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ABSTRACT

Gene therapy is an exciting new field of personalized medicine, allowing for medical procedures that can target diseases such as cancer
in novel ways. Technologies that involve gene transfer treatments allow for the insertion of foreign DNA into tumour cells, resulting
in restored protein expression or altered function. Gene therapy can also be used as a form of immunotherapy, either by modifying
cancer cells to make them better targeted by the immune system, or by modifying the body’s immune cells to make them more ag-
gressive towards tumours. Additionally, oncolytic virotherapy uses classes of genetically modified viruses that can specifically target
and interfere with tumour cells. The ongoing development of the CRISPR/Cas9 gene editing tool may also have promise in future
therapeutic applications, with the tool being capable of removing cancer-causing, latent viral infections, such as HPV, from afflicted
cells. Nonetheless, there are still many questions of safety, efficacy, and commercial viability which remain to be resolved with many
gene therapy procedures. There is also emerging controversy over the ethical, legal, and moral implications that modifying the genetic
content of human beings will have on society. These concerns must be confronted and addressed if the benefits promised by gene
therapy are to be properly realized.

RESUME

La thérapie génétique est un nouveau domaine d’étude médicale personnalisée qui permet de cibler des maladies spécifiques comme
le cancer de facon innovatrice. Cette thérapie utilise le transfert de genes avec une insertion d’ADN étrangére dans les cellules can-
céreuses dans le but de restaurer I'expression des protéines et de retrouver la fonction cellulaire. La thérapie génétique peut aussi
étre utilisée comme une forme d’'immunothérapie, soit en modifiant les cellules cancéreuses pour qu’elles soient mieux ciblées par le
systeme immunitaire ou en modifiant les cellules immunitaires du corps pour les rendre plus agressives envers les tumeurs. De plus,
une virothérapie oncolytique utilise des virus génétiquement modifiés qui peuvent cibler spécifiquement et interférer avec des cellules
cancéreuses. Le développement du systéme d’édition génétique CRISPR/Cas9 s’avere prometteur pour les applications thérapeutiques
futures. Cet outil est capable d’enlever les infections virales latentes dans les cellules affectées qui peuvent causer le cancer, tel que
I’'HPV. Malgré ces découvertes, plusieurs questions importantes demeurent quant a la sécurité et a I'efficacité de leur application. Il
s’agit d’'un domaine controversé avec des implications éthiques, Iégales, et morales, car le tout implique une modification du contenu
génétique humain. Ces inquiétudes doivent étre adressées afin de pouvoir continuer a explorer les bienfaits de cette thérapie géné-
tique. En poursuivant la recherche dans ce domaine, il serait possible de valider cette thérapie et optimiser ses bienfaits.

INTRODUCTION In the past decade, gene therapy has emerged as a possible av-
enue to produce innovative anti-cancer treatment strategies [4].

Cancer is one of the most chronic and pressing health issues

in the world today, causing over 8 million deaths per year,
worldwide [1]. While existing surgical, radiation, and chemother-
apeutical procedures have improved outcomes in some cancer
types, many cancers still do not respond well to treatment [2].
Moreover, the overall prevalence and incidence rates of cancer
are expected to continue to rise [2,3]. Consequently, there is a
great impetus to explore novel approaches by which to treat dif-
ferent cancers in ways that current standard approaches cannot.

Keywords: Gene therapy; Cancer; CRISPR; Immunotherapy; Gene transfer; Review

Gene therapy employs the targeted delivery of genetic mate-
rial, or methods of genetic modification, to produce a positive
therapeutic outcome by altering specific cells or tissues [5]. This
approach could broaden the range of available treatment op-
tions through a number of techniques, including the insertion of
foreign DNA into target cells to affect or restore protein expres-
sion, targeting viruses to abnormal cells for lysis and death, and
even repairing deleterious genetic mutations [5]. Consequently,
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gene therapy may prove to be an essential tool in personalized
medicine, as it can design treatments that are specific to a pa-
tient’s genetic composition. Although many of these techniques
are largely experimental, the field has made significant progress
in the past decade, with some gene therapy options becoming
commercially available. In the context of cancer research, recent
developments such as cancer vaccines, oncolytic virotherapy,
and gene transfer treatments are emerging as promising tech-
nologies to treat certain cancers with a better efficacy and safety
profile than current standard treatment approaches [5].

This review aims to describe the current state of gene therapy
research into applications for cancer, highlight the relative ad-
vantages and disadvantages these approaches have over existing
therapeutic options, and address the limitations currently being
faced by the field and the future directions needed to overcome
them.

GENE TRANSFER TREATMENTS

Currently, one of the most widespread and well-established
methods of gene therapy is the insertion of foreign genes into
target cells through a number of different transfer methods. Col-
lectively, these methods are referred to as “gene transfer treat-
ments.” One common approach is through viral vectors, usually
belonging to a group of viruses called adenoviruses, which carry
and release a therapeutic gene into a target tissue [5]. Adeno-
viruses are powerful tools in gene therapy due to the ease with
which foreign genes can be inserted into their genomes, the rela-
tively mild host immune response they provoke, their low rate
of imprecise host genome integration (which decreases the pos-
sibility of unwanted mutations), and their lack of replicative abil-
ity (which prevents continuation of the lytic cycle and spread to
other cells) [6].

Indeed, many adenoviral vectors have been developed for use in
the treatment of cancer, and have generated a remarkable deal
of excitement over their therapeutic impact. The drug Gendicine,
which became the first commercially approved gene therapy
treatment in the world in 2003, is a recombinant adenovirus that
contains the gene for the tumour suppressor p53 [7]. Delivery
of Gendicine to tumour cells allows for the overexpression of
p53, and restoration of p53 activity in cells with dysfunctional
copies of this gene [7]. Gendicine was a landmark in the history
of anti-cancer gene therapy, particularly squamous cell carci-
noma, as it stimulated the apoptosis of tumour cells, increased
the expression of other tumour suppressor genes, decreased the
prevalence of multi-drug resistance factors, and reduced vas-
cular growth towards the cancerous tissues, all with fewer side
effects than conventional chemotherapy and radiotherapy [7].
Other viral classes, such as retroviruses or adeno-associated vi-
ruses, are also used for gene therapy, each with their respective

strengths and efficiencies in different cell types. For example, the
drug Rexin-G is a specially designed retrovirus that selectively in-
tegrates into the genome of pancreatic tumour cells [8]. It carries
a modified gene encoding a construct that interferes with cyclin
G1, thereby causing cell cycle arrest or death [8]. Rexin-G, which
is currently in Phase lll trials, has shown promise in the treatment
of advanced pancreatic cancer as it increases mean survival time
by almost 10 months compared to standard treatment [8,9].

Despite the promise that prospective gene transfer treatments
may hold, several limitations and hurdles remain. In 2003, at-
tempts to treat a rare disorder called X-linked severe combined
immune-deficiency (SCID-X1) using a retrovirus-based agent un-
fortunately led to the development of T-cell leukemia in one pa-
tient due to integration of the virus within the patient’s genome
and subsequent genetic instability [10]. This highlighted the need
to develop viral vectors that do not integrate into key regions of
host DNA. Most current vector therapies are thus based on the
safer adenoviruses or adeno-associated viruses, although these
are often less effective at infecting a sufficient number of cells
in target tissues to produce a clinically meaningful response. For
example, these viruses often collect in the liver for unknown
reasons, reducing their pharmacological efficiency and provok-
ing a potentially harmful immune responses [5]. Furthermore,
since the viruses do not replicate, additional viral loads must be
injected periodically to sustain the expression of the therapeutic
gene. Recurrent injections, however, trigger the development of
an acquired immune response to the therapeutic viruses, which
further reduces the efficacy of the treatment [11].

Currently, challenges relating to delivery methods are crucial de-
ciding factors in the success of gene transfer treatments. To this
end, viral vectors are becoming increasingly sophisticated, and
non-viral means of transfer are emerging, such as the insertion
of naked DNA directly into cells [12,13]. The ability to safely and
precisely alter the function of tumour cells via gene transfer, in
order to achieve the desired clinical outcome, will largely depend
upon precise therapeutic delivery.

IMMUNOTHERAPY

Gene therapy can also be used to modify a patient’s immune
system in order to strengthen the response against cancer cells.
Treatments that boost the immune system’s ability to better tar-
get and destroy cancer cells are referred to as immunotherapy,
and have been an aim of cancer treatment for more than a cen-
tury [14]. However, the effectiveness of conventional immuno-
therapy is often limited by the ability of cancer cells to evade
immune detection. As such, a number of different gene therapy
techniques are being explored as methods to overcome this limi-
tation [5].
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One particularly interesting approach is that of cancer vaccines,
which aim to cure or contain current cancerous growth by deliv-
ering material that trains the immune system to better recognize
and attack cancer cells [4,15,16]. This is in contrast to prophy-
lactic vaccines against bacteria or viruses, which are composed
of molecules that mimic the infectious agent to help the body
prevent future illness. The injected material of cancer vaccines
is created by harvesting tumour cells from the patient’s body
and genetically modifying them through the addition of genes
that produce antigenic and immunostimulatory proteins, such
as those encoding for cytokines or other pro-inflammatory mol-
ecules [5]. This, in essence, serves to produce antigenic factors
from the cellular debris, which are more potent than the endog-
enous tumour antigens. Upon injection, these modified tumour
antigens increase the activity of antigen-presenting cells and
cytotoxic T lymphocytes, thereby creating a stronger and more
aggressive anti-tumour immune response [16]. Alternatively, a
variation of this approach entails delivering the immunostimula-
tory and antigenic genes directly to the cancer cells in the body,
which heightens immune recognition of these cells and leads to
a more localized immune response [5].

A number of promising genetically modified cancer vaccines are
currently being tested in clinical trials. A prominent example is
GVAX, a vaccine which targets advanced pancreatic cancer and
consists of tumour cells modified to express granulocyte-macro-
phage colony-stimulating factor (GM-CSF) [17,18]. The presence
of GM-CSF secreted by the injected cells stimulates the release of
cytokines at the injection site, which activates antigen-presenting
cells, as well as CD4+ and CD8+ T cells, to better recognize the cir-
culating tumour-associated antigens and strengthen the targeted
immune response [18]. The vaccine is currently in Phase Il trials
and recent reports indicate that for treatment of pancreatic ade-
nocarcinoma, patients administered with GVAX had significantly
higher survival rates compared to those administered with stan-
dard chemotherapy [5]. Most of the side effects observed have
been limited to minor injection site reactions or flu-like symp-
toms [16,18]. Moreover, another advantage of the vaccine is that
it can be designed specifically for the patient using their tumour
cells (called an autologous vaccine), thereby increasing its speci-
ficity for the patient’s unique immunological environment.

While the previously described concept focused on modify-
ing the cancer cells to induce a more potent immune response,
another strategy is to modify the body’s immune cells directly,
in order to render them more aggressive towards tumour cells
[19]. This is done by extracting and culturing lymphocytes from
a patient’s peripheral blood, and then genetically engineering
them to overexpress potent cytokines like interleukin-2 (IL-2), or
to produce T cell receptors (TCRs) that are specific for antigens
on certain tumours [5,19]. Presently, T cells engineered to ex-
press TCRs against the NY-ESO-1 antigen have been successfully

employed in patients with metastatic melanoma and metastatic
synovial cell sarcoma [20]. Trials have shown that 50-80% of pa-
tients demonstrate objectively better regression of the cancer
compared to conventional chemotherapy, with no reported toxic
side effects against other tissues [20]. One caveat of this technol-
ogy, however, is that it is currently incredibly expensive. On aver-
age, genetic engineering of a patient’s T cells is expected to cost
between USD $40,000 and $75,000 [21].

In summary, immunotherapy is a promising therapeutic option
that may be a source of future breakthroughs in personalized
cancer treatment. The main hurdles, as it stands, are the im-
mense cost and time needed to produce autologous vaccines
and genetically engineered T cells. To this end, the replacement
of autologous cells with allogenic cells (that is, derived from pre-
existing cultured cell lines) is being investigated as a means to
de-personalize and thereby streamline the process [5].

ONCOLYTIC VIROTHERAPY

A concept related to immunotherapy is oncolytic virotherapy,
which employs genetically engineered viral particles to spe-
cifically target cancerous tumours [5,22]. These viruses do not
replicate in healthy cells, and are therefore selective in their
eradication of cancerous cells—an advantage over existing che-
motherapy or radiation therapy [22,23]. While this is a relatively
new and largely experimental area of research, several oncolytic
viruses have performed very well in clinical trials, and some have
been approved for market sale. Oncorine, an oncolytic virus used
in nasopharyngeal cancer, is an adenovirus that has been engi-
neered to lack the E1B protein, which is responsible for deactivat-
ing the p53 protein in the host cell [23]. The tumour suppressor
p53 plays a crucial role in the host cell’s ability to destroy the
virus. Without viral E1B to deactivate the host’s p53 defense, the
host’s normal cells will be able to clear the Oncorine infection.
On the other hand, many cancerous cells have defective p53
genes (a main cause of neoplastic proliferation), and may there-
fore be infected by the Oncorine virus, resulting in toxicity/death
[23]. Phase Il trials of the drug have shown a response rate of
80% for head and neck tumours, which was double the rate in
patients given standard chemotherapy [24]. Prior studies consis-
tently demonstrated a good safety profile for Oncorine with only
flu-like side effects [22,23].

A number of obstacles currently hinder the development of on-
colytic virotherapies. First, the classes of viruses used to derive
these therapies are fairly common in nature, meaning that many
individuals will have been exposed at some point and therefore
exhibit pre-existing immunity. Some possible solutions include
the use of immunosuppressants to temporarily halt immune re-
actions, or carrier cells to deliver the viruses directly to the tu-
mour [23]. Second, the rate of infection, replication, and death
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Table 1. Summary outlining the mechanisms, advantages, and limitations of each of class of gene therapy, as they pertain to cancer

treatment.
Class Mechanism

Gene Transfer Insertion of foreign genes into target

Advantages

Can alter tumour cell function,

Limitations

There are difficulties with achiev-

antigenic and immunostimulatory
molecules, or modifies immune
cells to express cytokines and T cell
receptors against specific tumour
antigens [14-16].

targeted immune response
toward tumours, Can cre-

ate ‘cancer vaccines’ that are
personalized for the patient’s
tumour type and immunologi-
cal environment [14-16].

Treatments cells, mainly through viral based restore apoptotic or tumour ing efficient transfer methods,
vectors [5]. Other non-viral delivery | suppression pathways, and host immune responses to many
methods are being developed as enable targeted disruption of viral vectors, and concerns about
well [12,13]. specific types of cancer cells safety due to increased risks of

[5-8]. mutations [10,11].
Immunotherapy Modifies cancer cells to produce Creates a more aggressive and | Very time-intensive and expen-

sive; some cost estimates can go
up to USD $75,000 [14-17,21].

Oncolytic Virotherapy | Produces genetically modified virus-
es which target and attack tumour
cells preferentially over normal cells

[22].

Allows for treatment directed
specifically against cancer cells
with minimal side effects. Also
enables targeting of certain
cancers that do not respond
to well to standard therapy
[23,24].

Host can develop immune re-
sponse against the viruses. Also
not efficacious against fast-grow-
ing tumours due to growth rates
that exceeds viral replication rate
[21,22].

Direct Gene Editing | Tools like CRISPR/Cas9 can be used
to edit or replace sections of the pa-
tient’s genome in a highly accurate

and practical manner [25,26].

Can remove latent cancer-caus-
ing viral infections such as HPV.
Also, it is able to repair deleteri-
ous mutations, restore tumour
suppression and apoptosis, and
change alleles associated with
cancer risk [25-30].

Current delivery methods of Cas9
constructs have difficulties with
efficiency, and oncogenic viruses
can develop resistance against
the constructs [28]. There are
also concerns over the ethics and
effects of permanent genome
modification [30-33].

of infected cancerous cells must be greater than the growth rate
of the uninfected cancerous cells for the treatment to be able to
effectively reduce tumour size. As such, this approach may not be
suitable for very large or fast-growing tumours.

DIRECT GENE EDITING

The advent of CRISPR/Cas9 technology promises to revolution-
ize the field of gene therapy. This technique allows for precise
modification of DNA sequences in an efficient and simple man-
ner, which could serve many therapeutic purposes. CRISPR/Cas9
is one of the fastest-growing areas of gene therapy research, and
has therefore generated a fair deal of excitement and controver-
sy [25].

In the context of cancer research, the tool has shown remark-
able success against viral infections linked to the development
of cancer. For example, a CRISPR/Cas9 construct engineered to

specifically target and cleave the E6 oncogene of human papil-
loma virus (HPV) in cervical cancer cells showed a substantial
reduction in HPV viral load and restoration of normal apoptotic
genes [26]. Administration of a similar construct in HPV-infected
mice with cervical cancer found a significant reduction in tumour
size [27]. This is not without limitation however, as viruses have
been shown to evolve resistance to CRISPR/Cas9 constructs [28].
Moreover, as with gene transfer treatments, inefficient thera-
peutic delivery presents a large barrier to eventual clinical imple-
mentation of this treatment [25]. Additionally, CRISPR/Cas9 tech-
nology could be used to repair deleterious mutations or replace
sections of DNA with any desired sequence [25,29,30]. Correct-
ing accumulated mutations within cancerous cells or prophylacti-
cally fixing alleles associated with increased cancer risk have both
been suggested as ways to control the development of disease
[25,29,30].

As the CRISPR/Cas9 tool rapidly develops, ethical, moral, and
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legal questions inevitably ensue from the ability to modify the
genetic content of human beings [30—33]. Current issues include
the extent to which traits and parts of the genome should be al-
lowed to be modified, the ethics of manufacturing “biologically
superior” individuals, inequalities that would result from socio-
economic access barriers, and the question of whether human
embryos should be modified as a means to cure genetic diseases
[30-33]. These approaches have also raised the concern of eu-
genics, provoking considerable controversy as well as opposition
from several religious, philosophical, and legal bodies [32,33]. To
this end, the developers of CRISPR/Cas9 have requested a ban
on all attempts at human germline modification until society can
have a discussion about its consequences [31].

CONCLUSION

Gene therapy is an exciting new technology that will generate
novel medical procedures capable of targeting diseases like can-
cer in innovative ways. The development of gene transfer treat-
ments, immunotherapy, oncolytic virotherapy, and direct gene
editing are emerging as strong therapeutic applications (Table 1).
They have demonstrated the ability to improve survival time and
clinical benefit in many cancers that respond poorly to standard
treatment options, while at the same time carrying fewer side ef-
fects than radiation and chemotherapy. However, many of these
modalities are in experimental stages, and there are still some
concerns over their safety, efficacy, and commercial viability.
Moreover, the rapid development of gene editing technologies,
such as CRISPR/Cas9, has led to controversy over the ethical,
legal, and moral implications that human genome modification
will have on society. These issues must therefore be addressed
through prudent solutions and regulatory/legal frameworks be-
fore gene therapy and genome modification can become widely
available for the treatment of human diseases [33].
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