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Review

Gene Therapy of Cancer: Induction of Anti-Tumor Immunity

Cheng Qian* % and Jesus Prieto*

Many malignancies lack satisfactory treatment and new therapeutic options are urgently needed. Gene therapy
is a new modality to treat both inherited and acquired diseases based on the transfer of genetic material to the
tissues. Different gene therapy strategies against cancers have been developed. A considerable number of
preclinical studies indicate that a great variety of cancers are amenable to gene therapy. Among these strategies,
induction of anti-tumor immunity is the most promising approach. Gene therapy with cytokines has reached
unprecedented success in preclinical models of cancer. Synergistic rather than additive effects have been
demonstrated by combination of gene transfer of cytokines/chemokines, costimulatory molecules or adoptive
cell therapy. Recent progress in vector technology and in imaging techniques allowing in vivo assessment of
gene expression will facilitate the development of clinical applications of gene therapy, a procedure which may
have a notorious impact in the management of cancers lacking effective treatment. Cellular & Molecular

Immunology. 2004;1(2):105-111.
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Introduction

Despite the impressive progress in biomedical sciences
during the last decades, the therapy of many malignancies
remains unsatisfactory (1, 2). There is evidently an urgent
need for efficient alternative therapeutic approaches. In
recent years gene therapy has emerged as a new and
promising method to treat cancers (3-5). The underlying
principle is based on the introduction of genetic material
into cells in order to generate a curative biological effect
(6). Gene therapy is not limited to hereditary diseases but
can be used for a broad variety of different acquired
diseases like infections, degenerative disorders and cancer
(3-6). The most challenging issues for a successful
application of gene therapy to human diseases concern 1)
the choice of the relevant therapeutic gene, 2) the choice of
promoter and regulatory sequences driving the expression
of the transgene and 3) the vector used for the delivery of
the transgene into cells. Promoter, regulatory elements and
vector characteristics determine the transduction efficacy
(that is the number of target cells expressing the transgene
and the intensity of gene expression per cell), the
specificity of the transduction, the time of transgene
expression, the host's immune response against the vector
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and eventually the undesired side effects. At present
important efforts are focused on the search for vectors with
less toxicity and prolonged and controlled transgene
expression thereby widening the potential application of
gene therapy to a high spectrum of medical fields.

This article deals with the main features of gene
therapy and focuses on recent gene therapeutic strategies
for the treatment of cancer based on induction of
anti-tumor immunity.

Gene delivery systems

High efficient gene transfer is essential for gene therapy. A
number of gene transfer methods have been developed.
They are divided into two catalogues: viral and non-viral
vectors.

Viral vectors

The viral vectors are based on the genetic modification of
viruses. So far viral vectors are the most efficient means
for the transfer of foreign genes into target cells (7).
Murine retroviruses are single-stranded RNA viruses that
consist of two long-terminal repeat sequences and structure
genes (8, 9). Foreign genes can be inserted into retroviral
vectors that have been deleted of structural genes.
Retroviral vectors transducer dividing cells with high
efficiency in vitro cell culture and stably integrate into the
host genome (8, 9). This property allows retroviruses to be
used for in vitro transduction of tumor cells, which can
afterwards be injected into the host. This ex-vivo gene
transfer method has been used to transduce tumor cells

Abbreviations: HBYV, Hepatitis B virus; AFP, alpha-fetoprotein; AAV,
adeno-associated virus; TNF, tumor necrosis factor; PET, Positron
Emission Tomography.
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very efficiently with different foreign genes (8). One
important disadvantage of retroviruses is the low titer of
the vector that can be obtained with current methodologies,
a fact which limits the in vivo gene transfer using
retroviruses.

The adenoviruses are double-stranded DNA viruses
with a natural tropism for the liver when administrated
systemically (10, 11). The first generation adenoviral
vectors are constructed with deletion of the El1 gene, a
manoeuvre that renders the virus replication-deficient and
eliminates the possibility of transforming host-cells.
Adenoviral vectors are stable and can be easily purified at
high titer. They transduce dividing and non-dividing cells
in a variety of tissues with high efficiency (10, 11). These
vectors have been used to transduce foreign genes into
different types of tumor cells (12-14). In contrast to
retroviral vectors, adenoviral vectors do not integrate their
genome into host chromosomes being transient the
expression of the transgene. The disadvantage is that they
induce immune responses against adenoviral antigens
expressed on transduced cells, a fact which contributes to
limit the duration of transgene expression (15). However,
the short-term expression of the therapeutic gene may be
an advantage for treatment of cancer, since the expression
of the transgene may no longer be needed after killing
tumoral cells with suicide genes or after stimulation of
antitumoral responses with cytokines. Second and third
generation adenoviruses include changes in the E2-region
or deletion of E4, respectively (11). Recently, the so-called
gutless adenovirus has been developed. These vectors lack
all the viral sequences except the inverted terminal repeats
(ITR) and packaging signal (16, 17). As a result they have
low toxicity, very high capacity and do not elicit
immunological responses against the vector thus allowing
prolonged transgene expression (16, 17). Other research
avenues aim to construct tumor specific oncolytic adeno-
viruses by modifying the E1A and/or E1B regions of
adenoviruses (18). In this way, conditional replicating
adenoviruses can be constructed by placing the E1 gene
under the control of a tumor specific promoter such as
alpha-fetoprotein (AFP) or TERT promoter. Since AFP
expression can be reactivated in hepatocellular carcinoma
cells or TERT is activated in the most of tumor cells, this
would restrict adenovirus replication and cytopathic effect
only to these tumoral cells (19, 20).

Adeno-associated virus (AAV) is a safe vector, because
the virus is naturally non-pathogenic and replication
deficient (21). Previous work has shown that rAAV vector
can transduce a variety of cells. However, rAAV transduces
some kinds of cells with low efficiency in the absence of
helper virus (22). It has been reported that treatment of
cells with DNA damaging agents such as etoposide and y-
irradiation, caused a marked increase in vitro cell trans-
duction by rAAV (22). This enhancement was related to
conversion of single-stranded AAV DNA into transcrip-
tional active double-stranded forms of the AAV vector (22).
Our studies have shown that rAAV can infect human, rat
and mouse HCC cells and that adenovirus or DNA damaging
agents (y-irradiation and etoposide) are very efficient in
enhancing transgene expression in vitro and in vivo (23).

Lentiviral vectors have emerged as a promising new
tool in gene therapy. Lentiviruses belong to the retrovirus
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family, but they are able to infect both dividing and
non-dividing cells. After injection into rodent muscle, brain,
liver or pancreatic islet cells the lentiviral vector permits a
sustained expression of the transgene for over six months
(24). Furthermore, it seems that there is no potent humoral
response directed against this vector. So, at present,
lentiviral vectors seem to offer an excellent opportunity for
in vivo gene delivery with sustained expression (25).

Hepatitis B virus (HBV) has been investigated as a
carrier for transfer of therapeutic genes and transgene could
be expressed in HCC cells based on this vector (26).
Baculovirus has been used as a vector for efficient delivery
of genes into cultured cells with a strong preference for
hepatocytes of different origin with high level of
expression (27). In addition to these viruses, the vectors
based on herpes simplex virus, SV40, and alphavirus have
been explored in various studies.

Although viral vectors hold promise for cancer gene
therapy, attempts at re-treating an immunocompetent host
with same viral vector may result in diminished transgene
expression. This is because of neutralizing antibodies
against viral antigens, which are produced after the first
injection of the vector. These antibodies can eliminate the
viral particles after a second dose of the vector (3).
However, this might not be always the case. A recent study
showed that neutralizing antibodies to adenovirus did not
reduce transgene expression in the tumor cells when the
adenoviral vector was repeatedly injected locally into the
tumor nodules, while markedly reduced the access of the
virus to non-tumoral liver tissue and the expression of the
transgene in normal hepatocytes (3).

Non-viral vectors

Apart from vectors based on recombinant viruses trans-
genes can be introduced into plasmids and these can be
administered as naked DNA or complexed to different
compounds such as cationic liposomes or poly-lysine.
Naked DNA plasmids can be taken up efficiently by
muscle or liver cells (28, 29). For the transduction of other
cells plasmid DNA should be complexed to facilitate
incorporation and expression into the cells (30). One
strategy to provide non-viral vectors with affinity for
certain tissues or organs is the construction of complexes
of DNA with ligands for specific receptors such as the
asialoglycoprotein receptor, whose expression is limited to
hepatocytes and HCC cells (31). Other ligands that have
been used in similar conjugates include insulin, lectin and
transferrin. Similarly, antibodies could be incorporated to
liposomes to endow these vectors with the tropism
conferred by the antibodies. The recently developed “gene
gun” device uses DNA-coated gold particles that are
accelerated by pressurized helium gas to supersonic
velocity for DNA transfer into living cells (3).

Non-viral vectors offer some advantages as compared
to viral vectors. They can transfer larger pieces of DNA of
interest, they are weakly immunogenic and easier to use
and to produce than viral vectors. However, a disadvantage
is that gene transfer efficiency is low and the expression of
the transgene is of short duration (3).

The choice of the appropriate vector depends on
characteristics of target cells or tissues and specific gene
therapy strategies that will be adopted.
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Gene transfer of cytokines and chemokines for
cancer therapy

Malignant cells in tumors harbor mutated or overexpressed
protein sequences that can be recognized by cell-destroying
mechanisms of the immune system (32). Unfortunately, the
basal immune response against tumor antigens is absent or
very weak in most cases. Tumors can evade antitumoral
immunity due to poor antigenicity of tumoral antigens or to
the lack of expression of MHC molecules by the trans-
formed cells and/or to the secretion of immunosuppressive
factors (such as TGF-p or VEGF) by the tumor (32, 33).
Gene transfer of immunostimulatory cytokines or chemo-
kines can overcome the immune tolerance against tumoral
antigens and facilitate tumor rejection (34, 35). Different
cytokines or chemokines (IL-2, IL-4, IL-6, IL-7; IL-12,
INF-y, TNF-a, GM-CSF) have been used to activate
antitumoral activity. Basically, the following approaches
have been applied: the in vivo injection of vector ex-
pressing cytokines or chemokines into tumor lesions and
the ex vivo transduction of DCs or tumor cells with vector
expressing cytokines or chemokines (35, 36). The overex-
pression of cytokines or chemokines causes tumor infiltration
by host leukocytes, and divergent anti-tumor activity can
be induced depending on the cytokines or chemokines and
tumor model used. Here we focus on some of potential
cytokines that have been reported to exert strong anti-
tumor activity.

Interluekin-12 (1L-12)

IL-12 is among the cytokines with most potent antitumoral
activity. IL-12 acts by inducing a Thl type of response,
activating NK cells and cytotoxic T lymphocytes (37). It
also inhibits tumoral neoangiogenesis and enhances the
expression of adhesion molecules on endothelial cells thus
facilitating the traffic of lymphocytes to the tumor (37, 38).
This cytokine, however, is toxic when administered sys-
temically as a recombinant protein (39). The rational for
IL-12 gene therapy is to allow local production of the
cytokine at the tumor site thus achieving high intratumour
or peritumoral levels with low serum concentration (34,
35). This procedure would therefore maximize the
antitumoral effect of the cytokine while minimizing its
systemic toxicity.

It has been shown that intratumoral administration of a
recombinant adenovirus encoding IL-12 (AdIL-12) to
animals with different types of carcinoma caused complete
tumor eradication in most of animals and increased
long-term survival (40-42). Moreover, in rats with two
tumor nodules the injection of AdIL-12 in only one tumor
nodule caused regression of the distant tumor (42). This
effect has been attributed to the fact that a proportion of the
adenovirus injected intratumorally escapes to the general
circulation and, due to the intense hepatotropism of
adenoviruses, the circulating virions infect the hepatic
tissue surrounding the tumor nodules (43). The IL-12
produced by the tumor and by hepatocytes adjacent the
neoplastic nodules strongly activates NK cells, induces
specific anti-tumor immunity, stimulates expression of
adhesion molecules in the tumor vessels and displays a
powerful anti-angiogenic effect with resulting tumor
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regression (42, 43). AdIL-12 given by intra-hepatic arterial
route was also shown to be efficient in the treatment of a
very aggressive model of multifocal hepatocellular
carcinoma in rats (induced by carcinogen) causing a
significant reduction of tumor burden and prolongation of
survival (42).

Costimulatory molecules (B7 and CD40 ligand)

Lymphocyte activation requires recognition of an
MHC/antigen complex and costimulatory signals. The
encounter of T cells with the antigen in the absence of
these costimulatory signals leads to T cell unrespon-
siveness or apoptotic cell death (31). Many tumours
express class I antigens but lack the B7 costimulatory
molecules that are expressed on antigen presenting cells
(APCs) and thus they may fail to stimulate an anti-tumor
response. The importance of B7 in antitumoral immunity is
illustrated by reports showing that immunization of mice
with B7-expressing tumor led to the regression of es-
tablished B7-negative tumours (44). Results from Tatsumi
et al. (45) demonstrated that transfection of human HCC
cell line Hep3B with a plasmid containing human B7-1
gene substantially augmented primary cytolytic activity
against parental Hep3B cells. We also found that mouse
HCC cells partially lost their tumorigenicity after trans-
duction with retroviral vector encoding B7-1 (46). These
findings suggest that tumoral immunogenicity can be
enhanced by transfer of B7-1 gene into HCC cells.

CD40L is a member of the tumor necrosis factor (TNF)
family, which is expressed on activated T cells and binds to
CD40 present on the membrane of antigen-presenting cells
(APCs) (47). CD40-CDA40L interaction plays a crucial role
in the activation of APC and in the initiation of both
humoral and cellular immune responses. The rationale for
transducing tumor cells with CD40L is to convert these
cells into stimulators of APCs, an effect leading to enhanced
presentation of tumor antigens to T cells and activation of
anti-tumor immune responses. In fact, CD40-CD40L inter-
action has been demonstrated to overcome tumor specific
CD4" and CD8" tolerance and induce anti-tumor immunity.
Treatment of lymphoma with CD40 antibody induces a
rapid cytotoxic T cell response independent of T helper
cells, leading to eradication of the lymphoma and
protection against tumor cell rechallenge. EX vivo trans-
duction of tumor cells with CD40L gene was able to induce
anti-tumor immunity against different tumor cell lines in
subcutaneous mouse models (48). In vivo transfer of
CD40L gene mediated by adenoviral vector led to
complete tumor eradication and long-term survival in
different types of tumors (49-51). We have found that gene
therapy with adenovirus expressing CD40L induced strong
lymphocytic infiltration of the tumoral tissue and increased
apoptosis of malignant cells. The observed antitumoral
effect was mediated by CD8" T cells and was associated
with increased IL-12 serum levels and enhanced NK cells
activity. Animals that eliminated the tumor after in vivo
gene therapy developed protective anti-tumor immunity
being resistant to rechallenge with neoplastic cells. Toxi-
city of the therapy with AACMVmCDA40L was slight with
only a transient increase in the level of serum trans-
aminases and minor lymphocyte infiltration of normal liver
tissue (51).
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Genetic engineering dendritic cells (DCs) for cancer
therapy

The antigen presenting cells play an important role in the
generation and regulation of the immune response against
tumors. Dendritic cells are professional and very effective
antigen presenting cells that can be manipulated in vitro to
present tumor antigens by incubation with antigen-derived
peptides or tumor lysates or by transfer of genes coding for
relevant antigens such as alpha-fetoprotein or for cytokines
involved in self-activation and proliferation such as 1L-12.
Subcutaneous or intra-lymph node administration of these
manipulated dendritic cells can be used to enhance anti-
tumoral activity (36).

Two groups realized that IL-12 transfected dendritic
cells, either with adenovirus or retrovirus, when injected
inside malignant tissue induced potent anti-tumor immune
responses that resulted in complete eradication in many
models (52, 53). In this case, tumor antigens were acquired
by DCs in the tumor environment and transported avidly to
lymph nodes. IL-12 carries out its function by promoting
the effect of several types of lymphocytes among which the
most prominent role is played by CD8" T-cells. In addition,
IL-12 has autocrine effects on DCs (54) and locally
activates NK cells (55). Migration of DCs to lymphoid
organs is a phenomenon induced by direct contact of DCs
with tumor cells that cause the expression of CCR7 on the
membrane of DCs as shown in cocultures (56). Effects of
intratumor injection of IL-12-producing DCs have been
confirmed in mice by at least two other groups (57, 58).

After intratumor injection, antigen uptake can be
mediated by phagocytosis of malignant cell debris released
from those cells dying by necrotic or apoptotic processes
(59, 60). Mechanical damage by the injection seems to be a
potential inducer of cell death. Besides, tumor antigen
release can be caused by dendritic cells that have been
shown to be mediators of direct cellular cytotoxicity (61,
62). In addition, they could also enhance, when secreting
IL-12, NK-mediated cytolysis (63). Studies analyzing
requirements for CTL in vitro priming have shown a clear
role for NK cells in favouring the release of processable
tumor antigens to be presented by dendritic cells (64). In
addition to IL-12, other cytokines work in this setting of
intratumor injection of dendritic cells transfected to express
their genes. This is the case of IL-7 (65, 66), IL-2 to some
extent (58) and SLC (67). Expression of CD40L by
adenoviral transfection into DCs is also effective when
those DCs are injected intratumorally (68). In this case
efficacy depends on dendritic cell activation by direct
membrane contact among dendritic cells (some of them
artificially expressing CD40L). It is still unclear whether a
combination of some of these factors transfected together
would display better immune-promoting effects.

Synergistic effect of combined therapy

Preclinical studies have indicated that viral vectors
expressing cytokines induced strong anti-tumor immunity.
However, anti-tumor activity was quite limited when these
vector were used in patients with different types of cancers
(69-71). Thus, new approaches that combine cytokines or
chemokines with different properties on activation of
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immune system are being investigated. The group of
Graham pioneered the combination of two adenoviruses
one encoding IL-2 and the other IL-12, which were
coinjected into tumor nodules. As a result of synergistic
effects, they observed over 60% complete regressions of
established mammary carcinomas and induction of anti-
tumor CTL activity (72). There are recent data with the
close related cytokine IL-15, that also synergizes with
IL-12 as seen with stable transfectants co-expressing both
cytokines in human lung cancer cells xenografted in nude
mice. The anti-tumor mechanisms studied in this artificial
system are independent of the immune system including
NK cells but unravel the intriguing involvement of
neutrophils in the rejections (73).

Interleukin-18 was also identified as a potent inducer of
IFN. Importantly, IL-18 upregulates the expression of
IL-12 receptors. In a poorly immunogenic tumor (MC205),
it was observed that there was a clear synergy in the
anti-tumor effects mainly mediated by NK cells in this case
(74). However the administration of recombinant proteins
has also a threatening synergistic effect at inducing lethal
levels of IFN-y.

Genes encoding lymphocyte attracting chemokines can
be also successfully combined with IL-12. The approach
has shown remarkable efficacy with adenoviruses encoding
for the chemokines lymphotactin (75), IP-10 (76) and
MIP-3a (77). Lymphotactin by itself induced lymphoid
infiltration but that was clinically meaningless since trans-
planted mammary carcinomas progressed. Similarly IP-10
transduced by adenovirus into experimental colon carcinomas
had very little anti-tumor effect but caused hemorragic
necrosis consistent with its antiangiogenic properties.
Combined therapy with Lymphotactin, IP-10 or MIP-3a
and IL-12 showed great potency in a scenario where CD4"
T-cells, CD8" T-cells and NK cells were showing prominent
roles. One order of magnitude reduction in the dose of the
IL-12 adenovirus eradicated the tumors when combined
with IP-10, thus reducing potential IL-12 toxicity (76).
Interestingly, colocalization of both adenoviruses in the
same tumor nodule was required for the systemic anti-
tumor effect that was not seen if given separately into two
distantly implanted malignant nodules (76).

Apart from soluble mediators certain membrane
attached proteins are important to ignite and sustain the
immune response. Such molecules are typically restricted
to the surface of professional antigen presenting cells and
are transfected to tumors in an attempt to make them more
immunogenic.

B7 molecules are an expanding family of proteins
interacting with counterreceptors on T-cells, which provide
signals that modulate the immune response. Transfection of
B7-1 (CD80) and B7-2 (CD86) makes tumor cells more
immunogenic and combination with IL-12 has been proved
beneficial in certain models (78), but not in others (46).

4-1BB-Ligand is a TNF family member expressed on
the membrane of mature dendritic cells and other cell types
that upon transfection enhances the immunogenecity of
tumors. This molecule interacts with 4-1BB which is a
surface differentiatiation antigen restricted to activated
T-cells and NK cells. Intratumor injections with adenovirus
encoding 4-1BB-Ligand and IL-12 mutually potentiated
their effect against large and well established liver
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metastasis of experimental colon cancer (79). In addition
tumor immunity can be triggered by agonistic monoclonal
antibodies acting on 4-1BB. Regimes of intratumor gene
transfer of IL-12 and anti-4-1BB mAbs also show
synergizing properties (80), which are more potent than
those observed with the natural ligand. This is explained
because antibodies distribute widely reaching and stimu-
lating every available 4-1BB" lymphocyte, in contrast to
the membrane bound 4-1BB natural Ligand.

IL-12 induces CTL expansion that facilitates the culture
of effector cells for adoptive cell therapy regimes.
Surprisingly IL-12 synergy with adoptive T-cell therapy is
not restricted to simplify the obtention of CTLs, but also
operates at the effector level. These phenomena were
unveiled with experiments observing the outcome of
tumor-bearing mice in which some malignant nodules were
adenovirally transduced with IL-12 and subsequently given
anti-tumor CTLs intravenously (38). Later experimentation
has shown a key role for inflammatory adhesion molecules
for CTL that are induced on the endothelium of peritumoral
capilaries by virtue of IL-12 gene transfer (43).

Outlook

Gene therapy has emerged as a powerful and very plastic
tool to regulate biological functions in diseased tissues with
application in practically all medical fields. An increasing
number of experimental and clinical studies -clearly
underline the important role of genes to serve as a curative
drug in future. However, intense research is needed to
evaluate the potential of gene therapy, to improve the
efficacy and minimize the toxicity of the procedure. Future
efforts should be directed to: 1) the development of vectors
with high transduction efficiency, high transgene capacity,
and acceptable toxicity profile; 2) development of systems
allowing desired duration and regulation of the gene
expression; 3) identification of the ideal therapeutic gene or
gene combinations for each therapeutic indication; 4)
testing of different routes for vector administration and 5)
development of innovative methods for large-scale
industrial production to allow accessible prices for wide
access to these new drugs. Intensive testing in animal
models to ensure drug safety and functionality is needed
before contemplating clinical applications. On the other
hand, carefully designed clinical trials under strict
regulatory conditions, can provide very useful information
on the potential of gene therapy in humans, specially in
devastating diseases lacking effective therapy, as in cases
of non-resectable chemo-resistant tumors. New imaging
techniques such as Positron Emission Tomography (PET)
have the potential of detecting and quantitating the function
of the transferred gene to the tissues in vivo, thus providing
a powerful tool to guide the progress of clinical gene
therapy. In summary, genes can be transferred to tissues
and the transferred gene is functional in vivo; this opens a
new field of medical applications, which is just at its
beginning.
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