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Abstract
Gene therapy as a treatment for cancer is regarded as high in promise, but low in delivery, a
deficiency that has become more obvious with ever-increasing reports of the successful correction
of monogenic disorders by this approach. We review the commercial and scientific obstacles that
have led to these delays and describe how they are progressively being overcome. Recent and
striking successes and correspondingly increased commercial involvement suggest that gene
transfer could finally become a powerful method for development of safe and effective cancer
therapeutic drugs.

Introduction
Because cancer is an acquired genetic disorder, gene therapy promises to provide highly
bespoke and effective treatment that is tailored to the precise genetic structure of each
tumour and therefore produces low systemic toxicity. Unfortunately, however, the claim that
the next 5 years will meet this promise has been repeated for more than 20 years. Most
clinicians are therefore convinced that although gene therapy for cancer could be a bespoke
option, the suit itself is essentially empty. In this Review, we discuss why we think the next
5 years will be different, provide examples of how present clinical studies are showing
increasing benefit to patients with cancer, and discuss how combination gene therapies
might begin to meet this promise.

Gene therapy for monogenic disorders is beginning to meet expectations. During the past
few years, the successful treatment of severe immunodeficiencies, storage disorders,
hereditary blindness, haemophilia B, hypercholesterolaemia, and other diseases has led to
the licensing of one drug and the continued clinical development of many others by major
pharmaceutical companies. Yet, although 1700 gene therapy studies have been done
worldwide and more than 80% of patients entered have been treated for malignant disease,
the level of success for cancer is far behind that obtained in the treatment of monogenic
disorders.
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To understand the reasons for this delay and to appreciate the changes in this discipline that
we believe now predict success, we must understand the potential barriers to success, and
the approaches taken to overcome them.

Commercial obstacles
The broad application of gene therapy in every context, including cancer, has been
hampered by its lack of similarity to the traditional pharmaceutical model of drug
development. Gene therapies are complex biological therapies, many of which, such as
genetically modified stem cells, are made separately for each individual treated, which
represents a challenge to the robust scalability needed for late-phase clinical studies.
Moreover, the standard pharmaceutical business model is to recoup the costs of initial drug
development by selling cheap-to-manufacture licensed drugs with very high margins. For
many complex biological treatments, however, the cost of goods is high even after approval;
an effect compounded by stacked licence fees for the many patents needed for the various
intellectual properties of one product. The specificity of these therapies means that only a
small subset of patients with any given cancer might be suited to treatment, making each
gene therapy an orphan drug. In combination, these market issues can lead to an
unaffordable pricing structure with little appeal to major pharmaceutical companies.

Beyond these commercial considerations, well designed clinical trials for cancer using
complex biological drugs are difficult to undertake. Endpoints that are standard for most
small-molecule therapeutic studies in cancer, such as tumour shrinkage at 4–6 weeks, are
unsuited to some complex biological treatments that might induce initial tumour
inflammation with apparent progression by imaging, or might produce extended stabilisation
of the tumour without shrinkage or eradication, so that patients live with, rather than die
from, their disease. Although such benefits to long-term survival could be substantial, they
greatly increase the cost and time of clinical studies, as shown by the development of
sipuleucel-T,1 so far the only gene-to-cell therapeutic to have received a product licence in
the USA. Additionally, many gene therapies function by recruiting the immune system and
could be particularly unsuited to assessment in the classic phase 1 setting of advanced
disease, because immunity will probably be disrupted by both the disease and its treatment.

Potential limitations
Although investigators working with inherited disorders share most of the difficulties we
have described, their achievements have clearly been in greater evidence. Other factors
should therefore be invoked to explain the more moderate accomplishments of cancer gene
therapy. Gene therapy can be used to attack the tumour directly or to modify the host to
increase resistance to the disease or its treatment (table 1). Although the success of gene
therapy to directly correct monogenic disorders seems translatable to a direct tumour attack
for cancer as well, this success has proved very difficult to replicate. In the successfully
treated inherited monogenic disorders, one transgenic construct can be used to replace or
supplement a well defined single genetic abnormality. Although cancer is an (acquired)
genetic disorder, the abnormalities are polygenic. Moreover, there is substantial genetic
heterogeneity,3,4 not only between tumours in different individuals, but also between
tumours at different sites within the same patient. Unless a universal corrective gene could
be identified, efforts to use gene transfer to correct abnormal genetic function in cancer cells
would need access to many transgenes, individually tailored for optimum use between, and
even within, each individual. Moreover, clinical correction of most monogenic disorders
often needs only a small proportion of the targeted cells to be successfully transduced with
the relevant transgene. In disorders in which the missing gene produces a secreted protein
(eg, haemophilia B), less than 10% of normal concentration of the product could restore
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health, and if the transgene is secreted from each cell at supranormal concentrations, then
the number of cells transduced could be far lower than 10% of the targeted population.5 For
treatment of malignant diseases, such low uptake of corrective or destructive gene transfer to
tumour tissue could have negligible effect on the course of the disease. Thus, gene transfer
alone cannot be a curative option, unless the bulk of tumour cells is genetically modified—
eg, by a lethal viral vector that was selectively able to replicate only within tumour cells.
Until now, and for the foreseeable future, such high efficiency is not straightforward. Most
gene transfer vectors have insufficient infectivity or inadequately broad biodistribution to
transfer the desired corrective or destructive genes to each cancer cell (table 2). The gene
therapy community has taken a surprisingly long time to accept these limitations and to
diminish the resources devoted to trials of direct gene therapy other than virotherapy.

Much effort in cancer gene therapy is now directed not at the tumour itself, but at healthy
host tissue, with the intent to disrupt the tumour microenvironment or niche, increase the
resistance of healthy tissue to cytotoxic drugs or radiation, or transfer genes that augment the
immune response against the tumour. This last approach is by far the most common, because
the component parts of the immune system have individualised targeting capacity, active
biodistribution, and a multiplicity of effector mechanisms by which even bulky tumours can
be destroyed; all activities that could be enhanced by genetic engineering of the cell.

Overcoming the barriers
The multiplicity of practical and potential obstacles to successful gene therapy of cancer will
be overcome only by continued and widespread economic commitment to research and
development. However, to persuade the industrial and clinical community of the wisdom of
this extended commitment, investigators need to show that gene therapy, alone, or in non-
cross-resistant combination with conventional therapy, is qualitatively better than any other
available therapies, and able to benefit, and ideally cure, cancers that are otherwise not
amenable to conventional treatment. Yet, paradoxically, the resources necessary to develop
truly effective gene therapy for cancer will be available only once truly effective gene
therapies are developed. Fortunately, the prospects of escape from this dilemma have now
greatly improved.

Acceptance is increasing among physicians and drug companies alike that the future of
cancer drug development will consist of creating medicines, such as gene therapies, that are
highly effective cures for identified subsets of patients rather than unpredictable palliatives
that can be used with moderate benefit for most patients. Once these potent targeted
therapies show improved therapeutic activities even in phase 1 (nominal safety) studies,
pivotal (licensing) studies can be completed faster and with far smaller numbers of patients
than will be needed for conventional drugs. Since these new targeted drugs will have vastly
improved pharmacoeconomics in terms of quality and length of life, they can be priced at a
premium and the reduced development costs readily recovered.

Gradual successes have been made, with sustained tumour regression noted in substantial
numbers of patients, particularly when investigators use genetic modification of the immune
system to achieve benefit. Although few of these treatments have yet progressed to pivotal
trials, the results have been sufficiently striking to break down many of the barriers
perceived by large pharmaceutical companies. Perhaps most importantly, many of these
individual approaches are non-cross resistant and are therefore complementary to each other
and can be integrated with conventional therapy, resulting in synergy and lack of
overlapping toxicity.
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Approaches that directly target the tumour
Prodrug metabolising enzymes

Modification of cancer cells with genes encoding enzymes that convert harmless prodrugs
into lethal cytotoxins is an amplification step that could overcome the difficulties of
inefficient gene transfer to cancer cells. More than 20 prodrug metabolising enzyme systems
have been described, of which the herpes simplex virus-derived thymidine kinase (HSV-tk)
gene is the most widely studied. The enzyme encoded by this gene phosphorylates prodrugs,
such as valaciclovir, to toxic nucleosides.6 For selectivity to tumour cells, investigators
could use a vector that is expressed only in dividing cells (eg, a gamma retroviral vector), an
agent that is mainly active only in dividing cells (eg, HSV-tk plus valaciclovir), or a vector
that is targeted to tumour cells by expression of a receptor to a target cell ligand of restricted
distribution. Despite 20 years of effort initially using HSV-tk gene transfer trials for patients
with CNS malignancies, and encouraging results of one randomised phase 3 clinical trial for
patients with glioma,7 no HSV-tk gene-based therapy product has received approval from
regulatory agencies. In many of these studies, low efficacy has probably been due to poor
transduction, poor targeting, and low anti-tumour activity of the activated prodrug. Further
clinical advances await improvements in all three approaches.

Virotherapy or viral oncolysis
Oncolytic viruses can selectively replicate in cancer cells, causing cell death while sparing
healthy cells.8 Case reports documenting substantial regression of cancers after viral
infections in the first half of the 20th century gave credence to the use of replicating viruses
as treatment. More detailed knowledge of the molecular biology of viruses and cancer has
allowed oncolytic viruses, which replicate only in tumour cells, to be developed from
adenoviruses, herpes simplex, reo, mumps, West Nile, vaccinia, measles, and Newcastle
disease viruses; all of which have been tested in human clinical studies.9,10 These viruses are
engineered with a promoter for crucial viral replication genes that function only in malignant
cells, or have a genetic deficiency (eg, a missing transcriptional regulator) that is
complemented by an overabundance in malignant cells. For example, the oncolytic
adenovirus dl1520 (Onyx-015) has a deletion of the viral E1B gene, which limits its
replication to (malignant) cells with a defective P53 pathway,11 or that complement dl1520-
defective viral RNA export.12 Onyx-015 was tested in several phase 1 and 2 clinical trials,
either alone or in combination with chemotherapy, with improved response rates noted in
patients with head and neck cancer after local injection in combination with systemic
cisplatin and fluorouracil.13 Of 37 patients treated, eight had a complete response and 11 had
partial responses.14 For various commercial reasons, however, development in the USA was
not continued. But, in China, a closely related E1B-deleted adenovirus was successful in
patients with head and neck cancer and in 2005 received marketing approval.15 Subsequent
studies13,16 with other oncoviruses continue to show promising results, but none have yet
successfully concluded late-phase or pivotal clinical studies. Most probably, there is little
initial tumour transduction and only few subsequent replicative cycles occur before the host
innate and adaptive immune responses terminate the process. Other oncolytic viruses try to
exploit this otherwise unwanted immune response by incorporating immunostimulatory
genes, such as granulocyte-macrophage colony-stimulating factor (GM-CSF) or interleukin
12, effectively turning infected target cells into tumour vaccines generating an immune
response that recognises and kills even uninfected tumour targets.

The tumour environment
The tumour microenvironment provides a crucial cellular support matrix for sustained
tumour growth. For example, angiogenesis is a prerequisite for the development of tumours,
and drugs that block this process have shown therapeutic value. Gene therapy should be an
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excellent means of inhibiting angiogenesis, because it allows continuous delivery of the
drug, avoiding the irregularity of delivery resulting from intermittent injection, and by
targeting the tumour vasculature, it can increase local concentration of angiogenesis
inhibitors.17 In animal models, injection of adeno-associated viruses containing angiostatin
or endostatin, or both genes reduced tumour growth,18 and early-phase clinical studies with
the human endostatin gene (E10A) have safely reduced proangiogenic factors in serum19 and
are being assessed for clinical benefit.

Approaches that enhance host resistance to drug toxicity and cancer
Gene therapy to protect against toxicity

An increased understanding of the molecular mechanisms of cytotoxic drug resistance has
allowed the development of gene therapy approaches to protect healthy tissues from the
toxicities of chemotherapy. An effective increase in the therapeutic index of cytotoxic drugs
or radiation might allow more patients to be cured, analogous to the rescue by haemopoietic
stem cell transplantation of patients with cancer from the curative, but lethal, effects of
ablative high-dose therapy. Although great effort has been expended on this approach, there
have been few successes. In early trials,20,21 gene-modified cells were not selected, and
hence there was no protection as a result of poor gene transfer and low expression. However,
technical advances in gene transfer have enabled the limitations of low transfer or low
expression to be overcome, but for the haemopoietic system, lack of gene transfer to other
vital organs means that toxicity to these could rapidly supervene when increased marrow
resistance has allowed intensification of cytotoxic drug dose. Drug resistance gene therapy
also has the risk of transferring the genes to malignant cells, neutralising potential benefit.
However, a clinical study22 has shown that transfer of 06-methylguanine DNA
methyltransferase gene to the autologous marrow cells ex vivo confers resistance to
alkylating agents such as carmustine, improving haematological recovery in patients with
glioblastoma given carmustine, an outcome that could be associated with improved anti-
tumour responses. However, use of this approach for cytotoxic drugs with a broader toxicity
profile is not straightforward, and as targeted small molecules make ever greater progress in
clinical practice, the need for such drug resistance genes could become moot.

Cancer vaccines
Vaccination is an effective strategy to protect animals and human beings from bacterial and
viral infections, but few vaccines are effective against established disease.23 Not
surprisingly therefore, the past 20 years have shown that use of gene transfer to make a
successful vaccine for cancer is a futile task, with promising preclinical data often leading to
failure in subsequent clinical studies, so that less than 10% of recipients of cancer vaccine
show benefit.24–26

To be effective, a cancer vaccine should contain a tumour-associated antigen (TAA) that
does not effectively activate the immune system, but can induce an immune response of
sufficient potency to eradicate established tumours in a host whose immune system has often
been severely compromised by the disease or its treatment. Although most investigators
agree that these benefits require vaccines to induce cytotoxic T lymphocyte (CTL) rather
than antibody or other responses, little agreement has been made on how this could best be
obtained or which antigens are the most appropriate for targeting.27 Many different
strategies are being investigated, and although one at least has led to a licensed gene therapy
for advanced prostate cancer1 the hoped-for potential is yet to be reached.

To elicit CTL responses in vivo, either the TAA should be expressed by antigen-presenting
cells (APCs), such as dendritic cells, or the tumour cell itself should be modified to become
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a de-facto APC. The simplest vaccine strategies use the DNA sequence of known tumour
antigens, often in association with genes encoding immunostimulatory molecules such as
cytokines. These vaccines are injected at distal sites and are taken up and expressed by
APCs.28,29 DNA vaccines containing TAA genes, such as immunoglobulin idiotype for B-
cell lymphomas, tyrosinase epitopes for melanoma, and cancer carcinoembryonic antigen
(CEA) for colorectal cancer, have been investigated,30–32 but so far clinical potency is
insufficient for licensing.

Investigators have tried to optimise presentation of TAAs by directly loading APCs, such as
dendritic cells with antigen (DNA, RNA, or protein) ex vivo.33–37 To overcome immune
unresponsiveness, many of these vaccines also incorporate transgenes for
immunostimulatory molecules including cytokines (eg, GM-CSF38) or T-cell stimulatory
ligands (eg, CD40L39). The use of dendritic cells as cancer vaccines has been tested in more
than 175 reported clinical trials, most of which have been in melanoma, prostate cancer,
colorectal cancer, myeloma, and pancreatic cancer.24,25 Although several of these vaccines
have failed pivotal studies, an APC vaccine targeting prostate acid phosphatase produced
31.7% versus 23.0% 3-year survival in men with advanced disease and has received a
product licence from the US Food and Drug Administration.1 Investigators hope that the
next generation of dendritic cell vaccines with improved immunostimulatory properties in
phase 1 and 2 clinical studies will have correspondingly greater anti-tumour activity. If,
however, their potency is unchanged, then—irrespective of licensing—their cost will make
them unlikely to become mainstays of therapeutic practice.

Tumour cells themselves can be genetically modified in vivo or in vitro to express genes that
induce one or many phases of CTL activation and expansion directed to the specific target
antigens expressed by the tumour (figure 1). These cells might be autologous or derived
from an allogeneic tumour cell line, and are modified to express genes that could be
intended to attract APCs,39,40 or to summon, activate, or expand T cells.41,42 Although
undoubted and sustained tumour responses have been noted with genetically modified
tumour vaccines in individual patients with diseases, including melanoma, prostate cancer,
neuroblastoma, and chronic and acute lymphocytic leukaemias, these responses have been
sporadic and unpredictable; thus, no successful phase 3 studies have been reported.

Why has the tumour vaccination strategy proved so frustrating, with just enough success to
maintain interest, but too little to allow definitive trials that lead to licensing? The success of
vaccination with tumour cells depends on a multiplicity of factors, including tumour type,
type of immune evasion strategy used by the individual tumour, level of transgene
expression, challenge site, and vaccine schedule. These factors can vary between vaccine
preparations and between patients. Although some variability might be reduced—eg, by
using standardised, genetically enhanced tumour cell lines rather than the patient's own
tumour cells as the source of antigenic stimulation—inherent complexity is a major barrier
to identification of the best study group and the optimum trial design.

Despite these disappointments, two factors seem likely to ensure that tumour immunisation
strategies will be resurgent over the next 5 years. The licensure of ipilimumab,43 the first of
many potential checkpoint antibodies for T cells, means that investigators now have a
method to augment and sustain anti-tumour immune responses by blocking the inhibitory or
checkpoint signals that usually regulate the growth and activity of T cells. Although in a
randomised trial43 in patients with melanoma, the combination of tumour immunisation and
ipilimumab was not better than ipilimumab alone, the vaccine consisted of two HLA-A2-
restricted peptides emulsified only in incomplete Freund's adjuvant. More potent vaccines in
combination with one or more of these checkpoint antibodies could ensure a more uniformly
potent immune response and produce more predictable tumour responses. Equally
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importantly, the success of adoptive T-cell therapies for an ever-broadening range of
tumours will afford an opportunity for tumour vaccines to be used to boost these adoptive
responses still further.

Genetic modification of T cells
Because of the intrinsic deficiencies in the immune systems of many patients with cancer,
much effort has focused on the direct enhancement of the effector arm of the immune
system ex vivo, and then returning these effector cells to the patient. Further, because this
manipulation bypasses the need for antigen presentation and recruitment or activation of
effector cells, it has potential for benefit, even if the afferent arm of the immune system is
severely impaired by cancer or its treatment. Moreover, the effector cells could be
genetically modified ex vivo to enhance their ability to target tumour cells and to counteract
the numerous evasion strategies manifest by many potentially immunogenic tumours. These
efforts have begun to show results, and the integration of adoptive-cell therapy with
vaccination strategies and checkpoint antibodies will probably lead to effective cancer
therapies that will exceed in breadth and in potency those already produced by any one
component alone. So far, most clinical studies of adoptive transfer of effector cells use T
lymphocytes, based on preclinical evidence that suggests that these will be the most
efficacious, although clinical studies using natural killer or natural killer T cells have begun.

Enhancement of T-cell targeting
To reduce the difficulty and inherent interpatient variability of ex-vivo generation of
tumour-reactive T cells directly from patients with cancer, investigators have transferred
sequences encoding standardised TAA-specific receptors into bulk T-cell populations. Two
types of receptor are used (figure 2). In transfer of the α and β T-cell receptor (TCR) genes,
TRA and TRB, T cells are genetically modified to express transgenic TCR α and β chains
chosen for their high specificity and affinity for the intended target antigen.44,45 Both TCR
chains can be accommodated in one retroviral or lentiviral vector, and transfer of the
tumour-specific TRA and TRB genes to mitogen-activated T cells allows rapid generation of
large numbers of tumour-directed T cells;46 several clinical trials47–51 have investigated
these. For example, investigators at the National Cancer Institute47 adoptively transferred
autologous T cells transduced with a retroviral vector encoding the TCR α and β chains
specific for an HLA-A2-restricted MART1 (also known as MLANA) peptide, and reported
objective clinical responses in 12% of patients. To increase the frequency of pronounced
tumour responses, the same investigators infused T cells that expressed higher affinity
transgenic αβTCR specific for MLANA or glycoprotein 100 peptides. Disappointingly, this
strategy only slightly increased the tumour response rate, but greatly increased toxicity, with
most patients developing skin rash, uveitis, and hearing loss.48 Other studies49–51 have also
reported severe toxicities from this approach. Parkhurst and colleagues49 infused autologous
T cells expressing a murine TCR against human CEA to three patients with metastatic
colorectal cancer. Although all patients had decreased serum CEA concentrations (>70%),
with one objective regression of metastatic lesions, they all developed severe inflammatory
colitis. T cells expressing TCR α and β chains, whose affinity for the TAA MAGE-A3 was
artificially enhanced, have caused fatal encephalitis and cardiotoxicity.50,51 These results
show that a high affinity transgenic TCR directed to a single tumour antigen epitope could
have unexpected reactivity with the same antigen expressed at low level in healthy tissue (ie,
on-target antigen, but off-target organ), or could cross-react with a related antigen on healthy
tissue (off-target toxicity).48–51

Because T cells expressing genetically modified TCR recognise only a single short peptide
sequence in association with a single HLA specificity, their use is limited to targeting
protein-derived TAAs and only in patients with the appropriate HLA polymorphism. These
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limitations have increased interest in the use of chimeric antigen receptors (CARs), which
are artificial receptors composed of an extracellular domain that causes antigen recognition,
a transmembrane domain, and an intracellular signalling domain (figure 2). The extracellular
domain is most commonly derived from the antigen-binding portion of a monoclonal
antibody, whereas the intracellular signalling domain (endodomain) is most usually from the
TCR. CAR expression provides the flexibility of a monoclonal antibody, in terms of HLA-
independent recognition and the types of antigens that can be recognised, while retaining the
ability of T cells to actively migrate to tumour sites, to expand in vivo, and to recruit a
multiplicity of cellular and humoural effector mechanisms to destroy the tumour. Preclinical
and clinical studies of CARs have been done (table 3). Although initial studies were
disappointing, next-generation CARs have incorporated one or more additional components
(derived from costimulatory molecules, such as CD27, CD28, 41BB, OX40, or ICOS),
which enhance T-cell activation, proliferation, differentiation, and survival by providing the
necessary stimulatory signals that allow T cells to pass through the many checkpoints that
govern their fate after receptor engagement.36 Substantial success with this approach has
now been independently reported by several teams of investigators,52–58 who have treated
CD19-positive B-cell cancers with T cells expressing a next-generation CD19-CAR. They
reported substantial in-vivo expansion and persistence for at least 6 months, and complete
clinical responses in up to half the patients, including those with relapsed B-cell acute
lymphoblastic leukaemia. Solid tumours might also be amenable to a similar approach. Pule
and colleagues59,60 expressed CAR directed to disialoganglioside 2 (a non-protein TAA) on
Epstein-Barr virus-specific T cells, and gave it to 11 children with advanced neuroblastoma.
Three had complete responses (sustained in two), whereas an additional two with bulky
tumours showed substantial tumour necrosis. Many other clinical studies are now in
progress (table 3).

Although potent, CAR-T cells have potential for lethal toxicities. Adverse events are
predominantly associated with CAR-T-cell activation in vivo and tumour lysis,61–63 because
they are often associated with high-plasma cytokine concentrations, but they could also
occur as a result of cross reactivity with healthy tissue.64

Engineering to resist immune evasion strategies
Despite the successes of T-cell therapy, many tumours are likely to prove entirely resistant
to this approach because of their possession of potent immune evasion strategies. Tumour-
targeting T cells are therefore further genetically modified to incorporate countermeasures
against tumour immune evasion mechanisms, thereby improving their in-vivo migration,
proliferation, and survival (figure 3). For example, T cells targeted to Epstein-Barr virus
antigens expressed by almost half of Hodgkin's and non-Hodgkin lymphomas can be further
engineered to resist local secretion of transforming growth factor β (TGFβ). This is a widely
used tumour immune evasion strategy because TGFβ can promote tumour growth while
limiting effector T cell proliferation and function, and activating regulatory T cells. These
detrimental effects of TGFβ can be negated by modifying T cells to express a dominant-
negative TGFβ receptor type II (dnTGFβ-RII).65 Results of a clinical study66 in progress
suggest that dnTGFβ-RII-modified tumour-specific CTL will benefit patients who do not
respond to therapy with conventional tumour-targeted T cells.

Gene transfer to improve safety
Because the aim of gene transfer is to modify the function of healthy or malignant cells,
every approach has the risk of producing unwanted effects including uncontrolled
proliferation, tissue damage, or the reported widespread cytokine release syndrome.67,68

Unlike toxicities from small-molecule drugs that might abate as the drug is cleared,
toxicities due to gene transfer could persist or worsen if the modified cells remain and
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multiply in vivo. As cancer gene therapy becomes more potent and more widely used, there
will be an ever-increasing need to integrate a safety switch or suicide gene to control any
unwanted effects.

Expression of the gene encoding HSV-tk has shown great clinical promise as a safety switch
and is now in phase 3 clinical trials as a means of controlling the effects of T-cell therapy
after allogeneic stem-cell transplantation. In principle, this approach could be applied to a
broad range of cell types and help to enhance the safety of almost any gene therapy. HSV-tk
does, however, have potential limitations. Its mechanism of action requires interference with
DNA synthesis, thus cell killing could take days or weeks to occur and could be incomplete;
this could reduce the value if toxicities are acute or if the target cells are post-mitotic.
Moreover, HSV-tk is a virus-derived gene and hence the enzyme is potentially immunogenic
and could lead to premature and unintentional elimination of infused cells, thereby
compromising the persistence and efficacy of the transferred cells.69–71

An alternative clinically validated suicide system is based on transgenic expression of
inducible caspase 9, an engineered protein that can be activated with a synthetic chemical
inducer of dimerisation, which is otherwise bioinert. Caspase 9 is of human origin (non-
immunogenic) and clinical studies have shown that modified T cells are very sensitive to the
drug, with elimination of greater than 95% of transgenic T cells achieved within 24 h,
coincident with resolution of clinical signs and symptoms.72,73 Thus, incorporation of the
inducible caspase 9 gene with other modifications that enhance T-cell specificity,
proliferation, tumour resistance, or in-vivo persistence could be warranted as potency is
increased and engineering strategies are combined.

Conclusions
Although only two licensed cancer gene therapy products have been developed during the
past 20 years, there is now a confluence of forces that should ensure substantially greater
success in the next 5 years. Commercial groups have recognised that advances in our
understanding of cancer biology are needed to develop more individualised targeted
therapies that have high efficacy in identifiable patient subpopulations, and whose improved
pharmacoeconomics enable sufficient reimbursement to justify development and
distribution. Increasing clinical successes with gene-modified cell therapies such as CAR-T
cells, which are producing 25–50% complete and sustained responses in early-phase clinical
trials in advanced malignant diseases, predict wider acceptance of this approach to enhance
host resistance to cancer. These advances, coupled with an improved understanding of
vaccine technologies (including virotherapies) and the availability of monoclonal antibodies
able to block signals that downregulate the immune response, are a potent combination, in
which genetically modified cells targeted to tumours are stimulated in vivo by genetically
modified tumour vaccines and further enhanced by antibodies that block immune inhibition.
As investigators progressively exploit the potential synergies of cancer gene therapy,
together with one or more of the safety switches established in clinical practice, we can
expect increased success in this discipline. The challenge then will be to ensure that a
sufficient cadre of skilled therapists will be available to deliver these novel products as they
emerge from clinical trials.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Genetic modification of tumour cells
Tumour cells can be genetically modified to improve their antigen-presenting capacity or
ability to attract APCs (CD40L, GM-CSF), to attract (lymphotactin) or activate T cells
(CD80; interleukin-12), or to expand T cells (interleukin-2). GM-CSF=granulocyte-
macrophage colony-stimulating factor.
APC=antigen-presenting cell. Adapted from Gottschalk and coworkers2 with permission.
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Figure 2. Transgenic T-cell receptors
(A) Characteristics of transgenic α and β (native) T-cell receptors and (B) corresponding
features of chimeric antigen receptors, to compare these two most often used strategies for
redirecting the T-cell response to cancer. TM=transmembrane domain. scFv=single-chain
variable fragment.
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Figure 3. Genetic modification of T cells
T cells can be modified to enhance their activity against tumours by: (A) promoting
migration—eg, by forcing expression of a transgenic chemokine receptor that is cognate for
a chemokine produced by the tumour; (B) increasing their safety by expressing suicide
genes that can be activated if needed; (C) increasing resistance to inhibitory signals and
ligands in the tumour microenvironment by blocking FasL receptor expression, neutralising
the inhibitory signal of TGFβ or converting the inhibitory signal of interleukin 4 into an
immunostimulant; and (D) improving their response to growth signals or diminishing their
rate of apoptosis.
CCR4=chemokine (C-C motif) receptor 4. FasL=Fas ligand. siRNA=small interfering RNA.
TGFβ=transforming growth factor β. Bcl2=B-cell lymphoma 2. BCL2L1=Bcl-2-like protein
1. IL7Rα=interleukin 7 receptor α.
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Table 1

Therapeutic applications of cancer gene therapy

Comments

Gene repair Correction of genetic defects associated with the malignant process hampered by low efficiency of
gene transfer

Prodrug-metabolising enzyme gene
therapy

Renders the tumour cells sensitive to corresponding cytotoxic drug

Viral oncolysis Delivery of viruses that selectively replicate in tumour cells

Modulation of the tumour
microenvironment

Inhibition of angiogenesis or tumour cell proteinases

Drug resistance gene therapy Prevention of toxic side-effects of chemotherapeutic drugs

Immunotherapy with genetically modified
cells

Generation of or boosting of immune responses to tumour antigens by genetically modifying
effector cells, antigen-presenting cells, or tumour cells

Adapted from Gottschalk and coworkers2 with permission.
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Table 2

Advantages and disadvantages of cancer gene therapy vectors

Advantages Disadvantages Cancer gene therapy application

Adenovirus Poxviruses and vaccinia virus High titre, broad tropism,
accepts large insert size

Complex viral genome, replicates in target
cell, immunogenic*

Adeno-associated virus High titre, broad tropism,
efficient gene transfer,
transduces non-dividing cells,
limited immunogenicity

Limited insert size PDME gene therapy, modulation of the
tumour microenvironment, immunotherapy

Herpes virus High titre, accepts large insert
size

Complex viral genome, can be
cytotoxic to cells

Viral oncolysis, PDME gene therapy

Lentivirus Stable genome integration†,
integrates into non-dividing
cells, long-term gene
expression, low
immunogenicity

Risk of insertional
mutagenesis, inefficient in-vivo
gene delivery

Gene repair, PDME gene therapy, drug
resistance gene therapy, gene marking,
immunotherapy

Poxviruses and vaccinia
virus

High titre, broad tropism,
accepts large insert size

Complex viral genome,
replicates in target cell,
immunogenic*

Viral oncolysis, immunotherapy

Retrovirus Stable genome integration†,
long-term gene expression,
low immunogenicity

Integration only in dividing
cells, imited insert size, risk of
insertional mutagenesis,
inefficient in-vivo gene
delivery

Gene repair, PDME gene therapy, drug
resistance gene therapy, gene marking,
immunotherapy

Non-viral DNA delivery Non-viral, accepts large insert
size, low immunogenicity

Transient gene expression,
inefficient in-vivo gene
delivery

Gene repair, modulation of the tumour
microenvironment, immunotherapy

PDME=prodrug-metabolising enzyme.

*
Immunogenicity is regarded as advantageous for many cancer immunotherapy applications.

†
Integration of vector sequences into the genome is a characteristic of retroviruses, lentiviruses, and to an extent, adeno-associated viruses;

depending on the application this might be an advantage or disadvantage. Adapted from Gottschalk and coworkers2 with permission.
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Table 3

Chimeric antigen receptors in (or approaching) clinical development for cancer

In vitro Animal data Clinical data

Haematological malignant diseases ✓ ✓ ✓

CAR-CD19 ✓ ✓ ✓

CAR-CD2 ✓ ✓ ✓

CAR-CD30 ✓ ✓ Ongoing

CAR-Kappa ✓ ✓ Ongoing

CAR-CD70 ✓ ✓ ..

CAR-NKG2D ligands ✓ ✓ ..

Solid tumours

CAR-GD2 (neuroblastoma) ✓ ✓ ✓

CAR-HER2(colorectal/lung/sarcoma/glioblastoma) ✓ ✓ ✓

CAR-FBP (ovarian) ✓ ✓ ✓

CAR-CD171 (neuroblastoma) ✓ .. ✓

CAR-CAIX (kidney) ✓ .. ✓

CAR-PSMA (prostate) ✓ ✓ Ongoing

CAR-IL13Rα2 (glioblastoma) ✓ ✓ Ongoing

CAR-KDR (vasculature/melanoma) ✓ ✓ Ongoing

CAR-EGFRvIII (glioblastoma) ✓ .. Ongoing

CAR-Mesothelin (pleural mesothelioma/breast) ✓ ✓ Ongoing

CAR-EphA2 (glioblastoma) ✓ ✓ ..

CAR-CD44v6/v7 (cervical) ✓ ✓ ..

CAR-TAG72 (colon) ✓ ✓ ..

CAR-Lewis-Y (breast/ovarian/pancreatic) ✓ ✓ ..

CAR-Muc1 (ovarian/breast/prostate) ✓ ✓ ..

CAR-IL11Rα (osteosarcoma) ✓ ✓ ..

CAR-FAR (rhabdomyosarcoma) ✓ .. ..

CAR-NCAM (colorectal) ✓ .. ..

CAR-EGP2 (carcinomas) ✓ .. ..

CAR-EGP40 (colon) ✓ .. ..

CAR-CEA (colorectal) ✓ .. ..

CAR-ERBB3/4 (breast/ovarian) ✓ .. ..

CAR-GD3 (melanoma) ✓ .. ..

CAR-PSCA (prostate/pancreatic) ✓ .. ..

CAR-HLA-A1+MAGE1 (melanoma) ✓ .. ..

Appendix provides complete references for this table.
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