
Chapter 9

Radiovirotherapy for the Treatment

of Cancer

Kevin J. Harrington

Abstract This chapter focuses on the relatively narrow definition of radiovir-

otherapy as “the use of viral vectors engineered to express genes that drive uptake

of radioisotopes into cancer cells for both detection and antitumor efficacy”. Having

said that, it also addresses issues relating to combinations of virotherapy and

standard anticancer modalities (such as external beam radiotherapy and cytotoxic

chemotherapy) and novel agents (such as molecular radiosensitisers). However,

within the context of radiovirotherapy, those discussions are limited solely to

approaches that aim to improve the efficacy of the radioisotopic treatment.

The introductory sections describe the biology of the sodium–iodide symporter

(NIS)—the gene therapy approach that has been most widely exploited for radio-

isotope uptake. In subsequent sections, progress from initial work with replication-

defective vectors onto replication-competent oncolytic vectors is described, and

this recognises the increasing acceptance of replicating viruses as the vectors of

choice for cytotoxic gene therapy strategies. The section on oncolytic

NIS-expressing viruses deals mainly with vectors based on adenovirus and measles

virus. The final sections describe the use of NIS-expressing vectors in multi-agent

regimens and highlight the potential benefits of combinatorial therapeutic regimens.

The limited number of clinical translational studies that have been performed to

date are also reviewed, and opportunities for future development of NIS-based

therapeutic strategies are discussed.

9.1 Introduction

Radiovirotherapy is a term that is used to describe virally directed radioisotope

therapy (Hingorani et al. 2010a). Essentially, this approach involves the use of a

virus, which may be either replication defective or replication competent, as a

means of delivering an exogenous gene that encodes a protein that is capable of
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mediating selective uptake of a specific radioisotope into a cancer cell. Most of the

published literature on radiovirotherapy deals with the use of the sodium–iodide

symporter (NIS) to mediate radioisotope uptake by virally infected cells [reviewed

in Hingorani et al. (2010a)]. Indeed, this approach has a very strong basis in the

extensive use of iodide-131 radioisotope therapy in patients with thyroid cancer. In

this setting, iodide-131 has established a role as an adjuvant (radioablative) therapy

post-thyroidectomy or as a definitive anticancer treatment in patients with meta-

static differentiated (papillary and follicular) thyroid cancers. Therefore, in this

chapter, we will focus on the use of NIS-mediated radiovirotherapy. Although this

approach was initially conceived to be used with replication-defective viral vectors,

in its most recent incarnation, the concept of radiovirotherapy has been modified to

exploit the twin benefits of oncolytic cell killing by the virus and “bystander”

killing of uninfected neighbouring cells by the emission of beta (or alpha) particles

from accumulated radioisotopes.

9.2 Sodium–Iodide Symporter

NIS is a member of the sodium/solute symporter family (SSF) that includes more

than 60 members of both prokaryotic and eukaryotic origin, many of which exhibit

a high similarity of sequence and function. SSF members actively transport anions

into cells by using a Na+/K+ electrochemical gradient that is generated by Na+/K+

ATPase (Jung 2002). NIS is expressed mainly on the basolateral membrane of

thyroid follicular cells and cotransports sodium and iodide into cells (Fig. 9.1).

Following uptake into thyroid cells, iodide is then transported to the follicular

lumen and oxidised by the thyroid peroxidase in a reaction that promotes the

iodination of tyrosyl residues of the thyroid hormones tri- and tetra-iodothyronine

(T3 and T4) (Massart and Corbineau 2006). NIS is also expressed in a number of

extrathyroidal tissues including gastric mucosa, salivary glands, digestive tract and

lactating mammary glands. The expression of messenger RNA for NIS has also

been documented in other tissues (e.g. pituitary gland, pancreas, thymus, lungs,

prostate, testis, ovaries, kidneys, adrenal gland) by reverse-transcriptase polymer-

ase chain reaction RT-PCR, although the functional significance of this observation

is, as yet, unclear (Kogai et al. 2006; Vayre et al. 1999; Spitzweg et al. 1998,

2001a).

Human NIS (hNIS) was cloned in 1996. The human NIS gene is located on

chromosome 19p12–13.2, with an open reading frame of 1929 nucleotides com-

prising of 15 exons and 14 introns that encodes a 643-amino acid protein. Human

NIS exhibits 84 % identity and 93 % similarity to rat NIS (rNIS), with the main

differences accounted for by a 5-amino acid insertion between the last two hydro-

phobic domains and a 20-amino acid insertion in the C-terminus (Smanik

et al. 1996). The protein has 13 putative transmembrane domains, an intracellular

C-terminus and an extracellular N-terminus. Membrane localisation of NIS is a

prerequisite for its function. NIS gene transcription in thyroid tissue is mainly
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regulated by thyroid-stimulating hormone (TSH), via the stimulation of the human

NIS upstream enhancer (hNUE) (Taki et al. 2002). Interestingly, TSH can also

modulate NIS phosphorylation and, thus, act as a post-transcriptional regulator of

NIS (Riedel et al. 2001; Kogai et al. 2000). In the absence of TSH, NIS is

redistributed to intracellular compartments and, therefore, functionally inactive

(Riedel et al. 2001).

Other factors are also implicated in the regulation of NIS. The pituitary tumour

transforming gene (PTGG), a proto-oncogene overexpressed in follicular thyroid

cancers, and the PTGG-binding factor (PBF) inhibit NIS gene transcription through

the inactivation of hNUE (Boelaert et al. 2007). Overexpression of these factors in

thyroid cancers may have a negative impact on prognosis by reducing the potential

efficacy of radioiodide therapy (Boelaert et al. 2007; Saez et al. 2006).

TSH-induced NIS stimulation is also inhibited by a number of cytokines, including

interleukin-1, TNF-α, interferon-α, interferon-β and interferon-γ in thyroid cells

(Caraccio et al. 2005; Ajjan et al. 1998). In contrast, all-trans retinoic acid (atRA),

dexamethasone and carbamazepine have each been shown to have a positive effect

on NIS-mediated iodide uptake (Spitzweg et al. 2003; Willhauck et al. 2008a, 2011;
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Fig. 9.1 Diagrammatic representation of the function of NIS in iodide transport in normal thyroid

follicular cells. Thyroid stimulating hormone (TSH) binding to TSH receptor (TSH-R) activates

adenylate cyclase (AC) which generates cyclic AMP (cAMP) from AMP. This drives

NIS-mediated co-transport of two Na+ ions along with one I� ion, with the transmembrane sodium

gradient serving as the driving force for iodide uptake. Thiocyanate (CNS�) and perchlorate

(ClO4�) are competitive inhibitors of thyroidal iodide accumulation. The efflux of iodide from

the apical membrane to the follicular lumen is driven by pendrin (Pendred syndrome gene

product). Iodide organification within the thyroid follicular lumen [mediated by thyroperoxidase

(TPO) and dual oxidase 2 (Duox2)] generates iodinated tyrosine residues within the thyroglobulin

(Tg) backbone. These are ultimately released as active thyroid hormone (T3 and T4) (Modified

from Spitzweg et al. J. Clin. Endocrinol. Metab. 2001, 86, 3327–35)
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Unterholzner et al. 2006), although that has not yet translated to clinical use or

benefit.

Radioiodide has been used for decades to treat hyperthyroidism (Ross 2011) and

differentiated thyroid cancers. Currently, it is recommended as an adjuvant treat-

ment following total thyroidectomy in patients with unifocal or multifocal primary

tumours measuring more than 1 cm in greatest dimension (pT1b, pT2, pT3), with

nodal extension (N1a and N1b) or with extrathyroidal extension (pT3). It is also a

standard of care in patients with disseminated metastatic well-differentiated can-

cers, where its use can be curative (Cooper et al. 2009). The successful treatment of

thyroid tumours by NIS-mediated radioiodide therapy has sparked significant

interest in virus-mediated NIS delivery as a therapeutic option in a wide range of

tumour types.

9.3 Preclinical Studies of NIS Gene Transfer by

Replication-Defective Viruses

A schematic representation of NIS-mediated radiovirotherapy is shown in Fig. 9.2.

Shimura et al. (1997) successfully transfected rNIS cDNA into malignant rat

thyroid cells (FRTL-Tc) by electroporation, restoring iodide transport activity in

the process. In vitro, FRTL-Tc cells stably expressing rNIS accumulated 125I

60-fold and in vivo xenografts trapped up to 27.3 % of the total 125I dose with an

effective half-life of approximately 6 h. However, a therapeutic dose of

37 megabecquerels (MBq) of 131I did not cause statistically significant tumour

shrinkage (Shimura et al. 1997). Subsequently, several studies have confirmed the

feasibility of inducing functional NIS expression in non-thyroidal tumours (Riesco-

Eizaguirre and Santisteban 2006). Cho et al. (2000) showed that the delivery of

exogenous hNIS by recombinant replication-defective adenovirus

(Ad-CMV-hNIS) resulted in more than a 120-fold increase in iodide uptake in

U1240 cells in vitro. Intratumoral injection of Ad-CMV-hNIS into subcutaneous

U251 human glioma xenografts caused a 25-fold increase in 125I accumulation

compared to spleen or saline-injected tumours (Cho et al. 2000). Mandell

et al. (1999) demonstrated in vitro and in vivo iodide accumulation in melanoma,

liver, colon and ovarian carcinoma cells after retrovirus-mediated transfection with

rNIS. NIS-transduced melanoma xenografts accumulated significantly more 123I

(6.9-fold increase) than non-transduced tumours (Mandell et al. 1999). Similarly

Boland et al. (2000) used adenoviral-mediated NIS (CMV promoter) gene delivery

to demonstrate functional levels of NIS expression in several tumour cell lines. Fold

increases in iodide uptake of 125–225 times were observed in vitro, and 11 % of the

total 125I dose could be recovered per gram of adenovirus-infected tumour tissue.

Although an in vitro cytotoxic effect was observed, the study failed to show in vivo

therapy (Boland et al. 2000). Spitzweg et al. (1999) were the first to demonstrate

tissue-specific expression of hNIS cDNA in androgen-sensitive human prostate
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adenocarcinoma (LNCaP) following transfection with a eukaryotic expression

vector in which the full-length hNIS cDNA was coupled to a prostate-specific

antigen (PSA) promoter. Prostate cells transfected with PSA-NIS showed

perchlorate-sensitive, androgen-dependent iodide uptake (Spitzweg et al. 1999).

The same groups were also the first to demonstrate the feasibility and effectiveness

of NIS-mediated cytotoxicity in vivo and, in doing, assuaged concerns that

NIS-mediated therapy was unlikely to succeed due to lack of iodide-organification

in non-thyroidal tumour tissues. LNCaP cell lines stably transfected with hNIS

cDNA (NP-1) under the control of a PSA promoter (NP-1 cells) showed

perchlorate-sensitive, androgen-dependent iodide uptake and killing in clonogenic

assays in vitro. Xenograft NP-1 tumours in athymic nude mice accumulated 25–

30 % of the total 123I administered with a biological half-life of 45 h. In addition,

NIS protein expression in LNCaP xenografts was confirmed by Western analysis

and immunohistochemistry. Critically, a single therapeutic dose of 111 MBq 131I

yielded a dramatic therapeutic response in NIS-transfected LNCaP xenografts

(Spitzweg et al. 2000). The same group subsequently developed a replication-

deficient human adenovirus incorporating the hNIS gene driven by a CMV

2. Receptor-mediated
Ad-NIS delivery 3. NIS gene

expression

4. Administered131I
is taken up by virally
infected tumour cell   

5. Direct and
bystander
cell kill by
b particles   

NISCAR

1. Injection of
Ad-NIS

Fig. 9.2 Diagrammatic representation of NIS-mediated radiovirotherapy by replication-defective

adenovirus: (1) Ad-NIS is injected by the intratumoural, locoregional or systemic route.

(2) Ad-NIS infects target cells through the cognate coxsackie and adenovirus receptor (CAR).

(3) Ad-NIS drives NIS gene expression and protein is displayed on the cell membrane in infected

cells. (4) Radioiodide is administered systemically and is taken up in NIS-expressing tumour cells.

(5) β-particulate radiation mediates both direct and bystander killing of cells
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promoter (Ad5-CMV-NIS) for in vivo NIS gene transfer into LNCaP tumours.

Following intraperitoneal injection of a single therapeutic dose of 111 MBq 131I

4 days after adenovirus-mediated intratumoral NIS gene delivery, LNCaP xeno-

grafts showed an average volume reduction of >80 % (Spitzweg et al. 2001b).

Kakinuma et al. (2003) evaluated adenoviral-mediated NIS expression regulated

by the tissue-specific probasin promoter in prostate and various other tumour cell

lines. Interestingly, androgen-dependent and perchlorate-sensitive iodide uptake

was demonstrated in LNCaP cells that was 3.2-fold higher than an Ad-CMV/hNIS

vector. Furthermore, iodide uptake in a panel of non-prostate tumour cell lines

infected with Ad-ARR(2)PB/hNIS was significantly lower, confirming tissue spec-

ificity with this construct (Kakinuma et al. 2003). Sieger et al. (2003) investigated

radioiodide uptake in a hepatoma cell line in vitro and in vivo following the transfer

of hNIS under the control of a tumour-specific regulatory element, the promoter of

the glucose transporter 1 (GT1) gene. NIS-expressing stable cell lines [rat hepatoma

(MH3924A)] demonstrated perchlorate-sensitive increased iodide uptake (30-fold

increase in vitro and 22-fold increase in vivo) compared to the wild-type cell line.

Similarly, the mean radiation dose delivered to MH3924A xenografts was 10-fold

higher after the administration of 18.5 MBq of 131I (Sieger et al. 2003). Faivre

et al. (2004) reported on an in vivo kinetic study of NIS-related iodide uptake in an

aggressive chemically induced model of hepatocarcinoma in immunocompetent

Wistar rats. An adenoviral vector expressing rNIS controlled by the CMV promoter

(Ad-CMV-rNIS) was injected into the portal vein of 5 healthy and 25

hepatocarcinoma-bearing rats. This resulted in impressive (from 20 % to 30 % of

the injected dose) and durable (>11 days) iodide uptake that contrasted with the

rapid iodide efflux observed in vitro. Prolonged retention of iodide observed in vivo

was not attributed to an active retention mechanism but to permanent recycling of

the effluent radioiodide via the high hepatic blood flow. Radioiodide therapy in

these circumstances was associated with strong inhibition of tumour growth,

complete regression of small nodules and prolonged survival of hepatocarcinoma-

bearing rats (Faivre et al. 2004).

Other preclinical studies have evaluated NIS-mediated radioiodide therapy in

head and neck (FaDu, SCC-1, SCC-5) (Gaut et al. 2004), pancreatic neuroendocrine

(Bon1, QGP) (Schipper et al. 2003), medullary thyroid (Cengic et al. 2005), colo-

rectal (HCT116) (Scholz et al. 2005), breast (Dwyer et al. 2005a), ovarian (Dwyer

et al. 2006a) and hepatocellular (HepG2) (Willhauck et al. 2008b) cancer models.

Most of these studies confirmed that replication-defective viral vectors expressing

NIS from a tissue-specific promoter were capable of mediating tumour-selective

iodide uptake that translated into in vitro and in vivo therapeutic efficacy.

In addition to the rodent-based in vivo studies discussed above, a preclinical

dosimetric study of NIS-mediated radioisotope therapy was performed in adult

male beagle dogs. This was a safety and feasibility study in preparation for a

phase I clinical trial in patients with locally recurrent prostate cancer. Animals

received direct intraprostatic injections of 1� 1012 viral particles of NIS-expressing

replication-defective adenoviral vectors regulated by the CMV promoter. This was

followed by intravenous injection of 111 MBq 123I and serial image acquisition
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using single photon emission computed tomography. Clear images of the prostate

were obtained in all dogs that received Ad5-CMV-NIS, but none in the group that

was injected with control virus. The average absorbed radiation dose to the prostate

was estimated to be 23� 42 cGy/37 MBq 131I. This indicated that a 3.15 GBq dose

of 131I would deliver a target dose of 20 Gy to the prostate. Following a therapeutic

dose of 131I (4.3 GBq/m2), preceded by T3 supplementation for 8 days, the

estimated mean doses delivered to the prostate, thyroid, stomach and liver were

12.5� 0.28, 0.12� 0.01, 0.23� 0.02 and 0.009� 0.006 Gy/37 MBq of 131I. No

major toxicities or changes in blood biochemistries were noted (Dwyer

et al. 2005b).

9.4 Preclinical Studies and Clinical Translation of NIS

Gene Transfer by Replication-Competent Viruses

As reviewed above, the initial development of virus-mediated NIS delivery was

based on the notion that the virus would act purely as a vehicle for delivering the

therapeutic gene. However, within the last decade, there has been a fundamental

re-evaluation of strategy such that much greater emphasis is now placed on the use

of replication-competent or oncolytic virus vectors (Fig. 9.3). There are a number of

potential advantages to using oncolytic viruses, including their greater potency due

to their intrinsic cytotoxicity and ability to self-amplify and, thus, increase levels of

transgene expression and their impressive safety record. Initial concerns regarding

the possible toxic consequences of using replication-competent viruses in immu-

nocompromised cancer patients and the threat of environmental release and con-

tamination have been largely assuaged by data from a series of phase I and II

clinical trials (see Harrington et al. (2010) for an account of this process).

A number of NIS-expressing oncolytic agents have been assessed. We recently

reported in vivo SPECT imaging of the time course of gene expression from two

oncolytic adenoviruses expressing NIS in tumour-bearing mice (Merron

et al. 2007). In these viruses, the hNIS cDNA was positioned in the E3 region

either in a wild-type adenovirus type 5 (AdIP1) or one in which a promoter from the

human telomerase gene (RNA component) was driving E1 expression (AdAM6).

Viruses showed functional hNIS expression and replication in vitro, and the

kinetics of spread of the two viruses in tumour xenografts were visualised in vivo

using a small animal nano-SPECT/CT camera. The time required to reach maximal

spread was 48 h for AdIP1 and 72 h for AdAM6 suggesting that genetic engineering

of adenoviruses can affect the kinetics of their dissemination in tumours. More

recently, we have shown that a Wnt-targeted oncolytic adenovirus expressing NIS

can mediate a specific oncolytic effect that is augmented by the additional delivery

of 131I (Peerlinck et al. 2009). Importantly, SPECT imaging studies allowed careful

evaluation of the optimal therapeutic schedule for virus administration and
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subsequent radioisotope delivery. Thus, a single radioisotope dose delivered 48 h

after virus administration resulted in very significant antitumor efficacy.

This same approach has been taken in to the clinic in a phase I study of a

replication-competent Ad5 adenovirus armed with two suicide genes (yeast cyto-

sine deaminase, mutant thymidine kinase) and the human NIS gene (Ad5-yCD/TK-

hNIS) (Barton et al. 2008). Men with clinically localised prostate cancer received

an intraprostatic injection of Ad5-yCD/TK-hNIS, armed with two suicide genes and

the NIS gene. Expression of the NIS gene was monitored non-invasively using

single photon emission computed tomography (SPECT) after injection

of 99mTcO4
�. Ad5-yCD/TK-hNIS was well tolerated and 98 % of the adverse

events were grade 1 or 2. Importantly, NIS gene expression was detected in the

prostate of seven of the nine patients who received a dose of 1� 1012 virus particles

(vp), but not at 1� 1011 vp. The authors reported on the time course and the

geographical extent of NIS gene expression within and without the prostate fol-

lowing injection of 1� 1012 vp in 1 cm3. NIS gene expression peaked at 24–48 h

after injection, but was still detectable in the prostate for up to 7 days. The volume

of prostate in which gene expression was seen averaged 6.6 cm3, representing 18 %

of the total prostate volume. There was no evidence of extraprostatic dissemination

of the adenovirus by SPECT imaging (Barton et al. 2008).

2. Receptor-mediated
MV-NIS delivery 3. NIS gene

expression

4. Administered 131I
is taken up 

5. Direct and
bystander
cell kill by
b particles   

NIS
CD46

1. Injection of 
MV-NIS

6. Viral replication
leads to death of
primarily infected cell 

7. Viral release leads
to infection of adjacent
tumour cells  

Fig. 9.3 Diagrammatic representation of NIS-mediated radiovirotherapy by replication-

competent oncolytic measles virus: (1) MV-NIS is injected by the intratumoural, locoregional or

systemic route. (2) MV-NIS infects target cells through the cognate CD46 receptor. (3) MV-NIS

drives NIS gene expression and protein is displayed on the cell membrane in infected cells.

(4) Radioiodide is administered systemically and is taken up in NIS-expressing tumour cells.

(5) β-particulate radiation mediates both direct and bystander killing of cells. (6) Viral replication

leads to death of tumour cell that was initially infected. (7) Viral oncolysis of primarily infected

cell leads to release of progeny virions and second-wave infection of adjacent tumour cells
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The same group conducted further studies in which they attempted to define the

dose of radiotherapy that might be delivered to the entire prostate gland if 131I-

based Ad5-yCD/TK-hNIS radiovirotherapy were used as a definitive therapy (Bar-

ton et al. 2011). They recruited six patients with clinically localised prostate

adenocarcinoma (5 T1c, 1 T2; Gleason range from 3+ 4 to 4 + 5) that was restricted

to one sextant in four patients and bilateral in the other two patients. A standard

injection protocol was used to optimise Ad5-yCD/TK-hNIS delivery across the

entire prostate gland, such that a total of 5� 1012 viral particles were injected in

12 separate deposits in a volume of 5 mL. The patients then underwent serial

SPECT imaging following administration of 99mTcO4
�. NIS gene expression was

detected in the prostate of all six patients, and as with the previous study (Barton

et al. 2008), there was no evidence of extraprostatic gene expression. The mean

gene expression volume was 14.6 cm3 with a range of 6.6–28.9 cm3, and this

represented 18–83 % (mean 45 %) of the total prostate volume. The authors then

went on to estimate the radiation doses that would have been achieved had the

patients received a dose of radioactive 131I equivalent to 7.4 GBq (200 mCi). These

data revealed that the mean absorbed dose to the prostate would have been

7.2� 4.8 Gy (based on a gene expression volume of 45 %) and 15.4� 3.3 Gy

(had the entire prostate been transduced to the same extent). It is important to realise

that, in order to make these estimates, a number of assumptions were necessary and

that their general effect would have resulted in an overestimation of radiation dose

delivery. First, the deposition of 99mTcO4
� within the prostate was calculated by

relating the mean image pixel intensity to that in the iliac artery. Standard values for
99mTcO4

� blood clearance and estimation of tissue attenuation of the signals

detected by SPECT were then applied to yield the radioisotope activity in the

volume of the prostate gland transduced with Ad5-yCD/TK-hNIS. Thereafter, the

dose in Gy that would be delivered following the administration of 7.4 GBq of

radioiodide was calculated by assuming that the expression of hNIS remained

constant and maximal throughout the entire in vivo life of the administered
131I. The data revealed that neither of these assumptions held true (i.e. hNIS

expression was not constant and maximal, but rather peaked at 2 days and declined

rapidly). These findings are extremely important since they give a clear indication

that, at least in the context of prostate cancer, current state-of-the-art radiovir-

otherapy will fail to achieve complete tumour responses because it does not deliver

sufficient radiation dose (a curative course of external beam radiotherapy for

prostate cancer involves the delivery of 70–84 Gy). Nonetheless, if this relatively

modest virally delivered radiation dose (7–15 Gy) were to be used as a therapeutic

boost in the context of a highly active oncolytic virus delivered during standard

external beam irradiation with radiosensitising drug therapy, it might make a

significant contribution to the overall treatment effect. This approach is discussed

in greater detail in the section on combining radiovirotherapy with conventional

therapeutics (see below).

In a follow-up publication, Rajecki et al. treated a single patient with chemo-

therapy refractory cervical cancer with direct intralesional injection of oncolytic

Ad5/3-Δ24-hNIS adenovirus (Rajecki et al. 2011). Despite attempting to image
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with 123I and 99mTcO4
�, the authors were unable to detect gene expression and

hypothesised that this might have been due to differences in vector design between

Ad5-yCD/TK-hNIS and Ad5/3-Δ24-hNIS. They suggested that NIS gene expres-

sion might be optimised by using viruses of relatively low oncolytic potency with

slower replication kinetics in which the NIS transgene is under the control of a

ubiquitous exogenous promoter (e.g. CMV promoter) rather than an endogenous

adenoviral promoter.

A recombinant NIS-expressing Edmonston strain measles virus (MV-NIS) has

also been shown to have significant potential both as an in vivo imaging tool and as

a therapeutic agent in combination with 131I (Dingli et al. 2004). An initial preclin-

ical model of multiple myeloma demonstrated that MV-NIS was capable of medi-

ating concentration of 123I such that intratumoral spread of the virus could be

imaged by serial gamma camera imaging. In therapy experiments, when MV-NIS

was combined with 131I, it was able to cause complete regressions of MM1

xenografts (which were resistant to virus therapy in the absence of radioisotope)

(Dingli et al. 2004). Subsequent studies demonstrated that MV-NIS was active in

mice bearing intraperitoneal SKOV3 ovarian cancer (Hasegawa et al. 2006) and

subcutaneous BxPC-3 pancreatic cancer xenograft tumours (Carlson et al. 2006,

2009). In the first of these studies, the authors engineered measles virus to express

carcinoembryonic antigen (CEA) and were able to use CEA levels in the blood as a

surrogate marker of viral propagation. Further studies in prostate cancer models

confirmed the ability of MV-NIS to mediate gene expression and therapeutic

activity both in vitro and in vivo. MV-NIS showed single-agent activity which

was enhanced by the addition of therapeutic radioisotope (131I). Importantly,

systemically administered virus showed activity in these models (Msaouel

et al. 2009). Additional studies have shown that MV-NIS may also be a candidate

for development in the context of malignant glioma, medulloblastoma, anaplastic

thyroid cancer and head and neck cancer (Allen et al. 2013; Hutzen et al. 2012;

Reddi et al. 2012; Li et al. 2012). The promising nature of these studies has led to

instigation of phase I clinical trials of MV-NIS in patients with a range of tumour

types (Penheiter et al. 2010).

9.5 Choice of Radioisotope for Radiovirotherapy

Adenoviruses, MV, vesicular stomatitis viruses (VSV), vaccinia viruses and

baculoviruses have all been engineered to encode the NIS gene. Different research

teams have evaluated therapies combining viral and iodide-131 injections. Most

studies have confirmed that combinations of NIS-expressing virotherapy and radio-

isotope delivery yield better antitumoral effects than viral injections alone in a

range of models (Faivre et al. 2004; Peerlinck et al. 2009; Penheiter et al. 2010;

Chen et al. 2007; Dwyer et al. 2006b; Herve et al. 2008; Hakkarainen et al. 2009).

Iodine-131 is the most commonly used radioisotope in preclinical studies, but

other isotopes have also been investigated. Rhenium-188 is a high-energy β emitter
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with a 4 mm path length. Its half-life of 17 h, compared with 8 days for iodide-131,

allows the delivery of high doses of radiation in relatively short periods of time. In a

model of glioblastoma encoding NIS, rhenium-188 had a better effect on survival

than iodide-131 therapy. In an in vivo model of prostatic cancer (LNCaP cells

expressing NIS), rhenium-188 and iodide-131 therapies had similar therapeutic

effects on small tumours, but rhenium-188 was superior in large tumours measuring

more than 200 mm3 (Willhauck et al. 2007). Astatine-211 is an α-particle emitter

that delivers high-energy α-particles (6.8 MeV) over a very short distance (less than

70 mm) (Supiot et al. 2007). Astatine-211 may, therefore, be particularly advanta-

geous for the treatment of small tumours. In a subcutaneous model of K1-NIS

tumours (thyroid cells expressing NIS), intraperitoneal injections of astatine-211

led to a complete tumour regressions (Petrich et al. 2006). An antitumoral effect has

also been demonstrated in NIS-expressing prostate cancer models (Willhauck

et al. 2008c). However, the use of astatine-211 is currently limited by its low

availability for clinical use.

9.6 Combining Radiovirotherapy with Conventional

Therapeutics

Conventional cancer treatments may improve the efficacy of radiovirotherapy (and

vice versa). Combinations of viral therapies and external beam radiotherapy have

been tested in several clinical trials (Touchefeu et al. 2011). Many studies have

reported that radiotherapy and viruses can exert synergistic antitumoral effects

through a variety of different mechanisms. Viral therapies can enhance the cyto-

toxic effects of radiation and, in effect, act as radiosensitising agents. On the other

hand, tumour irradiation can change the biological effects of virotherapy. Thus,

depending on the specific virus and tumour models selected, radiotherapy can

increase viral infection/uptake, replication, gene expression and cytotoxicity

(Touchefeu et al. 2011). In the specific case of NIS gene therapy, radiotherapy

was shown to increase gene expression in a range of cell lines infected with a

replication-deficient adenovirus encoding NIS (Hingorani et al. 2008a). For

tumours that are treated by radiotherapy with curative intent, radiovirotherapy

could represent a means of selectively increasing the total radiation dose that can

be delivered. The radiobiological relationship between radiation dose and tumour

control is well established for many solid cancers (Harrington and Nutting 2002),

but attempts to improve clinical outcomes by escalating the doses of radiotherapy

delivered by conventional means have been limited by the occurrence of radiation-

induced toxicity in normal tissues. As an example, in the treatment of prostate

cancer, a dose escalation from 64 Gy to 74 Gy significantly increased the biochem-

ical progression-free survival, but was associated with increased toxicity

(Dearnaley et al. 2007; Syndikus et al. 2010). In the studies reported by Barton

et al. (2008, 2011) in which patients with prostate cancer received intraprostatic
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injections of NIS-expressing replication-competent oncolytic adenovirus, had the

patients been treated with iodide-131, the estimated additional radiation dose that

would have been delivered would have been 7.2� 4.8 Gy. Although this dose

would be insufficient to exert single-agent efficacy, if delivered in the context of

standard external beam radiotherapy, it might result in significant improvements in

tumour control.

An alternative approach could involve the integration of existing or novel

radiosensitising agents, such as DNA repair inhibitors, into combination regimens

(Hingorani et al. 2008b, 2010b). Combinations of viral therapies with chemother-

apy agents have also been investigated in vitro and in vivo and in a number of

clinical trials. Alkylating agents (cyclophosphamide, cisplatin, temozolomide),

microtubule stabilisers (paclitaxel and docetaxel), intercalating agents (doxorubi-

cin) and mitomycin C have all shown synergistic antitumoral effects in different

tumour models (Ottolino-Perry et al. 2010). More recently, the role of DNA repair

inhibitors in the context of both replication-defective NIS-expressing adenovirus

and oncolytic MV-NIS has been tested. In the latter study, the effect of combining a

checkpoint kinase 1 inhibitor (SAR-020106) with MV-NIS, 131I and external beam

radiotherapy was assessed (Touchefeu et al. 2013). Combining MV-NIS-driven

radioiodide therapy with external beam radiotherapy and targeted inhibition of the

DNA damage response was shown to be a promising therapeutic approach in

models of head and neck and colorectal cancer. By adopting a stepwise, iterative

approach to preclinical in vitro testing, it was shown that single-agent MV-NIS

therapy mediated a potent antitumoral effect, especially at relatively high MOIs or

later time points. Combining MV-NIS with EBRT achieved an additive or syner-

gistic effect in short-term cytotoxicity and longer-term clonogenic assays. Other

doublet combinations also exerted synergistic (or statistically significant) activities.

Thus, the combination of MV-NIS and Chk1 inhibition was superior to MV-NIS or

Chk1 inhibition alone in head and neck (HN5) and colorectal (HCT116) cells. As

expected, combined Chk1 inhibition and external beam radiotherapy were syner-

gistic or additive at all radiation dose levels in all cell lines. Similarly, combined

MV-NIS and 131I were active in all cancer cell lines. It was subsequently shown that

the triplet combination of MV-NIS, radioiodide and Chk1 inhibition was active in

HCT116 cells. However, detailed analysis of the effects of the entire combination

regimen—MV-NIS, 131I, EBRT and Chk1 inhibition—required in vivo analyses

due to very high levels of cytotoxicity in in vitro analyses. Initially, studies

confirmed the in vivo activity of the triplet combination of virus, Chk1 inhibition

and EBRT in HN5 xenografts—indeed, the level of activity precluded using this

model to test the quadruplet combination. In contrast, in HCT116 xenografts, the

triplet combination was active, but with scope for improvement by adding

radioiodide. Subsequently, it was confirmed that the addition of 131I to the combi-

nation regimen significantly increased its efficacy such that survival rates at study

termination exceeded 80 %. Therefore, it would appear that this might represent a

promising approach for clinical translation.

An alternative, or potentially complementary, approach may involve the use of

targeted agents that exert direct anticancer effects and which also have the potential
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to modulate the expression and biological activity of hNIS. This approach has been

assessed in the context of thyroid cancer that has become refractory to radioiodide

therapy (through downregulation of NIS expression/activity) and has largely

focused on the use of lithium or retinoic acid derivatives (Coelho et al. 2004;

Handkiewicz-Junak et al. 2009; Simon et al. 2002; Liu et al. 2006). In general,

these attempts to restore radioiodide uptake to potentially therapeutic levels have

been unsuccessful and have not, thus far, yielded therapeutic benefits for patients

with thyroid cancer. However, a recent report using a targeted agent that inhibits

signalling in the mitogen-activated protein kinase (MAPK) pathway has provided

clear evidence that this approach may be worth pursuing (Ho et al. 2013). The

scientific rationale of using MAPK inhibition to increase NIS expression/activity is

based on data showing that MAPK signalling exerts an inhibitory effect on NIS

expression. In that study, a selective, allosteric MEK1 and MEK2 inhibitor

selumetinib (AZD6244, ARRY-142886) was given to patients with radioiodide-

refractory differentiated thyroid cancer, and the effect on NIS activity was mea-

sured by repeated 124I positron-emission tomography. A total of 20 patients were

evaluable, and selumetinib was shown to increase 124I radioiodide uptake in

12 patients. Importantly, a link to the MAPK pathway was confirmed by the fact

that selumetinib was effective in four of nine patients with BRAF mutations and

five of five patients with NRAS mutations. As yet, this approach has not been tested

as an adjuvant to virally mediated NIS gene expression, but it would appear that this

may present a promising approach to optimising NIS expression, radioiodide

uptake and, ultimately, therapeutic gain.

9.7 Conclusions

Radiovirotherapy is an innovative approach that aims to deliver a radioisotopic

treatment selectively to tumours. Initial attempts to exploit replication-defective

viral vectors to deliver NIS have more recently given way to the development and

clinical translation of replication-competent oncolytic viruses that can serve this

function. This field is rapidly evolving with a number of potential avenues for

improving therapeutic efficacy. These include the use of imaging to guide the

timing of treatment, the application of non-iodide radioisotopes (rhenium-188,

astatine-211), innovations in viral vector design and the combination of NIS

radioisotopic therapy with standard anti-cancer treatments. Given this breadth of

opportunities, it is to be hoped that effective clinical translation of NIS-mediated

radiovirotherapy will soon be achieved.
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