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ABSTRACT

Gene therapy of cancerous diseases provides new means of curing patients with oncologic illnesses. There are
several approaches in treating cancer by gene therapy. Most commonly used methods are: cancer immunogene
therapy, suicide gene therapy, application of tumor-suppressor genes, antiangiogenic therapy, mesenchymal
stem cells used as vectors, gene directed enzyme/prodrug therapy and bacteria used as anti-cancer agents.
Cancer gene immunotherapy uses several immunologic agents for the purpose of explaining effective anti-
tumor immune response. Another method is suicide gene therapy, based on introducing viral or bacterial agents
to tumor cells, allowing the conversion of a non-toxic compound to a lethal medication. The application of intact
suppressor genes to cancer cells will avert their neoplastic behavior and will induce tumor regression. Inhibition
of angiogenesis is also a promising strategy for treating oncologic patients. Mesenchymal stem cells can also be
used as vectors in targeted gene therapy. An increasing list of experimental evidence shows, that therapeutically
modified mesenchymal stem cells in “gene directed enzyme/prodrug therapy” can attack cancer tissue can kill
tumor cells, cancer stem cells included. Bacteria are used as anti-cancer agents independently of in combination
with conventional therapeutic methods.

Keywords: Cancer, gene therapy, tumor-suppressor genes, antiangiogenic therapy, mesenchymal stem cells,

gene directed enzyme/prodrug therapy.

INTRODUCTION

Chemotherapy, radiotherapy and surgery represent the
conventional means of treating cancerous diseases,
from which complete surgical resection is the most
effective method for treating oncologic patients. [
Current conventional therapy, for deficient tumor
selectivity, can lead to the destruction of healthy tissue
and has serious side effects in the patient; beside this it
is limited in effectiveness and the quantity of the used
dose. For these reasons it is urgent to seek alternative
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methods for the treatment of cancerous diseases, which
localize the therapeutic agent to the tumor localization
and bypass healthy tissue. [2l Gene therapy presents an
adequate alternative and it is a very promising method
for treating various types of diseases, including cancer,
as many recently published studies shown. [

Cancer Immunogene Therapy

The first study of cancer immunotherapy is dated to the
19t century, when William Coley used a preparation
from Streptococcus cultures for tumor treatment. In
some of his patients the difficulties connected to cancer
reduced or even disappeared. Molecular biology and
genetic engineering created a new era in cancer
immunotherapy. In the last two decades, a number of
genes coding immunostimulating factors, MHC
molecules and co-stimulatory molecules were
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synthesized and are now being used in various clinical
trials of gene therapy. 4]

Tumor cells can be eliminated by cellular or humoral
mechanisms of the immune system. P! It is presumed
that cell cytotoxicity plays a main role in anti-cancer
immunity. Specific cytotoxicity is mediated by a
subpopulation of T-cells, which have the T-cell receptor
(TCR) composed of alpha-beta chains. Alpha-beta cells
include two subtypes: CD4* and CD8* cells, which can
identify, in the association with MHC II and MHC I
molecules, tumor «cell antigens. Non-specific
cytotoxicity is mediated by NK cells, capable of
identifying tumor cells not expressing MHC molecules.
This type of immune response is not antigen-specific
and does not require previous antigen contact of the
effector cells with the targeted cells. [4]

Humoral antitumor immunity is mediated by
antibodies produced by activated B-cells. Antibodies
can eliminate tumor cells by several means - by
activation of the complement, opsonisation and
antibody-dependent cellular cytotoxicity mediated by
Fc receptors on effector cells. The key role played in
inducing an antigen-specific immune response is by
professional antigen-presenting cells (APCs) - dendritic
cells (DC). Dendritic cells pose as sentinels of the
immune system. Immature DCs are localized in
peripheral tissues and are characteristic with a high
phagocytic activity, a low MHC and co-stimulatory
molecule expression and a low cytokine secretion. [©]
They intercept and process different antigens, such as
tumor antigens from apoptotic cell remains or antigens
released from tumor cells destructed by the antigen-
specific way. After receiving the threat signal DCs start
to mature. They form MHC I and II molecules, co-
stimulatory molecules (CD40, CD54, CD80, CD86) on
their surface, and produce cytokines. Mature DCs
migrate to regional lymph nodes, where they present
tumor antigens in complex with MHC I or II molecules
to the CD4* or CD8*. Co-stimulatory molecules are
necessary for the activation of the so called second
signal, critical for the activation of naive T-
lymphocytes. IL-12, produced by dendritic cells affects
the CD4* cells and converts them to interferon gamma
(IFN-y) producing Th-1 cells. This way divided Th-1
cell population demonstrated the ability of mediating a
strong and long-lasting anti-tumor immune response.
Dendritic cells are very effective in T-cell stimulation;
one DC can convert 100 - 3000 T-cells. [6]

Cancer gene immunotherapy uses several immunologic
agents for the purpose of explaining effective anti-
tumor immune response, for example, the introduction
of genes coding various cytokines ex vivo or in vivo
(intratumorally) to cancer cells. Cancer cells secrete
proteins coded by genes, which were induced to the
environment of the tumor. These proteins, as
immunostimulating factors, modify the environment
inside the tumors and dispatch a signal about the
danger, attracting professional APCs. It was assumed

in the past that some cytokines (IL-2, IL-6, IL-12, IFN-y)
directly activate killer cells (CD8*, NK). However, it
appears, in the light of current research, they pose
mainly as signal transmitters of the danger to the
dendritic cells. /I Tumor cells expressing cytokines,
such as INF-y or IL-12 not only strongly activate
dendritic cells, but also induce a strong bearing of the
immune response of functional Th-1 cells. [8]
Genetically modified tumor vaccine (GMTV) was tested
since 1996 in polish patients with malignant melanoma.
GMTV was composed of alogenous melanoma cells
modified with genes coding IL-6 and of an agonistic
soluble receptor (sIL-6R). ]

Another approach in cancer gene immunotherapy
alters the tumor cells to antigen-presenting cells. Tumor
antigens are presented in the association of MHC I
molecules in most tumor cells. However, in tumor cells
missing the co-stimulation molecules creating the
second signal necessary for the correct lymphocyte
activation, an antigen-specific tolerance is induced
against effector cells. By introducing genes coding co-
stimulatory molecules (such as B7.1 or B7.2) aversion of
tumor induced tolerance was achieved and a strong
anti-tumor immune response mediated by DC8* cells
was explained. (10

Dendritic cells, as key elements of inducing anti-tumor
immune response are promising means of gene
therapy. The introduction of genes coding tumor
antigens to dendritic cells clarified the strong antigen-
specific immune response mediated by CD4* and CD8*
cells. 'l But this procedure has some disadvantages, for
example the modification of the dendritic cells in vivo is
extremely complicated and the isolation and
propagation of these cells in vitro is a lengthy process.
Beside this, dendritic cells, which are genetically
modified and activated cells ex wvivo, migrate after
subcutaneous application intensively to regional lymph
nodes and by doing this have much lesser effectiveness
in anti-tumor response than was anticipated. [4

Suicide Gene Therapy in Cancer

Suicide gene therapy is based on introducing viral or
bacterial genes to tumor cells, which allows the
conversion of a non-toxic compound to a lethal
medication. Between the great many suicide systems
described, the most explored is the Herpes simplex virus
carrying the gene for thymidine-kinase (HSV-tk) with
ganciclovir (GCV) as a precursor, and a gene for
cytosine-deamidase (CD) carried by Escherichia coli,
which converts the non toxic antifungal 5-
fluorocytosine (5-FC) to 5-fluorouracil (5-FU). (1l

The ganciclovir-nucleoside analog is used in the
treatment of patients infected with herpes viruses
(HSV, VZV). Cells infected with herpes virus produce
thymidine-kinase (tk) coded by viral genome and after
ganciclovir application they are incapable of division,
dying subsequently. [12I For purposes of treating
oncologic patients, cDNA coding tk can be
supplemented to tumor cells via adenoviruses,
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lentiviruses, liposomes or by physical methods. After
several days, ganciclovir is administered intravenously
to the patients. Ganciclovir is transported by blood to
every organ and tissue, tumors included. After entering
the cell, this precursor tranduces with the vector coding
tk, phosphorylates to its toxic metabolite (ganciclovir-
triphosphate), which induces cellular death by
inhibiting DNA synthesis. [4l

In the tumor mass, the tumor cells are connected with
bridges in the intercellular compartment (“gap
junctions”). In the process called “bystander effect”, the
phosphorylated form of ganciclovir can expand from
one genetically modified cell to others, where it
accomplishes the same effect. [13 Thanks to “bystander
effect” not all cancer cells have to be modified with the
tk gene for achieving complete elimination of the
tumor. There is an effort of combining suicide gene
therapy with immunotherapy for the purpose of
amplifying the effectiveness of suicide gene therapy. It
is proved IL-6 and GM-CSF increase the suicide effect
of tk in mice models of malignant melanoma. [4]
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Fig. 1: Schematic illustration of suicide gene therapy mechanism %]

Application of Tumor-Suppressor Genes

The basis of neoplastic transformation of healthy cells is
the mutation in two gene classes: proto-oncogenes and
and tumor-suppressor genes. Proteins coded by
mutated proto-oncogenes carry a signal to the nucleus
and subsequently induce cell division. On the other
hand, proteins coded by mutated tumor-suppressor
genes are not capable of inhibiting of the proliferation
induced by proto-oncogenes. The transformed cells
proliferate dynamically and create a tumor. Several
scientists proved applying intact suppressor genes to
cancer cells will avert their neoplastic behavior and will
induce tumor regression.

However, the outcomes of clinical therapies are not
satisfactory, mostly for the low effectiveness of
transduction achieved by currently available
distribution systems. For the purpose of eliminating all
cancer cells, each and every one of them must be
modified by an intact suppressor gene. If there is one
unmodified cell remaining, it can later cause
proliferation and the forming of new tumors. [l
However, Xu et al. (1997) proved, that liposome
mediated p53 gene transfer into mammary gland
tumors in mice led to less than 5% transfection of tumor
cells, but was connected with strong tumor regression.

It has shown the relatively low p53 gene expression
inside tumor mass induced a significant reduction of
blood-vessels in treated tumors [19. Another approach
in cancer suppressor gene therapy is the application of
a mutated adenovirus. The initial sequence Elb is
responsible for shutting down p53-mediated apoptosis
at the time of the adenovirus entering the cell. The
apoptotic death of infected cells prevents viral
replication. Elb adenovirus applied to oncologic
patients can replicate only in cancer cells lacking the
functional p53 gene. Viruses can replicate in them,
cause cytophatic effect and subsequently infect and
destroy cancer cells. ['7]

Antiangiogenic Gene Therapy

Tumors require effective blood supply for their growth.
The inhibition of angiogenesis is a promising strategy
for treating oncologic patients. Despite of many
endogenous inhibitors of angiogenesis being found,
clinical evaluation were prevented by the need of high
doses, production limits and the relative instability of
the proper recombinant proteins. [ Antiangiogenic
therapy is specifically directed against microvascular
endothelial cells created in the tumor location. Specific
antiangiogenic therapy has low or none toxicity at all,
does not demand the entrance of therapeutic agents
into tumor cells and does not pass the
hematoencephalic barrier. It controls the tumor growth,
independent of the cell type of the tumor and does not
induce  acquired drug resistance. [8  The
supplementation of genes coding antiangiogenic
proteins is a promising procedure avoiding obstacles
connected to systemic application of medicaments.
Therapeutic genes coding antiangiogenic substances
can be distributed to patients by numerous carrier
systems, for example by recombinant adenoviruses or
liposomes. 11 Antiangiogenic gene therapy can be
carried out as a systemic or local treatment. Scientists
still cannot agree on the best means of application.
Local (intratumor) application is joined with a strong
“bystander effect”, increasing the antagonistic activity
of introduced genes and should not be connected with
potential side effects of systemic therapy. 0] On the
other hand, systemic application of genes coding
antiangiogenic factors enables a long-lasting elevation
of endostatins in blood. [%]

Mesenchymal Stem Cells as Vectors in Targeted Gene
Therapy

In spite of the progress accomplished by cytotoxicity,
cytostatics and targeted chemotherapy in malignant
diseases, a lack of specificity and growing drug
resistance in cell subpopulations often lower the
effectiveness of systemic therapies with medications.
Beside metastases, many difficulties are connected with
solitary tumor therapy. 1 The aiming of
pharmaceutics to cancer cells in the tumor mass is
mostly limited by uneven vascularisation and necrotic
regions. [22 Other main disadvantages are several
severe side effects of toxic chemotherapy, frequently
limiting this therapeutic procedure. These factors lead
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to the conclusion, that other systems enabling local
tumor elimination with the absence of non-target
toxicity, connected with systemic chemotherapy,
should be created. Precursor gene therapy is based on
stem cells, and when targeted on tumors and/or
metastases, it can help to overcome these
disadvantages. [21]

Mesenchymal stem cells (MSCs) have the unique ability
of selective proliferation in tumors and contribute in
the creation of stroma connected to the tumor. This
ability designates them to become vectors in targeted
gene therapy of cancer of the basis of stem cells. [21]
Experimental evidence shows, beside stromal
fibroblasts introduced to tumor mass from local tissue,
other stromal cells of MSC origin exist. Several studies
show mesenchymal stem cells isolated from bone
marrow are capable of migrating to tumors of various
origins. Experiments with human xenoimplants on
mice shown the systemically applied of MSCs have a
natural migration capability, preferably to breast cancer
cells, lung metastases, melanoma cells, intracranial
glioma, and colon cancer cells. Besides this,
exogenously applied MSCs are capable of forming a
significant fraction of the tumor mass. [?] It was shown
that MSCs isolated from bone marrow can also be
present in cancer metastases forming a pre-metastatic
niche. [ These findings support the concept of
mesenchymal stem cells being produced for therapeutic
purposes can be used for metastasis treatment.
Therefore, the introduction of transgenes to own stem
cells presents an attractive distribution strategy on a
cellular basis. [

MSC Developed For Therapeutic Purposes
Mesenchymal stem cells can be relatively easily
transduced by a vector on the basis of adenoviruses,
retroviruses ant lentiviruses [?l, without changing the
minimal criteria described in defining human MSCs. [27]
Mesenchymal stem cells isolated from bone marrow
were successfully tested as distribution systems for
oncolytic adenoviruses in a model of ovarian cancer
metastases. 281 MSCs were successfully used as helper
vectors for conditionally replicating adenoviruses for
the purpose of targeting breast cancer metastases in
vivo. 21 MSCs producing therapeutic cytokines, such as
INF-B and IL-2, shown anti-tumor effect. (23]
Mesenchymal stem cells are generally isolated from
bone marrow, but they are also isolated from a number
of other tissues, such as muscle, synovia, the umbilical
cord and adipose tissue. [30-31 The advantages of using
MSCs isolated from adipose tissue (AT-MSCs) are
higher against the ones from bone tissue. [20:321 The easy
and repeatable access to subcutaneous adipose tissue
and a simple method of isolation presents a clear
advantage against other MSC sources. 133 For this
reason, AT-MSCs can be considered as a convenient
source of own stem cells for the personalized cell-based
therapy with minimal risks to the donor and without
ethical limits. [3%.33]

Gene Directed Enzyme/Prodrug Therapy by MSCS

An increasing list of experimental evidence, that
therapeutically modified MSCs in GDEPT system,
thanks to their migration capability, can attack cancer
tissues, and by combined mechanisms, including
“bystander effect”, apoptosis induction and reduction
of the mutual contact between cells, kill tumor cells,
cancer stem cells included B4. Experimental studies
with glioblastomas, in which cancer initiating cells are
studied thoroughly, support this claim. Human
glioblastoma cells, like cancer stem cells, were
identified as cells expressing CD133 surface markers.
[35-36] Gene expression and chemoresistance analysis of
CD133-possitive stem cells in glioblastoma confirms the
connection between this chemoresistance and the
markers of cancer stem cells on the surface of these
cells. [37]

Therapy based on human neural stem cells using
cytosine-deaminase/5-fluorcytosine precursor system
was experimentally tested on human medulloblastoma,
a malignant pediatric brain tumor. The stem cell line of
cloned perpetual human neural cells, designed for the
purpose of precursor-activating cytosine-deaminase
secretion, maintain their ability of migration to tumor
cells. Therapeutic studies on mice in vivo intracranial
medulloblastoma models with the use of neural stem
cells transduced by cytosine-deaminase, after
subsequent systemic therapy with 5-fluorcytosine
shown 76% reduction of the tumor mass in the sample
of treated animals. ¥ In a similar experimental model,
the neural progenitor cells, transuced by retrovirus
cytosine-deaminase, stroke numerous metastasis areas.
131 Beside this, MSCs effectively distribute oncolytic
adenoviruses to intracranial gliomas. [40]

As a result of these experiments, the MSCs of various
origins are distribution vectors on a cellular basis and
are used in place of specific enzyme/prodrug
conversion in targeted chemotherapy. MSCs are easily
isolated; they can expand quickly in in vivo
environment and can be developed with contents of
converting genes. They possess a specific resistance and
migration capability into tumors; this is why they
should be considered as valuable, mature stem cells for
autologous use in cancer therapy. [21]

Bacteria in Cancer Gene Therapy

Bacteria were used as anti-cancer agents for the first
time more than a century ago. Nowadays, this field has
reemerged and is proceeding in development at a quick
pace. Bacteria are used as anti-cancer agent
independently or in combination with conventional
therapeutic methods and are being armed with a
supplement of therapeutic genes elevating their
effectiveness. [l The finding that bacteria can infect and
attack tumors is dated 150 years ago. It was observed
for the first time in Europe and America, some types of
cancer retreated after accidental Streptococcus pyogenes
infection in hospitalized patients. William Coley was an
American doctor starting a study in this area and he
dedicated his whole career to the research of the use of
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bacteria as an alternative method of treating cancer. [#1]
Despite of his success, he was never able to create a
perfect system, and that is why all interest in bacteria as
anti-cancer agents decreased in time. Nevertheless,
William Coleys findings are the template for two
different modern science areas: immunotherapy and
bacterial cancer therapy. [

The selectivity of bacterial growth in tumors refers to
tissue phenotype, differentiating tumor tissue from the
healthy one. It is this microenvironment inside the
tumor, protecting it from most anti-cancer treatments,
is the weak spot in this therapy, sensitizing the tumor
to bacterial anti-cancer agents. It is well documented
that different bacteria can accumulate in preference to
different types of experimental tumors. For example,
Salmonella VPN 20009 shown a rate of 30 - 25 000:1
tumor tissue to healthy one. ¥ Many theories were
proposed for the purpose of explaining these
observations. 21 The primary factors denying this
specificity are direct or indirect outcomes of the tumor
growth process arising from strictly necrotic tissues.
For their growth and evolution, tumors require the
creation of many blood vessels in a process called
neoangiogenesis. A feature and necessity of cancer is
the continual oxygen and nutrient supplementation of
the tumor. 3]

When the tumor diameter reaches critical size, oxygen
cannot access the internal layers of the tumor
adequately and cells become hypoxic. In the hypoxic
zone, the low oxygen partial pressure induces new
angiogenesis. But these newly created blood vessels
have abnormal structure and create physiological
barriers for therapeutic agent and immune cell
supplementation. 431 One of the applicable attribute of
their abnormality is the content of pores of size varying
from 200nm to 2pm (depending on the tumor). 44 This
potentially enables microorganisms, such as bacteria, to
enter the bloodstream and to colonize the tumor mass.
Necrotic regions are areas containing dead cells, mostly
localized in the tumor mass. These areas are
appropriate for bacterial growth; they offer protection
from the immune system and adequate nutrition (i.e.
purines) from dead tumor cells. 2

The precise localization of bacterial proliferation inside
the tumor can be different between species. Recent 3D
imaging studies showed the growth of anaerobic
bifidobacteria in the form of multiple aggregations in
lifeless tumor regions. #5 The evidence presented by
Forbes et al. (2003), shows Salmonellae proliferating
inside the necrotic tumor models. [ These
observations imply their use is limited to large tumors.
However, this denies the earlier published statements
and recent data showing the proliferation of Salmonella
in normoxic as well as hypoxic regions. 71 This
capability is preferred in clinical context. The ideal anti-
cancer agent on bacterial basis should target and
proliferate inside micrometastatic tumors, which have
no natural necrotic regions. For example, it was

observed Escherichia coli K12 MGI1655 and HJ1020,
marked with genes emitting light, targets very small
tumors, as well as large ones 8], and furthermore,
anaerobic Bifidobacterium breve demonstrated the same
capability. [ This means that several bacterial types
can proliferate specifically inside tumors; for example
Magnetospirillum magneticum, E. coli CFT073, E. coli
Top10 and Salmonella flexneri 2a SC602. [50-51]

Current conventional therapy, for deficient tumor
selectivity, can lead to the destruction of healthy tissue
and has serious side effects in the patient; beside this it
is limited in effectiveness and the quantity of the used
dose. Gene therapy presents an adequate alternative
and it is very promising method for treating various
types of disease, including cancer. Dendritic cells, as
key elements of inducing anti-tumor immune response
are promising means of gene therapy. There is an effort
of combining immunotherapy with suicide gene
therapy for the purpose of amplifying the effectiveness
of suicide gene therapy. Tumor-suppressor genes avert
the neoplastic behavior and induce tumor regression,
however, the outcomes of clinical therapies are not
satisfactory, mostly for the low effectiveness of
transduction achieved by currently available
distribution systems. The supplementation of genes
coding antiangiogenic proteins is a promising
procedure, avoiding the obstacles connected with
systemic application of medicaments. The ability of
mesenchymal stem cells to selectively proliferate in
tumors designates them to become vectors in targeted
gene therapy of cancer on the basis of stem cells. The
introduction of transgenes to stem cells presents an
attractive distribution strategy. Mesenchymal cells can
be used in enzyme/prodrug conversion in targeted
chemotherapy; they possess a specific resistance and
migration capability into tumors and therefore should
be considered as valuable stem cells for use in cancer
therapy. Bacteria used as anti-cancer agents have the
ability to infect and proliferate inside the tumor mass,
enabling the use of bacteria as an alternative method of
treating cancer.
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