
Developments in radiotherapy

Radiotherapy is the use of ionizing radia-

tion in the treatment of malignant tumors. 

It is one of the main treatment modali-

ties for many forms of cancer, with more 

than half of all cancer patients receiving 

radiation therapy at some point in their 

treatment.1

Biological and technological advances 

have brought notable improvements in 

radiotherapy over the years. Biologically 

based advances include improvements in 

fractionation schedules, treatment plan-

ning and combining radiotherapy with 

other treatment modalities such as surgical 

tumor debulking, chemotherapy and, most 

recently, gene therapy.1 

Recent progress in diagnostic imaging, 

such as computed tomography (CT), mag-

netic resonance imaging (MRI), positron 

emission tomography (PET) and molecular 

imaging techniques, have led to the devel-

opment of conformal (CRT) and intensity 

modulated radiotherapy (IMRT), which is 

the most advanced form of conformal radio-

therapy. CRT and IMRT have enabled more 

precise dose delivery, conforming closely to 

the shape of the tumor and thus improving 

the therapeutic index;2 namely better local 

tumor control without compromising nor-

mal tissue. Although higher doses of radia-

tion can produce better tumor control, the 

dose is limited by the possibility of normal 

tissue damage surrounding the tumor i.e. in 

the irradiation field.

Despite a marked progression in the effi-

cacy of radiotherapy, there is still a need for 

improvement of this treatment modality. 

Because radiotherapy is a local treatment, 

tumor cells outside the immediate field of 

radiation and those that have metastasized 
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out of the primary tumor are not destroyed. 

In addition, there are some radio-resistant 

cells within a single tumor mass that may 

survive despite a relatively high radiation 

dose. The efficacy of radiotherapy is also 

limited by chronic and intermittent hypoxia 

in the tumors.

To increase the efficacy of radiotherapy, 

while minimizing its side effects, develop-

ments have been made in combining ra-

diotherapy with chemotherapy and, lately, 

gene therapy.

Gene therapy and its combination 
with radiotherapy

Gene therapy consists of the transfer of 

exogenous genes, called transgenes, into 

human somatic cells and the expression 

of these genes in transfected cells for a 

therapeutic purpose. In cancer treatment, 

this means either correction of genetic 

defects, characteristic of cancer cells, or 

induction of targeted tumor cell death.3 In 

gene correction or replacement approach, 

a defective or inactivated tumor suppressor 

gene is replaced, for example to increase 

radiation-induced apoptosis (wild-type p53 

replacement therapy) or high oncogene 

expression levels are repressed with the 

use of antisense, ribozymes or siRNA tech-

nology. However, because cancer is a con-

sequence of countless genetic mutations, 

most anti-tumor therapies aim to destroy 

cancer cells, rather than correct these com-

plex defects. Strategies to destroy cancer 

cells can be exerted in different ways; by 

gene directed chemotherapy, potentiation 

of immune response and targeting of the 

tumor vasculature (Table 1).

Recent advances in gene therapy ap-

proaches have allowed researchers to suc-

cessfully combine gene therapy with radio-

therapy.4,5 There are many potential ben-

efits of combining radiotherapy with gene 

therapy:

• Gene therapy and radiotherapy tech-

niques have different mechanisms of 

action and they target best at different 

parts of the cell cycle, which may result 

in an additive effect (Figure 1). 

• Gene therapy can cause radiosensitiza-

tion, which means that a synergistic (su-

pra-additive) anti-tumor effect is possible 

(Figure 1).

• Radiation can enhance the “bystander ef-

fect” of gene therapy, meaning that more 
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Table 1. Strategies of gene therapy

Gene therapy strategy Genes

Genetic replacement or correction therapy p53, CTS1, MDA7, Bcl-2-, BclXL-, survivin- antisense…

Suicide gene therapy 

(gene chemotherapy)

Endogenous precursors HSV-tk, CD, CD/HSV-tk fusion, HRP, IAA

Exogenous precursors iNOS

Gene based immunotherapy TNF-α, IFN-γ, IL-12…, tumor associated antigens (PSA)

Vascular-targeted gene therapy
VEGF-antisense, soluble Flt-1, endostatin, angiostatin, 
vazostatin, TNF-α, IL-12

CTS1, Chimeric Tumor Suppressor 1 (synthetic variant of wild-type p53); HSV-tk, Herpes Simplex Virus thymi-
dine kinase; CD, Cytosine Deaminase; HRP, Horseradish Peroxidase; IAA, Indol-3-Acetic Acid; iNOS, inducible 
Nitric Oxide Synthase; TNF- α, Tumor Necrosis Factor-α; IL-12, Interleukin-12; PSA, Prostate Specific Antigen;  
VEGF, Vascular Endothelial Growth Factor.
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cells are affected by gene therapy than 

are transfected initially. This is prob-

ably because of the release of products 

of therapeutic genes from radiation dam-

aged cells and the activation of an anti-

tumor immune response.6

• Radiation can increase the efficacy of 

gene delivery and expression.7-9

• The targeting ability of radiotherapy is 

exploited in an approach that uses radia-

tion-inducible promoters to control the 

timing and location of gene expression 

within the irradiated tumor volume.10

This last approach, called transcriptional 

targeting, is especially promising since any 

therapeutic gene with radio-sensitizing prop-

erties can be chosen, and will be the main 

focus of this review. Therapeutic genes used 

in combination with radiation-inducible 

promoters can be alienated in the last three 

categories of gene therapy shown in Table 1: 

suicide gene therapy, gene based immuno-

therapy and vascular-targeted therapy. 

Suicide gene therapy 

Radiosensitizers are chemical or biologi-

cal agents that increase the sensitivity of 

tumor cells to radiotherapy. In the past, 

attempts have been made with radiosensi-

tizers mimicking oxygen effect, with hyper-

baric oxygen breathing, with the adminis-

tration of carbogene and nicotinamid and, 

most successfully, with chemotherapeutic 

agents.11,12 However, the dose of chemo-

therapy agents required to give a sufficient 

anti-tumor effect often results in severe 

systemic toxicity.13

The quest to find non-toxic agents that 

selectively sensitize tumors to radiotherapy 

has led to innovations in so called suicide 

gene therapy or gene chemotherapy. The 

basic principle in suicide gene therapy in-

volves the transfer of a gene encoding an 

enzyme that converts an otherwise none or 

mildly toxic substance of either exogenous 

(pro-drugs) or endogenous origin into a cy-

totoxic agent that kills cancer cells.14

Exogenous precursors. In the first suicide 

gene therapy strategy, called gene directed 

enzyme pro-drug therapy (GDEPT), a gene 

encoding a drug metabolizing enzyme is 

delivered to a tumor, followed by systemic 

administration of the pro-drug, which is 

then metabolized and converted by the ex-

pressed enzyme into a cytotoxic substance 

specifically within the site of transfec-

tion.14,15 Genes used in this strategy origi-

nate from viruses, bacteria, or fungi and are 

foreign to the transfected mammalian cells.

There is a range of enzyme pro-drug com-

binations available for effective GDEPT, 

many have also been combined with ra-

diotherapy.16 The most widely investigated 

radio-GDEPT combination, involves herpes 
simplex virus thymidine kinase (HSV-tk) and 

the pro-drug gancyclovir (GCV). The viral 

thymidin kinase enzyme phosphorylates 

gancyclovir into a nucleoside analog, which 

is then incorporated into a newly syn-

thesized strand of DNA4 resulting in cell 

death in rapidly proliferating cells, which 

are also targeted with radiotherapy. A su-

pra-additive cytotoxic effect can thus be 
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Figure 1. The effect of combined radio- and gene 

therapy can be either the same as the sum of individual 

monotherapies (additive) or greater (synergistic).
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expected when this approach is combined 

with radiotherapy. Furthermore, these nu-

cleoside analogs increase radiation induced 

DNA breaks and interfere with DNA repair 

mechanisms.4 A similar GDEPT system, 

efficient in radiosensitizing tumor cells in 

oxic, as well as hypoxic conditions, consists 

of the plant enzyme horseradish peroxidase 

(HRP) and the non-toxic plant hormone in-

dol-3-acetic acid (IAA).17 The next GDEPT 

strategy to be also tested with concomitant 

radiotherapy was the combination of bacte-

rial or yeast cytosine deaminase (CD) and 

pro-drug 5-fluorocytosine (5-FC). CD con-

verts 5-FC to 5-fluorouracil (5-FU), which is 

a widely used cancer chemotherapy agent 

with well-known radiosensitizing effects.18 

These strategies were tested in preclinical 

studies, which showed added benefits of 

the combined radio-GDEPT compared with 

either therapy alone. Both enhanced local 

tumor growth control and systemic effects 

were observed. Preclinical studies led to 

clinical trials, which all involve the HSV-tk/GCV 

combination. Early results from the phase 

I-II clinical trial using HSV-tk/GCV gene 

therapy combined with radiotherapy for the 

treatment of previously untreated prostate 

cancer confirm the safety and feasibility 

of this approach. In the following clinical 

trials, this combined therapy proved to be 

safe, but no significant tumor growth con-

trol was detected. 4,5,19 

In order to further increase the therapeu-

tic index, chimeric fusion genes combining 

CD and HSV-tk, were designed.20 This so 

called double suicide gene therapy approach 

has been evaluated in combination with ra-

diotherapy in preclinical and also phase I 

clinical studies.20-23 Yeast CD/HSV-tk fusion 

gene was tested in combination with radia-

tion and pro-drugs in CNE-2 nasopharyn-

geal carcinoma xenografts model, demon-

strating a synergistic anti-tumor effect.21 In 

another study, using the bacterial CDglyTK 

fusion gene, the addition of pro-drugs 5-FC 

and gancyclovir increased the radiosensi-

tivity of prostate cancer and glioma cells in 
vitro and showed a significant anti-tumor 

effect in a preclinical model of prostate can-

cer.22 Results from phase I clinical trial in 

patients with locally recurrent prostate can-

cer, indicated that this double suicide ther-

apy is a relatively safe and effective method 

for increasing the therapeutic index of ra-

diation.23

Endogenous precursors. Next therapeutic 

gene, attractive for use in combined radio-

gene therapy, is inducible nitric oxide synthase 
iNOS. iNOS is an enzyme that generates 

nitric oxide (NO), which has many anti-

cancer properties, including cytotoxicity in 

hypoxic conditions, anti-angiogenic effects 

and radiosensitization.24-26 Although NO is 

a potent chemical radiosensitizer, its clinical 

use was limited by systemic side effects.27 By 

means of gene therapy NO production can 

be activated at the site of transfection with 

iNOS gene, where it can synergize with ra-

diation.28 An additional advantage of iNOS 

gene therapy is pronounced bystander ef-

fect: namely, because NO is an easily diffus-

ible gas it can exert its effects deep within 

the tumor mass, resulting in large tumoricid-

al effects even when only a small portion of 

the tumor cells are transfected with the iNOS 

gene.29 The first in vitro study using a gene 

transfer strategy in a murine sarcoma model 

demonstrated that genetically produced 

iNOS can increase the radiosensitivity of hy-

poxic tumor cells.28 In a subsequent study, 

evident tumor growth delay was reported af-

ter combined radio-gene therapy with iNOS 
in a human colorectal cancer model.30 The 

efficacy and safety of this approach has been 

confirmed in other studies, which are so far 

still at the preclinical stage.31,32

Gene based immunotherapy

Immunotherapy is a promising strategy for 

cancer treatment because it has the poten-
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tial to fight both the primary tumors and 

metastases33, which are the major cause 

of treatment failure in most cancer types. 

Recent advances in immunology and radio-

biology indicate that radiation can modify 

the tumor microenvironment and generate 

an antigen specific immune response.34 

Radiation creates inflammation by the in-

duction of cell death and upregulation of 

immunomodulatory cell surface molecules 

and secretory molecules in tumor, stromal 

and vascular endothelial cells. This radia-

tion induced “danger” microenvironment 

can then lead to breaking of the tolerance 

to otherwise weakly immunogenic tumor 

antigens and the generation of an antigen 

specific cell-mediated antitumor immune 

response. 

These newly discovered immunomodu-

latory properties of ionizing radiation have 

given rise to the idea of combining immu-

notherapy with radiation therapy.35 The 

main gain of combining immunotherapy 

with local radiotherapy could be the elimi-

nation of the radio-resistant fraction of cells 

in the primary tumor and the prevention of 

shedding of metastatic cells from the tu-

mor. Results from preclinical studies using 

different non-gene based immunothera-

peutic strategies have shown synergistic 

effects when combined with radiotherapy. 

The most promising of these combined 

strategies are now being tested in clinical 

trials.35 

An alternative method for execution of 

immunotherapy is gene therapy.36,37 There 

are two major forms of gene based immu-

notherapy: genetic vaccination and gene-

based immunomodulation. 

Genetic vaccination. The first form of gene 

based immunotherapy for the treatment of 

cancer involves transfection or vaccination 

with recombinant viruses expressing tumor 

associated antigens and usually also cos-

timmulatory molecules (CD80, CD54, and 

CD58, cytokines).38-40 An improved thera-

peutic efficacy of combined vaccination 

and radiotherapy was reported in a mouse 

adenocarcinoma tumor model.41 Vaccines 

were able to induce an anti-tumor immune 

response and act synergistically with local 

tumor irradiation. Furthermore, the devel-

opment of T cells directed against tumor as-

sociated antigens, which were not present 

in the vaccine, was observed, resulting in 

broadening of the immune response. This 

phenomenon, also called antigen spread 

or antigen cascade, was also indicated in 

a phase II clinical study in patients with 

localized prostate cancer.42 In this study, 

vaccination with poxvirus encoding pros-

tate specific antigen (PSA) combined with 

standard external beam radiotherapy was 

well tolerated and induced a PSA-specific 

immune response to vaccine in the major-

ity of patients.

Gene-based immunomodulation. In con-

trast to vaccination, gene-based immu-

nomodulation or cytokine gene therapy is a 

form of nonspecific immunotherapy. In this 

strategy, immunostimulatory genes such as 

cytokines are utilized to boost the immune 

system.36,43 Early treatment strategies us-

ing systemic administration of recombinant 

immunostimulatory cytokines were as-

sociated with dose limiting normal tissue 

toxicities.44,45 Gene therapy approaches 

significantly improved the prospects for 

the use of cytokine cancer therapy.37 Two 

important cytokine genes, which have been 

tested in combination with radiotherapy, 

are interleukin 12 (IL-12) and tumor necrosis 
factor-α (TNF-α).

IL-12 is a heterodimeric pro-inflam-

matory cytokine with multiple functions, 

including the induction of interferon-γ 

(IFN-γ), activation of T helper and NK 

cells46,47 and anti-angiogenic activity.48,49 

IL-12 has been proved to have potent an-

titumor and antimetastatic effects against 

murine tumors.50 A combination of ge-

netically produced IL-12 and local radia-
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tion was tested in a mouse fibrosarcoma 

model.51 Intratumoral injection of adenovi-

ral vector with IL-12 combined with radio-

therapy improved both local and systemic 

tumor control compared to either treatment 

alone. Enhanced local tumor control could 

be partially attributed to the anti-angiogen-

ic effects of IL-12, while the systemic, anti-

metastatic effect on microscopic metastases 

distant from the primary irradiated site was 

clearly due to an IL-12 induced anti-tumor 

immune response. In another in vivo study, 

adenovirus mediated local B7/IL-12 immu-

notherapy combined with radiotherapy was 

tested in two murine tumor models.52 In 

both tumors, growth delay was significant-

ly longer when radiotherapy was combined 

with immunotherapy. The therapeutic ef-

fect was explained by IL-12 mediated acti-

vation of T- and NK-cells and inhibition of 

angiogenesis. Similar results were obtained 

in subsequent studies combining IL-12 gene 

therapy and radiotherapy.53-55

TNF-α is another attractive candidate for 

cancer gene therapy since it encodes for se-

cretory protein with a broad range of potent 

anti-tumor properties, which include induc-

tion of the immune system, enhancement 

of radiosensitivity, direct cytotoxicity and 

disruption of the tumor vasculature.56 An 

additive killing effect of systemic recom-

binant TNF-α administration and radiation 

was reported in a MCA-K mouse tumor 

model.57 A phase I trial combining systemic 

TNF-α administration and radiation dem-

onstrated that the systemic toxicities from 

TNF-α limit the efficacy of treatment.45 To 

overcome this problem and at the same 

time preserve the potent anticancer activ-

ity of TNF-α, a new form of gene therapy 

was designed, in which the TNF-α gene is 

placed under the control of radiation induc-

ible promoter.10 This form of gene therapy is 

called transcriptional targeting and will be 

discussed in more detail later in this article. 

Briefly, in pre-clinical tests treatment with 

genetically produced TNF-α was shown to 

synergize with local radiation to produce an 

increased anti-tumor effect and was not as-

sociated with increased local and systemic 

toxicity.13 The same approach was further 

developed for clinical studies as TNFerade 

and is now in phase II/III clinical trials.58 A 

combination of intra-tumoral injections of 

TNFerade and concomitant radiation was 

well tolerated in clinical trials. In addition, 

substantial anti-tumor responses were re-

ported. However, no systemic effects were 

observed although TNF-α has the potential 

to induce an immune response. It seems 

that the therapeutic effectiveness of this 

combination cannot be attributed to the im-

mune system, and that some other mecha-

nisms are involved. Most probably antitu-

mor effect of TNF-α is mediated by direct 

cytotoxicity on the tumor vessels.59 TNF-α 

should perhaps therefore be placed in the 

next group of therapeutic genes, classified 

as vascular-targeted therapies, which will 

be discussed in the next chapter.

Vascular-targeted gene therapy

Growth of new blood vessels from pre-exist-

ing vessels or angiogenesis is necessary for 

solid tumor progression and metastasis60 

and is thought to be one of six hallmarks of 

cancer;61 it was therefore proposed as a new 

target in cancer treatment.62 According to 

the angiogenic “switch” hypothesis, a shift 

in the balance between pro- and anti-angio-

genic factors toward pro-angiogenic allows 

the tumor to expand.63-65 Among many pro-

angiogenic factors, basic fibroblast growth 

factor (bFGF) and vascular endothelial 

growth factor (VEGF) are widely considered 

to be the most important in the angiogenic 

process. They are normally opposed by en-

dogenous inhibitors of angiogenesis such as 

thrombospondin-1 (TSP-1), platelet factor 

4 (PF4), soluble Flt-1 (sFlt-1), angiostatin, 

and endostatin. Vascular-targeted therapies 
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target different parts of the angiogenesis 

process, from inhibition of pro-angiogenic 

factors, or augmentation of anti-angiogenic 

factors, to direct targeting of tumor endo-

thelial cells. There are several advantages 

of vascular-targeted therapies over other 

cancer therapies: the first is that they target 

endothelial cells, which are more easily ac-

cessed and are considered to be relatively 

genetically stable compared to tumor cells, 

therefore lower risk of acquired drug re-

sistance is expected;66 secondly, angiogen-

esis is very limited in normal physiology, 

so normal tissue toxicities can be mostly 

avoided;67 and lastly, since a large number 

of cancer cells depend on a small number 

of endothelial cells for their metabolic sup-

plies, targeting the tumor vasculature should 

lead to an enhanced antitumor effect.62,68,69 

Vascular targeted therapy can be differenti-

ated into two groups: anti-angiogenic and 

vascular-disrupting approaches.70,71 Anti-

angiogenic agents inhibit the formation of 

new blood vessels, consequently they often 

require chronic administration, and are pre-

dominantly beneficial for the treatment of 

early-stage or metastatic cancers. Vascular 

disrupting agents, in contrast, destroy the 

existing tumor vasculature and are thus 

suitable for acute treatment of advanced 

disease. In reality, the boundaries between 

anti-angiogenic and vascular-disrupting 

agents are not so evident and many vascular 

targeted agents may exhibit both an anti-an-

giogenic and a vascular-disrupting action.

A range of vascular targeted approaches, 
including recombinant proteins, mono-

clonal antibodies and small molecules, has 

already been tested for their anti-tumor 

properties; many are already in clinical tri-

als.72 Although most proved to be safe and 

effective in suppressing tumor growth, they 

were not tumoricidal,73 indicating the need 

for prolonged administration to maintain 

tumor suppression.72 That is especially true 

for the anti-angiogenic group of agents. 

Gene therapy was therefore adopted for 

the delivery of these agents.74,72 In addi-

tion to being more efficient in the persist-

ent production of therapeutic proteins at 

therapeutic levels, a further advantage sup-

porting this form of delivery, is the selec-

tive expression of the vascular targeting 

gene only in targeted organs containing tu-

mors, minimizing systemic toxicity, which 

could become a problem after prolonged 

treatment. Anti-angiogenic gene therapy 

strategies can be categorized into those that 

suppress the pro-angiogenic factors, either 

by inhibiting the expression of angiogenic 

genes (antisense and siRNA against VEGF) 

or interfering with angiogenic signaling 

pathways using decoy receptors (e.g. soluble 

Flt-1 that can sequester VEGF or inactivates 

its receptors), and those that enhance the 

inhibition of angiogenesis using genes en-

coding endogenous angiogenesis inhibitors 

(e.g. endostatin, angiostatin).72,75 Preclinical 

studies demonstrate that this type of gene 

therapy can be effective in controlling or 

even eradicating tumor growth in animal 

models, but vascular targeting strategies in 

the form of gene therapy remain for the mo-

ment at the preclinical stage.

Currently, therapies combining vascular 

targeting strategies with conventional ther-

apies like radiotherapy are receiving great 

attention.70,76 There are many possible 

mechanisms for enhanced tumor response 

to radiation with anti-angiogenic and vascu-

lar disrupting therapies.68 The original jus-

tification for a combined therapy was that 

it targets two separate cell populations: en-

dothelial cells and cancer cells.77 Although 

there was initially some concern that vascu-

lar targeting agents would increase tumor 

hypoxia, and thus limit the effectiveness 

of radiotherapy, there is accumulating ex-

perimental evidence suggesting that these 

agents actually improve tumor oxygena-

tion, leading to radio-sensitization.68 This 

apparently paradoxical evidence could be 
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explained if the anti-angiogenic therapy 

was to cause normalization of the otherwise 

structurally and functionally abnormal tu-

mor vasculature before its destruction.77 

During this brief normalization, the tumor 

oxygenation status would be improved, 

leading to an enhanced radiotherapy effect. 

Improved tumor oxygenation could also be 

the result of a reduced number of oxygen-

consuming tumor and endothelial cells, 

caused by anti-angiogenic therapies.68 In 

the case of vascular disrupting agents, an 

improved tumor response to radiation is 

probably the result of additive killing of 

two micro-regionally different populations 

of tumor cells. Namely, vascular disrupting 

agents selectively destroy the tumor vascu-

lature, leading to centralized necrosis within 

the tumor, whereas the peripheral rim of tu-

mor cells remains viable, probably because 

those areas are perfused by normal tissue 

vessels, which are not targeted by vascular 

disrupting genes. These remaining tumor 

cells are therefore well-oxygenated and, as 

such, present an excellent target for radia-

tion therapy.78 Genes used in combination 

with radiotherapy because of their vascular 

targeting properties include angiostatin, en-
dostatin, IL-12 and TNF-α.

Angiostatin and endostatin are both en-

dogenous inhibitors of angiogenesis with 

confirmed anti-tumor and anti-metastatic 

activity in preclinical tumor models.79,80 

The anti-tumor efficacy of endostatin gene 

therapy with radiotherapy was evaluated 

in a human colorectal tumor model HT29. 

Intramuscular injection of virus vector ex-

pressing endostatin led to sustained en-

dostatin serum levels and enhanced tumor 

growth delay of HT29 xenografts.81 An 

enhanced anti-tumor efficacy of radiation 

therapy after intratumoral injections of lipo-

some-endostatin complex was also demon-

strated in human liver carcinoma BEL7402 

xenograft models.82 In a Lewis lung carci-

noma (LLC) mouse tumor model, naked 

plasmid DNA encoding mouse endostatin 

gene was injected intratumorally as an adju-

vant to radiation.83 The anti-tumor efficacy 

of radiotherapy was significantly enhanced 

with the anti-tumor effect in the combina-

tion treatment being at least additive com-

pared with either treatment alone. Gene 

therapy delivery of angiostatin was also 

shown to enhance the treatment efficacy 

of radiotherapy. Using adenovirus express-

ing a secretable angiostatin-like molecule 

(AdK3) in combination with radiotherapy 

in rat C6 gliomas subcutaneously pre-es-

tablished into athymic mice, significantly 

higher and possibly synergistic, anti-tumor 

effects were observed that tightly correlated 

with an obvious decrease in vascularization 

of the tumor.84

TNF-α and IL-12 are two multifunction-

al proteins with vascular-disrupting and 

anti-angiogenic effects. The mechanism of 

the IL-12 anti-vascular effect is complex, 

including the induction of secondary cy-

tokines such as IFN-γ or chemokines such 

as interferon-inducible protein 10 (IP-10), 

which may have direct cytotoxic and/or 

anti-angiogenic effects on tumor and en-

dothelial cells.48,49 The effect of TNF-α is 

even more complex; its anti-vascular effect 

can be either stimulatory or inhibitory de-

pending on the amount, the site, the mi-

croenvironment, and the presence of other 

cytokines.56,85 The anti-vascular effect of 

TNF-α is considered to be primarily vascu-

lar disrupting and not anti-angiogenic.59,86 

Studies involving IL-12 and TNF-α in com-

bination with radiation have already been 

discussed in the previous chapter.51-59

Targeted expression of 
therapeutic genes

As with other cancer therapies, the major 

problem of gene therapy is poor thera-

peutic index caused by uncontrolled gene 
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expression, which can lead to normal tissue 

toxicity.10,87,88 A tightly controlled regula-

tion of transgene expression is required 

to increase the efficiency and safety of 

gene therapy. For the clinical success of 

gene therapy, gene regulation systems are 

especially desired, not only to maintain 

the therapeutic level of the transgene pro-

duct without systemic toxicity but also to 

be able to adjust transgene expression in 

response to disease progression. Several 

strategies have been explored to control 

gene expression. These involve restricted or 

targeted vector delivery and transcriptional 

targeting with the use of tumor and tissue 

specific promoters and inducible promoter 

systems.89,90 The latter are the most impor-

tant for combination with radiotherapy and 

will therefore be discussed in more detail in 

the following chapters.

Inducible promoter systems

Expression of therapeutic genes can be 

controlled by locating them downstream 

of promoter regions that are induced in re-

sponse to various signals.88 The advantage 

of this kind of inducible promoter system is 

that not just the location, but also the level, 

timing and duration of transgene expres-

sion can be modulated. Optimal inducible 

promoters should have low basal activity 

and high inducibility, with a so-called “on 

switch”. They should be dose dependent, 

safe, and reversible (off switch). 

Several inducible promoters have already 

been utilized for use in cancer gene therapy. 

They can be controlled either by internal 

(endogenous) or external (exogenous) sig-

nals.91 Internally controlled promoters take 

advantage of a tumor associated microen-

vironment such as hypoxia. Externally con-

trolled promoters, on the other hand, can 

be induced by chemical signals (Tet-On, Tet-

Off inducible systems),92 heat (heat shock 
protein 70 promoter),93 controlled electric 

stimuli such as administrated in electropo-

ration protocols (metallothionein promoter)94 

and, most importantly, ionizing radiation 

(Egr-1, p21).10

Radio-inducible promoters. It is well known 

that exposure of cells to ionizing radiation 

induces DNA damage by direct interaction 

with DNA and through the generation of re-

active oxygen species (ROS), which results 

in transcriptional activation of a variety of 

genes, leading to changes in their expres-

sion.13,95 The initial signal for transcrip-

tional activation of these genes is probably 

generation of ROS by radiation, rather than 

direct damage to DNA. 

Numerous genes that are activated by 

radiation have so far been identified (Egr-1, 

multiple members of the jun/fos fam-

ily, NFκB, p21(WAF-1/Cip-1), bacterial RecA 
gene…). Promoters of these radiation in-

ducible genes can be exploited to drive the 

expression of therapeutic genes.10,96 With 

the use of the excellent targeting properties 

of new stereotactic radiation techniques, 

the expression of downstream genes can be 

spatially and temporally controlled within 

the irradiated tumor tissue (Figure 2).

By far the most widely used and well 

characterized promoter for this purpose is 

that of the Egr-1 gene, next in line is the pro-

moter of the p21 gene.

Egr-1 promoter. Early growth response-1 

gene (Egr-1) is a transcription factor for 

some cytokines and growth factors (TNF-α, 

IL-1, PDGF-β, bFGF) involved in repair or 

death of tissue after various kinds of stress, 

including irradiation. The radiation induced 

expression of Egr-1 accurs in different cell 

types and is fast and transient.97 Sequences 

responsive for radiation inducibility consist 

of 425 bp located upstream of the transcrip-

tion start site of the Egr-1 gene and contain 

six consensus motifs CC(A+T rich)GG, 

known as CArG elements. Their response 

is mediated by intracellular free radical for-

mation caused by ionizing radiation.97
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To check the potential of these radio-

inducible sequences for use in radiation 

inducible gene therapy, Egr-1 promoter 

was ligated upstream of the cDNA encod-

ing the TNF-α gene. In the initial study, the 

Egr-TNF-α construct was transfected into hu-

man leukemia cell line HL525.98 Induction 

of TNF-α expression was observed when 

cells were exposed to radiation. Stably 

transfected cells were then injected into 

human xenografts of the radio-resistant sq-

uamous carcinoma cell line SQ-20B. When 

animals were treated with radiation, in-

creased TNF-α protein levels were detected 

in tumors and an increased anti-tumor ef-

fect was observed.

The Egr-TNF-α chimeric construct was 

later cloned into a replication-deficient ad-

enoviral vector and termed Ad.Egr.TNF-α. 

Preclinical studies on human carcinoma, 

prostate and glioma xenografts showed 

that tumors transfected with Ad.Egr.TNF-α 

responded to radiation with 7-8 fold in-

duction of TNF-α expression within the ir-

radiated field and substantially increased 

tumor growth inhibition, compared to tu-

mors treated with radiation alone.59,99-102 

Importantly, the combined treatment was 

not associated with increased systemic tox-

icity and also no TNF-α could be detected 

in the circulation of the experimental ani-

mals. 

For clinical studies, the same construct 

containing human TNF-α and Egr-1 ra-

dio-inducible promoter was incorporated 

into a second generation adenovector and 

called TNFerade.103-105 Toxicology studies 

with TNFerade on nude mice showed that 

combined therapy with radiation is well 

tolerated and also associated with sub-
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Figure 2. Ionizing radiation induces ROS generation, which causes transcriptional activation of radioinducible 

promoter leading to increased expression of the therapeutic gene. The combination of the damaging effects of 

irradiation and increased level of therapeutic protein results in increased tumor cell apoptosis and improved anti-

tumor activity.
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stantial anti-tumor activity. There was no 

systemic toxicity and serum TNF-α levels 

were not significantly increased.103 In the 

first clinical study on patients with a range 

of advanced, treatment refractory solid 

tumors, TNFerade was administrated by 

intratumoral injection with concomitant 

radiotherapy.104 The combined treatment 

was well tolerated and serum TNF-α levels 

were not significantly increased during the 

treatment. In addition, no adenovirus was 

detectable in patients’ blood, urine and 

sputum samples. In the following phase I/II 

clinical trial on soft tissue sarcoma of the 

extremity, no dose limiting toxicities were 

observed, treatment was well tolerated and 

substantial responses, even in large tissue 

sarcomas, were reported, and therefore 

provide support for further evaluation of 

TNFerade.13 Therapy has now successfully 

reached phase II/III clinical trials for treat-

ment of pancreatic and esophageal carcino-

mas, rectal carcinomas, metastatic melano-

mas, soft tissue sarcoma and head and neck 

cancer.58

The radio-inducibility of CArG elements 

has also been demonstrated using reporter 

genes β-galactosidase (β-gal) and green fluo-
rescent protein (GFP) inserted downstream 

of the Egr-1 promoter. Expression of β-gal 
under the control of Egr-1 promoter was 

enhanced 3-fold after irradiation with 2 Gy 

in glioma cells.106 In another study, a con-

struct with GFP responded to 5 Gy irradia-

tion with increased GFP expression.107

For the use in radiation targeted suicide 

gene therapy, Egr-1 promoter was inserted 

upstream to the herpes simplex virus thymi-
dine kinase (HSV-tk) gene. Transfection of 

Egr-HSV-tk constructs into different tumor 

cells produced enhanced tumor cell killing 

in the presence of the prodrug gancyclovir 

following radiation treatment.107-110

After the success of TNF-α and HSV-tk 

radio-inducible constructs, a number of 

preclinical studies have successfully used 

CArG elements to drive the expression of 

several other cytotoxic or immune-modu-

latory therapeutic genes such as IFN-γ,111 

iNOS,31,112 mIL-12,55 mIL-18,113 etc. using 

different gene delivery systems (liposomes, 

adenoviruses, naked DNA injection, cell 

carrier). 

In order to further improve the perform-

ance of wild-type Egr-1 promoter, CArG el-

ements were isolated from Egr-1 promoter 

and integrated into synthetic promoters.107 

These new promoters demonstrated greater 

inducibility and lower basal activity than the 

wild-type Egr-1, despite containing the same 

number of CArG elements. Furthermore, a 

cumulative effect was observed after frac-

tionation, with five times 1 Gy doses being 

as effective as a 5 Gy dose. By increasing 

the number of CArG elements from four 

to nine, induction with clinically relevant 

doses (2-3 Gy) was further improved and a 

lower basal activity was achieved. Further 

in vitro studies showed that specific alterna-

tions of the core A/T sequence in the CArG 

elements caused an even greater induction 

after irradiation, while the spacing between 

the elements had no effect.114 Using an 

HSV-tk/GCV system, synthetic CArG pro-

moters were also shown to work in vitro 

and in vivo, with significant radio-sensitiz-

ing and anti-tumor effects.114

p21 promoter. Studies with Egr-1 promoter 

have led to the investigation of other radia-

tion-inducible promoters, such as the pro-

moter of the cyclin dependent kinase inhibitor 
p12, also known as WAF1 or CIP-1. Gene 

p21 is an immediate-early response gene, 

mediating cell cycle G1 phase arrest in re-

sponse to a variety of stresses.95,115 Its ex-

pression is regulated mostly by tumor sup-

pressor protein p53,116 which is activated 

by DNA damage caused by irradiation and 

genotoxic agents. The p21 promoter region 

contains at least two binding sites for the 

p53 transcriptional factor, and also specific 

DNA motifs responsive to a wide range of 
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other cell growth regulatory signals, indi-

cating that p53- independent pathways for 

the p21 gene transcriptional activation also 

exist. 

The promoter of the p21 gene has pre-

dominantly been studied in the context of 

suicide gene therapy with the iNOS gene. 

First, the response of the p21 promoter to 

radiation was tested using a p21/GFP re-

porter gene construct in an in vitro model 

with human endothelial cells HMEC-1 and 

in an ex vivo rat tail arterial segment mod-

el.117 Transfection of both models followed 

by irradiation with 4 Gy resulted in a signif-

icant increase (9.5 and 4.5-fold, respective-

ly) in GFP expression. Similarly, when p21 
promoter was used to control expression 

of the therapeutic gene iNOS, a five-fold in-

duction of iNOS gene was obtained after 4 

Gy radiation in a rat tail arterial segment 

model. The radio-sensitizing properties of 

the p21/iNOS construct were next tested 

in murine fibrosarcoma cells RIF-1. After a 

large single dose of radiation, tumor cell ra-

dio-sensitization in vitro and tumor growth 

delay in vivo was achieved.28

In order to optimize the synergistic inter-

action between radiation and the transgene 

product, induction of transgene expression 

and radiation therapy should be tempo-

rally adjusted. An alternative therapeutic 

regime was therefore proposed using an 

initial priming dose of 4 Gy to induce trans-

gene expression, followed by a subsequent 

treatment dose. This approach was tested 

in vivo on p53 wild-type RIF-1 tumors and 

p53 mutant HT29 human colorectal tumor 

xenografts.30 Intra-tumoral injection of 

p21/iNOS construct, followed 16 h later by 

a 4 Gy priming dose and then, 8 h later, by 

treatment doses of 10 or 20 Gy, resulted in 

significant radio-sensitization in both tu-

mor types, compared with radiation treat-

ment alone. Furthermore, western blot 

analysis revealed that transgene protein 

levels were significantly increased only in 

tissue within the irradiated volume, even 

though vector sequences were detected in 

all the main organs tested, indicating that 

effective transcriptional targeting had been 

achieved. A similar approach with a prim-

ing radiation dose was later tested on the 

same tumor models using fractionated radi-

ation schedules at clinically relevant doses 

per fraction.118 Again, significant radio-sen-

sitization was demonstrated for both p35 

normal and p53 mutated tumor models. 

Another study focused on the impor-

tance of integration of the p21 promoter 

into chromatin119, since there had been re-

ports that the binding of p53 to its recog-

nition sequence in p21 promoter depends 

on the chromatin structure.120 Indeed, p21 

promoter transduced by recombinant ad-

eno-associated virus vector, which can sta-

bly integrate transgenes into chromosomes, 

proved to be more responsive to low dose 

radiation than transiently transfected by 

electroporation. Significant induction of 

p21 promoter by radiation doses as low as 

0.2 Gy was demonstrated using luciferase 

reporter gene. Induction after 5 Gy reached 

a 6-fold induction, which was significantly 

higher than in transiently transfected cells 

(1.9-fold). Also when cells were stably trans-

duced with suicide gene HSV-tk under regu-

lation of the p21 gene promoter, they were 

sensitized to repetitive treatment with low 

dose radiation (1 Gy). 

Although p53 was shown to be impor-

tant for the radiation inducibility of p21 

in some cases, there is plenty of evidence 

that p21 can also be activated independ-

ently of p53. For instance, as mentioned 

before, p21/iNOS gene therapy was effec-

tive in radio-sensitizing both p53-wild type 

and mutant tumors to radiotherapy.30,118 

Characterization of the p21 promoter in a 

range of normal and tumor cell lines with 

different p53 status using the GFP reporter 

gene revealed that induction by radiation is 

independent of p53 status.118 In addition, 
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basal level activity of p21 promoter proved 

to be high in tumor cells, but low in normal 

cells. So p21 promoter is not only inducible 

by radiation but is also selectively induc-

ible within the tumor environment and, as 

we will see in the next chapter, can also be 

induced in response to hypoxic conditions. 

All these characteristics make p21 promot-

er a good candidate for use in cancer gene 

therapy, especially for the systemic treat-

ment of disseminated disease. Systemic 

delivery could be used to target metastatic 

deposits, where tumor and hypoxia specific 

expression of the transgene would be at-

tained in the absence of radiation. 

Chimeric radiation and hypoxia inducible 
promoters. Hypoxia is a physiological feature 

of solid tumors that is a major hindrance to 

radiotherapy121, since hypoxia leads to ra-

diation resistance because of lack of oxy-

gen to facilitate DNA damage by radiation-

induced ROS.122 Hypoxic conditions also 

create a microenvironment in which tumor 

cells become less angiogenesis dependent, 

more apoptosis resistant, and more malig-

nant.122,123 The presence of this physiologi-

cal difference can, on the other hand, be 

exploited for selective cancer treatment.124 

One way to do that is by using hypoxia in-

ducible promoters to drive the expression of 

therapeutic genes.125-127 Namely, similar as 

radiation, hypoxia can activate the expres-

sion of numerous genes, important for ang-

iogenesis, cell metabolism and cell growth. 

Their response to hypoxia is, in most cases, 

mediated by binding of hypoxia-inducible 

factor-1 (HIF-1) to specific hypoxia response 

elements (HREs) containing the consensus 

sequence (A/G)CGT(G/C)(G/C) within the 

promoter regions of these genes.124

To date, HRE derived from several hypox-

ia responsive genes, including phosphoglyc-
erate kinase 1 (PGK1), vascular endothelial 
growth factor (VEGF), erythropoietin (Epo) 
and lactate dehydrogenase A (LDH A) have 

been successfully used for hypoxia specific 

targeting of gene expression.128 Similarly to 

radio-inducible CArG elements, HREs have 

also been incorporated into synthetic pro-

moters, tested for inducibility in hypoxic 

conditions using reporter genes and then 

used in experimental gene therapy with sui-

cide therapeutic genes such as HSP, HSV-tk 
and CD.128-130 

The oxygenation status of tumor tissue 

is highly heterogeneous, with areas of low 

and high oxygen levels indistinctly mixed 

together. Since hypoxia inducible gene ther-

apy relies on a lack of oxygen and radio-in-

ducible gene therapy needs the production 

of oxygen derived free radicals, neither ap-

proach is adequate for the treatment of an 

entire tumor. Vectors containing chimeric 

promoters responsive to both stimuli have 

therefore been developed.131

Chimeric promoters containing HREs 

derived from Epo, PGK1 and VEGF genes 

and radio-inducible CArG elements were 

tested using GFP reporter assay on human 

T24 bladder and MCF-7 mammary carcino-

ma cells.17 Treatment with 5 Gy irradiation 

under a 0.1% oxygen concentration resulted 

in the induction of all promoters, with the 

Epo HRE/CArG promoter being most re-

sponsive and robust. Subsequent promoter 

induction tests in a range of physiological 

oxygen concentrations characteristic of sol-

id tumors showed that the Epo HRE/CArG 

promoter is most responsive in the radio-bi-

ologically significant levels of 0.1-0.5% O2. Epo 

HRE/CArG promoter was next successfully 

used to control a HRP mediated GDEPT 

strategy following irradiation under hypox-

ic conditions in vitro and in vivo.114 Similar 

results were reported when chimeric HRE/

CArG promoter was used to control HSV-tk 

expression in human lung carcinoma A549 

xenografts.26 In another study, Epo HREs 

were ligated upstream of the Egr-TNF-α 

construct.132 Combined treatment with 

Epo-Egr-TNF-α plasmid and radiation re-

sulted in significant tumor growth delay in 
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human colon adenocarcinoma WIDR xe-

nografts.

Another promoter that can be induced 

by both radiation and hypoxia is p21 men-

tioned earlier.118 This promoter lacks HRE 

so induction by hypoxia occurs by a novel 

mechanism involving the Myc transcrip-

tional factor. In the already mentioned in 
vitro study, p21 promoter was activated 

in hypoxic conditions by a factor of 5.4 in 

the RIF-1 cell line and 4.3 in the HT29 cell 

line.118 These findings were extended to 

other cell lines with different p53 status. 

Following exposure to hypoxia, all cell lines 

showed elevated levels of GFP compared to 

normoxic cells.

Cre/loxP molecular amplification switch. 
One problem associated with inducible pro-

moters is that, ones they are induced, they 

are relatively weak compared to strong con-

stitutive promoters. In addition, transgene 

expression is restricted only to the period of 

the associated stimulation. In order to gen-

erate sufficient concentrations of transgene 

product without compromising the specifi-

city of the inducible promoters, the expres-

sion should be amplified and sustained. 

For this purpose, an inducible molecular 

switch was devised based on the Cre/loxP 

site specific recombination system of the P1 

bacteriophage.133 In this new approach, the 

inducible promoter controls the expression 

of Cre recombinase instead of the therapeu-

tic transgene, which is transcriptionally si-

lenced by the loxP “stop” cassette incorpo-

rated between the gene and the constitutive 

promoter (Figure 3). 

In the evolution of this molecular switch-

ing device, the expression of Cre recombinase 
was first controlled by a radio-inducible pro-

moter and two vectors were required: one 

containing Cre recombinase with an induc-

ible promoter and the other with the thera-

peutic gene and constitutive promoter. The 

active components were next incorporated 

into a single vector and the radio-inducible 

promoter was replaced by chimeric radia-

tion and a hypoxia inducible promoter.131

The efficacy of the two vector system 

with radio-inducible promoter was tested 

on a MCF-7 breast cancer cell model us-

ing the GFP reporter gene and HSV-tk/GCV 

mediated tumor cell killing assay.133 An 

increase in GFP expression and tumor cell 

killing was achieved following clinically 

relevant doses: a 3 Gy dose induced a 40-

fold increase in radiation activated GFP ex-

pression, compared to a two- to three-fold 

increase when the reporter was controlled 

directly by the same promoter. Tumor cell 

growth inhibition equivalent to that of 3 

Gy without the switch was achieved by the 

switch system after a single dose as low as 1 

Gy. For testing of a single vector system con-

taining chimeric promoter inducible by hy-

poxia and radiation, human mammary aden-

ocarcinoma MCF-7 and glioma cells U87-MG, 

U373-MG were used. In vitro higher and more 

selective tumor cell killing was achieved us-

ing switch controlled HSV-tk/GCV GDEPT. 

The single vector switch was also tested in 

nude mouse xenograft models, in which it 
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Figure 3. Radiation and/or hypoxia stimulation 

activates the chimeric promoter on the vector, leading 

to expression of the Cre gene. The produced Cre 

recombinase then recognizes the loxP sites and cuts 

out the “stop” cassette, bringing the therapeutic 

transgene under the control of the strong constitutive 

promoter.
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induced significant growth delay and tu-

mor eradication.134

Targeted gene therapy in radiotherapy, 
conclusions

The ultimate aim of gene therapy, common 

to all cancer therapies, is to selectively tar-

get tumor cells while minimizing normal 

tissue toxicity. Although gene therapy has 

the potential to provide sustained, high lo-

cal concentrations of the therapeutic gene, 

poor tumor specificity is a major problem. 

Inducible promoters activated by ionizing 

radiation have the potential to limit gene 

expression to the irradiated tumor volume. 

To date, the only radiation-inducible pro-

moter used in clinical trials is the Egr-1 pro-

moter. Considerable problems remain to 

be overcome for this radio-gene combined 

modality to achieve wider clinical applica-

tion. Each modality of combined treatment 

has its own drawbacks. For instance, gene 

therapy still lacks safe and efficient delivery 

systems. Bystander cell killing can partially 

improve the efficiency of gene therapy but 

the quest to find a better delivery system 

continues. Two major problems of radio-

therapy are metastases and radio-resist-

ance. Using radiation induced transcrip-

tional targeting, a high level of local control 

is achieved at the expense of poor systemic 

control. One way to solve this problem is 

to choose a secretory therapeutic gene that 

has local radio-sensitizing activity and can 

also induce an effective systemic immune 

response against tumor antigens or inhibit 

angiogenesis of metastases (IL-12). Another 

solution is to use a promoter or a combina-

tion of promoters that can be induced by 

radiation, to target the primary tumor, and 

tumor specific conditions like hypoxia to 

target the metastases (p21 promoter, chi-

meric promoters). An additional advantage 

of hypoxia inducible promoters is that they 

target exactly the cell population resistant 

to radiotherapy. Since a transcriptional tar-

geting approach allows for any therapeutic 

gene with radio-sensitizing properties to be 

chosen, careful selection of the best com-

bination of inducible promoters and thera-

peutic genes is important for translation of 

this approach to the clinic. 
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