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Abstract

Radiation therapy is a critical component of cancer treatment with over half of patients receiving 

radiation during their treatment. Despite advances in image guided therapy and dose fractionation, 

patients receiving radiation therapy are still at risk for side effects due to off-target radiation 

damage of normal tissues. To reduce normal tissue damage, researchers have sought 

radioprotectors, agents capable of protecting tissue against radiation by preventing radiation 

damage from occurring or by decreasing cell death in the presence of radiation damage. While 

much early research focused on small molecule radioprotectors, there has been a growing interest 

in gene therapy for radioprotection. The amenability of gene therapy vectors to targeting, as well 

as the flexibility of gene therapy to accomplish ablation or augmentation of biologically relevant 

genes, makes gene therapy an excellent strategy for radioprotection. Future improvements to 

vector targeting and delivery should greatly enhance radioprotection through gene therapy.

Introduction

Radiation therapy (XRT) is a commonly used and effective modality for the treatment of 

cancer, with over half of cancer patients receiving XRT at some point during their 

treatment.1 However, the use of XRT is associated with significant off-target effects on 

normal tissues that limit the dosages and locations used in XRT.

The pathology of radiation damage is mediated by the creation of free radicals and reactive 

oxygen species (ROS) inside cells.2 These ions and radicals damage components throughout 

the cell, most significantly causing double strand DNA breaks. This damage initiates a 

signaling pathway that either results in the arrest of the cell cycle or in apoptosis. Thus, 

radiation damage results in a decreased population of cells, as well as a decreased ability to 

repopulate. The dual nature of this pathology is most apparent and appears rapidly in tissues 

that require replication to maintain physiological function, such as bone marrow and 

intestinal epithelia. In tissues that replicate more slowly or not at all, the damage takes 

longer to appear and is often of an inflammatory, fibrotic form.2 Thus, the rate of cellular 

division influences the timing and nature of normal tissue response to radiation damage.
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The responses of normal tissue to irradiation can be classified as early, intermediate, or late 

depending upon the time it takes for them to develop following radiation exposure.2 The 

early radiation responses that occur in days to weeks following irradiation are dominated by 

the effects on the hematopoietic, gastrointestinal, and cerebrovascular systems. At doses up 

to 5Gy, hematopoietic effects are dominant, with lymphopenia, neutropenia, thrombopenia, 

and anemia occurring. With higher doses in this range (2.5-5Gy) death may occur within 

approximately two months. From 5 to 12Gy, damage to the gastrointestinal system leads to 

bloody diarrhea, denudation of epithelia, destruction of intestinal crypt cells, and death 

within nine to ten days. Doses of 12Gy and above cause catastrophic damage to the 

neurological and cardiovascular systems, leading to death within 48 hours. Together, these 

patterns of normal tissue damage are known as the Acute Radiation Syndrome.2 Damage to 

the skin is also classified as an early radiation response, with erythema occurring within 

hours of radiation exposure and desquamation within two to three weeks, depending on the 

dose. Finally, damage to the testes and ovaries is classified as early, as the stem cells and 

oocytes, respectively, are quickly killed by radiation exposure.2

The intermediate effects of radiation damage occur within a few months of radiation 

exposure. The main form of intermediate radiation response is acute pneumonitis of the 

lung, which may occur two to six months after irradiation.2

The late effects of radiation damage occur months to years following exposure.2 Thickening 

of epithelium and fibrosis occur throughout the gastrointestinal tract, from the esophagus to 

the intestines. Fibrosis also occurs as a late effect in the lungs, bladder, and heart, with the 

heart also being vulnerable to the development of pericarditis.2 The response of the kidneys 

to radiation is a late-developing nephropathy that leads to arterial hypertension and anemia. 

Exposure of the liver to radiation can lead to a rapid loss of function several months post-

exposure. Finally, the late effects of radiation on the CNS are transient demyelination, 

leukoencephalopathy, and radionecrosis.2 Table 1 summarizes the effects of radiation on 

normal tissues.

Since the inception of XRT, attempts have been made to abrogate side effects by increasing 

the radiation resistance of normal tissues (radioprotection). The ideal radioprotection agent 

would affect only normal tissue and not increase the resistance of cancer cells. Such an 

increase in the therapeutic index would allow the use of current levels of radiation with 

fewer side effects or allow increased levels of radiation with an acceptable side effect 

profile. Strategies to accomplish radioprotection have followed three general avenues. The 

first is to protect normal tissue by increasing the ability of the tissue to detoxify free radicals 

to prevent radiation-induced damage from occurring; the second is to mitigate radiation 

damage by overriding the cellular signaling network with growth factors or other proteins to 

sustain the cell cycle and prevent apoptosis. The former strategy is true radioprotection, 

whereas the latter is more accurately described as radiomitigation. Finally, a third strategy is 

to use the expression of transgenes as therapy to restore function to tissues that have already 

been damaged. In all of these strategies, the goal is the maintenance of tissue function 

through either protection against damage, mitigation of damage, or restoration of function 

after damage. Therefore, all of these strategies are radioprotective in that they seek to 

prevent the off-target radiation from affecting the function of normal tissues. It is in this 
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more general sense that “radioprotection” will be used throughout the rest of this paper. In 

early work, many groups have focused on the use of small molecule pharmaceuticals as 

radioprotectors; however, despite numerous studies, only two drugs, amifostine and 

palifermin, have received FDA approval as radioprotection agents.3

In recent years, there has been a growing interest in the use of gene therapy for 

radioprotection. Gene therapy is an attractive strategy for radioprotection for several 

reasons. Gene transfer can be targeted to particular sites and tissues by either the intrinsic 

properties of the gene transfer vector or by the method by which the vector is administered. 

Further, gene therapy has extensive flexibility to carry out a variety of radioprotection 

strategies due to the ability to accomplish ablation or augmentation of biologically relevant 

genes. Therefore, gene therapy can be used in any of the general strategies of 

radioprotection—increasing detoxification of free radicals through the delivery of 

antioxidant genes, improving survival and proliferation of damaged cells through the 

delivery of growth factor genes, or delivering transgenes to restore tissue function following 

radiation damage. The ability of gene therapy to target specific sites with a variety of 

therapeutic genes may thus allow for the radioprotection of normal tissues without affecting 

the sensitivity of tumors.

The choice of vector is of critical importance in gene therapy for radioprotection. To achieve 

clinically significant radioprotection, a vector must be able to specifically and efficiently 

transduce the normal tissue desired. This is complicated in practice by the widely distributed 

nature of normal tissues important to radioprotection (bone marrow, gastrointestinal tract) 

and the in vivo delivery of radioprotective genes. Therefore, an ideal vector for 

radioprotection would be amenable to targeting to normal tissues and efficiently transduce 

those tissues. Further, to limit the side effects of radioprotective transgenes, many of which 

have effects on cellular growth and proliferation, the duration of expression should be 

controlled. This makes integrating and long-term expression vectors, such as retroviral and 

adeno-associated viral vectors, respectively, less attractive candidates for the delivery of 

some radioprotective transgenes. Two promising vector systems for radioprotection are 

plasmid liposomes and adenovirus. Plasmid liposomes incorporating polymers have been 

developed and have shown the potential to be targeted to specific tissues.4 In adenoviral 

systems, incorporation of tissue specific promoters5 and the incorporation of targeting 

ligands (including single domain antibody species) into the adenoviral capsid proteins6 have 

yielded adenoviral vectors capable of targeting a variety of normal tissues.

Superoxide Dismutase

In following the antioxidant approach to radioprotective gene therapy, the proteins of the 

Superoxide Dismutase (SOD) family have been extensively studied. The SOD proteins are a 

family of three metalloproteins that catalyze the conversion of superoxide (O2
−) into 

hydrogen peroxide and oxygen. As radiation damage is mediated by the creation of 

superoxide and other ROS in cells, SOD gene therapy was seen as a means to reduce the 

damage caused by XRT. One member of the family, CuZnSOD (SOD1), is localized to the 

cytoplasm and constitutively expressed, while MnSOD (SOD2) is localized to mitochondria 

and expression is induced by several factors, including radiation.7 The third member of the 
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SOD family, ECSOD (SOD3), is also CuZn based but is localized to the extracellular space. 

Despite the similar enzymatic action of these proteins, MnSOD generally shows superior 

radioprotective capacity. This is thought to result from the mitochondrial localization of 

MnSOD, as MnSOD without the mitochondrial localization sequence shows decreased 

radioprotective capability.8 The exact mechanism is unknown, but it is possible that MnSOD 

inhibits apoptosis by stabilizing the mitochondrial membrane.8 This evidence of MnSOD-

mediated radioprotection calls into question the model of radioprotection solely by 

antioxidant effects within the cytoplasm of cells. On the other hand, there is evidence that 

ECSOD is a potential radioprotective agent in the lungs, by virtue of its extracellular 

localization.9 Thus, it is possible that the mechanism of radioprotection via SOD expression 

varies depending on the particular tissue with further work being necessary to clarify the 

mechanism of SOD radioprotection. In addition to acting as a radioprotector, there is 

evidence that MnSOD acts as a radiosensitizer in some cancers10 and is dysregulated in 

tumor development and progression.11

Superoxide Dismutase gene therapy has been carried out using a variety of vectors and 

administration methods to control the localization of expression. Vectors used with SOD 

include recombinant viruses,12,13 plasmid liposomes,14-17 and minicircle-plasmid liposomes 

(a plasmid in which remaining bacterial sequences have been eliminated.)18 To achieve 

more specific expression of SOD, several methods have been used to administer these 

vectors as well. Direct injection has been used for intratracheal12,14,19 and 

intraesophageal20,21,22 protection. Intravenous administration has also been used for whole 

body protection experiments.17,23 Radioprotection experiments with SOD gene therapy have 

also been carried out using oral administration of plasmid liposome vectors.24,25 Finally, 

plasmid liposomes have been administered in a manner making use of naturally occurring 

anatomical isolation such as inhalation via nebulizers16 and intravesicular instillation.15

Superoxide Dismutase gene therapy has shown promise in preventing radiation damage in 

several tissues at both the early and late stages of radiation damage. In the lungs, MnSOD 

therapy has been shown to reduce histological and clinical signs of organizing alveolitis and 

fibrosis, late sequelae of radiation exposure.14 This protective effect appears to be limited to 

normal tissues with no bystander effect on tumor models.26 Accordingly, administration of 

SOD gene therapy reduces apoptosis in irradiated lungs27 and reduces the expression of 

inflammatory cytokines IL-1, TNFα, and TGF-β.12,19 At later time points, the 

administration of SOD gene therapy results in a decrease in the expression of VCAM-1 and 

ICAM-1, potentially decreasing immigration of leukocytes that contribute to pulmonary 

fibrosis.28

The esophagus is another site that has been extensively studied in the context of SOD gene 

therapy radioprotection. Administration of MnSOD gene therapy vectors has been shown to 

improve clinical markers in murine models following irradiation such as decreasing weight 

loss21 and increasing overall survival.20 Histologically, the protective effect is corroborated 

by findings of decreased vacuole formation,20 increased side population stem cell survival,29 

and increased engraftment of marrow-derived progenitor cells within the damaged 

esophageal tissue.30 Additionally, administration of SOD gene therapy is associated with 
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decreased lipid peroxidation31 and homologous recombination in irradiated esophageal 

tissues.32

Superoxide Dismutase gene therapy also shows promise in the radioprotection of 

hematopoietic tissue. In vitro studies using the murine myeloid cell line 32Dcl 3 have shown 

that MnSOD gene therapy decreases the apoptosis of these cells in response to irradiation 

and TNFα.33 Further, administration of MnSOD gene therapy reduces death due to the 

hematopoietic syndrome in vivo.34

Together, these studies demonstrate that gene delivery of members of the SOD family, 

particularly MnSOD, is a promising strategy for radioprotection of a variety of tissues. The 

radioprotection conferred by this strategy has been detected through clinical markers such 

decreased weight loss and increased survival, as well as through histological markers such 

as decreased apoptosis. However, use of SOD gene delivery is limited by the specificity of 

available gene delivery vectors. This constraint has led to the use of direct injection of SOD 

vectors or administration to anatomically compartmentalized locations such as the bladder to 

achieve specific expression within targeted tissues. To enable the use of SOD 

radioprotection in other tissues while maintaining specific gene delivery, new vectors 

capable of enhanced targeting need to be developed.

Catalase

Another antioxidant protein that has been used in radioprotective gene therapy is catalase. 

Acting downstream of the SOD proteins, catalase catalyzes the decomposition of hydrogen 

peroxide into water and oxygen, thus protecting the cell from the oxidative effects of 

hydrogen peroxide. When targeted to the mitochondria, catalase has shown some 

radioprotective effect,35 offering the possibility of dual therapy with an SOD and catalase to 

enhance further the pathway of ROS degradation. Further, catalase gene therapy has been 

shown to enhance the engraftment of transplanted hematopoietic stem cells following 

irradiation.36 Further work is necessary to determine the potential of catalase as a 

radioprotective agent, either alone or in conjunction with other radioprotectors.

Roof plate-specific spondin 1

In contrast to antioxidant radioprotective strategies which attempt to reduce radiation-

mediated damage, growth-modulating radiomitigation therapies attempt to sustain the cell 

cycle and prevent apoptosis from occurring despite radiation damage. One key regulatory 

pathway in the proliferation of gastrointestinal mucosa from the oral cavity to the intestine is 

the Beta-catenin/Wnt signaling pathway.37 Together, Beta-catenin and Wnt signaling 

control stem cells in intestinal crypts, ensuring that progenitor cells remain for 

regeneration.38,39 Roof plate-specific spondin 1 (R-spondin1) is a secreted agonist of the 

Wnt/Beta-catenin pathway that results in intestinal hyperplasia when expressed 

transgenically in mice.40-42 Additionally, administration of R-spondin1 has been shown to 

reduce the severity of experimentally-induced colitis in mouse models,43 and administration 

of recombinant R-spondin1 showed a radioprotective effect in an oral mucosa irradiation 

model.44 These results encouraged the exploration of R-spondin1 as a potential agent for 

radioprotective gene therapy.
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Bhanja et al. used an adenoviral vector expressing R-spondin1 (AdRspo1) in radioprotection 

experiments in the small intestine.45 Administration of AdRspo1 resulted in a 6-8 fold 

increase in R-spondin1 serum levels that persisted for a week. Treatment with AdRspo1 

before administration of lethal WBI (10.4Gy) showed a radioprotective effect with the 

median survival time increased as compared to the control vector. However, the mice 

eventually succumbed to the hematopoietic syndrome. Additionally, these mice maintained 

their body weight and well-formed stools.45 This was correlated with markers of normal 

intestinal histology such as crypt proliferation, decreased crypt apoptosis, and an increase in 

crypt microcolonies as compared mice receiving the control vector.45 Based on these results 

and the fact that R-spondin1 does not increase the resistance of tumors to chemotherapy42 or 

radiation,45 R-spondin1 is a promising radioprotective agent.

Heat Shock Protein 25

Heat Shock Proteins (HSPs) are a group of proteins upregulated in response to noxious 

stimuli including temperature and ischemia.46 Their capability to protect cells against 

apoptosis has led to exploration of several HSPs, especially HSP25 as protective agents 

against the insults of chemotherapy and XRT.47,48 The mechanism by which HSPs reduces 

apoptosis is unknown, but putative mechanisms include binding cytochrome c,49 

degradation of unfolded proteins via the ubiquitin pathway,50 binding Daxx,51 delaying cell 

growth,52 inducing MnSOD expression,53 downregulating ERK1/2 expressing,54 and 

inhibiting PKCδ-mediated production of reactive oxygen species.55

Lee et al. explored the use of HSPs as a radioprotective agent of two tissues, the salivary 

glands and bone marrow. In work using HSP25 as a salivary gland radioprotector, Lee et al. 

directly injected an adenovirus expressing HSP25 or HSP70i (AdHSP25 and AdHSP70i) 

into the submandibular glands of mice. The mice were then subjected to 17.5Gy of radiation 

directed to the submandibular glands. Both vectors were found to transfect salivary gland 

cells and induce the production of their respective transgene. The submandibular glands 

were then examined 40 and 90 days post irradiation.47

As radioprotective agents, AdHSP25 prevented the decrease of the mass of the 

submandibular glands without having an effect on overall weight loss. AdHSP70i did not 

show any effect on gland weight. Further, both AdHSP25 and AdHSP70i improved salivary 

flow rate and chemical constituency following irradiation, as compared to controls. The 

improvements in these markers were associated with a reduction of apoptosis in acinar cells 

and fibrosis within the glands.47

In work using AdHSP25 as a radioprotector of bone marrow, Lee et al. injected the vector 

into the tail veins of mice one hour prior to irradiation. AdHSP25 was found to transfect a 

large portion of bone marrow cells. Following irradiation, all of the mice developed 

thrombocytopenia, erythocytopenia, and leukopenia, with the mice that received AdHSP25 

recovering more quickly. AdHSP25 was shown to enhance the recovery of bone marrow by 

reducing apoptosis as demonstrated by decreases in caspase activation.48 Further, it was 

shown that many of the cells protected by HSP25 were c-kit-positive, a marker for stemness. 

This suggested that HSP25 mediated radioprotection by preventing apoptosis of 
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hematopoietic stem cells (HSCs). HSP25 radioprotection was also associated with the 

expression of Tie2, a receptor tyrosine kinase expressed on endothelial cells and HSCs that 

protects stem cell compartments.56 Knockdown of Tie2 by RNA interference blocked the 

radioprotection mediated by HSP25.48

Multidrug Resistance 1

MDR1 (multidrug resistance 1) is the gene that encodes the protein P-glycoprotein (P-gp), 

which is widely expressed in human cancers and provides resistance against many 

chemotherapy agents.57 This resistance capability has lead to the study of MDR1 in gene 

transfer to protect normal tissues during intense chemotherapy regimens.58 Further study 

revealed that MDR1 protects cells not only through removal of toxic agents, but also by 

inhibiting apoptosis and that deficiency of P-gp can lead to increased apoptosis following 

exposure to radiation.59 Though this is known to be achieved through suppression of caspase 

activity, the exact mechanism is not known.

The ability of MDR1 to suppress apoptosis has led to interest in the gene as a 

radioprotective agent. Maier et al. examined the effect of MDR1 as a radioprotector in vitro, 

using the human B-cell lymphoblastoid line TK6.60 Using a retroviral vector expressing 

MDR1, the TK6 cells were infected and changes in gene expression were measured. The 

pro-apoptotic genes CASP1, CASP4, and NALP7 were all found to be down-regulated 

while the potentially anti-apoptotic gene AKT3 was upregulated. These changes in 

apoptosis-related gene expression remained after the cells were irradiated. The physiological 

relevance of the changes in apoptosis-related gene expression was corroborated by evidence 

of radioprotection. Cells transfected with MDR1 showed reduced apoptosis and increased 

survival after irradiation with 1-4Gy. Though the mechanism for this radioprotection clearly 

involves transcriptional regulation of apoptotic factors, the addition of an inhibitor of the P-

gp efflux pump slightly reduced the protective effect of MDR1 transfection. Thus it is not 

possible to rule out the contribution of the efflux action of P-gp on the observed 

radioprotection.60

MDR1 radioprotection has also been examined in CD34+ hematopoietic stem cells, a group 

of cells not only important for hematopoiesis but also extremely sensitive to radiation.61 In 

this study, CD34+ hematopoietic stem cells were transfected with a lentiviral self-

inactivating (SIN) vector and two days later were irradiated at doses ranging from 0-8Gy. 

After twelve days, the surviving cells were analyzed for MDR1. As the dose of radiation 

increased, the proportion of surviving cells positive for MDR1 also increased, showing the 

radioprotective effect. Additionally, MDR1 was shown to confer radioprotection to 

hematopoietic cells differentiated from the CD34+ stem cells.61

The further use of MDR1 as a clinical radioprotective agent depends on improvements in 

gene therapy targeting. MDR1 is a gene commonly upregulated in cancers that provides the 

cancers with resistance to common chemotherapeutics. Thus it is critical that the delivery 

vector used for MDR1 be able to target the population of normal tissue for protection, 

without off target expression within tumors.
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Snail Family Zinc Finger 2

Snail Family Zinc Finger 2 (SNAI2 or Slug) is a member of the Slug/Snail transcription 

factor family that is known to suppress radiation-induced apoptosis.62 This is accomplished 

by blocking the p53-induced expression of PUMA and thus blocking apoptosis through the 

mitochondrial pathway. Therefore, SNAI2 has potential use in radioprotective gene therapy.

Maier et al. developed a lentiviral bicistronic SIN vector to test the ability of SNAI2 to 

protect TK6 cells in vitro.63 In their experiments, SNAI2 was shown to improve cell 

survival following irradiation by reducing apoptosis and decreasing expression of PUMA 

following irradiation.

SNAI2 shows promise as a radioprotective gene therapy agent as suppression of PUMA-

mediated apoptosis could lead to protection in a variety of tissues. Further studies should be 

undertaken however, as SNAI2 could potentially enhance tumor invasion.64

Interleukin 3

IL-3 is a cytokine that plays an important role in regulating the development and 

proliferation of multiple hematopoietic cell lineages.65 However, this increased proliferation 

is not lineage specific, and can lead to stimulation of basophils and mast cells.66,67 

Proliferation of these cells can lead to negative effects due to increased inflammation. 

Additionally, it appears that IL-3 plays a role in regulating the vascular system, in particular 

vasculogenesis.68 The ability of IL-3 to stimulate hematopoietic cells led to exploration of 

IL-3 as a potential chemo- and radioprotective agent.69,70

Chapel et al. explored the potential of an antibody-based targeting system for the delivery of 

IL-3 in vivo following success with the strategy in vitro.70 In this system, a plasmid 

encoding the IL-3 protein was covalently linked to IgG mAbs specific for CD117 (c-kit). 

The animal models were then intravenously injected with this construct and the expression 

of IL-3 in various tissues assayed.

Following injection of the construct into the animal model, evidence of transfection was 

found in the bone marrow and spleen by PCR. This expression was transient, and was only 

present until day 10 post injection.

Though IL-3 itself is not an ideal candidate for radioprotection due to its non-specific 

stimulation of hematopoietic cell lineages, the antibody-conjugation method used by Chapel 

shows some promise due to the specificity with which the transfection occurs. Further work 

should be done to evaluate whether physiologically relevant quantities of radioprotective 

agents can be produced via cells transduced in this manner.

Hepatocyte Growth Factor

Hepatocyte Growth Factor (HGF), so named because of its ability to induce mitosis of 

hepatocytes,71 is known to have potent mitogenic and anti-apoptotic effects in a variety of 

tissues.72 The activities are most pronounced in epithelial and endothelial cells, and HGF 
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has been shown to have angiogenic activity.73 Because of these capabilities, HGF has been 

tested as a radioprotector of tissues that express C-Met, the receptor of HGF.

Hu et al. utilized an adenoviral vector to express HGF in a model of radiation-induced heart 

disease.74 In their experiments, rats received 20Gy of radiation locally to the heart. As a 

radiation mitigation intervention, two weeks later, some of the rats were treated with 

adenovirus expressing HGF (AdHGF), while others received an empty adenovirus vector 

(AdNull). These adenoviral vectors were administered by performing a thoracotomy and 

directly injecting the vectors into five locations in the myocardium of the left ventricular 

wall.

The administered AdHGF successfully transduced the myocardium with elevated levels of 

HGF 3 and 7 days post administration. Using myocardial contrast echocardiography 120 

days post irradiation, the hearts of rats receiving AdHGF were shown to have increased local 

perfusion. Further cardiac function studies at 180 days post irradiation showed preservation 

of left ventricular contractile function in rats that received AdHGF. On histology, there was 

less fibrosis in hearts that received AdHGF.74 Cardiac dysfunction in radiation-induced 

heart disease is thought to be induced by damage to the microvasculature leading to 

decreased perfusion. Also, increases in fibrosis of the myocardium are thought to play a role. 

Thus AdHGF administration opposed these developments through its angiogenic and anti-

fibrotic mechanisms.74

The hematopoietic potential of HGF makes bone marrow an attractive target for HGF-

mediated radioprotection. Li et al. tested whether an adenovirus expressing HGF (AdHGF) 

could protect the bone marrow of mice following whole body irradiation.75 In these 

experiments, AdHGF was administered to mice via tail vein injection 48 hours before the 

mice received radiation. From 7 to 28 days after administration of AdHGF, levels of HGF in 

the blood of the mice were found to be elevated. The mice receiving AdHGF were found to 

have higher RBC and WBC counts. AdHGF also affected levels of other cytokines 

following irradiation, with pro-hematopoietic erythropoietin and IL-6 levels increased and 

anti-hematopoietic IFN-γ levels decreased. On histology, administration of AdHGF 

preserved the cellularity of the bone marrow and prevented thymic atrophy. Finally, the 

mice received AdHGF before irradiation showed increased survival.75

HGF has great potential as a radioprotective agent for some of the tissues most often 

affected by radiation therapy. However, there is a key caveat to the use of HGF 

radioprotection. It has been shown that HGF promotes the growth and metastasis of cancer 

cells.76 Thus giving HGF radioprotection therapy to patients who have a tumor is not 

advisable. Further developments in targeting and localization of gene therapy could 

circumvent this problem in the future.

Fibroblast Growth Factor 2 and Vascular Endothelial Growth Factor

Fibroblast Growth Factor 2 (FGF2) and Vascular Endothelial Growth Factor are two growth 

factors known to play roles in angiogenesis. The binding of FGF2 to its receptors (FGFR-1 

and FGFR-2) induces angiogenesis and proliferation of endothelial cells.77 VEGF is known 

to induce angiogenesis and lymphangiognesis, as well as acting as a survival factor for 
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endothelial cells. VEGF can also induce vascular permeability.78 As radiation-induced 

damage to endothelium is known to be a key factor in the development of further 

pathology,79 FGF2 and VEGF have been used to protect the microvasculature and thus other 

tissues.

Cotrim et al. sought to use the angiogenic capabilities of FGF2 and VEGF to protect salivary 

glands in a model of xerostomia, a common side effect of radiation therapy to the head and 

neck.80 In this work, adenoviral vectors expressing FGF2 and VEGF were constructed 

(AdFGF2 and AdVEGF), and mice were pretreated with these vectors 48 hours before 

irradiation. These vectors were administered by retrograde ductal delivery to the 

submandibular glands. After 48 hours, FGF2 and VEGF were detected in aqueous extracts 

from the salivary glands with none detected in the serum. Additionally, mice that received 

AdFGF2 or AdVEGF had increased preservation of microvessel density within the 

submandibular glands, as compared to the vector control. At 8 weeks post irradiation, the 

salivary flow of irradiated mice was measured. Mice receiving AdFGF2 and AdVEGF had 

markedly increased salivary flow as compared to irradiated mice receiving the control 

vector.80

Administration of angiogenic growth factors such as FGF2 and VEGF has potential as a 

therapy for the prevention of salivary gland damage and xerostomia. Caution has to be taken 

in the administration of growth factors that could also potentially act in a pro-tumorigenic 

fashion. The availability of retroductal delivery of vectors and the absence of expressed 

growth factors in the serum following salivary gland transduction are both encouraging 

features of this therapy. However, further studies will have to undertaken to confirm the 

localization of the expression.

Keratinocyte Growth Factor

Keratinocyte Growth Factor (KGF or FGF7) is a member of the fibroblast growth factor 

family that signals through the FGFR2B receptor.81 Involved in paracrine mesenchymal-

epithelial signaling, KGF powerfully stimulates mitogenesis, migration, and differentiation 

of epithelial cells. Recombinant KGF has been studied in animal and human models of acute 

lung injury82 and has received FDA approval for the treatment of oral mucositis induced by 

chemotherapy.83

Zheng et al. used adenoviral vectors with retroviral elements84 expressing KGF (AdKGF), 

administered to the salivary glands by retrograde ductal instillation in models of radiation-

induced oral mucositis85 and salivary hypofunction.86 Treatment with AdKGF one day 

before irradiation reduced the severity of tongue ulceration in both single and fractionated 

irradiation schemes, with histology showing preservation of tongue epithelial thickness.85 

Additionally, the AdKGF groups showed improved weight gain, as compared to the vector 

control group. Administration of AdKGF improved salivary flow in single dose and 

fractionated irradiation schemes.86 An important caveat to the use of growth factors for 

radioprotection is the potential for growth factors to enhance tumor growth.87 To address 

this concern, Zheng et al. used AdKGF in an squamous cell carcinoma VII tumor model to 

determine whether AdKGF affected treatment of the tumor. Despite the presence of the 
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receptor for KGF in the tumor, treatment with AdKGF showed no effect on squamous cell 

carcinoma VII tumor growth.86

AdKGF has shown promising results in treatment of two common oral side effects of XRT. 

Also, the evidence that treatment with AdKGF does not affect the growth of solid tumors 

makes this strategy even more attractive for radioprotection in a cancer context.

Erythropoietin

Erythropoietin (Epo) is a glycoprotein produced in the renal cortex in response to decreases 

in oxygen within the tissue. This oxygen regulation is accomplished by the hypoxia-

inducible transcription factors (HIFs).88 The canonical function of Epo is to enhance 

erythropoiesis by acting on erythrocytic precursors, though the presence of Epo receptors in 

other tissues has stimulated interest in exploring other potential function of Epo. Studies 

have examined Epo as a protective agent in ischemia-reperfusion injuries of the heart and 

kidney89 and in acute lung injury models.90

Rocha et al. developed an adenoviral vector with retroviral elements84 (to extend transgene 

expression) expressing Epo (AdEpo) to test in a mouse model of radiation-induced dry eye 

syndrome (DES).91 The vector was administered via submandibular gland duct cannulation 

one day before the animals were irradiated. Mice who received AdEpo before irradiation, in 

contrast to controls, showed increased tear production, as well as preservation of the 

epithelial layers of the cornea. Inflammatory (IL1β, TNF-α, and ICAM-1) and oxidative 

stress markers (glutathione peroxidase-3) did not show altered expression in the lacrimal 

gland between the groups; however, mice receiving AdEpo showed higher levels of VEGF 

receptors, indicating a possible mechanism of AdEpo mediated protection.91 Further work 

would need to carried out to determine the exact mechanism of Epo mediated protection. 

Additionally, studies should be performed to examine the effect of AdEpo in the context of a 

tumor.

Aquaporin-1

Aquaporin-1 (AQP1) is a member of a large membrane channel family that allows water to 

pass through the lipid bilayer of cell membranes. AQP1 is highly specific for water, 

excluding even hydronium ions (H3O+), and permits the rapid movement of water at a rate 

similar to diffusion.92 Movement through the AQP1 channel is bidirectional, with the 

direction of movement governed by the osmotic gradient. These features lead Baum et al. to 

explore the use of vectors expressing AQP1 to treat xerostomia, a condition of decreased 

saliva production that commonly occurs following irradiation of the head and neck. In their 

model, AQP1 expression in ductal cells of salivary glands would permit the movement of 

water across these cells into the lumen of the salivary gland, by taking advantage of pre-

existing osmotic gradients.93 This increased fluid movement would alleviate many of the 

symptoms of xerostomia.

To accomplish gene transfer to the ductal cells of the salivary gland, Baum et al. used an 

adenovirus expressing AQP1 (AdAQP1) and administered the virus using retroductal 

cannulation. After establishment of the strategy in vitro,94 work in small and large animal 
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models yielded promising results, with marked increased in salivary gland output following 

irradiation in rat and miniature pig models.94,95 In regard to safety, administration of 

AdAQP1 produced few systemic effects in animal models. Effects noted were an increase in 

white cell count in miniature pigs95 and reductions in food consumption, weight gain, and 

persistent inflammation, all in female rats.96

In light of these pre-clinical results, a phase I clinical trial evaluating AdAQP1 in patients 

with xerostomia from head and neck irradiation was carried out.97 Through day 42 of the 

study (the time period covered in the report), there were few adverse events attributed to the 

treatment and no severe adverse events. Of the eleven patients treated, six showed an 

improvement in saliva flow (60-540%), and five of these six reported subjective 

improvement in their symptoms. Saliva flow rates in the remaining five patients showed no 

improvement.

Though both pre-clinical and clinical trials show promise of efficacy of this strategy to treat 

xerostomia, an adenovirus vector such as that used in these studies is not ideal for the 

treatment of xerostomia, as the expression mediated by this vector is short term. In light of 

this, Baum et al. are developing an adeno-associated virus vector expressing AQP1.98 This 

AAV vector could provide the long term expression of AQP1 necessary to treat radiation-

induced xerostomia.

Future Directions

Radioprotection by gene therapy requires effective gene delivery, that is, efficient and 

specific gene delivery. Also, radioprotection requires in vivo gene delivery, which markedly 

increases the difficulty of effective gene delivery. Current vectors have not been fully 

capable of effective gene delivery in vivo. Of the vectors that have been used, viruses have 

shown the most utility in vivo, and improvements in viral vector targeting could lead to 

improvements in the effectiveness of gene delivery.

Several strategies are currently being used to improve the specificity of delivery by viral 

vectors. Screening virus serotypes to identify unique tissue tropisms,99 as well as the 

rationally-guided modification of viral capsids are yielding advances in transductional 

targeting.100 These capsid modifications have included the use of proteins from various 

serotypes to create chimeric viruses,100 the insertion of phage-biopanning derived 

peptides,101 and the genetic incorporation of single domain antibodies (also known as 

camelid antibodies) into the virus capsid.6 Transcriptional targeting places the therapeutic 

gene under the control of a promoter upregulated within the target cell. This strategy has 

been validated in work targeting vascular endothelium5 and colon cancer.102 Finally 

targeting utilizing RNAi can be used to control expression of the therapeutic gene after 

delivery.103 In this strategy, the therapeutic gene is tagged with microRNA response 

elements for miRNAs that are expressed at a low level in the target tissue but at higher 

levels in other tissues. Thus, the gene will only be expressed within the target tissue.

The context of radioprotection opens up new avenues for the utilization of these targeting 

strategies. Changes to protein expression and localization,104 transcription,105 and miRNA 
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levels106 are known to occur following exposure to ionizing radiation. Thus, these changes 

could be used to further target vectors to the tissue which has undergone irradiation.

In addition to improving current technologies, new approaches could be used for 

radioprotection gene therapy. As an alternative biological delivery strategy, gene therapy 

could be combined with cellular therapy by using cellular therapeutic agents as vectors. This 

would allow a dual approach to radioprotection through both cell-mediated and transgene-

mediated mechanisms. Nanoparticles are a potential non-biological vector that could be used 

in radioprotection studies.107

Gene therapy is a promising therapeutic strategy for radioprotection that should improve the 

cure rates and reduce side effects of XRT. To reach this goal will require continued 

development of advanced delivery vectors to enable specific targeting of desired tissues.

References

1. Lawrence, TS.; Ten Haken, RK.; Giaccia, A. Principles of radiation oncology. In: DeVita, VT., Jr.; 
Lawrence, TS.; Rosenberg, SA., editors. Cancer: Principles and Practice of Oncology. 8th. 
Lippincott Williams and Wilkins; Philadelphia: 2008. 

2. Hall, E.; Giaccia, A. Radiobiology for the Radiologist. 6th. Lippincott Williams & Wilkins; 
Philadelphia, PA: 2006. 

3. Citrin D, Cotrim AP, Hyodo F, Baum BJ, Krishna MC, Mitchell JB. Radioprotectors and mitigators 
of radiation-induced normal tissue injury. Oncologist. 2010; 15:360–71. [PubMed: 20413641] 

4. Pensado A, Seijo B, Sanchez A. Current strategies for DNA therapy based on lipid nanocarriers. 
Expert Opin Drug Deliv. 2014

5. Kaliberov SA, Kaliberova LN, Hong Lu Z, Preuss MA, Barnes JA, Stockard CR, et al. Retargeting 
of gene expression using endothelium specific hexon modified adenoviral vector. Virology. 2013; 
447:312–25. [PubMed: 24210128] 

6. Kaliberov SA, Kaliberova LN, Buggio M, Tremblay JM, Shoemaker CB, Curiel DT. Adenoviral 
targeting using genetically incorporated camelid single variable domains. Lab Invest. 2014

7. Akashi M, Hachiya M, Paquette R, Osawa Y, Shimizu S, Suzuki G. Irradiation increases manganese 
superoxide dismutase mRNA levels in human fibroblasts. J Biol Chem. 1995; 270:15864–15869. 
[PubMed: 7797591] 

8. Epperly M, Gretton J, Sikora C, Jefferson M, Bernarding M, Nie S, et al. Mitochondrial localization 
of superoxide dismutase is required for decreasing radiation-induced cellular damage. Radiat Res. 
2003; 160:568–578. [PubMed: 14565825] 

9. Kang S, Rabbani Z, Folz R, Golson M, Huang H, Yu D, et al. Overexpression of extracellular 
superoxide dismutase protects mice from radiation-induced lung injury. Int J Radiation Oncology 
Biol Phys. 2003; 57:1056–1066.

10. Greenberger J, Epperly M. Antioxidant gene therapeutic approaches to normal tissue 
radioprotection and tumor radiosensitization. In Vivo. 2007; 21:141–146. [PubMed: 17436562] 

11. Dhar S, St. Clair D. Manganese superoxide dismutase regulation and cancer. Free Radic Biol Med. 
2012; 52:2209–2222. [PubMed: 22561706] 

12. Epperly M, Bray J, Krager S, Berry L, Gooding W, Engelhardt J, et al. Intratracheal injection of 
adenovirus containing the human MnSOD transgene protects athymic nude mice from irradiation-
induced organizing alveolitis. Int J Rad Onc Biol Phys. 1999; 43:169–181.

13. Guo H, Wolfe D, Epperly M, Huang S, Liu K, Glorioso J, et al. Gene transfer of human manganese 
superoxide dismutase protects small intestinal villi from radiation injury. J Gastrointest Surg. 
2003; 7:229–236. [PubMed: 12600447] 

14. Epperly M, Bray J, Kraeger S, Zwacka R, Engelhardt J, Travis E, et al. Prevention of late effects of 
irradiation lung damage by manganese superoxide dismutase gene therapy. Gene Ther. 1998; 
5:196–208. [PubMed: 9578839] 

Everett and Curiel Page 13

Cancer Gene Ther. Author manuscript; available in PMC 2015 October 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



15. Kanai A, Zeidel M, Lavelle J, Greenberger J, Birder L, Groat W, et al. Manganese superoxide 
dismutase gene therapy protects against irradiation-induced cystitis. Am J Physiol Renal Physiol. 
2002; 283:F1304–1312. [PubMed: 12426235] 

16. Carpenter M, Epperly M, Agarwal A, Nie S, Hricisak L, Niu Y, et al. Inhalation delivery of 
manganese superoxide dismutase-plasmid/liposomes protects the murine lung from irradiation 
damage. Gene Ther. 2005; 12:685–693. [PubMed: 15750616] 

17. Epperly M, Smith T, Zhang X, Goff J, Franicola D, Greenberger B, et al. Modulation of in utero 
total body irradiation induced newborn mouse growth retardation by maternal manganese 
superoxide dismutase-plasmid liposome (MnSOD-PL) gene therapy. Gene Ther. 2011; 18:579–
583. [PubMed: 21248791] 

18. Zhang X, Epperly M, Kay M, Chen Z, Dixon T, Franicola D, et al. Radioprotection in vitro and in 
vivo by minicircle plasmid carrying the human manganese superoxide dismutase transgene. Hum 
Gene Ther. 2008; 19:820–826. [PubMed: 18699723] 

19. Epperly M, Travis E, Sikora C, Greenberger J. Magnesium superoxide dismutase (MnSOD) 
plasmid/liposome pulmonary radioprotective gene therapy: modulation of irradiation-induced 
mRNA for IL-1, TNF-α, and TGF-β correlates with delay of organizing alveolitis/fibrosis. Biol 
Blood Marrow Transplant. 1999; 5:204–214. [PubMed: 10465100] 

20. Stickle R, Epperly M, Klein E, Bray J, Greenberger J. Prevention of irradiation-induced 
esophagitis by plasmid/liposome delivery of the human manganese superoxide dismutase 
transgene. Radiat Oncol Investig. 1999; 7:204–217.

21. Eppery M, Kagan V, Sikora C, Gretton J, Defilippi S, Bar-Sagi D, et al. Manganese superoxide 
dismutase-plasmid/liposome (MnSOD-PL) administration protects mice from esophagitis 
associated with fractionated radiation. Int J Cancer. 2001; 96:221–231. [PubMed: 11474496] 

22. Rajagopalan M, Stone B, Rwigema J, Salimi U, Epperly M, Goff J, et al. Intraesophageal 
manganese superoxide dismutase-plasmid liposomes ameliorates novel total-body and thoracic 
radiation sensitivity of NOS1−/− mice. Radiat Res. 2010; 174:297–312. [PubMed: 20726721] 

23. Epperly M, Wang H, Jones J, Dixon T, Montesinos C, Greenberger J. Antioxidant-
chemoprevention diet ameliorates late effects of total-body irradiation and supplements 
radioprotection by MnSOD-plasmid liposome administration. Radiat Res. 2011; 175:759–765. 
[PubMed: 21466381] 

24. Epperly M, Carpenter M, Agarwal A, Mitra P, Nie S, Greenberger J. Intraoral manganese 
superoxide dismutase-plasmid/liposome (MnSOD-PL) radioprotective gene therapy decreases 
ionizing irradiation-induced murine mucosal cell cycling and apoptosis. In Vivo. 2004; 18:401–
410. [PubMed: 15369176] 

25. Epperly M, Wegner R, Kanai A, Kagan V, Greenberger E, Nie S, et al. Effects of MnSOD-plasmid 
liposome gene therapy on antioxidant levels in irradiated murine oral cavity orthotopic tumors. 
Radiat Res. 2007; 167:289–297. [PubMed: 17316075] 

26. Epperly M, Defilippi S, Sikora C, Gretton J, Kalend A, Greenberger J. Intratracheal injection of 
manganese superoxide dismutase (MnSOD) plasmid/liposomes protects normal lung but not 
orthotopic tumors from irradiation. Gene Ther. 2000; 7:1011–1018. [PubMed: 10871749] 

27. Zwacka R, Dudus L, Epperly M, Greenberger J, Engelhardt J. Redox gene therapy protects human 
IB-3 lung epithelial cells against ionizing radiation-induced apoptosis. Hum Gene Ther. 1998; 
9:1381–1386. [PubMed: 9650622] 

28. Epperly M, Sikora C, DeFilippi S, Gretton J, Bar-Sagi D, Archer H, et al. Pulmonary irradiation-
induced expression of VCAM-1 and ICAM-1 is decreased by manganese superoxide dismutase-
plasmid/liposome (MnSOD-PL) gene therapy. Biol Blood Marrow Transplant. 2002; 8:175–187. 
[PubMed: 12014807] 

29. Niu Y, Shen H, Epperly M, Zhang X, Nie S, Cao S, et al. Protection of esophageal multi-lineage 
progenitors of squamous epithelium (stem cells) from ionizing irradiation by manganese 
superoxide dismutase-plasmid/liposome (MnSOD-PL) gene therapy. In Vivo. 2005; 19:965–974. 
[PubMed: 16277008] 

30. Niu Y, Epperly M, Shen H, Smith T, Wang H, Greenberger J. Intraesophageal MnSOD-plasmid 
liposome enhances engraftment and self-renewal of bone marrow derived progenitors of 
esophageal squamous epithelium. Gene Ther. 2008; 15:347–356. [PubMed: 18097469] 

Everett and Curiel Page 14

Cancer Gene Ther. Author manuscript; available in PMC 2015 October 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



31. Epperly M, Tyurina Y, Nie S, Niu Y, Zhang X, Kagan V, et al. MnSOD-plasmid liposome gene 
therapy decreases ionizing irradiation-induced lipid peroxidation of the esophagus. In Vivo. 2005; 
19:997–1004. [PubMed: 16277013] 

32. Niu Y, Wang H, Wiktor-Brown D, Rugo R, Shen H, Huq M, et al. Irradiated esophageal cells are 
protected from radiation-induced recombination by MnSOD gene therapy. Radiat Res. 2010; 
173:453–461. [PubMed: 20334517] 

33. Epperly M, Bernarding M, Gretton J, Jefferson M, Nie S, Greenberger J. Overexpression of the 
transgene for manganese superoxide dismutase (MnSOD) in 32D cl 3 cells prevents apoptosis 
induction by TNFα, IL-3 withdrawal, and ionizing radiation. Exp Hematol. 2003; 31:465–474. 
[PubMed: 12829021] 

34. Epperly M, Smith T, Wang H, Schlesselman J, Franicola D, Greenberger J. Modulation of total 
body irradiation induced life shortening by systemic intravenous MnSOD-plasmid liposome gene 
therapy. Radiat Res. 2008; 170:437–443. [PubMed: 19024650] 

35. Epperly M, Melendez J, Zhang X, Nie S, Pearce L, Peterson J, et al. Mitochondrial targeting of a 
catalase transgene product by plasmid liposomes increases radioresistance in vitro and in vivo. 
Radiat Res. 2009; 171:588–595. [PubMed: 19580494] 

36. Miao W, XuFeng R, Park M, Gu H, Hu L, Kang J, et al. Hematopoietic stem cell regeneration 
enhanced by ectopic expression of ROS-detoxifying enzymes in transplant mice. Mol Therapy. 
2013; 21:423–432.

37. Clevers H, Nusse R. Wnt/β-Catenin signaling and disease. Cell. 2012; 149:1192–1205. [PubMed: 
22682243] 

38. Inagaki-Ohara K, Yada S, Takamura N, Reaves M, Yu X, Liu E, et al. p53-dependent radiation-
induced crypt intestinal epithelial cells apoptosis is mediated in part through TNF-TNFR1 system. 
Oncogene. 2001; 20:812–818. [PubMed: 11314015] 

39. Gregorieff A, Clevers H. Wnt signaling in the intestinal epithelium: from endoderm to cancer. 
Genes Dev. 2005; 19:877–890. [PubMed: 15833914] 

40. Kim KA, Zhao J, Andarmani S, Kakitani M, Oshima T, Binnerts ME, et al. R-Spondin proteins: a 
novel link to beta-catenin activation. Cell Cycle. 2005; 5:23–26. [PubMed: 16357527] 

41. Nam JS, Turcotte TJ, Smith PF, Choi S, Yoon JK. Mouse cristin/R-spondin family proteins are 
novel ligands for the Frizzled 8 and LRP6 receptors and activate beta-catenin dependent gene 
expression. J Biol Chem. 2006; 281:13247–13257. [PubMed: 16543246] 

42. Kim KA, Kakitani M, Zhao J, Oshima T, Tang T, Binnerts M, et al. Mitogenic influence of human 
R-spondin1 on the intestinal epithelium. Science. 2005; 309:1256–1259. [PubMed: 16109882] 

43. Zhao J, de Vera J, Narushima S, Beck EX, Palencia S, Shinkawa P, et al. R-spondin1, a novel 
intestinotrophic mitogen, ameliorates experimental colitis in mice. Gastroenterology. 2007; 
132:1331–1343. [PubMed: 17408649] 

44. Zhao J, Kim KA, de Vera J, Palencia S, Wagle M, Abo A. R-Spondin1 protects mice from 
chemotherapy or radiation-induced oral mucositis through the canonical Wnt/β-catenin pathway. 
Proc Natl Acad Sci U S A. 2009; 106:2331–2336. [PubMed: 19179402] 

45. Bhanja P, Saha S, Kabarriti R, Liu L, Roy-Chowdhury N, Roy-Chowdhury J, et al. Protective role 
of R-spondin1, an intestinal stem cell growth factor, against radiation-induced gastrointestinal 
syndrome in mice. PLoS ONE. 2009; 4:e8014. [PubMed: 19956666] 

46. Feder ME, Hofmann GE. Heat-shock proteins, molecular chaperones, and the stress response: 
evolutionary and ecological physiology. Annu Rev Physiol. 1999; 61:243–282. [PubMed: 
10099689] 

47. Lee HJ, Lee YJ, Kwon HC, Bae S, Kim SH, Min JJ, et al. Radioprotective effect of Heat Shock 
Protein 25 on submandibular glands of rats. Am J Pathol. 2006; 169:1601–11. [PubMed: 
17071584] 

48. Lee HJ, Kwon HC, Chung HY, Lee YJ, Lee YS. Recovery from radiation-induced bone marrow 
damage by HSP25 through Tie2 signaling. Int J Radiat Oncol Biol Phys. 2012; 84:e85–93. 
[PubMed: 22543210] 

49. Brizel DM, Overgaard J. Does amifostine have a role in chemoradiation treatment? Lancet Oncol. 
2003; 4:378–381. [PubMed: 12788413] 

Everett and Curiel Page 15

Cancer Gene Ther. Author manuscript; available in PMC 2015 October 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



50. Abok K, Brunk U, Jung B, Ericsson J. Morphologic and histochemical studies on the differing 
radiosensitivity of ductular and acinar cells of the rat submandibular gland. Virchows Arch B Cell 
Pathol Incl Mol Pathol. 1984; 45:443–460. [PubMed: 6145251] 

51. Takagi K, Yamaguchi K, Sakurai T, Asari T, Hashimoto K, Terakawa S. Secretion of saliva in X-
irradiated rat submandibular glands. Radiat Res. 2003; 159:351–360. [PubMed: 12600238] 

52. Park SH, Lee SJ, Chung HY, Kim TH, Cho CK, Yoo SY, et al. Inducible heat-shock protein 70 is 
involved in the radioadaptive response. Radiat Res. 2000; 153:318–326. [PubMed: 10669554] 

53. Yi MJ, Park SH, Cho HN, Yong Chung H, Kim JI, Cho CK, et al. Heat shock protein 25 (Hspb1) 
regulates manganese superoxide dismutase through activation of Nfkb (NF-kappaB). Radiat Res. 
2002; 158:641–649. [PubMed: 12385642] 

54. Lee YJ, Cho HN, Jeoung DI, Soh JW, Cho CK, Bae S, et al. HSP25 overexpression attenuates 
oxidative stress-induced apoptosis: roles of ERK1/2 signaling and manganese superoxide 
dismutase. Free Radic Biol Med. 2004; 36:429–444. [PubMed: 14975446] 

55. Lee YJ, Lee DH, Cho CK, Bae S, Jhon GJ, Lee SJ, et al. HSP25 inhibits protein kinase C delta-
mediated cell death through direct interaction. J Biol Chem. 2005; 280:18108–18119. [PubMed: 
15731106] 

56. Arai F, Hirao A, Ohmura M, Sato H, Matsuoka S, Takubo K, et al. Tie2/angiopoietin-1 signaling 
regulates hematopoietic stem cell quiescence in the bone marrow niche. Cell. 2004; 118:149–161. 
[PubMed: 15260986] 

57. Gottesman MM, Pastan I. Biochemistry of multidrug resistance mediated by the multidrug 
transporter. Annu Rev Biochem. 1993; 62:385–427. [PubMed: 8102521] 

58. Hesdorffer C, Ayello J, Ward M, Kaubisch A, Vahdat L, Balmaceda C, et al. Phase I trial of 
retroviral-mediated transfer of the human MDR1 gene as marrow chemoprotection in patients 
undergoing high-dose chemotherapy and autologous stem-cell transplantation. J Clin Oncol. 1998; 
16:165–172. [PubMed: 9440739] 

59. Staley E, Yarbrough V, Schoeb T, Daft J, Tanner S, Steverson D Jr. et al. Murine P-glycoprotein 
deficiency alters intestinal injury repair and blunt lipopolysaccharide-induced radioprotection. 
Radiat Res. 2012; 178:207–216. [PubMed: 22780103] 

60. Maier P, Fleckenstein K, Li L, Laufs S, Zeller W, Baum C, et al. Overexpression of MDR1 using a 
retroviral vector differentially regulates genes involved in detoxification and apoptosis and confers 
radioprotection. Radiat Res. 2006; 166:463–473. [PubMed: 16953664] 

61. Maier P, Herskind C, Fleckenstein K, Spier I, Laufs S, Jens Zeller W, et al. MDR1 gene transfer 
using a lentiviral SIN vector confers radioprotection to human CD34+ hematopoietic progenitor 
cells. Radiat Res. 2008; 169:301–310. [PubMed: 18302483] 

62. Inoue A, Seidel MG, Wu W, Kamizono S, Ferrando AA, Bronson RT, et al. Slug, a highly 
conserved zinc finger transcriptional repressor, protects hematopoietic progenitor cells from 
radiation-induced apoptosis in vivo. Cancer Cell. 2002; 2:279–288. [PubMed: 12398892] 

63. Maier P, Herskind C, Barzan D, Zeller WJ, Wenz F. SNAI2 as a Novel radioprotector of normal 
tissue by gene transfer using a lentiviral bicistronic SIN vector. Radiat Res. 2010; 173:612–619. 
[PubMed: 20426660] 

64. Barrallo-Gimeno A, Nieto MA. The snail genes as inducers of cell movement and survival: 
implications in development and cancer. Development. 2005; 132:3151–3161. [PubMed: 
15983400] 

65. Metcalf D. Hematopoietic cytokines. Blood. 2008; 111:485–491. [PubMed: 18182579] 

66. Lantz CS, Boesiger J, Song CH, Mach N, Kobayashi T, Mulligan RC, et al. Role for interleukin-3 
in mast-cell and basophil development and in immunity to parasites. Nature. 1998; 392:90–93. 
[PubMed: 9510253] 

67. Dahl C, Hoffmann HJ, Saito H, Schiotz PO. Human mast cells express receptors for IL-3, IL-5 and 
GM–CSF: a partial map of receptors on human mast cells cultured in vitro. Allergy. 2004; 
59:1087–1096. [PubMed: 15355468] 

68. Dentelli P, Del Sorbo L, Rosso A, Molinar A, Garbarino G, Camussi G, et al. Human IL-3 
stimulates endothelial cell motility and promotes in vivo new vessel formation. J Immunol. 1999; 
163:2151–2159. [PubMed: 10438956] 

Everett and Curiel Page 16

Cancer Gene Ther. Author manuscript; available in PMC 2015 October 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



69. Eder M, Geissler G, Ganser A. IL-3 in the clinic. Stem Cells. 1997; 15:327–333. [PubMed: 
9323793] 

70. Chapel A, Deas O, Bensidhoum M, Francois S, Mouiseddine M, Ponçet P, et al. In vivo gene 
targeting of IL-3 into immature hematopoietic cells through CD117 receptor mediated antibody 
gene delivery. Genet Vaccines Ther. 2004; 2:16. [PubMed: 15509303] 

71. Nakamura T. Structure and function of hepatocyte growth factor. Prog Growth Factor Res. 1991; 
3:67–85. [PubMed: 1838014] 

72. Zarnegar R, Michalopoulos GK. The many faces of hepatocyte growth factor: From hepatopoiesis 
to hematopoiesis. J Cell Biol. 1995; 129:1177–1180. [PubMed: 7775566] 

73. Bussolino F, Di Renzo MF, Ziche M, Bocchietto E, Olivero M, Naldini L, et al. Hepatocyte growth 
factor is a potent angiogenic factor which stimulates endothelial cell motility and growth. J Cell 
Biol. 1992; 119:629–641. [PubMed: 1383237] 

74. Hu S, Chen Y, Li L, Chen J, Wu B, Zhou X, et al. Effects of adenovirus-mediated delivery of the 
human hepatocyte growth factor gene in experimental radiation-induced heart disease. Int J Radiat 
Oncol Biol Phys. 2005; 75:1537–1544. [PubMed: 19931736] 

75. Li Q, Sun H, Xiao F, Wang X, Yang Y, Liu Y, et al. Protection against radiation-induced 
hematopoietic damage in bone marrow by hepatocyte growth factor gene transfer. Int J Radiat 
Biol. 2014; 90:36–44. [PubMed: 24059647] 

76. Gao CF, Vade Woude GF. HGF/SF-Met signaling in tumor progression. Cell Res. 2005; 15:49–51. 
[PubMed: 15686627] 

77. Ribatti D, Vacca A, Rusnati M, Presta M. The discovery of basic fibroblast growth factor/
fibroblast growth factor-2 and its role in haematological malignancies. Cytokine Growth Factor 
Rev. 2007; 18:327–334. [PubMed: 17537668] 

78. Ferrara N, Gerber H, Lecouter J. The biology of VEGF and its receptors. Nat Med. 2003; 9:669–
676. [PubMed: 12778165] 

79. Paris F, Fuks Z, Kang A, Capodieci P, Juan G, Ehleiter D, et al. Endothelial apoptosis as the 
primary lesion initiating intestinal radiation damage in mice. Science. 2001; 293:293–297. 
[PubMed: 11452123] 

80. Cotrim A, Sowers A, Mitchell J, Baum B. Prevention of irradiation-induced salivary hypofunction 
by microvessel protection in mouse salivary glands. Mol Ther. 2007; 15:2101–2106. [PubMed: 
17726456] 

81. Finch PW, Rubin JS. Keratinocyte Growth Factor/Fibroblast Growth Factor 7, a Homeostatic 
Factor with Therapeutic Potential for Epithelial Protection and Repair. Adv Cancer Res. 2004; 
91:69–136. [PubMed: 15327889] 

82. Shyamsundar M, McAuley DF, Ingram RJ, Gibson DS, O’Kane D, McKeown ST. Keratinocyte 
Growth-Factor Promotes Epithelial Survival and Resolution in a Human Model of Lung Injury. 
Am J Respir Crit Care Med. e-pub ahead of print 9 April 2014. 

83. Finch PW, Mark Cross LJ, McAuley DF, Farrell CL. Palifermin for the protection and regeneration 
of epithelial tissues following injury: new findings in basic research and pre-clinical models. J Cell 
Mol Med. 2013; 17:1065–1087. [PubMed: 24151975] 

84. Zheng C, Vitolo JM, Zhang W, Mineshiba F, Chiorini JA, Baum BJ. Etended transgene expression 
from a nonintegratng adenoviral vector containing retroviral elements. Mol Ther. 2008; 16:1089–
1097. [PubMed: 18388914] 

85. Zheng C, Cotrim AP, Sunshine AN, Sugito T, Liu L, Sowers A, et al. Prevention of radiation-
induced oral mucositis after adenoviral vector-mediated transfer of the keratinocyte growth factor 
cDNA to mouse submandibular glands. Clin Cancer Res. 2009; 15:4641–4648. [PubMed: 
19584147] 

86. Zheng C, Cotrim AP, Rowzee A, Swaim W, Sowers A, Mitchell JB. Prevention of radiation-
induced salivary hypofunction following hKGF gene delivery to murine submandibular glands. 
Clin Cancer Res. 2011; 17:2842–2851. [PubMed: 21367751] 

87. Finch PW, Rubin JS. Keratinocyte growth factor expression and activity in cancer: implications for 
use in patients with solid tumors. J Natl Cancer Inst. 2006; 98:812–824. [PubMed: 16788155] 

88. Jelkmann W. Physiology and pharmacology of erythropoietin. Transfus Med Hemother. 2013; 
40:302–309. [PubMed: 24273483] 

Everett and Curiel Page 17

Cancer Gene Ther. Author manuscript; available in PMC 2015 October 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



89. Gobe GC, Morais C, Vesey DA, Johnson DW. Use of high-dose erythropoietin for repair after 
injury: A comparison of outcomes in heart and kidney. J Nephropathol. 2013; 2:154165.

90. Kakavas S, Demestiha T, Vasileiou P, Xanthos T. Erythropoetin as a novel agent with pleiotropic 
effects against acute lung injury. Eur J Clin Pharmacol. 2011; 67:1–9. [PubMed: 21069520] 

91. Rocha EM, Cotrim AP, Zheng C, Riveros PP, Baum BJ, Chiorini JA. Recovery of radiation-
induced dry eye and corneal damage by pretreatment with adenoviral vector-mediated transfer of 
erythropoietin to the salivary glands in mice. Hum Gene Ther. 2013; 24:417–423. [PubMed: 
23402345] 

92. Agre P, King LS, Yasui M, Guggino WB, Ottersen OP, Fujiyoshi Y, et al. Aquaporin water 
channels--from atomic structure to clinical medicine. J Physiol. 2002; 542:3–16. [PubMed: 
12096044] 

93. Baum BJ, Zheng C, Cotrim AP, McCullagh L, Goldsmith CM, Brahim JS, et al. Aquaporin-1 gene 
transfer to correct radiation-induced salivary hypofunction. Handb Exp Pharmacol. 2009; 
190:403–418. [PubMed: 19096789] 

94. Delporte C, O’Connell BC, He X, Lancaster HE, O’Connell AC, Agre P. Increased fluid secretion 
after adenoviral-mediated transfer of the aquaporin-1 cDNA to irradiated rat salivary glands. Proc 
Natl Acad Sci USA. 1997; 94:3268–3273. [PubMed: 9096382] 

95. Shan Z, Li J, Zheng C, Liu X, Fan Z, Zhang C, et al. Increased fluid secretion after adenoviral-
mediated transfer of the human aquaporin-1 cDNA to irradiated miniature pig parotid glands. Mol 
Ther. 2005; 11:444–451. [PubMed: 15727941] 

96. Zheng C, Goldsmith CM, Mineshiba F, Chiorini JA, Kerr A, Wenk ML, et al. Toxicity and 
biodistribution of a first-generation recombinant adenoviral vector, encoding aquaporin-1, after 
retroductal delivery to a single rat submandibular gland. Hum Gene Ther. 2006; 17:1122–1133. 
[PubMed: 17069536] 

97. Baum BJ, Alevizos I, Zheng C, Cotrim AP, Liu S, McCullagh, et al. Early responses to adenoviral-
mediated transfer of the aquaporin-1 cDNA for radiation-induced salivary hypofunction. Proc Natl 
Acad Sci USA. 2012; 109:19403–19407. [PubMed: 23129637] 

98. Gao R, Yan X, Zheng C, Goldsmith CM, Afione S, Hai B, et al. AAV2-mediated transfer of the 
human aquaporin-1 cDNA restores fluid secretion from irradiated miniature pig parotid glands. 
Gene Ther. 2011; 18:38–42. [PubMed: 20882054] 

99. Michelfelder S, Trepel M. Adeno-associated viral vectors and their redirection to cell-type specific 
receptors. Adv Genet. 2009; 67:29–60. [PubMed: 19914449] 

100. Beatty M, Curiel DT. Chapter two—Adenovirus strategies for tissue-specific targeting. Adv 
Cancer Res. 2012; 115:39–67. [PubMed: 23021241] 

101. Alberti MO, Roth JC, Ismail M, Tsuruta Y, Abraham E, Pereboeva L, et al. Derivation of a 
myeloid cell-binding adenovirus for gene therapy of inflammation. PLoS One. 2012; 7:e37812. 
[PubMed: 22624065] 

102. Rajendran S, O’Sullivan GC, O’Hanlon D, Tangney M. Adenovirus-mediated transcriptional 
targeting of colorectal cancer and effects on treatment-resistant hypoxic cells. Clin Colorectal 
Cancer. 2013; 12:152–162. [PubMed: 23313233] 

103. Sugio K, Sakurai F, Katayama K, Tashiro K, Matsui H, Kawabata K, et al. Enhanced safety 
profiles of the telomerase-specific replication-competent adenovirus by incorporation of normal 
cell-specific microRNA-targeted sequences. Clin Cancer Res. 2011; 17:2807–2818. [PubMed: 
21346145] 

104. Corso CD, Ali AN, Diaz R. Radiation-induced tumor neoantigens: imaging and therapeutic 
implications. Am J Cancer Res. 2011; 1:390–412. [PubMed: 21969260] 

105. Rashi-Elkeles S, Elkon R, Shavit S, Lerenthal Y, Linhart C, Kupershtein A, et al. Transcriptional 
modulation induced by ionizing radiation: p53 remains a central player. Mol Oncol. 2011; 5:336–
348. [PubMed: 21795128] 

106. Metheetrairut C, Slack FJ. MicroRNAs in the ionizing radiation response and in radiotherapy. 
Curr Opin Genet Dev. 2013; 23:12–19. [PubMed: 23453900] 

107. Sun NF, Liu ZA, Huang WB, Tian AL, Hu SY. The research of nanoparticles as gene vector for 
tumor gene therapy. Crit Rev Oncol Hematol. 2014; 89:352–357. [PubMed: 24210877] 

Everett and Curiel Page 18

Cancer Gene Ther. Author manuscript; available in PMC 2015 October 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Everett and Curiel Page 19

Table 1

Effects of Radiation on Normal Tissue

Temporal
Classification

Tissue Effects

Early (hours to weeks) Hematopoietic Lymphopenia, neutropenia, thrombopenia, anemia,
death (2.5-5Gy)

Gastrointestinal Bloody diarrhea, denudation of epithelia, destruction of
intestinal crypt cells, death (5-12Gy)

Cerebrovascular Rapid cardiovascular and neurologic breakdown, death
(12Gy+)

Skin Erythema, desquamation

Testes Death of stem cells, sterilization

Ovaries Death of oocytes, sterilization

Intermediate (weeks to
months)

Lung Acute pneumonitis

Late (months to years) Gastrointestinal Epithelial thickening, fibrosis

Lungs Fibrosis

Bladder Fibrosis

Heart Fibrosis, pericarditis

Kidneys Nephropathy, arterial hypertension, anemia

Liver Hepatitis, rapid loss of function

CNS Transient demyelination, leukoencephalopathy,
radionecrosis.
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Table 2

Summary of gene therapy strategies for radioprotection.

Gene, Mechanism of
Action

Vector Administration Effects Ref.

Superoxide Dismutase
(SOD2, MnSOD),
radioprotector

Adenovirus Intratracheal
Injection

Decreased alveolitis and expression of IL-
1, TNF-α, and TGF-β

12,14

Herpes
Simplex Virus 1

Intestinal
Injection

Preservation of villi area 13

Plasmid/
Liposome

Intratracheal
Injection

Decreased expression of IL-1, TNF-α,
TGF-β, VCAM-I and ICAM-I, increased
survival, no protection of tumors

19,26,
28

Inhalation Increased survival 16

Intravesicular
Instillation

Enhanced recovery of barrier function,
improved voiding

15

Intraesophageal
Injection

Increased survival, decreased weight
loss, tongue ulceration, xerostomia, lipid
peroxidation, and recombination

20,21,
24,31

Intravenous
Injection

Increased survival 34

Minicircle
Plasmid

Intraesophageal
Injection

Increased survival 18

Intravenous
Injection

Increased survival 18

Catalase,
radioprotector

Plasmid/
Liposome

Intratracheal
Injection

Increased survival, decreased alveolitis 35

Retrovirus Ex-vivo infection Improved engraftment of hematopoietic
stem cells

36

Roof-plate specific
spondin 1 (Rspondin1),
radiomitigator

Adenovirus Intravenous
Injection

Increased survival, decreased weight
loss, decreased crypt apoptosis

45

Heat Shock Protein 25
(HSP25), unclear
(possible radioprotector
or radiomitigator)

Adenovirus Salivary Gland
Injection

Increased salivary gland mass, increased
salivary flow rate, reduction of acinar cell
apoptosis, reduction of fibrosis

47

Intravenous
Injection

Enhanced bone marrow recovery,
protection of hematopoietic stem cells

48

Multidrug Resistance 1
(MDR1), radiomitigator

Retrovirus In vitro Infection Decreased expression of pro-apoptotic
genes, increased cell survival

60

Lentiviral self-
inactivating
vector

In vitro Infection Increased cell survival 61

Snail Family Zinc Finger
2 (SNAI2), radiomitigator

Lentiviral self-
inactivating
vector

In vitro Infection Increased cell survival,
apoptosis

63

Interleukin 3,
radiomitigator

Plasmid
Conjugated
with Antibody

Intravenous
Injection

Expression of IL-3 in bone marrow and
spleen

67

Hepatocyte Growth
Factor (HGF),
radiomitigator

Adenovirus Myocardial
Injection

Improved local perfusion, decreased
fibrosis, improved ventricular function

71

Adenovirus Intravenous
Injection

Increased RBC and WBC, increased
cellularity of bone marrow, increased

72
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Gene, Mechanism of
Action

Vector Administration Effects Ref.

survival

Fibroblast Growth Factor
2 (FGF2) and Vascular
Endothelial Growth
Factor (VEGF),
radiomitgator

Adenovirus Retrograde
Ductal Delivery to
Salivary Glands

Increased microvessel density, increased
salivary flow

77

Keratinocyte Growth
Factor (KGF),
radiomitigator

Adenovirus
with retroviral
elements (ref.
81)

Retrograde
Ductal Delivery to
Salivary Glands

Reduced oral ulceration, improved weight
gain, improved salivary flow, no effect on
tumor growth

85, 86

Erythropoietin (Epo),
radiomitigator

Adenovirus
with retroviral
elements (ref. 81)

Retrograde
Ductal Delivery to
Salivary Glands

Increased tear production, corneal
epithelium preservation, increased VEGF
receptor expression

91

Aquaporin-1 (AQP1),
restoration of tissue
function

Adenovirus Retrograde
Ductal Delivery to
Salivary Glands

Increased salivary gland output in animal
and human trials

94-97

Adeno-
Associated
Virus

Retrograde
Ductal Delivery to
Salivary Glands

Increased salivary gland output 98
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