cellular/nuclear absorption, and endosomal release. Behavior
within the physiological environment poses the primary challenge for vectors. While advancements
in nonviral gene delivery have occurred, unresolved concerns remain. In many studies related to
target gene delivery, researchers have shown silencing or expression of target proteins primarily at
the in vitro cellular level. Additional in vivo data is needed to establish it as a viable alternative
approach comparable to viral vectors [108]. Achieving the essential therapeutic effect relies on DNA
transportation into the nucleus, and thus, a relatively larger particle size introduces an extra
challenge concerning efficacy. Unlike DNA, RNA doesn't need nucleus entry for expression but is
comparatively less stable. Moreover, the interaction between the cell and the vector fluctuates
under different conditions, significantly impacting transfection efficiency. To date, an ideal vector
system to address all these issues has yet to emerge [272]. Understanding the physicochemical and
biological properties of the non-viral vectors, including their behavior under different physiological
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conditions, is essential for developing an ideal delivery system. A few recent gene transfer clinical
trials are cited in Table 5 [273].

Table 5 Recent gene transfer clinical trials [273].

Gene Targeted disease Vector Trial

p53 Solid tumor adenovirus Phase 2
Anti-CD40 antibody Metastatic cancer, epithelial tumor adenovirus Phase 1
RB1 Refractory retinoblastoma adenovirus Phase 1
GM-CSF Breast Cancer HSC Phase 1

The choice of a therapeutic gene that maximizes therapeutic efficacy while minimizing toxicity is
essential for successful gene therapy. The current study aims to discover novel genes differently
expressed in cancer cells that may control altered characteristics. In this regard, cancer genomic
data is an effective tool for identifying molecular alterations in cancer cells. In these circumstances,
the capacity to conduct extensive molecular profiling of tumors, which aids in detecting target genes,
offers the potential to find novel targets for future therapeutic intervention [92]. Some approved
gene therapies products for medicinal use are mentioned in Table 6.

Table 6 Gene Therapies Products Approved for Therapeutic Use.

Gene . L. . Refer
Targeted disease Characteristics Mode of action

therapy ences
Head and neck Modified adenovirus Expresses tumor

Gendicine  squamous cell that delivers the p53 suppressor gene and [274]
carcinoma gene induces apoptosis
high-risk non-muscle
invasive bladder Anticancer,

. .. cancer (NMIBC) that Adenovirus based, IFN- immunostimulatory,

Adstiladrin . . o . [83]
isimmune to a2b transfection antiangiogenic and
Bacillus Calmette- apoptotic effects
Guérin (BCG)
Mantle cell

CD19-directed chimeric
lymphoma (MCL),

Tecartus . antigen receptor (CAR)  Anti-cancer [275]
Acute lymphoblastic
T-cell therapy

leukemia (ALL)

Prostatic acid
phosphatase (PAP), an
antigen present in
prostate cancer tissue,  Stimulate a patient's
Provenge  Prostate cancer and granulocyte- own immune system [276]
macrophage colony- against cancer.
stimulating factor (GM-
CSF), a stimulant of
immune cell activity,
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have been combined to
form the human
protein PAP-GM-CSF.

CD19-directed
genetically modified

B-cell acute autologous T cell Anti-cancer
Kymriah lymphoblastic immunotherapy CAR-T cell-based [275]
leukemia Initiates the anti-tumor immunotherapy
effect through CD3
domain
. o Whereas the E1b-55KD-
Oncorine adenovirus's . .
. . deficient adenovirus is
Oncorine complete depletion of . .
nasopharyngeal . unable to replicate in [248,
(rAd5- the E1B-55 KD gene is i
cancer normal cells, oncorine 277]
H101) what causes p53 to ) .
) i grows in P53-deficient
become inactive.
cancer cells.
. . . Rexin-G causes cancer
Rexin-G is a retroviral
. ) cells to undergo
. . vehicle that carries a ]
Rexin-G pancreatic cancer . . apoptosis and cell death  [278]
cytocidal cyclin G1 s
by inhibiting the G1
construct.
phase of the cell cycle.
The a47 gene
antagonizes the host
cell's antigen
presentation
An advanced HSV-1 transporter. Removing
oncolytic virus, created  this gene reduces the
through double regulation and
modifications involving  expression of MHC class
removal of the y34.5 |, boosting antitumor
Imlygic melanoma and a47 segments and  immune responses. The  [279]
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vector. reintroduced into the
patient.

13. Conclusion and Future Perspectives

The paper aims to present a clear picture of the ongoing progress in gene therapy to cancer
treatment. The paper deals with the employment of gene therapy in clinical trials for treating the
most widespread and lethal kinds of cancers. Evidencing a constant evolution, gene therapy is a
beacon of modernity, harboring the potential to herald a cutting-edge solution in the multifaceted
tumor treatment realm, spanning diverse malignancies. The current trend of gene therapy revolves
around techniques such as the revolutionary CAR-T cell therapy and the remarkable CRISPR-Cas9
gene-editing method. Although CRISPR-Cas9 allows to correct oncogenes without affecting normal
genes, as far as current research goes, none of the currently utilized methods offer a permanent
cure. Despite the tremendous strides made in harnessing the power/potential of gene therapy, the
elusive goal of a permanent solution to the complexities of various cancers remains beyond our
current grasp. The future of this application centers around extensive research to develop methods
such as targeting immune cytokines to build a long-lasting effect. The amalgamation of gene therapy
with other techniques, such as combination therapy and epigenetic therapies, may show a large
potential towards effective treatment. Working together, these approaches aim to improve the
results of treatment while also finding ways to overcome the formidable challenges presented by
cancer's ability to adapt and resist treatment. By harnessing the inherent characteristics of
nanotechnology, we can significantly refine the precision and efficiency of delivering genes to their
intended cellular destinations, potentially alleviate concerns related to unintended effects on non-
target cells, ultimately leading to an intensified therapeutic influence. Exerting control over
suppressing the expression of a mutated gene can offer valuable insights into effectively managing
the progression of cancer and the intricate mechanisms of metastasis. As research and development
progress, the potential of gene therapy to profoundly influence the landscape of cancer treatment
continues to expand. This ongoing advancement paves the path for a promising future where the
substantial effects of cancer could potentially be significantly alleviated, and the development of
potential long-term cancer treatments becomes more achievable.
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